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Abstract. The tropi cal Paci f itwo laf@eseCGxygentMinimdns Zorieh (©MZAs)p shdwihg asprominent
hemispheric asymmetry, with a mustnongerand broader OMZ north of the equatdowever, many models have difficulties
in reproducinghe observed asymmetridMZs in the tropical PacificHere we apply a fully couplethasinscale modeto
evaluatehe impacts o$toichiometryand theintensityof vertical mixingon the dynamics ddMZsin the tropical PacificwWe

first utilize observational dataf dissolved oxygen (DOjo calibrate andvalidate the basirscale model Our model
experiments demonstrathat enhancedvertical mixing combinedwith_a reducedO:C utilization ratiocan significanty
improve our model cagbility of reproduing theasymmetric OMZsOur studyshows that DOis moresensitive to biological
processesover 200706400 m but to physical processesvebelow 4001000 m. Enhanced vertical mixing causes a

largemodestincrease in physical suppl§i-2 mmol ni® yr') and a small increase<0.5 mmol n® yr?) in biological

consumptiorover 2001000 mwhereas applying eeducedO:C utilization ratioleads to a large decreasé2-8 mmol ni° yr
1) in both biological consumptioyanda-small-decrease-physical supplyn the OMZs Our analyses suggest thmblogical

consumption (greater rate to the sotlthn to the norhcannot explain the asymmetfigaturelistribution of middepth DO

in the tropical PacificoMZs, bu physicalprocessezipply (strongersupphyertical mixingto the south) play a major role in

regulating the asymmet ry Thisfstudyasehighlights pheinpartantrBles ofipliysicalGasd OMZ

biologicalinteractions andfeedbacksn contribuing to the asymmetr of OMZs in the tropical Pacific.

1 Introduction

Photosynthesis and respiration are important processes in all ecosystésmseartearth, with carbon and oxygen being the
two main elementsThe carbon cycle hagarneredmuch attentionattention with significantpregressadvancesn both the
observationgFeely et al., 1999Takahashi et al., 200@nd modéling (DeVries et al., 2019 e Quéeéet al., 20109 McKinley
et al., 2015 of biological processg®.g., uptake of C&and respiratiny;) and phgical/chemical processes (e garbonfluxes
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between the atmosphere, land and orddawever, the oxygen cycle has received much less attention despite its large role in
the earth systergBreitburg et al., 201;80schlies et al., 2018

Dissolved oxygen (DO) is a sensitive indicator of physical and biogeochemical processes in the ocean thus a key paramete
for understanding the oce@role in the climate syste(Stramma et al., 20}0In addition to photosynthesis and respiration,

the distribution of DO in the wr | atéass is also regulated by-as@a gas exchange, ocean circulation and ventilation
(Bettencourt et al., 2013Bopp et al.,, 2002Levin, 2018. Unlike most dissolved nutrients that display an increase in
concentration with depth, DO contedtion is generally low atid-depth of theoceamcears. The most remarkable feature in

the oceanic oxygen dynamics is thecedled Oxygen Minimum Zone (OMZ) that is often present below 200 m in the open
oceans(Karstensen et al., 20p8tramma et al., 20Q8Previous studies have usix isoline of 20 mmol rhas thebounday

of the OMZ for the estimatiorof OMZ volume (Bettencourt et al., 201Bianchi et al., 2012Fuenzalida et al., 2009and

also as an up limib determine the subaxwater(Wright et al., 2012

The worlddés two | argest OMZs are observed in the Easter|
a peculiar asymmetristructure across the equator, i.e., a much larger volume of suboxic water (<20 rntolthe north

than to thesouth(Bettencourt et al., 201®aulmier and RuiPino, 2009. It is knovn that OMZs are caused by the biological
consumption asséted with remineralization of organic matter (OM), and weak physical supply of DO due to sluggish
subsurface ocean circulation and ventila{iBrandt et al., 201,53Czeschel et al., 201Kalvelage et al., 2095Although there

have been a number of observatlmsed analyses addressing the dynamics of OMZs in the tr®giciic durirg the past
decadgCzeschel et al., 201Barpn et al., 2019Schmidtko et al., 203 Btramma etlg 2010, our understanding Isnited

on the underlying mechanisms that regulate DO dynamics atlepth(Oschlies et al., 201&tramma et al., 20}2

Largescalephysicatbiogeochemical models have become a usefultatvestigatehe potential sensitivity of OMZs to
climate change(Duteil and Oschlies, 201Ward et al., 2018Williams et al., 2011 However,many modelshave-beeare
unable to reproduckne observedatternsof asynmetric OMZs in the tropical Pacifi€Cabre et al., 2015higemitsu et al.,
2017, which maybe due tofunresolvedceartransport processes, unaccounted for variations in respiratory oxygen demand,
or missing bi oge@®schliesriat,20)8Afcarendnbpeobldmsisithat the two asymmetric OMiZsrge

into onein most modelslue tooverestimatd OMZ volumein the tropicalPacific which may beelatedto the regulation of
physical supply andr biological respiration deman€abre et al., 2015higemitsu et al., 20)7RecentWhile somestudies
havealseindicateguggesthatarealistic representation of circulation and ventilation proces#ésa high-resolution ocean
modelis critical to predicEmulation ofthe asymmetric OMZs in the tropical PacifBerthet et al., 201Busecke et al.,
2019-H

processes (e.q., vertical mixing) play a major role in requlatindigtebutionof mid-depth DO(Brandt et al., 201:3 lanillo

iveothermodelling studies have demonstrated tipdtysical

et al., 2018 On the other handhére have been advances in understanafitbipgeachemical regulation on DO consumption,
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i.e., oxygenrrestricted remineralization of organic mattéfalvelage et al., 20)5Hencej t 6 s n ecargy sudindegrativet o

modetdatastudies to improve model capacity of simulating the dynamics of the tropical OMZs, and to better untestand
relative roles ophysical and biologicgirocesses/

inereasingresolution-willender-better simulations-and-predictiamsequlating the asymmetry of th@pical Pacific OMZs

A basinscaleocean general circulation modabupled with adynamic marine ecosysteoarbonmodel (OGCM-DMEC)
wadhas beermdeveloped for the tropical Pacific, whishewechas demonstratezhpability ofreproduing observed spatial and
temporal variationsf physical nutrientandcarbonfieldsin the upper oceafWang et al., 2008Vang et al., 201B/Nang et
al., 2009h, andritrateiren;particulateorganic carbonROQGdetritug and export prduction below 20 m(Yu et al., 202}
In this study, weeorductmodel sensitivity experiments argaluationenevaluatiors to examinethe responses of midepth

DO and thesources/sinkgo parameterizations of tweelevankey processes (i.egxygenrestrictedremineralization and

vertical mixing) Wefirst carry out modetalibration and validation using observational dafthasinscaleDO concentration
andoxygen consumption in the veatcolumn ofthe seutrersouthtropical Pacificto improve the simulation of OMZs in the
tropical Pacific. Then, wanalyse the impacts of new parameterizationbiological consumptiomndphysical supplyand
their relative contributions tthe dynamics ofid-depthDO. The objective of this study ie advanceour model capacity to

simulate thenceanic oxygen cycleand toidentify the mechanismslriving the asymmetric OMZs in the tropical Pacific.

