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Abstract. A three-dimensional coupled hydrodynamic—biogeochemical model with pitrogen, phosphorus, silica cycles, and

multiple phytoplankton and zooplankton functional groups was developed and applied to the Gulf of Mexico to study bottom

dissolved oxygen dynamics. A 15-year hindcast was achieved covering the period of 2006,-2020. Extensive model validation
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against in situ data demonstrates that the model yvas, capable of reproducing vertical distributions of dissolved oxygen (DO), - )

Spatial distributions of bottom DO concentration as well as its interannual variations, Horizontal advection, vertical advection

vertical diffusion, and sedimentary pxygen consumption (SOC) gvere found as the major, factors modulating summer bottom
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impacts on the summer bottom DO are also remarkable as the joint contribution of the advection and vertical diffusion reaches

28%-55% and 51%-59% in nearshore and pffshore yegions, respectively. Sensitivity experiments were carried out to assess

the changes in the size of the hypoxic zone due to riverine nutrient reductions. Results of sensitivity experiments highlighted
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the nonlinear, relationship between the reduction of river nutrients and changes in the size of the hypoxic zone, which can be *
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xplained by the complexity of the lower-trophic communit

Nutrient reductions would not necessarily lead to a decrease in the size of the hypoxic zone. Instead, due to the interactions

among different plankton groups, the hypoxic area_could even increase under some nutrient-reduction conditions. A triple
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riverine nutrient reduction (nitrogen, phosphorus, and silica) of 80% is needed to reach the goal of a 5000 km? hypoxic zone,
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1 Introduction

The Louisiana-Texas (LaTex) shelf in the northern Gulf of Mexico (nGoM) has, one of the most notorious recurring hypoxia,
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in the world (bottom dissolved oxygen (DO) < 2 mg L', Rabalais et al., 2002; Rabalais et al., 2007a; Justi¢ and Wang, 2014),

Regular mid-summer cruises since 1985 have shown that hypoxia usually first emerges in mid-May and persists through mid-

September. The hypoxiczong, can cover as big as 23,000 km? and has a volume of up to 140 km’ (Rabalais and Turner, 2019;

Rabalais and Baustian, 2020), Sensitivity experiments of hypoxia area reduction to different nutrient yeduction, strategies by
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Fennel and Laurent (2018), suggested that to meet the hypoxic area reduction goal {<, 5,000 km? in a 5-year running average)
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set by the Hypoxia Task Force (2008), a dual nutrient strategy with a reduction of 48 % of total nitrogen and inorganic
phosphorus would be the most effective way. Although nitrogen is the ultimate limiting nutrient, phosphorus load reduction

would also lead to a significantyeduction, of the hypoxia area Fennel and Laurent, 2018), Transient phosphorus limitation on
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studies developed SOC schemes following this nature (e.g., Justi¢ and Wang, 2014; Fennel et al., 2006; 2011). For example
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the instantaneous remineralization parameterization used,by Fennel et al. (2006,2011) estimated, SOC as a function of sediment

detritus and phytoplankton, Using this scheme, GroB3e et al. (2019), found that the simulated SOC was supported by Mississippi
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nitrogen supply (5149 %), Atchafalaya nitrogen supply (33+9 %), and open-boundary nitrogen supply (1612 %). However,
the instantaneous parameterization tends to underestimate SOC at the peak of blooms yet overestimate SOC once the blooms

start, In a realistic environment, there should be a lag between the blooms and the peak SOC (Fennel et al., 2013), Recently,
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numerical studies, usually with only one phytoplankton functional group considered (e.g., Fennel et al., 2006, 2011, 2013;

Laurent et al., 2012; Justi¢ and Wang, 2014).,
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In addition to SOC and excess nutrient supply from the rivers, water column stratification also plays an important role in

regulating the variability of bottom DO concentration in the LaTex shelf. Strong, stratification prohibits ventilation of DO and
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thus results in yeduced, DO supply to the bottom water layer (Hetland and DiMarco, 2008; Bianchi et al., 2010; Fennel et al.,
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2011,2013, 2016; Justi¢ and Wang, 2014, Wang and Justi¢, 2009; Feng et al., 2014; Yu et al., 2015; Laurent et al., 2018). On,
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the shelf, the river freshwater plume supported by the Mississippi and the Atchafalaya Rivers jntroduces, buoyancy, leading to

a stable water column and weak DO ventilation processes (Mattern et al., 2013; Fennel and Testa, 2019). Dug, to the different
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different SOC gradients across the shelf. For instance, Hetland and DiMarco (2008) pointed out that in the west of Terrebonne

