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Abstract

Diagenetic processes are important drivers of water column biogeochemistry in coastal
areas. For example, sediment oxygen consumption can be a significant contributor
to oxygen depletion in hypoxic systems and sediment—-water nutrient fluxes support
primary productivity in the overlying water column. Moreover, non-linearities develop
between bottom water conditions and sediment—water fluxes due to loss of oxygen-
dependent processes in the sediment as oxygen becomes depleted in bottom waters.
Yet, sediment—water fluxes of chemical species are often parameterized crudely in cou-
pled physical-biogeochemical models, using simple linear parameterizations that are
only poorly constrained by observations. Diagenetic models that represent sediment
biogeochemistry are available, but rarely are coupled to water column biogeochemical
models because they are computationally expensive. Here, we apply a method that
efficiently parameterizes sediment—water fluxes by combining in situ measurements,
a steady state diagenetic model and a parameter optimization method. We apply this
method to the Louisiana Shelf where high primary production, stimulated by excessive
nutrient loads from the Mississippi-Atchafalaya River system, promotes the develop-
ment of hypoxic bottom waters in summer. The parameterized sediment—-water fluxes
represent non-linear feedbacks between water column and sediment processes at low
bottom water oxygen concentrations, which may persist for long periods (weeks to
months) in hypoxic systems such as the Louisiana Shelf. This method can be applied
to other systems and is particularly relevant for shallow coastal and estuarine waters
where the interaction between sediment and water column is strong and hypoxia is
prone to occur due to land-based nutrient loads.
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1 Introduction

Sediment biogeochemistry represents a major component of elemental cycling on con-
tinental margins (Middelburg and Soetaert, 2005; Liu et al., 2010). In these shallow,
productive areas on average 30 % of photosynthetically produced organic matter is
deposited and recycled in the sediment (Wollast, 1998). The recycling of this organic
material consumes oxygen (O,) and can result in either a source or a sink of nutrients
to the water column (Xu and Hood, 2006). For instance, a proportion of the deposited
nitrogen (N) is lost as biologically unavailable N gas (N,) through denitrification in the
sediment (Fennel et al., 2006). Denitrification represents a major removal pathway for
N in coastal areas (Fennel et al., 2009) and buffers the effects of excessive N loads in
eutrophic systems (Seitzinger and Nixon, 1985). In this type of environment, high res-
piration rates in the water column and in the sediment may lead to bottom O, depletion
under stratified conditions, resulting in bottom water hypoxia (O, < 62.5 mmol O, m‘3)
or anoxia (absence of O,). Under low O, conditions, coupled nitrification-denitrification
in the sediment is inhibited and remineralized N may return entirely to the water col-
umn as ammonium (NH,), readily available to primary producers, which constitutes
a positive feedback on eutrophication (Kemp et al., 1990). Conversely, N removal into
N, may increase due to direct denitrification or due to anammox if a source of nitrate
(NO3)/nitrite is available (Neubacher et al., 2012). O,-dependent sediment—water in-
teractions are therefore particularly important in low O, environments.

Clearly, the strong benthic-pelagic interaction is a key aspect of coastal biogeochem-
istry that needs to be represented accurately in biogeochemical models. However,
sediment-water fluxes in models are often difficult to parameterize, being poorly con-
strained by observations. One of the simplest approaches to parameterizing sediment—
water fluxes is using a reflective boundary where fluxes are proportional to particulate
organic matter (POM) deposition (e.g. Fennel et al., 2006). Empirical relationships can
be used to represent sediment biogeochemical processes, such as denitrification (Fen-
nel et al., 2009) or sediment O, consumption (SOC) (Hetland and DiMarco, 2008). An
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advantage of these first-order sediment—water flux parameterizations is that they are
computationally extremely efficient and can be sufficient depending on the type of envi-
ronment and the focus of the study (Wilson et al., 2013). However, sediment—water flux
parameterizations are a coarse representation of sediment—water interaction and typi-
cally do not capture non-linearities in nutrient fluxes which occur under hypoxic/anoxic
conditions. Moreover, the choice of parameterization can have a significant effect on
model results as shown in Fennel et al. (2013) where different parameterizations of
SOC led to dramatically different regions of hypoxia.

Vertically integrated or depth-resolved mechanistic models of diagenesis are more
realistic representations of sediment biogeochemistry (Rabouille and Gaillard, 1991;
Soetaert and Herman, 1995; Soetaert et al., 1996a; DiToro, 2001; Meysman et al.,
2003a, b). They are forced by POM deposition and bottom water conditions and simu-
late aerobic and anaerobic mineralization pathways including processes such as nitri-
fication, denitrification, the anaerobic production of reduced substances — represented
either explicitly or lumped together in O, demand units (ODU) — and the resulting flux
of O, and nutrients across the sediment-water interface. While these models have
been useful for studies of sediment biogeochemistry (Middelburg et al., 1996; Soetaert
et al., 1996b; Boudreau et al., 1998; Meysman et al., 2003b) and for improving our
understanding of sediment—water interactions (Katsev et al., 2007; Reed et al., 2011),
their coupling to water column processes in biogeochemical circulation models is of-
ten limited or done at the expense of spatial resolution (Eldridge and Roelke, 2010)
because of the increased computational cost. Furthermore, the diagenetic model pa-
rameter sets are often poorly constrained by observations and therefore these models
do not necessarily perform better than the simple parameterizations (Wilson et al.,
2013).

