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Abstract. This paper describes the ocean Biogeochem-
icAl Model for Hypoxic and Benthic Influenced areas
(BAMHBI). BAMHBI is a moderate complexity marine bio-
geochemical model that describes the cycling of carbon, ni-
trogen, phosphorus, silicon and oxygen through the marine
foodweb. It involves 22 state variables, extends from bacte-
ria up to mesozooplankton and includes three phytoplankton
functional types (PFTs), two zooplankton size-classes, a mi-
crobial loop with several classes of detritic materials. Five
optional modules are available allowing to extend the model
with the explicit modelling of Chlorophyll a (Chl a) in each
PFT, benthic degradation, gelatinous dynamics, particles ag-
gregation and the carbonate system. BAMHBI describes the
degradation of organic matter according to oxygenation con-
ditions using an approach similar to that used in the sedi-
ment to simulate early diagenesis. The model is particularly
appropriate for modelling low oxygen environments and the
generation of sulfidic waters. An optional benthic module
solves the degradation of sedimentary organic matter and the
benthic-pelagic fluxes of solutes using an efficient formula-
tion based on meta-modelling.

This paper describes in details model formulations, imple-
mentation and coupling with the physics. BAMHBI’s code
is written in Fortran and can be coupled with many hydrody-
namical models. Two case studies of application of BAMHBI

in the Black Sea are described. One describes the applica-
tion of BAMHBI to simulate the biogeochemical dynamics
of the northwestern shelf during the eutrophication period.
In particular, the ability of BAMHBI to simulate the oxygen
dynamics at seasonal and interannual scales is assessed with
a focus on the simulation of bottom hypoxia. We highlight
the results of the benthic modelling module and its ability to
represent benthic-pelagic fluxes. The second case study com-
pares the BAMHBI simulated Chl a, oxygen and nitrate dy-
namics in the deep sea with respect to biogeochemical Argo.

1 Introduction

Ocean biogeochemical models depict the cycles of essential
chemical elements, mostly carbon (C), nitrogen (N), phos-
phorus (P) and oxygen (O7), through the marine foodweb,
what is often called the “green ocean.” The organic (living
and dead) and inorganic forms of ocean materials and their
transformation by biogeochemical processes are described
with a level of details that differs according to the objectives
of the study and the data at hand. Marine biogeochemical
models mostly detail the foodweb from bacteria up to meso-
zooplankton and do not describe the species level. Instead
plankton diversity is divided into groups (usually from two
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up to four) sharing common functional characteristics, the
so-called Plankton Functional Types (PFTs). Each PFT ag-
gregates a large number of species into one compartment.
During the last three decades, we have had a considerable
development of biogeochemical modelling to understand the
mechanisms of environmental changes and to improve the
quality of prediction. The increase in computing resources
and the new knowledge acquired from observations have
allowed the development of more complex biogeochemical
models that incorporate new compartments, the description
of the (un)coupled cycles of several chemical elements, the
spectral light propagation, etc. Some of these biogeochemi-
cal models are updated regularly, well documented, openly
available and used in operational production. This is the
case for instance of ERSEM (Butenschén et al., 2016), BFM
(Cossarini et al., 2017), PISCES (Aumont et al., 2015) and
ERGOM (Daewel et al., 2019).

Here we describe the BiogeochemicAl Model for Hypoxic
and Benthic Influenced areas (BAMHBI) that has been de-
veloped to simulate oxygen deficient environments and the
generation of euxinic waters in the water column and on the
bottom. BAMHBI is an intermediate complexity model that
represents the cycles of C, N, Si, Oy, P through the pelagic
and benthic compartments. BAMHBI is coded to be flexible
in terms of model structure by (currently) including five op-
tional modules that explicitly model (1) the Chlorophyll a
(Chl a) content of each PFT, (2) the omnivorous and car-
nivorous gelatinous zooplankton, (3) the carbonate system,
(4) the aggregation of organic matter and (5) the benthic
compartment. This allows the user to obtain a (simplified)
version of the model appropriate for the targeted application.
BAMHBI is a stand-alone model that can be coupled with
any hydrodynamical model.

BAMHBI has been coupled with GOTM and applied in
the Black Sea to simulate the eutrophication period (Gré-
goire et al., 2008) and biogeochemical cycles (Grégoire and
Soetaert, 2010). It has been coupled with the GHER hydro-
dynamical model to predict the occurrence of seasonal hy-
poxia over the northwestern shelf (Capet et al., 2013) and
benthic-pelagic coupling (Capet et al., 2016). BAMHBI has
also been applied to simulate the Ligurian sea ecosystem
(Raick et al., 2005, 2006). BAMHBI is online coupled with
the hydrodynamical model NEMO in the frame of the Coper-
nicus Marine Service for forecasting (daily production of a
10 d forecast) and hindcasting (back to 1950) the Black Sea’s
biogeochemistry (Ciliberti et al., 2021).

This paper describes in detail the BAMHBI conceptual
and mathematical model. Two applications describe the cou-
pling of BAMHBI with the NEMO hydrodynamical model
in a three-dimensional framework.
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2 The BAMHBI Model

BAMHBI models trophic interactions across the food web,
spanning from bacteria to mesozooplankton throughout both
the pelagic and benthic system. The number of state vari-
ables varies from 22 in the simplest version of BAMHBI up
to 35 in the full version that includes all the optional modules
(Fig. 1, Table 1).

The model state variables are listed in Table 1 and the or-
dinary variables are given in Table 2 and their evolution is
governed by the following general equation:

3(v-.c C)
— vc =
0 T 0z
= ko vee) + 22 (1)
T g, P g

Equation (1) expresses that the rate of change of each con-
centration of biogeochemical component C, expressed in
mmolm~3, results from the three-dimensional transport by
advection (v.VC) by the main current with a velocity v,
sinking (8(1)28’5 C)) with a sinking velocity v, ¢, diffusion
(Va(KpVHC) + B%AC %—f) with a vertical and horizontal dif-
fusion coefficients respectively of A¢ and Kp and biogeo-
chemical interactions (% |Bio)- Equations (2) until (25) give
the biogeochemical interactions for each state variable listed
in Table 1. In these equations, the subscript i refers to the
three phytoplankton functional groups (i =1, 2, 3) while j
refers to the two zooplankton (gelatinous) groups (j = 1, 2).

oCPHY; .
————| = PhotosynthesisPHY;
ot Bio
— RespirationPHY; — LeakagePHY ;
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Table 1. List of biogeochemical state variables, description, code declaration and units.

State Variables Description Code Declaration  Units

Pelagic module

NOs Nitrate NOs mmolNm~3

NHs Ammonium NHs mmolNm ™3

POs Phosphate PHOs mmol Pm~3

SiOs Silicic acid Si0s mmol Sim ™3

(0)) Dissolved oxygen concentration DOX mmol Oy m—3

ODU Oxygen demand unit concentration ODU mmol ODUm 3

NPHY{, NPHY,, NPHY;3 Phototrophic small flagellates (nano NEM, NFL, NDI mmolNm~3
and pico), large flagellates (micro),
Diatoms in nitrogen

CPHY, CPHY,, CPHY; Phototrophic small flagellates (nano CEM, CFL, CDI mmolCm™3
and pico), large flagellates (micro),
Diatoms in carbon

CZ001, CZ002 Micro- and meso- zooplankton, in MIC, MES mmol Cm ™3
carbon

CBAC Bacteria in carbon BAC mmolCm—3

DOCL, DOCSL Labile and semi-labile dissolved DCL, DCS mmol Cm ™3
organic carbon

DONL, DONSL Labile and semi-labile dissolved DNL, DNS mmol Nm™>
organic nitrogen

POC, PON Particulate organic carbon and nitrogen =~ POC, PON mmolCm73, mmol Nm™3

SiDet Detrital silicate SID mmol Sim~3

Optional modules

chlorophyll-Geider module

ChIPHY1, ChIPHY2, ChIPHY3 Chl a content of phototrophic small CHE, CHF, CHD mg Chl a m—3
flagellates (nano and pico), large
flagellates (micro), Diatoms

gelatinous module

CGEL1, CGEL2 Gelatinous omnivorous and NOC, GEL mmolCm™—3
carnivorous in carbon

carbonate module

DIC Dissolved inorganic carbon DIC mmolCm 3

X[—] The excess negative charge CHA mmolm ™3

aggregation module

AggNum Aggregates number AGG m~3

benthic module

Sg: Vertically integrated sedimentary sCSED mmol Cm ™2
organic carbon (slow decay)

S(f: Vertically integrated sedimentary £CSED mmol Cm™—2
organic carbon (fast decay)

Sg Vertically integrated sedimentary SSSED mmol Sim™2
biogenic silica (slow dissolved)

Sg Vertically integrated sedimentary £SSED mmol Sim ™2
biogenic silica (fast dissolved)

SN:C N : C ratio of sediment organic matter NCrSED molN (mol C)~!
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Figure 1. Schematic representation of the BAMHBI biogeochemical model showing the model state variables (in rectangular boxes) and
interactions between them in the pelagic and benthic region differentiating the inorganic, living and non-living organic parts which are
made of carbon, nitrogen and phosphorus, and also silicon. It also shows the oxygen (O,) and oxygen demand unit (ODU) fluxes. Optional
modules are framed in black: carbonate, benthic, gelatinous, aggregation modules. An additional optional module explicitly computes the
Chl a content of each Plankton Functional Type.
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Optional modules

Chlorophyll-Geider module

oChIPHY;
It Ipio
— RespirationChIPHY; — MortChIPHY;
(i=1,23) 19)

= SynthesisChIPHYi

— GrazchipHy;
Gelatinous module

dCGEL;
——| = GrowthGELc ;
ot Bio

— AdjRespGEL ;

— MortGELc
(=12 (20)

Carbonate module

aDIC 2
=) " (Respz00;)

Bio j=1

D
07~ ““

(—GrowthPHY j — ExtraExcrPHY; )
1

+ RespBAC 1)
2

.
I

if Gelatinous : + (RespGELj + AdeespGELj)

=1
0x[—]
ot

-0 (22)
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Aggregation module

dAggN dPON| AggN
geuml geum _ Aggregation (23)
ot Bio 0t |, PON
Benthic module
ds’ . . ,
—L =P/ - D! - B/ withi=C,Si
dt 1 1 1
and j = f,s fast (f) and slowly (s) degraded 24)

dSne d (SN 1 dSn dSc
=—|=—)==|Sc— - Sn——
dt dr \ Sc S2 dr dt

with Sc = S + SE andSn = Sy + Sk
1
Sc
with Dc = D& 4 DL and Pc = P& + PL

[(PN DN — Bc.Sn:c) — Sn:c(Pc — D¢ — Bc)i|

1
= [(PN - SN:CPC)] 25
Sc
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Table 2. List of model ordinary variables.
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Variables Description Units

f r Temperature factor -

Optic

00 Solar Radiation at the sea surface Wm—2

PAR Photosynthetically Active Radiation [400-700 nm] Wm—2

kshort Attenuation coef. for short waves PAR ([400-580] nm) m~!

Ashort Total absorption coef. for short waves PAR ([400-580] nm) m~!

bghort Total backscattering coef. for short waves PAR ([400-580] nm) m~!

Kiong Attenuation coef. for long waves PAR ([580-700] nm) m~!

dlong Total absorption coef. for long waves PAR ([580-700] nm) m~!

biong Total backscattering coef. for long waves PAR ([580-700] nm) m~!

