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Abstract. The Diat-HadOCC model (version 1.0) is presented. A simpdeime ecosystem model with coupled equations
representing the marine carbon cycle, it formed the oceageoichemistry sub-model in the Met Office’s HadGEM2-ES
Earth System Model. The equations are presented and dedanifull, along with the underlying assumptions, and gattr
attention is given to how they were implemented for the CM$iRBulations. Results from the CMIP5 Historical simulation
(particularly those for the simulated 1990s) are shown aydpared to data: dissolved nutrients and dissolved indzgan
carbon, as well as biological components, productivity imekes. Where possible, the amplitude and phase of the peeldict
seasonal cycle is evaluated. Since the model was develomegblore and predict the effects of climate change on thénmar
ecosystem and marine carbon cycle, the response of the toddelRCP8.5 future scenario is also shown. The model ginera
matches well the available nutrient and DIC datasets, leutrtbdel chlorophyll is higher than observed while the totathpry
production is just below the bottom of the range of globaheates. However, these quantities show realistic seasyohds.

Copyright statement. Crown Copyright, Met Office

1 Introduction

The recent publication of the 5th Assessment Report of Wgridroup 1 of the Inter-Governmental Panel on Climate Change
(IPCC, 2013) includes analysis of four possible future acieis of how the global climate might change over the next few
decades in response to anthropogenic emissions of carbaiei(CG) and other anthropogenic influences (e.g. changes
to land use). These future scenarios are informed by thédtsesfuthe 5th Climate Model Intercomparison Project, CMIP5
(Taylor et al., 2012), for which 47 different climate modeds one or more of the scenarios. Models are of course anua®sol
necessity for predicting future climate, since no obséatcan exist.

The number of general circulation models (GCMs) availablsttidy climate has increased rapidly in recent years, and th
range of processes and feedbacks that they can represedtascome more comprehensive. Initially there were jugsioal
models, describing the circulation of the atmosphere aadtiean and how those circulations redistributed and sterad as
well as the response of the system to rising atmospheric TRe first coupled climate model to include representatadrise

land and marine carbon cycles, including terrestrial \egi@t and soils and marine ecosystems and capable of regpirese
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their basic feedbacks on the climate, was HadCM3LC (Cox.g2@00). In that model, the terrestrial vegetation was idesd

by the TRIFFID model (Cox, 2001), while the chemistry of aarbdioxide in sea-water and the marine ecosystem were
described by the Hadley Centre Ocean Carbon Cycle (HadO@@dghiPalmer and Totterdell, 2001). The latter is a simple
Nutrient-Phytoplankton-Zooplankton-Detritus (NPZD) deb, using nitrogen as the limiting element.

A brief overview of Met Office model nomenclature is usefuldnél he Met Office modelling system used (over a time period
of several decades) for climate studies and for numericatheg prediction is known as the Unified Model, and the cadiple
climate models exist as various versions of it. The HadCM3h@del mentioned above featured a lower-resolution (L")
ocean sub-model than the HadCM3C model, which itself wasrtbber of the HadCM3 family of coupled climate models
(Gordon et al., 2000; version 4.5 of the Unified Model) thaitfeed an interactive carbon cycle ("C") in the atmospheme,
land and in the ocean. The HadGEM2 family of climate modelse(ladGEM2 Development Team, 2011), a development
of HadCM3 with enhanced resolution and improved paranssgons that was used for CMIP5 simulations, was version 6.6
of the Unified Model. In particular HadGEM2-ES (Collins et, &011), featuring active Earth System components inotydi
version 1.0 of the Diat-HadOCC sub-model, was version G6@it is the code from that version which is described in this
paper, although Diat-HadOCC v1.0 can be run with any versfdtadGEM?2 that features an ocean.

2 Description of the Diat-HadOCC model, version 1.0

As shown in Table 1 and Figure 1 the Diat-HadOCC model hatethirbiogeochemical state variables, representing tlisee d
solved nutrients (nitrate, silicate and iron), two physoton (diatoms and misc-Phyto; plus diatom silicate),zoaplankton,
three detritus compartments (detrital nitrogen, carbahsilicon), dissolved oxygen, dissolved inorganic carbod akalinity.
"misc-Phyto(plankton)” refers to the "Miscellaneous Ripj@nkton" term used in the CMIP5 database, i.e. any phatdqbn
that is not specified to be a particular functional type. A# state variables are advected by the ocean currents aed tnyx
physical processes such as the isopycnal diffusion, diggydiffusion and convective mixing. The biogeochemicalqasses
that affect the biogeochemical state variables are showowhia basic form, with greater detail on the processes given
subsequent paragraphs. In the following equations all feae$ody (point) processes except those in [ square brdakkish
are biogeochemical flows across layer interfaces.

dZiN = phresp + dMresp + Phnort - famp + dMinort = frmp + 972DIN + 2Dtin + ZPmort = fzmrt
+ dtnremin + dinbedrmn — phpp — dmpp (1)
dd—‘? = dtSiremin + dtSivedrmn — dmpp - RO 2
dFel Ph Dm Ph Dm
gr = (Phresp Rogy + divesp Regp' + Phimort - Regy + dmumort - Ry + grzpre + grzpic — dicgr
+ 2ptin - RZ2, + 2pmort - RZY, — phpp- R — dmpp-RE™ ). fere T [fedust] — feadsorp (3)
dTPth = phpp — phresp — Phmort — Phyrz 4)
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dDm
7 = dmpp — dm’resp — dMmort — dmg?”Z - [dm””k] (5)
dDmS'i . ; ;
dt = dmpp RQZL — dmsimort — deZQTZ - [deZSi”k] (6)
dzZ
TtP = grzzp — ZPlin — ZPmort )
dDtN
dt = Phmort - (L= famp) + dMmort - (L= famp) + 9r2Dtn + 2Pmort - (1 = fomrt) + dMpcdmrt
— dtngrz - dtnrsmin - [dtns’i’nk] (8)
dDtSq
dt Z = deimoTt + grzdtsi + dmsz’bedmrt - dﬁsz’remin - [dtSZsznk} (9)
dDtC
T = Phmort - (1= famp) - Rizy + dumort - (1= famp) - Ry + 972010 + 2Pmort + (1= fomre) RE,
+ dmbedmrt Rc.étrrzl - dtcgrz - dtcremin - [dtCSink] (10)
dDIC Ph Dm Ph e
dt = Phyesp Regy, + dMiresp - Reoy' + Phumort * fump * Rea + dMumort * famp - Re2y, + grzprc
+ ZPlin RCZ;; + ZPmort fzmrt ! RCZQZ;L + dicremin + dtcyedrmn + crbnt
—phpp'RfQ}:L — dm,pp-Rg?: + [OOQGSJC] (11)
dT Alk dDIN
_ B 12
7 crbnt at (12)
dO dDIC
dfy = [Oxyuss] — (dt — crbnt — [COQasf]) Rose (13)

2.1 Growth of diatoms and misc-Phytoplankton

The growth of diatoms and misc-Phytoplankton (respectidet »» andph pp) is a function of the availability of macro- and
micro-nutrients, the temperature and the availabilityighit. The growth limitation by dissolved nitrate (and, iretbase of
Diatoms, also by dissolved silicate) in the model has a Hygd&rform, while that by dissolved iron is represented infeedent
way. The effect of dissolved ironFeT) in the Diat-HadOCC model is to vary certain parameter \&ltile assimilation
numbers (maximum growth rates) for diatoms and misc-Phgidgon P2™ and PL", the silicon:nitrogen ration for diatoms

REPm | the zooplankton base preference for feeding on diatgmgy,,, and the zooplankton mortalitﬁfj;rt. (Note that,
because the base feeding preferences are normalised gbdhaum is 1, changing the preference for diatoms will mean
the preferences for misc-Phytoplankton and for detritae ahange.) Each of those parameters has an iron-replet (taé

standard) and an iron-deplete value, and the realised sakugiven time and location will be:

FeT
IT= Hreplete + (Hdeplete - Hreplete )/ (1 + L ) (14)
FeT

wherekr.r is similar to a half-saturation constant for iron uptaketda CMIP5 simulations run using HadGEM2-ES (with
the Diat-HadOCC model as the ocean biogeochemical compooely the value ofP2™ varied (i.e. the iron-replete and

-deplete values of the other parameters were set equal).
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The growth-rate varies exponentially with temperaturevadiog to Equation 1 of Eppley (1972), normalised so thaadkf
rates occur at ZC. However the Eppley study was informed by laboratory cakuwhereas in the real ocean phytoplankton
show significant adaption in their growth rates to their agertemperatures, so it is not clear that this relationsvalid for
global populations; therefore for the CMIP5 simulations using HadGEM2-ES the temperature variation of phytoinkt
growth-rate was switched off and the default values werd (ise. in the equation below ., was always equal to 1.

(PPh _ pPh) DIN
( 0 B ftemn e S DIN Y
(PDT(;I, o PDm) DIN S
PDm _ PDm romae  Cmr /o MIN (1.0 emp * ’ 16
( o R (10510 o T "

In the above equations the combined effects of the temperanhd the macro-nutrient concentrations is limited to aimam
factor of 1.0 to guard against excessively-fast growthéfWater temperature should become very high (and the tetapera
factor is actively used).

2.1.1 The photosynthesis sub-model

The variation with light availability of the primary prodticn of each phytoplankton type is calculated using the petidn
scheme of Anderson (1993; hereafter TRA93). This modelpitbierential absorption of longer-wavelength light byvsaier,
so that the spectrum of light available for growth is shiftedlards blue deep in the euphotic zone. Note that consdguent
the light calculated and used for photosynthesis in thesetifans at a given depth will not be the same as that available
the physics (for heating): the physics could easily be madesé the biological light field but does not do so as standard (
did not in the CMIP5 simulations). The functions also intggrproduction over a day, based on the noon surface ir@&lian
and the number of daylight hours (from Equation 5 of Plattlgtl®90). This is consistent with the once-daily frequency
of atmosphere-ocean coupling used in HadGEM2-ES (andqurslyi in HadCM3C), because daily-average light is passed
through the coupler and noon irradiance can easily be @kaibiven the daily-average and the number of daylightdh@nd
assuming, as Platt et al. did, that the light varies sinalyiavithin the daylight hours only). Note that although gt will
stay the same for each time-step between couplings the faitters determining production (e.g. phytoplankton alzaunos:
and nutrient concentration) will not, so the productiondscalculated every time-step and the appropriate prapodi daily
production added to the phytoplankton state variable @2y} for a 1-hour time-step). When the HadOCC model (which
uses the same productivity model) has been forced by 63hoeranalysis fluxes, for example, a daily-average irracban
field has been calculated and passed in for use in this sch&imen used in coupled models with shorter coupling periods,
either a running 24-hour average of irradiance could beutatied and the scheme used as designed (and as described in th
following paragraphs), or the daily integral part of theestie could be removed and instantaneous production calaudiag
the remainder of the scheme.

