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Abstract. The ocean biogeochemistry components of two new versions of the Canadian Earth

System Model +-5-are presented and compared to observations and other models. CanESMS5

employs the same biogeschemistrymodule-ocean biology model as CanESM2 whereas

CanESM5-CanOE (“Canadian Ocean Ecosystem model”) is a new, more complex
biegeochemistry-meodulemodel developed for CMIP6, with multiple food chains, flexible
phytoplankton elemental ratios, and a prognostic iron cycle. This new model is described in

detail and the outputs (distributions of major tracers such as oxygen, dissolved inorganic carbon,

and alkalinity, the iron and nitrogen cycles, plankton biomass, and historical trends in CO»

uptake and export production) compared to CanESMS5 and CanESM?2, as well as to observations

and other CMIP6 models. Both CanESMS5 models show gains in skill relative to CanESM2,

which are attributed primarily to improvements in ocean circulation. CanESM5-CanOE shows

improved skill relative to CanESMS #-seme-areasfor most major tracers at most depths.
CanESM5-CanOE includes a prognostic iron cycle, and maintains high nutrient / low
chlorophyll conditions in the expected regions (in CanESM2 and CanESMS5, iron limitation is
specified as a temporally static ‘mask’). Surface nitrate concentrations are biased low in the

subarctic Pacific and equatorial Pacific, and high in the Southern Ocean, in both CanESMS5 and

CanESM5-CanOE. Export production in CanESMS5-CanOE is among the lowest for CMIP6

models; in CanESMS it is among the highest, but shows the most rapid decline after about 1980.

CanESMS5-CanOE shows some ability to simulate aspects of plankton community structure that a

single-species model can not (e.g.. seasonal dominance of large cells), but is biased towards has

relatively-low concentrations of zooplankton and detritus relative to phytoplankton.;-and-a-hich
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oflarge phytoplankteninthe produetive seasons: Cumulative ocean uptake of anthropogenic

carbon dioxide through 2014 is lower in both CanESMS5 models than in observation-based
estimates (145 PgC) or the model ensemble mean (144 PgC), and is lower in CanESMS5-CanOE

(122 PgC) than in CanESMS5 (132 PgC).
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1. Introduction

The Canadian Centre for Climate Modelling and Analysis has been developing coupled models
with an interactive carbon cycle for more than a decade (Arora et al., 2009; 2011; Christian et al.,

2010). The Canadian Earth System Model version 5 (CanESM5-, Swart et al., 2019a) is an

updated version of CanESM2 (Arora et al., 2011), with an-entirelyy new ocean model and-an

phystes—The CanESMS5-ecean-is-based on the Nucleus for European Modelling of the Ocean

(NEMO) system version 3.4. The ocean biogeochemistry modules were developed in-house;

biogeochemistrymodeH{ Aumentetal;2045). CanESMS5 uses the same ocean biogeochemistry

biology model as CanESM1 (Christian et al., 2010) and CanESM2 (Arora et al., 2011), the

Canadian Model of Ocean Carbon (CMOC; Zahariev et al., 2008);-adapted-foruse-within
NEMO. An additional model was developed for CMIP6, called the Canadian Ocean Ecosystem
model (CanOE). The biological components of CanOE are of substantially greater complexity
than CMOC, including multiple food chains, flexible phytoplankton elemental ratios, and a

prognostic iron (Fe) cycle.
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The reasons for developing both models are, firstly, to evaluate the effect of changes in ocean
circulation between CanESM2 and CanESMS5 on ocean biogeochemistry by running the new
climate model with the same ocean biogeochemistry, and secondly because CanOE is

substantially more expensive computationally (as it has 19 tracers vs 7 the total computation cost

is 2-3 times greater). Having CMOC-as-an-option-allowedus-torun-many-Most CMIP6

experiments were run with CanESMS only, as ocean biogeochemistry is not central to their

purpose. Many-aAdditional tracers requested by the Ocean Model Intercomparison Project -

Biogeochemistry (OMIP-BGC) including abiotic and natural dissolved inorganic carbon (DIC),

DI'*C, CFCs and SFs (see Orr et al., 2017) were run only in CanESMS5;since addinge these

prohibitivelyexpensive. The CMIP6 experiments published for CanESMS5-CanOE are listed in

Supplementary Table S1.

CMOC is a nutrient-phytoplankton-zooplankton-detritus (NPZD) model with highly
parameterized representations of phytoplankton Fe limitation, dinitrogen (N2) fixation and

denitrification, and calcification and calcite dissolution (Zahariev et al., 2008 Supplementary

Figure S1). Ia-CanESM1 and CanESM2.-EMO€ did not include oxygen;—ta-CanESM5,-CMOC
now includes oxygen as a purely 'downstream' tracer that does not affect other biogeochemical
processes. whereasiln CanESM5-CanOE, denitrification is prognostic and dependent on the
concentration of oxygen. Among the less satisfactory aspects of CMOC biogeochemistry are,
firstly, that Fe limitation is specified as a static 'mask' that does not change with climate (beine-it

is calculated from the present-day climatological distribution of nitrate, based on the assumption
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that regions without iron limitation will have complete drawdown of surface nitrate at some point

in the vear), and secondly, that denitrification is parameterized so that nitrogen (N) is conserved
within each vertical column, i.e., collocated with N fixation in tropical and subtropical open-
ocean regions (Zahariev et al., 2008; Riche and Christian, 2018). This latter simplification
produced excessive accumulations of nitrate in Eastern Boundary Current (EBC) regions where
most denitrification aetzat-occurs. CMOC also has a tendency to produce rather stark extremes
of high and low primary and export production (Zahariev et al., 2008), a well-known problem of
NPZD models (Armstrong, 1994; Friedrichs et al., 2007). Our intent in developing CanOE was
to alleviate, or at least reduce, these biases, by including multiple food chains, a prognostic Fe
cycle, and prognostic denitrification. Dinitrogen fixation is still parameterized, but the CanOE

parameterization includes Fe (but not P) limitation, whereas in CMOC N fixation tends to grow

without bound in a warming ocean as there is no P or Fe limitation (Riche and Christian, 2018).

In this paper we present a detailed model description for CanOE and an evaluation of both
CanESMS5 and CanESM5-CanOE relative to observational data products and other available
models. CMOC has been well described previously (Zahariev et al., 2008) and the details are not
reiterated here. In some cases, CanESM2 results are also shown to illustrate which differences in
the model solutions arise largely from the evolution of the physical ocean model, and which are

specifically associated with different representations of biogeochemistry. An overall evaluation
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of the CanESMS5 physical ocean model is given in Swart et al. (2019a). Here, we focus on

biogeochemical variables, and have evaluated model performance in three main areas: (1) the

distribution of major tracers like oxygen, DIC and alkalinity, and the resulting saturation state for

CaCO3 minerals, (2) the iron cycle and its interaction with the nitrogen cycle, and (3) plankton

community structure and the concentration and export of particulates. We first address the major

chemical species that are common to both models (and almost all other Earth System Models) to

determine whether a more complex biology model measurably improves skill, and whether the

updated circulation model improves skill relative to CanESM?2. Then we examine the areas

where our two models differ: the presence of a prognostic iron cycle and multiple food chains in

CanOE. More specifically, does CanESM5-CanOE reproduce the geographic distribution of

High-Nutrient, Low-Chlorophyll (HNLC) regions? Does the large phytoplankton / large

zooplankton food chain become dominant under nutrient-rich conditions, and how does having

multiple detrital size classes affect particle flux and remineralization length scale? Following this

model evaluation, we present historical trends in ocean anthropogenic CO» uptake, export

production, and total volume of low-oxygen waters over the historical (1850-2014) experiment.

Possible future changes under Shared Socioeconomic Pathway experiments will be addressed in

subsequent publications.

2. Model Description

CanESM5 (Swart et al.. 2019a) is an updated version of CanESM?2 (Arora et al., 2011). with an

entirely new ocean. The atmosphere model has the same T63 horizontal resolution, and contains

some important improvements in atmospheric physics (Swart et al., 2019a). The land surface
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(Canadian Land Surface Scheme) and terrestrial carbon cycle (Canadian Terrestrial Ecosystem

Model) models are substantially the same as in CanESM?2 with minor modifications as described

by Arora et al. (2020). The CanESMS5 ocean is based on the NEMO modelling system version

3.4, with a horizontal resolution of 1°, telescoping to 1/3° in the tropics, and 45 vertical levels

ranging in thickness from ~6 m near the surface to ~250 m in the deep ocean (Swart et al.,

2019a). All physical climate model components are the same in CanESM35 and CanESM5-

CanOE. There are no feedbacks between biology and the physical ocean model, so the physical

climate of CanESM35 and CanESM5-CanOE is identical in experiments with prescribed

atmospheric CO; concentration.

The NEMO system is a publicly available archive of codes based on the OPA (Océan
PArallelisé) ocean model (Madec and Imbard, 1996; Guilyardi and Madec, 1997) and the

Tracers in Ocean Paradigm (TOP) module for tracer advection and mixing. H-ecomeswith-twe

Our ocean biogeochemistry modules EanOE-and-the NEMO-implementation o CMOC-are built

s e o fepepeee oL e O b wyithin che e se e Dl Dl LTOP el

using NEMO v3.4.1, but have also been implemented in NEMO 3.6 for regional downscaling

applications (Holdsworth et al., 2021).
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with-the-published-version- e EMOC-Carbon chemistry was-medified-to-be-consistent-with-1s

based on the Best Practices Guide (Dickson et al., 2007) and the OMIP-BGC data request (Orr et

al., 2017) and are identical in CanESM5 and CanESM5-CanOE. All calculations are done on the

total scale and the recommended formulae for the equilibrium constants are employed. Fhe

PISCES-conventionsforeconvergence-of€The carbon chemistry solver ealewlations-were

retainedthegreater-was run for a fixed number of iterations (ten in the surface layer, and five in

the subsurface layers in CanESMS5-CanOE )efferinggreater-aceuracy-in—caletlating pCOo-and-gas

S dendonte e e e et e el b beppee e Leen o e CanBESMS e

same-earben-chemistry-but-does not solve the carbon chemistry equations in the subsurface

layers. OMIP-BGC formulations for CO> and O solubility and gas exchange are employed. It is

important to note here that the carbon chemistry and gas exchange formulations used in

CanESM2 (and other CMIP5 models) are slightly different than those used in CMIP6. However,

this difference is of little functional significance, i.e., it will have a negligible impact on the

distribution of [CO3~] compared to the differences in DIC and alkalinity distribution. The

initialization fields for nitrate, DIC and alkalinity were also different in CanESM?2. This will

affect the total ocean inventory of DIC but not the spatial distribution if the model is well

equilibrated.

The CanOE biology model is a substantially new model based on the cellular regulation model
of Geider et al. (1998). There are two phytoplankton funetional-eroupssize classes, and each

group has four state variables: C, N, Fe and chlorophyll. Photosynthesis is decoupled from cell
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production and photosynthetic rate is a function of the cell's internal N and Fe quotas. Each
functional group has a specified minimum and maximum N quota and Fe quota, and nutrient
uptake ceases when the maximal cell quota is reached. Chlorophyll synthesis is a function of N

uptake and increases at low irradiance. There are also two size classes each of zooplankton and

detritus. Small zooplankton graze on small phytoplankton, while large zooplankton graze on both

large phytoplankton and small zooplankton. Small detritus sinks at 2 m d”! and large detritus at

30 m d”! (in CanESMS5 there is a single detrital pool with a sinking rate of 8 m d™'). Model

parameters and their values are listed in Table 1. A schematic of the model is shown in Figure 1.

2.1 Photosynthesis and Phytoplankton Growth

For simplicity and clarity, the equations are shown here for a single phytoplankton species, and
do not differ structurally for small and large phytoplankton. Some parameter values differ for the

two phytoplankton groups; all parameter values are listed in Table 1.