2. Model description
2.1 Ocean physical mdel

The basinscale OGCMOGCMis a reduceegravity, primitiveequation, sigmaoordinate modeland itis coupled to an

advective atmosphie model(Murtugudde et al., 1996 There are20 layers with variable thicknessasd a total depth of
~1200 min the OGCM Themixed layer(theuppermost laye) depthis determined byhe Chermmixing schene (Chen ¢ al.,
19949, whichvaries from 10m to 50 m on the equatoFhe remaining layers in the euphotic zone are approximately 10 m in
thicknessThevertical resolution is approximateB0-50 m in the core OMZat~300-500 m).The model domaiis between
30%5 and30R for the Pacificandzonal resolutions 1° Meridional resolutiorvariesbetween0.3* and0.6°over 153 -15R
(1/3°0over10°S-1N ), andincreagsto 2°inthesoutherrandn or t h e r n  Bostipg &GP 3F°bands) avlyetemperature,
salinity, nutrientsand DOare gradually relaxed back towaittie observedlimatologcal seasonal meanthe model closes
the western boundary and no representation of the Indonesian throughflow is in€halbdundary conditions of tempdure,
salinity, nitrate and DO are from the World Ocean Atlas 2013  (WOAZ2013:

http://www.nodc.noaa.gov/OC5/woal3/pubwoal3.htrmhd boundary condition falissolvediron is based on limitefleld

data, andyivenris representetly a linear regression against temperafgee details in Christian et al., 200$uch model

configuration may have a disadvantage for longer simulations and analyses, but has the advantage in reproducing the spati

patterns of mogphysical and biogeochemidétlds.
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The model is forced bgptmospheric-cenditiofise surfacenomentim, heat and freshwater fluxecdlimatological monthly

meanf solar radiatiorandcloudinessandinterannual 6day meansf precipitationandsurface wind stres§recipitation is
from ftp://ftp.cdc.noaa.gov/Datasets/gp¥pind stressearefrom the National Centers for Environmental Prediction (NCEP)
reanalysigKalnay et al., 1996 Air temperature and humidighove the oceasurfaceare computed by the atmospheric mixed
layer model.nitial conditionswere obtainedfrom the outputs of an interannual hindcagtulationover 1948200Q which
itself is initialized from &80-yearspin upwith climatological forcingfollowed bytwo 40year interannuakimulations The
initial conditions for the spin up are specified from the WOA204d concentration for thepin upwas initialized from
limited field data collected in the tropical Pacifiltohnson et al., 199./\WWe carry out an interannual simulation for the perio

of 19782010, andanalysehe mean states fromodelsimulationsoverthe period of 191-2010.

2.2 Oceanbiogeochemical model

The DMEC modelconsists of eleven componergsall ) and large (L) sizes of phytoplanktdPs@ndP,), zooplanktonZs
andZ,) and detritus@s andD,), dissolvedorganic nitrogenON), ammonium, nitrate, dissolved iroandDO (Figure 1).
Phytoplankton growth is elmited by nitrogen and irgrwhich is critical in the tropical Pacifi®he modekimulates the iron
cycle using variable Fe:N ratios, and incorporatesospheric iron inpufll biological componentsisenitrogenas their unit
in which sources/sinks are determinedbiigiogical and chemical processes in addition to the physical ggesdcirculation

and vertical mixing) that are computed by the QGC

In this model net community production (NCP) is computed as

060 epco-o" 0 ‘0 HO 1O O® 000 w0 ®O (1)
where 6.625 is th€:N ratio, 4 therateconstanbf phytoplankton growth, therateconstanbf zooplanktorrespiration ¢ the
rate constarg of detritusdecompositiorand DON remineralizatiarThe equatios for biogeochemical processasd model
parametersare given in Appendix A and B Therewerechanges in some parametemnparing withthose inWang et al.
(2008) which were based on our model calibration and validation for chlorofpWiahg et al., 2009anitrogen cycl§Wang
et al., 2009pand carbon cycl@Vang et al., 2015

Recently, ve have made furthémprovementsn the parameterizations of detritus decomposition and DON remineralization
(eq. B21B23), which result from the first round of model calibration on DO distribution using WOA218rief, coon
decreases with depth over 20000 m, following an exponential function in this studye differences inthe related

parameterare given inAppendixC.

2.3 Computation of oxygensources and sinks

The time evolution of DO is regulated by physical, biological and chemical processes
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whereu, v, andw are zonal, meridional, and vertical velocity, respectively.

130
The termOyas flux of O, from theatmospheréo the surfaceceanijscomputed as:

0 0 0 v (3)
whereOsais theO, saturation, a function demperature and salinifyVeiss, 197) andK, the gas transfer velocitthat is a
function of wind speeduf) and SST accordinip Wanninkhof (1992)

135 0 ™WPe — (4)
whereS andSxparethe Schmidt number &ST and203C, respectively
Y pwuL®CY oBEY 18 OY (5)

The biological source/sink ter@yo is computed as follows:

140 0 Y . #0 (6)
whereRoc is theO:C utilization ratio (set to 1.3 in reference simulaticaccording to the Redfield rajioBelow the euphotic
Zone, biological consumptidi®cong is determined byetritusdecompositiorand DON remineralizatian
0 Hcw 000 O @Oy (7)
in which DON remineralization is dominant because DON [®several times greater than detrifgang et al., 2008

145
Omixis the vertical mixingermthatis calculatedby three subroutine®Briefly, the first one computesonvection to remove
instabilitiesin the water column, and the second one determines the mixed layerdeygtih on thevailable surfactirbulent
kinetic energyThethird one computepartialvertical mixing (K;) between twadjacent layers to relieve gradient Richardson
(R)) numberinstability, which iscalculated as follows:

150 0 P 3 YQ ™ {3(8)

b TYQnY €409)
wherethe mixing parametesis set to 1Clearly, partialvertical mixingis the dominant process influencing physical supply
of DO in theintermediate watet

155 Monthly rate of totalphysical supplfOs,) below the euphotic zoris computed as:

0 3 0 (10

Total physical supply consists aferidional, zonal and vertical advection, and vertical mixing. The advection terms are

computed from the corresponding velocity and DO gradient, and the vertical mixing term is calculated as the residue.
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Y pwuogY oY T18OY (8)

3. Model experiments
3.1 Evaluation of DO distribution from the reference run

175 We first evaluate simulated DO for the tropical Pacific Ocean using the outputs from @MEQ@ V1.2 (hereafterreference

rum-whichuse- the-same-setof parametersaetak{20214 (hereafter reference runyhichusethe same set of parameters
asYu et al. (2021)We focus on modaflatacomparison®ver200-400 m 400700 m and 70A.000 m that broadly represent

the upperOMZ, lower OMZ and beneatthe OMZ, respectivelyThe WOA2013 data showsmuch larger area of suboxic
waters (<20 mmol rd) in the ETNP than in the ETSRer 200400 mand 406700 m(Figure 21 and 2§, but nosuboxic water
180 over 7061000 m (Figure 2eAlthough the reference run produces two OMZs off the eqoaer206400 m(Figure2b), the
sizes of suboxic watearemuch larger in the reference run thangein the WOA2013 data. The reference gignificantly
over-estimats the size ofsuboxic watemandunderestimates D@oncentratiorover 400-700 m (Figure 2d) The difference

between WOA2013 and the reference run is small overl000 m, exceph the easrn tropical Pacific (Figure 2f).