TRAO93 built on earlier work by Morel (1988,1991) which meesdithe absorption of light due to water and chlorophyll

in 61 wavelength-bands, eachnan wide, across the visible spectrum between 400 and /@0 Considering six typical
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chlorophyll depth-profiles TRA93 showed that the changipgcsrum of light with depth (due to red light being more réadi
absorbed than blue) could be taken into account by splittiagvater-column into three depth-ranges, allowing th@gdion
in each depth range to be modelled by a different functiomefahlorophyll concentration. It was found that the besnfjt
solution put the boundaries between the rangesrabbd 23n depth, and the parameters for the three functions published
TRA93 related to those splits. However, since the physicaha model in HadGEM2-ES (and also in previous Met Office
GCMs, including HadCM3) has layer interfaces atil@nd 20n the scheme was re-parameterised for depth-range bousidarie
at those depths, and the model described here uses thosales.v

Using the notation of TRA93, the spectrally-averaged eattattenuation coefficient for layerwithin depth-rangd., &,
(units:m—1), is given by that paper’'s Equation 16:

kp=bor+bir-cntbor-c+bsp-cd+byp-ch+bsr-cd 17)

wherec, is the square-root ofs,,, the total pigment concentration in layer(units: mg m~3), and the re-parameterised
coefficient values; ; are given in Table 2. TRA93 assumed the chlorophyll biomassways 80% of the total pigment
biomas<Z (the remainder being pheophytin) and the HadOCC and DiaeH:C models make the same assumption.

A derived parameted”, required to calculate light absorption by phytoplanktsrthen calculated by finding its surface
valueaffG (TRA93 Equation 20) and integrating down the Water-coluﬂﬂfi being parameterised in terms©énd the depth
z (TRA93 Equations 21-23). The paper’s equations allow fer pfilgment concentration to have a depth-profile that varies
continuously with depth, but as implemented in Met Office Gt concentration is taken as being constant within a model
layer and changing suddenly at the depth-interfaces. TRA®8ved that this requires an offseti when crossing between
model layers: this offset is equal to the difference betwésé@ calculated using thé& for each layer.

The calculation (in layen) of the model variablestar,, which corresponds te? in TRA93, is performed layer-by-layer,
stepping down from the surface; the value is calculatedeatrtid-point of each layer:

astary = astarOg+0.5-dastar; (n=1) (18)

astar, = astar,_1+ (dastar, 1 + dastar,)/2+ astar0,, — astar0,_1 (n>1) (29)

whereastar, is the model variable corresponding to TRA98§:1, astarQy = astar0; and corresponds t@ﬁgl, dastary
corresponds tdg(c, v) integrated over depth from the top to the bottom of layer 1vahdre

astar0, = 0.36796+0.17537¢, —0.065276¢> +0.013528¢> — 0.0011108¢;, (20)
dastar,, = (gcofi+gcofa-cn+gcofs-c2 +gcofs-c2)- DLCOO, + (gcofs + gcofs - cn
+gcofr-c2)- DLCO1, + (gcofs + gcofy - ¢n) - DLCO2,, + gcofio - DLCO3, (21)
cp = G%"G
= 1.25(%-Ph+%-Dm) (22)
c2chl c2chl
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DLCOO, = vp—vn 1 (23)
DLCO1, = (vn-log(vy) —vn)— (Wn-1-log(vn_1) —vn_1) (24)
DLCO2, = (vn-(log(vy))? —2vy -log(vn) +2v) — (V-1 - (log(Vn—1))? — 2vn_1 -log(vp—_1) + 205 _1) (25)
DLCO3,, = (vy-(log(vn))* —3vy - (log(vn))? + 6vy, - log(vy) — 6vy) — (Vn—1 - (log(vn-1))*
—3vp 1 - (log(vn_1))? + 60,1 -log(vn_1) — 61y 1) (26)
v, = 1+2,

In the above equationgZ), , is the carbon to chlorophyll ratio (units: mgC mgCh), which is either calculated according to
Equation 33 or fixedwc is the molecular weight of carbon, 12.01 mg Mbj andZ,, is the depth (in metres) of the base of
layer n, withZ, = 0.0m. Note that theycof coefficients relate to they’ coefficients in TRA93's Equations 18 and 21, but are
numbered in a different order, as shown in Table 3; in TRA%% tvere ordered by the total exponentcaindr combined,
but the Diat-HadOCC model (like the HadOCC model) ordersithg the exponent af.

Based on TRA93's Equation 29 (itself derived from work déssul in Platt et al., 1990) the primary production for each
phytoplankton type)m or Ph) in layer n during a whole day can then be calculated usindexdfith-order polynomial. In
that equation, a quantity shown &sZ . - a7 - I, 5.1/ PE) is calculated; Platt et al.'s polynomial is fitted for valugfthat
quantity between 0.0 and 15.8 and the fitted function oseslavildly outside that range, but in the model the value ef th
corresponding quantity can be larger than 15.8. Therefoati@nal function with non-oscilliatory behaviour was @ahted
(Geoff Evans, pers. comm) which matches the 5th-order polhyal at an input of 15.8 in both value and first derivatived an

this is used for higher input values. For phytoplankton typand layer n (of thicknesa,,):

solbio, = solbion_1-exp(—kn-Ay) (27)
psmazsy = PX.RY ., /24 (28)
Vo = «f -astar,/psmazsy (29)
Vs = V- solbion_1
V. = V,-solbio,
Vy = MIN(158,V})
V. = MIN(158,V,)
V; = MAX(158,Vh)
V, = MAX(15.8,V.)
psynthX = imvj ~Vil+ (Vgl(gﬂj ?‘%:;f) - V‘gl(gﬂj - ng)) (30)

The values of the coefficientd and~ are given in Table 4. In the above equations,, is the maximum photosynthetic
efficiency @2 in TRA93) and has the value 2.602 time$, the initial slope of the photosynthesis-light curve (Bipra26

max
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in TRA93). PX is the maximum growth rate for the phytoplankton type aneéiataking into account the temperature and the
nutrient limitations, as calculated in Equations 15 andsb@hio, is the solar radiance just below the ocean surface. The total
daily production in that layer is then:

dlh - Pth
phpp = Ph‘iﬂ-k-A -psynth" (32)
dlh - pP™

wheredlh is the number of daylight hours at that location and time @fryendk is the attenuation coefficient calculated in
Equation 17. All terms in these equations (exc#pt and the constant) vary between layers. Where a number of layers are

part of a surface mixed layer at a given time-step the praodiuah those layers is averaged over those layers.
2.1.2 Carbon-to-chlorophyll ratio

The carbon to chlorophyll ratio for each phytoplankton tyRg, , ,, can either be prescribed or updated using a scheme based
on Geider et al. (1996,1997,1998). In the CMIP5 simulatioms using HadGEM2-ES the constant value§ ., , shown
in Table 5 were used. However, for completeness the timgngischeme as implemented in the Diat-HadOCC model is
described briefly.

Re-arranging Equations A1-A5 in Geider et al. (1997; haeza®97) produces (using that paper’s notation, includirg

(chl/C), so corresponding to the reciprocal of the ratio used inrttodel):

do _ kchl (Pg)z _aC}LZIG C _aChlle chl C
pri e ) 1—exp e —0-(P,, - |1—exp PC — (R“* — R") (33)

where G97'sP¢ corresponds to this modelB*, o corresponds te:} - astar, I is the irradiance (in the middle of the

layer) andR“" and R are respectively the specific removal rates of chlorophydl @arbon from the phytoplankton. Finally,

K.p; is the ‘'maximum proportion of photosynthesis that can bedded to chl a synthesis’, but in a number of conditions is

equal to the maximunchl/C) ratio, and in this model it is represented byR3/ ;,; ,,.i,.-
The equation above has no analytical solutionoand it is intended that the model should be able to operételaig

time-steps if required (up to 1 day), so a semi-implicit &ndtifference solution was foun%% is represented &¥,..1 —0;)/dt,

and thefs inside the exponents take the vatydi.e. the reciprocal of the value @2, ,, from the previous time-step) while

those outside take the valde,,. R is set equal tdl;X,, + 1Ly, - X (whereX is Ph or Dm as appropriate), ang“"! is

set equal taR® (so the difference is zero). Then a simple re-arrangementtssin a quadratic equation #p,; which can be

easily solved. The updated valueBf;_,, is then the reciprocal of the resultidgthough it can be necessary on occasions to

andRX ). Ratios calculated in layers that are part of

c2chl,min

apply upper and lower bounds to the ratio, respectively, ,; ...
the surface mixed layer are averaged. As implemented, tleisastored from one time-step to the next and not advected o
mixed as a tracer; the change in the ratio due to biologicadgsses is much larger than that due to mixing with the ratio i
adjacent grid boxes. It would be possible to use the ratictadoncentration of the appropriate phytoplankton type¢ate

a phytoplankton-chlorophyll state variable which coulddalvected and mixed as a tracer, but that is not how the scleeme i

currently used in the Diat-HadOCC model.
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2.2 Zooplankton grazing

The grazing function used in the Diat-HadOCC model diffeesf that used in the HadOCC model in that it uses a ‘switch-
ing’ grazer similar to that used in Fasham et al. (1990; Hae&DM90). The single zooplankton consumes diatoms, inisc
Phytoplankton and (organic) detrital particles. As in FDMBe realised preferendgr fx for each food type depends on that
type’s abundance and on the base preferetyeesy :

dprfdenom = bprfDm : Rzgr,? -Dm + prfPh . Rb%}ﬁ -Ph + prth : (R}gtnN -DtN + R;gic . DtC) (34)
bpr fpm - RE™ . Dm
dprfDm = P fzp’l"fd e (35)
bpr -REM . Ph
dprfpn = 2 J;;}; 7 ban (36)
bprfpe - (RBIN - DtN + REC - DtC)
d _ n c 37
prth dprfdenom ( )

RRAfI

c2n

where, if My and M are the respective atomic weights of nitrogen and carbo®{1dnd 12.01 g Mol') and is the
Redfield C:N ratio (106 Mol C : 16 Mol N), then th&;%,- terms convert from nitrogen or carbon units to biomass uhas

allow the various potential food items to be compared:

E = (My+Mc-RES
Rb%r# _ E.(MN—l—MC'Rc%ZL) o
R} = E-(My+Mc RY) -
Ri = E-Mc -

Note that the base preference values supplied (or calcudata function of iron-limitation)pr fx are normalised so that they
sum up to 1. The available food is:

food = dprfpm, - RE™-Dm + dprfpy, - REL - Ph + dprfpe - (RBEN - DN + REIC . DtC) (43)

and the grazing rates on the various model state varialdes ar

Z
dp”‘fDm “Dm gmaz - RbQZZL A

dmgy, = 44
o Ysat + fOOd ( )
. defDmDmSngaxRbZQp Zp
dmsig. = 45
m‘%g Ysat + fOOd ( )
defPh'Ph'gma:zz'RbZQp Zp
hgrz = . 46
P " Ysat + fOOd ( )
d -DtN - gaw - RO - Z
dtngrz _ prDt Imazx bon " 4P (47)
Ysat + fOOd
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dtcgr. = fracdpr fpe - DtC' - gz - RbZQZ;L - Zpgsatr + food (48)

A fraction (1 — fing4s¢) Of the grazed material is not ingested: of this, a fractfgn.., returns immediately to solution
as DIN and DIC while the rest becomes detritus. All of the grazed diatoncatié Dm.Si immediately becomes detrital
silicate DtSi. Of the organic material that is ingested, a source-deperfdiction (3%) of the nitrogen and of the carbon is
assimilatable while the remainder is egested from the zmigbn gut as detrital nitrogeRt N or carbonDtC'. The amount
of assimilatable material that is actually assimilatedh®s/zooplanktorgrzz, is governed by its C:N ratio compared to that of
the zooplankton: as much as possible is assimilated, wéthemainder passed out immediatelylasN or DIC.