Temperature dependence of photosynthetic activity is expressed by the Arrhenius equation

1 1

Ty = exp(— 2 G~ 7)) M

Tref
where Eg, is an enzyme activation energy that corresponds approximately to that of RuBisCo (cf.
Raven and Geider 1988), R is the gas constant (8.314 J mol! K'!), and temperature 7 and
reference temperature 7. are in Kelvin. Maximal rates of nutrient (either N or Fe, but

generically referred to here with the superscript X) uptake are given by

Qr)r(Lax_QX
Viax = ViepTr (G2os—) 0% (2)

X X
Qinax~Qmin

10
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where Vo™ is the maximal uptake rate in mg of nutrient X per mg of cell C, X can represent N
or Fe, Q is the nutrient cell quota and Omin and Oy its minimum and maximum values, and VyeX
is a (specified) basal rate at 7=T}.r and Q=Qmin. These maximum rates are then reduced according

to the ambient nutrient concentration, i.e.

VN = Vax(Lypa + (1 = Lypa) Lyos) (3a)
N N; . e . .
where Ly, = m‘:l\]aand Lyoz = m , with N; and N, indicating nitrate and ammonium

respectively, and

vre =y, () (3b)

Krex+Fe

where X indicates large or small phytoplankton (Table 1). The maximal carbon-based growth

rate is given by

X QN—QN- QFe_QFq

P&, = P&, :Trmin min_ min 4
max ref'f {QTIYLax_lein Qrﬁ%x—Qﬁfin ( )

where PC,is the rate at the reference temperature 7. under nutrient-replete conditions

(O=0max). The light-limited growth rate is then given by

—achlE9c/

c
Ppchot = Prax (1 —e Pmax> (5)

where E is irradiance and @c is the chlorophyll-to-carbon ratio. The rate of chlorophyll synthesis

1S

PShot
— QN pho
Pchl max Ect.p 0 (6)

These rates are then used to define a set of state equations for phytoplankton carbon (C,),
nitrogen (Np), iron (Fe,), and chlorophyll (M).

dc
—L = (Pynot = V) Cp — (G + Cxs) — My €y — myCh — kxyCintr @

11



227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

where ( is the respiratory cost of biosynthesis, G is the grazing rate (equation 12), Cys is the

excess (above the ratio in grazer biomass) carbon in grazing losses (see below equation 16a), my

and m are coefficients for linear and quadratic nonspecific mortality terms, Civrr is the
concentration of intracellular carbohydrate carbon in excess of biosynthetic requirements, and
kxu 1s a rate coefficient for its exudation to the environment. The nonspecific mortality terms are
set to 0 below 0.01 mmol C m™, to prevent biomass from being driven to excessively low levels

in the high latitudes in winter; linear mortality terms can result in biomass declining to levels

from which recovery would take much longer than the brief Arctic summer (Hayashida, 2018).

The full equation for phytoplankton N, Fe and chlorophyll are

dN, vN 2

it (G + myC, + myC5)Rye — Nxs ®)
dFe vFe

?p = Q—Fe — (G + mle + mzcg)RFeC - FeXS (9)
dM _ peavN

== pgl_cM — (G +myCy + myCHO; — kM (10)

where kqg- 1s a rate coefficient for nonspecific losses of chlorophyll e.g., by photooxidation, in
addition to losses to grazing and other processes that also affect Cp, N, and Fe,. Nxs and Fexs are
remineralization of "excess" (relative to grazer or detritus ratios) N or Fe and are defined below

(equation 16).

2.2 Grazing and Food Web Interactions

12
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Grazing rate depends on the phytoplankton carbon concentration, which most closely represents
the food concentration available to the grazer (Elser and Urabe 1999; Loladze et al. 2000).

Zooplankton biomass is also in carbon units. State equations for small and large zooplankton are

2 = 16 — (R + Gy + My Zy + myeZ2) (11a)
L= A6, — (R +myuZ; +my Z3) (11b)
where

Gy = Gyo(1 — e™%5) Z, (12a)
Gy = Go(1 — e ®n*2)) 7, (12b)

for small and large zooplankton respectively, Gz is grazing of small zooplankton by large
zooplankton, R is respiration, and m; and m> are nongrazing mortality rates. Large zooplankton
grazing is divided into grazing on large phytoplankton and small zooplankton in proportion to
the relative abundance of each

Py

Gp = GL P47, (133)
Zs

Gz =Gy P+Zs (13b)

Zooplankton biomass loss to respiration is given by

R = max{r,TfZ — Cxs.0} (14)

and uses the same activation energy as photosynthesis. Respiration (R) is assumed to consume
only carbon and not result in catabolism of existing biomass when “excess” carbon is available
in the prey. In addition, conservation of mass must be maintained by recycling to the dissolved
pool grazer consumption of elements in excess of biosynthetic requirements when grazer and

prey elemental ratios differ. In the case where the nutrient quota (relative to carbon) exceeds the

13
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grazer fixed ratio, the excess nutrient is remineralized to the dissolved inorganic pool. In the case
where the nutrient quota is less than the grazer ratio, the grazer intake is reduced to what can be
supported by the least abundant nutrient (relative to the grazer biomass ratio) and excess carbon

is remineralized. For the case of two nutrients (in this case N and Fe) it is necessary to define
) F
G' = Gmin {& Renr 22 Reges 1} (15)
Cp Cp

where G is equal to Gs (equation 12a) for small zooplankton and Gp (equation 13a) for large
zooplankton, and Ryy indicates the fixed ratio of element X to element Y in grazer biomass. The

'excess' carbon available for respiration is
(C c
Cxs = G {N—‘;RNC ~ 12 Reec — 1, 0} (162)

and the excess nutrients remineralized to their inorganic pools are

' N ' N
Nys = G'max {c_:: — Ryc-0} & + G'max {Ryc (éRFeN ~1).0}(1-¢) (16b)
Fexs = G'max {Fci: — Rpec- 0} € + G'max {RFeC(fVi: Ryre — 1)-0} (1 - &) (16¢)
where
_ max{Cy, 0}
 Ct+ A

is a switch to prevent double-counting in cases where one of the terms is redundant (the excess
relative to the least abundant element is included in the other term), but would otherwise be
nonzero (A is a constant equal to 107'°, to prevent divide-by-zero). For three elements, there are
3! =6 possible cases: for N greater or less than CpRnc, Fe may be either in excess relative to

both C and N, deficient relative to both, or in excess relative to one but not the other (Table 2).

14
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2.3 Organic and Inorganic Pools

There are two pools of detritus with different sinking rates but the same fixed elemental ratios.
Detrital C/N/Fe ratios are the same as zooplankton, so zooplankton mortality or grazing of small
zooplankton by large zooplankton produce no 'excess'. Phytoplankton mortality, and defecation
by zooplankton grazing on phytoplankton, produces excess nutrient or excess C that needs to be
recycled into the inorganic pool in a similar fashion as outlined above for the assimilated fraction

of grazing on phytoplankton.

The conservation equations for detrital C are

dDg dDg
= =My (Cps + Zs) + my(Chs + Z§) — 11 DsTy — ws—* (17a)
dD dD

where 7, is an Arrhenius function for temperature dependence of remineralization and w is the

sinking speed. The conservation equations for inorganic C, N, and Fe are

4= (QVN = PSo)Cp + R+ Cys + (11D +12D)T, (18a)
B = = DN (22 ) Ny — Noeass (1 — 4p) (18b)
% = —Z—ZNP (LNOZN%W) + R% + Nxs + (11 Dg + 1,D1)RyeTy — Nox + Nang — Ngeneedy  (18¢)
e g—zFep + o+ Feys + (13Ds + 12D ReecTy (18d)

where N, is microbial oxidation of ammonium to nitrate (nitrification), N and Neens- are
sources and sinks associated with dinitrogen fixation and denitrification, and Ayis the ammonium

fraction of denitrification losses, associated with anaerobic ammonium oxidation ("anammox").

15



307 The oxygen equation is essentially the inverse of equation 18a, with additional terms for

308  oxidation and reduction of N, i.e.,

d0p _ _dG | VN Inos
309 == 2o Ny (2 ) — 2N, (19)

310 Nitrification is given by

Kg

311 Nox = knnaoxNa gm0

(20)
312  where E(z) is the layer mean irradiance at depth z. Dinitrogen fixation is parameterized as an

313  external input of ammonium dependent on light, temperature and Fe availability, and inhibited

314 by high ambient concentrations of inorganic N,

_ F K
315 Ngnr = KanTunr(1 — €7 (—) (——2—) (21)

Kre+Fe” “KNo3+Ni+Ng

316  where Tap=max(0, 1.962(7y- 0.773)), i.e., a linear multiple of equation (1) that is 0 at T<20°C

317  and unity at T=30°C.
318

319  Denitrification is parameterized as a fraction of total remineralization that increases as a linear

320 function of oxygen concentration for concentrations less than a threshold concentration Oy

321 Ny = 1 — 22020m) 22)
mxd

322  Remineralization is then divided among oxygen (1-Njx»), nitrate (0.875Nf+,), and ammonium
323 (0.125Njxn) assuming an average anammox contribution of 25% (Babbin et al., 2014). We use
324  this average ratio of anammox to classical denitrification to partition fixed N losses between
325 NO; and NH4'; the DIC sink and organic matter source associated with anammox are small and

326  are neglected here.
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2.4 Calcification, Calcite Dissolution, and Alkalinity

In CanOE, calcification is represented by a prognostic detrital calcite pool with its own sinking

rate (distinct from that of organic detritus), and calcite burial or dissolution in the sediments

depends on the saturation state (100% burial when Qc>1, 100% dissolution when Qc<1).

Calcification is represented by a detrital calcium carbonate (CaCO3) state variable, but no
explicit calcifier groups. Detrital CaCOj3 sinks in the same fashion as detrital particulate organic
carbon (POC), with a sinking rate independent of those for large and small organic detritus.
Calcite production is represented as a fixed fraction of detritus production from small
phytoplankton and small zooplankton mortality:

ac ac
d_ta = ml(CpS + Zs)PCa + m, (Cgs + Z_SZ')PCa - kCaca - WCad_Za (23)

Calcite dissolution occurs throughout the water column as a first order process (i.e., no
dependence on temperature or saturation state). Approximately 80% of calcite produced is
exported from the euphotic zone. Burial in the sediments is represented as a simple 'on/off'
switch dependent on the calcite saturation state (zero when Qc<I and 1 when Qc>1). In

CanESMS3, calcification is parameterized by a temperature dependent “rain ratio” (Zahariev et

al.. 2008) and 100% burial of calcite that reaches the seafloor is assumed. Calcite burial in both

models is balanced by an equivalent source of DIC and alkalinity at the ocean surface (in the

same vertical column) as a crude parameterization of fluvial sources.

For each mole of calcite production two moles of alkalinity equivalent are lost from the
dissolved phase; the reverse occurs during calcite dissolution. There are additional sources and

sinks for alkalinity associated with phytoplankton nutrient (NH4 ", NOs") uptake, organic matter

17
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remineralization, nitrification, denitrification and dinitrogen fixation (Wolf-Gladrow et al., 2007,
see Supplementary Table S2). The anammox reaction does not in itself contribute to alkalinity
(Jetten at al., 2001), but there is a sink associated with ammonium oxidation to nitrite (the model
does not distinguish between nitrite and nitrate). Autotrophic production of organic matter by
anammox bacteria is a net source of alkalinity (Strous et al., 1998) but this source is extremely
small (~0.03 mol/molN) and is neglected here. Globally, the sources and sinks of alkalinity from
the N cycle offset each other such that there is no net gain or loss as long as the global fixed N
pool is conserved (see below Sect. 2.5). If dinitrogen fixation and denitrification are allowed to

vary freely, there will generally be a net gain or loss of fixed N and, therefore, of alkalinity.