In order to merge the efficiency of simple sediment—water flux parameterizations with
the realism of mechanistic sediment biogeochemical models, we apply here a method
for parameterizing sediment—water fluxes in coupled biogeochemical circulation mod-
els, using in-situ measurements, a mechanistic model of early diagenesis and a pa-
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rameter optimization technique. The method is universal but its application is region-
specific due to the local characteristics of the sediment, e.g. sediment quality (POM
concentration, refractory content), type (porosity) and species composition (bioturba-
tion) that influence local sediment biogeochemistry and sediment—water fluxes and are
reflected in the choice of diagenetic model parameters. We apply this method to the
Louisiana Shelf in the northern Gulf of Mexico, where hypoxia develops annually due
to eutrophication (Rabalais et al., 2002).

First, we calibrate the diagenetic model with the help of a genetic optimization al-
gorithm using a set of observations collected on the Louisiana Shelf. We then im-
plement the calibrated model to simulate steady-state sediment biogeochemistry in
the region and use the model results to compute a meta-model parameterization of
sediment-water fluxes for O,, NH, and NO; similar to the approach proposed by
Soetaert et al. (2000). Finally, we compare the fluxes parameterized with the meta-
model and with previous relationships used for the Louisiana Shelf.

2 Materials and methods
2.1 Observations

The observations used for optimization of the diagenetic model parameters were col-
lected at two locations along the 20 m isobath on the Louisiana Shelf (Fig. 1) during
3 process leg cruises in April, June and September 2006 (Murrell et al., 2013). The
two locations experience hypoxia in summer but have distinct hydrographic and biolog-
ical regimes. Station Z02 (near shelf survey station C06) is located off Terrebonne Bay
on the eastern Louisiana Shelf and is influenced by river discharges from the Missis-
sippi Delta with high primary productivity and high POM depositional flux. Station Z03
(near shelf survey station HO4) is located southwest of Atchafalaya Bay on the west-
ern Louisiana Shelf with somewhat higher salinity and lower chlorophyll concentrations
than station Z02 (Lehrter et al., 2009, 2012). The dataset includes bottom water prop-
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erties (temperature, salinity, O, and nutrients, Table 1), sediment—-water fluxes (O,,
nutrients) and NH, sediment profiles (Fig. 2). Details on the dataset are available in
Lehrter et al. (2012), Murrell et al. (2013) and Devereux et al. (2015).

2.2 Sediment flux parameterization

The parameterization of sediment—water fluxes was derived using output from a diage-
netic model. The diagenetic model was first optimized using the observational dataset
described in the previous section. The optimized diagenetic model was then run 10°
times to derive meta-model parameterizations.

2.2.1 Diagenetic model

The diagenetic model represents the dynamics of the key constituents of the sedi-
ment (solids and pore water) involved in early diagenesis, as formulated by Soetaert
et al. (19964, b). The model is vertically resolved and has 6 state variables: the solid
volume of organic carbon (OC), which is split into a labile class (which remineralizes
rapidly) and a refractory class (which remineralizes slowly), NH,, NO3, O, and ODU.
Reduced substances produced by anoxic remineralization are added to the ODU pool
rather than being explicitly modeled. Model processes include aerobic remineralization,
nitrification, denitrification, anaerobic remineralization and ODU oxidation. Dissimila-
tory nitrate reduction to ammonium (DNRA) and anammox are not explicitly repre-
sented in the model. Vertical transport of solid and pore water constituents depend on
sedimentation of POM to the sediment, and on diffusion, bioturbation and permanent
burial. The model simulates sediment—water fluxes of pore water constituents, namely
NH,4, NO3, O, and ODU. We assume that ODUs are oxidized instantaneously in the
water column when oxygen is available; therefore, the net O, flux into the sediment is
the addition of the direct O, flux necessary for nitrification, oxidation of ODUs and of
POM in the sediment, termed SOC, and the O, sink in bottom waters necessary to
oxidize any ODU efflux from the sediment.
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The original model of Soetaert et al. (1996a, b) was modified as follows.
A temperature-dependency was introduced for the remineralization rates of the two
organic matter pools and the bioturbation of solids following a Q,q relationship such
that:

RAT) = R, x 0T ~Ton)/10 (1)

Topt

where R;(T) is the rate of the process / at temperature T, £, ™ is the rate at optimum

temperature T, (i.e., R1T°"‘ and R2T°‘" for remineralization rates and Dbio, for bioturba-
tion, Table 2) and 8 is the Q4 factor. This modification allows for the representation of
temperature-dependence of microbial processes in the sediment, which is known to be
important in coastal systems (see, e.g., Fig. 5 in Wilson et al., 2013).

Non-local mixing of pore water constituents due to bioturbation (irrigation) was also
introduced and formulated following Boudreau (1997) such that:

I(2) = a(2)-(Cow - C(2)) ()

where /(z) is the irrigation at depth z, C,, and C(z) are the solute concentration at the
sediment—water interface and at depth z in the sediment, respectively. a(z) is the rate
of non-local exchanges at depth z such that a(z) = a,-f(z), where aj is the rate at
z =0 and f(z) is a function representing the decay of a with depth. Here, f(z) is the
same function as for the bioturbation of solids (Soetaert et al., 1996a).

The model has a total of 36 parameters (Table 1). Sediment porosity parameters
were chosen to obtain a porosity profile that is within the range observed on the
Louisiana Shelf. Given the lack of observations on the labile and refractory fraction
of OC and on their C: N ratio, these values were set following Wilson et al. (2013).
The exponential decay coefficient for bioturbation was set as in the original model
(Soetaert et al., 1996a). Solute-specific diffusion coefficients (D,.T) at ambient tempera-
ture T were calculated following Soetaert et al. (1996a) and Li and Gregory (1974) such
that D,.T =D, +a,;T, where D; is the solute-specific diffusion coefficient at 0°C and q;
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is the solute-specific temperature dependency coefficient (Table 2). The 20 remaining
parameters of the diagenetic model (Table 2) were optimized to obtain the best match
between the observed and simulated sediment profiles and sediment—water fluxes.