aSSimN = fingst : (6Dm : dmgrz + ﬁph 'phgrz + ﬂDt : dtngTz) (49)
aSSimC = fingst : (ﬁDm : RgT : dmgrz + ﬁph : Rg":t 'ph’!]’r‘z + ﬂDt : dtn’g"'z) (50)
grzzy, = MIN (assimN, aSSZZT:C ) (51)
c2n
grzptN = (1 - fingst) . (1 - fmessy) N (dmgrz + phgrz + dtngrz)
+ fingst : ((1 - ﬁDm) 'dmgTz + (1 - ﬂph) 'phg'r'z + (1 - ﬂDt) : dtngTz) (52)
grzpec = (1 - fingst) : (1 - fmessy) : (R(gZL : dmgrz + RCPQ};; 'phgrz + dtchZ)
+ fingse - (L= BP™) - R -dmgrs + (1—=B7") - R - phgr + (1= 77) - dteg,. ) (53)
grzdtsi = deigrz (54)
grZpIN = (1 - fingst) : fmessy : (dmgrz + phgrz + dtngrz) + MAX <07 aSSimN - asI;ZZLC > (55)
c2n
grzprc = (1 - fingst) : fmessy : (RC%T;Z : dmgrz + RfQZ : phg'r’z + dthrz)
+ MAX(0, assime — assimy - RZE) (56)

2.3 Other processes

The other loss terms for diatoms, misc-Phytoplankton amgzmkton are:

dmpesy = 12T -Dm (57)
Phyesp = 1M - Ph (58)
dMpore = TI2™. . Dm? (59)
dmSimers = HTP2™ . Dm-DmSi (60)
Phmort = T2 . Ph? (Ph > phomin)
= 0 (Ph < phomin) (61)
Pin = TLE-Zp (62)
Dmort = b, Zp (63)
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2.3.1 Detrital sinking and remineralisation

All detrital material sinks at a constant speléd; at all depths. Diatoms (and its associated silicate) sihlscanstant speed
Vpm at all depths. Detrital remineralisation (bft N and DtC')is depth-dependent, the specific rate varying as the i@zpr
of depth but with a maximum value. This functional form gigedepth variation of detritus consistent with the Martinlet a
(1987) power-law curve. Dissolution of opal does not varthvdepth.

HDtN
dtnremin = DtN - MIN (HTDTZ]r\lexa _“rmndd > (64)
z
HDtC
dtcremin — DtC-MIN (H;”D’ntlgmx7 7“"”1(1(1) (65)
z
dtSirenLin = DtSi- Hf)rﬁ,il (66)
dDt(N,C, Si
dt(n,c7 Si)sink‘ = VDt . % (67)
dD Si
d(mam'Si)sink = VD’m, . WTM (68)

Since there are no sediments in the Diat-HadOCC model, titwethat sinks to the sea-floor is instantly remineraise
N, C or Si and spread through the lowest three layers (ab@vsdh-floor). Diatoms (and associated silicate) that sinkeo
sea-floor instantly die and beconi& N, DtC' and DtSi, as appropriate, in the lowest layer. Thereforeytif flxy is the
value of [Yy;,.x] at the sea-floor:

btm flrpy(n,c,si)

dt(na & Si)bedrmn (btm 3 lyTS)
AVEY)
= 0 (above btm 3 lyrs) (69)
. btmflx(dm dmsi)
(dma dmsz)bed'rm‘t = —_— ( bottom lyT )
Apy
= 0 (other lyrs) (70)

wherebtm flxx is the sinking flux ofX to the sea-floor and\,,;; is the combined thickness of the bottahi layers (of

course, which layers those are will vary according to thation).
2.3.2 Theiron cycle

Iron is added to the ocean by dust deposition from the atnesspprescribed or passed from the atmospheric sub-model in
coupled mode), with a constant proportion (by weight) of dlust being iron which immediately becomes part of the total
dissolved iron poolFeT. Iron is taken up by diatoms and misc-Phytoplankton duriraywh in a fixed ratio to the carbon
taken up, and moves through the ecosystem in the same ratiEptehat any flow of carbon tB¢C' is associated with a flow
of iron back to solution, as there is no iron in organic degrin the model. All iron that flows through the ecosystemftisireed

to solution, but there is a final loss term for dissolved ineamely (implicit) adsorption onto pelagic sinking minepalticles
(not the model’s detrital particles) and thence to the (implisgdiments. Only the fraction dfe7” that is not complexed to

organic ligands can be adsorbed. The un-complexed (free)concentratiorf'e ' and the complexed concentratiéie L are

10



10

15

20

25

Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2017-90
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 12 October 2017

(© Author(s) 2017. CC BY 3.0 License.

found by assuming a constant uniform total ligand concéiotrd.g7" and a partition functiork . ;,, and the adsorption flux
feadsorp derived from that:

FeT = FeL + FeF (71)
L¢gT = FelL + LgF (72)
FelL
Kper, = FeF - LgF (73)
B = Kpe-(LgT — FeT) — 1 (74)
1
FeF = Fel — LgT + 7-(3 +VB? - 4-KF€L~LgT) (75)
2 Kper
feadsorp = HijF -FeF (76)

2.3.3 The calcium carbonate sub-model

Solid calcium carbonate is implicitly produced in a constaatio to organic production by misc-Phytoplankton. Th&lo
production is summed over the surface layers (those wheuption is non-zero) and instantly re-dissolved equalipiigh
the water column below the (prescribed) lysocline. If tha-Beor is shallower than the lysocline, then the dissotutiakes
place in the bottom layer (there being no sediments). Théhd#the lysocline is always co-incident with a layer intexé,

and is constant both geographically and in time.

ccfrmin = Rfcgpp -phpp (77)
Tprtc. = Z( cefrming, - Ay) (78)
cedsltn = TP (valid lyrs)
Agst
= 0 (other lyrs) (79)
crbnt = cedsltn — ccfrmin (80)

whereA,, is the thickness of layet and A4, is the total thickness of the valid layers (where dissoluttan occur) in that
water column, which is equal to the distance between theclysoand the sea-floor if the lysocline is shallower than the

sea-floor and the thickness of the deepest layer otherwise.
2.3.4 Air-Sea fluxes

Finally, the calculation of the air-to-sea fluxes of @d CQ (respectivelyOzy,ss] and[CO2,sy]) follow the method-
ology of OCMIP. The flux is the product of the gas-specific gamgfer (piston) velocityy’p and the difference be-
tween the gas concentrations in the atmosphere (just ab@vesda-surface)X,,;, and in the (surface) oceatX,, s:

Xast =Vpx - (Xsat — Xsurs). The piston velocity (in m/s) is a function of the 10m wincesg,U (using the Wanninkhof
1992 formulation, normalised for a Schmidt number of 660§ gas-specific Schmidt numbg&rh and the fraction of the
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grid-box area that is open watdr,,, :
Vpx = Aow - (fu - U? x 0.01/3600.0) - (Schx /660)~1/2 (81)

where f; is a coefficient taking the value 0.31 if wind-speed averamest a day or less is used (e.g. in a coupled model) or
0.39 if monthly-mean wind-speed is used (Wanninkhof, 1992)

In the case of oxygen £, is the model oxygen concentration, while the surface ocesamssumed to be fully sat-
urated in equilibrium so @, is equal to the solubilityC'or (calculated in units of ml/l, and converted to model units
before use). That is calculated using Equation 8 of (GamiaGordon, 1992), but removing the spurious;" 72" term
found at the end of the first line (as in the o2sato.f subreutmthe OCMIP-2 Biotic-HOWTO documentation, available
at http://ocmip5.ipsl.jussieu.frrfOCMIP/phase2/sintidias/Biotic/boundcond/o2sato.f). The solubility coeiffints used in the
OCMIP-2 subroutine, originally from Benson and Krause @)98nd recommended by Garcia and Gordon (1992), are used
here. Note that in HadGEM2-ES the sea-level pressure isresbtio be always 1 atmosphere, everywhere. Therefore the

equation is:
Co = exp(2.00907 4 3.22014T, + 4.0501072 + 4.94457T3 — 0.256847T2 + 3.88767T7

—S5-(6.24523 + 7.37614T, + 10.3410T2 + 8.17083T2) x 107> — 4.88682 x 1072 - §?) (82)

where sea-surface temperatiirbas units of C, salinity.S has units of permil and whef® = In[(298.15—T)(273.15+7)~1].
Co can be converted to units of mol#nby dividing by the molar volume, 22.3916 I/mol. The Schmidmber is calculated
according to Keeling et al. (1998):

Schoa = 1638.0 — 81.83T; + 1.483T7 — 0.0080047} (83)

whereT; = max(—2.0,min(40.0,T")), protecting the calculation from crashing if the physiceéan model should produce
unreasonably low or high sea-surface temperatures.

In the case of carbon dioXid€0s3 sq: = Cco2 - PCO2, qtm WhereCe oo is the CQ solubility andpCOs 44, is the partial
pressure of C@in dry air at 1 atmosphere pressure in the atmospheric levekidiately above the ocean surface (nhote again

that the sea-level pressure is always assumed to be 1 atereyphihe solubility is that due to Weiss (1974):
Ccos = exp(93.4517/T), — 60.2409 4 23.3585 - In(T},) + S - (0.023517 — 0.023656T}, + 0.0047036772)) (84)

whereT}, = maxz(2.71,(273.15+ T /100.0) (protecting the calculation from any spuriously-low sesf@ce temperatures the
physical model might produce). The Schmidt number for,@Xxalculated according to Wanninkhof (1992):

Scheoa = 2073.1 — 125.62T; + 3.6276T7 — 0.043219T} (85)

whereT; is defined as in the calculation f8ichos.
The calculation of”O- 4,y has to take into account the partitioning/ef C' into three forms, namely carbonic acid (taken
here to include the dissolved gas phase), bicarbonate woabonate ion, only the first of which contributes to thet@aisea
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flux:
DIC = [HyCOs3) + [HCO3 ]+ [CO;7] (86)

The calculation of the partitioning, which follows the methdescribed by Bacastow (1981), requires as inputs thé tota
Alkalinity A7 and the DIC concentratio/C, the temperature, the salinity and the total boron cona&atr. The method
involves using an earlier estimate of the hydrogen ion commation|[H *]; to calculate the carbonate alkalinityy, = A —
F([HT]r), which is then used witf I C to set up a quadratic equation[iif *]. Bacastow (1981) then used the secant method
of similar triangles (Acton, 1970) is used to minimise thifedfence between successive estimates.

Four equilibrium constants describing the dissociatiocasbonic acid i1, from Roy et al. 1993), bicarbonate ioR {, also

from Roy et al. 1993), boric acidy g, from Dickson 1990) and wate¥F, from Millero 1995) are calculated (in moles/kg):

[H*][HCO;]
K sl 87
! [HyCOs] (87)
= (1—0.0010055) - exp(—2307.1266/T}, 4 2.83655 — 1.55294131n(T},)
—(4.0484/T}, +0.20760841) - S/ 4+ 0.084683455 — 0.0065420853/2) (88)
Ht][CO%
K2 — [ ][0073 ] (89)
[HCO3]
= (1—0.0010055) - exp(—3351.6106 /T — 9.226508 — 0.20057431n(T},)
—(23.9722/T}, +0.106901773) - S1/2 4+ 0.11308225 — 0.00846934.5°/2) (90)
[H*][B(OH), |
Kp = 4] 91
’ B(OH)] D
= exp(—(8966.90 + 2890.535/% + 77.9425 — 1.72853/% 4 0.099657) /T,
+(148.0248 4 137.19425%/2 +1.6214285) — (24.4344 + 25.0855/2 4+ 0.24745) - In(T},)
+0.0531055/2 - T3,) (92)
Kw = [HY]OH] (93)
= exp(—13847.26/ T, + 148.96502 — 23.65211n(T})
+(118.67/T}, — 5.977 4+ 1.0495In(T},)) - S*/? —0.016155) (94)

whereTy, =T +273.15°C is the temperature in Kelvin and S the salinity in per milté&that, because these constants are
in units of Moles/kg-seawater (strictly, (Moles/kg-se&svi in the case of<yy), the alkalinity and DIC state variables must
be converted to those units from the model units of mMolédsefore the partitioning is calculated; all state variatifethe
converted units have the subscripte.g. Az .,).