Bay where stratification is usually weak, bottom hypoxia is controlled by bottom respiration, ,
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Despite the above efforts, there are still knowledge gaps in our understanding of the mechanism of hypoxia development as

well as a feasible way to reduce the size of the hypoxic zone. First of all, the LaTex shelf is a vast water body and the

contribution of sedimentary biochemical and hydrodynamics to hypoxia development is location-dependent. Fennel et al.

(2016)(Fennel et al., 2016) divided the shelf into six subregions for model validation purposes instead of for quantifying

biochemical and hydrodynamic impacts on bottom DO variability in different shelf regions. A recent study by Ruiz Xomchuk

et al. (2021) tried to fill such a gap by decomposing the oxygen equation and found that advection and sediment oxygen

demand were the two main contributors to the oxygen budget. But they focused more on the impacts of the temporal and spatial

scales of physical processes on bottom DO variability over the west shelf (between 95°W and 92.5°W). Secondly, existing

biogeochemical models (e.g. Hetland and DiMarco, 2008, Fennel et al., 2006, 2011, 2013; Laurent et al., 2012; Laurent and
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Moriarty et al., 2018) utilized an over-simplified lower-trophic ecosystem (one phytoplankton + one zooplankton function

groups or only one phytoplankton group) with one or two embedded nutrient flows (nitrogen or nitrogen+phosphorus). These

models could not differentiate the contribution of different plankton groups or the interaction among them in hypoxia

development. The nutrients reduction strategies proposed by existing models (mostly based on nitrogen loads: Scavia et al.

2013; Obenour et al., 2015; Turner et al., 2012; Laurent and Fennel, 2019) may be problematic as bottom DO’s responses to

decreased nutrient loads may not be linear or quasilinear due to the complexity of the lower trophic community.

In this study., we adapted and modified a coupled physical-biogeochemical model covering the entire Gulf of Mexico (GoM)
b
Oceanography (NEMURO, Kishi et al. 2007). The model has two phytoplankton and three zooplankton functional groups for

introducing the oxygen and phosphorus cycles to the North Pacific Ecosystem Model for Understanding Regional
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physical-biogeochemical model to the Gulf of Mexico. We
introduced an oxygen and a phosphorus cycle to the North Pacific
Ecosystem Model for Understanding Regional Oceanography
(NEMURO, Kishi et al. 2007). The model has two phytoplankton
and three zooplankton, functional groups, for a more comprehensive
representation of the plankton community. An additional silicate
limitation term is applied for the growth of the diatom functional
group. We developed a simplified yet efficient SOC
parameterization with two sedimentary organic pools to account for
the time lags between bottom hypoxia peaks and bloom peaks.
Based on a 15-year (2006-2020) hindcast, we aim to 1) understand
the contributions of different factors in hypoxia evolution in
different parts of the LaTex shelf; and 2) to provide daily hindcasts
of physical and biochemical conditions to develop a hypoxia
prediction model using machine learning techniques (see an
accompanying paper in Part II). In the following sections, model
description and modification, model set-ups, and data availability are
given in Methods (Section 2), followed by extensive model
validations from time series to spatial patterns and vertical structure
(Section 3). The main findings of this study and discussion of the
relative importance of different factors in modulating bottom DO
variability are given in Section 4. Conclusions are addressed in the

last section.
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6) Only a portion of NH4 provided by the aerobic respiration (Eqg. (R1)) is used as the source element in the nitrification (Eq.

(R2)), while all NOs produced by nitrification is used as the source element in denitrification (Eq. (R3)). The linear assumption (Formatted: English (US)
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the rate by THKuot. For simplification, the terminology of SOC was still applied to represent the transferred SOC rate in the

following discussion. We further added light inhibition on_the, nitrification (Olson, 1981), and oxygen dependency on
nitrification and aerobic decomposition. These parametrizations were applied following descriptions by Fennel et al. (2006,

2013), For the oxygen-dependent term, an oxygen threshold was specified below which no aerobic respiration or nitrification
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occurred. Detailed equations were listed in Appendix A. The structure of the newly modified NEMURO model was shown in

a schematic diagram in Figure 1.
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JFigure 1. Schematic diagram of the modified NEMURO model. Note that the phosphorus flow and the oxygen flow are two newly
added flows to the original NEMURO model.