The diagenetic model was run to steady state for each time and location where ob-
servations were available, i.e. April, June and September 2006 at station Z02 and Z03.
During the optimization the model was forced with observed bottom water conditions,
namely salinity, temperature, NH,, NO3, and O, (Table 1). Since observations of POM
depositional flux were not available, POM depositional fluxes were prescribed using
monthly climatologies calculated for station Z02 and Z03 from a multiyear simulation
with a biogeochemical circulation model (see Sect. 2.2.3).

2.2.2 Parameter optimization

Optimization of the parameter set was carried out with the help of an evolutionary al-
gorithm. This stochastic technique mimics natural selection by iteratively selecting the
“fittest” set of parameters to reproduce the observations. The technique was success-
fully used for the optimization of parameters of Soetaert et al’s (1996a) diagenetic
model (Wilson et al., 2013; Wood et al., 2013). The evolutionary algorithm works as
follows. Each set of parameters is considered to be a single individual. An initial set of
nindividuals includes the initial parameter set and n—1 individuals generated randomly
from this initial set of parameters through the addition of log-normally distributed ran-
dom noise. The diagenetic model is run with the n parameter sets, and the difference
between the results and observations is quantified using a cost function, which mea-
sures the misfit between the observations and their model counterparts. The fittest n/2
individuals, i.e. those with the lowest cost, become the parent population and a next
generation of n/2 individuals (child population) is created by recombination of the pa-
rameters from the fitter half of the population and by mutation, which occurs through the
addition of random noise. The model is run again for all the parameter sets of the child
population, and the above procedure repeated for k generations. The fittest individual
after k generations is the optimized parameter set. Here, we used n = 30 population
7544
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members and k = 200 generations. The chosen value of k is large enough to allow the
results to converge.

Ideally a single parameter set should capture the temporal and spatial variability of
sediment processes throughout the Louisiana Shelf. For this reason, the diagenetic
model was run with identical parameters in all 6 model configurations (3 dates, 2 loca-
tions), each corresponding to a set of observed bottom water conditions plus estimated
Feom (Table 1). Model results were compared with their corresponding set of sediment
observations (NH, concentrations and sediment-water fluxes) using a cost function
that includes all model variables at the 6 locations/times. The cost represents the fit-
ness of an individual (i.e. parameter set) during the evolutionary optimization process.
The cost function F for the parameter set p was calculated as follows:

1 (Xmod(p) _ Xobs)Z

I m ; ’
FR =22 (2| == (3)

s=1t=1 \ i=1 / O

where s refers to locations Z02 and Z03, ¢t is the sampling date (3 in 2006) and / is the
observation type: 3 sediment—water fluxes (SOC, NH, and NO3) and 1 sediment profile
(NH,). X°® and X™ represent the observed and simulated variable, respectively; oi,-
is the observation SD; and 1/w; represents the weight of each variable in the cost
function. The values of w; were calculated for each variable / as the cost of a diagenetic
model run using the initial parameter set py such that w; = F;(pg).

The sensitivity of the optimized model to parameter changes was assessed by suc-
cessively varying each parameter by £50 % and calculating the change in the total cost.
Then the influence of observations and forcing datasets on the optimization results was
assessed as follows. First, the optimization was carried out for each station individually
(to obtain site-specific parameters); then sediment profiles were excluded from the op-
timization (to obtain site-specific parameters optimized for flux data only) and, finally,
POM depositional fluxes were included as additional parameters in the optimization
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rather than prescribed (to obtain site-specific parameters and Fpp), optimized for flux
data only).

2.2.3 Meta-modeling procedure

Meta-modeling parameterizes sediment—water fluxes by means of a multivariate re-
gression model that relates bottom water conditions to sediment—water fluxes, and was
used here as proposed by Soetaert et al. (2000) to parameterize Louisiana Shelf fluxes
at the sediment—water interface. This technique combines the simplicity and efficiency
of a bottom water parameterization with the realism of a diagenetic model.

The diagenetic model was run to steady state using the single parameter set op-
timized for the Louisiana Shelf and a wide range of bottom water forcing conditions.
These conditions were collected randomly out of a model-based dataset representa-
tive of bottom water conditions on the Louisiana Shelf (described in more detail below).
In total, 100 000 sets of realistic bottom water conditions, namely combinations of tem-
perature, salinity, NO3, NH,, O, and POM depositional flux, were used. Multivariate
regressions were then calculated for each flux variable to relate bottom water condi-
tions (model inputs) with each sediment—water flux (model output). Each regression
model is expressed as follows:

n
y=a+ ) (b,-x,- +Cx2 + d,x?) (4)
i=1

where each x; corresponds to an explanatory variable, and a, b;, ¢, and d, are the
coefficients for the zero-order term, the regular term (x;), the squared term (x,.z) and
the cubic term (xf’), respectively.

As mentioned already above, POM depositional fluxes are required to force the dia-
genetic model, but are not available in the observation dataset. Furthermore, the meta-
modeling procedure requires a large number of representative bottom water conditions
— significantly more than are available from observations. In order to fill these two data
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gaps, we sample the output from a realistic biogeochemical circulation model based on
the Regional Ocean Modeling System (ROMS). The simulation is described in Fennel
et al. (2013) (case B20clim) and covers the period from 2004 to 2009. For details on
the model set up and validation we refer the reader to Fennel et al. (2013).