3.2 Sensitivity experiments

185 Given that the midlepth DO concentration is influenced by physical supply and biological consumption, the underestimated

DO at middepth would be a result of overestimation of consumptiomcéated with DON remineralization and/or

underestimation of supplithe reference run apptie zero value for background diffusideee eq. Q) However,a previous

modellingstudy demonstrated thegrtical background diffusiowas an importanprocess for DO supply at mdepth(Duteil

6



and Oschlies, 2021Accordingly,we conduct a sensitivity experimenttiesta set ofvalues forbackground diffusionKb as
190 0.1,0.25 and).5 an?sY). The addition of background diffusion is only aigdlto thetwo key variables (DO and DON this

analysisto diminateany potentiainteractions and feedbacks between varjplugsical and biogeochemicatocessesgnote:

our model experimenthowed no significargffects ormodelled DO dynamicwith thebackground diffusion applied to the

nutrientg.

195 There hae beenseveraladvancsin understandingf oxygen consumption. For example, recstuides have shewedhown
thatthe O:C utilization ratio varis largehgreatly acrossdifferent basinse.g., from (6 to 2.1 in the Pacific(Moreno et al.,

202Q Tanioka and Matsumoto, 20R@&ndrates ofDOM remineralization or oxygen consumption are influenced by oxygen

level, i.e., a reduction under low D&dndiions (Beman et al., 202Mertagnolli and Stewart, 2018un et al., 2021 Based
on the field datat mid-depth(~350 m) in the Peruvian OM (Kalvelage et al., 2095 we derive &inetics functiorbetween
200 oxygen consumijin rate and DO concentratiowhich yieldstwo values forthe half saturation constaffm-beinrg as6.9

and 18.7mmol m?® (Figure 3. By addngapplying this functioral-form-te-function_O:C utilization ratioin equations—ene
would-get-avarying? becomesariable andis also reduceé:Cutilizationratig(i.e.,'Y p& ———-), with lower ratios in

n-low-DO waters

205

we-conductherefore, the sensitivity experiments consisa ééw meresimulations(fable Siyto-investigatchow-applying
with a reducedO:C utilization ratlo(senmgKm as 6.9 and 18.ihmol m®) andad@ng—baekg#ew%ﬁuste(&e%g&bas

210

n-this-studyaddedbackground diffusiorfTableS1).

Figure4 illustratesthatbased otWOA2013 databasehere isa larger volume of suboxic watkrcatednorth of 5N and a
smallervolumeof suboxic wateover 123 -43, which areseparated by relatively higher 0620 mmol m®) wateralongthe
215 equator There is an improvement gimulated DO witha reducedO:C utilization ratio (Figure 4b and 4cand enhanced
verticalmixing (Figure 4d andh4q). Clearly, thecombination ofireducedO:C utilization ratioand enhanced vertical mixing
leads toa further improvement isimulated middepthDO (Figure4e, 4f, 4i4h and4j4i). In particular, the combination o
stronger background diffusiomith a smallerO:C utilization ratio(i.e.,the Km18.7Kb0.5 run) resuls in the best simulation
that reproducethe observed spatial distribution miid-depthDO, especiallythe asymmetric-featutemisphdc asymmety

220 (i.e., a larger volume of suboxic water to the north but a smaller size of suboxic water to the south)




225

230

235

240

245

250

3.3 Modelvalidation

Tofurtherevaluatdemonstratthe performancenpactof experimentparameter choicea fewstatisticameasursareapplied
over200-400 m 400700 m and 70000 min the ETNP (85°W-90°W, 5°-20°N) and ETSP (10°W-80°W, 10°S-3°S). As
shown in Tablel, comparedvith the reference rumias andoot mean square errdRKISE) are reduceth all rewsensitivity
simulatiors, with the smallestaluesfrom Km18.7Kb0.5 run except over 700000 min the ETNP For examplebothbias
and RMSEnN theKm18.7Kb0.5 ruraresmallesbver 200700 min the ETNP(<7.8and10.2mmol m?®). Many current models
shewhavemuchlargdarge RMSE (-20-80 mmol m?®) with-respect-to-obseed DO-from mixed layer to 100 m(Bao and Li,
2016 Cabre et al., 20)5Figure5 alsoillustrates thatthe Km18.7Kb0.5 run produce the best outputsyithaccording tcthe
largest-correlation-coefficien{0-77-0-94-and-alsecombined assessmelftse smallesdistance td-in-theobservationpf the
correlationcoefficientand normalized standard deviatig8-54-1.81in-NSD). The distance is shortest over 4p00 m and
700100 m inboththe ETNP ando-33-1-63ETSPin the Km18.7Kb0.5 simulatiorClearly, the correlationcoefficientwas
largest (0.38-0.99) in EFSPall sections; and theSDis closestto 1 in the core OMZ of ETNP.

We alsocompare the sizes sfiboxicwaterand hypoxicaatewates betweenthe modelsimulationsand WOA2013Table
2). Based o0'WOA2013 sizes of suboxieaterand hypoxicvatewatess are5.97x10° mé and19.98x10° m®in the north, and
1.43x10* m3 and 7.12x1& méin the southrespectivelyWhile areduced O:C utilization ratiandenhanced vertical mixing
canleadto an improvement in simulated OMZ volume significant improvementis obtained with theombination ofa
reducedO:C utilization raticand enhanced vertical mixin@verall the Km18.7KK0.5 simulation hashe best performance
for reproducinghe OMZ volumes, showingsimilar volumes for thesuboxic water §.55¢10'> m® to the northand1.12x10%
m? to thesouth) and thehypoxic water(20.91x10* m® and7.3% 10" m3).

We thenfurthervalidatethe modelledDO from thebestrun (Km18.7Kb0.5), usng the time series of thebservedO data
(https://cchdo.ucsd.edufFigure 6 illustrates that the model can generally reproduce the verticel distributios of DO

along 10N and 173, spannindrem-1989 to 2009, particularly in the eastern tropical Pad#is. examplecruise data from
the PO4line during April-May, 1989 show a largareaof low DO waterspanningirom ~200 m to ~800 m (Figurga), and
our model also predicts low DO wataver~200700 m (Figuresb).

