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Abstract. A three-dimensional coupled physical- (Seitzinger etal., 2006) and exporters of organic matter (Gat-
biogeochemical model is applied to simulate and examinguso et al., 1998). The magnitude of organic and inorganic
temporal and spatial variability of circulation and biogeo- matter exchange between shelves and the open ocean is a key
chemical cycling in the Gulf of Mexico (GoM). The model quantity, yet hard to determine empirically; thus estimates of
is driven by realistic atmospheric forcing, open boundarythese fluxes in coastal ocean/marginal seas are scarce.
conditions from a data assimilative global ocean circulation The focus of this study is the Gulf of Mexico (GoM here-
model, and observed freshwater and terrestrial nitrogerafter), which is the largest semi-enclosed marginal sea of the
input from major rivers. A 7 yr model hindcast (2004-2010) western Atlantic. Encompassing both eutrophic coastal wa-
was performed, and validated against satellite observed se@rs and oligotrophic deep-ocean waters, it is a very produc-
surface height, surface chlorophyll, and in situ observationgive marine ecosystem (estimated at 150-300 g€yn1;
including coastal sea level, ocean temperature, salinityHeileman and Rabalais, 2008), and an important global reser-
and dissolved inorganic nitrogen (DIN) concentration. voir of biodiversity and biomass of fish, sea birds and marine
The model hindcast revealed clear seasonality in DIN,mammals. The upper ocean circulation in the GoM is dom-
phytoplankton and zooplankton distributions in the GoM. inated by the energetic Loop Current (LC hereafter), which
An empirical orthogonal function analysis indicated a phase-is part of the North Atlantic western boundary current sys-
locked pattern among DIN, phytoplankton and zooplanktontem. Large anticyclonic eddies aperiodically pinch off from
concentrations. The GoM shelf nitrogen budget was alsahe LC with an interval ranging from 3 to 17 months (Sturges
quantified, revealing that on an annual basis the DIN input isand Leben, 2000). Associated with the LC and its eddies, are
largely balanced by the removal through denitrification (anmany smaller cyclonic and anticyclonic eddies. Confluence
equivalent of~ 80 % of DIN input) and offshore exports to of along-shelf currents introduced by local wind stress and
the deep ocean (an equivalentefl7 % of DIN input). wind stress curl, together with interactions between eddies
and shelf/slope circulation, can effectively transport high-
chlorophyll shelf waters into the deep GoM (e.g., Muller-
Karger et al., 1991; Toner et al., 2003; Zavala-Hidalgo et
1 Introduction al., 2003). These transport processes therefore play a crucial
role in changing temporal and spatial distributions of bio-
Continental shelves are known to play an important role ingeochemical properties in the GoM, and subsequently the re-

global biogeochemical cycling (e.g., Liu et al., 2010) and gjonal marine ecosystem dynamics.
are generally considered globally important sites of deni-

trification, importers of fixed nitrogen from the open ocean
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Previous marine biogeochemical studies in the GoM haveprovide evidence that the physically controlled stratification
been mainly based on satellite sea surface temperature ansl an important process regulating hypoxia formation below
ocean color (surface chlorophyll) observations. Turbid andthe pycnocline. DiMarco et al. (2010) pointed out that spa-
nutrient rich freshwater from major rivers and the associatedial variability of dissolved oxygen concentration is closely
high chlorophyll coastal waters have a strong impact on thdinked to local topographic features. These recent ideas urge
coastal ocean color variability in the GoM (Muller-Karger et more comprehensive studies of physical and biogeochemical
al., 1991; Gilbes et al., 1996; Jolliff et al., 2003; Toner et al., processes affecting the GoM ecosystem.

2003; Martinez-Lopez and Zavala-Hidalgo, 2009; Nababan Progress in ocean modeling has made it possible to ap-
et al., 2011), especially in regions surrounding the Missis-ply coupled physical-biogeochemical models to realistically
sippi River delta, the shelf break off Veracruz, and the Baysimulate and characterize marine ecosystem variations, and
of Campeche. Analyses of gulf-wide, long-term satellite seadiscover complex physical and biogeochemical interactions
surface Temperature (SST hereafter) and ocean color dat@.g., Walsh et al., 1989). More recently, Fennel et al. (2011)
provide evidence that the GoM waters have two characterissuccessfully reproduced many features of observed nutri-
tic states: (1) a winter mixing period characterized by annualent and phytoplankton dynamics on the LATEX shelf cov-
maxima of surface pigment concentration, and (2) a ther-ering the period of 1990-2004. Model results showed a pos-
mally stratified period characterized by the annual minimumitive correlation between phytoplankton biomass and nitro-
of surface pigment concentration (Jolliff et al., 2008). One gen loading. However, simulated phytoplankton growth rate
major limitation of satellite data is that they are insufficient was not correlated with nitrogen loading, suggesting that the
to determine marine ecosystem variations in the water colchanges in biomass may be controlled by loss processes (e.g.,
umn, and whether the spatial and temporal variability in sur-vertical sinking, mortality, grazing by zooplankton) as well.
face pigment (e.g., chlorophyll) is caused by local biological Fennel et al. (2013) further incorporated dissolved oxygen
effects or by three-dimensional ocean advection across largeoncentration into the coupled model and results supported
gradients. Because of the presence of relatively high concerthe view that simulated hypoxia spatial extent is very sensi-
trations of colored dissolved organic matter (CDOM), stan-tive to the parameterization of sediment oxygen consumption
dard satellite data processing algorithms also tend to overand vertical stratification.

estimate chlorophyll concentrations in the coastal regions Here we present a coupled physical-biogeochemical mod-
(Nababan et al., 2011, also see observation/model data coneling study of ocean circulation and biochemical cycling for
parison in Sect. 3). the entire GoM. Complementary to the Fennel et al. (2011)

Ever-increasing human activities, such as shoreline destudy, our work is aimed at achieving an improved under-
velopment, changes in land use practices, and the resulstanding of marine ecosystem variations and their relations
ing increases in pollutant and nutrient/carbon input con-with three-dimensional ocean circulation in a gulf-wide con-
tinue to threaten the well-being of marine ecosystems intext. Our specific objectives were to (1) investigate tempo-
the GoM. Notable examples are coastal eutrophicationyal and spatial variability of ocean circulation and marine
recurring hypoxia, a.k.a. the “dead zone” (e.g., Rabalaisecosystem dynamics in the GoM, and (2) to quantify the ni-
et al.,, 2002), and coastal ocean acidification (Cai et al.trogen budget of the GoM shelf.

