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Introduction

PROWQM isa 1-D depth resolving model which couples physical and microbiologica
processes in the water column with sedimentation/resuspension and benthic mineralization
processes, was devel oped during PROV ESS from the earlier model COHERENS (Luyten et
al., 1999). Thisreport briefly documents the water-column and benthic biological and
sedimentological processesin PROVESS. It islargely draw from the model description in the
paper by Leeet al. (ms) which includes rsimulate seasonal changes of chlorophyll, nutrients
and oxygen at the PROVESS North site (59°20'N 1°00'E) in the North Sea. Figure 1*
provides an overview of the relevant processes described by PROWQM.

Thepelagic biological sub-model 2M PPD includes a'diatomy' microplankton
(MP1) and a'flagellatey’ (or microbia loop) microplankton (MP2), the cycling of silicon and
nitrogen, slow sinking detritus, and fast sinking phyto-detritus. Phyto-detritusis formed by
shear-driven aggregation of particulate material, using a simple algorithm for bulk processes
that is derived by considering the interactions of single cells. The microplankton compartments
include heterotrophic bacteria and protozoa as well as phytoplankton, and most microplankton
rates are specified with the aid of a'heterotroph fraction' parameter. The microbiological
system is closed by mesozooplankton grazing pressures imposed as time varying series
determined from observed zooplankton abundance. Thebenthic boundary sub-model
Benthos6 includes asuperficial Fluff layer and a nutrient element reservoir in the consolidated
sediment. Particulate material in the Fluff layer can be resuspended (in response to bed stress
by near-bed flows), mineralized or carried by bioturbation into the underlying, consolidated,
sediment, where it ismineralized and its nutrients returned to the water-column at rates mainly
dependent on (implicit) macrobenthic pumping. Benthic denitrification can occur when
mineralization rates exceed oxygen supply. Thephysical and optical sub-models of
PROWQM force the biological and sedimentological processes by providing changing vertica
distributions of light and shear, and bed stress. The physical sub-model solves the transport
equations for al biological variables, aswell as generating turbulence to bring about vertica
mixing.

Pelagic model

2MPPD isatwo-microplankton sub-model of the pelagic ecosystem excluding higher trophic
levels (whose effects are represented as a grazing pressure). The sub-model includes a

* Figure 1. The pelagic biological submodel (2MPPD, with 2 microplanktons and aggregation)
and the benthic biological and resuspension submodel (Benthos6, with layers for fluff and
consolidated sediment) in PROWQM.
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‘diatomy" and a 'flagellatey' microplankton, the cycling of silicon aswell as nitrogen, and the
formation and rapid sinking of phytodetritus as well as slower-sinking detritus. In PROWQM
the evolution of ageneralised tracer is described by

() TYmt = -Fv/Mz + by concentration d-1

where conservative transports are described by a Fickian approximation for turbulent and
advective flux:

(20 Fy = <wW+w+wy).(Y+Y)> » -K.TYMz+wy.Y amountm2dl

where wy isaswimming or sinking velocity in the case of particulates, or zero in the case of
dissolved tracers. Water advection w istaken as zero. The vertical, z, axis, increasesin value
from the sea-bed upwards, so positive fluxes are upwards and negative values of wy represent
sinking. The lower boundary condition is defined by the benthic model, described below. The
upper boundary condition is zero-flux for al tracers except oxygen, which has air-sea exchange
parameterized following Tett & Walne (1995):

(3) Fo[z=h] = -kw.W2.(Ogsz[z=h] - O[z=h]) mmol O, m2d-1

where W iswind speed and Og[z=h] gives seawater saturation concentration at the smulated
temperature of the near-surface water.

Theterm by in equation (1) summarises biogeochemical sources and sinks for carbon,
nitrogen, oxygen, silicon and photosynthetic pigment variables in each microplankton, detritus
and water compartment. The sums of the b-terms over all nitrogen variables, or over al silicon
variables, are conservative. Theterms are listed for all state variablesin Table 1, and Table 2
listsrate equations. Microplankton and detritus equations for carbon, nitrogen and oxygen are
essentially those of the earlier model L3VMP (Tett, 1990b; Tett & Grenz, 1994; Tett & Walne,
1995), except that there are now two types of microplankton, and the parameters for each
microplankton are now defined in terms of constant autotroph and heterotroph parameters and
h, the 'heterotroph fraction' of the microplankton biomass (Tett, 1998; Smith & Tett, 2000;
Tett & Wilson, 2000). Autotroph and heterotroph parameter valuesin MP1, the diatomy
microplankton, are taken as standard. The values of MP2 parameters involving cell-surface
processes are increased in proportion to their relatively greater surface area. Table 3 shows the
derivation of microplankton parameters from autotroph and heterotroph parameters. Table 4
focuses on the differences between MP1 and MP2. Table5 lists detrital parameters.

