


mean surface chlorophyll distributions show very low RMSD and high Wilmott skill in the northern half of the bay
but show some positive bias in the southern half of the bay. Themedian value of temporal model skill throughout
the bay is 0.49 (Figure 10f). The 5 year mean vertically integrated primary production was also computed as
1321mgCm�2 d�1, which is comparable to the mean net primary production (1357mgCm�2 d�1) derived
from Moderate Resolution Imaging Spectroradiometer-Aqua [Son et al., 2014].
3.4.6. Dissolved Oxygen
The model reproduces the observed oxygen distributions in the bay very well. In the upper and lower bay, both
simulated and observed oxygen concentrations are consistently high throughout the water column, whereas
in the middle bay, both simulated and observed oxygen concentrations show a strong vertical gradient
(Figures 8k and 8l). The model also successfully reproduces the observed vertically integrated dissolved oxygen
seasonal cycle (Figures 9f, 9l, and 9r), which closely follows the seasonal cycle of temperature, largely due to
the solubility effect of oxygen. Quantitatively, both spatial and temporal model skill are high for dissolved

Figure 10. Comparison between 5 year (2001–2005) averaged sea surface chlorophyll from (a) SeaWiFS and (b) model
simulation. Skill assessment is illustrated by (c) unbiased RMSD, and (d) Willmott skill together with histograms of
(e) unbiased RMSD and (f) Willmott skill.
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oxygen, with correlations between the simulated
and observed fields reaching 0.98 in terms of both
space and time (Figure 5) and overall spatial and
temporal model skill both as high as 0.97.

4. Results and Discussion

A nitrogen budget for the Chesapeake Bay cover-
ing the time period 2001–2005 was computed
from the simulated fields described above and is
presented below. Because the model reproduced
the annual mean nitrogen distributions (Figure 8)
better than the seasonal variability of the nitrogen
distributions (Figure 9), the focus of the nitrogen
budget analysis described here is on the mean of
the annual fluxes (Figure 11) and the interannual
variability of these annual mean nitrogen fluxes
(Figure 12). An analysis of the seasonal variability
of these fluxes will be presented in a future paper,
after the seasonal variability of simulated organic
matter distributions is improved (see section 5).

4.1. Mean Nitrogen Fluxes

The mean nitrogen budget for the Chesapeake Bay
(Figure 11) included a total riverine nitrogen (inor-
ganic + organic) entering the Chesapeake Bay as
computed from DLEM of 154 × 109 g N yr�1, with
roughly 60% [Yang et al., 2015b] being present
in the inorganic form (NO3 +NH4). Burial removed
about 30% of the riverine nitrogen entering

the bay (46 ± 10 × 109 g N yr�1), with less than half of this occurring in the main stem (Table 2). Water
column and sediment denitrification removed roughly 20% of the riverine nitrogen entering the bay

Figure 11. The nitrogen budget for 2001–2005 in the
Chesapeake Bay from our modeling system (unit:
1 × 109 g N yr�1). The exchange of DIN/PON between
the internal bay and exterior ocean was estimated using
velocity and DIN/PON concentration at each time step at
a cross section of the bay mouth (red line in Figure 1a).
Net ecosystem production (NEP) was estimated as primary
production minus phytoplankton and zooplankton respiration
and TON remineralization. Error bars represent the standard
deviations computed for the mean of the five annual values.

Figure 12. (a) Freshwater discharge for the 2001–2005 period. The long-term (1980–2008) mean ± standard deviation of
discharge computed from DLEM are included as the gray solid and dashed lines. (b) Interannual variability of nitrogen
fluxes computed for the 2001–2005 analysis period.
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(34 ± 10 × 109 g N yr�1; Figure 11), with more than half of this occurring in the main stem. These percentages
agree well with the results of Nixon et al. [1996], who estimated that burial and denitrification removed 40%
and 25% of the total nitrogen entering the Chesapeake Bay.

The largest term representing loss of total nitrogen was advective export to the coastal ocean. Ocean export of
inorganic nitrogen was small, whereas the export of organic nitrogen was the largest of the nitrogen loss terms
(91±36×109 gNyr�1). This value is likely an overestimate of the actual flux of organic nitrogen out of the bay,
since simulated organic nitrogen concentrations near the bay mouth were overestimated (Figures 8e and 8g).
However, since estuarine circulation is characterized by outflow at the surface and inflow at depth, the flux of
organic nitrogen from the estuary to the ocean is primarily a function of the vertical gradient of organic nitrogen
concentration (i.e., the difference between the surface and bottom concentrations, which the model simulates
quite well), rather than the mean concentration. An error estimate associated with the export of organic nitrogen
due to the model overestimating mean organic nitrogen at the bay mouth by 10mmolNm�3 (or equivalently
0.14×109 gNkm�3) is computed as follows: 0.14×109 gNkm�3 ×100km3yr�1 =14×109gNyr�1, or roughly
15% of the total export of organic nitrogen to the ocean.