2.3 Other flux parameterizations

The meta-model parameterizations are compared with three other sediment—water flux
parameterizations that have been used previously in our biogeochemical circulation
model for the northern Gulf of Mexico (reviewed by Fennel et al., 2013). All there pa-
rameterizations represent SOC and NH, flux only. The first, referred to as IR, assumes
instantaneous remineralization of deposited PON into NH, while a fraction of N is lost
through denitrification. The other two parameterizations assume that SOC depends
on bottom water O, and temperature only and ignore POM deposition. One, referred
to as H&D, is from Hetland and DiMarco (2008) and the other, referred to as M&L,
is from Murrell and Lehrter (2012) with a temperature-dependence added by Fennel
et al. (2013).

3 Results
3.1 Diagenetic model parameter optimization

Optimization of the diagenetic model parameters lowered the cost function (Eq. 3) sig-
nificantly compared to the original parameter set (Table 3). NH, profiles and sediment—
water fluxes simulated with the optimized parameters are, in most cases, within two
SDs of the observations (Fig. 2). Simulated O, fluxes match the observations at sta-
tion Z02 but are underestimated somewhat in April and June at station Z03. Observed
O, fluxes are relatively high in April and June at station Z03 despite low sediment—
water nutrient fluxes and NH, concentration in the sediment. Observed O, flux had
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a very large SD in April at station Z03 and therefore did not influence the optimiza-
tion. Overall, sediment—water fluxes are better simulated at station Z02 and therefore
station Z03 contributes more the total cost for the optimized parameter set (Table 3).
Temporal variations in NH, and NO; fluxes are in qualitative agreement with observa-
tions although the model underestimates their magnitudes (Fig. 2). The model is able
to simulate observed NOj flux realistically, in particular the observed NO; flux into the
sediment under low bottom O, conditions (Fig. 2). Within the sediment, simulated NH,
concentrations agree with observations in April and June, but are underestimated in
September. High NH, concentrations were observed at station Z02 at this time despite
low NH, effluxes from the sediment. Note that the observations have large SDs for
this case and therefore this NH, sediment profile had only a small influence on the
optimization.

Within the optimized parameter set, several parameter values are informative about
the dynamics of the system (Table 2). Except for the bioturbation diffusivity (Dbio,),
all other parameters associated with bioturbation reduced the effect of bioturbation on
sediment—water fluxes over the course of the optimization: the depth of the bioturbated
layer (z,;,) decreased to 1 cm; the optimized Q, factor for bioturbation (6,,,) moved to
the lower limit of the Q4 range (2 < 8 < 3); and the non-local mixing coefficient (a,) was
reduced to a small value essentially removing the influence of non-local mixing from
the system. In addition to the reduction in bioturbation, permanent burial of ODUs (PB)
does not occur in the optimized model. Conversely, the optimized Q, factors for the
remineralization rates of the slow (6,1) and fast (6,,) decaying pools of organic matter
are at their upper limits indicating a strong dependence of remineralization rates on
temperature (Table 2). For denitrification, the optimized value for the inhibition effect of
NO; (kyn¢) is low compared to the original parameter, whereas the inhibition effect of
O, (Kingp) is high (Table 2). The inhibition effect of O, on nitrification (k,;;) and of NO4
(kingnox) @and O, (kinggy,) on anaerobic remineralization is small in comparison to the
original parameters. The maximum rate of nitrification (Nit) is significantly higher than
in the original parameter set (Table 2).
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We examined the sources of model-data discrepancies by sequentially releasing
part of the constraints on the parameter optimization (Fig. 2, Table 3). Optimizing sta-
tion Z02 and Z03 separately improves the total cost by decreasing the cost associated
with NH, and NOj fluxes (Table 3), in particular for NO4 at station Z02 (Fig. 3, Table 3).
Removing the constraint of sediment NH, profiles from the optimization improves the
total cost further (Table 3). This is due, in part, to the absence of NH, profiles from the
cost calculation, but also to somewhat improved sediment—water fluxes (Fig. 2). The
best agreement between simulated and observed sediment-water fluxes is achieved
by including POM depositional fluxes as additional parameter to optimize (Fig. 3, Ta-
ble 3). In this case POM deposition is increased in June (x2 and x1.3 at station Z02
and Z03, respectively) and reduced in spring (x0.5 and x0.25 at station Z02 and Z03,
respectively) and fall (x0.5 at station Z03) and the cost associated with NO; and NH,
fluxes decreases significantly (Table 3). However, when NH, profiles are not included
in the cost calculation, the RMSE for sediment NH, concentrations increases signifi-
cantly, from 87.59 mmol N m~2d~" for the baseline case to 174.45 mmoINm2d~" (site-
specific, flux only) and 111.86 mmolNm=2d~" (site-specific, flux only +Fpgy). Since
the parameter set with all constraints best represents sediment—water fluxes and NH,
sediment concentrations throughout the Louisiana Shelf, it is used subsequently to
parameterize sediment—water fluxes and is referred to as baseline.