2MPPD has developed from the MP component of L3VMP by adding silicon cycling
and the formation of phytodetritus by shear-induced aggregation as well as by dividing the
microplankton into two compartments.  As an example of ab-term, the nonconservative
processes acting on MP1 carbon are described by

4) bg1=(m - G).Bj - kKaas.gs.B 12 mmol carbon m-3 d-1
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where B; isthe biomass of this microplankton quantified as a concentration of particulate
organic carbon, my is growth rate (d-1) after taking account of respiratory losses, and G is
grazing pressure (d1). The final group of terms gives the rate of loss due to aggregation,
which converts the diatomy material into phytodetritus. The expression simplifies '‘coagulation
kernel' theory (Jackson, 1990) for use with bulk concentrations rather than organism number
concentrations (see Appendix). The parameter ag represents 'stickiness' - the probability that
an encounter between two organisms will led to them sticking together. g is small-scale shear,
calculated from the rate of dissipation of turbulent kinetic energy given by the physical sub-
model. katakesaccount of geometrical factors and unit conversions.

Microplankton growth in 2MPPD is based on a modification of the 'cell-quota,
threshold limitation' model of Droop (1983):

G m = min(i (<1>),; (Q),[} (Q)I) dt
L(<I>) = (a.<I>.c-rg)/(1 + 1p) where: ¢ = XgNa(Q-gh.h)
1 (Q) =1 (Q)-Mmax-(1-(Qmin/Q)) where: Q=N/B
[} G Q) =1 (Q)-Mnax-(1-(5 Qmin/SQ)) where: SQ=SN/B]

<I> isthe mean PAR experienced by microplankton at a given depth, calculated using the
optical model described by Smith & Tett (2000), which takes account of self-shading by
microplankton and light attenuation by other particulates. The light-controlled growth function
| (1) is parameterized for illumination averaged over 24 hours (Tett, 1990a). Because
PROWQM includes diel variation in solar radiation, it wis necessary to smooth this variation
before applying it to the biological model. Both diel variability, and smoothing, are as
implemented in the COHERENS model (Luyten et al., 1999).

The'cel quota, Q isthe bulk ratio of cell nitrogen to cell organic carbon (or of cell
silicato cell carbon in the case of diatoms and S'Q). The derivation of the microplankton
equations assume that phytoplankton can take up nutrient in excess of need, so increasing their
cell quota, or use stored nutrient to sustain growth when seawater supplies have been depleted.
The microheterotroph component of microplankton is however assumed (Tett, 1998) to havea
congtant elemental composition. The silicaterm in equation (5) applies only to diatomy
microplankton.

The nitrogen quotais also important in that it controls the bulk chlorophyll:carbon ratio
C (seeegn. 5) and the rate of vertical movement of microplankton. Diatoms, and their
associated heterotrophs, are assumed to sink more quickly when depleted of nitrogen.
Phytoflagellates, accompanied by their protozoan grazers, are assumed to swim downwards
when nutrient-starved and upwards when nutrient-repl ete.

Grazing by mesozooplankton is represented as a grazing pressure, calculated from
observed biomasses of pelagic crustaceans likely to consume phytoplankton or pelagic
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protozoans. The forcing time-series G is only applied when the biomass of a particular

microplankton exceeds a threshold:

(6) 0= avgpi.G  :B;j? Bjgd dt
€0 : Bj < Bjo@ i = MP1 or MP2 or phytodetritus

The effect is further modified by using p; to represent a mesozooplankton preference for a
particular food and wg for an overall weighting factor which can be adjusted to fit smulated to
observed microplankton biomass. The introduction of separate thresholds for each type of
food alows the simulated mesozooplankton to be switching predators, which aids model
stability (Fasham et al., 1990; Tett & Wilson, 2000).

Benthic and resuspension model

The Benthos6 model deals with carbon, nitrogen, oxygen and silicon. It contains three layers,
representing consolidated sediment, 'fluff' and water column (Figure 2). Only particulates are
represented in the sediment and fluff layers. The water column layer exists in Benthos6 only to
take account of changes in solubles resulting from biogeochemical processesin the underlying
layers, and to provide an interface between the benthic and pelagic models. It has no b-terms of
itsown.

Fluff layer biogeochemical dynamics are largely those of Smith & Tett (2000) with
added silica; the resuspension dynamics are modified from S. Jones et al. (Jones et al., 1996;
Jago & Jones, 1998; Jones et al., 1998). For atypical particulate:

(7)  dY°[f]/dt = wy.Y[1] - Fy[f] - ki.Y°[f] + b&/[f] amount m2 d-1

where ki isarate (d-1) of bioturbation transfer of the particulate from the fluff layer into the
consolidated sediment and F y[f] isthe resuspension flux. Y[1] isthe concentration of the
particulate in the model's near-bed water (at smulation gridpoint 1) and Y °[f] is the amount per
square metre in the fluff layer. b%/[f] indicates the rate of change per square metre due to
biogeochemical sources and sinksin the fluff layer.