2.5 External Nutrient Sources and Sinks

External sources and sinks consist of river inputs, aeolian deposition, biological N> fixation,
denitrification, mobilization of Fe from reducing sediments, loss of Fe to scavenging, and burial
of calcium carbonate in the sediments. Aeolian deposition of Fe is calculated from a climatology
of mineral dust deposition generated from offline (atmosphere-only) simulations with CanAM4
(von Salzen et al., 2013), with an Fe mass fraction of 5% and a fractional solubility of 1.4% in
the surface layer. Subsurface dissolution is parameterized based on PISCESv2 (Aumont et al.,
2015); the total dissolution is 6.35%, with 22% of soluble Fe input into the first vertical layer
(see Supplementary material). Iron from reducing sediments is also based on PISCES, with a
constant areal flux of 1000 nmol m™ d’! in the first model level, declining exponentially with

increasing seafloor depth (i.e., assuming that shelf sediments are the strongest source and the

sediments become progressively more oxygenated with increasing seafloor depth) with an e-
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folding length scale of about 200 m. Scavenging of dissolved iron is first-order with a high rate
(2.5 d'!) for concentrations in excess of 0.6 nM (Johnson et al., 1997). For concentrations below
this threshold, the rate is much lower (0.001 d!) and is weighted by the concentration of organic
detritus (Christian et al., 2002b), i.e.,

dFe
dt

= —FeSg,ymin{(Ds + D) Pp,, 1} (24)
where Fe is the dissolved iron concentration, Ds and Dy are the small and large detritus
concentrations, Sre1 is the first-order scavenging rate in surface waters with abundant
particulates, and Pr. is an empirical parameter to determine the dependence on particle
concentration (Table 1). The basis for this parameterization is that the rate of scavenging must
depend not only on the concentration of iron but on the concentration of particles available for it
to precipitate onto, and assumes that POC is strongly positively correlated with total particulate

matter. Scavenging is treated as irreversible, i.e., scavenged Fe is not tracked and does not

reenter the dissolved phase.

Unlike- - EMOC N, fixation and denitrification vary independently in CanOE, so the global
total N pool can change. Conservation is imposed by adjusting the global total N pool according
to the difference between the gain from N> fixation and the loss to denitrification. A slight
adjustment is applied to the nitrate concentration at every grid point, while preserving the overall
spatial structure of the nitrate field. Adjustments are multiplicative rather than additive to avoid
producing negative concentrations. This adjustment does not maintain (to machine precision) a
constant global N inventory but is intended to minimize long term drift, keeping it much smaller
than the free surface error (see below). This adjustment is applied every 10 days and has a

magnitude of approximately 7x10® of the total N.
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When the total fixed N adjustment is applied, One-one mole of alkalinity is removed per mole of

N added or removed, to account for the sinee-there-are-alkalinity sources ef-mol/molN

associated with beth-N, fixation (creation of new NH4") and denitrification (removal of NO3")

(Wolf-Gladrow et al., 2007, see Supplementary Table S2). As there is;-offsetby a 2 mol/molN

sink associated with nitrification, this formulation is globally conservative. As noted above, in

CanOE CaCOs can dissolve or be buried in the sediments depending on the calcite saturation
state. DIC and alkalinity lost to burial are reintroduced at the ocean surface, at the same grid
point as burial occurs, providing a crude parameterization of river inputs so that global
conservation is maintained (fresh water runoff contains no DIC or alkalinity). However, the OPA
free surface formulation is inherently imperfect with regard to tracer conservation. Drift in total
ocean alkalinity and nitrogen over time is on the order of 0.01% and 0.03% per thousand years,
respectively (losses due to the free surface are generally larger for tracers with less homogeneous

distributions).

2.6 Ancillary data

For first-order model validation we have relied largely on global gridded data products rather
than individual profile data. Global gridded data from World Ocean Atlas 26132018
(WOA20132018) (Locarnini et al., 20432018; Zweng et al., 20432018; Garcia et al.,

2014a2018a; 2644b2018b) were used for temperature, salinity, and oxygen and nitrate

concentration. DIC and alkalinity were taken from the GLODAPv2.2016b gridded data product

(Keyetal., 2015; Lauvset et al., 2016). Offline carbon chemistry calculations were done
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following the Best Practices Guide (Dickson et al., 2007) and the OMIP-BGC protocols (Orr et
al., 2017), whieh-and are identical to those used in the models except that constant reference

concentrations were used for phosphate (1 uM) and silicate (10 uM).

There is no global gridded data product for Fe, but we have made use of the GEOTRACES
Intermediate Data Product 2017 (Schlitzer et al., 2018), and the data compilations from MBARI
(Johnson et al., 1997; 2003) and PICES Working Group 22 (Takeda et al., 2013). The latter two
are concentrated in the Pacific, while GEOTRACES is more global. The combined data sets
provide more than 10000 bottle samples from more than 1000 different locations (Supplementary
Figure S4aS59a) (excluding some surface transect data that involve frequent sampling of closely
spaced locations along the ship track). More detail about model comparison to these data

compilations and the list of original references are given in the Supplementary information.

Satellite ocean colour estimates of surface chlorophyll were taken from the combined
SeaWiFS/MODIS climatology described by Tesdal et al. (2016). Climatological satellite POC
was downloaded from the NASA ocean colour web site and is based on the algorithm of
Stramski et al. (2008) using MODIS-Aqua data. This climatology differs slightly from the
chlorophyll one in terms of years included and sensors utilized, but as only climatological
concentrations are considered and each climatology covers ~15 years, these differences will have

negligible effect on the results presented. Satellite chlorophvll concentrations greater than 1 mg

m™ were excluded as these are mostly associated with coastal regions not resolved by coarse-

resolution global ocean models.
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CMIP6 model data were regridded by distance-weighted averaging using the Climate Data

Operators (https://code.mpimet.mpg.de/projects/cdo/) to a common grid (2x2°, 33 levels) to

facilitate ensemble averaging. The vertical levels used are those used in GLODAP and in earlier

(through 2009) versions of the World Ocean Atlas (e.g., Locarnini et al., 2010). feHewingthe

GLEODAP levels)rtofacilitate-ensemble-averaging—For large scale tracer distributions, using a 1°

or 2° orid makes little difference (for example, the spatial pattern correlation between CanESMS5

and observed oxygen concentration at specific depths differs by an average of 0.0011). The years
1986-2005 of the Historical experiment were averaged into climatologies or annual means, for

meaningful comparison with observation-based data products. The CMIP6 Historical experiment

runs from 1850-2014 with atmospheric CO» concentration (and other atmospheric forcings)

based on historical observed values. A single realization was used in each case (see Table S3); as

20 year averages are used, internal variability is assumed to have little effect (e.g., Arguez and

Vose, 2011, see Table S4). Where time series are shown, 5-year means are used.

Sampling among CMIP6 models was somewhat opportunistic and the exact suite of models
varies among the analyses presented. When we conducted a search for a particular data field, we
included in the search parameters all models that published that field, and repeated the search at
least once for models that were unavailable the first time the search was executed. In some cases,
model ensemble means excluded all but one model from a particular ‘family’ (e.g., there are
three different MPI-ESM models for which ocean biogeochemistry fields were published), as the
solutions were found to be similar and would bias the ensemble mean towards their particular

climate. The models used are ACCESS-ESM1-5, CESM2, CESM2-WACCM, CNRM-ESM2-1,

GFDL-CM4, GFDL-ESM4, IPSL-CM6A-LR, MIROC-ES2L, MPI-ESM-1-2-HAM, MPI-
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ESM1-2-LR, MPI-ESM1-2-HR, MRI-ESM2-0, NorESM2-L M. NorESM2-MM, and UKESM1-

0-LL. Mere-dDetails of which variables and realizations are used for which models arets given in

Supplementary Table S3.

3. Results

We first describe here the large-scale distribution of oxygen, DIC, alkalinity, and the saturation

state with respect to CaCOs that derives from these large-scale tracer distributions. Tracer

distributions result partly from ocean circulation and partly from biogeochemical processes. An

overall evaluation of the ocean circulation model is given in Swart et al. (2019a). Analyzing

CanESM5 and CanESM5-CanOE (with identical circulation) as well as CanESM?2 where

possible (same biogeochemistry as CanESMS5 but different circulation) allows us to separate the

effects of physical circulation and biogeochemistry on evolving model skill with respect to large-

scale tracer distributions. In subsequent sections we address the main areas where CanESM5 and

CanESM5-CanQOE differ, such as the interaction of the iron and nitrogen cvycles and plankton

community structure. Finally, we present some temporal trends over the course of the historical

experiment (1850-2014).

3.1 Distribution of oxygen

The spatial distribution of oxygen concentration ([O2]) at selected intermediate depths (400, 900,

and 1400 m) is shown in Figure 2 for gridded data from WOA2018 and differences of

CanESMS5, CanESM5-CanOE, a model ensemble mean (MEM) of CMIP6 models (excluding
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CanESMS5 and CanESMS5-CanOE) from the observational data product.;-and gridded-datafrom

WOA2013-is-shewninFigure2:- The depths were chosen to span the depth range where low

oxygen concentrations exist: these low-oxygen environments are of substantial scientific and

societal interest and are sensitive to model formulation. The major features are consistent across

the models. Both CanESM models as well as the MEM Al-three-cases-show elevated oxygen

concentrations relative to observations, particularly in the North Pacific, the North Atlantic and
the Southern Ocean. In the Indian Ocean, both CanESM models show high oxygen
concentrations in the Arabian Sea and deeper layers of the Bay of Bengal relative to observations
and ether CMIP6-medelsthe MEM; these biases are somewhat smaller in CanESMS5-CanOE than

in CanESMS5 (Figure 2).

The ocean's oxygen minimum zones (OMZs) are mostly located in the eastern Pacific Ocean, the

northern North Pacific, and the northern Indian Ocean: the spatial pattern changes with

increasing depth (Figure 2), but the OMZs are mostly located between 200 and 2000 m depth.

Biases in the eastern-boundaryeurrentEBC regions are depth and model specific. CanESMS5
shows particularly strong oxygen depletion at 1400 m in the eastern tropical Pacific. In the
southeastern Atlantic, models tend to be biased low at the shallower depths, and show somewhat
more variation at greater depths (Figure 2). Overall, [O2] biases tend to be positive over large
areas of ocean with the exception of some eastern-boundaryeurrentE BC regions, implying that
models exaggerate the extent to which remineralization is concentrated in these regions. An

alternate version of Figure 2 that shows the modelled concentrations medelerrorsrelativeto-the

observational-data-produetis given in Supplementary Figure S3S52.
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The zonal mean oxygen concentration, saturation concentration, and apparent oxygen utilization
(AOU) are shown in Figure 3 for the same four cases. Again, the models generally show a
positive bias in [O2], particularly in high-latitude deep waters. The major ocean circulation
features are reproduced fairly well in all cases (e.g., weaker ventilation of low-latitude
subsurface waters, greater vertical extent of well-ventilated surface waters in the subtropics). The
saturation concentration (a function of temperature and salinity) generally shows relatively little
bias, implying that the bias in [O2] arises mainly from remineralization and/or ventilation. AOU
is lower than observed over much of the subsurface ocean. Regional biases are quite consistent
across models, but are slightly greater in CanESMS5 than in CanESMS5-CanOE or the ensemble
meanMEM, except in the Arctic Ocean. Again, Supplementary Figure S23 includes a version of

this plot that shows the modelled differencesfrem-the-ebservationsconcentration fields.

The skill of each model with respect to the distribution of O» at different depths is represented by

Taylor diagrams (Taylor, 2001) in Figure 4. These diagrams allow us to assess how well the

model reproduces the spatial distribution at a range of depths, because different physical and

biogeochemical processes determine the distribution in different depth ranges-—in-which. al-All

of the CMIP6 models that were shown as an ensemble mean in Figures 2 and 3 are shown
individually. The large blue dots represent CanESMS, red CanESM5-CanOE, and grey the

MEM; the smaller

grey dots represent the individual models. CanESMS5-CanOE shows slightly higher pattern
correlation than CanESMS at all depths. Both models compare favourably with the full suite of
CMIP6 models, with r>0.85 for CanESMS5 and r>0.9 for CanESMS5-CanOE at all depths

examined, and a normalized standard deviation within +25% of unity.
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The total volume of ocean with [O2] less than 6 mmol m™ (the threshold for denitrification
(Devol, 2008)) and 60 mmol m™ (a commonly used index of hypoxia) is shown in Figure 5. The
total volume is highly variable among models (note, however, that there are several clusters of
related models with quite similar totals). CanESM5 and CanESM5-CanOE have among the
lowest total volumes (i.e., the interior ocean is relatively well ventilated) and are among the
nearest to the observed total. For [02] <60 mmol m™ the bias is, nonetheless, quite large (i.e., the
observed volume is underestimated by almost 50% in both models). The volume of water with
[O2] below the denitrification threshold is overestimated in both CanESMS5 and CanESMS5-
CanOE; CanESM5-CanOE has a much smaller total that is closer to the observed value. The bias
in the spatial pattern of hypoxia (not shown) is generally similar to the bias in dissolved oxygen
distribution (Figure 2). The low-oxygen regions are generally more concentrated in the eastern
tropical Pacific in the models than in observations, and the low-oxygen region in the northwest

Pacific is not well reproduced in CanESM models.