Together, the large amount of inorganic nitrogen entering the bay from the rivers coupled with the large
amount of organic nitrogen exiting the bay through the bay mouth is indicative of a system characterized
by a positive net ecosystem production (NEP= 74± 23× 109 gN yr�1). This is consistent with other studies,
which have similarly reported that the Chesapeake Bay acts as a net autotrophic estuary with production
of organic nitrogen exceeding the loss of organic nitrogen due to remineralization processes [Fisher et al.,
1988; Kemp et al., 1997, 2005].

Our simulated nitrogen budget for 2001–2005 is surprisingly comparable to earlier budgets derived from
observations for both the whole bay [Boynton et al., 1995] and the main stem [Kemp et al., 1997], especially
when considering that these estimates were based on different time periods. These previous observational
estimates were based on data collected sporadically between 1975 and 1990 and thus represent a climatological
estimate of the fluxes from this time period. In contrast, the model was implemented specifically for
the years 2001–2005. Although year-to-year variability was very large during both of these time periods,
estimates of freshwater discharge from DLEM and the CBP Watershed Model (Table 3) both indicate that
the earlier time period had lower freshwater discharge [Yang et al., 2015a]. The DLEM estimates of riverine
dissolved inorganic nitrogen (DIN) input for the earlier time period (84 × 109 g N yr�1) was also substantially
smaller than that computed for the later time period (96 × 109 g N yr�1) [see also Yang et al., 2015b]. This is
primarily a result of the anomalously high riverine discharge in 2003 caused by Hurricane Isabelle: the mean
riverine DIN input computedwithout 2003 (including only 2001, 2002, 2004, and 2005) was only 77×109gNyr�1,

Table 2. Comparison of Chesapeake Bay Nitrogen Fluxes (109 g N yr�1)

Historical Estimates
(1975–1990)

DLEM-ROMS-ECB Modela

(2001–2005)

Total nitrogen input from river 134b

DIN 84 ± 26c 96 ± 50
TON 38 ± 7c 58 ± 22
Burial stem+ tributaries 53b 46 ± 10

stem 21d 22 ± 4
Denitrificatione stem+ tributaries 40b 34 ± 10

stem 23d 22 ± 9
Net ecosystem productionf 54d 74 ± 23
Total nitrogen export to ocean
DIN 3d 8 ± 8
TON 78d 91 ± 36

aFrom this study.
bFrom data-derived estimates of Boynton et al. [1995].
cDLEM estimates based on 1980–1990 periods.
dFrom data-derived estimates of Kemp et al. [1997].
eIncludes both water column and sediment denitrification.
fCalculated from TON budget.

Journal of Geophysical Research: Biogeosciences 10.1002/2015JG002931

FENG ET AL. MODELING CHESAPEAKE BAY NITROGEN FLUXES 1684



i.e., less than the DIN input computed
for the earlier time period. Despite the
differences in total riverine discharge
between the earlier (1975–1990) and
later (2001–2005) time periods, the per-
cent DIN of total nitrogen entering the
bay remained at roughly 60% [Boynton
et al., 2008; Yang et al., 2015b].

Despite the different riverine inputs
during these distinct analysis time
periods, the observational-based esti-
mates of estuarine nitrogen fluxes still
fall within the standard deviation of
our simulation-based estimates, demon-
strating the robustness of the nitrogen
budget derived from our modeling sys-
tem. Simulated burial and denitrification
rate estimates were very similar to the
data-derived estimates, with the latter
falling within the standard deviation of
the simulated estimates (Table 2) for
both the main stem [Kemp et al., 1997]
and the bay as a whole [Boynton et al.,
1995]. The advective ocean export fluxes
calculated using the two different meth-
ods (simulated versus climatologically

data derived) were also surprisingly comparable, again especially when considering the significant inter-
annual variability (standard deviations) in the simulated fluxes (Table 2). The net ecosystem production
derived from our ROMS-ECB simulation was calculated to be 5%–9% of total annual primary production,
in excellent agreement with the 8% reported by Kemp et al. [1997]. Finally, although atmospheric nitrogen deposi-
tion and fisheries harvest have not been included in our analysis, these are estimated to represent relatively small
source/sink terms, respectively [Boynton et al., 1995].