The total borate concentratidBy (in Moles/kg) is set to be proportional to the salinifyy = [B(OH)3]+ [B(OH), | =
4.16e~%5/35.0. Then, since the Diat-HadOCC model uses the 5-term expresési total alkalinity (Bacastow, 1981), the
carbonate alkalinity is calculated as:
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Ac, = [HCO3]+2[C0O%7] (95)
= Aruw—2Zw - Xzi+ Zp/Xz,i— Br/ (1+ Z:i> (96)

where

Z, = VEi-K, 97)

Zo = i (98)

Zy = I% (99)

Zw = Bw (100)

p
x = [éi] (101)

Equations 86 and 95 can be re-arranged and combined withieesi&87, 89, 97, 98 and 101 to give:
(2DIC, — Acw) - Xo i — Zr - (Aeu — DICY) - Xyi — Acou =0 (102)

which has the solution

X = 05(Zy - (Aesu = DIC,) /(22 -(Acyu — DIC,)? +4Ac.u- (2DIC, — Ac.u))/(2DIC, — Ac.) (103)

Wheny, ; andy, ; are equal the value of that is consistent with both the&. , and theDIC, values (for the current
temperature and salinity) has been found, se(dBs] can be found from equations 86, 87 and 89. While the two estisna
of x are not equal however, the secant method of similar trisn@eton, 1970) is used to find an updated estimatg;
for input into the next iteration of equation 96 by minimigin, — x.. The two similar triangles are right-angled and have
sides of lengthixz,i+1 — Xa,is Xy,i — X=,i) @NA(Xa,i+1 — X=z,i—1:Xy,i—1 — Xa,i—1) F€SpPectively; equating the ratios of these two
triangles’ sides and re-arranging gives

Xx,i—1" Xy,i — Xa,i " Xy,i—1
Xy,i — Xy,i—l) - (Xz,i — Xz,i—1

Xz,it1 = ( (104)

This calculation can be iterated until the fractional chegsuccessive estimates is less than a certain amountL(eg).
However, in the implementation used for HadGEM2-ES theutatibn was iterated eight times; it had been found that the
convergence criterion was always satisfied in 6 iteratiang, given the computer architecture it was more computaifipn
efficient to run that way than to repeatedly test for convecge

Once the carbonic acid concentration has been determinedc(mverted back to model units) it can be used’és ..,
in the air-sea flux calculation. Other diagnostic quargitian also be calculategCO, andpH (the latter from the Ft

concentration).
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3 Description of experiments

The Diat-HadOCC model formed the ocean biogeochemical ooet of the HadGEM2-ES Earth System model
(Collins et al., 2011), which is part of the HadGEM2 familyadfupled climate models (The HadGEM2 Development Team,
2011). Full details of the model set-up for the experimeetscdbed here can be found in those references, but a beefige
tion is given here.

The atmospheric physical model has a horizontal resolutfah25 latitude by 1.875 longitude, and a vertical resoltion
of 38 layers (to a height of 39 km). A timestep of 30 minutesssdi Eight species of aerosol are included in the atmosphere
as well as a representation of mineral dust (described i metail below). The UK Chemistry and Aerosols (UKCA) model
(O’Connor et al., 2014) describes the atmospheric cheynistOSES |l (Essery et al., 2003) is used for the land surface
scheme, with additional processes and components as lEddn papers about the derived JULES scheme by Best et al.
(2011) and Clark et al. (2011). The hydrology includes arfieaiting sub-model based on the TRIP scheme (Oki and Sud,
1998), which supplies freshwater (but not nutrients, carbp alkalinity) to the ocean. The TRIFFID dynamic vegetatio
model (Cox, 2001; Clark et al. 2011) and a four-pool impletagan of the RothC soil carbon model (Coleman and Jenkinson
1996,1999) are used to represent the terrestrial carbde.CyRIFFID calculates the growth and phenology of five plant
functional types (broad-leaf trees, needle-leaf treesgi@8ses, C4 grasses and shrubs) so that the (terrestresly Brimary
Production (GPP), and the Net Primary Production (NPP) eathetermined, and thereby also the terrestrial sourcesiakesl s
of atmospheric carbon.

The ocean physical model is based on that described in Jolahs(2006), with developments as detailed in the paper
by The HadGEM2 Development Team (2011). It has a longitddiesolution of T, while the latitudinal resolution is also
1° poleward of 30 (N or S) but increasing from than latitude gc? at the equator. In the vertical there are 40 levels with
thicknesses increasing monotonically from 10 m in the top &0to 345 m at the bottom, and with a full depth of 5500
m. A timestep of 1 hour is used. The computer code is basedairoftBryan (1969) and Cox (1984). The active ocean
tracers (temperature and salinity) use a pseudo fourteradvection scheme (Pacanowski and Griffies, 1998), whie t
passive tracers (including all the ocean biogeochemieakts) use the UTOPIA scheme (Leonard et al., 1993) with a flux
limiter. The Gent and McWilliams (1990) adiabatic mixindheme is used in the skew flux form due to Griffies (1998), and
with coefficient that varies spatially and temporally feliog Visbeck et al. (1997). An implicit linear free-surfaseheme
(Dukowicz and Smith, 1994) is included for freshwater flux@simple upper mixed-layer scheme (Kraus and Turner, 1967)
is used for vertical mixing due to surface fluxes of heat ardtwater for both active and passive tracers. The sea-idelmo
is based on the Los Alamos National Laboratory sea-ice m@€lE (Hunke and Lipscomb, 2004), including five thickness
categories, elastic-viscous-plastic ice dynamics (HwameDukowicz, 1997) and ice ridging. The presence of seafiemy
thickness reduces to zero the light entering the watereol(so preventing photosynthesis by marine phytoplankéor)
blocks completely the transfer of gases between the atreospimd ocean.

Coupling between the atmosphere and ocean models happenys2dvmodel hours. After 48 atmospheric timesteps (of
30 minutes each) have been run the fluxes of heat, freshwatet;stress and wind mixing energy, along with any necgssar
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biogeochemical quantities, are determined (usually ame-thean over the 24 hours) and passed via the coupler to ¢la@.oc
Because the atmosphere and ocean models use differenttysdisvolves re-gridding, with special care needing toddeeh

at the coasts where an atmospheric grid-box may correspoooth an ocean and a land grid-box. The ocean is then run for
24 timesteps (of 1 hour each) and the relevant fluxes camlikatd passed to the atmosphere.

The biogeochemical quantities passed from the atmospbetteetocean are the deposition flux of mineral dust and the
concentration of C@in the lowest atmospheric level, while the flux of €@nd the flux of Dimethyl Sulphide (DMS) are
passed from ocean to atmosphere. Note however that in tlectvation-driven simulations for which the results arspnted
here the atmospheric GQ@oncentration "seen" by the ocean is not passed from thesatmeoe but prescribed in the ocean
model (in such a way that it agrees with the atmospheric aanaton prescribed in the atmosphere, once the differsits u
are taken into account), and while the flux of Ckietween the ocean and the atmosphere is calculated in tha owadel it is
purely diagnostic and is not passed to the atmosphere.

The dust deposition flux is calculated in the atmosphere gsopahe dust sub-model, which is based on that described
in Woodward (2001) but with developments as detailed in Wiard (2011). Six size-classes of mineral dust particles are
used (up to 3:m radius), and deposition can be by four mechanisms: wetsitsgpofrom convective precipitation and from
large-scale precipitation and dry deposition (i.e. segtlunder the force of gravity) from the lowest level and fraewdls
above. For each size-class, the flux of dust being depositeannmed over the four mechanisms and separately passed to th
ocean. Although not used in the simulations presented tiéseseparate passing allows for different size dust gestito have
different soluble iron contents (supply of iron is the s@ason the dust deposition flux is passed to the ocean).

3.1 Simulations

The HadGEM2-ES model was used to run a wide range of simakfior CMIP5, the 5th Climate Model Intercompari-
son Project (Taylor et al., 2012); Jones et al. (2011) givdstailed overview of the HadGEM2-ES simulations. The rssul
presented here relate to a sub-set of three simulationgithllprescribed atmospheric G@&oncentration. The first is the
pre-industrial control ("piControl" in the CMIP5 termiragly), the historical simulation ("historical”; from Deceer 1859
to December 2005) and the RCP8.5 future simulation ("rcp83ie historical simulation branched from the piContraida
rcp85 was a continuation of the historical to simulated yz440.

The model was spun-up before the piControl commenced. Tharohas particular issues with spin-up, because ideally
several cycles of the ocean overturning circulation areleédo bring the tracers into equilibrium with the circutetiand
the driving climatological fluxes from the atmosphere, aadhecycle lasts 500-1,000 model years. It was therefore déem
impractical to spin the full coupled model for the requiredd, and in any case the atmosphere and land-surface mooleld w
reach equilibrium much faster.

The World Ocean Atlas (hereafter WOA) provides comprehengridded fields for the active tracers, temperature and
salinity, and the processes affecting these quantitidseasurface are relatively well understood and parametgrsseit was
possible to initialise the ocean with fields close to eqillilm. The biogeochemical tracer fields however were not sy ea
to initialise. WOA gridded fields are available for the natris nitrate and silicate and for oxygen, but they are based o
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many fewer data than those for temperature and salinitgded fields are available for dissolved inorganic carborC{DI
and total alkalinity (TAIk) from GLODAP (Sabine et al., 200Rey et al., 2004) but these are based on even fewer data
and relate to the present day with a substantial storagetbfaogenic carbon rather than the pre-industrial digtidim (a
correction for anthropogenic storage is available, buntle¢hod used for its production introduces many more unicdiea).
At the time that the model spin-ups were started the 200%edif the WOA database was the most recent, so those fields
were used. In addition, while the Diat-HadOCC model was ligesl to represent the main ocean biogeochemical processes
which (along with the physical circulation) determine tharihontal and vertical distributions of these tracers tieoimplete
knowledge of these processes, particularly quantitatieeld the model’'s necessary simplicity mean that the siredifelds
may be significantly different from those measured in thé seaan (even with an accurate circulation). Therefore tean
biogeochemical tracers, even if initialised from the besiHable gridded fields, required a significant period afisgp before
the drifts became acceptably small. The main criterion &mcéptably small" was a net pre-industrial air-sea flux of @@t
was below 0.2 Pg C / year (averaged over a decade, so intaakvariability was smoothed out).

The tracers were therefore initialised as follows:

— Temperature and salinity: WOA 2009: Locarnini et al. (20)tonov et al. (2010)
— Nitrate, silicate (i.e. silicic acid), oxygen: WOA 2009: 8& et al. (2010b), Garcia et al. (2010a)

— Iron: an initial field was produced from measurements regubirt Parekh et al. (2004), on which the iron model used in
Diat-HadOCC was based.