3.2 Distribution of DIC, alkalinity, and CaCQO3 saturation

The spatial distribution of aragonite saturation state (Q24) at selected depths is shown in Figure 6.

(The first two depths are the same as in Figure 2, but a much greater depth is also included, as

the length scale for CaCQOs dissolution is greater than for organic matter remineralization-the

third-is-much-deeper). In this case the observations are a combination of GLODAPv2 (Key et al.,
2015: Lauvset et al., 2016) for DIC and alkalinity, and WOA26132018 for temperature and

salinity. CanESMS5 and CanESM5-CanOE generally compare well with other models and
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observations. The low saturation bias in the eastern tropical Pacific is substantially reduced in
CanESM5-CanOE compared to CanESMS. On the other hand CanESMS5 generally does better
than CanESM5-CanOE, or the ensemble-meanMEM, at reproducing the low saturation states in
the northwestern Pacific and the Bering Sea. Both CanESM models show a high saturation state
bias in the North Atlantic and the well-ventilated regions of the north Pacific subtropical gyre:-

Fhese-these biases are redueed-slightly smaller in CanESMS5-CanOE prebably-dueto-the smaller

averageremineralizationlength-seale for-organie-detritus. Maps of the calcite and aragonite

saturation horizon (Q=1) depth are shown in Supplementary Figure S3: these generally confirm

the same biases noted in Figure 6.

Zonal mean distributions of aragonite saturation state (), calcite saturation state ({c), and

carbonate ion concentration ([CO37]) and the differences of the models from the observations are

shown in Figure 7 (Supplementary Figure S3-S2 includes versions of Figures 6 and 7 that
exphietthshow the modelled fields-differencesfromthe-ebservations). The models generally
compare well with the observations in the representation of the latitude/depth distribution of high
and low saturation waters. CanESMS5 has a high saturation bias in low-latitude surface waters
that is somewhat reduced in CanESM5-CanOE. Both CanESMS5 models show a high saturation
bias in Northern Hemisphere intermediate (e.g., 200-1000 m) depth waters that is larger than in

the ensemblemeanMEM. This is primarily a result of low Q in the North Atlantic Ocean (Figure

6).

Taylor diagrams for a range of depths are shown for DIC in Figure 8 and for Q4 in Figure 9 (for

alkalinity, see Supplementary Figure S42). As expected, the MEM generally compares
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favourably with the individual models (e.g., Lambert and Boer, 2001). CanESMS5 and
CanESM5-CanOE compare favourably with the full suite of CMIP6 models. CanESM5-CanOE
shows a gain in skill relative to CanESMS, and both show improvement relative to CanESM2. At
400 m, CanESM2 stands out as having extremely high variance, which is mostly due to
extremely high DIC concentrations occurring over a limited area in the eastern equatorial Pacific
(not shown). This bias is present in CanESMS5 and in CMIP6 models generally (Figure 6) but

involves much lower concentrations spread over a larger area.

3.3 N and Fe cycles

An important difference between EMOC-CanESMS5 and CanESM5-CanOE is the inclusion of a

prognostic Fe cycle. The CMOC iron mask (Zahariev et al., 2008) was a pragmatic solution in

the face of resource limitations but is inherently compromised as it can not evolve with a

ESAUKESMI-0-1)-The first order test of a model with prognostic, interacting Fe and N cycles

is whether it can reproduce the distribution of High-NutrientLew-ChlerephyH-(HNLC) regions

and the approximate surface macronutrient concentrations within these. CanESM5-CanOE
succeeded by this standard, although the surface nitrate concentrations are biased low in the
subarctic Pacific and equatorial Pacific and high in the Southern Ocean and in the global mean

(Figure 10).

The seasonal cycle of the zonal mean surface nitrate concentration for a selection of CMIP6
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models is shown in Figure 11. CanESMS, CanESMS5-CanOE, and CNRM-ESM2-1 reproduce the
equatorial enrichment and the low concentrations in the tropical-subtropical latitudes fairly well.
Some models either have very weak equatorial enrichment (MPI-ESM1-2-LR) or too high a
concentration in the off-equatorial regions (UKESM1-0-LL, NorESM2-LM). UKESM1-0-LL
has very high concentrations throughout the low-latitude Pacific, which biases the ensemble

mean (Figure 112). Supplementary Figure S6+-5- shows the same data as Figure 112 but for a

more limited latitude range to better illustrate model behaviour in the tropics. CanESMS,
CanESM5-CanOE, and CNRM-ESM2-1 reproduce the seasonal cycle of tropical upwelling (e.g.,

Philander and Chao, 1991), with highest concentrations in summer.

The surface distribution of dissolved iron (dFe) in various CMIP6 models is shown in Figure 12.
For Fe there is no observation-based global climatology with which to compare the model
solutions (some comparisons to available profile data are shown in Supplementary Figures
S4bS9b-gh). CanESMS5-CanOE shows a similar overall spatial pattern to other models, and
generally falls in the middle of the spread, particularly regarding concentrations in the Southern
Ocean. Several models show extremely high concentrations in the tropical-subtropical North
Atlantic (Sahara outflow region). CanESMS5-CanOE, along with CNRM-ESM2-1 and CESM2,
has much less elevated concentrations in this region, due to lower deposition or greater
scavenging or both. CanESM5-CanOE has its lowest concentration in the eastern subtropical
South Pacific, which is common to many models (Figure 12). The area of strong surface
depletion is generally more spatially restricted in CanESMS5-CanOE than in other models, and
surface dFe concentrations are greater over large areas of the Pacific. Both the north-south and

east-west asymmetry of distribution in the Pacific is greater in CanESM5-CanOE than in most
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other models, some of which show the South Pacific minimum extending westward across the
entire basin, and others into the Northern Hemisphere. Only in CESM2 is this minimum

similarly limited to the southeast Pacific.

The mean depth profiles of dFe are shown in Figure 13. Some models show more of a “nutrient-
type” (increasing with depth due to strong near-surface biological uptake and subsequent
remineralization) profile, some a more “scavenged-type” (maximal at the surface, declining with
depth) profile (cf. Li, 1991; Nozaki, 2001), and others a hybrid profile (increasing downward but
with a surface enrichment). CanESMS5-CanOE is at the “nutrient-type” end of spectrum with a

generally monotonic increase with depth to a near-constant deep-water concentration of 0.6 nM

and a very slight near-surface enrichment (see also Supplementary Figures S9S4b,c). 1=

Mean surface nitrate and dFe concentrations for selected ocean regions are shown in Figure 14.
CanESM5-CanOE shows concentrations that are within the range of CMIP6 models, although in
some cases at the higher or lower end. Surface nitrate concentrations generally compare

favourably with the observation-based climatology, but are biased low in HNLC regions other
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than the Southern Ocean. These biases are not necessarily a consequence of having too much or
too little iron. For example, in the Southern Ocean CanESM5-CanOE has among the highest
surface nitrate concentrations, but it also has some of the highest dFe concentrations, and the
high nitrate bias is present in CanESMS5 as well. Comparisons with the limited GEOTRACES
data available suggest that near surface dFe concentrations in the Southern Ocean are biased high
rather than low in CanESM5-CanOE (not shown). One region where there does seem to be a
strong correlation between surface nitrate and dFe concentrations is the western subarctic

Pacific. All but two models (CNRM-ESM2-1, NorESM2-1.M) fall along a spectrum from high

Fe / low nitrate to low Fe / high nitrate. CanESM5-CanOE falls near the high Fe / low nitrate end

of the range.

Surface nitrate concentrations along the Pacific equator during the upwelling season (June-

October) for CanESMS5 and CanESMS5-CanOE are shown in Figure 15. The range of other

CMIP6 models is not shown here because it is large and therefore adds little information (see

Figure 11 and Supplementary Figure S6). CanESM5-CanOE better represents the east-west

gradient, while CanESMS5 has slightly higher concentrations in the core upwelling region. Both

models underestimate the highest concentrations around 100°W. Sese-Although some localized

maxima in this data product are due to undersampling, equatorial upwelling is strong at this

location (e.g., Lukas, 2001) and the spatial coherence of the data strongly sugeests that this

maximum accurately reflects reality:-however-examination-of ancillary-datasetssuch-assatelite

vpwethne (et shown), Altheueh-It should be noted that CanESMS iron limitation is calculated

from an-earker version of the same data product;-; however, the Fe mask is based on the

31



673  minimum nitrate concentration over the annual cycle, whereas the data shown here are for the

674  upwelling season.tn-CanESMS5-CanO the distribution-of surface nitrate-is-an-emergent

675

676
677 3.4 Plankton biomass, detritus, and particle flux
678

679  The relative abundance of the four living plankton groups are shown in Figure 16 for a range of
680  ocean regions. Both CanESM models mostly compare favourably with observation-based

681  estimates of phytoplankton biomass, except in the tropics where CanESM5-CanOE has very high
682  biomass. Both CanESM models have low phytoplankton biomass in the North Atlantic. In the
683  North Pacific and the Southern Ocean, CanESMS5-CanOE reproduces the observation-based

684  estimates well, and CanESMS slightly less well. The general pattern is that large and small

685  phytoplankton have similar abundance, and are substantially more abundant than zooplankton.
686

687  Part of the rationale for multiple food chains is that they better represent the way that actual
688  plankton communities adapt to different physical ocean regimes and therefore are better able to
689  simulate distinct ocean regions with a single parameter set (e.g., Chisholm, 1992; Armstrong,
690  1994; Landry et al., 1997; Friedrichs et al., 2007). The expectation is that small phytoplankton
691  will be more temporally stable and large phytoplankton will fluctuate more strongly between
692  high and low abundances. The mean annual cycles of surface chlorophyll largely conform to
693  thise-expeeted pattern, e.g., in the North Atlantic and the western subarctic Pacific large

694  phytoplankton are dominant in summer and much more variable over the seasons (Figure 17).

695  Compared to observations, CanESMS5 models underestimate the amplitude of the seasonal cycle
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in the North Atlantic and overestimate it in the North Pacific. CanESMS5 shows a stronger and
earlier North Atlantic spring bloom compared to CanESMS5-CanOE; the observations are in
between the two in terms of timing, and both models underestimate the amplitude (Figure 17). In

the tropics, the seasonal cycle is weak. CanESM5-CanOE in Fthe tropical Atlantic shows the

expected seasonal cycle but not the expected dominance of large phytoplankton in summer.

Fhese-sizefractionationpatterns-are-difficult to-validate-against ebservations—CanESMS5-CanOE

generally overestimates the total near surface chlorophyll in both the tropical Pacific and the

tropical Atlantic.

Zooplankton biomass (especially microzooplankton) is also somewhat difficult to test against

observations, but our model concentrations appear to be biased low. White-et-al {1995} for

coneentrations-in-thisregton-are-muchJower-Stock et al. (2014) estimated depth-integrated

biomass of phytoplankton, mesozooplankton, and microzooplankton for a range of oceanic
locations in which intensive field campaigns have occurred (estimates of microzooplankton
biomass are relatively sparse). They found that in most locations phytoplankton and (combined)
zooplankton biomass are of comparable magnitude, whereas in CanESMS5-CanOE zooplankton
biomass is consistently lower (Figure 16). The global integral biomass of mesozooplankton is
about an order of magnitude less than the 0.19 PgC estimated by Moriarty and O’Brien (2013).
The CanESMS total of 0.14 Pg is relatively close to the Moriarty estimate but implicitly includes

microzooplankton.
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Surface chlorophyll and POC for CanESMS5-CanOE and for ocean colour observational data are
shown in Figure 18 (POC in the model is the sum of phytoplankton, microzooplankton, and
detrital carbon). The observations have a lower limit for POC that is not present in the model
(~17 mgC m™), which is unsurprising given the processes neglected in the model, i.e., in regions
of very low chlorophyll there is still substantial dissolved organic carbon, bacteria that consume
it, and microzooplankton that consume the bacteria and produce particulate detritus. The
observational data show a fairly linear relationship at low concentrations, but with a curvature
that implies a greater phytoplankton fraction in more eutrophic environments (cf. Chisholm,
1992). The model, by contrast, shows a fairly linear relationship over the whole range of
concentrations. In other words, the phytoplankton share of POC is higher and more constant in
the model than in the observations. The living biomass (phytoplankton + microzooplankton)
fraction of total POC in CanOE is generally in excess of 50% (not shown), which is implausible
for a real-world oceanic microbial community (e.g., Christian and Karl, 1994) but consistent

with the relatively low rates of export from the euphotic zone.