4.2. Interannual Variability of Annual Mean Nitrogen Fluxes

The simulated nitrogen fluxes in the bay vary considerably on interannual time scales, as quantified by the high
standard deviations associated with the individual annual mean fluxes discussed above (Figure 11). Although
some interannual variability exists in the wind, precipitation, and radiative forcing, the primary source of this
variability is river discharge. For the 5 years analyzed, the DLEM freshwater river discharge varied by more than
a factor of 2, from a mean of roughly 50 km3 yr�1 over the two lowest flow years (2001–2002) to a mean of
nearly 128 km3 yr�1 over the two highest flow years (2003–2004; Figure 12a). This strong interannual variability
in freshwater discharge estimated by DLEM [Yang et al., 2015a] closely matches (Table 3) that estimated by the
regulatory EPA Chesapeake Bay Watershed Model (CBP WM), which has been well tuned to observations from
USGS gauging stations [Shenk and Linker, 2013]: 2001–2002=56 km3 yr�1 and 2003–2004=122 km3 yr�1

(G. Shenk and K. Hinson, personal communication, 2015).

The strong interannual variability in freshwater discharge entering the bay leads to a similarly strong
interannual variability in dissolved inorganic nitrogen (DIN) and total organic nitrogen (TON) inputs into
the bay (Figures 12b and 13). Specifically, riverine inputs of TON for the high-flow years of 2003–2004
(DLEM: 81 × 109 kg yr�1 and CBP WM: 75 × 109 kg yr�1) are more than twice those of 2001–2002 (DLEM:
38 × 109 kg yr�1 and CBP WM: 32 × 109 kg yr�1), with once again a similar magnitude for both the DLEM
and the CBP WM estimates (Table 3). Both the DLEM and the CBP WM also indicate that the interannual
variability of riverine DIN inputs is strong as well, though this interannual variability estimated by DLEM is
somewhat stronger than that of the CBP WM (Table 3). Between 2001–2002 and 2003–2004, DLEM estimates
a factor of ~2.5 increase in riverine DIN input (Figures 12b and 13).

Table 3. Comparison of Freshwater Discharge (km3 yr�1), DIN Flux
(109 g N yr�1) and TON Flux (109 g N yr�1) to Chesapeake Bay

DLEM
[Yang et al., 2015a]

CBP WMa

[Shenk and Linker, 2013]

Freshwater Discharge
2001 48 55
2002 50 57
2003 144 138
2004 112 106
2005 76 81
Mean 2001–2005 86 ± 41 87 ± 35
Mean 1985–2005 63 ± 22 75

DIN Flux
2001 55 65
2002 61 73
2003 176 120
2004 112 88
2005 80 84
Mean 2001–2005 96 ± 49 86 ± 21

TON Flux
2001 37 32
2002 40 33
2003 87 84
2004 75 67
2005 52 49
Mean 2001–2005 58 ± 22 53 ± 21

aG. Shenk and K. Hinson (personal communication, 2015).
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The impact of interannually varying riverine freshwater discharge and associated nitrogen inputs on nitrogen
fluxes within the bay is strong. Although the magnitude of NEP, denitrification, and burial were higher in
high-flow years and lower in low-flow years, the magnitude of this interannual variability does not vary line-
arly with freshwater discharge (Figure 13). For example, DLEM estimated that the freshwater discharge
increased 160% from the two lowest to the two highest flow years and was associated with a similarly large
(150%) increase in riverine input of DIN; however, the resulting variability in the estuarine biogeochemical
fluxes was considerably smaller. Burial, and denitrification increased by only about 50% (19 × 109 gN yr�1)
and 70% (18 × 109 gN yr�1), respectively, between these pairs of years.

Interannually varying riverine inputs also impact the advective export of DIN and TON to the coastal
ocean. The increase in TON export for the high-flow versus low-flow years was even greater in magnitude
(69 × 109 g N yr�1) than the increase in TON riverine input (43 × 109 g N yr�1). This result, i.e., the fact
that the export of TON increased more than the input of TON, can be explained by examining
the inorganic nitrogen fluxes (Figure 13). Specifically, the increase in DIN export for the high-flow versus
low-flow years was considerably smaller in magnitude (14 × 109 g N yr�1) than the increase in DIN riverine

input (86 × 109 g N yr�1). The remain-
ing excess DIN entering the estuary
that was not exported to the coastal
ocean was either denitrified or trans-
formed into organic nitrogen prior
to export to the continental shelf.
In summary, roughly two thirds of
the excess nitrogen entering the
bay during the high-flow years is
exported to the continental shelf
(mostly in the organic form), while
the remaining third is either denitri-
fied or buried.