— misc-Phytoplankton, diatoms, zooplankton, and also C-aNe Si-detritus: a nominal small value (‘OmMol / m3)
was used, because these quantities (being mainly confiried surface levels) would very quickly come into a pseudo-
equilibrium with the climatological fluxes and the initialitnient distributions, and then be able to track the decaddl
centennial changes to those distributions.

— DIC and TAIk: these were initialised from (re-gridded) fielilom an earlier pre-industrial simulation by the HadCM3C
model, where the net air-sea ¢@ux had been within the criterion; it was expected that tingdescale ocean circulation

would not differ greatly between the models.

The early stages of the spin-up were done incrementallylevi@rameterisations of the land-surface and the dust sadels
were being tested forty-year simulations were run for edahdequentially, and around 200 years of spin-up wereindtethis
way. It was reasoned that the different versions of the lavttdaist models would not produce significantly differentikopia

for the ocean tracers, and the ocean biogeochemical moliehwas unchanged, would be a more-dominant influencer Afte
this period, another 100 years of simulation was completid tve finalised model, and during this average fields (ome fo
each month of the year) were calculated for the climatokldiaxes between the atmosphere and ocean. These averagé ann
cycle fields were then used to force a coarse-resolutionnecely model (a low-resolution version of the ocean commbne
of HadCM3 - see Gordon et al., 2000 - with Diat-HadOCC embdyldéich could be run extremely efficiently. This ran for
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2,000 simulated years, after which the biogeochemicaldidbdit NOT temperature or salinity) were re-gridded back® t
HadGEMZ2-ES ocean resolution and put back in that model éapttint immediately following the 100-year coupled spin-up
HadGEMZ2-ES was subsequently run in coupled mode for a fuBibgears, during which it was found that the main criterion
of the net air-sea COflux being below 0.2 Pg C / year was comfortably satisfied, &eddrifts in the other biogeochemical
fields were reduced compared to before the ocean-only phiaseever, there were still significant drifts in the silicated
dissolved iron fields.

The pre-industrial control (piControl) simulation wasrga from the end of the coupled spin-up, with its date setsio 1
December 1859. (Note that HadGEM2-ES, like previous Metc®filimate models, uses a 360-day year of 12 months each
of 30 days, and begins its simulations on the 1st Decembesttrt of meteorological winter, rather than 1st Januéryan
to the year 2100 and beyond. The atmospherie €C@hcentration was prescribed at a constant value, and tieentration
(strictly, the partial pressure) seen by the ocean was a&lsbat the same constant value. The historical simulatigabéom
the same date, using the same initial fields. It ran to the 8hst December) of 2005. The atmospheric,G@ncentrations
were prescribed according to the CMIP5 dataset (http:figmsimdi.linl.gov/cmip5/forcing.html). The future sination, rcp85,
began at 1st December 2005 and was initialised using thes fisdch the historical simulation that were valid for that éim
Again, the atmospheric CGOwas prescribed, but this time according to a future scen@tso to be found in the CMIP5
dataset). This was one of 4 RCPs (Representative CondentRethways; see Moss et al., 2010) calculated using agrhttsl
Assessment Model using projections of future anthropagemiissions and other changes. RCP8.5 is the scenario with th
highest atmospheric GQroncentrations, and the radiative forcing at year 2100 daeltiitional CQ is 8.5 W / n?. Changes
in the Earth System due to climate change will in general sinmst clearly in this scenario, and so, although HadGEM2-ES
ran all four RCP simulations (Jones et al. 2011; which algsegimore details of other climatically-active gases, etd¢hése
experiments) it is the results from RCP8.5 that are consilir the following section.

4 Results from the Diat-HadOCC model

The primary purpose of the Diat-HadOCC model is to represeninarine carbon cycle, along with the factors and feedback
influencing and controlling it, in the past, in the presertd amthe future; and therefore initially the results desedlnere relate

to those quantities most directly connected with that cydlvever, it is also important to know that where the modsiitts
closely agree with observations they do so for the rightaessrather than by coincidence, so certain other quasttie also
presented.

4.1 Results for the present day (2010s)
4.1.1 Total Chlorophyll

Figure 2 shows the annual mean surface total chlorophytligted by the model for the (simulated) decade 2010-2018én t

upper panel and that derived from satellite retrievals &ltdwer panel. The satellite-derived data are from the Gtb@
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surface chlorophyll product (Fanton d’Andon et al., 2010arNbrena et al., 2010) for the years 1998-2007, with furthe
processing as described in Ford et al. (2012) to produce ahtyoclimatology, which has then been averaged to give the
annual mean. Two things are immediately apparent: the gpbgral distributions are very similar but the actual valire

the model are noticeably more extreme: higher where theatathigh (Southern Ocean, sub-polar gyres in the North Bacifi
and North Atlantic, eastern Equatorial Pacific) and loweertthe data are low (mainly the sub-tropical gyres). In ifatihe
centres of the sub-tropical gyres the model chlorophylleis/\slightly negative. Comparing the area-means of theecse
annual mean fields, the model has an average of 0.812 mg Chiwhile the average of the data is 0.213 mg Cht*m
However the seasonal cycle is also important, and Figur@®sktop panel) the seasonal cycle of the zonally-meanedmod
chlorophyll; (middle panel) the same but scaled by the fa@t®13/0.812 (so that the global annual mean is the sameats th
of the data); and (bottom panel) the seasonal cycle of thalgemeaned data. It can be seen by comparing the middle and
bottom panels that the excess Chlorophyll is accentuateal drgater-than-average factor when the observed chloildphy
high. It is possible to find the best-fitting sine-curve thlghuhe monthly mean values at any points (assuming they form a
repeating cycle): Figure 4 shows the amplitude (left pgreatel phase (right panels) of the seasonal cycle so derivéteof
model chlorophyll (upper panels, amplitude adjusted byoia@.213/0.812 so that patterns can be better comparedhand
satellite-derived data (lower panels). In the model, tressral cycle is larger (even when adjusted) in much of theéleow
Ocean and in the Equatorial Pacific, and slightly lower ingtie-polar North Atlantic.

4.1.2 Diatoms and Misc-Phytoplankton

Figure 5 shows the surface biomass of the two phytoplanktpest diatoms and misc-Phyto: the mean for the model years
2010-2019. The geographical patterns are naturally venjiasi to that of the model’s total surface chlorophyll, snihe
CMIP5 simulations used a fixed carbon:chlorophyll ratio éaich of the phytoplankton (and the same value, 40.0 mg C /
mg Chl, for each type). The geographical patterns for eapl are also very similar to each other, with the diatoms tgavin

a slightly greater value than the misc-Phyto (global avesay486 and 1.223 mMol C ™ respectively, so diatoms make
up 55% of the total surface biomass). The diatoms are sjightire dominant than the global average in the North Atlantic
Ocean and in the Southern Ocean, both areas where surfete aiid (needed by diatoms for shell formation) is planitif
Figure 6 compares the amplitude and the phase of the seasmted for the two surface biomass types; as in the case of the
total chlorophyll, these have been obtained by fitting a-simeve to the monthly mean values at each point. The amglitdd

the cycle is in each case very similar to the mean biomasgpéxa the equatorial latitudes (and especially in the Eapigt
Pacific) where the amplitude is significantly less; this iglkhat in those latitudes there is significant biomassealt yound,
whereas in the high latitudes where the cycle amplitude hadrtean are similar the biomass drops to near-zero for dt leas
some of the year. The right-hand panels show the phases sé#s®nal cycle of surface biomass, in terms of the time of yea
when the biomass is at a maximum. The phases have compagdtdeng, though it is noticeable that the peak of the diatom
cycle leads that of the misc-Phyto by between 1 and 2 monthghtlatitudes, and especially in the North Atlantic and the
Southern Ocean. This is consistent with observed seasooe¢ssion of phytoplankton types. Figure 7 shows Hov-Mulle
diagrams of the seasonal abundances of the two phytoplamypes: the left-hand panels show global zonal means and the
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right-hand panels zonal means in the Atlantic basin onlg @arlier growth of the high-latitude diatoms is clearly agmt
globally and especially in the Atlantic, where the magnéud the diatom spring bloom is also seen to be higher tharothat
the misc-Phyto.

4.1.3 Primary Production

The global mean, vertically-integrated, total primaryguotion during the years 2010-2019 in the model is 35.175 PygrC

of this 19.791 Pg C / yr (56.3%) is due to the diatoms and 15884/ yr is due to the misc-Phyto. The total is slightly below
the generally-quoted range of global primary productidr68 Pg C / yr (e.g. Carr et al. 2006). However that total idek
the high-production areas along the coasts and in shedf-sddch the coarse physical resolution and the structuttesafodel

do not allow to be realistically represented: there are minsents, no tidal mixing, no riverine supply of nutrientsran-off
from land and the circulation over the shelf (where thatteXis not accurate. Figure 8 shows the geographical paifeire
total primary production and that of each phytoplanktoretypince the biomass and chlorophyll distributions of the types
are so similar it is no surprise that the primary productiattgrns are similar also; to each other and to the chlordpimg
biomass patterns. The diatoms dominate production sjightinost areas, and particularly in the North Atlantic Ocead
the Southern Ocean; in addition the un-productive gyresaager in extent for misc-Phyto than for diatoms. Figure éveh
Hov-Muller plots of the seasonal cycle of the total primargguction (top row) and the separate diatom (middle row) and
misc-Phyto (bottom row) fractions; global zonal meand @iefumn) and zonal means for the Atlantic basin only (righiionn)
are presented. The two phytoplankton types follow a gelyesahilar pattern through the year, with the highest prdaurc
occurring for each at temperate latitudes during the spaimysummer in each hemisphere. However it is noticeabletibat
diatom production increases before that of the misc-Phljisis due to the diatoms having a higher specific growth(raken

all nutrients are non-limiting) and being more resistargr@zing because of their opaline shells (this is expregstteimodel

in terms of the zooplankton’s base feeding preferences$. ddvanced blooming by the diatoms is evident in both theddor
and austral spring, and is especially pronounced in thehN@ttantic ocean.

4.1.4 pCOy

Figure 10 compares the model surface oceanpfall, meaned over the period 1990 to 2009 (upper panel) thitfiakahashi
gridded annual mean surface pCO2 field referenced to the2@&ér (lower panel). Overall the fields look very similar, imay
global means that show a consistent rise from preindustrégn (to 364.2 ppmv in the model, compared to 357.9 ppmv in
the gridded data product; in the year 2000 the atmospheri@ppressure was specified to be 368.8 ppmv). Howevereclos
examination reveals a number of differences. The data shawraw ridge of high pC®in the Eastern Equatorial Pacific, but
the corresponding high-pGQvater in the model is more widespread, does not reach theeseneenes as the data, and actually
shows a local minimum where the data-product values areebigfihis is due to the much higher chlorophyll (and theeefor
also higher primary production) in that area dragging ddvendurface DIC. In the Atlantic basin there is a significagtlyater
area with very high pC®than in the gridded field, especially in the northern andfseurt sub-tropical gyres. Finally there is
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a zonal band of high pCOwater in the model just south of 4% which is not present in the data,; this is also an area where
the model over-estimates the primary production.

Figure 11 compares the amplitude (left-hand panels) anghiase (right-hand panels) of the seasonal cycle in the model
(mean of years 1990 to 2009; upper panels) and the data-gr(réferenced to year 2000; lower panels). It can be sedn tha
the model produces a substantially greater seasonal ¢yaes observed in the data, though some of the patternsrailarsi
the data-product shows a relatively large amplitude of gfaecin the northern sub-tropical and sub-polar Pacific, netibe
model does as well, and in the areas closest to the Antammtitnent. However the strong seasonal cycle seen in thelmode
in the North Atlantic is largely absent from the data, as esltihnd covering the southern sub-tropical gyres in all thosan
basins. In contrast to the large differences in the ammitidthe seasonal cycle, the phase compares quite well (thineg
model has less variability in the Southern Ocean).