Export production for a range of CMIP6 models is shown in Figure 19a. CanESMS5-CanOE is at

the low end of the range. Observations are not shown because the range of observational

estimates covers almost-the entire range of the-pletmodel estimates (e.g., Siegel et al., 2016).
Note also that CanESMS5 export is quite a bit lower than in CanESM2, which is relatively high
for CMIP5 models (not shown). The difference between CanESM2 and CanESMS is attributable
primarily to different circulation, although the different initialization fields for nitrate might also
play a small role. The lower rate in CanESM5-CanOE is consistent with the above results

regarding plankton community structure (e.g., the concentration of detritus is generally low
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compared to living biomass), as well as the lower sinking rate for small detritus. The latitudinal
distribution of export is shown in Figure 19b. CanESMS5 shows very high export in the mid-
latitudes of the Southern Ocean, similar to CanESM2 (not shown). Both CanESMS5 and

CanESM5-CanOEmedels show latitudinal patterns consistent with the range of other CMIP6

models. CanESMS has slightly greater export in the equatorial zone; in both CanESM 5 and

CanESM5-CanOE-medels the equatorial enrichment attenuates very rapidly with latitude and the

rates are low in the subtropics.

3.5 Historical trends

Cumulative ocean uptake of CO> is shown in Figure 20 for the historical experiment (1850-
2014). CanESM models are biased low relative to observation based estimates (~145 PgC, see
Friedlingstein et al., 2020) and the ensemble-mean-of-othermodelsMEM (144 PgC, Figure 20),
but fall well within the spread of CMIP6 models. CanESM5-CanOE has lower cumulative
uptake than CanESMS5 by ~10 PgC. As the models were not fully equilibrated when the
historical run was launched, this difference does not necessarily arise from the biogeochemical
model structure; part of the difference can be attributed to differences in the spinup protocol (cf.
Séférian et al., 2016). The drift in the piControl experiment over the 165 years from the
branching off of the historical experiment is -10.5-0 PgC in CanESM5-CanOE and -5.9-1 PgC in

CanESMS (see Supplementary Table S6), so drift accounts for about half (484%) of the

difference in net ocean CO; uptake. The wvertieal-spatial distribution of anthropogenic DIC is

very similar between CanESMS5 and CanESMS5-CanOE (netshewsnSupplementary Figure S7).
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The long-term trend in global total export production is shown in Figure 21. The model values
must be normalized in order to compare trends, since the differences among means are large

compared to the changes over the historical period (Figure 19). Such trends are difficult or

impossible to meaningfully constrain with observations, but the general expectation has been that

export will decline somewhat due to increasing stratification (e.g., Steinacher et al., 2010).

CanESMS5 shows a greater decline than most other CMIP6 models, while CanESM5-CanOE is

more similar to non-CanESM models. Such-trendsare-ditficultorimpossible to-meaningtully

~The change in CanESM5
is geographically widespread and not concentrated in a specific region or regions: export is
maximal in the tropics and the northern and southern mid-latitudes (Figure 19b) and declines
over the historical period in all of these regions (Supplementary Figure S&+). In CanESM5-
CanOE, export declines in the same regions, but the magnitude of the change is smaller, and in

the Southern Ocean increases and decreases in different latitude bands largely offset each other.

The trend in the volume of ocean water with O, concentration less than 6 or 60 mmol m™ is
shown in Figure 22. Again, the totals are normalized to a value close to the preindustrial, as the
differences among models are large (Figure 5). For the volume with <60 mmol m~, CanESM
models show relatively little change; in CanESMS the volume actually declines slightly, while in
CanESM5-CanOE it increases, but the total change is <1% in each case. As with the baseline
volumes, the range among models is large, with one model showing an increase approaching
10% of the total volume estimated for WOA20132018 (Figures 5b and 22b). For the volume

with <6 mmol m~ (Figure 22a), CanESM models are among the most stable over time. In
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CanESMS5, the volume again declines, although this is within the range of internal variability.
Again some models show fairly large excursions, but in this case none shows a strong secular

trend over the last half-century.

4. Discussion

CanESM5 and CanESMS5-CanOE are new coupled ocean-atmosphere climate models with

prognostic ocean biogeochemistry. The two have the same physical climate (in experiments with

specified atmospheric CO») and differ only in their ocean biogeochemistry components.

CanESM5-CanOE has a much more complex biogeochemistry model including a prognostic iron

cycle. We have presented results that assess how these two models simulate the overall

distribution of major tracers like DIC, alkalinity, nitrate and oxygen, as well as analyses of the

interaction of the iron and nitrogen cycles, plankton community structure, export of organic

matter from the euphotic zone, and historical trends over 1850-2014.

The overall distribution of major tracers indicates that both models do a reasonable job of

simulating both biogeochemical (e.g., export and remineralization of organic matter) and

physical (e.g.. deep and intermediate ocean ventilation) processes. The volume of ocean with

oxygen concentration below 6 or 60 uM compares favourably with other CMIP6 models (Figure

5)., and is among the most stable over historical time (Figure 22). CanESM5-CanOE has a

substantially lower volume of water with [O>]<6 uM than CanESMS5 and much closer to

observation-based estimates (Figure 22a). Both models are biased slightly low in terms of

historical uptake of anthropogenic CO», which may indicate weak Southern Ocean upwelling or
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too shallow remineralization of DIC or both (Figure 20). The spatial distribution of

anthropogenic DIC is very similar between the two models (Supplementary Figure S7), which is

expected as it is mainly a function of the physical ocean model circulation. However, CanESMS5

has higher concentrations in the main areas of accumulation, particularly the North Atlantic and

the Southern Ocean. This probably indicates more efficient removal and export of 'natural' DIC

by the plankton, particularly in the Southern Ocean upwelling zone (Figure 19), and deeper

average remineralization, with the caveat that the preindustrial control simulations had different

degrees of equilibration when the historical experiment was launched (cf. Séférian et al., 2016,

Supplementary Table S6).

Analysis of phytoplankton and zooplankton biomass concentrations show that CanESMS5 and

CanESM5-CanOE compare somewhat favourably with available observational data but do have

distinct biases. In particular, both zooplankton biomass and detrital organic matter concentration

tend to be very low in CanESM5-CanOE;: the total biomass of the plankton community and the

standing crop of particulate organic matter are dominated by phytoplankton (e.g., Figure 17).

Regional biases differ between the two models, with CanESM5-CanOE showing excessively

laree phytoplankton biomass in the tropics. We note, however, that the seasonal cycle of

equatorial upwelling and the formation of the equatorial Pacific HNLC are reproduced rather

well by our models (e.g.. Figures 11, 15 and S6), and that CanESM5-CanOE is the first CanESM

model to have genuinely simulated this as an emergent property (see section 3.3). In CanESMS5-

CanOE,. decoupling of large and small phytoplankton populations associated with seasonal

upwelling or convection (see below) is observed in some regions but not others.
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Global export production is biased low, particularly in CanESM5-CanOE. This is due in part to

the biogeochemical model and in part to ocean circulation. CanESMS5 has the same ocean

biology as CanESM2 but a different physical ocean model, and global ocean export production is

substantially lower in CanESMS3. It is lower still in CanESM5-CanOE (Figure 19). We note that

CanESMS5 performs better than CanESM?2 on most metrics of physical ocean model evaluation

(Swart et al., 2019a), and shows a more realistic distribution of major tracers like DIC (Figure 8).

While the range of observation-based estimates of global ocean export production is large, and

encompasses the full range of CMIP5 and CMIP6 models, the change between CanESM?2 and

CanESMS is large. Changes in the physical ocean are not entirely independent of the

biogeochemistry model even when the latter is ostensibly identical. In CanESM?2 and CanESMS5,

iron limitation is specified as a spatially static 'mask’ based on the observed distribution of

surface nitrate, and it is possible that in these two models ocean upwelling occurs in different

places relative to the specified boundary of the region of Southern Ocean iron imitation (Figure 3

of Zahariev et al., 2008). It is also possible that the lower export production in CanESM5-CanOE

1s due to low iron supply to the surface waters of the Southern Ocean, but comparison with

available observations do not suggest that this is the case. Several biases are common to

CanESM5 and CanESMS5-CanOE that relate to Southern Ocean upwelling (high Southern Ocean

surface nitrate concentration, low export production, weak anthropogenic CO; uptake) and so are

probably more attributable to the physical ocean model than to the Fe submodel. The difference

between CanESM?2 and CanESMS5 bears this out.

The development of CanOE was undertaken in response to some of the most severe limitations

of CanESM+/2, and in light of our collective experience. In addition to CMOC (Zahariev et al.,
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2008), previous models developed by members of our group include Denman and Pena (1999;
2002), Christian et al. (2002a; 2002b), Christian (2005), and Denman et al. (2006). Christian et
al. (2002a) had a prognostic Fe cycle and multiple phytoplankton and zooplankton species, but
had fixed elemental ratios. Christian (2005) incorporated a cellular-regulation model, but only
for a single species and without Fe limitation. Christian (2005) had prognostic chlorophyll
whereas Denman and Pefia (1999; 2002) and Christian et al. (2002a) used an irradiance-
dependent diagnostic formulation. Christian et al. (2002a) used multiplicative (Franks et al.,
1986) grazing, which creates stability in predator-prey interactions but severely limits

phytoplankton biomass accumulation under nutrient-replete conditions.

One of the most important lessons from Christian et al. (2002a; 2002b) was that when a fixed
Fe/N ratio is employed, sensitivity to this parameter is extreme. Because Fe cell quotas are far
more variable than N, P, or Si quotas, treating this parameter as constant results in the specified
value influencing the overall solution far more than any other parameter. CanESMS5-CanOE
largely succeeded in creating a prognostic Fe-N limitation model that produces HNLC conditions
in the expected regions (Figures 10, 11, 14, 15, S6), although surface nitrate concentration is low
relative to observation-based estimates in some cases. External Fe sources and scavenging

parameterizations will be revisited and refined in future versions. In CanESM5-CanOE the

scavenging model is very simple, with distinct regimes for concentrations greater or less than 0.6

nM: scavenging rates are very high above this threshold which causes deep-water concentrations

to converge on this value. The generally nutrient-like profile suggest that in CanOE the

scavenging rate is quite low for concentrations below 0.6 nM (Figure 13: see also Supplementary

Figure S9h). We note that the aeolian mineral dust deposition field employed here is derived
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from the CanESM atmosphere model; these processes are not presently interactive but could be

made so in the future.

A particular issue with CanESM?2 was that extremely high concentrations of nitrate occurred
under the EasternBeundaryCurrent-(EBC) upwelling regions. This error resulted from
spreading denitrification out over the ocean basin so that introduction of new fixed N from N>
fixation would balance denitrification losses within each vertical column, whereas in the real
world denitrification is highly localized in the low oxygen environments under the EBCs.
CanESM?2 did not include oxygen, but CanESMS5 €MOC-incorporates oxygen as a ‘downstream’
tracer that does not feed back on other biogeochemical processes. The incorporation of a more
process-based denitrification parameterization in CanESM5-CanOE is independent of the many
other processes that are present in CanESM5-CanOE but not in CanESM5EMOE: a CMOC-like
model with prognostic denitrification is clearly an option. We chose not to include explicit,
oxygen-dependent denitrification in CanESMS5 because we wanted to maintain a CMOC-based

model as close to the CanESM2 version as possible, and because oxygen would not then be a

downstream tracer that does not affect other processes.
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Plankton community structure in CanESM5-CanOE is somewhat biased toward high

concentrations of phytoplankton, low concentrations of zooplankton and detritus, and low export
(Sect. 3.4). In the development phase, a fair number of experiments were conducted with various
values of the grazing rates and detritus sinking speeds. A wide range of values of these
parameters was tested, with no resulting improvement in the overall results. Possibly the detrital
remineralization rates are too high, although primary production is also on the low end of the
CMIP6 range (not shown), and would probably decline further if these rates were decreased. The
model was designed around the Armstrong (1994) hypothesis of ‘supplementation’ vs
‘replacement’, i.e., small phytoplankton and their grazers do not become much more abundant in
more nutrient-rich environments but rather stay at about the same level and are joined by larger
species that are absent in more oligotrophic conditions (see also Chisholm, 1992; Landry et al.,
1997, Friedrichs et al., 2007). The results presented here suggest that this was partially achieved

but further improvement is possible (Figure 17).