Table 4. Comparison of Chesapeake Bay Nitrogen Fluxes and Standard
Deviations (109 g N yr�1) Obtained Using Estuarine Biogeochemical
Model (ROMS-ECB; This Study) and Regional Shelf Biogeochemical
Model [Hofmann et al., 2011]

ROMS-ECB (2001–2005) USECoS (2004–2008)

River input DIN 96 ± 50 82 ± 16
River input TON 58 ± 22 75 ± 16
Burial 46 ± 10 5 ± 1
Denitrification3 34 ± 10 6 ± 1
DIN export to ocean 8 ± 8 49 ± 10
TON export to ocean 91 ± 36 56 ± 11

Figure 13. Nitrogen fluxes from Figure 12 plotted as a function of freshwater discharge.
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4.3. Comparison of Simulated Fluxes With Those From a Continental Shelf Biogeochemical Model

The Chesapeake Bay nitrogen fluxes computed using the ROMS-ECB estuarine model are significantly
different (Table 4) from those computed using a regional biogeochemical shelf model configured for
the mid-Atlantic Bight [Druon et al., 2010; Hofmann et al., 2011; Xiao and Friedrichs, 2014a, 2014b]. The
version of the regional shelf model used here for comparison (Table 4) did not include the estuarine-
specific processes developed for ROMS-ECB (section 2.2) such as light attenuation due to inorganic suspended
solids, estuarine-specific phytoplankton growth rates, water column denitrification, and oxygen limitation of
remineralization. Although the riverine fluxes to the Chesapeake Bay are generally comparable for the two
models during the years examined, the burial and denitrification fluxes computed from the estuarine model
removed nearly an order of magnitude more nitrogen from the bay than did the coastal model (Table 4). In
addition, although the total ocean export of nitrogen was similar for the two models, the estuarine model
exported almost entirely TON and very little DIN. In contrast, the regional shelf model exported nearly equal
amounts of TON and DIN. The critical nitrogen transformations that occur within the estuary [Nixon et al.,
1996] were not successfully represented in the regional model, and thus, this model overestimated the transport
of riverine DIN to the coastal ocean.

The above results demonstrate the importance of resolving estuarine-specific processes in larger-scale regional
models that include estuarine domains. This is specifically critical for regions receiving considerable amounts of
inorganic nutrients and organic matter from estuaries, such as the Mid-Atlantic Bight [Nixon, 1987] and
the Louisiana Shelf [Feng et al., 2012, 2014]. In these regions it will likely be necessary and will certainly
be most efficient to have relatively high-resolution models specifically developed for estuaries nested
inside potentially coarser resolution regional shelf models. Fortunately, many of the critical estuarine
biogeochemical formulations in ROMS-ECB are active only in regions of low dissolved oxygen concentrations
and high inorganic suspended solids. Since these conditions are not generally present in the mid-Atlantic
Bight shelf adjacent to the Chesapeake Bay, the ECB model is likely to successfully reproduce biogeochemical
processes on the outer shelf as well as in the Chesapeake Bay. Research devoted to testing this hypothesis is
currently underway.

5. Summary and Future Work

In this study the interannual variability associated with physical and biogeochemical nitrogen fluxes in
the Chesapeake Bay has been quantified by means of an estuarine biogeochemistry model (ECB)
coupled to a three-dimensional hydrodynamic model (ROMS) and forced by a terrestrial ecosystem
model (DLEM). The estuarine model was based on previous mid-Atlantic Bight models [Druon et al.,
2010; Hofmann et al., 2008, 2011] but was modified to include key estuarine processes including
light attenuation due to inorganic suspended solids, estuarine-specific phytoplankton growth rates,
water column denitrification, and oxygen limitation of remineralization. The ROMS-ECB-DLEM imple-
mentation described here shows significant skill in reproducing the variability of both physical and
biogeochemical fields of the bay when evaluating with in situ and satellite-derived data for a contempor-
ary period (2001–2005). In addition, the nitrogen fluxes computed with this modeling system closely
match mean fluxes derived from historical Chesapeake Bay observations, which is particularly surprising
given the strong interannual variability associated with these fluxes. Although a number of 3-D coupled
estuarine models have been previously implemented in the Chesapeake Bay [Cerco, 2000; Li et al., 2009;
Testa et al., 2014; Xu and Hood, 2006; Scully, 2010, 2013; Luettich et al., 2013], these previous efforts have
been limited to examining one or two specific aspects of estuarine biogeochemistry associated with
nitrogen cycling, such as phytoplankton biomass, dissolved inorganic nutrients, or dissolved oxygen
concentrations. To our knowledge, this is the first time both physical and biogeochemical components
of the complete Chesapeake Bay nitrogen cycle have been investigated in detail using a coupled
hydrodynamic-biogeochemical model.

The continuous 5 year period selected for our analysis incorporated very different hydrological conditions:
dry (2001 and 2002), wet (2003 and 2004), and intermediate (2005). The mean freshwater flow as well as
the DIN and TON riverine fluxes were more than twice as high in these two wet years as compared to these
two dry years. Approximately one third of the excess nitrogen entering the bay during the high-flow years
was denitrified and buried. The remaining two thirds of this excess nitrogen was exported to the continental
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shelf, with most of this being in the organic form. Thus, the increased DIN input to the bay during the
high-flow years was not exported directly as DIN to the coastal ocean but rather was primarily converted
to TON through photosynthesis before being advected out of the bay.