4.1.5 Air-Sea CG, flux

Figure 12 shows the air-to-sea flux of €Q.e. positive for net flux into the ocean) meaned over theade2010 to 2019.
The upper panel shows the total flux (i.e. the natural cycl€®f and the anthropogenic perturbation combined), while the
lower panel shows just the anthropogenic perturbations Pbiturbation has been calculated by subtracting the metue o
air-to-sea flux in the piControl run from the total flux at egudint. The annual mean GGlux in the piControl simulation
averaged just 0.0237 Pg Cyrover the period 1860 to 2099, with a standard deviation d®1Pg C yr! and no significant
trend; this average is clearly well within the 0.2 Pg C ycriterion for a successful spin-up. The annual mean @@ in

the RCP8.5 simulation was 2.529 Pg C Yyaveraged over the years 2010 to 2019, and was 2.117 and 1g98@P' in the
2000s and 1990s respectively. These figures are in goodragréavith the figures quoted by the IPCC 5th Assessment Report
(IPCC, 2013) of 2.3 0.7 and 2.2+ 0.7 Pg C yr ! for the 2000s and 1990s respectively. Given the method foulzding the
anthropogenic perturbation to the flux there is no way tartisiish between the two separate components to it: namely th
(i) ingassing of anthropogenically-emitted €Q@nainly fossil fuel combustion) and (ii) changes to the naltaycle caused by
climate change (itself mainly due to increasing atmosphe€,). Whereas the first component would be expected to give a net
flux into the ocean the second can be either into or out of tkamcand careful examination of the lower panel reveals a few
areas in the sub-tropical Pacific where the perturbationifluregative (out of the ocean). But predominantly the pbettion

flux is into the ocean, and co-incident with some of the lardleges in the total flux (and also the natural cycle flux): the
sub-polar North Atlantic and the adjacent sector of the i&y¢he area where the Kuroshio current becomes zonal and the
seas surrounding the Antarctic continent. It is notablé¢ dfthough (on a per unit area basis) the northern sub-pdlantc
dominates the total flux it is only comparable with the Sotih@cean in terms of the anthropogenic perturbation. FidGre
shows Hov-Muller plots of the seasonal cycle of the total B6xCO,, zonally meaned globally and separately for each of the
three ocean basins: Atlantic, Indian and Pacific. The Aitdmds the largest per unit area fluxes, and these occur iemand
early spring months when low temperatures reduce the sudeean pC@®and deep convective mixing carries ingassed, CO
away from the atmosphere. However, that pattern is reveénstae Pacific north of 45N and in the most southerly latitudes of
all three basins, where the most intense uptake is in thé $ocamer months. This is due to strong biological activityirtg
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DIC out of the water and lowering the pG@espite the warmer summer temperatures acting to raisbetnodel has only
weak primary production in the North Atlantic so that effecteduced there, whereas the winter subduction is paatigul
strong, and so winter uptake dominates in that region inrttadel. Figure 14 shows the seasonal cycle of the anthrojpmgen

perturbation flux in a similar way. Similar patterns are otsed, but the North Atlantic is less dominant in winter.
4.1.6 DIC

Figure 15 compares the model’s surface DIC (means over ths&010-2019, in the upper panel, and 1990-1999, in the
middle panel) with that from the GLODAP gridded field (lowemel; http://cdiac.ornl.gov/oceans/glodap/). The daimfthe
GLODAP project have been re-gridded to the HadGEM2-ES oggialy and converted from Mol C kg to mMol C m—3
using a mean surface water density of 1025 kg*nThe global mean surface values are 2068 mMol C rior the model in
the years 2010-2019 (and 2054 mMol C traveraged over the years 1990-1999), while the data (refecsio the year 2000)
have a global average of 2066 mMol C /1 Both these quantities, of course, include anthropoge@ig@esent in the surface
waters. Because the GLODAP field only extends t6N'the model mean does not include values poleward of thatidii
either. The geographical pattern can be seen to be veryasjmiith the only area showing significant disagreementd#ie
Atlantic Ocean basin, and in particular the northern-hehmse sub-tropical and sub-polar gyres therein, whereulface
concentration in the model is significantly higher. Thers baen a substantial increase in the model’s surface caatentin
that basin between the 1990s and the 2010s, and the agreleetwatn model and data is noticeably better for the earditr d
(which is closer to the data’s reference date). Figure 1@&/shibe amplitude and the phase (time of year of the maximum) of
the seasonal cycle of surface DIC. This is determined by abeurof factors: vertical mixing, vertical transport, agasCQ

flux and biological uptake and release. All of these facteny seasonally and their relative contributions are diifeifrom
place to place, and so the phase of the cycle (and how welkecsirve represents it) varies more with location than maingro
cycles. In the sub-polar North Atlantic, for example, riglally high DIC water is mixed (by convective and by wind-ireal
mixing) from depth to the surface during the winter, and the surface temperature keeps the ocean p@er than the
atmosphere, so there is ingassing ofCAs the season passes to spring the increased solar ircadismms the surface water,
vertical mixing is suppressed, and there is net uptake of i@he phytoplankton for growth. Those factors tend to cause
reduction in surface DIC concentration and so reduce the,p8@ at the same time the increased temperature will inereas
it (for a given DIC concentration); which is the dominanteeff, and so whether the air-sea £flux moves towards greater
ingassing or greater outgassing, depends on the localtcamaliThe phase varies by up to 6 months across the Northtigla

at a latitude of 50, while at a similar latitude across the Pacific the phasen®sat constant.
4.1.7 Nutrients: nitrate, silicate, iron

Figure 17 compares the model surface nitrate field (meantbeeyears 2010 to 2019) with the corresponding field from the
World Ocean Atlas 2005 (hereafter WOAO5; Conkwright et d&0%). Strictly the model nitrate field represents the sum of
all dissolved inorganic nitrogen compounds (nitrate,iteitand ammonium) but in many circumstances the first of these
dominant. Nitrogen is the "currency" of the model ecosystem the main limiting nutrient. The geographical distribns
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compare well, with high concentrations in the Southern @célae Eastern Equatorial Pacific, and the northern subr-pola
regions of the Pacific and Atlantic Oceans. The gridded data WWOAOS5 is slightly higher than the model in the Eastern
Equatorial Pacific and in the sub-polar North Atlantic; ie floermer region this is due to higher production in the moteht

is observed in the real ocean taking up more nitrate for ghgtkton growth, while in the latter the lower-than-obsetv
production is due to low nitrate concentrations at the sihthe growing season, in turn due to a tendency of the model to
lose nutrient from that region through the deep circulatibrcan also be seen that in the model the nitrate concemrtrati
has slipped to be slightly negative in some sub-tropicalorey particularly the centres of the gyres; in such cirdamses

the ecosystem model (but not the advection or mixing pre&sesé the physical model) treats the value as zero. Figure 18
compares the amplitude and phase of the seasonal cycle inatiel and WOAOQS nitrate fields. These have been determined
by finding the best-fitting sine-curve to the monthly meansaath point; the phase refers to the time (fraction of yeagrwh
the concentration is highest. The seasonal cycle will berdehed by a number of factors, including vertical advectténd
mixing and the uptake and remineralisation of nitrate byabesystem, all of which can vary through the year. The model
amplitude field is similar in pattern and scale to the mearcentration as presented in Figure 17, but the WOAO5 field show
some interesting differences from its concentration figid:scale of the seasonal cycle is much lower in the Southeea®
(0.5 to 5 mMol N nT3 amplitude compared to greater than 20 mMol Nimean, while the model has an amplitude of 5
to 15 mMol N nm2 with a similar mean). This suggests that the model is noy firthiting the phytoplankton growth in that
region: this limitation will not be from low nitrate levelsdhey are always higher than needed for growth, but coulddre f
other nutrients (probably dissolved iron; see Martin etl®92) or from light limitation. In terms of the phase of theckey

the model shows much greater consistency than WOAO5S: alatiaste areas poleward of 30n the model show the highest
concentration at the end of local winter, but the data prodiiows much more variability in the Southern Hemisphere¢h(bo
models show variability in the tropics). The high variatyilin the Southern Ocean in WOAQ5 may be related to the lower
amplitude of the cycle making it hard to determine a bestjtsine-curve unambiguously.

Figure 19 compares the model silicate field (i.e. dissohkdsacid; meaned over the years 2010-2019) with the corre
sponding gridded field from WOAOS5. Unfortunately a problamnthe implementation of the model in the CMIP5 simulations
has meant that the model silicate field has deviated sulataritom the observations, with high surface values ewdrgre.
This has the effect that, while it would normally be expedieat silicate values will be low enough to limit the growth of
diatoms (which require it to form their shells) in some arathg¢he time and in others at certain times of the seasondécyc
(after a bloom, for instance), in these model simulatiotisage is never a limiting nutrient for diatoms, which aretéfore
only limited by nitrate, iron and light-availability. De#e that, Figure 20, which compares the amplitude and phagieeo
seasonal cycle of surface silicate in the model and WOAQO&yshhat those non-silicate limitations are still able todarce a
seasonal cycle of uptake in the model that looks reasonsimgesting that the diatom production is well-represe(itezligh
not for all the right reasons).

Figure 21 presents the surface dissolved iron concentratithe model (upper panel) and the amplitude of the seasonal
cycle (lower panel). In each case the period consideredrsdkie years 2010 to 2019. Note that different scales arefosed
the two plots. Given that the half-saturation concentrafar iron limitation was set at 0.2 Mol Fe m~3 it can be seen that
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there are few areas of the ocean where the decadal mean tatioerof dissolved iron limits the growth of either mistyRo

or diatoms. However, there are significant areas, inclutliegSouthern Ocean, the Eastern Equatorial Pacific and thé No
Pacific, where iron is limiting at certain times of the seadaycle, though even this is different from the observedagion
where, for instance, iron is limiting in the Southern Ocetalldimes of the seasonal cycle. Analysis of the long-teahdviour

of the dissolved iron field in the piControl simulation shaavdrift to higher concentrations at all depths includingsheface
levels, due to parameter values in the iron sub-model noigbeptimal and this field not being fully spun-up. There id sti
much uncertainty in the quantitative understanding of trezg@sses affecting iron in the ocean, especially thoséingléo
organic ligands, and the representation used here cary figr@hnproved.

4.2 Response to climate change

This section presents key results of the response of the Inmdémate change in the RCP8.5 scenario simulation, iR par
ticular between the decade 2010-2019 ("the 2010s") andeabad® 2090-2099 ("the 2090s"), and also through the histori
simulation from which the future run is initialised.

Figure 22 shows the global zonal mean surface nitrate coratem through the historical and RCP8.5 scenario period
(years 1860 to 2099), allowing trends to be identified. Theesponding period of the piControl simulation (not sholwa}
no trend or drift, so the changes with time seen in this pletal due to climate change. It can be seen that at almost all
latitudes the concentration decreases through the 21strgeand that the rate of decrease becomes more markedd® e
end of the simulation. This trend can be understood in teffrtitseovertical supply of nitrate being reduced as the surfamean
is warmed and becomes more stratified. Although phytoptangtowth (and nitrate uptake) is also reduced because of the
reduced nutrient availability the net effect is a decreagbeé surface nitrate concentration, and this drives matiyeo€hanges
seen in the model and presented in this section.