As to whether the gains in skill with CanESMS5-CanOE justify the extra computational cost,
Taylor diagrams (Figures 4, 8, 9, and Supplementary Figure S254) show a modest but consistent

gain in skill at simulating the major biogeochemical species (O», DIC, alkalinity) across

variables and depths, especially for alkalinity at mid-depths (Supplementary Figure $254), for
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which CanESMS displays the least skill relative to other fields or depths. Other processes that are
highly parameterized in CanESM5EMOC, such as calcification and CaCOj3 dissolution, were not
addressed in detail in this paper, but are an important factor in determining the subsurface
distribution of alkalinity. Asneted-aboveformaintenance ot HNLCconditions;-Again, we
emphasize that we are simulating as an emergent property something that is parameterized in

CanESM5EMOC (as previously noted for surface nitrate concentration in HNLC regions), and

doing at least as well in terms of model skill. As a general rule, the potential for improving skill
and achieving better results in novel environments (e.g., topographically complex regional
domains like the Arctic Ocean and the boreal marginal seas), is expected to be greater in less

parameterized models (e.g., Friedrichs et al., 2007; Tesdal et al., 2016).

An updated version of CanESM5 EMOC-with prognostic denitrification is clearly possible.
However, for the reasons discussed above, a prognostic Fe cycle with a fixed phytoplankton
Fe/N remains problematic, and the model would still have a single detritus sinking speed and
remineralization length scale. We are also developing CanOE for regional downscaling
applications (Hayashida, 2018; Holdsworth et al., 2021), and it is likely that the simplification of
having a single particle sinking speed is not well suited to a domain with complex topography
and prominent continental shelf and slope. The number of tracers in CanOE is not particularly
large compared with other CMIP6 models. We expect to further refine CanOE and its
parameterizations, evaluate it against new and emerging ocean data sets (e.g., GEOTRACES,
biogeochemical Argo), and incrementally improve CMOC (which we will maintain for a wide
suite of physical-climate experiments for which ocean biogeochemistry is not central to the

purpose). For CMIP6, we chose to keep CMOC as close to the CanESM2 version as possible.
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949  This strategy allows us to quantify how much of the improvement in model skill is due to the

950 physical circulation, which-isinfaet-substantialas is illustrated by greater skill with respect to

951  DIC (e-&5Figure 8) and alkalinity (Supplementary Figure S4), particularly at intermediate depths

952  (400-900 m). The CanESM terrestrial carbon model is also undergoing important new
953  developments (e.g., Asaadi and Arora, 2021) and we expect CanESM to continue to offer a
954  credible contribution to global carbon cycle studies, as well as advancing regional downscaling

955 and impacts science.
956

957  Code availability. The full CanESMS5 source code is publicly available at

958  gitlab.com/cccma/canesm; within this tree the EMOC/CanOE-ocean biogeochemistry code can

959  be found at gitlab.com/cccma/cannemo/-

960  /tree/v5.0.3/nemo/CONFIG/CCC_CANCPL _ORCAI1_LIM_CMOC or

961 CCC _CANCPL ORCAIl LIM CANOE (last access: 21 September 2021). The version of the
962  code which can be used to produce all the simulations submitted to CMIP6, and described in this
963  paper, is tagged as v5.0.3 and has the associated DOI: https://doi.org/10.5281/zenodo.3251113

964  (Swartet al., 2019D).
965

966  Data availability. All CarESMS-simulations conducted for CMIP6, including those described in
967  this paper, are publicly available via the Earth System Grid Federation{=SGE) (source id =

968 CanESMS5 or CanESM5-CanOE). All observational data and other CMIP6 model data used are

969  publicly available.
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Table 1 — Ecosystem model parameters.

Symbol Description Unit
Tref Reference temperature K 298.15
Eap Activation energy for photosynthesis kJ mol™! 37.4
QNnins Small phytoplankton minimum N quota gNgC'! 0.04
QMmaxs Small phytoplankton maximum N quota gNgC! 0.172
QMmini Large phytoplankton minimum N quota gNgC! 0.04
QMmaxi Large phytoplankton maximum N quota gNgC’! 0.172
Q™ mins Small phytoplankton minimum Fe quota ug Fe g C! 4.65
Q™ maxs Small phytoplankton maximum Fe quota ng Fe g C! 93.
Q minl Large phytoplankton minimum Fe quota ng Fe g C! 6.5
Q™ maxi Large phytoplankton maximum Fe quota ug Fe g C! 70.
Vet Reference rate of N uptake gNgCtd! 0.6
Vs Reference rate of Fe uptake ug Fe g C1d! 79.
PCer Reference rate of photosynthesis gCgcCld! 3
kxu Rate coefficient for exhudation d! 1.7
Kdgr Rate coefficient for chlorophyll degradation d! 0.02
¢ Respiratory cost of biosynthesis gCgN! 2
Olchl Initial slope of P-E curve gC g CHL!' h! (umol m?s')! | 1.08
max\ Maximum chlorophyll-nitrogen ratio ggl 0.18
Knis Half-saturation for small phytoplankton nitrate uptake mmol! m3 0.1
Knas Half-saturation for small phytoplankton ammonium uptake | mmol! m? 0.05
Kres Half-saturation for small phytoplankton iron uptake nmol™! m? 100
KniL Half-saturation for large phytoplankton nitrate uptake mmol™! m? 1.0
KnaL Half-saturation for large phytoplankton ammonium uptake | mmol™! m? 0.05
KreL Half-saturation for large phytoplankton iron uptake nmol ™! m’ 200
mis Small phytoplankton/zooplankton mortality rate (linear) d! 0.05
mas Small phytoplankton/zooplankton mortality coefficient (mmol C m3)"! d"! 0.06
miL Large phytoplankton/zooplankton mortality rate (linear) d! 0.1




moL Large phytoplankton/zooplankton mortality coefficient (mmol C m3)"! d! 0.06
Kminp Minimum phytoplankton concentration for linear mortality | mmol C m? 0.01
aL Large zooplankton grazing parameter (mmol C m~)! 0.25
Gro Large zooplankton maximum grazing rate d! 0.85
as Small zooplankton grazing parameter (mmol C m?3)! 0.25
Gso Small zooplankton maximum grazing rate d! 1.7

A Assimilation efficiency n.d. 0.8
Izs Microzooplankton specific respiration rate at Trer d! 0.3
I Mesozooplankton specific respiration rate at Trer d! 0.1

I Small detritus remineralization rate at Trer d! 0.25
193 Large detritus remineralization rate at Trer d! 0.25
Ear Activation energy for detritus remineralization kJ mol™! 54.0
Ws Small detritus sinking speed m d! 2.

Wi Large detritus sinking speed md’! 30.
WCa CaCO; sinking speed md! 20.
Pca CaCOs3 production as fraction of mortality mol CaCO3 molC’! 0.05
kca CaCO; dissolution rate d! 0.0074
SFel Dissolved iron scavenging loss rate (Fe<Lr) d! 0.001
Sre2 Dissolved iron scavenging loss rate (Fe>Lrc) d! 2.5
Lre Ligand concentration nmol Fe m™ 600.
Pre POC-dependence parameter for Fe scavenging (mmolC m)! 0.66
Kontsoxkniaox | Nitrification rate in-darknessconstant d! 0.05
Ke Half-saturation for irradiance inhibition of nitrification W m? 1.
Kdnf Light and nutrient saturated rate of N> fixation at 30°C mmol m™ d! 0.0225
a Initial slope for irradiance-dependence of N> fixation (W m?)! 0.02
Kre Half-saturation for Fe dependence of N fixation nmol m™ 100.
Knos Half-saturation for DIN inhibition of N> fixation mmol m? 0.1
Omxd O: concentration threshold for denitrification mmol m™ 6.

Ar Anammox fraction of N loss to denitrification n.d. 0.25

10




Figure 1 - Schematic of the CanOE biology model. Model currencies including chlorophyll (Chl)
are indicated by coloured boxes except oxygen (O2) and carbonate (CaCO3). Arrows indicate
flows of carbon (C), nitrogen (N) and iron (Fe) between compartments containing small (S) and
large (L) phytoplankton (P), zooplankton (Z), and detritus (D) components; counterflows of
oxygen are not shown.

Figure 2 - Global distribution of oxygen (O2) concentration in mmol m~ at 400, 900, and 1400 m
(rows) for CanESM5-CanOE, CanESMS5, the mean for other (non-CanESM) CMIP6 models, and
World Ocean Atlas 26132018 (WOA20132018) observations (columns). Difference from the
observation-based fields are shown in Supplementary Figure S3.

Figure 3 - Latitude-depth distribution (surface to 1750 m) of zonal mean oxygen concentration
(O2), oxygen concentration at saturation (O2(sat)), and apparent oxygen utilization (AOU) in
mmol m™ for CanESM5-CanOE, CanESMS5, the mean for other CMIP6 models, and
observations (WOA20+432018). Note different colour scales for different rows. Difference from
the observation-based fields are shown in Supplementary Figure S3.

Figure 4 - Taylor diagrams (Taylor, 2001) comparing modelled and observed distributions of
oxygen at specific depths from 100 to 3500 m. Angle from the vertical indicates spatial pattern
correlation. Distance from the origin indicates ratio of standard deviation in modelled vs.
observed (WOA20132018) fields. Red dots represent CanESM5-CanOE, blue dots CanESMS5,
small grey dots other CMIP6 models, and large grey dots the model ensemble mean for all
CMIP6 models except CanESMS5 and CanESMS5-CanOE.

Figure 5 - Total volume of ocean with oxygen (O2) concentration less than (a) 6 mmol m™ (mean
for last 30 years of the historical experiment) and (b) 60 mmol m™. Observation are from
WOA26132018.

Figure 6 - Global distribution of aragonite saturation (Q4) at 400, 900, and 3500 m for
CanESM5-CanOE, CanESMS, the mean for other CMIP6 models, and observations
(GLODAPv2 + WOA20432018). Note different colour scales for different depths. Difference
from the observation-based fields are shown in Supplementary Figure S3.

Figure 7 - Latitude-depth distribution of zonal mean (surface to 1150 m) aragonite saturation
state (Qa), calcite saturation state (Qc), and carbonate ion concentration ([CO3™]) in mmol m™
for CanESM5-CanOE, CanESMS5, the mean for other CMIP6 models, and observations
(GLODAPv2 + WOA20132018). Difference from the observation-based fields are shown in
Supplementary Figure S3.

Figure 8 - Taylor diagrams comparing modelled and observed distributions of DIC at specific
depths from 100 to 3500 m. Observations are from GLODAPv2 (Lauvset et al., 2016). Red dots
represent CanESM5-CanOE, blue dots CanESMS5, magenta dots CanESM2, small grey dots
other CMIP6 models, and large grey dots the model ensemble mean for all CMIP6 models
except CanESMS5 and CanESM5-CanOE.

Figure 9 - Taylor diagrams comparing modelled and observed (GLODAPv2 + WOA26122018)
distributions of Q4 at specific depths from 100 to 3500 m. Symbol colours as in Figure 8.



Figure 10 - Climatological seasonal cycle of surface nitrate concentration averaged for selected
ocean regions. Thick red line represents CanESMS5-CanOE, thick blue line CanESMS5, thick
black line observations (WOA26122018), thin grey lines individual CMIP6 models, and thick
grey line the model ensemble mean (excluding CanESMS5 and CanESM5-CanOE). Regional
boundaries are given in Supplementary Table 4S5 and Supplementary Figure S5.