Three-dimensional (3-D) coupled hydrodynamic-biogeochemical models have been widely used in
recent years for the study of marine biogeochemical cycling within ocean margins and provide a useful
tool for examining the transformation of nutrients in coastal regions [Banas et al., 2009; Druon et al.,
2010; Feng et al., 2014; Fennel et al., 2006, 2011; Friedland et al., 2012; Wakelin et al., 2012; Xue et al.,
2013]. However, estuaries, which play an important role in global nutrient cycling, are often poorly
represented in these types of models. Regional- and basin-scale models typically either export riverine
nutrients to coastal waters directly omitting the estuaries altogether or include estuarine regions
but apply biogeochemical models derived for continental shelves to the estuarine domains [e.g.,
Fennel et al. [2006]; Druon et al. [2010]; Hofmann et al. [2008, 2011]]. Here nitrogen exported from
the Chesapeake Bay computed from the estuarine-specific ECB model was compared with a model
developed for the U.S. eastern continental shelf. The significant resulting differences in DIN export
(49 ± 10 × 109 g N yr�1 for the coastal model versus 8 ± 8 × 109 g N yr�1 for the estuarine model) highlight
the importance of carefully resolving estuarine physical and biogeochemical processes in regional- and
basin-scale models.

Although the ROMS-ECB-DLEM simulations documented here closely replicated nitrogen fluxes derived from
observations in the Chesapeake Bay, future efforts will be devoted to further improving the seasonal variability
of organic matter in the bay. These future improvements are listed below, in the order from highest to lowest
priority. First, a reassessment of ISS dynamics is required, as an overestimation of ISS in the upper bay is likely
causing overly strong light attenuation, resulting in an underestimation of the spring bloom in the northern
bay. Second, the incorporation of phosphate limitation, which is known to play an important role in limiting
phytoplankton growth in the upper bay in the spring [Fisher et al., 1992], will improve our simulations of
phytoplankton growth. Third, the ECBmodel currently includes only one type of phytoplankton and zooplankton,
whereas in reality multiple distinct phytoplankton species are present in the bay [Marshall and Nesius, 1996].
Efforts are currently underway to expand the model to include two phytoplankton and two zooplankton
components [Xiao and Friedrichs, 2014a, 2014b], which will also likely improve the model’s ability to reproduce
the correct seasonal variability of organic matter in the bay. Finally, future efforts will be directed toward refining
our representation of pelagic-benthic coupling processes by including a separate sediment digenetic model [e.g.,
Soetaert et al., 2000]. This will allow temporary storage of organic matter in the bay sediments, which will likely
improve our simulations of chlorophyll and PON fields below 10m depth.

Although ROMS-ECB includes a full carbon cycle (not described here), the simulated carbon distributions
have not been fully evaluated with available data within the bay. ROMS-ECB currently uses a relationship
derived from historical USGS Chesapeake river gauge data for the ratio of dissolved inorganic carbon
(DIC) to alkalinity, and applies this to DIC riverine concentrations derived from a terrestrial ecosystem
model; in the future, however, alkalinity will be available from the DLEM simulations directly. In addition,
initial and open ocean boundary conditions for alkalinity and DIC are currently derived from regressions
against temperature and salinity that have been developed for the North Atlantic. In the future initial
conditions will be obtained from measurements of alkalinity and pH (from which DIC can be computed)
from the EPA CBP Water Quality Monitoring Program, and alkalinity and DIC from recent cruises on the
continental shelf [Wang et al., 2013] will be used to better represent outer boundary conditions. The
resulting carbon budget in the bay will be compared to recent data-derived estimates [Herrmann
et al., 2015].

A significant difference between previous Chesapeake Bay model implementations and the modeling
effort described here, is that our river forcing is provided by a process-based terrestrial ecosystem model.
An advantage of linking our estuarine biogeochemistry model directly to such a terrestrial ecosystem
model is that the impacts on estuarine nutrient cycling processes of past and future changes in climate,
land use, and land cover can be examined. Such past and future scenario simulations are currently being
conducted and will be described in follow-up studies. As a result, our linked modeling system will likely
not only benefit future estuarine scientific studies but also support management applications and future
high-stakes decision-making.
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Appendix A: ECB Model Equations

A mathematical description of the biogeochemical source/sink terms for the ECB state variables that
specifically pertain to the nitrogen cycle are summarized here in Tables A1 and A2. Model function
symbols are defined in Appendix Table A3, and parameter definitions and values are provided in the
Appendix Table A4. A complete set of equations for the nitrogen cycle is also provided in electronic
form in the supporting information.