2011) on the Louisiana—Texas shelf (LATEX hereafter). The

Mississippi/Atchafalaya river system is the largest fluvial

source in the GoM and delivers 0.X110°molyr! (or 2 Methods

1.5 million ton yr-1) nitrogen into the LATEX shelf. This ni-

trogen load has tripled from the 1970s to 1990s (Goolsby2.1 Physical model

et al, 2001). The primary production and g0ptake in the

river plume has been found to be significantly correlated withThe circulation hindcast model was implemented based on
increased inorganic nitrogen flux (e.g., Lohrenz et al., 1997the Regional Ocean Modeling System (ROMS, Haidvogel et
Guo et al., 2012). A classic explanation for the hypoxia onal. 2008; Shchepetkin and McWilliams, 2005). The model
the LATEX shelf is that the nutrient-enhanced phytoplanktondomain (Fig. 1) encompasses the entire Gulf of Mexico and
growth results in the sinking of enormous amounts of organicSouth Atlantic Bight, hereafter SABGOM ROMS. Details of
matter to bottom waters on the shelf. This organic matter isthis model implementation are given in Hyun and He (2010).
then decomposed microbially in the bottom water, drawingBriefly, the model has a horizontal resolution of 5 km. Verti-
down the oxygen concentration and subsequently producingally, there are 36 terrain-following layers weighted to better
hypoxic conditions. Recent studies have shown that severalesolve surface and bottom boundary layers. For open bound-
other factors are also important in the formation of hypoxiaary conditions, SABGOM ROMS is one-way nested inside
(see Bianchi et al., 2010 for a detailed review). For examplethe 1/12 data assimilative North Atlantic Hybrid Coordinate
Lehrter et al. (2009) reported that shelf-wide primary produc-Ocean Model (HYCOM/NCODA, Chassignet et al., 2003).
tion was not significantly related to nutrient loading. Wise- Open boundary conditions of water mass and baroclinic ve-
man et al. (1997), CENR (2000), and Fennel et al. (2013)locity were specified following the method of Marchesiello et
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al. (2001), whereby Orlanski-type radiation conditions were Freshwater and nitrogen input from 63 major rivers (38
used in conjunction with relaxation to HYCOM/NCODA in the United States, 23 in Mexico, and 2 in Cuba) along
solutions. Free surface and depth-averaged velocity boundhe gulf coast and South Atlantic Bight were included in
ary conditions were specified using the method of Flatherthe coupled model simulation. For rivers located inside the
(1976) with the external subtidal information defined by HY- United States, daily riverine fresh water discharge and DIN
COM/NCODA plus eight tidal constituents (Q1, O1, P1, flux values were retrieved from the US Geological Survey
K1, N2, M2, S2, K2) derived from OTIS regional tidal so- river gauges (e.g., Aulenbach et al., 2007). Such riverine data
lution (Egbert and Erofeeva, 2002). For both meteorologi-were not available for Mexican and Cuban rivers however.
cal momentum and buoyancy forcing, we utilized 3-hourly, Instead we utilized the long-term estimation or climatolog-
32km horizontal resolution North American Regional Re- ical means developed by Milliman and Farnsworth (2011),
analysis data (NARRhttp://www.esrl.noaa.gov/psd/The Fluentes-Yaco et al. (2001), and Nixon (1996). For the Mis-
Mellor and Yamada (1982) Level 2.5 closure scheme was apsissippi and Atchafalaya rivers in particular, we also consid-
plied to compute the vertical turbulent mixing, as well as the ered riverine particulate organic nitrogen (PON hereafter) ex-
quadratic drag formulation for the bottom friction specifica- port, which was determined as the difference between total

tion. unfiltered Kjeldahl nitrogen and NH(Fennel et al., 2011).
. . The PON flux for other rivers was assigned a small, pos-
2.2 Biogeochemical model itive value as no continuous Kjeldahl nitrogen observation

, : _ was available.
The SABGOM ROMS ocean circulation model is coupled — gimilar to the LATEX model simulation reported by Fen-

with a marine biogeochemical model described in Fennel et 1 5|, (2011), we specified SABGOM initial and boundary
al. (2006, 2008, 2011). While this biogeochemical model is .o nitions of NQ using World Ocean Atlas data (Garcia et
capable of simulating phosphate and the inorganic carbony 5010y Other variables (Niphytoplankton, chlorophyll,
processes in addition to nitrogen cycling, we focused on the, o, pjankion, small and large particles) were initialized with
nitrogen cycle first in this work. Omission of phosphate cy- gmg| positive values over the entire domain. Biogeochemi-

cling is justified by results of earlier st_udies (e.q., Rgbalais eteal model parameters (i.e., phytoplankton growth/loss rates,
al.,, 2002) that have shown that the primary production on th&emineralization and light attenuation) were chosen as those
LATEX shelfis typically nitrogen-limited during the low dis- . sad in Fennel et al. (2006, 2011).

charge season, and that dis_solved_XNBO4 ratios are often We performed a 7 yr (1 January 2004-31 December 2010)
higher than the 16:_1 Redfield ratio” (Lohrenz et al., 2008; \qgignal ocean circulation and marine ecosystem hindcast.
Lohrenz et al., 1997; Lohrenz et aI.,_ 1999). An und_erstandmgThe first year was used to spin up the biogeochemical model.
of the role of phosphate and how its rapid recycling affects \na\yses described in the following sections focus on the

regional marine ecosystem processes warrants more detailggl,, 6yr period between 1 January 2005 and 31 December
study (e.g., Laurent et al., 2012 for the LATEX shelf). How- 551

ever, here we focus on nitrogen and will report on the role of On.e of the analyses to be discussed later in the text in-

phosphate in a future correspondence:. volves quantifying along-shelf and cross-shelf exchange of