[% Solar zenith angle above surface -

Phytoplankton

(Chl: O)pny; Phytoplankton i Chl a:C ratio gChl a (mol C)fl
(Chl: N)pHy; Phytoplankton i Chl a:N ratio gChl a (mol N)_1
(N: Opny; Phytoplankton i N : C ratio mol N (mol C)_1
(N : Si)pHY; Phytoplankton 3 N : Si ratio moIN molSi~—!
PhotosynthesisPHY; Phytoplankton i photosynthesis rate mmolCm~3d~!
RespirationPHY; Phytoplankton i respiration rate mmolCm~—3d~!
RespirationChIPHY; Phytoplankton i respiration in Chl a mg Chl a m—3q~!
LeakagePHY ¢ ; Phytoplankton i passive leakage in carbon mmolCm~3d~!
ExtraExcrPHY; Phytoplankton i extra-excretion mmolCm~3d~!
N Os;.lp take Phytoplankton i nitrate uptake rate mmolNm~3d~!
NHs;.lptake Phytoplankton i ammonium uptake rate mmolNm~—3d~!
SiOsgptake Diatoms silicate uptake rate mmol Sim 3 d~!
UPhy, Diatoms sinking rate md~!
DissolutionSiDet Dissolution rate of detrital particulate silicate mmol Sim—3d~!
LeakagePHYY ; Phytoplankton i passive N leakage rate mmolNm—3d~!
MortPHY ¢ ; Phytoplankton i mortality C flux mmolCm—3d~!
MortPHYY ; Phytoplankton i mortality N flux mmolNm—3d~!
MortPHY ¢y ; Phytoplankton i mortality Chl a flux mgChl a m—3d~!
Zooplankton

GrazZOOc, j Grazing C flux of zooplankton j mmolCm—3d~!
GrazZOO\, Grazing N flux of zooplankton j mmolNm—3d~!
Grazprey, Grazing flux of prey i by all its predators mmolm—3d~!
Ic,j Zooplankton j C intake mmolCm—3d~!
INj Zooplankton j N intake mmolNm—3d~!
GrowthZOOc  ; Zooplankton j growth C flux mmolCm—3d~!
GrowthZOON, ; Zooplankton j growth N flux mmolNm—3d~!
ExcrZOO; Zooplankton j excretion flux of ammonium mmolNm~3d~1
RespZOO0; Zooplankton j respiration flux mmol Cm—3d~!
MortZOOc Zooplankton j mortality flux mmolCm—3d~!

https://doi.org/10.5194/gmd-19-2137-2026
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Variables Description Units

Bacteria

Ue Uptake of DOC by bacteria mmolCm—3d~!
Uy Uptake of DON by bacteria mmolNm~—3d~!
UX Bacteria potential uptake of ammonium mmolNm—3d~!
Ua Bacteria uptake of ammonium mmolNm—3d~!
GrowthBAC Bacteria growth flux mmolCm—3d~!
RespBAC Bacteria respiration flux mmol Cm—3d~!
ExcrBAC Bacteria excretion flux of ammonium mmolNm—3d~!
TestBAC intermediary variable mmolNm~3d~!
MortBACc Bacteria mortality C flux mmol Cm—3d~!
Detritus

HydrolDOCSL
HydrolDONSL
HydrolPOC
HydrolPON
RespBACOxygen
RespBACNitrate
AnoxicRespBAC
SolidODU

Hydrolysis rate of Semi-labile DOC into Labile DOC
Hydrolysis rate of Semi-labile DON into Labile DON
Hydrolysis rate of POC into Labile and Semi-Labile DOC
Hydrolysis rate of PON into Labile and Semi-Labile DON

Oxic bacterial respiration flux

Bacterial respiration flux using nitrate as oxidant

Anoxic bacterial respiration flux

the amount of ODU deposited as solids (metal sulfide formation)

mmolCm~3d~!
mmolNm~3d~!
mmolCm—3d~!
mmol Nm™—3d~!
mmolCm—3d~!
mmolCm—3d~!
mmolCm—3d~!
mmol ODUm—3d~!

Chemical reactions

ODUoxidg, oxidation rate of ODU by oxygen d-!

ODUoxidnos oxidation rate of ODU by nitrate a1

NHs oxido, oxidation rate of NHs by oxygen (Nitrification) a1

NHs oxidnos oxidation rate of NHs by nitrate d-!
Precipitationpgg Precipitation of POs by iron and manganese hydroxides. mmolPd—!
Chlorophyll

module

SynthesisChIPHY; Phytoplankton i Chl a synthesis rate mg Chl a m—3d!
WN.i Phytoplankton carbon-specific nitrogen uptake rate molNmolC~1d—1
OChl, i Chl a synthesis regulation term -
RespirationChIPHY; Phytoplankton i respiration mg Chl a m~3d~!
MortChlIPHY; Phytoplankton i mortality mg Chl a m—3d~1
GrazchipHy; Phytoplankton i grazing mg Chl a m—3d-!
Gelatinous

module

GrazGELc, ; Grazing C flux of gelatinous j, j = 1,2 mmol Cm 3
GrazGELN, ; Grazing N flux of gelatinous j mmolNm~3

GrowthGEL( ;
EgestGEL( ;
EgestGELy ;
RespGEL ;
AdjExcrGEL ;

AdjRespGEL ;

MortGELc ;

Gelatinous j growth C flux

Gelatinous j egestion C flux

Gelatinous j egestion N flux

Gelatinous j respiration C flux

Potential excretion rate necessary to keep the N : C ratio of Gelatinous
J constant

Potential additional respiration flux necessary to keep the N : C ratio of
Gelatinous j constant

Gelatinous j mortality rate

mmolCm—3d~!
mmolCm—3d~!
mmolNm—3d~!
mmolCm~3d~!
mmolNm—3d~!

mmolCm~—3d~!

mmolCm~3d~!
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Table 2. Continued.

M. Grégoire et al.: BAMHBI v1.0

Variables Description Units

Carbonate module

pH pH

Aggregation mod-

ule

d Particle size m

€ Exponent of the particles size distribution -

m(d) Nitrogen content of a particle of size d mmolNm~3

w(d) Sinking rate of particles with a size d < L md™!

n(z,d) Particle size distribution at a certain depth z nb. of partic.

my Mass of a particle of size / (i.e. minimum mass of a single particle) mmolNm~3

mpr, Mass of a particle of size L mmolNm ™3

wy minimum sinking rate of a particle md~!

wy, maximum sinking rate of a particle md—1

Fr(2) Fraction of particles with a size larger than L -

Gr(2) Fraction of mass of particles with a size larger than L -

S L -

Cellsperaggregate Number of Cells per Aggregate -

o] Vertical flux of AggNum nb. of partic. m—2d-!

v Vertical flux of PON mmolNm~2d~!

WPOM POM sinking rate md~!

WAgeNum Aggregates sinking rate md—1

Aggregation Aggregation rate of particles after collision due to differential settlement  nb. of partic. m—3q~!
and shear

Aggrsettiement Aggregation rate of particles after collision due to differential settelment  nb. of partic. m—3 d !

Agersinking Aggregation rate of particles after collision due to differential shear nb. of partic. m—3q-!

Benthic module

ponentii =C, N, Si; j = f,s.

P/ Benthic-pelagic net exchange of the fraction j of the sedimentary com-

mmolm~2d~!

Dij Degradation of the fraction j of the sedimentary componenti i = C, N, mmol m—2d-!
Si; j=f,s.

Bi'/ Burial of the fraction j of the sedimentary component i i = C, N, Si;  mmol m~24-!
j=f,s.

k Mean first order degradation rate d-!

T Benthic shear stress Nm—2

Dnit Fraction of NHs oxidised to NOs

Pdenit Fraction of organic matter mineralised by denitrification

Panox Fraction of organic matter mineralised by anoxic degradation

PSolidDepo
buried and escapes reoxidation

Fraction of total production of anoxic substances that is permanently

2.1 The pelagic model

The pelagic part describes the foodweb from bacteria up to
mesozooplankton and includes three groups of phytoplank-
ton: diatoms, small and large phototrophic flagellates, two
zooplankton groups: micro- and mesozooplankton, an ex-
plicit representation of the bacterial loop: bacteria, labile and
semi-labile dissolved organic matter, particulate organic mat-
ter. Each organic variable is described by its carbon content,

Geosci. Model Dev., 19, 2137-2175, 2026

except the three groups of phytoplankton, dissolved and par-
ticulate detritus that are described by their carbon and nitro-
gen content. The N : P and, in the case of diatoms, the N : Si
ratios are assumed constant. In addition, an optional module
allows to explicitly model the Chl a content of each phyto-
plankton group (see Sect. 2.2.1).
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Trophic relationships
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Figure 2. Schematic representation of the trophic relationships in the BAMHBI biogeochemical model. It shows the model state variables (in
rectangular boxes) and interactions between them differentiating the inorganic and organic flows made of carbon, nitrogen and phosphorus.

The optional gelatinous module is framed in black.

2.1.1 The optical part

The Photosynthetically Active Radiation (PAR) is the frac-
tion of radiation between 400 and 700 nm that can be used by
autotrophs for photosynthesis. The sea surface PAR, PARy,
is obtained from the solar radiation reaching the sea sur-
face, Qs o after removing the reflected (albedo) and infrared
(pr) fractions (Eq. 27). The vertical penetration of PAR
with depth is governed by the Inherent Optical Properties
(IOPs) of the medium described here by the absorption (a)
and (back)scattering (b) by the optically active components,
i.e., here water, phytoplankton and particulate organic car-
bon (Egs. 28, 31 and 32). The absorption and scattering of
light are constant for pure sea water (Smith and Baker, 1981),
while for dead particles (Neukermans et al., 2012) and phy-
toplankton, they are represented as the product of a specific
rate and the concentration of the optically active component.
In the case of phytoplankton, the specific absorption coef-
ficient varies according to a power law of total chlorophyll
concentration (Bricaud et al., 1995) while for the backscat-
tering the effect of the three phytoplankton groups is differ-
entiated (Vaillancourt et al., 2004). In addition, the effect of
the Coloured Dissolved Organic Matter (CDOM) on light ab-
sorption is parameterized based on salinity (Kowalczuk et al.,
2003; Mobley et al., 2004; Xu et al., 2005). The attenuation
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coefficients (k) are then computed using the formulations of
Lee et al. (2005) (Eq. 29). The model does not describe the
spectral composition of the light field but rather differentiates
two bands of wavelengths of PAR: a short [i.e., 400—540 nm]
and a long [i.e., 540-700 nm] wavelengths bands. For each
of these two bands, the IOPs are computed using Egs. (31)
and (32) using the parameters listed in Table 6 and adapted
to our case study, the Black Sea, according to Dmitriev et al.
(2009). The comparison of the model with in-situ data is de-
scribed in Macé et al. (2025b).

2.1.2 The autotrophs

The primary producers are divided into three functional
groups. The small flagellates lumping the pico-and nanophy-
toplankton constitute the first group. This group is charac-
terized by high nutrients affinity due to their large surface
to volume ratio, high photosynthetic efficiency, high growth
and nutrient uptake rates. Large flagellates are lumped into
the second group characterized by a high requirement for
nutrients, low photosynthetic efficiency and growth rate. The
phytoplankton silicifiers (e.g. diatoms) that convert dissolved
silicate to particulate silicate and then contribute to the sili-
cate pumping in surface waters constitute the third group.
Each group is described by two state variables represent-
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ing their N and C content. Phytoplankton N : C ratios vary
around the Redfield ratio, between the limits (N : C)pHy, min
and (N : C)pHy,max- The phytoplankton N uptake and pho-
tosynthesis are modelled according to the model described
in Tett (1998) and Smith and Tett (2000) which is based on
the “cell-quota, threshold-limitation” algal growth model of
Droop (1983) accounting for the potential control of growth
by several nutrients and light. With this formulation, photo-
synthesis increases with the light availability, the N : C and
Chl a : Cratios are zero when the N : C ratio reaches its min-
imum value or when there is no light (Eq. 33).

Phytoplankton respiration consists of a basal and activity
respiration (Eq. 34). Phytoplankton excretion is the sum of
two processes: leakage and active release (Eq. 35). As in An-
derson and Pondaven (2003), we assume that a constant frac-
tion, (parameter yp), of all carbon fixed by photosynthesis
is leaked from plant cells. In addition, metabolic instabili-
ties in algae, for example, caused by shifts in environmental
factors (light, nutrients) cause “extra” carbon to be excreted
by phytoplankton (Mague et al., 1980; Williams, 1990). This
production of extra carbon is considered as an “overflow” of
photosynthesis under nutrient limitation and, thus, is calcu-
lated as a fraction (parameter y») of the difference between
the nutrient-limited (actual C : N ratio) and nutrient saturated
(minimum C : N ratio) growth rate as in Anderson and Pon-
daven (2003) and Van den Meersche et al. (2004) (Eq. 35).
A fraction (parameter y;) of this carbon extra excretion is
leaked from the cells and is exported towards the labile DOC
(Eq. 10), while the remainder (1 — y7) is actively released
and is partitioned between the labile (parameter §,) and semi-
labile (1 —67) DOC (Anderson and Pondaven, 2003) (Egs. 10
and 12).

Inorganic nitrogen can be taken in excess with respect to
their immediate need for growth. The luxury uptake is stored
and available for later use. For each phytoplankton group,
the N : P and N : Si ratios are assumed constant following
the Redfield hypothesis and the exchanges of N, P and Si
are maintained in balance. The inorganic nutrient uptake in-
creases at low phytoplankton Nut : C (Nut being N, P or Si)
ratios and stops when the Nut : C ratio reaches a maximum
value. It is not affected by the light intensity and can proceed
in the dark (Laws and Wong, 1978). First, potential nitro-
gen, phosphorus and silicate uptakes are estimated (Eq. 38).
Then, the realized uptake is governed by the most limiting
element along the Liebig law of minimum (Eq. 39). Ammo-
nium inhibition on nitrate uptake is modelled using an hyper-
bolic equation. When the Nut : C ratio exceeds the maximum
value, an excretion of the nutrient is assumed (Eq. 40).

The Chl a of each phytoplankton is computed from the
phytoplankton carbon content using a chlorophyll-to-carbon
ratio (Chl: C) that is linked to the internal N : C ratio ac-
cording to a linear equation (Egs. 36 and 37). A fraction
(¢) of phytoplankton mortality (Eq. 42) contributes to DOM
most easily available to bacteria, with the remainder becom-
ing POM (Billen and Fontigny, 1987). The vertical sinking
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speed of diatoms varies with the internal C: N ratio. The
higher this ratio (more nutrient limited), the higher the sink-
ing speed (Eq. 43).

2.1.3 The heterotrophs

The heterotroph community is described by two zooplankton
size groups: the micro- and mesozooplankton, and by bacte-
ria. All the heterotrophic groups are assumed to have a fixed
stoichiometry in C, N and P.