Table A1. State Variable Equations Including All Biogeochemical Source and Sink Terms

Variable (Symbol) Processes Time Rate of Change in Each Term

Phytoplankton (P) Change per unit time = ∂P/∂t =
+ Primary production (← [NH4] + [NO3]) þμ0LI LNO3 þ LNH4ð ÞP

� Exudation (→ [DON]SL) �γμ0LI LNO3 þ LNH4ð ÞP
� Exudation (→ [NH4]) � fNTR þ fDNFð Þωμ0LI LNO3 þ LNH4ð ÞP

�Grazing assimilation (→ Z ) � βgZ

� Fecal pellets from grazing on P (→DL) � (1� β)(1� λ)gZ

� Sloppy feeding (→ [DON]SL) � (1� β)λεgZ

� Sloppy feeding (→ [NH4]) � (1� β)λ(1� ε)gZ
�Mortality (→DS) �mPP

� Aggregation (→DL) � τ(DS + P)P

� Sinking (→ sediment) �wP∂P/∂z
Chlorophyll ([Chl]) Change per unit time = ∂[Chl]/∂t =

+ Primary production ([NH4] + [NO3]→ P) þ ρ Chl½ �μ0 LI LNO3 þ LNH4ð Þ Chl½ �
� Exudation (P→ [DON]SL) �ρ Chl½ �γμ0LI LNO3 þ LNH4ð Þ Chl½ �
� Exudation (P→ [NH4]) �ρ Chl½ � fNTR þ fDNFð Þωμ0LI LNO3 þ LNH4ð Þ Chl½ �

�Grazing (P→ Z +DL + [DON]SL + [NH4]) � gZ/P [Chl]
�Mortality (P→DS) �mP [Chl]

� Aggregation (P→DL) � τ(DS + P)[Chl]
� Sinking (P→ Sediment) �ωP∂[Chl]/∂z

Zooplankton (Z) Change per unit time = ∂Z/∂t =
+ Grazing assimilation (← P) + βgZ

� Excretion (→ [NH4]) � lBM þ lEβ
P2

KPþP2


 �
Z

�Mortality ((→DL) �mZZ
2

Small Detritus (DS) Change per unit time = ∂DS /∂t =
+Mortality (← P) +mPP

� Aggregation (→DL) � τ(DS + P)DS
� Solubilization (→ [DON]SL) �δNrDSDS

� Remineralization (→ [NH4]) � 1� δNð ÞrDS fNTR þ fDNFð ÞDS

� Sinking (→ sediment) �wS∂DS /∂z
Large Detritus (DL) Change per unit time = ∂DL/∂t =

+ Fecal pellets production (→DL) + (1� β)(1� λ)gZ

+Mortality (← Z) +mzZ
2

+ Aggregation (←DS + P) + τ(DS + P)2

� Solubilization (→ [DON]SL) �δNrDLDL

� Remineralization (→ [NH4]) � 1� δNð ÞrDL fNTR þ fDNFð ÞDL

� Sinking (→ sediment) �wL∂DL/∂z
Semilabile Dissolved Organic
Nitrogen [DON]SL

Change per unit time = ∂[DON]SL/∂t =
+ Exudation (← P) þγμ0LI LNO3 þ LNH4ð ÞP

+ Sloppy feeding (← P) + (1� β)λεgZ

+ Solubilization (←DS +DL) þδN rDSDS þ rDLDLð Þ
� Remineralization (→ [NH4]) � fNTR þ fDNFð Þr DON½ �SL e

κ DON½ �SL T DON½ �SL
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Table A1. (continued)

Variable (Symbol) Processes Time Rate of Change in Each Term

Ammonium [NH4] Change per unit time = ∂[NH4]/∂t =
- Uptake (→ P) �μ0LILNH4P

- Nitrification (→ [NO3]) � nfNTR[NH4]

+ Exudation (← P) þ fNTR þ fDNFð Þωμ0LI LNO3 þ LNH4ð ÞP
+ Sloppy feeding (← P) + (1� β)λ(1� ε)gZ

+ Excretion (← Z) þ lBM þ lEβ
P2

KPþP2


 �
Z

+ Remineralization (←DS +DL) þ fNTR þ fDNFð Þ 1� δNð Þ rDSDS þ rDLDLð Þ
+ Remineralization (← [DON]SL) þ fNTR þ fDNFð Þr DON½ �SL e

κ DON½ �SL T DON½ �SL
Nitrate [NO3] Change per unit time = ∂[NO3]/∂t =

�Uptake (→ P) �μ0LILNO3P
�Water column denitrification (→N2) �ηDNF fDNF; fWC½ �min 1� δNð Þ rDSDS þ rDLDLð Þ þ r DON½ �SL e

κ DON½ �SL T DON½ �SL
� �

+Nitrification (← [NH4]) + nfNTR[NH4]