2.3 Model set-ups

The coupled model was applied to the GoM using Arakawa C-grid with a horizontal resolution of ~5 km (Figure 2a). There

are 334 and 357 interior rho points in_the, east-west and north-south directions, respectively. The model includes 36 sigma

layers vertically. The wetting and drying scheme (Warner et al., 2013), was implemented for a more accurate representation of

shallow water. The computational time step (i.e., baroclinic time step) was set to 240 seconds while the number of barotropic
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time steps between each baroclinic time step was set to 30. Model hindcast was carried out from 1 August 2006 to 26 August .'
2020 with the first 5 months as a spin-up period. Model results were output on a daily interval at UTC 00: 00. ‘
The physical model set-ups largely followed an earlier Gulf~-COAWST application (Zang et al., 2018, 2019, 2020), Open
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boundaries were set at the south and east forced by daily water level, horizontal components of 3-D current velocity, horizontal ;
components of depth-integrated current velocity, 3-D water salinity, and 3-D water temperature derived from the Hybrid

Coordinate Ocean Model (HYCOM) global analysis products (Bleck and Boudra, 1981; Bleck, 2002) with data assimilated

via the Navy Coupled Ocean Data Assimilation system,(Cummings, 2005, Cummings and Smedstad, 2013; Fox et al., 2002;

Helber et al., 2013), For lateral boundary conditions, we utilized Chapman implicit for free surface and water level (Chapman,

1985), Flather for depth-integrated momentum (Flather, 1976), gradient for mixing total kinetic energy, and mixed radiation-

nudging conditions for 3-D momentum, temperature, and salinity (Marchesiello et al., 2001), The nudging time steps for the
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mixed radiation-nudging condition were set to 1 day for inflows and 30 days for outflows. The boundary nudging technique

was performed at the computational grids along the open boundary. The boundary condition types for passive biochemical

fracers (i.e., PS, PL, ZS, ZL, ZP, NOs, NH4, PON, DON, Si(OH)4, opal, PO4, POP, DOP, and Oxyg) were all prescribed as
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radiation.

Initial conditions for water level, horizontal components of 3-D current velocity, horizontal components of depth-integrated
current velocity, 3-D water salinity, and 3-D water temperature were provided by the same HY COM products as well. Initial

conditions for concentrations of NOs, PO4, and Si(OH)4 were interpolated from measurements provided by the World Ocean

Database (WOD, Boyer et al., 2018). Initial conditions for DO concentration were given by World Ocean Atlas (WOA, Garcia

etal., 2018). Other biochemical tracers were initialized as 0.1 mmol m™ due to the lack of observations.

A

Atmospheric forcings, including surface wind velocity at 10 m height above sea level, net longwave radiation flux, net
shortwave radiation flux, precipitation rate, air temperature 2 m above sea level, sea surface air pressure, and relative humidity
2 m above sea level, were derived from the National Centers for Environmental Prediction (NCEP) Climate Forecast System

Reanalysis (CFSR) 6-hourly products (for years prior to 2011, Saha et al., 2010) and NCEP CFS Version 2 (CFSv2) 6-hourly

(Formatted: English (US)

NN

(Formatted: English (US)

(Formatted: English (US)

(Formatted: English (US)

" (Deleted: Garcia ct al., 2018)

) (Formatted: English (US)

‘ (Formatted: English (US)

AN A

(Formatted: English (US)

(Formatted: English (US)

products (for years starting from 2011, Saha et al., 2011) with a horizontal resolution of ~35 km and ~22 km, respectively. In

our model, 63 rivers were considered as horizontal point source forcings along the coastal GoM. They were split into 280

points (red dots in Fig. 2a) sources transporting time-varying salinity (nearly zero), temperature, 3-D horizontal momentum

(based on the magnitude of river discharges), nutrients (NO3, NH4, POs, Si(OH)s, PON, DON, POP, and DOP; Fig. C1), and ‘