4 Model results and discussions

In this section, we furthezomparethe improved modelsimulations (Km18.7, Kb0.5 andKkm18.7Kb0.5 with the reference
run todiagnoseheinfluences of improvedparameterizations ahedistribution of middepth DQ andbiological consumption
andphysical supplyWe theranalysehe interactiosof physical and biogeochemical processes, and the impattiesource
and sink forthe mid-depth DO n-the-endrinally, we explore theunderlying mechanisms regulatitige asymmetr of OMZs
in the tropical Pacific
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4.1 Changes of middepth DO due toa reducedO:C utilization ratio and enhancedvertical mixing

We first compare the changesDO concentratiosbetweenthe threemodel simulatiors over 200400 m, 406700 m, and
7001000 m(Figure7). Clearly, applying areducedO:C utilization ratiocauses mincreaseof DO in all three layerswith the
greatest increage6 mmol m?) in the200-400 mlayer (Figure7a), followed by a modest increase6 mmol m?®) over 400

700 m(Figure7d). Although DO increase is generabiynallerin the 7001000 m layer (Figur&h7g) than in the 400/00 m
layer (Figurerd), the increase is greater in the north OMzr 7061000 m than over 46000 m.Enhancedrertical mixing
results ina smallincreaseof DO (~2-5 mmol m?®) in the 10S-10°N bandover 206400 m(Figure 7b), but a largeincrease
(~5-15 mmol n3) in majority of the basimver 400700 m and 704000 m(Figure7e andZi7h).

Overall-the mid-depth DOshows an increase withe combination ofareducedO:C utilization raticandenhanced vertical
mixing (Figure7c, 7f & 77i). A greatincrease of D@>15mmol n®) occursin-majerityover mosbof the basirover 400700
m, mainly in the central tropical Pacifaver200-400 m, but in a few small areas ové®0-1000 m The spatial pattern and
magnitude of DAncreaseresuling from the combiation of a reducedO:C utilization ratioand enhancedsertical mixing
have a large similarity to thoseith_a reducedO:C utilization ratiofor the 200400 m layer (Figur&a), butto thoseunder
enhancederticalmixing below 400 m (Figur@e & 7#i7h). For examplethe relative increase of D@ similarly large in the
northermorth OMZ over 200400 mundera reducedO:C utilization ratiowith and withoutthe addtion of background
diffusion, and over 7060000 m under enhanced vertical mixifig., with additioml background diffusionjvith and without
the change itheO:Cutilization ratio.Our analysesuggesthatthedominantprocess regulatingpe DO dynamicss biological

consumptiorover 200760400 m, but physicakupplyover 4061000 m.

4.2 Effects of a reducedO:C utilization ratio and enhancedvertical mixing on consumptionand supply

To betterunderstandhe effects of changes in the biological and/or phygiaeameters othe DO dynamicsye thenevaluate
the responses tiiologicalconsumption anghysicalsupply.Asillustratedin Figure8, changes in biological consumptiare
almestidenticalundenused byareducedO:C utilization raticare almost identicawith or without background diffusiornn
particular biological consumptioshows darge decrease 2-8 mmol m?® yrt) over 200400 m (Figure8b), anda relatively
small decrease (~0-2.0 mmol m2yr?) over 400-700 m with the largest decrease in therthermorth OMZ (Figure 8e);

therd. Thereis a very smallchangein biological consumptiomver 700-1000 m i.e., adecrease of &1 mmol m® yr! over
majoeritymuchof the basin but an increase @.& mmol m*yrtin some parts of subtropical regi¢ffiguresigh). On the other
hand,enhancedertical mixing leads to a small increase0.2 mmol e yr?) in biological consumptiorin all three layers
with arelativdy large increase in theerthermorth OMZ (Figure8c, 8f and8})--8i).

Figure 9 showsthe effects ofa reducedO:C utilization ratio and enhancegtrtical mixing on physical supply With the

combination ofareduced O:Qutilizationratio and enhancecerticalmixing, physical supply shows a small incregisg ~0.2
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1.0mmol n® yrt)in the whole basin over 760000 m (Figuréh9g) andonly outside the OMZs over 40100 m (Figuredd),
but a relatively larger decreage/ ~0.26 mmol nmi® yr!) in the OMZs over 200700 m{by=0.26-mmol-nryr®) (Figure9a
and9d). Clearly, enhancedertical mixing leads to an increase of physical suppher majority of the bain, with a greater
increase over 460000 m (~0.21.0 mmol m?® yr1) than over 20400 m(~0-0.4 mmol m? yr1) (Figure 9c, 9f and 9i9i).

However, applyinga reduced O:C utilization ratio causes a large decrease of physical supply above 700 argrestier

decrease over 46000 m in the OMs (~0.2-6 mmolm=yrY), and very srall change$<0.2 mmd m™ yr1) over 7061000 m
(Figure9b, 9e and2i9h). Overall,therateof physical supply isargelrdetermiredlargely by vertical mixing over 70000

m, by both vertal mixing and biological consumption over 4G00 m, but by consumption over 2800 m,implying

complexphysicatbiological interactios and feedbackin the tropical Pacifi©OMZs.

4.3 Interactive effects ofphysical and biological processesn the source and sink ofmid-depth DO

Our furtheranalyses
showan increase in physical supplmder enhanced vertical mixing most parts of the 260000 m layefn-the-eastern
' : : s, with larger values

belowthe OMZsever—lss-io—N—usmgléa&he%HMzauewraMnartlcularlv to the SOUt(’FIgUFGlO@—bH%GGGH’—S@*%eFa

10d).). Enhanced vertical mixing also results in a generally small increase in blologlcal consumptigneaterincreases in
-3 (Figure 10b).The small

increase in consumptianutside-ef OMZs-islarge gattrlbutable to increased DON concentratldat(arnet—shewlﬁlgure 10¢
that results from the enhanced vertical mixiwg

ess€fearly,there is an overall increase in net
flux, with the largest increases occurring mainly outside the OMZsv ~400 n(Figure10e-and10f10d).