The maximum resuspension flux is:

(8 Fpr=as.(t/tg" gm2sl

where the bed stresst (kg mrl s-2) was computed by the physical model, and related to a
constant reference stresstg. The resuspension coefficient aswas 0.0020 g m2sl. The
amount resuspended was shared between the inorganic and organic components according to
their relative massin the fluff layer (see egn. 10). This assumesthat the rate of transfer from
fluff into water column isindependent of particle composition and settling velocity, although
the balance of resuspension and deposition varies according to the settling velocity of each
component.
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The Fluff layer also includes a state variable (A, g mr2) representing fine inorganic
particulate. The total amount of this particulate is conserved asit is resuspended and deposits,
and itsmain roles are (i) to add mass to the contents of the Fluff layer , and (ii) to attenuate light
when in suspension (Luytenet al., 1999; Smith & Tett, 2000).

The remineralization model for the consolidated sediment does not evaluate solublesin
pore water, because to do so would require a very short integration timestep to avoid numerical
instability Instead, it calculates the maximum oxidant flux:

9 F ox* = -(E/hp).((O[1]-Omin) +(NOF[1]-NOSy;iy)) mmol m-2 d-1

where hy isthe notional thickness of the consolidated sediment, and E is atemperature-
dependent exchange velocity that takes into account both pore water molecular diffusion and
macrobenthic pumping. O[1] and NOF[1] are the concentrations (mmol m-3) of dissolved
oxygen and nitrate in the near-bed water. Omin and NOS,ii, parameterize conditionsin
sediment pore water. Because the greatest potential fluxes would occur when the values of
these parameters were close to zero, Omin Was based on the pore-water concentration of
oxygen below which nitrate is used as an oxidant. NOSy,i, was given an arbitrary low value.

All particulates bioturbated into the consolidated sediment are deemed to be converted to
detritus. The actua rate of organic carbon mineralization is calculated as the minimum of
temperature-dependent first-order detrital carbon decay and the mineralization supportable by
Fox+. Thusthe equation for sediment carbon is:

(10)  dC°[b]/dt = k.(B1°[f] + B2°[f] + C°[f] + Cpd’[f]) + bc[b] mmol Cmr2d-1
where: bclb] = - min{ Ckp.! (Q[wW]).C°[b], F ox*}

If the carbon mineralization rate exceeds that supportable by the oxygen component of
the oxidant flux, then denitrification takes place. Nitrogen mineralization takes placein
proportion to carbon mineralization, giving rise to ammonium if the oxygen flux is completely
consumed by carbon mineraization, or to nitrate if oxygen isavailable. Silicamineraizationis
atemperature dependent first-order decay. All the resulting fluxes of dissolved oxygen, nitrate,
ammonium and silicaimpact on the water layer of the benthic model, as do the results of
mineralization in the fluff layer. All temperature-dependence is described by the Arrhenius
equation witha Qg of 2.0, asin the pelagic model. Parameter values for the benthic model are
listed in Table 6. Some of the values were obtained by fitting the model to observations at the
PROVESS south site (Grenz et al ., inrev).

Numerical methods

PROWQM isimplemented as a Fortran program using the same structure as the COHERENS
program (Luyten et al., 1999). Most equations in the physical sub-model are solved implicitly.
In contrast, the biological and chemical b-terms are evaluated explicitly. Although this may
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reduce the efficiency of the numerical algorithms, it has the advantage that the smulations
conserve both nitrogen and silicon. The numerical scheme takes particular account of problems
that might arise due to complete removal of a quantity during atimestep. In general, the pelagic
and benthic models are designed to avoid such problems, but they can occur, even with a short
integration timestep, in the cases of fluff layer particulates and in seawater nutrients.

Under conditions of high bed stress, particulate resuspension is controlled by the
amount of particulatesin the fluff layer. The numerical scheme therefore prevents the balance of
resuspension and sedimentation fluxes from exceeding the amount available in the fluff or
water column layers of the benthic model. For any particular constituent, the mass
resuspension during asimulation timestep Dt is:

(11) Fyi.Dt=min{ (F . (YS[F1/SY°[f]) - wyi.Yi[1]).Dt, Y©i[f] } mass 2

where amounts are calculated as masses rather than as molar amounts, and SY °[f] wasthetota
mass of particulates (including inorgancs) in a square metre of the fluff layer.