Th_e nitroggn cycling modellhas_ seven state variables: tVYQNater and nitrogen (DIN and PON). Compared with hori-
species of dissolved inorganic nitrogen (DIN hereafter, ni-, ) advection, diffusion plays only a minor role in nu-

trate (NQ@) and ammonium (Ni)), one functional phyto-  jent exchanges in the open ocean (Fasham et al., 1993;
plankton group, chlorophyll as a separate state variable t0 alycGjllicuddy et al., 2003). Considering this, the cross-shelf
low for photoaccllmat_mn, one funct_lonal zooplankt_on 9roup, and along-shelf exchange was estimated using the mean ve-
and two pools of detritus representing large, fast-sinking paryocity and DIN/PON concentration fields (averaged inter-
ticles, and suspended, small particles. The sediment comyy1y through all steps within a month) of the 72 months dur-
ponent of the biogeochemical model is a simplified repre-jn 5005_2010. We first decomposed the model simulated
sentation of benthic remineralization processes, where thgg ity fields into along and across 50 m isobath directions,

flux of sinking organic matter out of the bottommost grid o, the cross-shelf and along-shelf nitrogen fluxes were cal-
box results immediately in a corresponding influx of am- . |5ted according to the equations below:

monium at the sediment—water interface. The parameteriza-
tion accounts for the loss of fixed nitrogen through sediment 0

denitrification based on the linear relationship between sed£y, = / Un(z) x N(z) - dz whereUp = proj,yU, @)
iment oxygen consumption and denitrification reported by

Seitzinger and Giblin (1996) and only accounts for the por-
tion of denitrification that is supported by nitrification of am-
monium in the sediment (referred to as coupled nitrification— g, — / Ut(z) x N(z) - dz whereU; = proj,U. 2)
denitrification).

-50

o

-50
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Fig. 1. The SABGOM ROMS model domain overlaid with water gy 5 | geations (star) of in situ ship survey data. Also shown
depth (color-sh'adl'ng), Io_catlon of 13 tidal stations (black trlangles),are the 50 and 200 m isobaths in the Gulf of Mexico, and the lo-
and a schematic circulation pattern. cation of three subregions: Delta, Intermediate, and Far-field. Us-
ing the 50 m isobath as the boundary between the inner shelf and
deep ocean{ 4000 km long), we divide the shelf areas in the gulf
Here En and E; are the nitrogen transport fluxes (unit: into 4 major sections (see Fig. 2): (1) the Bay of Campeche shelf
mmol N s 1 m~1) across and along isobaths, respectivily,  (bounded by the 50 m isobath between 0 and 1000 km starting from
and U; are the normal and tangential components of the vethe Campeche Bank, (2) the Tamaulipas—Veracruz shelf (bounded
locity along the isobath (unit: nT$), respectivelyN is the by the 50m isobath between 1000 and 1850km), (3) the LATEX
DIN (NO3z and NH; combined) and PON (phytoplankton, Shelf (bounded by thg 50 m isobath between 1850 anq 3000 km),
zooplankton, and small and large detritus combined) concen@nd (4) the West Florida Shelf (bounded by the 50 m isobath be-
tration at a given depth (unit: mmol NTA), and is water ~ (&€n 3000 and 4000 km).
depth (unit: m).

where correlation coefficients, centered root mean square dif-
3 Model-data comparisons ference (RMSD) between observed and simulated subtidal

sea level, and their normalized standard deviations are all
Model-simulated physical and biogeochemical variablespresent in a single plot. At most of the 13 coastal stations
were validated against extensive satellite and in situ obsermentioned above, the correlation coefficients between simu-
vations (see Figs. 1 and 2 for positions of coastal sea levelated and observed sea level range between 0.7 and 0.95, and
stations and ship surveys). Hourly coastal sea level obserthe simulated sea levels are within one standard deviation of
vations were obtained from 13 tidal gauges operated bythe observed values.
the NOAA National Ocean Service/Center for Operational In a gulf-wide spatial context, we compared eddy kinetic
Oceanographic Products and Services (NOS/CO-OPS). Wenergy (EKE hereafter) derived from satellite altimetry ob-
were especially interested in the model skill in resolving sub-servations (AVISO sea surface height) with model-simulated
tidal circulation processes because they dominate materidEKE. Reasonably good agreement was found between the
property transport in the ocean. As such, a 36 h low pass filtesatellite- and model-derived multiyear mean (2004—-2010)
was applied to both observed and modeled sea level time s&eKE (Fig. 5), an indication that the model is capable of re-
ries to facilitate comparisons. An example of this can be seemproducing gulf-wide sea-level and associated circulation and
in Fig. 3, which shows the comparisons between observedKE distributions. It is not surprising to see that high EKE
and modeled subtidal sea levels in 2008 at Charleston, Fewralues were associated with the LC and its adjacent eddies
nandina Beach, Galveston, and Corpus Christi. At all theseén the GoM while the shelf regions (e.g., west Florida shelf,
locations, the modeled sea level time series track their obLATEX shelf) generally had low EKE.
servational counterparts reasonably well. Both the seasonal We also took advantage of extensive in situ observations
trend and synoptic storm surge events (as results of hurri{shipboard CTD casts and Niskin bottle samplings) collected
canes) are well reproduced. A more robust statistical assessiuring research cruises in the northern GoM spanning over
ment of the model skill over the entire 7 yr hindcast period isthe period of 2005-2010 (Data were collected from differ-
shown in the form of a Taylor diagram (Fig. 4; Taylor, 2001), ent sources, including the Environmental Protection Agency;

Biogeosciences, 10, 7219234 2013 www.biogeosciences.net/10/7219/2013/
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Fig. 3. Comparisons between observed and simulated sea-level tim8y, NOz, NHg4, and chlorophyll concentrations. To avoid the
series at four tidal stations in 2008. scale mismatch between in situ point measurements and our

5km model grid resolution, we followed the approach used
in Fennel et al. (2011), and divided the northern gulf area
into three subregions (i.e., Delta, Intermediate, and Far-field,
see Fig. 2). Observed and modeled (both are surface values
unless otherwise stated) variables that fell into each subre-
gion were spatially averaged. The resulting time series com-
parisons were used to evaluate the model's skill in predict-
ing each state variable under consideration. Figures 6 and

% 7 show the comparisons between observed and simulated
3 sea surface salinity (Fig. 6a), surface temperature (Fig. 6b),
H i i NOjs (Fig. 7a), and chlorophyll concentration (Fig. 7b). For
g B, --/,”_ ;_’;,-;”""'r;7*“:T"“'\Q . chlorophyll, we also acquired Moderate Resolution Imag-
by i ,ea// P o D‘\;\/,- ing Spectroradiometer (MODIS hereafter) satellite-derived
! 1§50y /2605/*-/, e /_,# Ko monthly mean time series for the comparison in each of
| BT 7 7 ' R the three subregions. The model reproduced both seasonal
Vid¥ s s N and interannual variations of salinity, temperature sN&hd