2.1.4 Non-gelatinous zooplankton

The description of the growth of the micro- and mesozoo-
plankton is based on the bioenergetic model developed by
Anderson (1992). This model simulates the effect of food
quality, estimated as the N : C ratio of their food (Eq. 47),
on the growth rates, excretion and respiration (Egs. 50-53).
The ingested food is used for growth and respiration, with
a certain amount (parameters Sy and Bc¢) being undigested
(non-assimilated). Messy feeding is considered and parame-
terized as a constant fraction (parameter ¢) of grazed mate-
rial (Eq. 48). The internal composition of micro- and meso-
zooplankton is maintained constant through excretion and
respiration; if the nitrogen content of the assimilated food is
high compared to zooplankton requirements, then excess ni-
trogen is excreted. On the contrary, if the assimilated food is
deficient in nitrogen, then the carbon surplus will be respired
(set of Egs. 50 to 53).

By default, the mesozooplankton is the highest trophic
level and does not have a predator. The mesozooplankton
mortality term is one of the closure terms of the model
taking into account the predation by fishes. As in Ander-
son and Pondaven (2003), a density-dependent mortality
term is included for the micro- and mesozooplankton func-
tional groups consisting of a Michaelis—Menten function
of their biomass with a maximum mortality rate (param-
eter mortZOO) and a half-saturation constant (parameter
ksatmorizoo)- In addition, a mortality term expressed as a
function of the O, concentration is added representing the
rapid mortality of zooplankton in anoxic conditions (Eq. 54).

2.1.5 Bacteria

Labile DOC and DON are used primarily for bacteria growth.
Bacteria consume all the available DOC using DON as a ni-
trogen source with NHs supplementing DON when the C : N
ratio of DOM is high, according to the stoichiometric model
of Anderson (1992) (Egs. 55-61). According to this model,
bacterial growth can be either limited by carbon (Egs. 58—60)
or by nitrogen (Eq. 61). In case of carbon limitation, when
bacteria do not need to consume NHs for DOC consumption,
NHs is remineralized (Eqs. 60) while when an uptake of NHs
is needed, bacteria acts as a competitor of phytoplankton for
NHs uptake (Eq. 59). In case of nitrogen limitation, the up-
take of DOC is limited by nitrogen availability considering
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NHs and DON uptake. In that case, there is no excretion of
NHs but a consumption (Eq. 61). Bacterial mortality (Eq. 66)
contributes to the pool of DOM with a fraction (parameter
81) to the labile DOM while the remainder adds to the semi-
labile DOM.

2.1.6 The dead organic pool

The dead organic matter is divided into the dissolved and
particulate fractions. The dissolved pool is split into the la-
bile (i.e., the only pool taken up directly by bacteria) and
the semi-labile (i.e., the pool consisting of molecules whose
eventual assimilation by the bacteria requires ectoenzyme
hydrolysis to the labile pool) parts. Each dead organic pool is
permitted a variable C : N ratio, giving rise to six state vari-
ables: DOCL, DONL, DOCSL, DONSL, POC and PON (see
Table 1). The N : P ratio is assumed constant.

There are several sources of DOM in the model: phyto-
plankton excretion and lysis (Eqgs. 35 and 42), zooplank-
ton “messy feeding”, bacterial mortality (Eq. 66) and de-
trital breakdown (Egs. 69 and 70). All these fluxes (except
phytoplankton leakage which is assumed to produce only la-
bile DOM) are partitioned between the labile and semi-labile
pools with a single parameter 6; as in Anderson and Pon-
daven (2003). The breakdown of the semi-labile DOM by
bacteria into labile DOM is described by Michaelis-Menten
kinetics (Egs. 67 and 68), with a maximum rate (parame-
ters MaxHydDOM) and a half-saturation constant (param-
eter kgahyapom). The organic matter decomposition under
anaerobic conditions is not as efficient as in aerobic condi-
tions (Hedges et al., 1999). This lower efficiency is param-
eterized by multiplying the degradation rates by a limitation
function of O, (Egs. 69 and 70).

For the dead particulate organic matter we consider
a preferential decomposition of N (parameter MaxHyd-
PON) relative to C (parameter MaxHydPOC) (Anderson
and Pondaven, 2003). By default, POC and PON have
a constant sinking speed SinkingRatePOM_ .ni- If the
aggregation module is activated the sinking speed of
POC and PON is computed using the aggregation model de-
scribed in Sect. 2.2.3

2.1.7 The inorganic pool

NOs, NHs, POs and for diatoms, SiOs, are taken up by phy-
toplankton according to Egs. (39) and (40). NHs and POs are
excreted by heterotrophs according to the Redfield N : P ra-
tio. SiOs is produced by the chemical dissolution of siliceous
detritus (Eq. 71).

In the oxygenated part of the water column, NHs is con-
verted into NOs through nitrification. This process is de-
scribed as first-order in NHs and limited by O, concentration
(Eq. 72). Bacterial respiration in C is computed according
to Eqgs. (58) and (61). The electron acceptor is successively
0, NOs and then other oxidants (i.e., MnO;, Fe;O3, SOy4)
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that are not explicitly modelled because they are assumed not
limiting. The consumption of O, and NOs by bacterial respi-
ration is limited by respectively the O, and NOs availability
and additionally, NOs consumption is inhibited by the pres-
ence of Oy (respectively Eqs. 62 and 63). For the modelling
of anoxic degradation we follow the approach proposed by
Soetaert et al. (1996) for the modelling of sediment diagene-
sis. We do not describe each anoxic mineralization pathway;
instead they are lumped together into one process (Table Al,
Egs. A10 and A11), where degradation is only C limited (the
quantity of oxidants is assumed non-limiting) and inhibited
by O, and NOs (Table Al, Eq. 64).

All the reduced substances formed by anoxic mineralisa-
tion are lumped into one state variable ODU (i.e. Oxygen
Demand Unit) with ODU = 0.5H,S +2Mn?* 4+ 4 Fe?". The
terminal electron acceptors are not explicitly modeled; only
the production of reduced substances is described. Anoxic
mineralisation of 1 mol of C produces 1 mol of ODU and re-
oxidation of 1 mol of ODU requires 1 mol of O, (Table Al,
Egs. A10 and A11). The approach used to describe the anaer-
obic degradation of organic matter and the oxidation of the
reduced substances produced is described in Appendix A.

The ODU and NHs are directly oxidized by O, and NOs.
The oxidation by O is limited by the availability in O, while
the oxidation by NOs is limited by NOs and inhibited by O3
(Egs. 72, 73, 74 and 75). The denitrification process and the
oxidation of NHs and ODU by NOs (respectively Egs. 73
and 75) produce dinitrogen gas and constitute a loss of fixed
nitrogen for the system. A part of the formed ODU is perma-
nently removed as metal sulfides where dissolved metals are
available. This process is limited by iron availability accord-
ing to a Michaelis—Menten function. A dissolved iron profile
needs to be imposed to the model (Eq. 65).

Temperature function

T I-20
fh =0y (26)
Light penetration
PAR( = (1 —albedo) (1 — pr) QOs.0 27
dPAR
= —PAR {pLong (kLong)
+ (1 — pLong) (kshort) } (28)
ky, =moay +my (1 —my exp[—m3a,])b;
for A = Short, Long 29)
mo=1-+0.0056 (30)

ay = ay,sw + a;f,Chl Chla}"Chl

+ a3 coom — @..cpom - Salinity]
+ a;,POC POC for A = Short, Long (31)

3
by, = by sw+ Z(bi,pHY,- CPHY,) + b} poc POC

i=1
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Microbial Loop
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Figure 3. Schematic representation of the microbial loop in the BAMHBI biogeochemical model. The Figure shows the model state variables
(in rectangular boxes) and interactions between them differentiating processes: mortality, hydrolysis, excretion, egestion, (messy) feeding
and mortality. The gelatinous optional module is framed and the contribution of the gelatinous to the microbial loop is represented.
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Figure 4. Schematic representation of the flows of inorganic elements in the BAMHBI biogeochemical model showing the model state
variables (in rectangular boxes) and interactions between them in anaerobic conditions.
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Figure 5. Schematic representation of the oxygen flows in the BAMHBI biogeochemical model showing the model state variables (in

rectangular boxes) and oxygen flows between them. These oxygen flows include respiration, photosynthesis and oxidation reactions.

LeakageCPHY; = y;PhotosynthesisPHY;
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Phytoplankton —PhotosynthesisPHY; |
3
Photosynthesis Chlorophyll = » * CPHY; (Chl : C)pny, (36)
i=1
Chl: C
PhotosynthesisPHY; = Ppax,; limyjghy,i
CPHY; for (i=1,2,3) for (N: O)pay; min < (N : O)puay; < (N: C)pHY; max :
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RespirationPHY,; = ActivityRespPHY; (37)
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(for diatoms).

uptake
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i,max
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Mortality
MortPHY x ; = mortpy; f TXPHY;, X =C,N, Chl (42)

Sedimentation of Diatoms

UPhy3 = vPhYS,min + (vPhY3,max - vPhYS,min)

(N O)PHY; oy — (N : O)py;)

(43)
((N: O)prY; oy — (N : O)pHY; i)
Zooplankton
Feeding (i =1, 2)
GrazZOOc; = fT MaxGrazZOO;
B )
AC,200; CZ00; (44)
Bac,700; + ksat,z00;
GrazZOON,; = GrazZOOc,; (N : C)tood,i 45)
Bay 700, = ) _ eprey.z00; XPrey X =C,N (46)
preys
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Ix:=(1—¢) GrazZOOy; X =C,N (48)
2
GrazZOOc¢;
G = _ P
TaZprey IZ:; |: Bac,z()o,. €Prey,Z00; rey:|
Prey = CPHY;, NPHY;, ChIPHY;, CBAC, POC,
PON, CZ00; (49)
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k . .
(N: O)f = (N: Cyz00, -2
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(N': O)food,i < (N:C)f = N limitation (50)

(N': O)food,i > (N: O)f = C limitation
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GrowthZOON ; = BN.i IN.i
GrowthZOOc,; = GrowthZOOx,; /(N:C)zoo (51)
ExcrzO0; =0

If C limits:

GrowthZOOc ; = k¢ Be.i Ic.i
GrowthZOON,; = GrowthZOOc; (N:C)zoo;  (52)
ExcrZOO0; = ,BN,,‘ IN’,‘ — GI‘OWchOON’,‘

RespZOO,; = Bc,iIc,i — GrowthZOOc ; (53)

Mortality, (i =1,2)
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0))

+CZ0O0; (1 -
' O3 + ksatanoxMort

) AnoxMort> (54)

Microbial Loop

Bacteria Growth, respiration, excretion and mortality

T DOCL
Ue=7" mac ksac,poc +DOCL CBAC,
DONL
Un=U, (m) (55
* T NHs . 6
Uy= f MBACm CBAC (N : C)ac (56)
TestBAC = U,, —wp U, (N : C)ac (57)

if U} > —TestBAC — Carbon limitation case:
GrowthBAC = wp U,

RespBAC = (1 —wp) U, (58)
if TestBAC <0 — NHs uptake is necessary
to consume all the DOCL
Up = —TestBAC
ExcrBAC =0 (59
if TestBAC > 0 — Bacteria act as remineralizers:
Upr=0
ExcrBAC = TestBAC (60)
if Uy < —TestBAC — Nitrogen Limitation case:
Upr=U X
GrowthBAC = (U,, + Up)/(N : C)Bac 61
RespBAC = GrowthBAC (1/wp — 1)
ExcrBAC =0
O
RespBACOxygen = RespBACﬁ (62)
5+ ksa)t(,l(c) " in
. NOs
RespBACNitrate = RespBAC ————————
NOs + ksaf.nI\IItOs
(1 2 ) (63)
-
NO
AnoxicRespBAC = RespBAC | 1 — ﬁ
NOs +kig'Xos
0))
- (64)
< 0+ k;‘lf‘a’;Mm)
SolidODU = Ry,jig IronLimitation yae” AnoxicRespBAC
. o Iron
with IronLimitation = Solform
Iron + ksat,iron
where Iron concentration is taken from the data (65)
MortBAC = fT mortgac CBAC (66)
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Labile and Semi-labile Dissolved Organic Matter
HydrolDOCSL = f"MaxHydDOM
DOCSL
CBAC (67)
DOCSL + ksat,hydDoM
DONSL
HydrolDONSL = HydrolDOCSL DOCSL (68)
Particulate Detritial Matter
HydrolPOC = T MaxHydPOC
O,+1
2t POC (69)
02 +14 ksat,OxicHydrol
HydrolPON = fT MaxHydPON
Oy+1
PON (70)
02 +1+ ksat,OxicHydrol
DissolutionSidet = f7 dissgipe; SiDet (71)
Chemical submodel
O
NHsoxidg, = f7 Q4 ——= 72
02 f MNHS 02 + kgf‘o‘;x‘d ( )
NHs oxidnos = f 7 uNos
NOs ! 0, (73)
NOs -+ nopeos On + kjy g idos
(0))
ODUoxido, = T pd2, —————— (74)
2 ODU 02 + kSOa]t?ggmd
ODUoxidnos = f7 udoy;
NOs )]
- 1— - (75)
o (o +k$,%‘;°“dms)

2.2 BAMHBI Modules

BAMHBI includes five optional modules that are summa-
rized in Table 8 and described here below. The inclusion of
such modules is explained in this section.