In cell quota models, nutrient uptake is a highly effective process that can result in very
low simulated concentrations of ambient nutrient. The numerical scheme thus has to prevent
the uptake of nutrient during a timestep from exceeding the amount available at the start of the
timestep. We found that, in some cases, al available nutrient was captured by the
microplankton which was ssimulated first in each time-step. Thus the numerical scheme
includes random aternation of the order of calculation, so that MP1 and MP2 had an equal
probability of obtaining scarce nutrient.
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Tables
1. State variables and b-termsin 2MPPD.
2. (Pelagic) rate equations.
3. Microplankton parameters.

4. Differences between the microplanktons.

5. Detrital and other pelagic biogeochemical parameters.

6. Benthic sub-model.
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Table 1: State Variables and p-termsin 2M PPD

Symbol | State Variable B-term processes
B1 MP1 carbon br1 = - 01).B1 - Ka8e.0<B 12 growth, grazing,
(mmol C md) B1= (M - g1).B1-Kads0gsB1 a0gregation
B2 MP2 carbon bg2= (M- g2).B> growth, grazing
(mmol C m-3)
C detrital carbon be = (1-0).(a1.B1 + 05.B > + 0nt.Cre) - Cr.C defecation,
(mmol C m3) c=(1-9).(91.B1 + 92.B2 + 9pa.Cpd respiration
Cpd phytodetrital carbon| b~ = k- 8. 0B 12 - Gt Croi - [t C aggregation,
(mmol C m-9) Cpd = Ka:8s.0s:5 1 - Opd-Cpd - 'pd-Cpd grazing,resp.
M detrital nitrogen by = (1- N1 + 0o.No> + OnaMad) - M defecation,
M (g1.N1+02.N2 . r.mM
(mmol N m-3) (1-9-(0 J 9paMpa) NH4* release
Mpd phytodetrital N brrd = O1.K 8. 0<.B 12 - Gt M et = Nrvart M aggregation,
(mmol N m-3) Mpd = Q1.-Kaas.0s.B 1% - gpdMpd - “rpa-Mpd arazing NH.4*
N1 MP1 nitrogen bnt = U1.B1 - 01.N1 - O1.Ka8c.0e.B 12 uptake, grazing,
(mmol N m-3 N1=U1.B1-01.N1-Q1.Kads0s:B1 aggregaion
N2 MP2 nitrogen bn2 = U2.B2 - g2.N>2 uptake, grazing
(mmol N m-3)
SN, [ MP1silica baint = Sui.B1-a1.SN1 - SOy Kaae.0e.B12 uptake, grazing,
(mmol Si m3) SIN1 1.B1-091.9'N1-9Q1.kads.0s:B1 agoregAtion
Sim detrital silica ban = (1- SINT + Ot SiMw) - Sit. S defecation,
(mmol Si m?) sim = (1-9).(91.9'N1 + gpd > Mpd) - 91.9M minealizaion
SMpq | phytodetrital silica . = SOk B2 - + S SM aggregation,
p (mmol Si m3) bsimpd Q1.Kaas.0s:B 14 - (gpd + Z'rpd) - Mpd grazing,mineraliz.
o) dissolved oxygen = OgB.(mi.B1+Mm.B o- - OgN_ NHy NH (net) growth,
(mmol O m-3) bo="a%(m.Br+mpBare.C) - =T TS resp., nitrification
NHs | dissolved bnhs = -(NHup.By + NHup.Bo) + uptake, mineral-
ammonium (rm-M+NrpgM ) - NHr NHS + ization, nitrific
(mmol N m-3) (1-6).0.(91.N 1+92.N 2+gpdMpd) -ation, excretion
NOg [ dissolved oxidised — _(NO NO NHy NH uptake,
N (mmol N m3) | Nos ™ (LB TR B2) + T TES nitrification
Sis dissolved silica o= -Siu1B1 -Sirg SIM - Sirg SIM uptake,
(mmol Si m-3) bsis =-=uyBy - S, "pd = Mpd mineralisation
Nz mesozooplankton N bnz = (1-€).6.(91.N1 + 92.N2 + oM pg) grazing
(mmol N m-3)
derived variable | equation units or process
Q microplankton cell | G = N;i/B;j (i=1for MP1, i=2 for MP2) mmol nutrient
quota SiQp=SN1/Bg (mmol C)-1
X1 diatom chlorophyll | % ; = XgN_(Q; - gn.h1).B1 mg nr3
X2 | flagellaem3 X5 = XqNa(Qz - gh-h2).B2 mg nr3
Xpd mg phytodetrital byrd = XgNA(O1 - dn.h1).Kade.0eB12 - Ona X nd - | @00regation,
chiorophyll m3 xpd = 2qNa(Q1 - dh-h1).Kads.0sB 1 - gpd X pd orazing, decay

erd. X pd
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Table 2: (Pelagic) Rate Equations