Figure 23 presents Hov-Muller plots of the total chloroplaylomaly (a measure of the abundance of both types of phyto-
plankton) from 1860 to 2099 for the Atlantic basin (uppergaand the Pacific basin (lower panel). The anomaly has been
calculated by subtracting the chlorophyll in the piConswhulation (the mean from 1860 to 2099) from the annual mean
chlorophyll in the historical+RCP8.5 simulation. The pi@ml chlorophyll showed no significant trend or drift. Inchtion
to inter-annual and inter-decadal variability in both Inasit can be seen that trends become apparent in the climatgeh
scenario, mainly after the year 2000. In both basins therophyll close to the Antarctic continent increases suliithy) as
does that in the Atlantic Basin around“45 In contrast there is a clear reduction in chlorophyll atEguator, present in both
basins but particularly marked in the Pacific. Between 30@&Md there is a smaller reduction in chlorophyll in each basin,
while in the Pacific just north of that band there is a markexigase. These trends can be understood as increasedcstratifi
tion both reducing the vertical nutrient supply and redgdime depth of the mixed layer during the growing season (and s
improving the available light for phytoplankton in the sagé layer): in the tropics the former dominates so prodog@gmd
chlorophyll) is reduced, but at high latitudes the lattemigre important and leads to higher production. In additamound
Antarctica warming seas mean that ice-cover is reducemyizlyy more primary production. Similar results have be@ored
previously in future scenario simulations (e.g. Bopp e28i03).
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Figure 24 shows how the seasonal cycle of total chlorophyinges from the 2010s to the 2090s in the Atlantic basin
(upper panel) and the Pacific (lower panel). In both basias¢luction in chlorophyll at Equatorial latitudes is seeié¢
present throughout the year, though it is most intense irAtlantic between July and November and in the Pacific during
March and April. In the Southern Ocean sectors of each basirclhange is an increase between October and February in
the most southerly latitudes, and no change in other mohtiveever slightly further north, around 45, there is an increase
during those austral summer months in the Atlantic but aedes® in the Pacific. In the northern hemisphere, poleward of
4°N, the Atlantic sees a reduction between April and Septerbiethe Pacific sees a strong increase in the Spring (March to
May) followed by an equally-strong reduction in the sumnideme to August). This "dipole” change in the North Pacific is a
signature of the seasonal cycle shifting forward by sevaiths, in response to changing physical conditions.

Figure 25 shows the difference, between the 2090s and tHgs20ithe mean total primary production (upper panel) and
in the mean seasonal cycle of that quantity (lower panelg. flean field displays strong reductions in the Equatoriaifiac
and Atlantic Oceans, because of reduced nitrate avatlglzid also in the sub-polar North Atlantic and the eastamlar
North Pacific. In contrast the Southern Ocean close to thargtit continent shows strong increases in productiontHer
reasons outlined above: shallower surface mixed layev/aly the phytoplankton to remain for longer in well-lit dep near
the surface, and reduced seasonal ice-cover allowing nmagefor growth. The seasonal cycle shows a pattern of changes
that is very similar to the change in the mean, except in thetefa Equatorial Pacific where the amplitude of the cycle is
little changed but the mean has been substantially reducge that in the 2010s the seasonal cycle was also relasvedi,
while the mean was high in that area. Figure 26 shows the ehlingugh time of the diatom production and the misc-Phyto
production (upper and lower panels respectively), and s¢parated into the Atlantic and Pacific basins (left- anktfgnd
panels respectively). It is clear that similar trends awefbfor both phytoplankton types, though there are somereifices
between basins (e.g. the production by both types incrgadeward of 60N in the Pacific during the later 21st century, while
similar latitudes in the Atlantic show a decrease). The glalmnual mean total primary production in the 2090s is 30RI§ C
yr—! (compared to 35.175 Pg Cytin the 2010s, so a 1323reduction), which is apportioned 17.227 Pg C yKc.f. 19.791;
-13.0%) to the diatoms and 13.267 Pg Cyr(c.f. 15.384; -13.%) to the misc-Phyto; therefore there is only a very smalltshif
towards increased dominance by the diatoms.

Figure 27 shows how the surface ocean pG@ries through the historical and RCP8.5 scenario. The tolpshows
the change with time of the global zonal mean pCidomaly (i.e. the difference between the scenario and thenpiol).

As expected, the surface pG@hcreases smoothly with time, increasing its rate in kegpwth the prescribed atmospheric
concentration. Most of the rise therefore occurs duringtte century. It is notable that all latitudes increase atstntially
similar rate. The middle panel shows the geographicalibigion of the anomaly averaged over the period 2090-2029eH
the colour-scale has been set to show up what differences #ne: the rise is greatest in the arctic and in the subdabpi
gyres, and in the northern sub-polar Atlantic. The bottomgbahows that the distribution of the anomaly of the sedsytde
amplitude is very similar to that of the mean concentratextept around the Antarctic continent. The phase of theos@hs
cycle in the 2090s (not shown) has changed little from th&tén2010s.
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Finally, the air-to-sea flux of CQis considered. Figure 28 shows the global total flux throinghhtistorical+RCP8.5 simu-
lation from 1860 to 2099 (the piControl over that period sedwo trend). It is clear that the flux increases with times thi
to be expected, since the atmospheric p@@s increasing monotonically through the simulation. By 2090s the net flux is
4.8PgCyrt.

Figure 29 shows the evolution of the zonal mean flux globdbp panel) and in the Atlantic and Pacific basins separately
(middle and bottom panels respectively). It can be seen Widte the global total flux continued to increase throughbe
period, there were certain latitudes in some basins wheréluk peaked and then began to decline - despite the atmaspher
CGO, concentration continuing to increase. This effect is paléirly noticeable in the Atlantic between 50 and°6Q with the
peak uptake occurring between 1980 and 2030 before an eatiefedecrease. Such a "peak and decline" feature is seen in
many CMIP5 model simulations as well as in other future satiahs, and the causes are examined in Halloran et al. (2015)
In the Southern Ocean, meanwhile, the uptake shows a madoatod significant increase, particularly in the second bhlf
the 21st century.

Figure 30 shows the seasonal cycle of the zonally-meanadlftox during the 2090s globally and in each ocean basin
separately. It can be compared to Figure 13, which showsaime £ycles during the 2010s. It is clear that there has been a
substantial shift towards net uptake, particularly whéere was substantial uptake already in the 2010s; but thergoae
areas which were sources at the earlier time that becams &intmospheric CQat the later time. There are also regions
(e.g. the Atlantic around £4Bl) which were weak sources in the summer months during th@20uit which have become
strong sources by the 2090s; and this is despite thosedasifoeing stronger sinks in the winter and spring monthsedater

time. Overall, therefore, the cycling of G@etween the ocean and atmosphere seems to have generibified.

5 Conclusions

The Diat-HadOCC model is a development of the earlier Had@@ael, including separate diatom and misc-Phytoplankton
components and representations of the dissolved silicatéran cycles in the ocean and through the marine ecosy3gteen.
model forms the ocean biogeochemistry component of the Migte® coupled Earth System model HadGEM2-ES, and
has been used to run a wide-ranging suite of simulationshiBIOMIP5 experiment. This paper has described the model in
detail and presented a selection of results from those atioank. The results shown (and many more) are freely availab
from the Earth System Grid website (https://pcmdi.linlggmojects/esgf-lIinl/). The model has been shown to be loi@paf
reproducing many of the important features of the marindararcycle, including annual mean surface concentrations of
dissolved inorganic carbon and total alkalinity and theseeal cycle of ocean surface pgO'he climate change response
of the model is also shown to be in accordance with similar efiiody studies. In terms of the ecosystem, dissolved muitrie
concentrations (and their seasonal cycles) match avaitiibsets well. Model chlorophyll tends to be more extrérae that
inferred from satellite-derived ocean colour data: lowethie ocean'’s oligotrophic gyres but considerably higheargas of
high phytoplankton productivity and especially in the Emuial Pacific. In contrast, the model’s total primary protiuty is
around the lower bound of observational estimates. Diatoadee up 55% of the total phytoplankton biomass.
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Code availability. Due to intellectual property right restrictions, the author cannot provitierethe source code or documentation papers
for the Unified Model (UM). The Met Office Unified Model is available fose under licence. A number of research organizations and
national meteorological services use the UM in collaboration with the Met®©ffi undertake basic atmospheric process research, produce
forecasts, develop the UM code and build and evaluate Earth systenmismBdefurther information on how to apply for a licence, see
http://www.metoffice.gov.uk/research/modelling-systems/unified-inode
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Figure 1. Diagram of the Diat-HadOCC model components and flows of nitrogehpoasilicon and iron
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Figure 2. Comparison of surface chlorophyll: upper panel, mean over thesy#@t0-9 inclusive from the model, Historical+ RCP8.5
scenario; lower panel, mean over 1998-2007 from GlobColor, witthéurprocessing as described in (Ford et al., 2012). Units are mg Chl
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Figure 3. Seasonal cycle of global zonal mean surface chlorophyll, in mg CHL top panel, average over the years 2010-9 inclusive from
the model, Historical+RCP8.5 scenario; middle, the same but scalecttny 8213/0.812 (=0.262) so that the model mean matches the
observations; bottom, satellite-derived data from GlobColor, average1998-2007 inclusive.
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Figure 4. The amplitude (left-hand panels; units are mg Chi*nand phase (right-hand panels; units are 'fraction of year’) of thsaeal
cycle of surface chlorophyll in the model (upper panels; averageymars 2010-9, Historical+RCP8.5 scenario, amplitude scaled toy fac

0f 0.213/0.812) and in the GlobColor data (lower panels; averageyeees 1998-2007). The amplitude has been determined by finding the
best-fitting sine-curve through the monthly-mean values of the avesaige @t each point, and the phase refers to the fraction of the year

when the fitted curve is at its maximum.
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Figure 5. Phytoplankton surface biomass (in mMol N'f), averaged over the model years 2010-2019 inclusive, for (ypoeel) Diatoms,

and (lower panel) misc-Phytoplankton.
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Figure 6. Phytoplankton surface biomass mean seasonal cycle, averagedanie years 2010 to 2019 inclusive, for (upper panels) Diatoms
and (lower panels) misc-Phytoplankton. Left-hand panels show théitadgp(in mMol N m~2) and the right-hand panels the phase (in
fraction of calendar year).
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Figure 7. Phytoplankton surface biomass (in mMol N'f), zonal mean (taken globally for left-hand panels, across Atlantic kmagin

for right-hand panels), averaged for each month over the modes$ Y84 0-2019 inclusive: upper panels, Diatoms; lower panels, misc-
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Figure 8. Primary Production (g C m? d~!), depth-integrated, averaged over the model years 2010-2018iirelbottom panel, PP by
misc-Phytoplankton; middle panel, that by Diatoms; top panel, total by bottoplankton types
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Figure 10. Surface ocean pCO2 (in ppmv): upper panel, model field averagedtiee model years 1990-2009 inclusive; lower panel,