DO to the computational domain. Locations of river point sources of the Mississippi and the Atchafalaya Rivers gvere, shown

as red dots in Figure 2b. For reconstructions of time series of river forcing terms, we composed measurements from various

sources, including U.S. Geological Survey (USGS) National Water Information System (NWIS), National Oceanic and

Atmospheric Administration (NOAA) Tides and Currents System (TCS), NOAA National Estuarine Research Reserve System
(NERRS), and Mexico National Water Commission (CONAGUA, for rivers in Mexico’s territory). Daily averaged river
discharges were given based on measurements by USGS NWIS and CONAGUA. The magnitude of river discharges was

multiplied by 1.4 to account for adjacent watershed areas and lateral inflow of tributaries (Warner et al., 2005), River

temperature and salinity time series were reconstructed from measurements by USGS NWIS, NOAA TCS, and NOAA
NERRS. River nutrient concentrations were provided monthly by USGS NWIS and NOAA NERRS and were extended to

daily time series with values in the corresponding months. Riverine DO concentration was set to be a constant (258 mmol m°
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%) assuming that riverine DO was gaturated at 25 °C under 1 atm, Besides, tidal forcings were introduced in the hydrodynamic
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model taking into account of influences of tidal elevations and tidal currents. There were 13 tidal constituents considered in
the model including M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, M4, MS4, and MN4.
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lot of the northern Gulf of Mexico

(mGoM), and (¢) locations of observed inorganic nutrient and DO profiles derived from WOD, SEAMAP, and NOAA'’s shelf-wide

Figure 2. (a) Bathymetry of the entire domain of the Gulf-COAWST, (b) zoom-in bath

cruises. In (a), locations of river point sources are denoted by red dots. In (b), only bathymetry between 6 and 50 m was mapped

with colors; computational meshes were split by solid grey lines; main river channels are denoted by solid blue curves; locations of
river point sources of the Mississippi and the Atchafalaya rivers are indicated by red dots; sampling locations for SOC and
overlaying water respiration measurements by McCarthy et al. (2013) are denoted by dark yellow dots.
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Figure 2. (a) Bathymetry of the entire domain of the Gulf—
COAWST, (b) zoom-in bathymetry plot of the northern Gulf of
Mexico (nGoM), and (c) locations of observed inorgani(”_ [144]
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profiles, spatial distributions of bottom DO concentration, and temporal variability of the hypoxic area against multiple data

sets derived from cruise measurements and literature, Model simulated profiles were linearly interpolated to depths, of the .-
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observed profiles for a quantitative comparison, Validation of the hydrodynamic model can be found in Zang et al. (2019),
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Inorganic nutrient concentration profiles from WOD were used for model validation. WOD measurements cover the period

from 11 January 2007 to 5 July 2009 including 478 NOs profiles, 409 POs profiles, and 217 Si(OH)4 profiles. The diatom

percentage of total phytoplankton was derived from measurements by Chakraborty and Lohrenz (2015) and Schaeffer et al.

(2012). The SOC and overlaying water respiration measurements were from an incubation study (McCarthy et al., 2013).

Available DO concentration profiles were obtained from the WOD, NOAA-supported mid-summer shelf-wide cruises, and

(Formatted: English (US)
(Formatted: English (US)
(Formatted: English (US)
:‘i(Moved up [4]: 3.1 Available measurements¢

Deleted: We also provided detailed comparisons of frequency
distributions of hypoxic thickness, spatial distributions of bottom
DO, and temporal variability of the hypoxic area between the model
results and the Shelfwide measurements.

NN NI N

Summer Groundfish Survey in GoM supported by Southeast Area Monitoring and Assessment Program (SEAMAP) conducted

annually by the Gulf States Marine Fisheries Commission. There were 445 DO profiles (11 January 2007 to 5 July 2009) from
WOD. The shelf-wide cruises provided 1818 measured profiles with 85140 available records from 2007 to 2019. There were

Deleted: Inorganic nutrient concentration profiles from WOD
were used for model validation. Measurements cover a period from
11 January 2007 to 5 July 2009 including 436 NOs profiles, 377 PO4
profiles, and 215 Si(OH)s profiles. Available DO concentration
profiles were obtained from the WOD, NOAA-supported

at least 83 DO profiles for each summer (June—August, except 2016) from the shelf-wide cruise observations. The selected

SEAMAP DO dataset covers a time range from 2007 to 2019 with measurements including 2407 profiles with 77415 sampled

records. Locations of the selected profiles from different archives were shown in Figure 2¢. Summer measurements by the

shelf-wide cruises were used for the validation of spatial patterns of bottom DO concentration and time series of summer

hypoxic areas. Estimated hypoxic areas by the cruises are available from 2007 to 2020 with a range from 5,480 km? to 22,720

km?.