Oxygen [O2] Change per unit time = ∂[O2]/∂t =

+ Air-sea flux þ vkO2
Δz O2½ �sat � O2½ �� �

+ Primary production ([NH4] + [NO3]→ P) þμ0LI ηO2 :NO3
LNO3 þ ηO2 :NH4

LNH4

� �
P

+ excess-based production ([CO2]→ P) þγCηC:Nμ0LI 1� LNO3 � LNH4ð ÞP
�Nitrification ([NH4]→NO3]) � 2fNTRn[NH4]

� Exudation (P→ [NH4]) �ηO2 :NH4
fNTRωμ0LI LNO3 þ LNH4ð ÞP

� Excretion (Z→ [NH4]) �ηO2 :NH4
lBM þ lEβ

P2

KPþP2


 �
Z

� Sloppy feeding (Z→ [NH4]) �ηO2 :NH4
1� βð Þλ 1� εð ÞgZ

� Remineralization (DS→NH4]) �ηO2 :NH4
fNTR 1� δNð ÞrDSDS

� Remineralization (DL→ [NH4]) �ηO2 :NH4
fNTR 1� δNð ÞrDLDL

� Remineralization ([DON]SL→ [NH4]) �ηO2 :NH4
fNTR r DON½ �SLe

κ DON½ �SL T DON½ �SL
Inorganic suspended solid [ISS] Change per unit time ∂[ISS]/∂t =

� Sinking (→ sediment) �wISS∂[ISS]/∂z

Table A2. Biogeochemical Source/Sink Terms at the Bottom (Sediment) Boundary

Variable Processes Time Rate of Change in Each Term

Small Detritus (DS) Change per unit time = ∂DS/∂t|z = H =

+ total organic matter (DL +DS + P→DS) þϕ1
Δz FTON

Semilabile Dissolved Organic
Nitrogen [DON]SL

Change per unit time = ∂[DON]SL/∂t|z = H =

+ Remineralization of unresuspended and unburied through coupled
nitrification and denitrification (DL +DS + P→ [DON]SL)

þγ BDON½ �SL
1�ϕ1ð Þ 1�ϕ2ð Þ

Δz FTON 1þ 3LBO2ð Þ

Ammonium [NH4] Change per unit time = ∂[NH4]/∂t|z = H =

+ Remineralization of unresuspended and unburied through coupled
nitrification and denitrification ((DL +DS + P→ [NH4])

þηNF=DNF
1�ϕ1ð Þ 1�ϕ2ð Þ

Δz FTON 1þ 3LBO2ð Þ

Oxygen [O2] Change per unit time = ∂[O2]/∂t|z = H =

+ Remineralization of unresuspended and unburied through coupled
nitrification and denitrification

�ηO2 :NF=DNF
1�ϕ1ð Þ 1�ϕ2ð Þ

Δz FTON 1� LBO2ð Þ

Inorganic suspended solid [ISS] Change per unit time = ∂[ISS]/∂t|z = H =

+ Resuspended inorganic matter ξ(Γ|z = H� Γc)
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Table A3. Definitions of Functions Used in State Variable Equations

Symbol Description Equation Units

FTON Flux of total organic matter reaching to the bottom wPPjz¼H þ wDSDSjz¼H þ wDLDLjz¼H mmol Nm�2 d�1

FBC Flux of total organic carbon in the sediment
ηC:NwPPjz¼HþηCB :NB wDS DSjz¼H

þwDL DLjz¼Hð Þ½ ��12�365

1000 g Cm�2 yr�1

I Photosynthesis available radiation I0 � PARfrac � ezKD Wm�2

KD Light attenuation 1.4 + 0.063[TSS]� 0.057S m�1

If 1.4 + .063[TSS] – 0.057S< 0, then

0.04 + 0.02486[Chl] + 0.003786{0, 6.625 ([DON]SL + [DON]RF)� 70.819}max

LBO2 Bottom oxygen limitation factor
KBO2 O2sat jz¼H�O2 jz¼Hð Þ
KBO2þO2 jz¼Hð ÞO2sat jz¼H

dimensionless

LI Photosynthesis-light (P-I) relationship αIffiffiffiffiffiffiffiffiffiffiffiffi
μ2
0þα2 I2

p dimensionless

LNO3 Nitrate uptake limitation with ammonium inhibitor
NO3

KNO3þNO3

1
1þNH4=KNH4

dimensionless

LNH4 Ammonium uptake limitation
NH4

KNH4þNH4
dimensionless

TSS Total suspended solid TSS ¼ ISSþ ηC:N
PþZþDSþDL

1000 �12 g m�3

fNTF Oxygen limitation for nitrification
O2

O2þKNTR
dimensionless

fDNF Oxygen limitation for denitrification
KDNF

O2þKDNF
dimensionless

fWC Nitrate limitation for nitrification
NO3½ �

NO3½ �þKWNO3
dimensionless

g Zooplankton grazing rate gmax
P2

KPþP2
day�1

n Nitrification rate nmax 1� 0;
I�INTR

KIþI�INTR

h i
max

� 

day�1

vkO2 Gas exchange coefficient vkO2 ¼ 0:31u210
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
660=Sco2

p
m/s

ScO2 is the Schmidt number [Wanninkhof, 1992]
u10 is the wind speed 10m above the sea surface