10



320 As expectedapplying areduced O:C utilization raticesulsin a decrease inonsumptiorin thesuboxicwaters(Figure10f),

with agreaterdecrease in theorth OMZ thanin the south OMZInterestingly physical supplyshovs an overalldecrease in

thewater colummunderareducedO:C utilization ratio, witha greater decrease in the up@viZs (Figure 10&. A decreased

rate ofconsumptiorieads to a large increase in DON concentratizith agreaerincreasean the north OMZhan in the south

OMZ (Figure 10g)Net flux shows a sniliincreasein the whole basimnderareduced O:C utilizatiomatio, with a greater
325 increaseover ~208400 m(Figure 10h)

The ®ombination of enhanced vertical mixing aadeduced O:QGutilization ratioresults in an increase stipply belowthe

OMZs but a decreas®f supplyinside of OMZs(Figure 10). There is an overall decrease ablbgical consumptiorin the

water columpnwith a greater decrease in the upper ONEgure 10j) which issimilar to the changes underreduced O:C

330 utilization ratio(Figure 1). DON concertatiorshows a greaténcreasean the north OMZ tharn the south OMZunderthe

combimtion of a reduced O:Gtilization ratioandenhanced vertical mixin@Figure 10k), which is similar to the changes in

DON underareduced O:C utilization ratio (Figure 10dpplying a reduced O:@tilization ratiocombined with ahanced

vertical mixingleads to anncreasdn net fluxover 2001000 m with a larcerincreag outside of OMZs (Figure 1§ which

is much greater than that undereduced O:C utilization ratio (Figure 10h), and also grehinthat byenhanced vertical

335 mixing particularly in the lower part of OMZ$igure 1@l).

There is evidence that physical and biogeochemical processes have multiple interactions with impacts on various physical

chemical andbiological fieldswhich in turnhaveimplications fortheDO dynamicgBreitburg et al., @18, Duteil and Oschlies,

2011, Oschlies et al., 2028For example, observational and modelling studies shatwhanges in vertical mixing intensity
340 can affect tk distribution ofDOM thus oxygen consumption atid-depth(Duteil and Oschlies, 201 Talley et al., 2016 On

the other handapplying asmalker O:C utilization ratio leads tlower consumption rate@vioreno et al., 2020 thusto a

relatively higher DO concentration in the OMZ§ herefore, changes in the consumption caused by enhanced vertical mixing

andor areduced O:Qutilization ratiowould alter the gradientsof DO concentratiornin the water columrhus changethe

intensity ofvertical mixinginside and around the OMZs

345

Our analyseslso show thahe changes in bothesupply and consumption undarproved parameterizations of both vertical

mixing and remineralization of DOMi.e., Km18.7Kb0.5 are quite different from the sums of changes caused by single

parameter change, particulamythe OMZs(Figure 10m and 10n)ndicating strong physical and biological interactianth

positive feedbackim the lowDO watersClearly, the interactianhave arelativelylarger effect on physical supply because
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of its sensitivity to changes in both physical and biological paramefers. resultfhe interactive effects result in an overall

increase in net flux in the OMZsigre 10p).

Physical supplyeulccanbe dividal into horizontal advection, vertical advection, and vertical mixihgrFigure 9 shows
that thedominantprocess for DO supply is vertical mixiparticularlyabove ~600 m in the OMZ&thermodeling studies

havealso demonstrated that vertigaixing is the dominant process supplyoxygen from the thermocline to OMZButeil
et al., 2020Llanillo et al., 2018. By comparing with previoumodelperformswelresults (Duteil et al., 2020Shigemitsu et

al., 2017, our modelsimulationwith the combination of enhanced vertical mixing amoeduced O:C utilization ratishows

a goodperformancein simulating the meridional and zonal advections, and vertical mpdngessesifor DO transport (see

Figure ), which allows us to evaluate the responses of differagiphphysicalcomponentso theenhanced vertical mixing

andareduced O:Qitilization ratio.

As shown in Figuré211, there is no clear pattern in the responses of advestjyehiransporf with very small values (< ~1
mmol m2yr?) over the entire basifFigure-2h-and-2i)-. However theDO supply by verticahixing shows a strong response
to different model parameterizadns with similar patternstoas those ofin total supply andsee Figure 10)Enhanced

background diffusiodeads toa largedecrease-iincreaseof vertical mixing(>1 mmol m® yr') over mostof the subexic
wates{(Figure-Rc-and-Rf)-—Whilebasin,with greater increasmainly below the OMZgFigure 11c).On the other hand,
applying areduced O:C utilizatiomatio causesa decreasen-the DO-supph=1-6-mmol-nryr by vertical-mixing;the

Husion (Fi o I - E 3yl is- found-with : : 5 -whi

(<0.5 mmol n? yrY) outside of suboxic waters batlarge decreasé~2-8 mmol m®yr?) inside ofthe suboxic water&igure

11g). A significantdecreasef vertical mixing (>3 mmol i yr1) is mainly foundabove ~400 nin the OMZs, which

corresponds tthe decrease iwerticalgradientof DO concentration (Figure 11h)
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dpetisal mixingof DO showsan increase (~2

mmol ni3 yrY) outside of the OMZs and a deasse (2-8 mnol m2 yr?) inside of the OMZs$n response to theombination

of enhancedackgroundiffusion anda reduced O:C utilization rati@Figure 11k), whichs similarto the netresponse of

vertical mixing tothe changescaused byindividual parameters (see Figure 11c and 1Hpwever, the combined effects

exceed the sum of two individual resyses in the south OMZ and the lower part of the north @Fgure 110) An early

study haslemonstrated that enhanced background diffussonlead to aimcreasanot only invertical mixingof DO directly,

but alsoin biological consumptiocaused by enhanced export productiothe tropical Pacific OMZ$¢Duteil and Oschlies,

2011, whichin turn changethevertical gradient of D@oncentration, thus affects the intensitweftical mixing.

4.4 Impacts of biologicaland physicalprocesses omsymmetric OMZs

There isevidenceof asymmetric features in many biogeochemiiedds in the tropical Pacific. For example©C fluxat 500
m is greateiin the nortterntropical Pacific(~4 mmol C n? d) (Van Mooy et al., 2002thanin the soutlerntropical Pacific
(<1 mmol C n? d?) (Pavia et al., 2019 Similarly, our regional model reproduces asymmetrigatternfor POC flux with
larger values to the north than to the sobibld studiedhavereportedan asymmety in DOM distributionover ~2061000 m
in the centrakastern tropical Pacifice., highedevelsof DON and DOQo the north than to the sth (Hansell, 2013Libby
and Wheeler, 199Raimbault et al., 1999 Our bestmodelsimulaion (i.e., the Km18.7Kb0.5simulatior) alsorevealsan
asymmetric DONat-mic-deptibelow 300 m, i.e., ~6-78 mmol m?® in the ETNP and-43-5 mmol m® in the ETSPdata-not
showFigure S3p However an earlierfield studyreportechigherrates oforganic carbomemineralizatiorover 2001000 mto

the south(~2-10 mmol m?® yr!) than to the nortti~1-6 mmol m® yr?) in the easterzentraltropical Pacific (Feely et al.,
20049). Similarly, our model simulatioalsoshows suchan asymmetricfeatureefin biological consumptiomselew-2@over
300-600 mHin-the-tropical-Pacifici.e.,~2-84 mmol n® yrtin the ETSP and=<1-6 mmol n® yrtin the ETNP- (Figure S30.

