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Figure 12. Seasonal profiles of semi-labile DOC fluxes released by (a) phytoplankton exudation
(mmol N m?), (b) sloppy feeding and (¢) POC solubilization (mmol C m™ d') simulated by the model at
station 3 (southern mid-shelf MAB). (d) Vertically integrated pools of organic carbon and accumulated air-
sea CO2 and POC burial fluxes (mmol C m™) for the same station. The mixed layer depth (solid black) and
the depth of the 10% (dash white) and 1% (solid white) isolume are also presented.

comparable to the export of seasonally produced DOC from the outer-shelf and slope to the open
ocean. In contrast to the southern MAB, the DOC produced at Georges Bank and south of Cape Cod
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is mostly exported southward to the central MAB shelf between Long Island and Delaware Bay and
does not contribute to a net export to the deep ocean.

Conclusions

The present study couples a circulation model to a biogeochemical model of carbon and nitrogen
which includes the major DOM production processes to estimate (1) the role of DOM in the coastal
ecosystem C and N cycling and (2) the relative importance of the export of freshly produced DOC to
the open ocean compared to POC burial on the shelf. The carbohydrate production by
phytoplankton, which occurs in nutrient-depleted and light-replete conditions, partially decouples the
carbon and nitrogen primary production. The results show that DOM increases primary productivity
by 60 to 180 g C m™ yr'' in the MAB, of which 65 to 100% is related to the ammonium release by
DON mineralization in the upper layer and 0 to 35% to the ‘extra’ production of carbohydrates.
Because DOM release by exudation and progressive mineralization occur near the surface, it is the
most important process involved in this increase of primary productivity. However, in terms of flux,
the annual release of semi-labile DOC by the deeper POC solubilization can be three times higher
than the near-surface release by exudation. The seasonally produced DOC export from the shelf to
the open ocean occurs mostly in the southern outer-shelf and slope of the MAB at a comparable rate
(~1 to 2mol m?yr') to POC burial in the inner- and mid-shelf. Subsequent steps in model
development will consider the inclusion of the refractory DOC (as a passive tracer), multiple
phytoplankton and zooplankton functional groups, a diagenetic sub-model to simulate
remineralization and burial in the sediment, a fast sinking detritus (~100 md™") and a higher
horizontal resolution in shallow areas. The model parameterization and evaluation will also be
improved by using new products derived from satellite remote sensing of surface DOC and POC
concentration. These refinements will allow for a more complete estimate of the carbon budget at the
scale of the Eastern U.S. continental shelf and provide for a better understanding of the role of DOC
in the dynamics of carbon cycling at the land-ocean interface.
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Appendix

Parameter set
See Tables A1, A2 and A3

Equations of the state variables

Semi-labile DON and DOC
The time rate of change of the semi-labile DON and DOC are:

0DON/0t = Phytoplankton exudation + Sloppy feeding +
+ Solubilization small and large N detritus (semi-labile fraction)
- Remineralization semi-labile DON

0DON
ot

=&y M Phy +(1-8)0poy Oy & Zoo +

e + Oy (Sqpey SDetN  + s, LDetN ) - aNoeomTDON

where p is the phytoplankton growth rate.

0DOC/ot = Phytoplankton exudation (nutrient-based and carbon excess-based)
+ Sloppy feeding + Solubilization small and large C detritus (semi-labile fraction)
- Remineralization semi-labile DOC

oDOC
&= ONp (ox i Phy + 0 Ut Ly (1= L)IPhy + (1= B) Opoc 5c g Zoo)+

ot Oy (Sgpe SDetC +s, . LDetC)-a.,e””’" DOC)

where L; and Ly are the non-dimensional terms that determine light- and nutrient-limitation, and
Umax the maximum phytoplankton growth rate (¢ = gmax Lz Ly).

Phytoplankton
Two sink terms are added in the phytoplankton time rate of change: the exudation terms of semi-
labile and labile DON towards DON and ammonium respectively.

OPhy/ot = Phytoplankton growth - Exudation of semi-labile DON
- Exudation of labile DON (to NH4) - Grazing - Phytoplankton mortality
- Aggregation with small N detritus - Sinking of living cells

OoPhy

@ =uPhy(l-¢, —w,)—gZoo—m,Phy —r(SDet +Phy)Phy —wpa—
z

where m,, is the phytoplankton mortality rate, r the aggregation parameter of the small detritus and
Phy (towards the large detritus pool) and wp is the sinking velocity of living phytoplankton cells.
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Phy is expressed in nitrogen unit using the constant C to N ratio (CN,)) for accessing carbon units and
therefore no equation is required for Phy expressed in carbon. A fraction (o¢) of the carbon excess
uptake represents the semi-labile DOC exudation by phytoplankton and is directed towards the semi-
labile DOC.