3.2 Nutrients concentration profiles

surface to 50 m depth) in terms of vertical patterns and magnitudes. The surface waters were rich in NOs_(Fig. 3a) but

oligotrophic in PO (Fig. 3d) and Si(OH)4 (Fig. 3g), indicating a possibly high diatom productivity (Baronas et al., 2016) and

possible phosphorous or silicon limitation in the photic zone. NO; concentrations decreased drastically at a depth between 10

and 15 m and were maintained at a low level from 15 to 50 m. A bi-peak structure was found in both PO4 and Si(OH)4

averaged every 2 m from the
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mid Shelfwide cruises, and Summer Groundfish Survey in
GoM supported by Southeast Area Monitoring and Assessment
Program (SEAMAP) and conducted annually by the Gulf States
Marine Fisheries Commission. There were 410 DO profiles (11
January 2007 to 5 July 2009) available provided by WOD. There
were at least 77 DO profiles for each summer (July—August for years
2012, 2013, 2014, 2015, 2017, and 2018) derived from the
Shelfwide cruises observations. More than 3,000 measurements
were conducted each summer except 2017 summer (909 in total) by
Shelfwide cruises. Selected SEAMAP summer DO measurements
covered a time range from 2007 to 2019 with higher data coverage
(152-331 DO profiles including 4,141-12,550 measurements for
each summer) than the WOD and Shelfwide observations. Locations
of the selected profiles from different archives are shown in Figure
2c. We estimated the hypoxia thickness (Figure 5) and spatial
extents of bottom hypoxic water (Figure 6) based on the Shelfwide
DO profiles measurements. The observed spatial patterns were
obtained by interpolating the measured bottom DO concentration to
the computational grids. Time series of summer hypoxic areas
estimated by the Shelfwide cruises were available from 2008 to 2020
with a range from 5,480 km? to 22,720 km?*
(https:/gulfhypoxia.net/research/shelfwide-cruises/, Figure 7).9

3.2 Inorganic nutrients

concentration profiles. The first peak (also the higher ones) of PO4 concentration occurred at around 10-20 m depth while the

second peak was at around 35 m depth as illustrated by the averaged values and corresponding 10-90 percentiles. In contrast,

the high peak of Si(OH)s concentration occurred at around 35 m depth while the low peak at the depth of around 15 m, which

is consistent with biogenic silica remineralization at lower water columns (Baronas et al., 2016). The simulated profiles were

linearly interpolated to the observed depth for point-to-point comparisons. The probability histograms of concentration

differences illustrated that our model generally overestimated NOs (Fig. 3b) and POs (Fig. 3e) but underestimated Si(OH)4

(Fig. 3h). About 60% of total NOs differences fell within a range from -10 to 10 mmol m™ with 43 % in the positive interval

(i.e.. from 0 to 10 mmol m™). The corresponding statistics of POs comparisons within a range of +0.4 mmol m~ were 53 % (-

0.4-0.4 mmol m*), 31 % (0-0.4 mmol m*), and 22 % (-0.4-0 mmol m™), respectively. Approximately 13 % of observed