Rate varaiable| Equation units
microplankton - in(! | | (Si g1
mioroplariion = min( (<1>),{ Q[ SQ))
L) = (a.<I>.c- rg)/(1 + rp) where: ¢ = XgqNa.(Q-gh.h)
) | (Q) =1 (Q)-Mhax (1-Qmin/Q)
Ay [} (5Q) =} (Q)-Mnac(1-(S Qin/S Q)]
microplankton —1 I I I mmol N
nitrogFe)n uptake NOy = I (Q)-Noumax-u (NOS)-l |n(NHS)-| ml(Q) (mmol C)'l
NHu =1 (Q).NHumax. | (NHS).} in2(Q) dl
|(NOg) = NOS/(knos + NOS)
|(NHS) = &HS/(kyps + NHS) : Q£ Qmax
el : Q> Omax
Lin(NHS) = 1/(1 + (NHS/kin))
1in1(Q) = &1-((Q-th.h)/(Qmax-ah-h))) : Q£ Omax
€0 : Q> Qmax
1in2(Q) = 1-((Q - 6h-h)/(Qmax- 0h-h))
MP1 slica - j 1(SiQ) 1. (Si mmol SO,
uptake Sup =1 (Q)-S Umax-| (S'.S).I in(3 Q) | | | (mmol C)?l
1 (59 = #&Y(ksis+99) :SQESQmx |d?
él 1 SQ> S Qmax
1in2(3Q) = 1-((¥Q - Sgh-h)/(S Qmax- S an-h))
detrital —1 | -1
o ionrate | " =+ (Q-Crmac(Ol(ko + ).} (MQ) d
(phytodetrital 1 (MQ) = 1 - MQmin/(M/C)))? : MQ > MQpin
rate similar) &0 : MQ £ MQnin
where: MQ=M/C
detrital =1 | -1
e ium | Mr=1(QMrmaci MQ) d
release rate (phytodetrital rate smilar)
nitrificationrate | NHy = 1 (Q).NHr, . (O/(NHko + O)) dl
detrital silica ip— 1 | (Si a1
release rate S '(Q)'_'(SQd) . | _
(phytodetrital 1(5Qd = Brmax : 9Qg> S Qmind
rate similar) &0 : S Q4E S Qmind
where: SiQy=SM/C
grazing pressure gi= agpi.G - B; 3 Bjgd gl
€0 :Bi <Bjog fori=MP1, MP2, pd
lomperare 11(Q) =exp((Q- Qre) kq) Qrer=20°C kg=007°Ct | (ral0)
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Table 3: Microplankton parameters
(a) standard derived parameters

Parameter Derivation units
photosynthetic efficiency |2 = k.eF mmol C (mg chl)-1d-1
k =0.0864 sd1nmol mmol-1” 415 nEJ-1 | (W m-2)-1
basal respiration rate o= (roa(1-h) + ron.h.(1+ba).(ra/r) d1
respiration slope b= 1ba(l+bph)+bph :m>0 (ratio)
10 'm£E£ 0
max. nutrient-controlled - ) ) d1
growth rate* Mhax Mhaxa(1-h)/(1.2 - h)
minimum N quota Omin = Qmina(1-h) + gn.h mmol N (mmol C)-1
maximum N quota Omax = Omaxa(1-h) + gn.h mmol N (mmol C)-1
max. NO3- uptakerate* [ NOy e = NOupaxa(1-h).(r1/ri) mmol N (mmol C)-1d-1
max. NH4* uptekerate* | NHy . = NHumaxg (1-h).(r1/r;) mmol N (mmol C)-1d-1
(b) standard autotroph parameters
Symbol [ Description Value units
e phytoplankton photosynthetic pigment attenuation| 0.035 m?2 (mg chl)-1
cross-section for mean submarine PAR
F quantum yield of photosynthesis 40 nmol CnE-1
roa phytoplankton basal respiration rate 0.03 d1
ba slope of phytoplankton respiration on growth 0.5 (ratio)
XoNg yield of chlorophyll from nitrogen assimilated by | 2.0 mg chl (mmol N)-1
phytoplankton
Maxa maximum nutrient-controlled growth rate, at 20°C| 3.0 dl
NOUaxa | Maximum nitrate uptake rate, at 20°C 0.5 mmol N (mmol C)-1d-1
NHUmaa | Maximum ammonium uptake rate, at 20°C 15 mmol N (mmol C)-1d-1
KNHS ammonium conc. at which uptakeis half max. 0.24 mmol NH+ mr3
kKnOos nitrate conc. at which uptake is half max. 0.32 mmol NO3~ mr3
Kin NH4* conc. at which nitrate uptake is half max. | 0.5 mmol NHz+ m3
Qmina minimum cell nitrogen content 0.05 mmol N (mmol C)-1
Qmaxa maximum cell nitrogen content 0.20 mmol N (mmol C)-1
(c) standard heterotroph parameters
Symbol Description Value units
on microheterotroph basal respiration rate 0.02 d1
b slope of microheterotroph respiration on growth | 1.5 (ratio)
Oh constant microheterotroph cell nitrogen content 0.18 mmol N (mmol C)-1
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Table 4: Differences between the microplanktons