Figure 11 - Climatological seasonal cycle of zonal mean surface nitrate concentration for a
selection of CMIP6 models, a model ensemble mean (MEM) excluding CanESMS5 and
CanESM5-CanOE, and an observation-based data product (WOA20432018). An alternate

version showing only-fer(a)alHatitudes-and-(b) latitudes <20°_is given in Supplementary Figure
S6.

Figure 12 - Global distribution of dissolved iron (dFe) concentration (logl10 of concentration in
nmol m™) at the ocean surface for CanESM5-CanOE and other CMIP6 models that published
this field. Concentrations exceeding 1000 nmol m™ are masked white. CanESMS5 is not included
because it does not have prognostic iron.

Figure 13 - Global mean depth profiles of dissolved iron concentration for CanESM5-CanOE
and other CMIP6 models that published this field. GFDL-CM4 is excluded because it has very
high concentrations (>2000 nmol m™) near the surface. Thick red line represents CanESM35-
CanOE, thin grey lines individual CMIP6 models, and the thick grey line the model ensemble
mean (excluding CanESM5-CanOE and GFDL-CM4).

Figure 14 - Mean surface nitrate (NO3) vs. dissolved iron (dFe) concentrations in different
oceans, including the major high nutrient / low chlorophyll (HNLC) regions. CanESM5-CanOE
is shown as a red dot and other CMIP5 models as grey dots (CanESMS is not included because it
does not have iron). Observed NOs is shown as a vertical black line as there are no observational
estimates of dFe concentration. For GFDL-CM4, nitrate is estimated as phosphate x 16. Region
definitions are given in Supplementary Table S4S5 and Supplementary Figure S5.

Figure 15 - Surface nitrate (NO3) concentrations along the Pacific equator (mean from 2°S-2°N)
during the upwelling season (June-October) for CanESM5-CanOE (red), CanESMS5 (blue), and
WOA261322018 observations (black).

Figure 16 - Annual mean surface ocean concentration of large and small phytoplankton and
zooplankton in CanESM5-CanOE (red) and of phytoplankton and zooplankton in CanESM5
(blue) for the representative ocean regions shown in Figure 14. Observational estimates (black)
are for phytoplankton biomass calculated from satellite ocean colour estimates of surface
chlorophyll (SeaWiFS/MODIS; Tesdal et al. 2016), assuming a carbon-to-chlorophyll ratio of
50 g/g. Region definitions are given in Supplementary Table S54 and Supplementary Figure S5.

Figure 17 - Mean annual cycle of surface chlorophyll for the representative ocean regions shown
in Figures 14 and 16. CanESM5-CanOE large and small phytoplankton concentrations are shown
separately and combined (red) along with CanESMS5 (blue) and observational estimates (black).
Region definitions are shown in Supplementary Table S54 and Supplementary Figure S5.




Figure 18 - Climatological surface particulate organic carbon (POC) vs. chlorophyll for
CanESM5-CanOE (red) and observations (black). Data are for all ocean grid points (2x2°
uniform global grid) for all months of the year where observational data are available. Model
POC is offset 17 mg m™ for illustrative purposes. Observed chlorophyll concentrations >1 mg m-

3 are excluded as they largely represent coastal areas poorly resolved by coarse resolution global
ocean models.

Figure 19 - (a) Global total export production (epc100) in PgC y™! (b) and zonal mean export
production in molC m y! according to selected CMIP6 models (mean for 1985-2014 of
historical experiment). Thick red line represents CanESMS5-CanOE, thick blue line CanESMS5,
thin grey lines individual CMIP6 models, and thick grey line the model ensemble mean
(excluding CanESM5 and CanESM5-CanOE).

Figure 20 - Cumulative ocean uptake of carbon dioxide (CO») as anthropogenic dissolved
inorganic carbon (AnthDIC) in PgC over the course of the historical experiment (1850-2014).
Data are shown as successive five-year means. CMIP6 mean (thick grey line) indicates ensemble
mean for CMIP6 models (thin grey lines) excluding CanESMS5 (blue) and CanESM5-CanOE
(red). An observation-based estimate of 145+20 PgC (Friedlingstein et al., 2020) is shown for
nominal year 2014 (black).

Figure 21 - Change in export production (epc100) over the course of the historical experiment
(1850-2014), normalized to the 1850-1900 mean. Data are shown as successive five-year means.
Thick red line represents CanESMS5-CanOE, thick blue line CanESMS5, thin grey lines other
CMIP6 models, and thick grey line the ensemble mean of non-CanESM models.

Figure 22 - (a) Change in total ocean volume with oxygen (O2) concentration less than (a) 6
mmol m™ and (b) 60 mmol m™ over the course of the historical experiment (1850-2014),
normalized to the 1850-1870 mean. Data are shown as successive five-year means. Thick red
line represents CanESM5-CanOE, thick blue line CanESMS5, and thin grey lines other CMIP6
models..



Dissolved iron model comparison to observations

As there is no gridded global data product for dissolved iron (dFe) we present here some comparisons
with individual bottle samples from the GEOTRACES Intermediate Data Product 2017 (Schlitzer et al.,
2018), the MBARI data compilation (www3.mbari.org/chemsensor/Data/), and the Pacific data set
compiled by PICES WG22 (meetings.pices.int/members/working-groups/disbanded/wg22). The
MBARI data include both profile (the "Global Iron Data") and surface transect ("MBARI SOLAS")
data (the SOLAS data also include some profiles but are primarily underway surface measurements).
The GEOTRACES data are primarily profile data (393 profiles total, only ~10% of 7519 data are <50
m). Most of the MBARI data are also in the PICES data set; these were preprocessed to remove
redundant data. Data from the underway surface transects were excluded to avoid overweighting these
regions due to autocorrelation, leaving a total of 3575 data points. Concentrations > 2.5 nM, which
comprise 1.3% of GEOTRACES data and 3.3% of PICES/MBARI data, were excluded from the
model/data comparisons below, except for the individual GA-02 profiles.

Evaluating the CanOE model beyond what has been discussed in the main text identified several key
points, most of which have already been made to some degree. CanESMS5-CanOE compares favourably
with other CMIP6 models but is quite biased towards a 'nutrient-type' rather than 'scavenged-type'
profile (Figures S459b, c, e-hg). In CanOE rates of Fe scavenging are very high above 0.6 nM dFe and
very low below this concentration, resulting in an almost constant deep water concentration of 0.6 nM.
The collected data (of which there are >10000 vs only a few hundred in 1997) show that the basic
hypothesis articulated by Johnson et al. (1997) still holds: deep-water concentrations are generally
close to 0.6 nM, although much higher concentrations are sometimes observed at depths of thousands
of metres (Figure S459b, see e.g. Resing et al., 2014). High concentrations are also sometimes
observed in near-surface waters (Figure S459b) and CanESM5-CanOE is among the models least able
to reproduce these. CanESM5-CanOE consistently overestimates the lowest observed concentrations
and underestimates the higher ones (Figure S459d). One might argue that other models do little better
in a statistical sense. However, in several models the deviations from the 1:1 line are less systematic
than in CanESM5-CanOE; the residuals may be larger but they are more homogeneous. This
comparison also largely confirms the results of Séférian et al. (2020, their Figure 5), although only two
of the four models shown here were included in their analysis. CNRM-ESM2-1 shows a capacity to
simulate the full range of dFe concentrations, as was the case in Séférian et al., although in no case is
the spatial pattern correlation very large (in Séférian et al., CNRM-ESM2-1 was the second highest at
0.21). Nonetheless, this analysis indicates that Fherefore-purely statistical comparisons as in Figures
S4S9e-g can be misleading. CanESMS5-CanOE shows fairly good skill by these metrics but has
systematic biases. These biases can clearly be attributed to the rather simplistic scavenging model
employed, and will be addressed in future versions.

We made direct comparisons of our modelled dissolved iron concentrations with GEOTRACES
transect data for GA-02 in the Atlantic (e.g., Middag et al. 2015), which was the most spatially
extensive transect available (Figure S9a). We show depth profiles from 47°S to 47°N. Mostly this
confirms what we already knew from the other analyses presented: our model has a very low
scavenging rate below 0.6 nM and a very high rate above, so that deep water concentrations are quite
uniform and near-surface concentrations are biased low in high-deposition regions like the northern
tropical Atlantic. For the most part, the model reproduces the observed concentrations quite well, given

these known biases. What we learn from including this additional analysis is (a) the model is biased
high in the Antarctic Bottom Water (Middag et al. 2015 give an excellent presentation of the location
and biogeochemical properties of this water mass), and (b) the seasonal biological drawdown in the
mid-latitude North Atlantic is weak. The former is probably due mainly to the low scavenging rate at




concentrations <0.6 nM, although it may also indicate a high bias in surface waters of the source region

(see section 3.3). The latter is probably related to the generally low rate of export production (Figure
19) and the weak North Atlantic spring/summer bloom (Figures 16 and 17). Model annual mean data
are shown, but seasonal minima are not much less, compared to the strong summer drawdown in the
observations.




Figure S459a — Global distribution of dissolved iron (dFe) measurements in the GEOTRACES
(black/green) and PICES/MBARI (blue) data compilations. GEOTRACES Pacific data north of 25°S
are indicated in green. Blue dots outside the Pacific are MBARI data. Large symbols indicate stations

along GA-02 that are compared in Figure S9h.
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Figure S459b - All observations of dissolved iron (dFe) concentration (<2 nM) plotted against
sampling depth. GEOTRACES data are in black and PICES/MBARI data are blue. Model data are
global mean profiles of annual mean data as in Figure 13 in the main text.

0 R
—1000 T ogei o 5 .-.|.|.l-"_..--.|-..-.....u.:-. [N ..'.h.:..,. "
5= an il i e " - -
o vor arhnan T A
i
J:--..' H g -
7
—2000 m::'{-l.'.;'"-'-f‘-'"\“-.'.““ — ey L0 e e .-
— ’ LI ) 0
€ .
o
£
[=} .
o]
0 —3000 .
4000 )
.
P
—-5000 SR | I ) AN
0 250 500 750 1000 1250 1500 1750 2000

Dissolved iron (nmol m~3)



Figure S459c¢ - Mean of observations of dissolved iron (dFe) concentration (<2 nM) for various depth
strata, including both GEOTRACES and PICES/MBARI data. Means of all data available in that depth
range; spatial coverage is very incomplete and inconsistent among the depth strata. Averaging layers
are 50 m (0-1000 m), 100 m (1000-3000 m) or 300 m (>3000 m) thick. Model data are global mean
profiles of annual mean data as in Figure 13 in the main text.
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Figure S459d - Modelled and observed mean dissolved iron (dFe) concentrations (excluding those >2.5
nM) in the upper 50 m at locations where a depth profile was taken (N=1122). Observed data are means
of all measurements made at depths <50 m within a given profile. Model data are climatological
surface values for the month in which the observed data were collected (red: CanESMS5-CanOE; black
CNRM-ESM2-1; blue: GFDL-CM4; magenta: MPI-ESM1-2-LR). Selection of models is somewhat
arbitrary but includes the models that show the highest overall skill according to the metrics shown in
Figures S4S9e-g. Thin lines are linear regressions for individual models; thick black line is 1:1.
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Figure S459e - Root mean square error and correlation coefficient for surface dissolved iron data
(upper 50 m mean with maximum of 2.5 nM, as in Figure $459d) for CMIP6 models for which
seasonal data were available.
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Figure S459f - As S459e but for the Pacific only (north of 25°S).
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Figure S459g - As S459e but excluding the Pacific north of 25°S.
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Figure S9h - Depth profiles for modelled and observed dissolved iron along the GA-02 transect of the
Atlantic Ocean. Station locations are shown in Figure S9a (every third station, sorted by latitude).

Model data are annual means.