2.2.1 The chlorophyll module

If the chlorophyll module is activated, the Chl a content
of each phytoplankton group is dynamically computed using
the formulation of Geider et al. (1998). Each phytoplankton
group is then described by three state variables representing
their N, C and Chl a content. The dynamics of each phyto-
plankton group mechanistically represents the physiological
acclimation process at cellular level that takes place in algae
and consists in changing the cellular biochemical composi-
tion Chla : C and C: N of algae as a function of external
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environmental variables: light, inorganic nutrients and tem-
perature. The synthesis of Chl a is downregulated in condi-
tions of inorganic nutrients limitations and is enhanced when
light is limiting.

Chlorophyll

—aM(Chl : C)ppy, PAR)

limyigpe,; =1 — exp( (76)
Mmax,i
(Chl: C)max = (Chl : N)max (N : C)max 77
(Chl: C)min = (Chl: N)min(N : C)pmin (78)
SynthesisChIPHY, = £k N4 opipyy, (79)
(Chl : C)pny;
. ke
Nltrogen;g;
If Nitrogen Uptake > 0 - VN = ——————— (80)
gen tp "= T CPHY;
If Nitrogen Uptake <0 — VN ; =0 (81)
Prax.i limyiehe ; (Chl : N)py,
IfFPAR > 0 — ppii = maé,lll] 1Myight,i ( ) max (82)
o; (Chl . C)PHYi PAR
IfPAR=0— PChl,i = 0 (83)
RespirationChIPHY; = Resp; f T ChIPHY; (84)
3
Chlorophyll = Z ChIPHY; (85)

i=1

Equations above describe the Geider module. The two
mains differences with the other equation are

1. the chlorophyll content of each phytoplankton group are
modelled as state variables,

2. the photosynthesis — light curve depends now on the
(Chl : C) ratio as shown by Eq. (76).

In addition to these major changes, the (Chl : C) ratio is
bounded between a minimal and maximal ratios computed
by Egs. (78) and (77). These bounds, also used in Aumont
et al. (2015) and Butenschon et al. (2016), prevent the regula-
tion term Eqs. (82) and (79) from being to large or too small.
The nitrogen to carbon ratio used for computing the carbon
uptake Eq. (33) is bounded while it is not in the computation
of nutrients uptake in Eq. (38). For diatoms, the (Si : C) com-
putation based on the (N : C) ratio and the Redfield ratio do
not use the bounded (N : C) ratio.

2.2.2 The gelatinous zooplankton module

When the gelatinous module is included, a carnivorous
and an omnivorous group are added to the model. Both
gelatinous groups are “top-predators” and there is no trophic
link between them. They have a grazing rate that linearly
increases with prey concentrations without saturation and
with no feeding when the food concentration is below a
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given threshold. The omnivorous gelatinous feeds on the
three PFTs, micro- and mesozooplankton and detritus while
the carnivorous gelatinous can only feed on mesozooplank-
ton. The internal composition of gelatinous organisms is held
constant by adjusting the excretion and respiration terms (set
of Egs. (94), (95) and (96)). They are not consumed and
represent trophic dead-ends. The mortality terms of the two
gelatinous groups are represented by the sum of a first-order
kinetics as in Lancelot et al. (2002) and an additional term
traducing the rapid mortality of these organisms in anoxic
conditions (Eq. 97).

Gelatinous, (j=1, 2)

GrazGELc,; = f MaxGrazGEL; Ba, e, CGEL; (86)

GrazGELy, ; = GrazGELc,; (N : C)food, j 87

Ba, GEL, = ) eprey.GeL; XPrey ., X =C,N (88)
preys

(N : O)food,GEL,; = Ban,GEL, /Bac,GEL; (89)

GrowthGELc, ; = GrowthEffGEL ;

AssEffGEL; GrazGELc,; 90)
EgestGEL( ; = (1 — AssEffGEL ;) GrazGELc, on
EgestGELy i= (1 — AssEffGEL ;) GrazGELy ; 92)
RespGEL; = (1 — GrowthEffGEL ;) AssEffGEL ;

GrazGELc 93)

GrazGELc j (N : C)food,GELj — EgeStGELN’j
GrazGELc,; — EgestGEL( ; — RespGEL;

if(N: C)geL < (N: O)*

AdjRespGEL; =0

AdjExchEL} = (GrazGELc, j (N : C)food,GEL;

— —EgestGELy ;) (95)

—(N: O)ggL,; (GrazGEL¢ ; — EgestGELCyj
—RespGEL ;

if(N:C)ggL > (N : O)*

AdjRespGEL; = (GrazGELc,
—EgestGEL ; —RespGEL ;)

— —(GraZGELc,j (N: C)food,GELj (96)
—EgestGELy ;)/(N : C)GeL;

AdjExcrGEL; =0

MortGELc ; = fT CGEL;

(N:O)* = 94)

0))

mortGEL; +(1 - —
< ! O3 + ksatanoxMort

)AnoxMort) o7

2. [ GrazZOOc ;
GraZPrey = Z —5_. €Prey,Z00; Prey
Bac, zoo;

i=1

GrazGELc ;
Bac,Grr,

with Prey = CPHY;, NPHY;, ChIPHY;, CBAC,

POC, PON, CZOO;, CZ0OO, (98)

€Prey,GEL; Prey}
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If the gelatinous module is not included, the effects of
gelatinous on the trophic foodweb (grazing, excretion, mor-
tality, respiration) are not taken into account without any
compensation.

2.2.3 The aggregation module

When the aggregation module is included, BAMHBI
simulates the formation of marine aggregates from detritus
particles according to the aggregation model of Kriest (2002)
(set of Eqs. 99 to 113). Marine snow is described by two state
variables: its mass (PON) and number of particles (i.e., state
variable, AggNum). From that, it is assumed that the distribu-
tion of aggregate’s size can be fully computed. The number
of particles, AggNum, varies according to the production and
destruction of PON and is reduced by aggregation into larger
particles. Larger particles are formed by collision and adher-
ence of smaller particles. There are two mechanisms that are
responsible for collision: differential settlement and turbu-
lent shear. Collisions due to turbulent shear are expected to
be higher in the mixed layer where the shear is higher while
collisions due to different sinking speeds is expected to dom-
inate in the deeper layers (Kriest, 2002). As the number of
particles varies their size distribution and sinking speed are
also modified. The average particle size and sinking speed
of PON and AggNum are computed. It assumes that the
number of particles n(d;) of size d; (i.e. the size distribu-
tion spectrum), the mass of particles m (d;) (nitrogen content)
and their sinking speeds w(d;) can be represented by a two-
parameter power law of the following form: y(d;) = C dfx,
where d; is the diameter of a particle. The parameters C and
x have been taken from Kriest (2002) and are derived from
in-situ observations of marine snow; y stands for either m, n
or w. The exponent describing the size distribution of parti-
cles depends on the average size of aggregates. €, the expo-
nent that describes the particles size distribution, is computed
as a function of the number of cells per aggregate (Eq. 108)
according to Eq. (109).

Aggregates are assumed to be produced/removed at the
same rate as detritus (Eq. 23). The stickiness, (parameter
stick), i.e., the probability that two particles stick together af-
ter contact may vary from O to almost 1. This parameter has
been found to have a strong influence on the vertical export of
organic matter and has been calibrated in order to reproduce
sediment trap data.

2.2.4 Size distribution properties

md)=Cd* my=CIl®;, mp=CL® (99)
w(d)=Bd" w;=BIl";, wr=BL",

g _wg _ BL" (L\" (100)
L=~ Bim —\u
n(d)=Ad ¢ (101)
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Estimation of € and sinking velocity
o0 o0
AggNum = / n(d)dd = / d—¢dd
l l
1—e
=A 7 provided that € > 1 (102)
E —
o o0
AggNum,_; = / ndydd =A / d=¢dd
L L
1—e
=A 7 provided that € > 1 (103)
A ﬁ L 1—€
FL= % = (7> (104)
A e—1
o o
PON:/ n(d)ym(d)dd =AC / d*~¢dd
l l
1—e€
=Am m provided that € > ¢ + 1 (105)
o o
PON:/ nd)m(d)dd =AC / d* € dd
L L
1—e
=Am m provided that € > ¢ + 1 (106)
1—e
Amp L= L
GL=—" G = (I (107)
A my =it
if AggNum > 0 Cellsperaggregate
PON
= m else CeHSPerAggregate =1 (108)

CeHSPerAggregate I+ -1
Ce]lSPerAggregate —1

if Cellsperaggregate > 1€ =

else e =100 (109)
L 00
v = / n(d) w(d) dd —i—/ n(d) wy, dd
l L
— AggNum [ (e—Dv  Frnu }
(e—n—=1 (e—n—-1
assuming thatfor d < L, w=wg (110)
L
b= / n(d) w(d) m(d) dd
l
~|—/ n(d) wy, m(d) dd
L
— PON [ (€e=¢=Du  Grnu } (11
(e—n—¢—=1) (e=¢—n—-1
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’ _ (e=Dvy  Frnup
ME T e =) (e=n—1)’
—-¢—1 G
PN = (e-¢=Du LNVL (112)
(e=n—¢=1) (e=¢—n—-1)

Aggregation rates
Aggregation = (.5 stick

(AggregSettlement + AggregShear) (113)

where AggregSettlement and AggregShear are the number of
particles colliding due to respectively differential settlement
and shear rate as in Kriest (2002).

2.2.5 The carbonate module

When the carbonate module is activated, the carbonate
system is solved, allowing a complete specification of DIC
and the estimation of pH, Total alkalinity (TA) and of the
air-sea exchange of CO,. The carbonate module is based
on Soectaert et al. (2007). It solves two additional state vari-
ables (i.e. DIC and the “excess negative charge” X) and ma-
jor acid-base reactions that affect the pH dynamics in the
ocean. In the ocean, DIC is present in three forms: aqueous
carbon dioxide COx(,q), bicarbonate HCO3_ , and carbonate

ion CO%‘. A fourth form is HyCOj3 (the true carbonic acid)
but its concentration is much smaller than that of COz(,q)
(less than 0.3 %). Therefore, the CO; notation usually refers
to the sum of the two electrically neutral forms CO;(aq) and
H,COs.

Table 3 lists the acid—base reactions taken into account in
BAMHBI. This list includes the dissociation and protona-
tion of carbonates (Egs. 114, 115), water (Eq. 116), bo-
rates (Eq. 117), phosphates (Egs. 118, 119 and (20), sili-
cates (Egs. 121 and 122), ammonium (Eq. (123)) and sulfide
(Egs. 125 and 126). Nitrate is assumed to be fully dissoci-
ated (Eq. 124) and in BAMHBI, the dissociation of nitrite,
sulfates and fluoride is neglected.

Chemical reactions presented in Table 3 generally occur
at rates which, compared with the slow biogeochemical re-
actions that consume or produce protons, are fast enough
to consider that they operate at equilibrium. In many of
these reversible reactions the effective equilibrium is reached
within seconds to minutes (Wolf-Gladrow and Riebesell,
1997, e.g.). The stoichiometric equilibrium speciation is
expressed in terms of the total concentrations of species
OX=>,[HX i=a]) (Table 4). These lump sums of con-
centrations (> _ X) are (related to) model state variables. The
equilibrium constants (K, ) are calculated as a function of
temperature, salinity and pressure as given by Millero (1995)
with typographical corrections according to Lewis and Wal-
lace (1998); they are expressed on the total hydrogen ion pH
scale. The borate concentrations are calculated as a function
of salinity as described by Millero (1995).

Knowing the formulations for the equilibrium concentra-
tion of all the acid-base species, the dissociation constants
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and the lump sums of concentrations of species, the system
of equations in Table 3 allows to solve the concentrations of
all the ions and the proton concentration HT. As there are 16
unknowns, one more than the number of equations, an extra
equation is required to find a unique solution. Usually, this
additional equation is provided by TA:

TA = [HCO; ]+ 2[CO3 1+ [B(OH), ]+ [OH™]
+ [HPO; ]+ 2[PO; "]+ [H3Si0; ]
+2[H,Si0;"]

+ [NH3] + [HS ™1+ 2[S*" ] — [H*] — [H3PO4]
—[HSO, ] — [HF] — [HNO3] — [HNO, ]

— 2[H,S04] (127)

In BAMHBI, the set of equations is completed by an ad-
ditional equation for the “excess negative charge” (denoted
% [—]) as described in Soetaert et al. (2007). This quantity ex-
presses the excess of negative charge as the difference in con-
centrations of negative charges over positive charges (both
multiplied by their charge) of the acid-base system given in
Table 3:

®[—]=[HCO; ]+2[CO3 1+ [B(OH), ]+ [OH ]
+ [HyPO ]+ 2[HPO; ] + 3[PO; ]
+ [H3Si0; 1+ 2[H,Si0; ]
+[NO3 1+ [NO; 1+ [F~ ]+ [HS™]+2[S*"]

+[HSO, 1+2[SO; 1 — [NH} 1 - [H'] (128)

If we assume that uptake of ions is compensated by uptake or
release of protons (electroneutrality), X[—] is not impacted
by changes in the concentrations of nitrate, nitrite, phos-
phate, ammonia/ammonium which is not the case of TA. It
is straightforward to convert the X[—] to TA:

TA = X[—]+4+ XNH3 — ¥NO3 — NO,

— ¥PO4 —2%S04 — XF (129)

This equation needs to be adapted according to the proto-
col used to measure TA. BAMHBI does not solve for XSOy4,
2F and ¥NO,. X[—] is initialized with TA data using the
conversion Eq. (129). Similarly, BAMHBI outputs TA as an
ordinary variable that can be compared with observation.