The optimized model is sensitive to several parameters related to the remineraliza-
tion of the fast decaying organic matter pool (R,(7)) and to the POM deposition rates
(Fpom) (Fig. 4). The total cost is very sensitive to the POM deposition rate at station Z03
(Fpom3y), but not at station Z02 (Fpo2,, Fig. 4); the cost at station Z02 is sensitive to
the POM deposition rate (e.g > 300 % increase in April), but since the cost at station
Z03 is much higher, the effect on the total cost is small. To a lesser extent, model re-
sults were also sensitive to the bioturbation diffusivity (Dbio,) and to the maximum rate
of nitrification (Nit).
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3.2 Meta-modeling parameterization

A meta-model of sediment—water fluxes was derived using simulations with the op-
timized diagenetic model, as described in Sect. 2.2.3. The coefficients of the meta-
model parameterizations for O,, NH, and NO5 sediment—water fluxes are presented
in Table 4. Each parameterization is able to reproduce the sediment—water fluxes sim-
ulated with the diagenetic model (Fig. 5). The agreement between simulated and pa-
rameterized fluxes is excellent for O, (r2 =0.99) and NH, (r2 = 0.95) and very good for
NOj fluxes (r? = 0.63) (Fig. 5).

The meta-model for O, flux is dominated by POM deposition with O, flux depend-
ing almost linearly on POM deposition (Table 4). Temperature also influences O, flux
primarily above 20°C (Fig. 6). The meta-model for NH, flux is similar in that NH, flux
is also dominated by POM deposition with a temperature effect above 20 °C. However,
bottom water O, has a growing effect on NH, flux under hypoxic conditions (Table 4,
Fig. 6). When bottom water O, is low, NH, flux increases with decreasing O,. More
deposited particulate organic N is thus returned to the water column as NH,. In con-
trast to O, and NH, fluxes, the meta-model for NO; flux is independent of POM deposi-
tion. NO5 concentration, O, concentration and temperature in bottom waters contribute
more evenly to this relationship (Table 4). Bottom water NO; and O, concentrations
control both the direction and intensity of NOg flux in the meta-model. With oxygenated
bottom waters, NOj flux is essentially controlled by bottom NO3; concentration due to
NO; diffusion across the sediment—water interface. NO; flux is into the sediment when
the bottom water NO5 concentration is high and out of the sediment when the bottom
water NO3 concentration is low. When bottom waters are hypoxic, NO; flux is oriented
into the sediment, which then becomes a sink for water column NO; (Fig. 6).

By using simulated bottom water conditions from our biogeochemical circulation
model as input for the meta-models we can assess the spatial and temporal variabil-
ity in parameterized sediment—water fluxes over the Louisiana Shelf (see Fig. S1).
Sediment—water fluxes were computed from the meta-model at the time of the LUM-

7550

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/12/7537/2015/bgd-12-7537-2015-print.pdf
http://www.biogeosciences-discuss.net/12/7537/2015/bgd-12-7537-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

CON hypoxia survey in July 2009 (Fig. 7) and throughout 2009 at station Z02 and Z03
(Fig. 8). The spatial distribution of parameterized O, and NH, fluxes are relatively simi-
lar (Fig. 7), with large fluxes near Atchafalaya Bay and the Mississippi River delta where
POM deposition is high (> 5mmoINm~2d™", Fig. S1). Patches of moderate NH, flux
(1-3mmolN m~2 d'1) occur southwest of Terrebonne Bay and further west on the shelf
where bottom waters are hypoxic (Fig. S1). NOj flux follows the distribution of bottom
water O, on the shelf with flux into the sediment in hypoxic areas and flux out of the
sediment elsewhere (Fig. 7). NOg flux into the sediment in the deep offshore areas is
driven by high bottom water NO5; concentrations.

The time series at stations Z02 and Z03 indicate high temporal variability in parame-
terized sediment—water fluxes (Fig. 8) that are driven by rapid changes in bottom water
conditions (Fig. S1). O, flux follows POM deposition closely at both stations. The dif-
ference in the magnitude of O, flux is large between the two stations (Fig. 8) due to
the spatial variations in POM deposition (Fig. S1). A similar pattern occurs for NH, flux
at station Z02 (Fig. 8). However, NH, flux at station Z03 is uncorrelated with POM de-
position and mostly driven by changes in bottom O, concentrations (Fig. S1). In late
summer and fall, transient hypoxic conditions at station Z03 result in enhanced NH,
flux to the water column. The direction and magnitude of NO; fluxes closely follows
the O, concentration in bottom water. Hypoxic conditions starting in early July at both
stations result in a switch from efflux of NO3 from the sediment to influx of NO5 into the
sediment (Fig. 8).

3.3 Comparison with other parameterizations

Here we explore the differences between the meta-models and the three sediment—

water flux parameterizations we used previously in our ROMS models for the Louisiana

Shelf, i.e. IR, which assumes instant remineralization of deposited POM, and H&D and

M&L, which are functions of bottom temperature and O, concentration only. In contrast

to the H&D and M&L parameterizations, O, flux is relatively insensitive to bottom water

O, concentrations in the meta-model (Fig. 9). Since the magnitude of O, flux is highly
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correlated with POM depositional flux in the meta-model, IR and the meta-model are
relatively similar (Fig. 9). However, except at low POM deposition, O, flux is significantly
lower in the meta-model.

The NH, flux parameterized with the meta-model differs significantly from the NH,
flux calculated from H&D and M&L (Fig. 10). POM deposition is the main driver of NH,
flux in the meta-model whereas the equivalent fluxes in the H&D and M&L parame-
terizations are insensitive to depositional flux. Also, in the meta-model NH, flux to the
water column increases in hypoxic conditions. Even at low POM deposition, NH, flux
is much larger in the meta-model than in the three previous parameterizations when
bottom O, is low. However, when O, is available (O, > 50 mmol O, m™), NH, flux is
relatively similar between the meta-model and IR (Fig. 10).