Chlorophyll
The chlorophyll equation is modified accordingly to the changes of the phytoplankton equation:

O0Chl/ot = Chlorophyll production - Loss by exudation of semi-labile DON
- Loss by exudation of labile DON (to NH4) - Loss by grazing
- Loss by phytoplankton mortality - Loss by aggregation with small N detritus
- Loss by sinking of living cells

OChL_ Pt Chl(l-¢, — @)~ gZooC—hl— m,Chl —7(SDetN + Phy)Chl —w, OChI
ot Phy 0z

where pep 1s the fraction of phytoplankton growth devoted to the chlorophyll synthesis (Geider et al.,
1997):

Penl = Omax it Phy /o I Chl

where 0,4 1s the maximum ratio of chlorophyll to phytoplankton biomass, a is the initial slope of
the phytoplankton growth curve relative to light and / the photosynthetically available radiation.

Zooplankton
The zooplankton, like the phytoplankton, is only expressed in nitrogen unit:

0Z00/0t = Fraction of grazing assimilated
- Excretion (basal metabolism and grazing dependent) — Mortality

0Zoo
Ot

= gﬁZoo—(lBM + 1 ﬂi jZoo—mZZoo2

max

The remaining term [(1-B) g Zoo] is divided between the production of semi-labile and labile DON
by sloppy feeding (towards semi-labile DON and DIC respectively) and the production of fecal
pellets (towards the small N detritus pool).

The zooplankton equation expressed in carbon is:

0Zoo
ot |.

= CNPgﬂZoo-CNZ{ (IBM + 1 ﬂi JZoo—mzZooz} —7¢,.,CN,Zoo

max

where rcex 1s the rate of carbon excess respiration due to the C to N ratio difference between
phytoplankton and zooplankton. The constant zooplankton C to N ratio (CNz = 5.0) leads to the
formulation:

CNz = (CNp f g Z00 - ¥cexc CNz Z00)/ B g Zoo
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Or

¥ Cexc :ﬁg (CNP - CNZ) /CNZ
This excess of respired organic carbon is directed to DIC. It ensures the conservation of the
zooplankton C to N ratio and therefore the zooplankton equation expressed in carbon is implicit.

DIC
The air-sea exchange of carbon dioxide is taken from Fennel et al. (in prep.).

ODIC/ot = - Nutrient-based uptake by phytoplankton growth

- C excess-based semi-labile DOC exudation

+ Nutrient-based exudation of labile DOC

+ Labile DOC produced by sloppy feeding

+ Excretion (basal metabolism and grazing dependent)
+ Solubilization small and large detritus C (labile fraction)
+ Remineralization of semi-labile DOC

+ Air-sea CO2 flux

oDIC

o = CNP(_ UPhy —yo  po Ly (1= Ly ) Phy + @c ttPhy + (1- £)Opoc (1 _5c)gZOO)+

..+CN, (1 Yy - S jZoo + Sy, SDetC+ S, . LDetC +a e DOC +

max

vK

...Jrfc*oz,sol(laco2 - pCO,)

,air

Ammonium

ONH,/0t = - Ammonium uptake by phytoplankton growth + Exudation of labile DON
+ Labile DON produced by sloppy feeding
+ Excretion (basal metabolism and grazing dependent)
+ Solubilization small and large detritus N (labile fraction)
+ Remineralization of semi-labile DON — Nitrification

ONH 4
ot

=~y Ly Lygr s Phy + @y iPhy + (1= ) Qo (1- 6y ) gZo0 + (ZBM + ZEﬂiJZOO +

max

it (1= SgpoySDetN + S, . LDetN) + a,, """ DON —nNH 4

where /gy and g are the zooplankton excretion rates due to basal metabolism and assimilation
intensity respectively, and n is the nitrification rate (same parameterization than in Fennel et al.
(2006). L; is the non-dimensional light limitation and Lyps is the nutrient limitation term for
ammonium.
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Nitrate
ONOs/0t = - Nitrate uptake by phytoplankton growth + Nitrification

ONO3
at lleaX

L, Ly, Phy+nNH4

where Lnos 1s the nutrient limitation term for nitrate.
Detritus N

0SDetN/ot = Phytoplankton mortality — Aggregation with living phytoplankton cells
— Small detritus N solubilization — Sinking of small detritus N