The complete system of equations can be solved using
a non-linear root—finding procedure, such as the Newton—
Raphson technique for the H™ concentration and pH. Once
pH is known, the equilibrium proportions between the differ-
ent acids and bases can be calculated. For additional details,
an extensive description of the carbonate model is provided
by Soetaert et al. (2007) and Hofmann et al. (2008).

2.2.6 The Benthic module

If the Benthic module is included, BAMHBI solves the
benthic compartment dynamics. Otherwise, the benthic com-
partment is considered as impermeable (i.e. when it reaches
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Table 3. Main chemical reactions taken into account in the model that affect pH and the equilibrium concentrations (Soetaert et al., 2007).

In the speciation relationships, H denotes [H].

emical reaction uilibrium concentration uation
Chemical reacti Equilibri i Equati
Kci _ _
CO; +Hy0 = H* +HCO; [HCO; ] = mxwz (114)
- Ko 2— + _ Kci1Kco
HCO; = CO3” +H [CO3) = prge st 2C02 (115)
K
HyO = OH™ +H* [OH™| = &w (116)
K
B(OH); + Hy0 = H* +B(OH); [B(OH); 1= #‘%BEB(OHM (117)
Kpq 2
AN SR — —1_ Kp  H
H3PO4 = HY +H,PO, (H2PO} | = e e i ko Ko SP04 - (118)
_ Kp _ _
2o+ 2 2—1 _ Kp1 Kpp H
HPO; = H*t+HPO] [HPO} ™) = ok ik Rk P04 (119)
Kp3
— Kes 4 — 33— Kpi Kpr Kp3
HPO,~ = H™+PO, POy 1= H3+Kp| H?+Kpi Kpo H+Kp) Kp2 Kp3 2P0y (120)
. Ksi o e '
HySi04 = HY +H35i0, [H3S8i0, | = H2+KSi1](I§'}1+HKSi1KSi2 (121)
Ks; . .
H38i0, < Ht +H25104217 [HZSioii] = H2+K§|S;I[j-sll<zsi11(5i2 8i04 (122)
KN
NH} = HT +NH; [NH3] = #}NENHX (123)
Kxo
HNO; —° H* +NOj [HNO3] = 0 (124)
Ks)
S gt 4 HS— ) [— < 1V B—
H,S = Ht +HS (HS ™1 = frge iRk =5 (125)
K
HS~ = Ht 4+82- [S21=0 (126)

Table 4. Lump sums of concentrations.

X how it is calculated model equivalent
2CO, =[CO,]+[HCO5 ]+ [CO§_] Model state variable DIC
¥B(OH)4 =[B(OH)3]+[B (OH)Z] as a function of salinity:
YB(OH)4 =410.65/35
POy = [H3PO4] + [HoPO, 1+ [HPOi_] + [POi_] Model state variable POs
%Si0yg = [Hy4Si04] + [H3 SiOZ] + HgSiOZ_] Model state variable SiOs
X NH3 = [NH3] + [NHZ] Model state variable NHs
¥NO3 = [NO; ]+ [HNO3] Model state variable NOs

the bottom, the sinking material accumulates and is progres-
sively degraded as in the water column). The benthic com-
partment is not vertically resolved but is described by a ver-
tically integrated dynamic sediment model using the Level-3
approach proposed by Soetaert et al. (2001). Only the solid
part is explicitly simulated by 5 state variables that include
the vertically integrated content of a fast and slow reacting
pools of organic C (resp. Sé and S¢) and biogenic silica
(resp. Sg and S3). The fifth state variable is the N : C ratio
of the sedimentary organic matter (Sx.c) that is used to com-
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pute the sedimentary organic nitrogen (Table 1). The labile
and refractory parts have the same stoichiometry. The sedi-
mentary content of organic phosphorus is derived from the
nitrogen content using the same N : P ratio as for the pelagic
part.

The sedimentary content of particulate organic carbon and
biogenic silica (i.e., S(f:, S(‘: Sg and S;) increases due to sink-
ing and deposition and decreases due to degradation, ero-
sion/resuspension and burial (Eq. 24). Pl.j denotes the net
exchange between the sediment and the overlying water col-
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umn of the degradable fraction j (j = f,s) of the particu-
late materials i (i = C, Si). Pij is the difference between the
potential deposition and erosion rates and is computed ac-
cording to the equations presented in Table 5. Based on the
value of the bottom shear stress (i.e. T) compared to thresh-
olds values for deposition (i.e. Tgep) and erosion (i.€. Tero),
three situations are possible. For bottom shear stress below
the threshold for deposition (i.e. t4ep) only deposition occurs.
The deposited materials is partitioned into the fast and slow
degrading stock. For bottom shear stress in between the de-
position and erosion threshold, there is neither deposition nor
erosion. At high shear stress, larger than the erosion thresh-
old, there is erosion of the stock. Because the slowly decay-
ing stock is located deeper in the sediment and is more aggre-
gated (Middelburg and Meysman, 2007), it is less easily re-
suspended than the fast degrading stock. Hence the slow de-
caying stock is resuspended when all the fast decaying stock
is resuspended and the erosion threshold of the fast decaying
stock (i.e. f ) is smaller than that of the slowly decaying

ero

fraction (i.e. t3,,) (Table 5).

The bottom shear stress combines the stress due to the
current and waves (Soulsby, 1997) and is computed at each
time step according to Eqs. (136) to (141). The reminer-
alization and dissolution rates are first order of the stock
(Egs. 130-131) and a part of the slowly decaying stock is
buried (Eq. 132). The benthic carbon mineralization rate
(Dc; Eq. 130) is derived from the sum of the degradation of
the two biodegradable carbon fractions. The model estimated
N : C ratio is used to derive the benthic nitrogen mineraliza-
tion (Dn; Eq. 131).

Porewater solutes are not explicitly simulated. The ef-
fect of benthic processes on pelagic dissolved inorganic con-
stituents (i.e., NOs, NHs, O,, POs, SiOs, DIC) is parameter-
ized based on mass budget considerations and assuming that
there is no storage in the sediment. The main reactions that
affect the O; cycle in the sediment are (1) oxic mineralization
(Eqg. A1), (2) nitrification (Eq. A2) and (3) possible reoxyda-
tion of reduced substances produced during anoxic mineral-
ization (Eq. A10). The main reactions affecting the sedimen-
tary nitrogen cycle are (1) production of NHs in the degra-
dation process and possible re-oxidation into NOs, (2) con-
sumption of NOs during the denitrification and production of
Nj.

The exchanges of solutes at the sediment-water inter-
face are formulated as a function of variables pnit, PDenit
PAnox and psolidpepo defined in Table 2. The efflux of NHs
equals the total organic nitrogen mineralisation (Dy) minus
the amount of NHs oxidised by nitrification (i.e., pNit DN;
Eq. 155 in Table 7). The NOs efflux equals the production of
NOs by nitrification minus its consumption by denitrification
(i.e., 0.8 D¢ ppenit assuming a consumption of 0.8 mol of
NOs per mole of organic carbon remineralized; see Eq. (156).
The NOs efflux can be negative (i.e., NOs is consumed by the
sediment) when the amount of NOs consumed by denitrifca-
tion exceeds that produced by nitrification. The NHs efflux
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can also be negative when pnj > 1 which occurs when the
sediment mineralization is low and the NHs concentrations
are high (Eq. 155). The O flux to the sediment results from
its consumption for the remineralisation and nitrification (re-
spectively the first and second terms of Eq. 157 in Table 7).
The consumed O; can be estimated from the amount of rem-
ineralized carbon (i.e., D¢) reduced by the amount of carbon
degraded via denitrification and anoxic processes. O3 is also
consumed for the re-oxidation of the reduced substances that
are produced by anoxic processes and are not deposited (i.e.,
PAnox (1 — pSolidDepo)). We assume that the efflux of SiOs
equals the dissolution rate of particulate silicate, that of DIC
is the carbon mineralization (D¢) and that of POs is com-
puted from the nitrogen mineralization rate (Dy) assuming
a constant Redfield P:N ratio (Eqs. 152, 153 and 154, resp.).
The adsorption of NHs and POs is neglected.

The parameters pnit, poxic and panox are expressed as
a function of the environmental conditions predicted by
BAMHBI using meta-modelling. With that aim, Monte
Carlo simulations (~ 1000 runs) are performed with a one-
dimensional vertically-resolved diagenetic model, OMEX-
DIA, implemented in the Black Sea by Wijsman et al. (2002).
These Monte Carlo simulations are run over a range of envi-
ronmental conditions (e.g. bottom water inorganic nutrient
concentrations, mineralization rate, carbon flux to the bot-
tom, organic matter reactivity, bioturbation and bio-irrigation
rates, water depth) that are selected to cover the variability of
the system. The vertically-resolved model-estimated nitrifi-
cation and denitrification rates (resp. pnit DN and ppenit DN)
and panox are regressed as a function of environmental vari-
ables (Eqgs. 142-144) so that the vertically integrated model,
used afterwards in BAMHBI, reproduces the results of the
vertically resolved diagenetic model. The formulation of
PNit> Poxic and panox is derived before starting the three-
dimensional simulations. The range of environmental condi-
tions investigated to derive these formulations is quite large
and the obtained formulations are very typical. The values of
the ppenit presents a peak at intermediate mineralization rate
while panox increases with the mineralization rate. psolidDepo
is assumed to be constant (Table 6). The benthic model and
its validation are described in details in Capet et al. (2016).

Remineralization-Dissolution

Di= Y k; f/(T) S)withf/ (1) = QT

j=f.s
withi =C,Siandj = f,s (130)
DN = Dc.Sn.c (131)
Burial
Bf =b;.S} withi=C,Si (132)
Bi=0 (133)
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Table 5. Computation of the net flux Pl.j of particulate materials i (i = C, Si) of degradable fraction j (j = f,s) with [X]; = [POC], [CDI],

[PON, NDI], [SID], [SDI] for respectively i = C, N, Si.

Deposition No Depos./No eros. Resuspension
T < Tgep Tdep < T < récm T > Topy T> T8,
Qdep = 1_L) o =(f._1) o =(L._1)
dep ( Tdep ero Tetro ero 8o
; f
J fr_ S 1
P[ =adep.ZXeXin[X] Pi =0 Mel. = —’t

Pif = P;.f; (fori = C, Si only)

Mei.f>|< = min (Melf s Meif/)

P$ = P;.(1— f;) (fori = C, Si only)

pf= agro Me‘-f

[ i

Py = (P(t: + P(S:) SN-C

The mean first-order degradation rate

Yo pcki f(T) S

k= 5 withi =C,Si and j = f,s (134)
Zj:f,s Si
Shear stress due to currents and waves
Twave 32
Tmean = Teur| 1 + 1.2 ————— (135)
Twave T Teur
T= \/(Tmean + Twave COS(CD))2 + (Twave sin((])))z (136)
where @ is the angle between waves and currents
Tcurrents = 0 Cdb U2
. 1 20 9
with cgp = [— (1 +log )] (137)
K Zbottom
or set to constant value as in NEMO
(I1n_non_1lin namelist option)
Twaves = 0.5 0 fyw U\% (138)

with Uy, is the maximum horizontal orbital wave velocity

Sw =max(fwr, fws) (139)
The bottom friction is the maximum of rough

and smooth bed friction

-0.52
. u,T
=0.237 — th A=

For (ks > W 21

and ks = 2.5 dsg (140)

fws = BR,, N where Ry, is the Reynolds number
if Ry <5 107> the flow is laminar and B =2, N = 0.5

if Ry >5 107 the flow is turbulent and B = 0.0521,

N =0.187 (141)
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Bulk Parameterization

In(pnit. Dn) = —6.280 — 0.286 (In Dc)?
+0.127 (In Dc)? +0.006 (In Dc)*
40.098 (In D¢).In([02]) 4 0.202 (In D¢)?. In([O2])
—0.021 (In Dc)>.In([02]) — 0.031 (In Dc)?.(In([01]))?
—0.066 In(Dc). In([NHs]) + 0.009 (In Dc)?. In([NOs])

+0.823 In([02]) — 0.028 (In([O2]))>
—0.012 In([O2]). In([NHs])

+0.119 In([NHs]) +0.015 (In([NHs]))?
In(ppenit. Dc) = —5.475 — 0.786 (In Dc)?
+0.662 (In Dc)® +0.042 (In De)*
+0.064 (In D¢).(In([O2])) 4+ 0.794 (In D¢c)?.(In([O2]))
—0.082 (In Dc)>.(In([02])) — 0.122 (In D¢)?.(In([02]))?
+0.077 (In([02]))* — 0.155 (In([O2])).(In([[NOs]))
+0.875 In([[NOs]) + 0.046 (In([[NOs]))? (143)
Panox = 1.056 —0.132 (In Dc) 4 0.005 (In Dc)*
+0.057 (In Dc).(In([O2])) — 0.017 (In Dc)?.(In([02]))
—0.008 (In([02]))? (144)

(142)

3 Horizontal interfaces
3.1 Air-sea interface

Gases, CO, and O, are exchanged at the air-sea interface.
Net CO; flux at the air-sea interface (AirSeaCO,Flux) de-
pends on the difference in partial pressure of CO;, (pCO;)