Depth (m) Depth (m) Depth (m)

Depth (m)

47°S
0 o g O 7
2000 B
O
8
-4000 o)
o
(]
-6000 !
0 0.2 0.4 0.6
9°5
0 —SpS O o]
-2000 % o
(8]
OO
-4000
e]
(o]
6000 -
0 0.5 1 1.5
. 13°N
N
6] OO o [=)
2000
-4000 o
@]
@
-6000
0.2 04 06 08 1.2
" 31°N
m% o
Ol
2000 &
o
OO
-4000 &
-6000
0 0.2 0.4 0.6 0.8
dFe (nM)

o 33°S
0 o i o) 0
du'@l%@/
Q
(o)
-2000 P
52 -2000 ]
%]
-4000 o & p
o o
6 -4000 ®
-6000
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6
" 1°8 o 3°N
o 19} & ® 03] OC
o s)
o
wo o 2
-2000 o) 2000 &L
> S
-4000
- -4000 &
0 0.5 1.5 02 04 06 08 1 1.2
19°N 23°N
bg—m5 = 0 gTe -
-2000 -2000
-4000 9 -4000
@
-6000 -6000
0.5 1 1.5 0 1 2 3 4 5
35°N 39°N
0 éuOr@ m 0 & 0 0o 5
8o o 9
-2000 0© -2000 o]
o) Joe)
O Q £
-4000 o -4000 o
o) 0
o ol o
-6000 -6000
0 02 04 06 08 1 0 02 04 06 08 1
dFe (nM) dFe (nM)

-2000

-4000

-6000

-2000

-4000

-2000

-4000

-6000

-2000

-4000

0 0.2

0.4

0.5

47°N

& o o

00

@

0 0.2

0.4 0.6
dFe (nM)

0.8




References

Middag, R., M.M.P. van Hulten, H.M. Van Aken, M.J.A. Rijkenberg, L.J.A. Gerringa, P. Laan, and
H.J.W. de Baar, 2015. Dissolved aluminium in the ocean conveyor of theWest Atlantic Ocean: Effects
of the biological cycle, scavenging, sediment resuspension and hydrography. Marine Chemistry 177:
69-86.

Resing, J.A., PN. Sedwick, C.R. German, W.J. Jenkins, J.W. Moffett, B.M. Sohst and A. Tagliabue,
2015. Basin-scale transport of hydrothermal dissolved metals across the South Pacific Ocean. Nature
523:200-203.

Séférian, R.. et al., 2020. Tracking improvement in simulated marine biogeochemistry between CMIP5

and CMIP6. Current Climate Change Reports, 6: 95-119.

Schlitzer, R., et al., 2018. The GEOTRACES Intermediate Data Product 2017. Chemical Geology 493:
210-223.

The data file for the PICES W(G22 data compilation requests that data users cite the original
publications. As all of the data are used except for the SOLAS underway data, all of the original
references are listed here:

Boyle, E.A., B.A. Bergquist, R.A. Kayser and N. Mahowald, 2005. Iron, manganese and lead at Hawaii
Ocean Time-Series station ALOHA: Temporal variability and an intermediate water hydrothermal
plume. Geochimca et Cosmochimica Acta, 69: 933-952.

Brown, M. T., W. M. Landing, and C. I. Measures, 2005. Dissolved and particulate Fe in the western
and central North Pacific: Results from the 2002 IOC cruise. Geochem, Geophys. Geosyst., 6, Q10001,
doi: 10.1029/2004GC000893.

Bruland, K., Orians, K. and Cowen, P. ,1994. Reactive trace metals in the stratified central North
Pacific. Geochem. Cosmochim. Acta. 58, 3171-3182.

Coale, K. H., Fitzwater, S. E., Gordon, R. M., Johnson, K. S. and Barber, R. T., 1996a. Control of
community growth and export production by upwelled iron the equatorial Pacific Ocean. Nature,
379:621-624.

Ezoe M, Ishita T, Kinugasa M , Lai X, Norisuye K, Sohrin Y, 2004, Distributions of dissolved and
acid-dissolvable bioactive trace metals in the North Pacific Ocean. Geochemical Journal, 38(6), 535-
550.

Fitzwater, S.E., K.H. Coale, R.M. Gordon, K.S. Johnson, M.E. Ondrusek, 1996, Iron deficiency and
phytoplankton growth in the equatorial Pacific, Deep-Sea Res. 11, 43, 995-1015

Fujishima, Y., K. Ueda, M. Maruo, E. Nakayama, C.Tokutome, H.Hasegawa M. Matsui and Y. Sohrin.
Distribution of Trace Bioelements in the Subarctic North Pacific Ocean and the Bering Sea (the R/V
Hakuhou Maru Cruise KH-97-2), Journal of Oceanography, Vol. 57, pp.261 to 273, 2001

Gordon, R. M., Johnson, K. S. and Coale, K. H., 1998. The behavior of iron and other trace elements
during the IronEx I and PlumEx experiments in the equatorial Pacific. Deep-Sea Res. I145: 995-1041.
Gordon, R.M. , J.H. Martin, GA. Knauer, 1982, Iron in north-east Pacific waters, Nature, 299, 611-612
Johnson - MLML World Iron Data Set: Appendix A to Johnson, K. S., Gordon, R. M. and Coale, K.
H., 1997, What controls dissolved iron concentrations in the world ocean? Mar. Chem. 57: 137-161.
Johnson, K.S., Elrod, V., Fitzwater, S., Plant, J.N., Chavez, F.P., Tanner, S.J., Gordon, M., Westphal,
D.L., Perry, K.D., Wu, J., and Karl, D.M., 2003. Surface ocean-lower atmosphere interactions in the



Northeast Pacific Ocean Gyre: Aerosols, iron, and the ecosystem response, GBC(17),
10.1029/2002GB002004

Johnson, K.S., F.P. Chavez, V.A. Elrod, S.E. Fitzwater, J.T. Pennington, K.R. Buck, and P.M. Walz,
2001. The annual cycle of iron and the biological response in central California coastal waters.
Geophys. Res. Letters 28: 1247-1250.

Johnson, WK, Miller, LA, Sutherland, ND, Wong, CS, 2005. Iron transport by mesoscale Haida eddies
in the Gulf of Alaska, Deep-Sea Res. 11, 52: 933-953.

Kitayama, S., K. Kuma, E. Manabe, K. Sugie, H. Takata, Y.

Isoda,K.Toda,S.Saitoh,S.Takagi, Y.Kamei,and K.Sakaoka,2009.Controls on iron distributions in the
deep water column of the North Paciffic Ocean:iron(?) hydroxide solubility and humictype fluorescent
dissolved organic matter.J.Geophys.Res.,114:C08019,d0i:10.1029/2008JC004754

Kondo, Y., 2007. Dynamics of the organic Fe complexing ligands and phytoplankton in the Pacific
Ocean.The University of Tokyo. Ph.D.Thesis, 256pp.

Kondo, Y., S. Takeda and K. Furuya, 2012. Distinct trends in dissolved Fe speciation between shallow
and deep waters in the Pacific Ocean. Marine Chemistry, 134—135, 18-28

Kuma, K, J. Nishioka, K. Matsunaga, 1996, Controls on iron (III) hydroxide solubility in seawater: The
influence of pH and natural organic chelators, Limnol. Oceanogr., 41, 396-407

Kuma, K., A. Katsumoto, H. Kawakami, F. Takatori, K. Matsunaga,1998, Spatial variability of Fe(III)
hydroxide solubility in the water column of the northern North Pacific Ocean, Deep-Sea Res. 1, 45, 91-
113

Kuma, K., Isoda, Y. and Nakabayashi, S., 2003, Control on dissolved iron concentrations in deep
waters in the western North Pacific: Iron(IIl) hydroxide solubility. J. Geophys. Res., 108 (C9): 3289,
doi:10.1029/2002JC001481 (2003).

Landing, W.M., K.W. Bruland, 1987, The contrasting biogeochemistry of iron and manganese in the
Pacific Ocean, Geochim. et Cosmo. Acta, 51, 29-43

Mackey, D.J., J.E. O'Sullivan, R.J. Watson, 2002, Iron in the western Pacific: A riverine or
hydrothermal source for iron in the Equatorial Undercurrnet?, Deep-Sea Res. I, 49, 877-893

Martin, J.H. and R.M. Gordon, 1988, Northeast Pacific iron distributions in relation to phytoplankton
productivity, Deep-Sea Res. I, 35, 177-196

Martin, J.H., R.M. Gordon, S. Fitzwater, W.W. Broenkow, 1989, VERTEX: phytoplankton/iron studies
in the Gulf of Alaska, Deep-Sea Res., 36, 649-680

Nakabayashi, S., K. Kuma, K. Sasaoka, S. Saitoh, M. Mochizuki,, N. Shiga, and M. Kusakabe, 2002.
Variation in iron(III) solubility and iron concentration in the northwestern North Pacific Ocean.
Limnol. Oceanogr. 47: 885-892

Nakabayashi, S., M. Kusakabe, K. Kuma, and 1. Kudo, 2001. Vertical distributions of Iron(III)
hydroxide solubility and dissolved iron in the northwestern North Pacific Ocean. Geophys. Res.
Letters 28: 4611-4614.

Nishioka, J., S. Takeda, I. Kudo, D. Tsumune, T. Yoshimura, K. Kuma, A. Tsuda, 2003, Size-
fractionated iron distributions and iron-limitation processes in the subarctic NW Pacific, GRL, 30, NO.
14, 1730, doi:10.1029/2002GLO0O16853.

Nishioka, J., T. Ono, H. Saito, K. Sakaoka, and T. Yoshimura (2011),0Oceanic iron supply mechanisms
which support the spring diatom bloom in the Oyasio region,western subarctic
Pacific,J.Geophys.Res.,116,C02021,doi:10.1029/2010JC006321

Nishioka, J., T. Ono, H. Saito, T. Nakatsuka, S. Takeda, T. Yoshimura, K. Suzuki, K. Kuma, S.
Nakabayashi, D. Tsumune, H. Mitsudera, W. K. Johnson, A. Tsuda, (2007) Iron input into the western
subarctic Pacific, importance of iron export from the Sea of Okhotsk, Journal of Geophysical Research,
112, C10012, doi:10.1029/2006JC004055.

Nishioka, J., Takeda, S., Wong, C., Johnson, W. 2001. Size-fractionated iron concentrations in the
northeast Pacific Ocean: Distribution of soluble and small colloidal iron. Mar. Chem. 74, 157-179



Obata H., 1997. Development of an automated analytical method of iron in seawater and studies on the
behavior of iron in the ocean.Kyoto University.Ph.D.Thesis,109pp.

Obata, H., H. Karatani and E. Nakayama, 1993. Automated determination of iron in seawater by
chelating resin concentration and chemiluminescence detection.Analytical Chemistry,65:1524-1528
Obata, H., H. Karatani, M. Matsui and E. Nakayama, 1997. Fundamental studies for chemical
speciation of iron in seawater with an improved analytical method.Marine Chemistry,56:97-106

Roy, E., 2009. The detection and biogeochemistry of trace metals in natural waters. Ph.D. Thesis,
University of Maine.

Rue, E.L. and K.W. Bruland, 1995. Complexation of iron(III) by natural organic ligands in the central
North Pacific as determined by a new competitive ligand equilibration/adsorptive cathodic stripping
voltammetric method. Mar. Chem. 50: 117-138.

Takata, H, Kuma, K, Saitoh, Y, Chikira, M, Saitoh, S, Isoda, Y, Takagi, S, Sakaoka, K, 2006.
Comparing the vertical distribution of iron in the eastern and western North Pacific Ocean. Geophys.
Res. Lett., 33, L02613, doi:10.1029/2005GL024538, 2006.

Takata, H., K. Kuma, S. Iwade, Y. Yamajyoh, A. Yamaguchi, S. Takagi, K. Sakaoka, Y. Yamashita, E.
Tanoue, T. Midorikawa, K. Kimura, J. Nishioka, 2004, Spatial variability of iron in the surface water of
the northwestern North Pacific Ocean, Mar. Chem., 86, 139-157

Takeda, S., H. Obata, 1995, Response of equatorial Pacific phytoplankton to subnanomolar Fe
enrichment, Mar. Chem, 50, 219-227

Tsuda, A., S. Takeda, H. Saito, J. Nishioka, Y. Nojiri, I. Kudo and others, 2003, A mesoscale iron
enrichment in the western Subarctic Pacific induces a large centric diatom bloom, Science, 300, 958-
961

Wu, J., E. Boyle, W. Sunda, and L.-S. Wen, 2001. Soluble and colloidal iron in the oligotrophic North
Atlantic and North Pacific. Science 293: 847-849.