Takahashi gridded field from data, annual mean, referenced tetre2900
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Figure 11. Surface ocean pCO2, seasonal cycle: upper panels, modelgastareer model years 1990-2009 inclusive; lower panels, Taka-
hashi gridded data, referenced to the year 2000; left-hand pangidifuede of the cycle (ppmv); right-hand panels, phase of the cycle (in
fraction of year)
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Figure 12. Total air-to-sea flux of C@(ng C m 2 s~!; positive values into the ocean), mean over model years 2010-26tLiire: upper

panel, total flux (natural cycle and anthropogenic perturbation); Ipagel, anthropogenic perturbation
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Figure 14.As Figure 13, but for the air-to-sea flux of anthropogenic,@ly (ng C m 2 s™1)
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Figure 15. Surface concentration of Dissolved Inorganic Carbon (mMol C)ntop panel, model field averaged over model years 2010-
2019 inclusive; middle, model field averaged over model years-1999 inclusive; bottom, the gridded field from the GLODAP database
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Figure 16. Surface DIC, model seasonal cycle, averaged over model 284652019 inclusive: upper panel, amplitude of cycle (mMol C
m~3); lower panel, phase of cycle (fraction of year)
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Figure 17. Surface dissolved nitrate (mMol NTd): upper panel, model field averaged over model years 2010-i2@l&ive; lower panel,
the gridded field from the 2005 World Ocean Atlas
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Figure 18. Surface dissolved nitrate, seasonal cycle: upper panels, mode| eyeraged over model years 2010-2019 inclusive; lower
panels, the cycle from the monthly gridded fields from the 2005 World @édlas; left-hand panels, the amplitude of the cycle (mMol N
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Figure 19. Surface dissolved silicate (mMol SiTi): upper panel, model field averaged over model years 2010i20L&ive; lower panel,
the gridded field from the 2005 World Ocean Atlas
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Figure 20. Surface dissolved silicate, seasonal cycle: upper panels, mode| ayeraged over model years 2010-2019 inclusive; lower
panels, the cycle from the monthly gridded fields from the 2005 World @éeias; left-hand panels, the amplitude of the cycle (mMol Si

m~3): right-hand panels, the phase of the cycle (fraction of year)
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Figure 21. Surface dissolved iron (uMol Fe ™): upper panel, model field averaged over model years 2010-2@lgsive; lower panel,
amplitude of the model seasonal cycle averaged over the same period
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Figure 22. Surface dissolved nitrate concentration (mMol N'Hjy global zonal and annual means for model years 1860 to 2089, the

CMIPS5 Historical and RCP8.5 simulations, showing the response to tigaalimatic forcing
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Figure 23. Surface total chlorophyll concentration anomaly (mg Chi*h zonal and annual means for model years 1860 to 2099, from
the CMIP5 Historical and RCP8.5 simulations: upper panel, zonal nigthe étlantic Ocean basin; lower panel, zonal mean of the Pacific
Ocean basin. The anomaly has been calculated by subtracting theestirfaoophyll concentration field, meaned over the years 1860 to
2099 inclusive, as produced by the piControl simulation from the amtmeahs of the Historical and RCP8.5 simulations
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Figure 24.Change in the seasonal cycle of surface chlorophyll concentratioe @NHP5 RCP8.5 simulation: change is calculated between
the mean seasonal cycles of the model years 2090-2099 and 20290Zbnal means of the (upper panel) Atlantic Ocean basin and (lower

panel) Pacific Ocean basin
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Figure 25. Change in the depth-integrated total Primary Production (mg¢ dr?) in the RCP8.5 simulation: difference between the
model years 2090-2099 and 2010-2019. Upper panel: differendecadal means; lower panel: difference in amplitude of mean salason

cycle
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Figure 26.Change in annual mean depth-integrated Primary Production (mg°@m') during the model years 1860 to 2099 in the CMIP5
Historical and RCP8.5 simulations. Upper panels, PP by Diatoms; lowmelgdP by misc-Phytoplankton; left-hand panels, Atlantic Ocean

basin zonal mean; right-hand panels, Pacific Ocean basin zonal mean
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Figure 27. Change in surface pGQ(ppmv) during the model years 1860 to 2099 in the CMIP5 Historical aG8&5 simulations. Top
panel: the anomaly over the period of the simulations, calculated by stibyéite annual means of the piControl simulation from those of
the Historical and RCP8.5 simulations. Middle panel: the decadal meamedynduring the model years 2090-2099, calculated by subtracting
the relevant years of the piControl from those of the RCP8.5 simulatiottoB panel: the seasonal cycle amplitude anomaly averaged over

the model years 2090-2099, calculated as for the middle panel58
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Figure 28. Time-evolution of the annual mean global total air-to-sea, @0x (Pg C yr ') between model years 1860 and 2099 in the
CMIP5 Historical and RCP8.5 simulations
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Figure 29. Change in the annual mean total air-to-sea,@0x (ng C m 2 s~!) during model years 1860 to 2099 in the Historical and
RCP8.5 simulations. Top panel: global zonal mean; middle panel: Atlasga®basin zonal mean; bottom panel: Pacific Ocean basin zonal

mean
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Figure 30. The seasonal cycle (monthly means) of the total air-to-seaf@® (ng C m 2 s~ ') averaged over the model years 2090-2099
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Ocean basin
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Table 1.Diat-HadOCC model state variables

Symbol Description Units

DIN dissolved inorganic nitrogen mmol-N /Am
Si silicic acid mmol-Si / n
FeT total dissolved iron umol-Fe / fn
Ph miscellaneous (misc-) phytoplankton  mmol-N7m
Dm diatom phytoplankton mmol-N / fn
DmSi  diatom silicate mmol-Si/ fh
Zp zooplankton mmol-N /
DtN detrital nitrogen mmol-N /
DtSi detrital silicate mmol-Si / m
DtC detrital carbon mmol-C / th
DIC dissolved inorganic carbon mmol-C Pm
TAlk  total alkalinity meq / M

Oxy dissolved oxygen mmol-02 /n
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Table 2. Polynomial coeffs relating to square root of pigment in depth-ranfe

bo, 1 b1, ba, 1 b3, 1, ba, 1, bs, 1.

0.095934 0.039307 0.051891 -0.020760 0.0043139 -0.@H®5
0.026590 0.016301 0.073944 -0.038958 0.0075507 -0.GIXH4
0.015464 0.14886 -0.15711  0.15065 -0.055830 0.0075811

W N P~
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Table 3. Polynomial coeffs for% as a function of pigment and depth

gcofi = g1 =0.048014 gcofe = g4 = 0.0031095
gcofs = g2 =0.00023779 gcof7 = g9 =0.0012398
gcofs = gs =-0.0090545 gcofs = gs =0.0027974
gcofs = g7 =0.00085217 gcofs = g10 =-0.00061991
gcofs = g3 =-0.023074  gcofio = gs =-0.0000039804
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Table 4. Polynomial coeffs and rational function coeffs for psynth calculation

Coeff i=1 2 3 4 5
Q; 1.9004 -0.28333 0.028050 -0.0014729 0.000030841
Yi 1.62461 0.0045412 0.13140
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Table 5. Parameter values used in CMIP5 simulations

Param Value  Units Description
pPEM 15 dt Max rate of psynth; misc-Phyto, Fe-replete
pEh 15 dt Max rate of psynth; misc-Phyto, Fe-limited
PR 185 dt Max rate of photosynthesis; diatom, Fe-replete
PO 111 dt Max rate of photosynthesis; diatom, Fe-limited
afh 0.02 mgC(mgChiy! h™! (uEinstm 2s7!)~! Initial slope of the psynth-light curve; misc-Phyto
aPm 0.02 mgC (mgChi' h™! (uEinstm 2 s7!)~!  Initial slope of the psynth-light curve; diatom
kB 0.1 mMolNm3 Half-saturation const, N uptake; misc-Phyto
kBT 0.2 mMol N m~3 Half-saturation const, N uptake; diatom
EQm 1.0 mMol Si 3 Half-saturation const, Si uptake; diatom
REN 6.625 mMol C (mMol Ny ! Molar C:N ratio, misc-Phyto
REm™ 6.625 mMol C (mMol Ny ! Molar C:N ratio, diatom
R 5.625 mMol C (mMol N)* Molar C:N ratio, zoopl
Rﬁg’;h,) 0.606 mMol Si (mMol N)* Molar Si:N ratio, diatom, Fe-replete
RO, 0.606 mMol Si (mMol N)* Molar Si:N ratio, diatom, Fe-limited
R0 40.0 mgC (mgChhiy! default Carbon:Chlorophyll ratio, misc-Phyto
RE i mim 200 mgC (mg Chiy' minimum Carbon:Chlorophyll ratio, misc-Phyto
RE i mas  200.0  mg C (mg Chiy* maximum Carbon:Chlorophyll ratio, misc-Phyto
Rf{ﬁhl,o 40.0 mgC (mg Chiy! default Carbon:Chlorophyll ratio, diatom
RgTh,’mm 20.0 mgC (mg Chiy* minimum Carbon:Chlorophyll ratio, diatom
Rgfg;l,mz 200.0 mg C (mg Chi)! maximum Carbon:Chlorophyll ratio, diatom
Jmaz 0.8 dat Max specific rate of zooplankton grazing
Jsat 0.5 nMol N m™® Half-saturation const for zoopl grazing
bpr frh 0.45 (none) Zoopl base feeding preference for misc-Phyto
bpr fDm,r 0.45 (none) Zoopl base feeding pref: diatom, Fe-replete
bpr fDm,1 0.45 (none) Zoopl base feeding pref: diatom, Fe-limited
bpr fpt 0.10 (none) Zoopl base feeding preference for detritus
Fingst 0.77  (none) Fraction of food that is ingested
Fressy 0.1 (none) Frac of non-ingstd food to dslvd nutrient/carbon
Brh 0.9  (none) Assimilate-able frac of ingested misc-Phyto
gPm 0.9 (none) Frac of ingested diatom that can be assimilated
gPt 0.7 (none) Frac of ingested detritus that can be assimilated
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Table 5a.Parameter values used in CMIP5 simulations (cont)

Param Value Units Description
nrk, 0.05 dt misc-Phyto respiration, specific rate
Hf?;?p 0.0 d! Diatom respiration, specific rate
|} A 0.05 d ' (mMol N m=3)~! misc-Phyto mortality, density-dep rate
Phimin 0.01 mMol N m3 misc-Phyto conc below which mortality is zero
mnbm, 0.04 d ! (mMolNm—3)~! Diatom mortality, density-dep rate
mn’» 0.05 dt Zooplankton losses, specific rate
mnze . 0.3 d! (mMolNm=3)~! Zoopl. mortality, density-dep
Fromp 0.01 (none) Fraction of mortality to dissolved nutrient
 —— 0.67 (none) Fraction of zoopl mortality to dissolved nutrient
Vi 10.0 md! Sinking speed, detritus
e« 8.58 md* Detrital remineralisation rate factor, carbon
b 0.125 dat Max detrital remineralisation rate, carbon
o 8.58 md! Detrital remineralisation rate factor, nitrogen
JH EAA, 0.125 d Max detrital remineralisation rate, nitrogen
motse 0.05 dt Detrital silicate (opal) remin/dissolution rate
Vbm 1.0 mad! Diatom sinking speed
Fere 0.025 1Mol Fe (mMol C)™* Molar Fe:C ratio for ecosystem
krer 0.2 Mol Fe m3 Half-saturation factor for Fe-limitation
LgT 1.0 pMol m—3 Total ligand concentration
Krer 200.0 @Mol m—3)~1 Fe-ligand partition function
nrsk 50x107°  d! Adsorption rate of iron onto particles
ht9a 1.302 mMol Q. (mMol C)~* Molar O,:C ratio for ecosystem
Rﬁfépp 0.0195 mMol CaC@ (mMol C)~* Misc-Phyto molar ratio, carbnt frmtn:organic prodn
Ziys 2113.0 m Depth of lysocline
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