11

Deleted: WOD-derived and modeled nutrient profiles show a good
agreement in terms of vertical distributions and magnitudes (Figure
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shallow water areas (within 10 m). Higher PO4and Si(OH)s
concentrations were found at the lower water layers for both
simulated and measured profiles in waters deeper than 10 m.
Nonetheless, NOs and PO4 ation were both slightly
overestimated by the model, while Si(OH)4 concentration was
marginally underestimated. The probability histogram of NO3
concentration differences between simulations and measurements
illustrates that ~60 % of total simulation-measurement pairs drop
within a range from -10 to 10 mmol m with ~40 % in the positive
interval (i.e., from 0 to 10 mmol m*). The same statistics were also
found for PO4 comparisons within a range of +0.4 mmol m™.
However, there were ~15 % of observed Si(OH)4 being
overestimated by within 10 mmol m™ and ~50 % being
underestimated by within 10 mmol m™. Mean NOs concen(__ [145]
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Si(OH)4 were overestimated within 10 mmol m™ and ~51 % were underestimated within 10 mmol m™. At surface layers (0-5

m), similar probability patterns in nutrient biases were found but with slightly different statistics (Fig. 3¢, 3f, and 3i). For

example, about 34 % of NOs concentrations were overestimated within 10 mmol m™ compared to 10 % of surface

measurements underestimated within 10 mmol m-. Mean NOs concentrations from the Mississippi and the Atchafalaya Rivers

were 99 + 34 mmol m™ (mean + 1sd) and 66 + 29 mmol m?, respectively. Mean riverine PO4 concentrations were 2.7 + 0.7

mmol m and 2.3 + 0.7 mmol m*, respectively, and mean riverine Si(OH)4 concentrations were 118 + 23 mmol m* and 116

+ 21 mmol m™, respectively. The nutrient concentrations bias between simulations and observations is acceptable concerning

the strong influences of high riverine nutrient loads on the shelf.
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Figure 3. Profile parisons between model hindcasts and WOD ts for concentrations of (a)—(c) NO;, (d)—(f) PO4, and
(g)—(i) Si(OH)4. Note that the thick vertical lines in (b), (¢), (¢). (f). (h), and (i) denote the concentration difference of 0 separating the

positive and negative intervals.

3.3 Diatom ratios

Both measured and model simulated Si(OH)4 profiles suggested strong diatom productivity in the photic zone (Fig. 3g). Cruise«-..

observations confirmed that the LaTex phytoplankton community is dominated by the diatom group (Schaeffer et al., 2012;

Chakraborty and Lohrenz, 2015). Regional averages (Fig. C2 in Appendix C), vertical averages (only the surface, middle, and

bottom layers were chosen), and monthly averages were applied to the, concentration yatio of diatom and total phytoplankton
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(2012) and Chakraborty and Lohrenz (2015). The modeled ratios well reproduced the measured ones in terms of magnitudes,

monthly variability, and cross-shelf variability (Table 1). During the cruise periods in 2008, the range of modeled diatom

percentage (79% to 99%) matched well with the measurements (79% to 88%) except for June 2008 when underestimations

were found. In 2009, our model results agreed well with the measurements in inner shelf waters but overestimated in the mid-

shelf regions, especially in the summer and fall of 2009. The measured percentages exhibited salient monthly variations with

hi;

her values in winter and spring and low ones in summer and fall. In the cross-shelf direction, the phytoplankton communit

shifted from a highly diatom-dominated one in the inner shelf waters to a less diatom-dominated one in the mid-shelf waters

especially in summer. Such patterns were well captured by our model.,

Jable 1. Comparison of simulated (mean+1SD) and measured (mean+1SD in_parentheses) diatom percentage of the total

phytoplankton. Note that the statistics for the simulated percentages were conducted based on concentration values and averaged

Schaeffer et al. (2012) (for measurements in 2008) were calculated based on biovolume values, whlle those by Chakraborty and
Lohrenz (2015) (for measurements in 2009) were given by chlorophyll @ attributed to different phytoplankton groups

Diatom/total phytoplankton X_100%

February 2008 99+4 (88+16)

April 2008 9912 (71£16)

May 2008 79439 (19£22)

June 2008 29+42(85+10)
January 2009 60429 (66+21) 57+14 (47%14)
April 2009 50433 (59£14) 51419 (33+29)
July 2009 41133 (40+13) 33424 (13+16)
October-November 2009 50+33 (46+14) 38+19(19417)
March 2010 49435 (50+14) 52426 (64+12)

3.4 SOC and overlaying water respiration

McCarthy et al. (2013) provided incubation measurements of the SOC rates and overlaying water respiration at five shelf water

sites (Fig. 1 in McCarthy et al., 2013) using sediment and water samples collected during six cruises (i.e., July 2008, September