Sediment—water fluxes were calculated by applying the meta-models to output from
the biogeochemical circulation model and are compared to those parameterized with
the H&D parameterization (see Fig. S2). O, fluxes are larger in the meta-model in
the areas of high POM deposition near the Mississippi and Atchafalaya river mouths
and outside Terrebonne Bay (see Fig. S1). O, fluxes are smaller in the meta-model
in other regions, especially on the western Louisiana Shelf where POM deposition is
small but where bottom water temperatures and O, concentrations are elevated. NH,
flux is also much higher in the meta-model in regions of high POM deposition and
somewhat higher where hypoxia occurs (Fig. S2). In the other areas NH, flux is lower
in the meta-model.

4 Discussion

The meta-model procedure for parameterizing sediment—water fluxes requires a dia-
genetic model that realistically represents sediment processes. In order to obtain such
a realistic diagenetic model for the Louisiana Shelf we optimized a modified version of
Soetaert et al’s model (1996a), which captures the main temporal variations in sedi-
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ment biogeochemistry, sediment NH, concentration and sediment—-water fluxes at the
two sampling locations on the eastern and western Louisiana Shelf.

Some of the discrepancies between model and observations can be attributed to the
imposition of a single parameter set. For example, sediment porosity and bioturbation
are interdependent (Mulsow et al., 1998) and influence sediment—water fluxes (Aller,
1982). They are known to vary spatially on the Louisiana Shelf (Lehrter et al., 2012;
Briggs et al., 2014), which is not represented in the optimized parameter set. This lim-
itation could be resolved by introducing spatially dependent bioturbation and porosity
coefficients; however, a much larger spatially resolved dataset would be necessary to
obtain these dependencies.

Another key driver of diagenetic processes is POM deposition. However, observa-
tions of POM deposition are not available. Using POM deposition climatologies from
a biogeochemical model as we have done here is thus a source of uncertainty. This is
demonstrated by the improved agreement between simulated and observed sediment—
water fluxes when including POM deposition in the optimization.

Since the meta-model parameterization requires steady state forcing, the diagenetic
model was used at steady state for both the optimization of the parameter set and
the meta-model parameterization for consistency. Using time-varying forcing for the
optimization would not have changed the results significantly given the constraint of
the dataset on the optimization.

Overall, despite some discrepancies with observations primarily due to uncertainty
about POM deposition, diagenetic processes are represented reasonably well in the
optimized model. Therefore, we deemed the optimized model as an appropriate frame-
work for representing the main diagenetic processes on the Louisiana Shelf.

Comparing optimized parameters to the original parameter set used by Soetaert
et al. (1996a) is informative about sediment biogeochemistry on the Louisiana Shelf.
The optimization minimized the influence of bioturbation, likely a reflection of the neg-
ative impact of hypoxia on sediment biota (Diaz and Rosenberg, 1995; Middelburg
and Levin, 2009). This result is also consistent the dominance of bacteria over inverte-
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brates in the sediment community as observed by Rowe et al. (2002). The small O, and
NOj inhibition parameters for anaerobic remineralization emphasize the importance of
anaerobic processes in the area (Morse and Berner, 1995). This is consistent with ob-
servations for Mississippi River plume sediments that suggest a substantial production
of reduced substances under low O, conditions throughout the Louisiana Shelf (Rowe
et al., 2002; Lehrter et al., 2012) and reflects the important role of ODU in the O, flux
meta-model. The small optimized value for NO3 limitation of denitrification indicates
that direct denitrification is an important process on the Louisiana Shelf when low O,
limits coupled nitrification-denitrification (Nunnally et al., 2013). Direct denitrification
occurs when NOj is available in bottom waters and tends to increase with increasing
NO3 concentration (Fennel et al., 2009). The small optimized value of O, inhibition on
nitrification and the relatively high maximum rate of nitrification compared to the orig-
inal parameter values are also indications that sediment nitrification is an important
process on the Louisiana Shelf, contributing to O, consumption in the sediment. This
result is also consistent with earlier observations (Lehrter et al., 2012).

We added temperature dependence of remineralization to the original model from
Soetaert et al. (1996a). Model results were very sensitive to changes in the remineral-
ization rate of the fast decaying organic matter pool (R»(7)). The optimum temperature

of remineralization (7,,), the remineralization rate at optimum temperature (RZT""‘) and
the Q,, parameter for the fast decaying organic matter pool (6,) all influence R,(T) and
therefore model results are very sensitive to variations in these parameter values.

The three meta-models reproduced the results from the optimized diagenetic model
remarkably well suggesting that it is possible to use such parameterizations in place
of a full, vertically resolved diagenetic model to prescribe sediment—water boundary
conditions in biogeochemical circulation models. Previous meta-model parameteriza-
tions of diagenetic rates (Middelburg et al., 1996; Soetaert et al., 2000; Gypens et al.,
2008) and perturbation response experiments (Rabouille et al., 2001) had similar suc-
cess. The present method is somewhat different because the goal is to parameterize
sediment—water exchanges directly as a function of bottom water conditions. The re-
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sulting meta-models exhibit realistic dynamics such as the increase of sediment—water
fluxes in regions of high POM deposition, the decrease of denitrification at low bottom
O, concentrations and the prominent role of reduced substances (represented by the
ODU pool) as an O, sink in suboxic conditions.