‘ chlorophyll concentration reasonably well. Simulated values
W ) generally fell within the 1 standard deviation range of cor-
: ] responding observations. Surface temperature and salinity in
- Observation 1 all three subregions were characterized by clear seasonal cy-
cles. We note that the model underpredicted a sharp salinity

Fig. 4. Taylor diagram for model simulated and observed sea—leveldrop in spring—summer 2008, which was induced by the Mis-

anomaly at 13 tidal stations from 2004 to 2010. Radial distance_:__. . o: : : ; .
represents the ratio of simulated to observed standard deviationg > PP! River flooding during that year (White, el al., 2009,

and azimuthal angle represents model-data correlation. Green args!so see freshwater discharge time series in Fig. 9a). This

represent centered root mean square difference between model affS likely dug to small-scale variability in the Mississippi—
data. Atchafalaya river plume structure that was not fully resolved

by our 5 km resolution model.
Seasonal patterns of N@nd chlorophyll concentrations

Lehrter et al., 2009, 2012; Lohrenz et al., 2008; Cai etwere similar. In general, these variables peaked in late
al., 2011; Huang et al., 2012; Louisiana Universities Ma- spring—early summer (April-July) when riverine discharge
rine Consortium; Rabalais et al., 2007; Mechanisms Con-was highest. The influence of river discharge and;N®
trolling Hypoxia (MCH) Project; Southeast Monitoring and put on regional hydrography decreased rapidly with increas-
Assessment Program (SEAMAP); the NSF-funded GulfCar-ing distance from the delta. It was encouraging to see that
bon Project and Mississippi—Atchafalaya—Gulf of Mexico model-simulated surface chlorophyll fields were in general
Mixing Experiment (MMAGMIX)). Together, there are more agreement with those observed in situ (Fig. 7b). Surface
than 8000 surface observations of water temperature, salinrehlorophyll observed by MODIS exhibited similar temporal

www.biogeosciences.net/10/7219/2013/ Biogeosciences, 10, 72332013
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(a) sea surface salinity (left panels) afiy) sea surface temperature (similar to Fig. 6)(a) nitrate (left panel) angb) chlorophyll (right
(right panels) in 2005-2010. Results are presented for each of threpanels). For chlorophyll comparison, MODIS monthly mean pig-
subregions illustrated in Fig. 2. Blue lines are simulated values andnent concentration data (pink line) are also shown for each of three
filled red circles are observed values. Error bars stand for one starnregions.

dard deviation of available observations.

and spatial variability of physical and biogeochemical

dynamics over the entire gulf.
variations, but generally overestimated the concentrations

measured in situ. This was not surprising because MODIS
estimates of chlorophyll were likely influenced by other op- 4 Results and discussion
tical constituents including suspended sediment and CDOM
(e.g., Nababan et al., 2011). Nevertheless, MODIS imageryl.1  Nutrient, phytoplankton, and zooplankton
provided valuable information about the spatial distribution dynamics
of surface chlorophyll, allowing the examination of model
skill over the entire gulf, as can been seen for the comparisohe Mississippi—Atchafalaya river system provides the ma-
of seasonal means of observed and simulated surface chlorgerity of the nutrient loading on the LATEX shelf (Walsh
phyll fields (Fig. 8). These means were calculated by averaget al., 1989; Turner and Rabalais, 1999). In our 7yr sim-
ing MODIS-derived and model-simulated chlorophyll con- ulation, we found riverine DIN input on the LATEX shelf
centration, respectively over a 6 yr period (2005-2010). Theaccounts for~ 80 % of the total DIN loading in the GoM
spatial correlation coefficients between the two were 0.60,(108.86 and 135.8% 10° mol Nyr—1, Table 2). We first ex-
0.65, 0.53 and 0.45 for spring, summer, fall, and winter, re-amine the correlations among riverine input and DIN, phy-
spectively, suggesting that the model has intrinsic capabilitytoplankton, and zooplankton concentrations on the LATEX
to reproduce the temporal and spatial variations of surfaceshelf. We note that our simulation spans 2004-2010. It par-
chlorophyll. Both MODIS data and model simulation show tially overlaps with the modeling period (1990-2004) of Fen-
that high chlorophyll concentrations were present in coastahel et al. (2011), allowing some comparisons to be drawn be-
areas adjacent to major rivers, such as the LATEX shelftween the two studies.
the Bay of Campeche and Campeche Bank. The chlorophyll Concentrations of DIN, phytoplankton and zooplankton
content was much lower in the deep ocean. In general, thésurface values, unless otherwise stated) were spatially av-
surface chlorophyll concentration was higher in winter anderaged for each of the three subregions on the LATEX shelf.
spring than in summer and fall. The resulting time series were then temporally averaged to
In summary, all the above-mentioned compar- come up with monthly mean values. Clear seasonality could
isons (Figs. 3-8) indicate that our coupled physical-be seenin monthly mean riverine nutrient input as well as in
biogeochemical model is capable of resolving the mainthe monthly averaged DIN, phytoplankton, and zooplankton
spatiotemporal variations of circulation and biogeochemicalconcentration on the LATEX shelf (Fig. 9). The maximum
variables in the GoM, providing confidence in our approachriverine DIN input occurred in May, preceding the coastal
to use the 7 yr hindcast to further characterize the temporaDIN, phytoplankton and zooplankton peaks by one month to

Biogeosciences, 10, 7219234 2013 www.biogeosciences.net/10/7219/2013/
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Fig. 9. Monthly mean time series df) river discharge and DIN
loading, (b) surface DIN concentratior{c) surface phytoplankton
concentration, andd) surface zooplankton concentration in each
of the three analysis regions (Delta, Intermediate, Far-field) on the

LATEX shelf.
W aew e W variations of DIN, phytoplankton, and zooplankton concen-
] WINET e, 4 3 ’ trations in each region and their dominant modes of variabil-
ity.