Geosci. Model Dev., 19, 2137-2175, 2026
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Par. Units Value Description Ref.
Q10 — 2 temperature coefficient (€))
Q104iatoms - 1.8 temperature coefficient for diatoms (c)
PIR — 0.54 Part of the sea surface solar radiation Qg ¢ in 2)
the infra-red wave length (i.e. > 700 nm)y
PLong - 0.63 Part of PAR with a long wave length (c)
([540-700] nm)
m — 4.18 3)
my - 0.52 3)
ms3 - 10.8 3)
Specific IOPs Short Long
ay sw m~! 0.0196 0.24 Absorption by pure sea water “4)
a;f,Chl m? mg chla 0.029 0.0066 Coefficient A in A (chl}B (Eq. 31) 5)
&A,Chl - 0.6 0.8 Coefficient B in A (chl)B (Eq. 31) (@)
aI,POC m? mmol C~! 0.6 0.234 Absorption by organic matter (6)
“I.CDOM m~! 0.2522 0.2155 Absorption by CDOM (c)
“;f;*CDOM m~! p.s.u.’l —0.0122 —0.0113 Salinity-dependent absorption by CDOM (c)
bk;sw m~! 0.0015 0.0007 Backscattering by pure sea water 4)
bX,PHYl m? mmol C~! 121x 1075 9.07 x 1073 Backscattering by small flagellates (7)
bi,PHYz m? mmol C~! 9.8x 1070  7.34x 1077 Backscattering by large flagellates (7)
b;,PHYq m? mmol C~! 6.96x 107> 523 x 107 Backscattering by diatoms (7)
bi,POC‘ m? mmol C~! 0.0055 0.005 Backscattering by organic matter (6, 8)
Phytoplankton PHY PHY, PHY;
(N : OpHY,min mol N (molC)~! 0.05 0.05 0.05 minimum phytoplankton N:C ratio (1)
(N : C)PHY,max mol N (mol C)_l 0.2 0.2 0.2 maximum phytoplankton N : C ratio (D
(N : Si) mol N (mol Si)’1 - - 5/6  phytoplankton N : Si ratio (Redfield)
(N:P) mol N (mol P)’1 16 16 16  phytoplankton N : P ratio (Redfield)
(Chl : N)min gChl a (mol N)_l 1 1 1 minimum phytoplankton Chl : N ratio (1)
(Chl : N)max gChla (molN)’1 2 2 2 maximum phytoplankton Chl : N ratio (€)]
oChl (pmolphotm’z)’ld’1 6.58x 1073 6.58x 1073 1.31x 1072 Initial slope of the photosynthesis-light curve (23)
NHSNoUptake molN (molC)~1d~! 0 0 0  Minimal NHs uptake rate below which the (c)
uptake is set to zero
PO4NoUptake mol P (molC)’l da-! 8.64 8.64 8.64  Minimal POs uptake rate below which the (c)
uptake is set to zero
Resp d-! 0.009 0.009 0.009  Basal Respiration rate )
ProdResp - 0.1 0.1 0.1  Part of Primary Production used for respiration ~ (9)
Mmax d-! 3 1.5 3.5 Max. spec. growth rate (c)
NOumax molN (molC)~1d~! 1.5 0.5 1 Max. NOs uptake rate (©)
NHumax mol N (mol C)’l d-! 1.5 0.5 1 Max. NHs uptake rate (c)
SiOsumax mol Si (molC)’1 d-! 0 0 0.5 Max. SiOs uptake rate (©)
Pumax mol P (molC)~1d~! 15 0.5 1 Max. POs uptake rate (©)
kNOs mmoINm—3 0.05 3 1 Half-Sat. Cst for NOs uptake (c)
kNHs mmolNm™3 0.05 3 1 Half-Sat. Cst for NHs uptake (c)
kin mmolNm ™3 0.5 0.5 0.5 inhibition coefficient for NOs uptake by the (1)
presence of NHs
ksios mmol Sim ™3 - - 3.5 Half-Sat. Cst for SiOs uptake (c)
Y1 - 0.02 0.02 0.02  Phyto. leakage fraction 9)
V2 - 0.05 0.05 0.05 Ratio of extra DOC produced by N lim. )
mortpgy d-! 0.03 0.03 0.03  mortality rate (D
€ - 0.34 0.34 0.34 DOM fraction of phytoplankton mortality (10)
UPHY3 max md~! 0 0 1 max. diatoms sinking rate (c)
VPHY3 min md~! 0 0 0.1  min. diatoms sinking rate (c)

Geosci. Model Dev., 19, 2137-2175, 2026
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Table 6. Continued.
Par. Units Value Description Ref.
Zooplankton Z00; ZOO0O,
Q10 — 2 2 temperature coefficient (1)
(C:N)zoo mol C (molN)~! 55 4.67 internal ratio (10)
MaxGrazZOO a1 3.6 1.2 max. grazing rate (c)
ksat,z0O mmol Cm~3 5 5 half-sat. cst (©)
BN - 0.77 0.77 Assimilation N effic. (10)
Bc — 0.64 0.64 Assimilation C effic. (10)
ke — 0.8 0.8 net growth effic. (1)
¢ - 0.23 0.23 messy feeding frac. (10)
mortZO0 d-! 0.3 0.3 max mortality rate 9)
ksatyorzoo mmolCm™—3 1 1 half—sat. for mortality ©)
AnoxMort a-! 0.25 0.25 mortality rate in anoxia (c)
ksatAnoxMort mmol Oy m3 7.8125 7.8125 Inhibition constant for mortality in anoxia (c)
Prey: Phyl Phy2 Phy3 Zool Zoo2 Bac POM
€Prey.Z00, 1 0 0 0 0 0.7 0
¢Preyz00, 04 04 ! 1 0 0 08 Capture efficiencies (©)
Bacteria and dissolved organic matter
Q10 - 2 temperature coefficient (€))
(C:N)ac mol C (molN) -1 5.1 bacteria internal ratio (10)
IUBAC a1 13.3 Max. labile DOC or NHS uptake (10)
kBaC,DOC mmolCm ™3 25 half-sat. for labile DOC uptake (10)
kBAC,NHs mmolNm ™3 0.5 half-sat. for NH4 uptake (10)
wB - 0.17 bacterial gross growth efficiency (10)
mortgac d-! 0.05 mortality rate (10
MaxHydDOM d-! 4 max. semi-labile DOC hydrolysis (10)
ksat hydDOM mmol Cm~3 417 Half-Sat. for semi—labile DOC uptake (10)
81 0.7 lab. frac. phyto and non-phyto produced DOM ©)
8y 0.65 lab. frac. of phyto extra-excretion 9
Detritus
MaxHydPOC d-! 0.04 Hydrolysis rate of POC (10)
MaxHydPON d-! 0.055 Hydrolysis rate of PON (10)
ksat,OxicHydrol mmol Oy m™3 2.7 Half-Sat. for oxic hydrolysis (c)
dissgipet a1 0.08 diss. rate of SiDet (c)
VSiDet md~! 2 sinking rate of SiDet (©)
SinkingRatePOM_onstant md~! 2 sinking rate of POM (c)
Chemical Model
u02 s d-! 0.03 max. NHs oxidation rate by Oy (10)
,u.gég d-! 0.05 max. NHs oxidation rate by NOs (Assumed)
“OZBU d-! 0.1 max. ODU oxidation rate by Oy (Assumed)
“§D{I ) d-! 0.05 max. ODU oxidation rate by NOs (Assumed)
ksal{’{(sjoz’“d mmol O m™3 3 Half-sat. const. for O limit. in NHs oxid. by Oy (1)
E%:Xidms mmol Oy m—3 8 Half Sat. const. for Oy inhib. in NHs oxid. by NOs (c)
iﬁls\%isdm* mmolNm™3 0.3 Half Sat. const. for NOs limit. in NHs oxid. by NOs (c)
kg{?g;xid mmol Oy m™3 1 Half Sat. const. for O limit. in ODU oxid. by O an
KO oxidos mmol Oy m=3 5 Half Sat. const. for O, inhib. in ODU oxid. by NOs ©
g{?ﬁgﬁidm’ mmolNm™3 2 Half Sat. const. for NOs limit. in ODU oxid. by NOs ()
kg’l"ig;di“ mmol Oy m—3 3 Half Sat. const. for O, limit. in oxic respiration (11)
lenegg mmol Oy m™3 5 Half Sat. const. for O, inhib. in denitrification (©)
3?‘1{]‘05 mmolNm™3 0.3 Half Sat. const. for NOs limit. in denitrification (c)
kiAn"“g’z‘Mi" mmol Oy m—3 0.005 Half Sat. const. for O inhib. in anoxic respiration ©)
Q"ﬁ’&’l‘" mmolNm™3 0.005 Half Sat. const. for NOs inhib. in anoxic respiration ©)
Ryolid 0.2 Perc. of ODU production that is deposited as a solid (c)
Eﬁ'i%rrlm pmmol Fem 3 100 Half Sat. const. for Iron limit. in solid ODU Formation ©)
yg molO; (mol ot 1 Mol O used per mol C in oxic respiration (see Eq. in Table 1)
Y0, s molO; (mol NHs)’l 2 Mol Oy needed to oxidize one mol of NHs in (see Eq. in Table 1)
nitrification
ygD U molO; (mol ODU)’1 1 Mol O3 needed to oxidize one mol of ODU (see Eq. in Table 1)
yP C molODU (mol C)~! 1 Mol ODU formed per mol C in anoxic respiration (see Eq. in Table 1)
y%fg moINOS (mol C)_] 0.8 Mol NOs used per mol C in denitrification (see Eq. in Table 1)
YNOS molNOs (mol NHS)’1 0.6 Mol NOs needed to oxidize one mol of NHs (see Eq. in Table 1)
y%%i[j moINOS (mol ODU)_1 0.8 Mol NOs needed to oxidize one mol of ODU (see Eq. in Table 1)

https://doi.org/10.5194/gmd-19-2137-2026
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Table 6. Continued.
Par. Units Value Description Ref.
Chlorophyll-Geider Module PHY PHY, PHY3
all mol C (gChl a) ™! 0.04 0.01  0.034 Chla-specific initial slope of ©
(umol photm_2)_ Ig—1 the photosynthesis-light curve

Gelatinous Module GEL, GEL,

Q1ogelatinous — 35 3.5 Q19 factor (15)
(C:N)GeL molC moIN~! 0.21 0.25 internal ratio (13, 14)
MaxGrazGEL d-! 0.02 0.3 max. grazing rate (c)
AssEffGEL - 0.75 0.75 Assimilation efficiency (13)
GrowthEffGEL - 0.15 0.2 Growth efficiency (13)
mortGEL d-! 0.06 0.009 max mortality rate (©)
AnoxMort d-! 0.25 0.25 mortality rate in anoxia (c)
ksatanoxMort mmolOy m—3 7.8125 7.8125 Inhibition constant for mortality in anoxia (c)

Prey: Phyl Phy2 Phy3 Zool Zoo2 Bac POM

€Prey,GEL1 1 0.5 1.0 1 0 0 1

eprey.GEL2 0 0 0 0 1 0 0 Capture efficiencies (c)
Aggregation module

n - 0.62 sinking exponent (16)
B m~"d-1 2294 sinking factor (16)
stick - 0.55 stickiness (c)
4 m 21073 minimal cell size (16)
L m 0.015 maximal cell size (16)
I - 1.62 N content exponent (16)
C mmoIN m—% 0.4744 N content coefficient (16)
€ini 3.5 epsilon initial value (16)
Benthic module
fc - 0.29 Part of the particulate C deposition flux that goes to &,  (17)
fsi - 0.5 Part of the particulate Si deposition flux that goes to Sgi (18)
Kk d-! 0.0753 Degradation rate of SF, at 20°C 12)
kS d-! 0.003 Degradation rate of S at 20°C a7n
kgi d-! 14 x 1073 Dissolution rate of SL; at 20 °C (18)
kg« d-! 14x 1074 Dissolution rate of Sgi at 20°C (18)
Qi])) e - 2 Factor for Temperature effect on mineralization (17, 19)
bc, bs a! 2.16 x 104 Burial rate for the slow degrading stocks (c)
PSolidDepo - 0.11 Part of precipitating ODU 17)
OCleg molO (molIN) ! 1 Oxygen consumed for oxic degradation (12)
ONpi¢ molO (molIN) ! 2 Oxygen consumed for nitrification (12)
Me? mmolCm~2d~! 0.864 Erosion constant for S (20)
Meg mmolCm~2d~! 0.864 Erosion constant for SE (20)
Meg, mmolSim—2d~! 0.864 Erosion constant for S%i 21
Meg; mmolSim~2d~! 0.864 Erosion constant for Sg; (21)
Tdep Nm—2 0.02 Bottom stress threshold for deposition (21)
o Nm~2 0.02 Bottom stress threshold for erosion of Sf, SL; @1
Toro Nm—2 0.05 Bottom stress threshold for erosion of Sé, Sgi @2n
K — 0.4 Von Karman constant
AZbottom m size of the bottom grid cell -
dso m 250 x 10° Median grain size -
20 m 2.083 x 1072 Rugosity length scale for a grain size of 250 x 10~0 (22)
v m?s~! 12x 1076 Kinematic viscosity
WPOC = WPON md~! —[4-1.5] Particulate organic matter sinking velocity (16)
wCpI = WNDI md~! —1 Diatoms sinking velocity (23)
WSiDet md~! -2 Biogenic silica sinking velocity (23)

(c) after calibration. References: (1) Soetaert et al. (2001), (2) Mobley et al. (2004), (3) Lee et al. (2005), (4) Smith and Baker (1981), (5) Bricaud et al. (1995), (6) Neukermans et al. (2012), (7) Vaillancourt
et al. (2004), (8) Doerffer and Schiller (2007), (9) Van den Meersche et al. (2004), (10) Anderson and Pondaven (2003), (11) Soetaert et al. (1996), (12) Muramoto et al. (1991), (13) Lancelot et al. (2002),

(14) Nakamura (1998), (15) Kremer (1977), (16) Kriest (2002), (17) Wijsman et al. (2002), (18) calibrated values based on Khalil et al. (2007), (19) Van Cappellen et al. (2002), (20) Stanev and Kandilarov
(2012), (21) Capet et al. (2016), (22) Gayer et al. (2006), (23) Grégoire et al. (2008).
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Table 7. Benthic-pelagic boundary conditions.