It appears thathe asymmetric distributiondiffer largely between biologicalarametersandields in the tropical Pacificin

particular there arealmost opposite patterns betweemygen consumption (or DOM remineralization) and DOM
concentrationThis-diserepancy which may be attributedo therateglifference in thaate of DOM remineralizatiorin-the
water—colump-which-betweenthe north and southThe rate of DOM remineralizatiois determinednot only by BOM
coencentratiomicrobial activity, but also bythe stachiometry associated with microbiakspiration(Wang et al., 200&akem

and Levine, 201P Recentstudies orthe respiration quotieniemonstratéhatthe O:C utilization ratio is lowerto the noth

than to the south in the tropicRacific (Tanioka and Matsumoto, 202Wang et al., 2019 which primarily reflectsthe
13



420

425

430

435

440

445

difference in oxygetimitation onmicrobialrespiraton (Kalvelage et al., 20)5Apparently suektheasymmetry in biological
consumpbn (lower rate in the north than in the soutannot explaitheasymmety in the tropical Pacifi©MZs (i.e., lower

DO levels to tle north than to the southizdicaing thatother processesre responsible faheasymmetry

Numerous studiebaveindicated that physical mixing is the only source of DO for the tropical O{BEZandt et al., 2015
Czeschel et al., 201Duteil et al., 202D Forexamplelhere is evidence thaurbulentdiffusionis-argued-t@ecounaccounted

for 89% of thenet DO supply for the core OMZ ebuthihe soutrerntropical Pacific(Llanillo et al., 2018-There-is-evidence

. Our model simulationshow thatzonal, meridional and vertical advectidios DO supplyare relativéy weak(<2 mmol m®

yr). However the intensity ofvertical mixingis muchstronge (~2-6 mmol nt yr')) at mid-depth indicatingthat vertical

mixing plays adiggerrole insupplyingDO into the OMZs.

Our further analyses show thithe intensity of vertical mixingver 200-700 mis stonger to the south thdo the north of the

equator(Figure S2) which isconsistent with@meothermoddling studieshatreported strongddO supply via vertical mixing
in thesouh OMZ than in thenorthOMZ in the tropical Pacifi¢Duteil, 2019 Shigemitsu et al., 20)7There is evidencthat
largerscale mass transpattieto circulation and ventilation is more efficient in tSeuth Pacificthan in theNorth Pacific
(Kuntz and Schrag, 2018and the transit time from the surface to the OMZ is much longer in the ETNP tihaHmi SRFu

et al., 2018. All these analyses indicate thairtical mixing is largely responsible for asymmetric distribution of ft@pth

DO, andphysical processasay a major role in shaping the asymmgeidf the OMZs in the tropical Pacific.

4.5 Implications and limitations of the currentresearch

Thereare inter-dependenciebetweenthe physical and biogeochemical processesniddepth(Duteil and Oschlies, 2011
Gnanadesikan et al., 201iemeyer et al., 209)9which maycanhaveinfluencean influenceon theasymmety of OMZs in
the tropical PacificOur study shows thatthe rate ofphysical supply isensitive to changes mth-physicalertical mixing
below 400 rmrand biologicaparameterizationparticularly-in-lowbBO-watersconsumptiorover 206400 m Sincethephysieal
contributionof physical supply to migiepth DO fluxexceedshethat ofbiologicaleentribution-to-middepth-DOconsumption
in the tropical Pacifi¢Llanillo et al., 2018 Montes et al., 2004 andthe physical processeremore dominanin the ETSR

one may expect thahysicatbiological feedbacks amgrongerto the southwhichcan leado arelativelylarger net fluxinto
the south OMZ

14
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Physicaland biogeochemicahteractionsare complexsverspacand regiorspecifiG which haveroducedirect and indirect

effects onthe seuresourcs andsinksinks of DO (Levin, 2018 Oschlies et al., 20380ur study demonstrates that there is a

much greater increase in net DO fluxthe core OMZ to the south than to the ndht results from theeinteractiors and

feedbacks (Fig. 10pPn theone handsupply of DO § greater under stronger physical transpothe south tropical Pacific.

Ontheother hand, stronggahysical processes cafsolead to higher levels of nutriengsmd biological productioandthus
enhancedxport productiorand oxygen consumption at raith (Duteil and Oschlies, 20)lwhich can offset the rate of
physical supplyln addition, stronger physical processes can i@suolt instrengthened transport of@andOM out to other
regions (Gnanadesikan et al., 2012u et al., 202}, which hasiavecomplex impacts on DO balance in thedtrernsouth
OMZ.

TheeTo date, most regional to glob@lodelshave difficultyin reproducinghe observedasymmetricOMZs in the tropical

Pacific (Cabre et al., 20t uteil, 2019, which is probably caused hyisrepresentatianof physical processesuch as

background diffusion at midepth andoceancirculation(Cabre et al., 20XPuteil andOschlies, 201)l In addition,model

configuration such as vertical and horizontal resolgticem also influence physicatransportatios of DO (Busecke et al.,

2019 Duteil et al., 2014 anddistributions ofnutriens (with impacts on biologicadroduction and DO consumptidBerthet

et al., 2019. Other possiblecauses may bassociated with the oceatmosphere interactions and feedbacks due to the

uncertainties imtmospheridorcing fields (Duteil, 2019 Ridder and England, 2018tramma et al., 2032

Although here have been advaisée our understandingf the requlation 0DO consumption byiogeochengal processes

large scale models do not have representative processes due to various Feasrasple, hereis evidence oDO depletion

at middepth caused bgooplanktormigration(Bianchi et al., 2013Kiko et al., 2017, and there arstronginteractionsand

feedbacks betweerarbon,nitrogenand oxygercyclesin marineecosysteracosysters Limited studiesndicatethatO:C:N
utilizationratiosduring microbial respiratiomary largely in the water colum(Moreno et al., 202 akem and Levine, 20}9
and-nitrogen Nitrogen cycling (e.g., oxidation, nitrification and denitrification) not only has impactson oxygen
consumption/productiohutis alsois influenced bytheoxygen leve(Beman et al., 202XKalvelage et al., 2013schlies et
al., 2019 Sun et al., 2021 However little attention has been paid vrderstandnderstanihg the couting of carbon and
oxygen cyclesltshould-be-noted-thathe availabledata arelsonot sufficientfor the parametézations of relevant processes
which hashampeed our abilityto assess the impacts ibfbosebiogeochental processessseciatedvith-the-nitregen-cyelen
oxygen fields Futureobsevationalandmodellingstudies are needetbt only toimprove ourknowledgeon the coupling of
carbon, nitrogen and oxygen cycles in the ocean also to advance ounderstandingn the physical and biogeochemical
interactions and feedbacks associated withmarine stoichiometry.
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5. Conclusion

In this paper, w use a basin scale model ivestigate thdmpact of parameterizationsf verical mixing and DOM
remineralizationon the dynamicsof mid-depth DO, and analyse the underlying mechanisms for asymmetric OMZs in the
tropical Pacific.Our studyshowsresultsshowthat themodel is capablef reproducingthe observed DO distributions and
asymmetric OMZs with theombination oenhanced vertical mixingndareducedD:C utilization ratiothatcausesn increase

in DO concentratior(or net flux)at mid-depth Overall, enhanced vertical mixinghakes agreatelargercontributionto the
increasesverof DO below ~400-1000m, andthe contribution fromareducedD:C utilization ratias greateover 200709400

m.