1 27N 1%

Consistent with what we found on the LATEX shelf,
DIN, phytoplankton and zooplankton concentrations in the
GoM shelves are strongly correlated with coastal river in-
JE w J put (Fig. 10a, correlation coefficient: 0.91). The maximum
W ww oW e riverine freshwater and DIN input was seen in July 2008

(largely contributed by the 2008 Mississippi River flooding),
Fig. 8. Comparison of simulated (left panels) and MODIS observed along with high DIN, phytoplankton and zooplankton con-
(right panels) seasonal mean surface chlorophyll. Also shown incentrations on the shelf. Surface DIN concentrations in the
each panel are 50 (labeled with distance) and 200 m isobaths. deep ocean were limited (te 1/10 of the inner shelf) and
showed no clear correlation with riverine input. The only ex-

hs. DIN. oh lank q lank ception to this was in summer 2008 when DIN values peaked
two months. » phytoplankton and zooplankton concen-, oqqqciation with the flooding of Mississippi River, which

trations were characterized by a clear decreasing trend frorﬂ]creased DIN loading and contributed to higher DIN con-
Delta to Intermediate, and further to the Far-field region. The .. yirations offshore. Unlike on the shelf, DIN concentra-

correlation coefficient between the riverine input and coastal; < in the deep ocean were seen to increase around Jan-
DIN concentration time series was 0.85 for the Delta, 0'67uary when wind mixing was stronger (Jolliff et al., 2008).

for the Intermediate regions, and 0.27 for the Far-field region.A high DIN peak appeared around February 2010, which

The signif_icant reduction_in <_:orrelation in the Far-field region was also observed during a March 2010 cruise and was re-
was consistent with the findings of Lehrter et al. (2009), Wholated to wind-driven transport of the plume to normally olig-

r<_epo.rte.d that thg re was no clear relgtlonsmp b etvx_/een M'SS'S()trophic offshore waters (Huang et al., in press). Because of
sippi River nutrient loading and regional-wide primary pro-

. the enhanced biological activity as a result of plume trans-
ductlon_ on the LATE).( shelf. . . . port, an unusually high C£sink was also observed during
. The mfluence of river plumes is typl_cally limited to the that cruise. Surface phytoplankton concentrations in the deep
inner-mid: shelf &50m water depth) |n.the GoM (e.g., ocean were~0.5mmol Nn13, about 50% of that on the
Morey et al., 2003). Both satellite-derived and model-

. ) ! shelf (Fig. 10b), and lagged the temporal variations in DIN
simulated surface chlorophyll maps (Fig. 8) are c0n3|stenrby ~ one month (Fig. 10c). Zooplankton concentrations in

with the presence of high chlorophyll concentration mainly deep ocean were0.01 mmol N 3, about 20 % of that
located near the coast. In the following section, we separatg . ia shelf (Fig. 10d) ' ’

the gulf into shelf and deep-ocean regions using the 50m
isobath as the demarcation line. We consider the temporal

0 VR 1116
-1

A Lug‘EI nillirmole M
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Fig. 10. Monthly mean time series d8) river discharge and DIN

loading, (b) surface DIN concentratior{c) surface phytoplankton  Fig. 11, EOF analyses of surface DIN, phytoplankton and zoo-

concentration, andd) surface zooplankton concentration on the plankton fields. Mean fields are shown in the top panels (units:

shelf, and deep-sea areas over the entire gulf. mmol N m~3, log scale), the first EOF modes and the variance they
account for are shown in the middle panels and their corresponding
first principle components are shown in the bottom panels.

To quantify the intrinsic linkages between DIN, phyto-
plankton and zooplankton variability, we removed their mul-
tiyear mean (2005-2010) and applied an empirical orthogowas predominantly associated with surface waters, making
nal function (EOF) analysis to their residuals. The temporalPON transport more sensitive to surface wind and current
mean DIN and phytoplankton fields resembled each otherforcing; in contrast, the higher DIN concentrations in deep
both showing high values on the shelf (Fig. 11, upper pan-water resulted in DIN transport being more strongly influ-
els). The mean zooplankton concentrations were elevated ienced by deep water movements. A similar nitrogen trans-
the northern GoM. The first EOF mode of the DIN, phyto- port pattern has also been reported in the Middle Atlantic
plankton, and zooplankton accounted for 76, 50, and 80 %Bight (Fennel et al., 2006). Along the 50 m isobath, substan-
of their respective variance. Their corresponding first princi-tial cross-shelf nitrogen exchange was found to the southeast
pal components (PC1s) displayed clear seasonal cycles. DINof the Mississippi River mouth. Overall the shelf waters re-
phytoplankton, and zooplankton concentrations each reacheceive 135.8% 10° mol DINyr—1 from rivers (estimated by
their peak values in May—June, June, June—July, respectivelyiver nitrogen concentratior freshwater discharge time),
Together, surface DIN, phytoplankton and zooplankton con-and export 24.9% 10°molN (10.49x 10° mol DIN and
centrations showed a phase-locked pattern. The DIN variai4.44x 10° mol PON) to the deep ocean (see: Tables 1 and
tions generally lead phytoplankton variations by 0—1 month,2).
which in turn lead zooplankton variations by 0-1 month. The The factors that determine water transport and nitrogen
second EOF modes of DIN, phytoplankton, and zooplanktorfluxes in the gulf can be explored by examining the shelf cir-
accounted for 19, 34, and 14 % of their respective variancesgulation and wind forcing on a region-by-region basis. To do

representing other higher order dynamical processes. that we generated seasonal means of surface wind and sur-
face currents by averaging our 6 yr (2005-2010) model hind-
4.2 Shelf nitrogen budget cast solutions. We found that the surface wind shows a sim-

ilar spatial and temporal pattern with the COADS wind cli-
Monthly means (averaged over 2005-2010) of simulatedmatology (DaSilva et al., 1994). Shelf circulation is mainly
cross-shelf (normal components) velocity and nitrogen fluxwind-driven and the circulation pattern is generally consis-
at the 50 m isobath in the gulf exhibited distinct tempo- tent with a previous GoM modeling study covering the pe-
ral patterns (Fig. 12). Although the depth integrated currentriod of 1994—-2004 by Morey et al. (2005).
shows significant variability along the 50 m isobath, both  Using the 50 m isobath as the boundary between the in-
DIN and PON fluxes were dominated by an overall off- ner shelf and deep ocean, we can divide the shelf areas in
shore transport (from shelf to deep ocean; Fig. 12b—d). Comthe Gulf into 4 major sections (see Fig. 2): (1) the Bay of
pared with DIN, the monthly climatology of the PON flux Campeche shelf (BOC) hereafter, bounded by the 50 m iso-
was more similar to the cross-shelf current climatology. Thisbath between 0 and 1000 km starting from the Campeche
may be explained by the observation that transport of PONBank, Fig. 13), (2) the Tamaulipas—Veracruz shelf (TAVE
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Table 1.River, cross-shelf (at 50 m isobath), along-shelf, and denitrification flux in the inner shelf.