Perhaps a key difference to other sediment—water parameterizations is the impor-
tance of ODU at low O,, which results in a relatively flat relationship between O, flux
and bottom O, concentration in hypoxic conditions; in the meta-model, ODU is the
dominant source of O, consumption in hypoxic conditions and at high POM deposi-
tional flux (Fpoy > 5mmolN m~2 d™"), independently of bottom O, concentration. Pre-
vious parameterizations of sediment—water O, flux on the Louisiana Shelf considered
only SOC and therefore O, flux decreased with decreasing bottom O, in the hypoxic
range. However, Lehrter et al. (2012) found an increase of the DIC/O, flux ratio with
bottom O, depletion that they attributed to the production of reduced substances that
accumulate in the sediment, diffuse back and reoxidize in the water column when O,
becomes available. This represents a significant O, sink in bottom waters and needs
to be accounted for in the sediment—water O, flux parameterization. The O, flux meta-
model combines SOC and ODU fluxes and is therefore a more realistic representation
of O, consumption at the sediment—water interface. This formulation assumes instant
ODU oxidation in the water column, even in anoxic conditions, whereas oxidation oc-
curs in oxygenated waters only. The time delay between ODU flux and oxidization is
therefore missing in the meta-model but is accounted for if the coupled biogeochemical-
circulation model carries an O, debt in anoxic conditions, as is the case in the models
of Fennel et al. (2009, 2013) an Laurent and Fennel (2014).

The meta-models simulate both the O, dependence of coupled nitrification-
denitrification and direct denitrification, which are also key differences to simple pa-
rameterizations of sediment—water fluxes in biogeochemical models. The inhibition of
coupled nitrification-denitrification at low O, stimulates eutrophication and therefore
represents a positive feedback of hypoxia, as observed in Chesapeake Bay and other
eutrophic systems (Kemp et al.,, 1990) and estimated for the global coastal ocean
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(Rabouille et al., 2001). It is essential to represent this feedback in high N/low O,
systems such as the Louisiana Shelf. In the NO3; meta-model, the inhibition of cou-
pled nitrification-denitrification in hypoxic conditions is partly compensated by the in-
crease in direct denitrification in areas where NOj is available in bottom waters, which
results in a nitrate flux to the sediment. On the Louisiana Shelf, this is the case in ar-
eas near the Mississippi-Atchafalaya River source, especially in the shallow area near
Atchafalaya Bay. The parameterized nitrate uptake by the sediment agrees with obser-
vations from the Louisiana Shelf (Gardner et al., 1993; Nunnally et al., 2013). Nunnally
et al. (2013) suggest a limited coupling between nitrification and denitrification in the
Louisiana Shelf hypoxic zone. Nonetheless, the magnitude of this NO3 sink remains
much smaller than the NH, flux to the water column and therefore the overall effect of
low bottom O, is an enrichment of N in the water column, i.e. a positive feedback on
eutrophication.

The meta-model method can be easily implemented in biogeochemical circulation
models. However, the method should be applied only on regional scales because dif-
ferent types of bacterial, meio- or macrofaunal communities with various level of bio-
turbation are associated with distinct types of substrate, porosity and POM quality and
quantity affect POM recycling and thus influence the rates of sediment diagenetic pro-
cesses locally (Herman et al., 1999). In other words, diagenetic models are region-
specific.

5 Summary and conclusions

Benthic-pelagic coupling in biogeochemical circulation models is usually implemented
through simple parameterizations or with a diagenetic model. These methods are either
too simplistic or computationally very costly. Here we presented a method to compute
meta-models of sediment—water fluxes in regional biogeochemical models through op-
timization of a diagenetic model. The method results in a realistic and computationally
efficient representation of sediment—water fluxes. Applied to the Louisiana Shelf, the
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method provides insight in the sediment biogeochemistry of the region, such as the
importance of anaerobic processes and reduced substances, the limited level of biotur-
bation, the occurrence of direct denitrification and the inhibition of coupled nitrification-
denitrification in hypoxic conditions. The meta-models represent these Louisiana shelf
processes, resulting in more realistic, non-linear interactions between bottom water
concentrations and sediment—water fluxes under hypoxic conditions. A potential limita-
tion of the method is the need for local observations to optimize the diagenetic model.

The Supplement related to this article is available online at
doi:10.5194/bgd-12-7537-2015-supplement.
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Table 1. Bottom water conditions at stations Z02 and Z03 in 2006. These data are used to
optimize the diagenetic model. POM deposition flux (Fpoy) Was not measured; Fpgy monthly
climatologies were calculated for station Z02 and Z03 from a multiyear simulation with a bio-
geochemical circulation model (see Sect. 2.3).

Station Date Feom Salinity Temperature NO, NH, 0,
mmoINm~24d"" °C mmolm™2  mmolm™ mmolm™2

202 Apr 3.53 33.0 21.6 7.16 0.58 60.2
Jun 2.19 36.0 24.0 8.61 7.93 0.0
Sep 0.95 35.4 29.6 8.45 0.32 16.0

Z03 Apr 1.36 36.2 21.7 1.50 0.47 67.9
Jun 1.20 35.9 25.7 1.90 2.40 137.9
Sep 0.44 35.1 29.1 5.63 0.82 118.4
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Table 2. Diagenetic model parameters. The 20 parameters that were optimized are indicated
with a + sign. The original values are from Soetaert et al. (1996a); an asterisk indicates values
that are identical in the optimized parameter set.