Ouranalyseslemonstratéhatthere is dargenmodesincrease in physical supply aagmall increase ipiological consumption
under enhanced vertical mixing, and the increase in consumption is a result of redistribDtiiv of the water columrOn
the other hand, applyingraducedO:C utilization ratioleacsteresults inalargedecreasenibothbiological consumptiopand
a-small-decrease-physicalsupplyin the OMZs(due to thererticatchangesn vertical DO gradients)These findinggoint
to strongphysicatbiological interactios and feedbackat mid-depthin the tropical Pacifi©MZs-.

This studysuggestuggest thatbiological consumption (i.e., greater rate to the sogtr)not explain the asymmietfeature

in the tropical Pacifi©MZs (i.e., lower DO levels to the northhut physical processes (i.e., strongepphvertical mixing

to the south) play a major role in shaping the asymmetric OMZs of the tropical Pacific. In addition, the intebattiens
physical and biological processage also stronger in thmutlernsouthOMZ than in thererthermorthOMZ, prebabhfikely
becausehysical supplys sensitive to changestimtitheparameterizationsf bothvertical mixing and DOM remineralization.
Further studies with improved approaches will enabdie betterunderstandnderstanthg of the interactions and feedbacks
betweerphysical and biogeochemical processes.
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Appendix A: Model biogeochemical equations

Phytoplankton equations

— 0 Qp Q@ & a&abv (B1)

— ‘0 Qp Q@ O Q p Q & abv (B2)

Zooplankton equations

— _Q0 p Q Q p Q Q p Q Q p Q i 7 & Qp Q ®

Detritus equations

— 40 40 1O iO..p MMpQ O ®© 1 QO (B5)
— p _ Qp Q Q p Q ®© Q p Q Q p Q ® T ]
@ 1] Q0O M pQ ®© Q pQ & (B6)

DON equations

— 40 a0 (1O 1.7 0 OO0- & 000 (B7)

Nutrients equations

— 00— 0 ——— 00 (B8)

— 0 th—— 1 1d p .. ® 00606 O ®O p - 0O
(B9)

— 0y *0Y {00Q Y ik ik p .. ® 060 OO OOp - (B10)

Nitrogen uptake

O p (B11)

0 p (B12)
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Other equations
Phytoplankton growth rate
0 Q "QQ (ROQ

‘ Q0 QO HR0Q

Nutrient limitation

5

r o0

0Q | ET h

m

0Q i

5

r o0 i h

Light limitation
“Q"O p lQ -
Light attenuation

M 0 M#EIQO O

Detritus decomposition and DON remineralization

O © Q
O O Q
) O Q

Phytoplankton carbon to chlorophyll ratio ( )

#EI — — 'Yy
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Appendix B: Model biogeochemical parameters
Symbol Parameter Unit Value
ms Small phytoplanktomortality rate d? 0.15
me Large phytoplankton mortality rate d? 0.35
rs Small zooplankton excretion rate d? 0.53
re Large zooplankton excretion rate d? 0.44
1s Small zootoplanktormortality rate d? 0.12
1L Large zootoplanktormortality rate d? 0.12
Ops Maximum grazing rate for small phytoplanktion d? 2.6
OrL1 Maximum grazing rate for large phytoplanktion d? 1.2
Ozs Maximum grazing rate for small zootoplanktion d? 1.7
OpL2 Maximum grazing rate for largehytoplanktion d? 0.9
Opbs Maximum grazing rate for small detritus d? 1.0
ObL1 Maximum grazing rate for large detritus d? 3.0
ObL2 Maximum grazing rate for large detritus d? 15
S Ivlev coefficient (mmol m?3)* 0.5
o Zootoplanktorassimilation coefficient % 75
G Excretion coefficient % 55
2 Dissolution coefficient % 90
3 Dissolution coefficient % 90
Ren C:N ratio mol:mol 6.625
Rs Fe:N ratio for small phytoplankton emol:mol 15
R Fe:N ratio for large phytoplankton emol:mol 40
hs min Minimum PhyC:Chl ratidn smallphytoplanktion g9 30
he min Minimum PhyC:Chl ratidn large phytoplanktion g9 15
hs max Maximum PhyC:Chl ratian small phytoplanktion g9 200
hi max Maximum PhyC:Chl ration large phytoplanktion g9 120
Kes Photoacclimation coefficiedor small phytoplanktion  (g:g)d 95
keL Photoacclimation coefficieror large phytoplanktion  (g:g)d 70
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Wbs

WbL

SFe

€s0
€0

kr

Ks n

KL N

K S_Fe
KL _Fe
Ks nos
KL nos

KNH4
Pmax

kw

Cbso

CbLo

Sinking velocityfor small detritus
Sinking velocityfor large detritus

Nitrification rate (when I<E&molEni2s'1)

Iron scavenge coefficient

Maximum growth rate at 0&or small phytoplankton
Maximum growth rate at OQor large phytoplankton
Temp. Dependent coefficient fer

Half saturation constant for N limitation

Half saturation constant for N limitation

Half saturation constant for iron limitation

Half saturation constant for iron limitation

Half saturation constant for nitrate uptake

Half saturation constant for nitrate uptake

Half saturation constant for ammonium uptake
Initial slope of the R | curve

Maximum carbon specific growth rate

Light attenuation constant for water

Light attenuation constant for chlorophyll

Light attenuation constant for detritus

Small detritus decomposition raae*C

Large detritus decomposition raeCC

m d?
m d?

d-l

d? (nmol Fe m¥)1
d-l

d-l

C -1

mmol m?

mmol m?

mmol n®

mmol n®

mmol 3

mmol n®

mmol

mg C mg chf(e mEIn?sy?

ht
m-l

m™(mg chim3)1
m™(mg chim3)1
d—l

d—l

3.5
0.04

0.00001
0.58
1.16
0.06
0.3
0.9
14
150
0.3
0.9
0.05
0.02
0.036
0.028
0.058
0.008
0.001
0.008
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Appendix C: Comparisons inbiogeochemical parameters

Symb Par ameter Uni Yu et a This stud
To Li mé mprtat ur e 10 0
ke Temp atdependent - 0.002 0.001
Coom DON remineralizd?
0100 m 0.001 0.00075
1000 m 0. 00020 0. 0060.10300
60D000 m 0.0002 0. 0000.00BG 0

* Cpono decreases with depth by an exponential function.
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Tables

Table 1. Bias andoot mean square err@RMSE)for DO (mmol m®) comparisons between WOA2013 and model simulatioesagedver 1991-2010 in the
780 Eastern Tropical North Pacific (ETNP) and Eastern Tropical South Pacific (ETSP).