Shelf
Nutrient Flux BOC TAVE LATEX WFS Shelf-
Wide
River DIN Input (mol N mr3s—1) 091  0.33 532 079 7.34
Cross-shelf* DIN 0.02 01 -026 0.06 —0.03
o (mmolNm1sl) PON —-021 -012 —0.12 -0.18 -0.16
Z
o Along-shelf** DIN 0.12 0.64 —2.56 2.16 0.07
&  (mmoINm1s1) PON 311  1.07 -319 248 0.17
Denitrificatiori*** (mmol N m—2d~1) —053 -092 -249 -055 -1.28
River DIN Input (mol N n3 s71) 113  0.37 521 099  7.69
Cross-shelf DIN —0.05 038 -048 -021 -0.12
& (mmoINmls™l) PON -0.29 023 -019 -031 -0.15
s
S  Along-shelf DIN -027 025 -506 537 0.8
7 (mmolNmls1) PON 1.96 -093 -266 456 0.8
Denitrification (mmol N nm2 d—1) —-0.74 -113 -239 -084 -14
River DIN Input (mol N nT3 s71) 058  0.21 3.75 05 5.04
Cross-shelf DIN -0.13 -0.07 -0.16  0.09 —0.07
, (mmoINm1sl) PON —0.16 -0.1 0.04 001 -0.05
-
< Along-shelf DIN 1.0 049 -—278 144 0.2
(mmolNm1s1) PON 261 —-059 —262 117  0.02
Denitrification (mmol N nT2 d—1) -0.37 -036 -1.12 -0.64 -0.73
River DIN Input (mol N nT3 s71) 0.80 0.29 425 070 6.04
Cross-shelf DIN —0.02 -022 —024 0.03 -0.11
& (mmol N m1s1ly PON -0.16 -0.17 -0.05 -0.04 -0.1
Z Along-shelf DIN 008 278 -561 289  0.05
= (mmolNmls1) PON 0.86 177 —444 244  0.08
Denitrification (mmol N T2 d—1) —0.28 -045 -1.36 -052 -0.76
River DIN Input (mol N nT3 s71) 0.86  0.30 463 074 653
Cross-shelf DIN —0.04 0.05 -0.28 0 -0.08
Z (mmoINmls™l) PON —0.21 -0.04 -0.08 -0.13 -0.11
o)
Z  Along-shelf DIN 023 104 —-40 296 0.23
< (mmolNmls1) PON 214 033 -—323 267 190
Denitrification (mmol N nT2 d—1) —0.48 -072 -1.84 -064 -1.04

* Shelf abbreviations: BOC shelf: Bay of Campeche, TAVE: Tamaulipas—Veracruz shelf, LATEX: Louisiana—Texas shelf,
WEFS: West Florida Shelf.

** Mean value through the water column along 50 m isobath, for cross-shelf DIN/PON transport, +: onshufighore.

*#* Mean value through the water column along 50 m isobath, for along-shelf DIN/PON transport, +: net:geeh|oss.

*#x Denitrification rates are spatially averaged on the sediment—water interface within a given region, presented in
negative values as it is a nitrogen removal process.

shelf hereafter, bounded by the 50 m isobath between 10060 m isobath between 3000 and 4000 km, Fig. 16). Within

and 1850 km, Fig. 14), (3) the LATEX shelf (bounded by each section, the nitrogen flux between the shelf waters and
the 50 m isobath between 1850 and 3000 km, Fig. 15), andleep-ocean (cross-shelf) as well as between different sec-
(4) the West Florida Shelf (WFS hereafter, bounded by thetions (along-shelf) can be assessed in conjunction with local
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Table 2. River, cross-shelf (at 50 m isobath), along-shelf, and denitrification budget in the inner shelf.

Shelf
; —1
Nutrient Budget (18mol N yr—1) BOC TAVE LATEX WES Shelf-
Wide
River DIN Input 141 026  42.68 2.08 46.42
c her DIN 014 066 —2.32 05 —1.02
o rossshe PON 168 -08 -1.05 -1.39 -4.93
Z
z hepre DIN 032 025 —2.15 1.87 0.29
¢ ~ong-she PON 3.06 044 -264 212 2.98
Denitrificatiori*** —-356 —20 —-2493 528 3577
River DIN Input 430 059  26.31 7.27 38.47
v c hef | DIN 037 252 —428 -1.63 -3.77
& (foss-she PON _224 155 —169 -2.46 —485
S
= el DIN 025 —019 —45 4.67 0.23
7 Hlong-she PON 258 —12 —281 3.91 2.48
Denitrification 497 -—246 -23.87 -7.97 —39.27
River DIN Input 419 059  13.85 2.54 21.17
c hef DN —0.98 —045 —1.44 072 -215
_, foss-she PON 123 —0.64 0.36 007 —1.43
|
= Al el DIN 02 079 -212 1.25 0.12
ong-she PON 065 078 —1.95 1.01 0.49
Denitrification 247 —079 -11.24 —6.08 20.59
River DIN Input 252 039  26.02 0.88 29.81
c her | DIN —0.18 -1.45 -219 027 —355
o ross-she PON 128 -1.15 -049 -031 -3.23
c Al el DIN 02 168 —4.28 2.45 0.05
z ~long-she PON 074 114 —3.46 1.98 0.4
Denitrification -186 -0.99 -13.61 —4.94 -21.4
River DIN Input 1242 183 108.86 1276  135.87
c b DIN ~14 128 -1023 -0.14 —10.49
5 cfossshe PON —6.43 —1.04 -287 —41 —14.44
)
Z 4 el DIN 097 252 -13.05 10.23 0.67
Z Aong-she PON 7.03 115 —10.68 9.02 6.34
Denitrification —12.85 —6.25 -—73.66 —2427 —117.04

* Shelf abbreviations: BOC: Bay of Campeche shelf, TAVE: Tamaulipas—Veracruz shelf, LATEX: Louisiana—Texas
shelf, WFS: West Florida Shelf.