Symbol

Value

optimized  original

Parameter description

Units

H

@
doo
‘Dcoef

Wsed
D,
Do,
Do,
Dony
anH,
ano,
ao,
aopy
Zbio
Dbio,
Dbcoelf

1.0
8.784

0.0213
0.10

2.821

0.00
20.0

11.45
20.0
50.0

1.0
30.0
0.1

3.0
3.0
2.0
30.0
0.0002

10
0.8
0.7
4.0

0.022
0.847
0.845
0.955
0.842
0.0336
0.0303
0.0386
0.0242
5.0
1.58
1.0
0.02
0.13

(+)

Active sediment depth

Porosity at surface

Porosity at depth H

Porosity decay coefficient

Burial velocity

Diffusion coefficient for ammonium at 0°C

Diffusion coefficient for nitrate at 0°C

Diffusion coefficient for oxygen at 0°C

Diffusion coefficient for ODU at 0°C

T-dependent coefficient for ammonium diffusion
T-dependent coefficient for nitrate diffusion
T-dependent coefficient for oxygen diffusion
T-dependent coefficient for ODU diffusion

Depth of bioturbated layer

Bioturbation “diffusivity”

Exponential decay below bioturbated layer
Remineralization rate at T for slow decaying OM1 pool
N: C ratio for the OM1 pool

Remineralization rate at T, for fast decaying OM2 pool
N: C ratio for the OM2 pool

Permanent burial of ODUs

Half-saturation, O, limitation on aerobic remineralization
Half-saturation, O, inhibition on anaerobic remineralization
Maximum oxidation rate of ODUs

Half-saturation, O, in ODU oxidation

Maximum nitrification rate

Half-saturation, O, inhibition on nitrification
Half-saturation, nitrate limitation of denitrification

O, inhibition of denitrification

Half-saturation, nitrate inhibition of anaerobic remin.
Fraction of deposited organic carbon into OM2 pool
Q4o parameter for r,

Q4o parameter for r,

Q4o parameter for the bioturbation of solids

Optimum temperature for Q,, relationship

Non-local mixing coefficient

umoINO; m™

cm

umol O, L'
umol O, L
day”'
umol O, L'
day’1
umol O, L'

umolNOZ L™

umol O, L'
3

yr
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Table 3. Cost of each variable type at station Z02 and Z03 calculated using Eq. (3). Simu-
lations were run with the parameter set from Soetaert et al. (1996a) (original) and with the
optimized parameter set (baseline). Additional optimizations were carried out for each station
independently (site-specific), for each station using sediment—water fluxes only (site-specific,
fluxes only), and including POM depositional flux in the optimization (site-specific, fluxes only,

+ Foom)-
Optimization ~ Station Fy,  Fyy, Fno,  NH, profiles  Total
Original 202 0.1 366.2 107.8 1.5 475.6
Z03 3.1 2788.3 1388.4 9.0 4188.8
Total 3.2 31545 1496.2 10.5 4664.4
Baseline 202 0.2 8.6 52.6 1.5 62.9
Z03 3.8 341 137.0 8.1 183.0
Total 40 427 189.6 9.6 245.9
Site-specific 202 0.3 6.7 4.3 6.0 17.3
Z03 39 257 134.0 8.9 172.5
Total 42 324 138.3 14.9 189.8
Site-specific, Z02 04 5.0 3.8 - 9.3
flux only Z03 35 207 116.9 - 141.1
Total 39 257 120.7 - 150.3
Site-specific, Z02 0.6 0.2 0.0 - 0.8
flux only Z03 5.4 29 68.5 - 76.8
+Fpom Total 6.0 3.1 68.5 - 77.6
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Table 4. Meta-model coefficients for sediment O, consumption (SOC), NH, flux (FNH4) and
NO; flux (FNoa)- The form of the relationship is given in Eq. (4). For each flux, the contribution
of each input variable is indicated as well as the direction of its effect. The contributions were
calculated from standardized coefficients. Bold values indicate the two dominant variables for

each meta-model.

Constant From Salinity ~ Temperature NH, NO4 0O,
mmolNm=2d"" °C mmolm™2  mmolm™®  mmolm™
Fo, x; —17.6054 -3.5657 —1.5442 41427 -0.2751 -0.0376 -0.0273
x,.2 -0.0441 0.0671 -0.1596 -0.0369 0.0022 0.0001
x,.3 0.0007 -0.0009 0.0017 0.0022 —-0.0000 —-0.0000
Contribution (%) 79.7 2.5 10.3 3.5 0.7 3.3
Effect direction - - - - + -
Fan, X —2.9753 0.0356 0.2646 0.2272 -0.1077 0.0106 -0.0367
x,-2 0.0288 -0.0079 -0.0132 0.0373 -0.0002 0.0002
xi3 -0.0004 0.0001 0.0002 -0.0016 0.0000 —-0.0000
Contribution (%) 65.4 8.3 9.5 4.2 14 11.2
Effect direction + + + + + -
Fno, X 22111 0.0387 0.0023 -0.3662 0.1024 -0.0160 0.0162
x,.2 -0.0022 -0.0003 0.0151 -0.0181 0.0000 -0.0001
x? 0.0000 0.0000 -0.0002 0.0006 —-0.0000 0.0000
Contribution (%) 0.0 4.9 22.0 4.2 39.3 29.6

Effect direction

+
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Figure 1. Map of the Louisiana Shelf showing the location of sample collection sites Z02 and

Z03.
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Figure 7. Spatial distribution of parameterized O,, NH, and NO; fluxes during the LUMCON
cruise in July 2009. Negative fluxes (blue) are into the sediment.
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Figure 8. Temporal variability of parameterized O,, NH, and NOj fluxes at station Z02 and Z03
in 2009. Negative fluxes are into the sediment.
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Figure 9. O, flux in the meta-model compared to that from the IR, H&D and M&L parameter-
izations as a function of bottom O, concentration (left) and of POM depositional flux (right).
The grey area on the right panel corresponds to the variation in O, flux when bottom O, con-
centration range from 0 to 200 mmol O, m™>. The comparison between H&D, M&L and SOC
observations can be found in Fennel et al. (2013) and Yu et al. (2015).
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