Layers Stati Ref KbO. 1KbO. 2Kb0.5Km18. Km6. ¢CKml18. Km6. ¢Km6. ¢Kml18. Kml38.
Kb0O. 2 Kb0. 5 Kb0. 2KbhO0.5

ETNP ( :%GAW-2 GAN)

20400 (Bias -17.4 -16.9 -16.3 -14.8 -11.3 -14.8 -11.3 -13.5 -11.8 -9.71 -7.8
RMSE 16.3£16.21 15.7:14.9112.4314.6312.4313.8312.8211.4 10. 2

40000 1Bias -16.3 -14.3 -11.8 7.5 -12.5 -14.9 -12.5 -9.98 -5.39 -6.88 -2.04
RMSE 10.6 9.54 8.26 6.73 8.45 9.83 8.45 7.49 6.38 6.5 6.78

700000 Bias -9.22 6.61 -3.58 0.62 -5.99 -8.32 -5.99 -2.71 1.38 -5.75 3.27
RMSE 5.1 3.06 2.93 6.52 2.64 4.29 2.64 3.59 7.19 5.39 9.08

E T S(P1L AMBS OV, 10A5-3/S)

20400 1Bias -7.09 6.84 6.43 5.39 0.19 -3.91 0.19 -2.84 -1.13 2.09 4.85
RMSE 7.39 7.20 6.83 5.98 2.36 4.46 2.36 3.69 2.86 3.27 5.51

40D00 (Bias -11.3 -8.83 5.94 -0.88 -7.94 -10.4 -7.94 -4.51 1.34 -1.21 5.23
RMSE 12.9€¢10.79 8.52 6.03 10.0€12.1510.0€7.41 5.65 5.81 7.38

700000 Bias 7.3 -4.18 -0.97 3.38 5.13 -7.08 -5.13 -0.62 3.94 1.05 5.46
RMSE 12.8:210.67 8.98 8.63 11.2212.4¢11.228.76 8.68 8.59 9.34

Table 2. Volumes (10" md) of suboxic and hypoxieatefmvates from WOA2013 andnodelsimulations.

Suboxic: DO <20 mmol rfy Hypoxic: DO <60 mmol .

Regions Waters WOA20 Ref er Kb0.l KbO. KbO Km69 Knm 8. Km6.9 Km6.9 Kml8.7 Kml8.7
KbO. Kb0O. KbO. KboO.

North - Subo 5.97 10.6 997 8.7 7.3 9.9 8.8. 8.0 6.6 6.8: 5.5!
Pacific

Hy po 19.9 22.6 2.5 22.021. 22. 22.122.:21.:21.7 20. ¢

South Subo 1.43 3.7833. 2.8 2.1 3.3 2.7 2.4 1.7 1.8 1.1

Pacif
amt Hypo 7.12 10.4 9.8! 9.1 8.1 10.: 9.8 8.9 7.8 8.4' 7.3
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790
Figure 1. Flow diagram ofthe ecosystem model. Red, green, blue, yellow and brown lines and arrows denote fluxes originating from

inorganic formsphytoplankton, zooplankton, DON and detritus, respectively.
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respectively. Since the curve with Km=28.2 is too far away from the most data points, the value 18.7 is selected satthathalf

constan
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Figure 4. Vertical distribution of DCand-asymmetric-OMALsncentratiorover 120W-90W from different model simulation&sy: (a)

820 thereference run(b and c)with areduced O:C utilization ratigd and h)g) with enhanced vertical mixingnd(e, f,h, andi-and)) the
combination ofireduced O:C utilization ratio and enhanced vertical mixing. Black lines denote contours of DO concenfraionmol
m3 and 60 mmol ni from WOA2013 data.
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Cruise data Model (Km18.7Kb0.5)
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4 Model evaluation and discussions

Reduced O:C ratio Enhanced vertical mixing Combination
(Km18.7-Ref) (Kb0.5-Ref) (Km18.7Kb0.5-Ref)
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Figure 7. Changesfin DO concentratiorveragecbver (a, b and ¢)200-400 m,(d, e and f)400-700 m,and (g, h;_and i-ane}) 700
1000 m due tareduced O:C utilization ratio (left panel), enhanced vertical mixing (middle panel), and the combinatiedwafed O:C
utilization ratio and enhanced vertical mixing (right panel).
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Figure 8. Changesn biological consumptiover(a, b and ¢)200-400m, (d, e and f)400-700 m,and(g, h;+ and }i) 700-1000 mdue to

the combination ofireduced O:C utilization ratio and enhanced vertical miiefy panel),areduced O:C utilization ratio (middle panel),

and enhanced vertical mixing (right panel).
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Combination Reduced O:C ratio Enhanced vertical mixing
(Km18.7Kb0.5-Ref) (Km18.7-Ref) (Kb0.5-Ref)

(a) 200-400 m mmolm?yr'  (b) 200-400 m mmol m3 yr’ (C) 200-400 m mmolm yr1
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Figure 9. Changes in physical suppiize-toover(a, b and ¢)200-400m, (d, e and f)400-700 m,and(g, hs+ and }i) 700-1000 mdue to
the combination ofireduced O:C utilization ratio and enhanced vertical mixing (left pamedjjuced O:C utilization ratio (middle panel),
and enhanced vertical mixing (right panel).
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Figure 10.Changesn physical supphfleft-panel), biological consumptiofmiddie-panel) DON concentratiorand net flux{right

panelpver 20W -90W under enhanced vertical mixingith-{(a, b, c,and d, top row), areduced O:C utilization ratite, are-f,

middlerow}g, and witheut{a;-b-h, secondrow), combination effecté, j, k, and e-toprow)reduced-O:-C-utilizationratip,
880 third row), and thedifferences-between-therh{;-residwalsor interactiongm, n, 0, and }p, bottom row). Black and blueines

denote contours of DO concentratia@i®20 mmol m®* and 60 mmol i from the reference rudashed linesindothersimulations(solid

lines).

47



Consumption Supply Net flux
(a) Km18.7-Ref mmol m™3 yr! (b) Km18.7—Ref mmol m™3 yr'!  (c¢) Km18.7-Ref mmol m™3 yr~!

(f) Km18.7Kb0.5-Kb0.5

(h) (d)-(a)
200 . I S I 2 v
400 1 - 0.5
600 0 o 0
800 -1 — -0.5
1000 — T T T T T T T T w2 T T T =1
20°S 10°S 0° 10°N  20°N 20°S 10°S 0° 10°N  20°N 20°S 10°S 0° 10°N  20°N

885

48



Figure 11. Changes irbi Bbrizontal

890 advection, vertical advectigmertical mixingand vertical DO gradienbver 20W -90W underenhanced vertical mixinga(b,c,and d,
top row), a reduced O:C utilization ratieith—{e- (e, ane-f, mi i b
row)-and-the-differences-between-thémi-—g, and j;-bettemh, secondrow)-
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