** Mean value through the water column along 50 m isobath, for cross-shelf DIN/PON transport, +: oashore,
offshore.

*** Mean value through the water column along 50 m isobath, for along-shelf DIN/PON transport, +: net:gagh,

loss.

*#* Denitrification rates are spatially averaged on the sediment—water interface within a given region, presented in
negative values as it is a nitrogen removal process.

riverine nutrient input into the model domain (US rivers are and dominant physical transport processes (see Table 1 for
based on USGS observation, and Mexican and Cuban riversitrogen flux and Table 2 for nitrogen budget).

are based on climatology, see the Methods section for more

details), denitrification (coupled nitrification/denitrification),
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Fig. 12. Depth-integrated monthly mean cross-sh@lf velocity,

(b) DIN flux, (c) PON flux and(d) annual mean DIN and PON Fig. 13. Seasonal mean surface current and wind fields in the

flux cross the 50 m isobath. Positive/negative values stand for shoreBOC shelf in(a) spring, (b) summer,(c) autumn, andd) winter.

ward/seaward transport. Also shown is regional along-shelf nitrogen transport (blue arrows,
unit: 10° mol N), cross-shelf nitrogen transport (red arrows, unit:
10° mol N), river inputs (unit: 18 mol N) and nitrogen removed by
denitrification (DNF, unit: 18mol N), and 50 m isobath (grey line).

4.2.1 BOC shelf

BOC iS the SOUthemmOSt Semi-enC|Osed I’egion in the GOMback to the TAVE She'f (Winter’ Spring’ and summer months
Estimated nitrogen loading was 12420° moINyr—* (Ta-  combined). The BOC had the smallest denitrification rate
bles 1 and 2), the majority of which was discharged by among the four shelf sections (0.48 mmol N#ui~1, mul-

the Usumacinta River. Mean (averaged over 2005-2010}iyear mean, Table 2). The rate peaks during summer months
nitrogen loading in spring, summer, fall, and winter were (9.78 mmolNnT2d-1). The total amount of the DIN re-
1.41, 4.30, 4.19 and 2.5210°mol N respectively. Consis- moved by denitrification was 12.8510° mol N yr—1, which

tent with findings of earlier studies (Zavala-Hidalgo et al., closely balanced the nitrogen loading from local rivers.

2003; Morey et al., 2005), our results identify two prevail-

ing circulation patterns in the BOC. In the northeast, up-4.2.2 TAVE shelf

welling favorable winds and upcoast currents (flowing in

the direction with coast to the left) occupy the CampecheThe TAVE shelf has no major river, and thus received
Bank throughout the year. The westward winds and associthe least riverine nitrogen input into the GoM- énly
ated current induced significant along-shelf transport, bring-1.83x 10° mol N yr—1, Table 2). Our results confirm that the
ing 8.40x 10° mol N yr—1 (DIN and PON combined, unless circulation in the TAVE shelf (Fig. 14) is characterized by a
otherwise indicated) into the BOC at the east end of theflow reversal from upcoast circulation in spring—summer sea-
BOC shelf (Fig. 13). West of the Campeche Bank the coastson to downcoast circulation in fall-winter season (Zavala-
line is directed north—south, thus the westward current in-Hidalgo et al., 2003; DiMarco et al., 2005; Vazquez de
duced an overall offshore nitrogen flux throughout the yearla Cerda et al., 2005; Morey et al., 2005). During spring
(7.82x 10° molNyr—1). In the center of the BOC, there is the shelf was characterized by easterly winds, upcoast cur-
a permanent wind-driven cyclonic circulation (Vazquez derents, and an offshore nutrient transport of 0x120° mol N.

la Cerda et al., 2005), which tends to increase during au-The upcoast currents peaked during summer months when
tumn to winter months. At the same time, a strong down-southeasterly wind prevails, transporting %.%0° molN
coast (flowing in the direction with coast to the right) current to the LATEX shelf. This strong southeasterly wind also
traveled into the southernmost part of the BOC (Fig. 13c),induced strong shoreward nitrogen flux (4:070° mol N
causing a local convergence on the inner shelf. This alongin summer). In fall, easterly to northeast wind prevailed
shelf current transported 0.%710° molN from the TAVE both the TAVE and LATEX shelves to the north, revers-
shelf to the BOC shelf. In the following winter, spring, and ing the coastal flow on the TAVE shelf from upcoast to
summer months, offshore cyclonic circulation weakened,downcoast. Along-shelf currents from the LATEX shelf
while the upcoast current from the Campeche Bank graduallybrought 4.55< 10° mol N (fall and winter combined) to the
strengthened (Fig. 13a, b, d), transporting 0<170° mol N TAVE shelf. The downcoast flow is accompanied by a net

www.biogeosciences.net/10/7219/2013/ Biogeosciences, 10, 72332013
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Fig. 14.Similar to Fig. 13 but for the TAVE shelf.

offshore nitrogen flux in fall and winter, which amounted to  The outer LATEX shelf is more influenced by its interac-
3.69x 10° mol N to the deep sea. Due to the limited width, tion with LC eddies (e.g., Ohlmann et al., 2001; Nowlin et
denitrification on the TAVE shelf was smallest among the al., 2005), which can bring large temporal and spatial vari-

four shelf sections (6.2& 10° mol N yr—1, Table 2). ability to the current fields along the 50 m isobath. Despite
such variability, strong offshore nitrogen export was seen
4.2.3 LATEX shelf in areas around the Mississippi Delta almost throughout the

year (Fig. 12). In addition to offshore export, the LATEX
Our calculations indicated that the LATEX shelf received shelf continuously delivered nitrogen to the adjacent TAVE
0.78 billion tons of freshwater and 108.86L0° mol N annu-  shelf (5.19x 10° mol N, fall, winter, and spring combined)
ally (averaged over 2005-2010). More than 90 % of theseand WFS (20.2% 10° mol N yr—1) throughout most of the
river inputs were from the Mississippi—Atchafalaya river year. As previously described, westward along-shelf flow
system, which had peak discharge values in spring monthén the western LATEX shelf during non-summer months
(42.68x 10° mol N, Tables 1 and 2). Despite the large river- continuously transported nitrogen to the TAVE shelf. The
ine input, the multiyear mean net flux calculation indicated only exception was during summer months when the winds
73.66x 10° mol N was denitrified on the inner shelf, which changed to northwestward, and currents on the western LA-
is an equivalent of~67.7% of the riverine nitrogen (Ta- TEX shelf shifted to the upcoast direction (Fig. 15b). East of
ble 2). 23.73« 10° molNyr~1, an equivalent of~21.7%  the Mississippi Delta, the along-shelf currents also flowed
of the riverine nitrogen, was transported to either the TAVE eastward, transporting materials from the LATEX shelf to
shelf in the west or the WFS in the east through along-shelthe WFS. This nitrogen flux reached its annual maximum
flows; 13.1x 10° moINyr-1, an equivalent of~12.0% of  (8.81x 10° molN) in summer.
the riverine input was exported offshore to the deep ocean,
mainly in association with waters southwest of the Missis-4.2.4 WFS
sippi River delta (Figs. 8, 15).