Γ Bottom shear stress
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2bx þ τ2by

q
Pa

ρ[Chl] Fraction of phytoplankton growth devoted
to chlorophyll synthesis

θmaxμ0LI LNO3þLNH4ð ÞP
αI Chl½ � dimensionless

ϕ1 Resuspension fraction Γ
Γc

dimensionless

ϕ2 Burial efficiency 0:092F0:5797BC ; 0:75
� �

min dimensionless
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Table A4. Definitions of Biogeochemical Parameters Used in State Variable Equationsa

Symbol Description Value Units

INTR Threshold for light inhibition of nitrification 0.0095 Wm�2

KBO2 Half saturation for bottom denitrification switch 26.5 mmol Om�3

KDNF Half-saturation constant for water column denitrification 1 mmol Nm�3

KI Light intensity at which the inhibition of nitrification is half saturated 0.1 Wm�2

KNH4 Half-saturation constant for ammonium uptake 0.5 mmol Nm�3

KNO3 Half-saturation constant for nitrate update 0.5 mmol Nm�3

KNTR Half-saturation constant for water column nitrification 1 mmol Nm�3

KP Half-saturation concentration of phytoplankton ingestion 2 (mmol Nm�3)2

KWNO3 Half saturation for water column NO3 uptake shut down 3 mmol Nm�3

PARfrac fraction of light that is available for photosynthesis 0.43 dimensionless
gmax Zooplankton maximum growth rate 0.3 day�1

lBM Zooplankton basal metabolism 0.1 day�1

lE Zooplankton specific excretion rate 0.1 day�1

mP Phytoplankton mortality 0.15 day�1

mz Zooplankton mortality 0.025 day�1

nmax Maximum rate of nitrification 0.05 day�1

r DON½ �SL Remineralization of semilabile dissolved organic nitrogen 0.00765 day�1

rDL Remineralization of large detritus 0.2 day�1

rDS Remineralization of small detritus 0.2 day�1

wISS Inorganic suspended solid sinking velocity 2.0 m d�1

wL Large detritus sinking velocity 5 md�1

wP Phytoplankton sinking velocity 0.1 m d�1

wS Small detritus sinking velocity 0.1 m d�1

Γc Critical stress 0.05 Pa
α Initial slope of the P-I curve 0.065 W�1m2 d�1

β Zooplankton nitrogen assimilation efficiency 0.75 dimensionless
γ Phytoplankton exudation rate of semilabile DON 0.04 dimensionless
γc Parameter of carbon excess-based DOC exudation 0.2 dimensionless
γ BDON½ �SL Fraction of bottom semilabile DON produced through coupled nitrification and denitrification 0.01 dimensionless
δN Fraction of detritus solubilization to DON 15% dimensionless
ε Fraction of semilabile DON to total DON within the phytoplankton cell 0.15 dimensionless
ηC : N Phytoplankton carbon:nitrogen ratio 106/16 mol C/mol N
ηCB :NB

Bottom small and large detritus carbon:nitrogen ratio 9.3 mol C/mol N
ηDNF Stoichiometry for remineralization via denitrification 84.8/16 dimensionless
ηNF/DNF Stoichiometry for remineralization via coupled nitrification and denitrification 4/16 dimensionless
ηO2 :NO3

Stoichiometry for O2 produced when consuming 1 more of nitrate 138/16 (mmol Om�3)
(mmol Nm�3)�1

ηO2 :NH4
Stoichiometry for O2 produced when consuming 1 more of ammonium 106/16 (mmol Om�3)

(mmol Nm�3)�1

ηO2 :NF=DNF Stoichiometry for O2 used when consuming 1 more of ammonium in coupled nitrification/denitrification
process

115/16 (mmol Om�3)
(mmol Nm�3)�1

θmax Maximum chlorophyll to phytoplankton ratio 0.02675 (mg Chl)(mg C)�1

κ DON½ �SL Temperature dependency remineralization of semilabile DON 0.07 (°C)�1

λ Fraction of DON to TON [DON+ PON] within the phytoplankton cell 0.71 dimensionless
μ0 Phytoplankton growth rate 2.15 day�1

ξ Erosion rate of ISS 4320 gm�2 d�1 Pa�1

τ Aggregation parameter 0.005 day�1

ω Phytoplankton exudation rate of labile DON 0.03 dimensionless

aDOC = dissolved organic carbon.
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