OSDEIN _ .\ Phy —7(SDetN + Phy)SDetN — s, , SDetN —w, oL

t z

JOLDetN/ot = Fecal pellets production (nitrogen fraction) + Zooplankton mortality
+ Aggregation of small detritus (N) and phytoplankton cells
- Large detritus N solubilization - Sinking of large detritus (N)

6Ll;etN =(1-B)Y1-Qppy)gZoo+m_Zoo* + 1 (SDetN + Phy)2 — S pery LDeEtN —w, 8Lla)zetN
Detritus C

0SDetC/ot = Phytoplankton mortality (C) — Aggregation with living phytoplankton cells
— Small detritus C remineralization — Sinking of small detritus C

GSZ;etC = CN ,m,Phy —t (SDetC + CN ,Phy)SDetC - s, .. SDetC —w aSla)etC
4

O0POC, /ot = Fecal pellets production (carbon) + Zooplankton mortality (C)
+ Aggregation of small detritus (C) and phytoplankton cells (C)
- Large detritus C solubilization - Sinking of large detritus (C)

OLDEIC _ N (1= BY(1= 0ppe)gZ00 + CN yim.Z00" +7(SDetC + CN, Phy ) — 5, LDeiC +

OLDetC
Loz

where wg and w;, are the sinking velocities of small and large detritus respectively.

Oxygen
The oxygen equation taken from Fennel et al. (in prep.) is modified as the following:
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00x/0t = Phytoplankton growth linked to N uptake
+ Phytoplankton growth linked to C excess uptake
- Labile DOM oxidation - Labile DOM oxidation from sloppy feeding
- Zooplankton excretion
+ Solubilization small and large POM (labile fraction) - DOM oxidation
- Nitrification +Air-sea flux

00x
7 = (LN03 Tornos T Ly rOZ:NH4)/umaxLLPhy +0:CNp i L, (1— Ly )Phy +

-~ Tonnma| O PhY + (1= B)Qpoy (1= 6)gZoo + (IBM + lEﬂijZOO +

max

ot (1= 8y )(Sspooy SDeN + 5, LDetN) + a,e”””" DON |+

vK,,

..—2n NH4 + (Ox,,, — Ox)
Az A

where rox.no3 and rox.nps are the O;:N ratio for nitrate and ammonium respectively, VKo, is the gas
exchange coefficient for oxygen, Az is the thickness of the top box and Oxgy is the saturation
concentration of oxygen.

The oxygen produced by the synthesis of carbohydrates (carbon excess uptake) has a one to one
mole ratio with DIC following the equation: CO; +H,0 + energy -> (CH,0) + O».

The oxygen uptake from the solubilization of POM (PON+POC) and the oxidation of DOM
(DON+DOC) is approximated to the solubilization of detritus N and oxidation of DON with a C to
N ratio of 6.6.

Bottom boundary condition

In order to take into account the resuspension of detritus C near the seabed due to bottom friction, a
fraction (A5, see next section) of the bottom carbon flux is resuspended and mineralized in the lower
water column. The complementary fraction (1-A.s) is buried, the flux of buried carbon thus is:

FCburied = BEC (1 - /1 )FCbottnm

Where BE¢ is the burial efficiency (see next section) and Feponom 1S the detritus C flux that reaches
the bottom before resuspension:

0SDetC

S
ol 0z

OLDetC

w
L
o 0z

F

Chottom ~—

z=H

The POM which is not resuspended nor buried is mineralized and therefore the bottom boundary
condition for carbon follows:
ODIC/6t| -y = mineralization of (resuspended bottom detritus C

+ not resuspended nor buried bottom POC)

oDIC

=F A
ot (

— % Cbottom
z=H

+(1-A4,,)(1-BE,))

res
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For nitrogen, the same resuspension rate is applied (4,.s) to the detritus N reaching the seabed. The
remaining detritus N is subject to burial and denitrification following:

F Nresuspended = ﬂ’res Nbottom

FNburied = BEN (1 - /lres ) FNbottom
FNdenitr;’ﬂed = (1 - BEN) (1 - /,{’res ) FNbottom

where Fponom 1 the flux of detritus in nitrogen that reaches the bottom before resuspension:

oPhy
0z

0SDetN

w
N
z=H aZ

OLDetN

F =W, w, .