2161

Equation
Fpoc = Pc (149)
Fpon = PN (150)
Fsip = Ps; (151)
Fsios = Dsi (152)
Fpic = D¢ (153)
Fpos = DN7P:N (154)
FNHs = DN(1 = ppie) (155)
FNos = DN Pnit — D Pdenit0-8 (156)

Féz = —Dc(1 — pdenit — Panox Psolid) OCdeg — DN PnitONpit ~ (157)

Fo, = max( FC*)2 , —[02].%
Fopy =max(0, Fo, — FSZ )

(158)
(159)

between air (pCO2,,ir) and the surface water (pCO2, water), the
solubility coefficient Ko(S, T) and the gas transfer velocity
k(wind). k(wind) is parameterized as a function of the wind
speed with the formulation of Wanninkhof (1992):

AirSeaCO,Flux = Ko(S, T) k(wind)

(pCOZ,air - pCOZ,Water) (145)
1
k(wind) = 0.31 wind?> ——
(wind) W /57660
with S, =2073.1 — 125.62T +3.6276 T
—0.04321973 (146)

where S, is the Schmidt number.

The net O, flux at the air-sea interface (AirSeaO;Flux)
depends on the difference in the O, saturation concentration
(02 sat) and the surface water O, concentration (O2 water), the
solubility coefficient Ko(S, T) and the gas transfer velocity
k(wind) which is parameterized as a function of the wind
speed with the formulation of Ho et al. (2006):

AirSeaOsFlux = k(wind) (02.sat — 02, water) (147)
1
k(wind) = 0.266 wind® ————
(wind) /S./660
with Se = 1953.4 — 128.00T + 3.9918 T2
—0.050091 73 (148)

where S, is the Schmidt number.

Additionally the model includes the possibility to consider
the deposition of dissolved inorganic nitrogen and phospho-
rus. None of the other biogeochemical state variables is ex-
changed across the air-sea interface.

3.2 Water-sediment interface

By default, the bottom is considered as frozen. The sediment-
ing particles accumulate on the bottom and are degraded in
the bottom layer of the pelagic model. When the benthic

https://doi.org/10.5194/gmd-19-2137-2026

module is activated, a sedimentary box is considered as ex-
plained in Sect. 2.2.6. Table 7 lists the pelagic variables that
have a non-zero flux imposed at the sediment-water inter-
face. These variables are all the sedimenting and dissolved
inorganic modelled components. When the flux of solutes
can be directed towards the sediments (which is always the
case for O, and may occur for NHs and NOs) it may hap-
pen that the computed influx exceeds the availability of so-
lutes in the last box of the pelagic model. This is because the
meta-modelling formulation does not directly depend on the
availability of the solute in the last box of the pelagic model.
In that case, the modelled influx is adjusted to consume the
quantity of solute in the bottom box (i.e. [Solute] %). Then,
for O the excess consumption is converted into a release
of ODU (Eq. 158) while for NHs and NOs, the parameters
(respectively pnit, Ppenit) are adjusted for not exceeding the
available amount and all the fluxes are recomputed to pre-
serve mass conservation. It should be noted that these adjust-
ments are rare.

4 Implementation

The BAMHBI model comes as an independent library.
The source and sink terms of the pelagic variables
(and benthic variables if the benthic module is acti-
vated) are computed by BAMHBI in the bamhbi.F90
module written in Fortran 90. BAMHBI parameters
are declared in bamhbi_params.F90. Each op-
tional module has its own namelist, variables declara-
tion file (bamhbi_optionalmodule_vars.F90,
e.g. bamhbi_alkalinity_vars.F90) and FOR-
TRAN code (bamhbi_optionalmodule.F90,
e.g. bamhbi_alkalinity.F90). All of these files
include the BAMHBI.h90 header file containing pre-
processor directives enabling or disabling specific parts of
the code such as described in Sect. 4.2.

The time integration is done externally. BAMHBI needs to
be forced by temperature, salinity, mixing coefficients and, in

Geosci. Model Dev., 19, 2137-2175, 2026



2162 M. Grégoire et al.: BAMHBI v1.0

Table 8. List of available options: name and definition.

Options Description Code Declaration Namelists

Modelling modules

chlorophyll module Chlorophyll computed accordingto  chlorophyll-Geider  namtrc-bamhbi-geider
Geider

gelatinous zooplantkon module ~ Adding two groups of gelatinous gelatinous namtrc-bamhbi-gelatinous
(omnivorous, carnivorous)

aggregation module Sinking speed of detritus computed aggregation namtrc-bamhbi-aggregation
with an aggregation model

carbonate module Solving DIC, pH, alkalinity, pCO; carbonate namtrc-bamhbi-carbonates
and air-sea fluxes of CO,

benthic module Solving the vertically integrated la- benthic namtrc-bamhbi-benthic

bile and refractory detritial materi-
als C, Si and solutes fluxes

Diagnostics modules

Diagnostic Rates Output the model rates biodiagrates
Diagnostic Trophic flows Output the trophic flows biodiagtrophic
Conservation
Diagnostic conservation Compute the sum of sources and testcons

sinks terms in a closed version of

the model
Diagnostic budgets Output the budgets of biogeochem- testcons?2
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Figure 6. Seasonal cycle, average over 1980-2002, of surface (0—10 m) O, concentration (median, P5 and Py5 values) over the Black Sea
northwestern shelf simulated (cyan) and observed (red). Observations have been extracted from the World Ocean Database (Mishonov et al.,
2024). Their number is indicated in the top figure. Model results are interpolated at the data points.
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Figure 7. Interannual cycle of surface (0-10m) O; concentration (median, P>5 and P75 values) over the Black Sea northwestern shelf

simulated (cyan) and observed (red) (top panel) and median of the bias between the model (cyan) and observations (red) estimates (bottom
panel). Observations have been extracted from the World Ocean Database (Mishonov et al., 2024). Their number is indicated in the top

figure. Model results are interpolated at the data points.

a three-dimensional setting, currents. Most of the time these
forcings are provided by an ocean physical model. BAMHBI
has already been coupled in 1D with GOTM (Grégoire et al.,
2008), in 3D with the GHER model (Capet et al., 2013), and
in 1D and 3D with the “Nucleus for European Modelling of
the Ocean” (NEMO). As much as possible, BAMHBI is writ-
ten to be easily coupled with hydrodynamical models with-
out substantial adaptations. The notation (e.g. names of loop
indices and physical variables) respects the NEMO conven-
tions. For each physical model, an interface module has to
“translate” the variable names between the respective physi-
cal model and BAMHBI. Here we describe the time integra-
tion of BAMHBI in NEMO.

4.1 Coupling with NEMO

The definition of the variables in the BAMHBI code fol-
lows the NEMO nomenclature (e.g. jpi for the dummy
loop index in the longitudinal direction, e3¢ for the
height of the grid cells, # for the biogeochemical
variables). The interface module between NEMO and
BAMHBI, called bamhbi_driver_nemo.F90 is thus
relatively short. The complete BAMHBI source code is
stored in the NEMO MY_SRC sub-directory and through
bamhbi_driver_nemo.F90, it uses all the required
variables (e.g. grids, masks, physical variables (active trac-

https://doi.org/10.5194/gmd-19-2137-2026

ers), biogeochemical pelagic and benthic variables (passive
tracers), surface wind stress, surface radiation, bottom wave
stress).

The calls to the BAMHBI subroutines are done in the
NEMO ftrc_sms_my_trc subroutine. At each time step, some
preliminary operations are done (such as resetting all source
and sinks to zero), then for each biogeochemical variable the
sources and sinks are computed, and from that the source mi-
nus sinks term (i.e. trends in NEMO’s terminology).

4.2 Compilation Options

The BAMHBTI . h90 header file contains pre-processor direc-
tives enabling or disabling specific parts of the code. Avail-
able options include the modelling modules described in de-
tails in Sect. 2.2 and the estimation of model diagnostics de-
scribed here below. All the compiling options are listed in
Table 8.

4.2.1 Mass conservation

Compiling BAMHBI with option “testcons” allows to check
that the model is conservative in terms of C, N, Si, P and
O;. This option cancels the calls to routines that are the net
sources and sinks for the model (i.e. denitrification, ANAM-
MOX, nitrate reduction by ODU are losses of nitrogen since

Geosci. Model Dev., 19, 2137-2175, 2026
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Figure 8. Seasonal cycle, average over 1980-2002, of the percentage of shelf area affected by bottom hypoxia (i.e. Oy < 63 umol L b (top
panel), bottom (10—45 m) O, concentration (median, Pp5 and P75 values) (middle panel) and median of the bias between the model (cyan)
and observations (red) estimates. Observations have been extracted from the World Ocean Database (Mishonov et al., 2024). Their number
is indicated in the middle figure. Model results are interpolated at the data points.

N> is not explicitly modelled). It then checks that at each
time step the sum of the biogeochemical sources and sinks
(.e. g—leio) equals zero. With the option “testcons2” the in-
ventory over the modelled domain of each chemical currency
(i.e. C, N, Si, P and O») is computed closing the system
(i.e. removing its interactions with the outside world). It re-
mains the user responsibility to cancel fluxes at open bound-
aries, rivers, and atmosphere. For example, when BAMHBI
is coupled with NEMO, these fluxes are specified in NEMO’s
namelist_top_cfg file respectively in the BDY, SBC and CBC
parts.

4.2.2 Clipping

When integrating the biogeochemical variables, it may hap-
pen that negative concentrations are generated, when for in-

Geosci. Model Dev., 19, 2137-2175, 2026

stance, the sink term of a given biogeochemical variable ex-
ceeds its stock. These negative concentrations are not real-
istic and may create instabilities. Then, before computing
the sources and sinks terms, negative state variables are set
to a small value specified in the BAMHBI parameters (e.g.
107!2) and the added material is computed over the whole
domain to check its order of magnitude compared to the total
mass. When BAMHBI is coupled to NEMO, the BAMHBI
clipping procedure can be replaced with NEMO’s trc_rad
routine. This clips the biogeochemical variables after inte-
gration of the total trend, obtained as the sum of the source
and sinks (computed by BAMHBI) and the transport (advec-
tion and diffusion, computed by BAMHBI).

https://doi.org/10.5194/gmd-19-2137-2026
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middle figure. Model results are interpolated at the data points.

4.2.3 Diagnostics

A list of diagnostics are proposed to estimate model
rates and trophic interactions. These sets of diagnostics
can be computed by activating respectively the options
“biodiagrates” and “biodiagtrophic”.

5 BAMHBI Applications

This section describes two applications of BAMHBI to sim-
ulate the Black Sea biogeochemistry. One of them describes
the use of the model to estimate benthic-pelagic fluxes and
oxygen over the northwestern shelf. In the second applica-
tion, the Chl a, oxygen and nitrate dynamics are simulated
and compared with ARGO and ship data in the deep sea.

https://doi.org/10.5194/gmd-19-2137-2026

In these two applications BAMHBI is online coupled with
NEMO. At each NEMO 3D time step biogeochemical vari-
ables are integrated and transported (by advection and dif-
fusion) in the NEMO framework. At the air-sea interface,
the coupled model is forced by ERA-5 data (Hersbach et al.,
2020) that are used to estimate the heat and energy exchanges
using bulk formulations. Precipitation and nutrients fluxes
(i.e. NOs, NHs, POs) are also imposed and the exchanges
of O and CO, are computed as described in Sect. 3. For the
other biogeochemical variables, a zero flux condition is im-
posed. At the water-sediment interface, the shear stress due
to current and waves is imposed. The waves are imposed as
an external forcing from Stanev and Kandilarov (2012). For
biogeochemical variables boundary conditions are described
in Sect. 3. The physics is initialized from rest with typical
vertical profiles of temperature and salinity. A spin-up of

Geosci. Model Dev., 19, 2137-2175, 2026
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Figure 11. Average (2010-2023) monthly cycle of, the percentage of points with hypoxia (i.e. Oy < 63 pmolL_l) (top panel), the concen-
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15 years is performed forced by climatological atmospheric
forcings. The initial conditions of inorganic components like
NOs, NHs, POs, SiOs, O, ODU,DIC, TA, and pH are ex-
pressed on a density scale using typical profiles. For the other
biogeochemical variables, homogeneous profiles with very
low values are used. In the sediment, the slowly and fast re-
acting components are initialized with a 5-year averaged de-
position rate divided by the first-order averaged decay rates.
A new spin-up of 15 years is then performed with the cou-
pled model to adjust the initial biogeochemical conditions to
the dynamics. The model starts in 1950.