Our simulation results support other observations that theCirculation of the WFS is influenced by both local and
inner LATEX shelf is dominated by downcoast winds in non- deep—ocean LC forcing. Our 6yr mean wind and surface
summer months (e.g., Cho et al., 1998; Zavala-Hidalgo etturrent fields (Fig. 16) reproduced many known features
al., 2003; Morey et al., 2005; Fig. 15a, c, d). The corre-identified in earlier studies (e.g., He and Weisberg, 2002,
lation between monthly averaged currents and along-shel2003; Weisberg et al., 2005). Annual riverine nitrogen in-
wind stress was positive and highly significant (Nowlin et put (12.76x 10° molNyr~1) to the WFS was comparable
al., 2005). In spring, the upcoast currents from the north-to that to the BOC shelf (12.42 10° mol Nyr—1, Table 2).
ern TAVE shelf encountered the downcoast currents from theThe riverine nitrogen loading peaks in summer months
LATEX shelf, forming a confluence zone and a high chloro- (7.27x 10° mol N). Depth integrated currents and nitrogen
phyll anomaly can also be seen in the monthly climatologyflux at the 50 m isobath were characterized by significant
of SeaWiFS ocean color maps (Martinez-Lopez and Zavalaspatial variability at the Mississippi—Alabama—Florida junc-
Hidalgo, 2009). However, no prominent offshore transporttion and a mean offshore transport from the west Florida
was seen in either seasonal chlorophyll climatology (Fig. 8)(Fig. 12). Previous studies provided evidence that the shelf
or cross-shelf velocity (Fig. 12a) at this location. off the states of Mississippi, Alabama, and Florida receives
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a. Spring b. Summer

a. Spring

Fig. 15.Similar to Fig. 13 but for the LATEX shelf.

a large amount of low salinity water from the Mississippi

River during summer months (e.g., Morey etal., 2003, 2005) Fig. 16. Similar to Fig. 13 but for the West Florida Shelf.

A low salinity “tongue” is formed as a result of intensive

cross-shelf freshwater export (e.g., Morey et al., 2003) and

can be identified as a patch of high chlorophyll waters flow- largest local river inputs, and concomitantly the largest or-
ing to the south/southeast (Fig. 8). The 6 yr mean offshoreganic N export to the bottom sediments. For both WFS and
nitrogen flux was 4.24 10° mol N yr—1. Unlike the LATEX  TAVE shelves, a large part of the denitrified nitrogen (both
shelf, the offshore nitrogen flux at WFS is dominated by PONPON and DIN) was from the adjacent LATEX shelf through
export ¢~ 96.7 %). Not surprisingly, the along-shelf nitrogen along-shelf transport. On the BOC shelf, aside from local
flux from the LATEX shelf (20.22 10° moINyr!) is the river inputs, an important nitrogen source was the PON trans-
major nitrogen source for the WFS. Denitrification removed ported in the along-shelf direction from waters in the east.
24.27x 10°moIN on the WFS annually, which is largely ~ Our calculations also support the view that the gulf-
balanced by the combination of local river inputs and nitro- wide mean cross-shelf nitrogen exchange between the in-

gen transported from the LATEX shelf. ner shelf and deep ocean is seaward. On an annual ba-
_ sis, the amount of the nitrogen exported from the shelf
4.2.5 Gulf-wide results (24.93x 10° mol N yr-1) was an equivalent of 17 % of that

, . received from local rivers and along-shelf transport. Across-
Our calculations show that the GoM shelves receives

S > shelf nitrogen flux changes its onshore/offshore direction
142.88x 10° molN annually, the majority Ofl which was  geas0nally on the TAVE shelf and WFS, but remains persis-
input by local rivers (135.8% 10°molNyr—1) and the tently offshore on LATEX and BOC shelves.
rest (7.01x 10 moINyr~1) is from the open ocean. On

an annual basis, the magnitude of riverine input was

roughly balanced by denitrification and cross-shelf exports Summary and conclusions

(141.97x 10° moINyr~1). We attribute the small resid-

ual difference (0.9% 10°molNyr~1, or <1% of the an- We coupled a seven-component marine ecosystem model
nual nitrogen input) between shelf nitrogen input and re-with a three-dimensional high-resolution circulation model
moval to either lateral diffusion or computational errors of for the Gulf of Mexico and South Atlantic Bight. The cou-
the model integration. Denitrification (coupled nitrification— pled physical-biogeochemical modeling system was used to
denitrification) accounts for over 80 % of the nitrogen re- hindcast the GoM circulation and biogeochemical variations
moval from the water column (117.6410° molNyr1). from January 2004 to December 2010. Favorable compar-
The shelf-wide denitrification rate was estimated to beisons were found when validating model hindcast solutions
1.04 mmolN nT2d-1, which was comparable to that in against satellite observed surface chlorophyll and sea sur-
the Middle Atlantic Bight (0.92mmolNm?d-1, Fennel face height, and extensive in situ measurements including sea
et al., 2008) and Massachusetts Bay in the Gulf of Mainelevel, temperature, salinity, and nutrients, indicating that the
(1.3mmolNnT2d~1, Hopkinson et al., 2001). Among the coupled model can resolve the major physical and biogeo-
four shelf sections, the LATEX shelf has the highest deni-chemical dynamics of the GoM. Time and space continuous
trification rate (1.84 mmol N m? d—1) corresponding to the hindcast fields from January 2005 to December 2010 were
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