Nbottom

z=H z=H

The denitrification process is taken into account as it was shown to be significant in the MAB
(Fennel et al., 2006). The stoichiometry calculation shows that the bottom boundary condition for
ammonium is:

ONH.4/0t|,-p = mineralization of (resuspended bottom detritus N
+ not resuspended nor buried bottom detritus N
+ not resuspended nor denitrified bottom detritus N)

ONH 4
a / : o =F Nresuspended +EF Ndenitrified
ONH 4
at : . = (/Ires + E(l - ﬁ“res)(l - BEN)jFNbottum

The total amount of nitrogen lost through burial and denitrification (N) is:

12
FNlost = FNburied +EFNdenitriﬁed

res

4
FNlost = E(l - /1 )(3 + BEN)FNbuttom

The POM resuspension
The resuspension is taken into account as a function of the friction velocity at the seabed (U ). The
resuspension rate (%) follows:

where U, is the critical friction velocity above which all organic matter is maintained in suspension
(U'y=0.31 cm.s™, Peterson, 1999). The resuspended fraction of POC is thus largely dependent of
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the local near bottom current velocity which is driven by the general circulation and the tides on the
continental shelf and also by wind events in shallow waters.

The POM burial

Thomas et al. (2002) measured and reviewed high rates of carbon burial along the continental shelf
of the U.S. northeastern continental shelf. The carbon and nitrogen burial rates have been
implemented to simulate the loss of material in the sediment.

A fraction (burial efficiency, BE() of the particulate organic carbon that reaches the seabed is buried
following the empirical expression of Henrichs and Reeburgh, 1987:

log Fc = 0.69 logw + 2.27
and
BEc=w""/2.1

where Fc is the organic carbon flux at the sediment surface (gC m? y") and w is the sediment
accumulation rate (cm y ™). Resolving the system leads to the following formulation for BE¢ (%):

BE. = LPO(I?QCJZNT

2.1

This formulation matches the upper values of Thomas et al. (2002) who measured and reviewed
burial efficiency values (in % of organic carbon deposition): 10-20% at the slope off Cape Cod
(SEEP-I), 25-50% in the MAB (SEEP-II) = 25-50, 3-40% at the slope off Cape Hatteras.

Gelinas et al. (2001) reviewed the C to N ratio of buried organic matter and reported values of 9-10
for the shelf and estuarine surface sediments and slightly lower in deeper waters. A value of
CNburial= 9.3 1s used to estimate the flux of buried organic nitrogen in agreement with values
measured in the sediment of the MAB shelf (Mayer et al., 2002; Mayer, unpub. data).

A maximum of 75% of carbon burial efficiency is applied as it corresponds to the maximum value
measured:

BEc = MIN{ [10(log Fc/0.69—2.27)]0.4/2.1; 0.75 }

For nitrogen burial, a similar expression of burial efficiency is used introducing a CNpyia ratio:
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Tables

Table 1: Summary of the terms involved in the uptake and exudation of nitrogen and carbon by
phytoplankton. PP; is the nutrient-based primary production limited by light, Ly is the nutrient
limitation, CNp is the C to N ratio for phytoplankton and y the parameter of carbon excess-based
DOC excretion by phytoplankton (see Table Al for the definition of other parameters).

Expression Description
Uy = PPy Ly nitrogen-based primary production or uptake of nitrogen
U,ec = CNp Uy nutrient-based primary production in carbon

Eigpny= oy Uy

Elab,nut.C = C']\[P (Y UN

EvemAN = &N UN

Esenz.nutC: CNP Esem.N
Uexc.C = CYVP y PPL (]_ LN)
ElabAexc,C = (1 - O-C) UechC
ESG"LEXC.C — O¢ UechC

exudation of labile DON (directed to ammonium)

exudation of labile DOC (directed to DIC)

exudation of semi-labile DON
nutrient-based exudation of semi-labile DOC

carbon excess uptake by nutrient-stressed phytoplankton
carbon excess-based exudation of labile DOC

carbon excess-based exudation of semi-labile DOC

Table 2: Release DCAA flux from aggregates, carbon content of aggregates, fraction of nitrogen in

released DCAA estimated by Smith et al., 1992), and DON release rates deduced from these data.