5.1 Case Study: shelf hypoxia and benthic—pelagic
coupling

Oxygen is the modeled state variable for which there is the
largest amount of observation. At the surface, the dynam-

https://doi.org/10.5194/gmd-19-2137-2026

ics of oxygen is governed essentially by air-sea exchanges
that tend to bring surface waters at equilibrium. In winter,
the cooling of surface waters increases the saturation value.
Waters are undersaturated and oxygen is transferred from the
atmosphere to the sea. When waters progressively warm, the
saturation concentration decreases and there is an outgassing
of oxygen from the sea to the atmosphere. The seasonal cy-
cle of surface oxygen over the Black Sea northwestern shelf
is quite well represented as shown in Fig. 6 with a median
bias lower than 15umolL~!. The interannual cycle is also
very well represented with a median bias close to zero ex-
cept during 1997 and 1998 where it reaches ~ 25 pmol L~!
(Fig. 7). Since the early 80s, in response to eutrophication,
the Black Sea northwestern shelf has been affected by bot-
tom hypoxia (Zaitsev, 1993; Mee et al., 2005; Capet et al.,
2013, e.g.,). Bottom hypoxia has affected benthic commu-
nities and the coupling of the benthic and pelagic compart-

Geosci. Model Dev., 19, 2137-2175, 2026
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ments. In this case study, the capability of BAMHBI to gen-
erate bottom shelf hypoxia and benthic—pelagic fluxes is
demonstrated. Figures 8 and 9 compare the simulated and ob-
served bottom oxygen concentrations over the northwestern
shelf. Interannual (over 1980-2002) and seasonal (average
cycle over 1980-2002) variations are shown. The model is
able to simulate the typical seasonal cycle of bottom oxygen
concentrations with higher values in winter when the whole
water column is mixed and saturated in oxygen and mini-
mum values at the end of summer—early fall when the water
column is stratified and prevents the mixing of bottom wa-
ter. During this period bottom hypoxia occurs in regions of
intense degradation of organic matter such as the northern
shelf. From July to November, 1 %-2 % of the shelf bottom
is hypoxic in the model and the observations. The median
of the model bias is usually close to zero and always less
than 20 pmolL_l. On an interannual scale, model and ob-
servation consistently show that the percentage of shelf area
covered by hypoxia is the largest at the end of the 80s and
early 90s with a peak in 1991 and a disappearance after 1995.
However, as shown in Capet et al. (2013), the recovery from

Geosci. Model Dev., 19, 2137-2175, 2026

hypoxia after 1995 results from a sampling bias with data
collected where and when there is no hypoxia. The median
of the model bias is still very small with usually a positive
bias lower than 10 umol L™ (except in 1998) though in 1991
and 1997 the model underestimates the oxygen concentra-
tions with a bias lower than 25 pmolL_l. Since, the bottom
oxygen values are really dependent on the bottom oxygen
consumption and temperature, it is possible that this bias is
due to an error in the temperature field or in the sedimentary
organic content.

Figure 10 shows the average seasonal cycle of the ben-
thic fluxes of NHs, NOs, O,, POs, SiOs over the north-
western shelf for three regions defined on the base of their
bathymetry. The shallowest region, Region 1, is located
along the western and northern coast of the shelf with a
bathymetry shallower than 40 m. This is the region that re-
ceives the largest inputs of organic matter. Region 2, 40—-80 m
depth, corresponds to a band of water offshore the coastal Re-
gion 1 and just before the shelf break. Region 2 receives mod-
erate inputs of organic matter with a peak in summer when
the shelf circulation becomes anticyclonic and the Danube’s

https://doi.org/10.5194/gmd-19-2137-2026
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Figure 13. Seasonal cycle, average over 1980-2002, of the NOs concentration (median, P>5 and P75 values) (top panel) and median of the
bias between the model (cyan) and observations (red) estimates (bottom panel) over the deep basin. Observations come from both the World
Ocean Database (Mishonov et al., 2024) and European Marine Observation and Data Network (EMODnet). Their number is indicated under

the top figure. Model results are interpolated at the data points.

discharges are transported over the whole shelf. Region 3,
80-200m depth, involved bottom waters located over the
shelf break including anoxic and even sulfidic bottom wa-
ters. It is in Region 1 that the benthic fluxes are the high-
est and present the largest variability. The seasonal cycle is
well-marked with maximum intensity in summer and early
fall when bottom temperatures are the highest and the or-
ganic matter produced during the winter-spring bloom accu-
mulates on the bottom. In the three regions, the model simu-
lates an outflux of NHs, POs and SiOs except in Region 3
where the 2.5th percentile gives negative fluxes (sediment
consumption) of NHs where the concentrations of NHs are
high while the quantity of sedimentary organic material is
low. The O, fluxes are always negative, O, is consumed by
the sediments, with the largest consumption in summer and
in region where and when seasonal hypoxia occurs. In Re-
gion 3, the 75th percentile is close to zero because there are
areas (depth > 100 m) where there is no oxygen on the bot-
tom. The model simulates an outflux of NOs except in Re-
gion 1 in early summer where NOs is consumed by the sed-

https://doi.org/10.5194/gmd-19-2137-2026

iment via denitrification. The observations are usually con-
tained within the spread of model results except that obser-
vations show highest denitrifcation rates and a consumption
of POs by the sediment in spring at two stations located in
regions 1 and 3. In the model, the phosphorus diagenesis is
oversimplified and ignores the formation of chemical com-
plexes involving POs. In agreement with observations, the
benthic flux of POs is always towards the water column and
is estimated from the sedimentary nitrogen degradation rates
assuming Redfield stoichiometry.

5.2 Case Study: The deep sea biogeochemistry

The central part of the Black Sea has a depth of &~ 2200 m and
is permanently stratified. The intrusion of the saline Mediter-
ranean waters trough the Bosporus Strait creates a permanent
halocline that prevents water ventilation below 100-150 m.
Waters below that depth are then anaerobic and even sul-
fidic. Figures 11 and 12 compare over 2010-2023 the sim-
ulated and observed (from biogeochemical Argos) O, and

Geosci. Model Dev., 19, 2137-2175, 2026
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Figure 14. Interannual cycle of the NOs concentration (median, Pp5 and P75 values) (top panel) and median of the bias between the
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Model results are interpolated at the data points.

Chl a. Figure 11 shows that the model overestimates over
the different years the oxygen concentration with a median
bias between 25-50 umol L~!. This difference is explained
by an overestimation of the halocline depth and then of all
the gradients in biogeochemical quantities. The oxycline is
too deep and oxygen penetrates too much at depths. The deep
chlorophyll maximum (DCM), which is strongly correlated
with the nitracline depth, is also too deep for the same rea-
son (Ricour et al., 2021). The maintenance of the Black Sea
halocline in the model requires a good representation in the
physical model of the vertical mixing, rim current intensity
and intrusion of Mediterranean waters at the Bosporus imbal-
ance in these processes in the physical model. The seasonal
and interannual cycles of the nitrate concentrations are well
represented with a median bias close to zero (Figs. 13 and
14). As expected the nitrate values are the largest in the 80s

Geosci. Model Dev., 19, 2137-2175, 2026

and early 90s when eutrophication was the largest. The com-
plete validation of the model will be done in a companion

paper.

6 Conclusions

The BiogeochemicAl Model for Hypoxic and Benthic Influ-
enced areas (BAMHBI) is an intermediate complexity bio-
geochemical model that describes the cycling of N, C, O,
P and Si through the marine foodweb from bacteria up to
mesozooplankton. BAMHBI is a stand-alone biogeochemi-
cal model that can be coupled to any hydrodynamical model.
BAMHBI has been conceived to simulate anaerobic and eu-
xinic environments. It describes the degradation of organic
matter using a succession of oxidants. Bacteria preferentially

https://doi.org/10.5194/gmd-19-2137-2026
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use oxygen and, in anaerobic conditions, first nitrate and then
other oxidants (not explicitly described). BAMHBI involves
five optional modules that explicitly model (1) the Chl a con-
tent of each PFT, (2) two zooplankton gelatinous groups,
(3) the number of aggregates, (4) the carbonates, (5) the ben-
thic compartment.

BAMHBI is an open source model available on a Git-
Lab server. BAMHBI updates are regularly made and the
group is developing CI/CD pipelines for allowing automatic
testing of the updates. BAMHBI is currently extended with
several optional modules: (1) a spectral radiative transfer
model based on RADTRANS (Dutkiewicz et al., 2015; Mace
et al., 2025a), (2) a model of suspended particulate matter,
(3) a refinement of benthic diagenesis, (4) a module of fish
modelling. BAMHBI is currently being implemented in the
FABM framework. All of these new developments will be
described in separate papers.

https://doi.org/10.5194/gmd-19-2137-2026
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Appendix A

The approach used to describe the anaerobic degradation by
MnO;, Fe;O3 and SO4 as oxidants is based on the equa-
tions summarized in Table Al. These anaerobic respiration
processes produce reduced substances (i.e., Mn?t, Fe3* and
H,S; Table A1, Egs. A4, A6 and A8). Complete reoxidation
of these reduced substances, formed through the oxidation
of x moles of C, requires x moles of O, regardless of the
anoxic pathway considered (Table A1, Egs. A5, A7 and A9).
Hence, as proposed by Soetaert et al. (1996) for the mod-
elling of sediment diagenesis, instead of modeling each of
these processes separately, they are lumped together into one
process (Table Al, Egs. A10 and Al1), where degradation
is only C limited (the quantity of oxidants is assumed non-
limiting) and inhibited by O, and NOs (Table Al, Eq. 64).
All the reduced substances formed by anoxic mineralisation
are lumped into one state variable ODU (i.e. Oxygen De-
mand Unit) with ODU = 0.5H,S+2Mn2* +4Fe?*. The ter-
minal electron acceptors are not explicitly modeled; only the
production of reduced substances is described. Anoxic min-
eralisation of 1 mol of C produces 1 mol of ODU and re-
oxidation of 1mol of ODU requires 1 mol of O, (Table 1,
Egs. A10 and A11).

Geosci. Model Dev., 19, 2137-2175, 2026



2172

M. Grégoire et al.: BAMHBI v1.0

Table Al. Idealized reactions representing the degradation of organic matter using different oxidants. The equations describe successively
the aerobic organic matter mineralisation (Eq. A1), nitrification (Eq. A2), denitrification (Eq. A3), and anoxic mineralisation via manganese,
iron and sulfate reduction (Eqs. A4, A6 and A8, respectively). These three degradation pathways produce the same amount of CO, and
the oxidation of the reduced substances they produced (respectively, 2Mn2t, 4Fe2t, 0.55%7) consume the same amount of O, (Egs. AS,
A7 and A9, resp.). They are lumped in the model into Eqs. (A10) and (A11) where ODU is the Oxygen Demand Unit (ODU = 0.5H,S +
2Mn2t +4Fe2T). y denotes the molar N : P ratio, x the molar C:P ratio in organic matter per mole of phosphorus (for Redfield Stoichiometry,

x =106, y = 16).
Chemical reaction Equation
(CH20)x (NH3)y (H3PO4) + x0p — x COp + yNH3 + H3PO4 + x H,O (AD)
NH;3 4+ 20, — HNO3 +H,0 (A2)
(CH20)x (NH3)y (H3PO4) + 0.8 x HNO3 — x CO3 + yNH3 + 0.4x Ny + H3PO4 + 1.4 x H,O (A3)

(CH,0), (NH3) y (H3POy) 4 2x MnO, + 4x HY — 2x Mn?T 4 x CO; + yNHj3 + H3PO4 +3x HoO  (A4)

2xHpO + 2x Mn?t + x Oy — 2xMnO, + 4xHT

(A5)

(CH0) (NH3), (H3POy) 4 2x FeyO3 + 8x HT — 4x Fe?t 4 x COp + yNH; + H3PO4 +5xHyO  (A6)

4xHpO +4xFe?* +x 0y — 2xFeyO3 + 8x H (A7)
(CH,0) (NH3)y (H3POy) +0.5x SO3 ™ — 0.5x 52~ +x CO + yNH;3 + H3POy4 + x HyO (A8)
0.5xS%" +x0p — 0.5xS03 ™ (A9)
(CH,0)x (NH3)  (H3POy) + “An oxidant” — x ODU +x CO + y NH3 + H3PO4 +x Hy0 (A10)
ODU + O, — “An oxidant” (A11)

Code and data availability. The BAMHBI model is distributed
as open source software under the MIT licence through a
public GitLab repository hosted by the University of Liege
(https://gitlab.uliege.be/ESPECES/MAST/bamhbi-stable, Vanden-
bulcke and Grailet, 2025). A copy of version 1.0 can also be down-
loaded on Zenodo at https://doi.org/10.5281/zenodo.16612928
(Grégoire and Vandenbulcke, 2025). Code to reproduce Fig. 10
and the in-situ data behind it can be found in a Zenodo
archive (https://doi.org/10.5281/zenodo.18684398, Choblet, 2026).
The in situ benthic flux data shared in the archive compile data pub-
lished by Friedl et al. (1998), Friedrich et al. (2002), Lichtschlag et
al. (2015), Lenstra et al. (2019).
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