MP1 (i=1) MP2 (i=2) units
dominant autotroph diatoms flagellates
heterotrophs spring ciliates & | summer
dinoflagellates | microbial loop
assigned values
r notional size (spherical radius) 5 15 m
h heterotroph fraction 0.125 0.60 (ratio)
main microplankton model derived values (see Table 3)
Mnax maximum growth rate (at 20°C) 2.442 2.00 gl
Umax | max. nutrient uptakerate (NH4*) | 1.313 2.00 mmol (mmol C)-1d-1
(20°C) (NOgz?) |0.438 0.667
Qmin minimum nitrogen quota 0.066 0.128 mmol N (mmol C)-1
Qmax maximum nitrogen quota 0.198 0.188 mmol N (mmol C)-1
a (max.) photosynthetic efficiency 0.502 0.502 mmol C (mg chl)-1d-1
(W m2)1
C (max.) chlorophyll: carbonratio a Qmax | 0.35 0.16 mg chl (mmol C)-1
ro basal respiration rate 0.030 0.100 d1
Iy respiration increase with growth 0.781 1.850 (ratio)
assigned silicon parameters
Siumaxa | Max.algdl slicauptakerate (20°C) | 0.40 mmol Si (mmol C)-1d-1
Ksis silicaconc. for half max. uptake 0.32 mmol Sm-3
S Qmina | Minimum diatom silica content 0.050 mmol Si (mmol C)-1
Si Qinaxa | Maximum diatom silica content 0.12 mmol Si (mmol C)-1
Sgh microheterotroph silica content 0.0 mmol Si (mmol C)-1
microplankton model derived values for silicon (see Table 3)
Siumax | Maximum silica uptake rate (20°C) | 0.35 mmol Si (mmol C)-1d-1
SiQmin | Min. microplankton silicacontent | 0.044 mmol Si (mmol C)-1
SiQmax | Max. microplankton silicacontent | 0.105 mmol Si (mmol C)-1
other values
p mesozooplankton grazing pref. 1.0 1.0 (ratio)
Bo minimum biomass for mzp grazing | 0.42 0.42 mmol C m-3
WBmax | maximum sinking/swimming rate | -5.0 +2.0 m d-1
WBmin | minimum sinking/swimming rate | -0.5 m o1
vertical movement equations
MPL1 sinking rate wp1 = ((Q1 - Qmin1)/(Qmax1-Qmin1))-(WBmin1-WBmax1) + WBmax1 | m o1
MP2 swimmingrate | wp2 = 2.((Q2 - Qmean2)/(Qmax2-Qmin2))-WBmax2 md1
Qmean2 = (Qmax2+Qmin2)/2
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Table 5: Detrital and other pelagic biogeochemical parameters

Symbol | Description Value Units

g mesozooplankton assimilation efficiency 0.6 (ratio)

e mesozooplankton nitrogen excretion fraction 0.5 (ratio)

Crmax detrital carbon maximum mineraisation rate (at 20°C) | 0.06 d1

MF max detrital nitrogen maximum mineraisation rate (at 20°C)| 0.08 g1

St max detrital silicamaximum minerdisation rate (at 20°C) | 0.02 d1

MQmin detrital minimum nitrogen content 0.09 mmol N
(mmol C)1

S Qming | detrital minimum silicon content 0.09 g)_mlol Si(mmol

ko Oo half-saturation conc. for detrital C mineralisation 10 mmol Oy mr3

Crmaxpd | Phytodetrital carbon max. mineralisation rate (at 20°C) | 0.08 gl

Mroaxpd | Phytodetrital nitrogen max. mineralisation rate (20°C) | 0.06 gl

Stmaxpd | Phytodetrital silicamax. mineralisation rate (at 20°C) | 0.02 gl

MQminpd phytodetrital minimum nitrogen content 0.09 mmol N
(mmol C)1

SiQminpg | Phytodetrital minimum silicon content 0.09 mmol S
(mmol C)1

NHr o maxX. nitrification (ammonium-oxidation) rate (20°C) | 0.1 gl

NHK oxygen conc. at which nitrification is half-max. 30 mmol Oy m™3

OgB oxygen change associated with carbon biomass 1.0 mmol Oz

change (mmol Cyt

OgN oxygen change associated with NO3~ <--> NHz* 20 mmol Oz
(mmol N)1

Ka diatomy microplankton aggregation factor, taking into | 0.0215- | m3 (mmol C)1

account geometry and cell carbon content* 0.215 sd-l

3 diatomy microplankton stickiness* 0.25- 1.0 | (ratio)

wc vertical movement (sinking) rate of detritus -5.0 m a1

Wcpd vertical movement (sinking) rate of phytodetritus -100.0 m g1
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Table 6. Benthic sub-model