Aggregate DCAA release | Carbon content | Nitrogen fraction in | DON  release  rate

type (April | (ug.agg’.d™) (ug C.agg™) released DCAA | (gNpcaa. gNagg'l.d'l)

1990) @) 2) (non-dimensional) | assuming POC:PON=5
3) 1)*5.0*3)(2)

Larvacean 0.936 3.5 23.3/155.2=0.150 0.200

house

Diatom floc | 0.527 3.5 2.4/15.4=0.156 0.117

Larvacean 0.478 3.2 8.0/53.6=0.149 0.118

house

Larvacean 0.365 4.5 0.5/3.1=0.161 0.066

house
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Table A1: DOM specific parameters

Symbol  Value or range and Unit Parameter or formulation
N 0.03 [nondimensional] of Labile DON exudation rate
primary production (N)
wc 0.03 [nondimensional] of Nutrient-based labile DOC exudation rate
primary production (C)
N 0.04 [nondimensional] of N Exudation rate of phytoplankton semi-labile DON
primary production
y 0.20 [nondimensional] Parameter of carbon excess-based DOC exudation
oc 0.45 [nondimensional] Fraction of semi-labile DOC produced by the carbon
excess-based exudation
on 0.30 [nondimensional] Fraction of semi-labile DON to total DON within the
phytoplankton cell
oc 0.55 [nondimensional] Fraction of semi-labile DOC to total DOC within the
phytoplankton cell
Opon 0.0-0.71  [nondimensional]: Fraction of total DON to (DON+PON) within the
function of the ratio phytoplankton cell
grazing:maximum  grazing
(8/8max)
Opoc 0.0-0.71  [nondimensional]: Fraction of total DOC to (DOC+POC) within the
function of the ratio phytoplankton cell
grazing:maximum grazing
(8/8max)
any 0.01530 d! Remineralization rate of semi-labile DON at 0°C (ant
= ano """, with T in °C)
daco 0.00767 d’! Remineralization rate of semi-labile DOC at 0°C (acr
=aco """, with T in °C)
SSDetN 0.11d" Bacterial solubilization rate of small N detritus
SLDetN 0.11d" Bacterial solubilization rate of large N detritus
SSDetC 0.08 d! Bacterial solubilization rate of small C detritus
SLDetC 0.08 d! Bacterial solubilization rate of large C detritus

35



Table A2: Modified parameterization from Fennel et al. (2006)

Symbol New value or range, Former value Parameter

and Unit
a’ 0.020 (W.m-2)". d" 0.025 (W.m-2)".d" Initial slope of the P-I curve
Himax" 1.6d" 0.59%1.066" (T is the Maximum growth rate of

temperature in  °C, phytoplankton
Eppley, 1972)

CN;° 5.0 [nondimensional] 6.625 Zooplankton C to N ratio

p° 0.22-085 for 0.75 Zooplankton assimilation
g/8max=[1.0-0.0] efficiency
[nondimensional
ws© 1.0md" 0.1 md’ Small detritus sinking velocity
wy° 10.0 md’ 1.0 md’ Large detritus sinking velocity

* Brush et al. (2002) showed that the temperature-dependent formulation of Eppley (1972)
underestimates primary production. Even if a temperature dependency most probably exists in
relation to the cell metabolism, the light intensity is the prior control factor. The use of a
temperature-dependent formulation led to a latitudinal variation and underestimation (low
temperature below the thermocline) of primary production. For a better analysis of the results, the
temperature dependency of the maximum growth rate was totally removed.

®See text for details.

¢ Since the dead phytoplankton cells on one hand, and the zooplankton corps and fecal pellets on
the other hand sink with distinct velocities due to their particles size difference, the zooplankton
products are flowed to the large particle pool which sinks faster instead of the small particle pool.
The aggregation process thus concerns only the phytoplankton living and dead cells. The sinking
velocities proposed for such a configuration are 1 md” for the small detritus pool (dead
phytoplankton cells) and 10md" for the large detritus pool (zooplankton particles and
phytoplankton aggregates).

Table A3: Common parameterization with Fennel et al. (2006)

Symbol  Value and Unit Parameter

knos 0.5 mmol N m” Half-saturation constant for nitrate uptake

kg 0.5 mmol N m” Half-saturation constant for ammonium uptake
CNp 6.625 [nondimensional] Phytoplankton C to N ratio

Sinax 0.6d" Maximum grazing rate

Koy 2.0 (mmol N m™)* Half-saturation constant for grazing

m, 0.15d" Phytoplankton mortality

T 0.005 (mmol N m>)" d”! Aggregation parameter

B 0.053 mgChla mgC’' Maximum chlorophyll to phytoplankton ratio
Lpm 0.1d" Excretion rate due to basal metabolism

) 0.1d" Maximum rate of assimilation-related excretion
m, 0.025 (mmol N m~)" d! Zooplankton mortality

Wppy 0.1 md’ Phytoplankton sinking velocity
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