2008, January 2009, August 2009, May 2010, and May 2011). Modeled SOC rate and SOC/overlaying water respiration ratio

were then compared against the measurements. The modeled overlaying water respiration rate was approximated by the rate

calculated at the bottom water column considering biochemical processes that occurred at that layer, i.e., phytoplankton

respiration rates, zooplankton metabolism rates, aerobic decomposition rates of PON and DON, and nitrification rate. The

13

o (Formatted: English (US)

)

| Deleted: DO decreases from the upper to the lower water layers in

both simulated and WOD profiles (Figures 4a—4b). Hypoxia was
mainly detected in profiles with depth between 10 m and 20 m.
Hypoxia was more frequent as shown in the WOD DO profiles,
indicating that the model overestimated the observed DO (Figures

4a—4c). The total number of model relative p

difference pairs is 901, ~72 % of which are within a range of +50 %.
Our model overestimated/underestimated ~32 %/~19 % of total DO

observations by within 20 % and overestimated/underestimated ~21

%/14 % of total DO observations by within 10 %.9

q

In both modeled and NOAA’s Shelfwide DO profiles, massive
hypoxic events were detected mainly in profiles with depth from
10 to 20 m (Figures 4d—4e). The
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modeled SOC and ratio of SOC/overlaying water respiration were averaged over the cruise months for four shelf sites (i.e.,
E5, C6,B7, and MRM; Fig. 2b). Our model could well capture the SOC magnitude and variability. Both measured and modeled

ratios of SOC/ overlaying water respiration were found greater than 1, highlighting the importance of SOC in bottom DO

dynamics (Fig. 5). The model generally overestimated the SOC at sites FS and C6 except for January 2009 and May 2010 at

site C6, and underestimated SOC at sites B7 and MRM (Fig. 4). The modeled ratio agreed with the measurements except for

site MRM in August 2009. Such a bias might result from the prescription of river inputs along the model boundary for diverting

momentum and concentration tracers from the river point sources to the computational grid cells. The scheme could lead to an

overshot of fresh water at the near-mouth grid cells and a short residence time for organic matter in the water column and an

underestimation of the overlaying water respiration rate. As the model results were averaged over an entire month but not over

the exact cruise date due to the lack of cruise information in McCarthy et al. (2013), we considered model-simulated SOC and

ratio of SOC/overlaying water respiration acceptable.

won (VSIS FS T T B Site C8T T e

800 -
1500 4
600 -
1000 1
& 400
= 500
N 200f
2 o [
E Sep 2008 Jan 2009 Aug 2009 May 2010 May 2011 Sep 2008 Jan 2009 Aug 2009 May 2010 May 2011
S — . . . . 1600 — . . —
= 00l (€) Site B7 (d) Site MRM
o L
o 1400
] 700 -
1200
600
s00l 1000
400 - 800
300 - 600
200 400
100 - 200
o o
Sep 2008 Jan 2009 Aug 2009 May 2010 May 2011 Sep 2008 Jan 2009 Aug 2009 May 2010 May 2011

Figure 4. Comparison of modeled and measured SOC (unit: pmol m~2 h™!) at four LaTex shelf sites (Fig. 2b). Note that the
measurements are provided by McCarthy et al.'s (2013) incubation study.
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3.5 DO profiles

Both simulated and observed DO profiles were averaged every 2 m from the surface to 50 m depth (Fig. 6a, 6¢, and 6¢). The
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3.6 Spatial distributions of bottom DO,and temporal variability of hypoxic area
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Table 2. The overall (2007-2020) and S5-year running R? of summer hypoxic area between model simulations and shelf-wide
measurements. Note that the comparison in the year 2016 was excluded due to the lack of measurement.

Year ranges R2 Year ranges R2
2007-2020 (overall 0.47 2011-2015 0.82
2007-2011 0.02 2012-2017 0.75
2008-2012 0.39 2013-2018 0.71
2009-2013 0.41 2014-2019 0.73
2010-2014 0.44 2015-2020 091
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;(Formatted: English (US)
(Deleted: Characteristics of

i (Formatted: English (US)
/ (Formatted: English (US)

4.1 Factors controlling subregion bottom DO yariability,

Fennel et al. (2016)(Fennel et al., 2016) divided the inner shelf (<50 m water depth) into six subregions (Fig. 9a) largely

following the bathymetry and distances from the major river mouths: from east to west, two west-Mississippi regions (6-20 m

nearshore and 20-50 m offshore regions, similar hereinafter), two mid-Atchafalaya regions, and two west-Atchafalaya regions.