(a) consolidated sediment state variable equations

state variable equation units

(dertea) carbon, | aCe[ey/c = ke (B1°[1+BTM+CI+Cae [1]) + biclt] | mmol Cm2
bec[b] = - min{ kp.; (Q[W]).C°[b], Fox*}

i\'/i°?|ioﬁrogen’ dMe[b]/dt = ke.(N1°[f]+N2°[f]+MC[fl+Mpe’[f]) + bow[b] | mmol N mr2 d-L
bem[b] = - bec[b].MQb]

5 I\i"[' g]a, dSIMe[b]/ct = kr.(SN1°[f]+S MC[fl+S Mpe[]) +b°sim[b] | mmol Sim2 drt

b’sim[b] = - Sk} (Qw]).S M°[b]

See text concerning details for fluff and water layers.

(b) parameters

Symbol | Parameter Value Units

A Initial fluff amount of fine inorganic sediment 30.0 gm2

WaA1 Sinking rate of fine iSPM -5.0 m o1

to reference bed stress 0.1 kgnmlsl

n exponent of resuspension equation 3

as fluff resuspension coefficient 0.0020 gm2sl

i fluff to sediment bioturbation rate (at 20°C) 0.3 gl

Kg rate at which microplankton in fluff decaysto detritus | 0.1 gl
(at 20°C)

Siks decay rate of fluff biogenic silica (at 20°C) 0.1 g1

Ckp decay rate of |abile sediment organic carbon (at 20°C) | 0.02 gl

Siky decay rate of sediment biogenic silica (at 20°C) 0.04 gl

E sediment-water exchange velocity (at 20°C) 0.01 m o1

hp thickness of sediment, 0.05 m

Omin minimum sediment pore water oxygen 3 mn;ol O

n

NOS in minimum sediment pore water nitrate 0.1 mmol N m-3

NOqC nitrate required to oxidize organic carbon during 0.8 mmol NO3-
denitrification (mmol C)1
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Appendix: Aggregation

Jackson (2001) applied a coagulation scheme with up to 30 size-classes to the biological model
of Fasham et al. (1990), giving sinking speeds from 0.002 to 558 m d-1. In contrast, the
sinking rate spectrum in 2MPPD is discretised into only four compartments, although the speed
range covers 0 to 100 m d-1.

2MPPD compartments in relation to aggregation and sinking

compartments defined speed of aggregation and similar changes of state
radius, mm | Sinking under
gravity, m d-1
MP2 (flagellatey | 1.5 0.0 grazing-defecation converts to detritus
microplankton)
MP1 (diatomy 5.0 0.5-5.0 aggregate to form phytodetritus;
microplankton) grazing-defecation converts to detritus
detritus not defined | 5 formed by grazing, and by decay of
othersin fluff layer, but don't aggregate
phytodetritus not defined | 100 formed from MP1 by aggregation;
decaysto detritusin fluff layer

In the main part of 2MPPD, the defined cell radii influence rates that depend on surface-
volume ratios; here we use them to influence aggregation, introducing a minimum of extra
parameters. The main task of our aggregation formulation is to drive a process that may
truncate the Spring bloom and rapidly convert high concentrations of euphotic layer
microplankton into remineralisable material in the fluff layer. The physical process of
coagulation is deemed to occur only between cells of diatomy microplankton, and resultsin the
formation of rapidly sinking phytodetritus. No other particle classes are involved, although the
microheterotrophs that are part of MP1 are assumed to take part along with the diatoms.
Simulated grazing and defecation converts non-sinking MP2, as well as MPL, into detritus,
which provides a slower route to the fluff layer. The decay of phytodetritus to detritus to some
extent simulates disaggregation.

2MPPD dedsin bulk concentrations. However, we begin by considering encounters
between cellsof MPL, assumed to be possessed of the mean properties of included
microplankters. In principle, coagulation can result from Brownian motion, shear-driven
collision, or differencesin sinking speed. We consider only collisions resulting from relative
movement of identical cells dueto shear, a process parameterized by the collision kernel

(@) by = (1.3).0s.(re + re)3 m3sl
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(Pruppacher & Klett, 1980; Jackson, 1990). This kernel might be said to give the volume
swept by the trgjectory of asingle cell during asecond. The extent of sweeping is defined by
the cell's encounter radius, re, and movement relative to other cells by the shear, gs.

Shear arises from two causes. One isthe viscoudy damped effect of turbulent eddies
over distances less than the Taylor microscale, which is of order centimetres according to the
physical model. This micro-shear can be calculated from turbulent kinetic energy dissipation
ratee (m? s-3) in the physical mode!:

(32) 03 = (e/n)0.5 S—l

wheren ismolecular viscosity (m? s1). In addition, there are larger-scale gradients of
velocity:

@) & = (/12 + (Tvy/12)?)05 st
where vy and vy are velocity components provided by the physical model with resolution of

Dz. Figure A1(a) shows profiles of shear on day 122 of simulation NWO03. Except in the
upper thermocline, micro-shear (egn. a2) is bigger than macro-shear (egn. a3).

Returning to egn. (al), the collision kernel can be used to cal cul ate a volume encounter
rate per cdll, the product ban where nisthe MPL cell concentration. It isthe probability that
the one-second trgjectory volume of agiven cell will overlap the trgjectory volume of another,
similar, cell. The parameter ag, stickiness, gives the proportion of these encounters that result
in aggregation. Thusthe cell loss rate due to aggregation, is

(ad) relativelossrate = 2.as.ban sl
The factor 2 appears because each sticky encounter resultsin the loss of two cells.

Equations (al) and (a4) relateto single cells. A bulk rate can be calculated by applying
the cell lossratein (a4) to the bulk microplankton biomass B4, giving the daily loss flux due to

aggregation as:

(85)  baggp1 = -2.as.b5n.B1.(86400) mmol C m-3d-1
Cell concentration in this hybrid equation is estimated by n = B1/Cqn. Cqnisthe carbon
biomass content of a spherical cell, given by:

(@) Cogn = (43.p.rm3).Cqv mol C cell-1
where CqV isthe typical content of organic carbon per unit volume of diatomy microplankter

protoplasm, taken as 1 x 104 mol m3. The radius of mass ry, of diatomy microplankton is
defined as 5 nm, and hence €Ny = 5.24 pmol C cell-L.

Combining the geometric and numerical constants from (a5) in asingle factor givesthe
form used in the main text

(@7)  baggs1 = Kaas.0s.B 12 mmol m-3 d-1

where
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ka= (86400).(1.3).(2.re3/((4/3.p.rm3).€qv) = (0.0215).(re3rm3) m3 (mmol Cylsd-1

Theradiusterms cancel if a cell's encounter radius is the same as the radius defining its volume
and biomass. This might not be the case; a spiny diatom might well have an encounter radius
that islarger than the radius of the sphere equal to the cell's protoplasmic volume. Thuswe
define the correction factor r* asthe cube of the ratio of the encounter and mass radii, and
hence

(@) ka = (0.0215).r* m3 (mmol C)ylsd1

The factor is equivalent to re3D, where D isthe fractal dimension that specifies the relationship
betwen a particle's apparent volume and its volume when converted to a solid sphere (Jackson
et al., 1997).

In the main text we explored the effect of r* =1 (all NC and most NW simulations) and
r* =10 (NWO04), as well asthe effect of changing stickiness from 0.25 to 1.0, using shear
caculated by egn. (a2).. Figure A1(b)" givesvaues of relative bulk loss rate due to
aggregation, calculated from

(a9) lossrate = Kads 0s.B1 a1

Rates are shown for several scenarios, with different values of the aggregation parameters and
biomass. The low value of diatomy microplankton biomass B; equates with about 1 mg
chlorophyll mr3, the high biomass with about 5 mg m-3, close to the peak of the Spring bloom
in NWO03. Rates at different levels of shear, corresponding to different parts of the water-
column and different ways of calculating shear, may be compared with typical growth rates of
diatomy microplankton, which reached 0.4 d-1 during the Spring bloom, and more generally
span an order of magnitude around 101 d-1. It can be seen that significant aggregation loss
occurs only in parts of the water-column where shear is high, and that the larger values of ag
and ka are likely to lead to excessive losses when aggregation is driven by micro-shear (aswas
standard in simulations reported in the main text).

* Figure AL. (a) profiles of micro-shear (egn. a2) and macro-shear (egn. a3) in simulation
NWO03 on day 122. (b) Relative aggregation loss rate according to egn. a9, for four scenarios
representing different values of the aggregation parameters ky and a and diatomy
microplankton biomass B1. The low values of the aggregation parameters are the standard
values, ka=0.0215 m3 (mmol C)1sd-1and stickiness ag = 0.25. The high values are: kg =
0.215 m3 (mmol Cy1sdland a=1.0. Thelow value (3 mmol C nr3) of diatomy
microplankton biomass B1 equates with about 1 mg chlorophyll m-3, the high biomass with
about 5 mg m-3. The shaded region shows aggregation |oss rates that are of the same order of
magnitude as microplankton growth rates and other main loss rates.
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