Focusing on the bottom DO concentration balance, we calculated five hydrodynamic-related terms (i.e., the local rate of

changes in bottom DO, horizontal advection of bottom DO, horizontal diffusion of bottom DO, vertical advection of bottom

DO, and vertical diffusion of bottom DO) and two biochemical-related terms (i.e., biochemical-induced changes in DO at the

bottom water column, and SOC). The biochemistry at the bottom water column includes processes of phytoplankton

photosynthesis, phytoplankton respiration, zooplankton metabolism, aerobic decomposition of PON and DON, and

nitrification. The summation of these seven terms contributes directly to the total changes in bottom DO concentration. The

contribution of a given term was estimated by the percentage of the corresponding absolute value over the summation of all

the absolute terms. We then averaged the absolute percentages over the entire LaTex shelf (water depth 6-50 m) and over the

six subregions, respectively.

Monthly climatology illustrated that the variability of bottom DO on the LaTex shelf was mostly controlled by four processes:

horizontal advection, vertical advection, vertical diffusion, and SOC (Fig. 9b). The sum of the percentages of contributions

from these four terms (absolute values) was more than 80%. The contributions of the two advection terms exhibited a salient

seasonal pattern with the maximum in spring and winter and the minimum in summer. The contribution of SOC showed an

opposite pattern and reached its peak (34%) in summer. It was interesting to note that no salient seasonal pattern was found in

the percentage of contribution from the vertical diffusion term, which maintained around 20% over a year. The vertical

diffusion of DO was determined by both vertical DO gradient and vertical stratification. The robust contribution of vertical

20
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Figure 8d, same hereinafter) of bottom DO concentration and
hypoxic area are negatively correlated over a year (Figure 8e). The
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diffusion highlighted the importance of stratification on bottom DO variability throughout the year. The importance of DO

advection and SOC on bottom DO balance was also documented by Ruiz Xomchuk et al. (2021), where, however, vertical

diffusion was proposed as a minor contributor. Such a disagreement could result from the water layers investigated. Vertical

diffusion of DO across the layer 10 m above the bottom was discussed in Ruiz Xomchuk et al. (2021), while here we estimated

vertical diffusion of DO across the bottom layer.

The contributions of the four terms on the bottom DO varied in different subregions. In the nearshore regions (6-20 m; Fig.

9c¢, 9e, and 9g), SOC played a much more important role than the other three terms in modulating the summer bottom DO

concentration. The maximum contribution from SOC was 33%-51% while the contributions of two advection terms were only

~10% or even lower. In contrast, over the offshore regions (20-50 m; Fig. 9d, 9f, and 9h), the contribution of SOC decreased

notably to 19%-27% in summer and was comparable to the other three hydrodynamic-related terms (18%-26% for the

horizontal advection, 17%-25% for the vertical advection, and 7%—-16% for the vertical diffusion). During other months, the

bottom DO was mostly modulated by the advection processes in the offshore regions. Similar to the regional mean over the

entire shelf, the contribution of vertical diffusion maintained almost the same level over a year in both nearshore and offshore

regions. The vertical diffusion term contributed more to the total changes in bottom DO in the nearshore regions than in the

offshore regions.
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¢) west-Mississippi nearshore region (6-20 m), (d issippi_offshore region (20-50 m), (e) mid-Atchafalaya nearshore
region, (f) mid-Atchafalava offshore region i i

v

4.2 Stratification and Bottom DO Advection/Diffusion

Sedimentary biochemical and hydrodynamics were found almost equally important in modulating the summer bottom DO in

the nearshore regions (33%51% vs 28%—55%). Nevertheless, in the offshore regions, contributions from hydrodynamics

(51%-59%) outcompeted the impacts from SOC (19%-27%). which was gonsistent with the findings by Yu et al. (2015) and

Mattern et al. (2013). Previous studies showed that water stratification yegulated, the oxygen replenishment and hypoxia E
dynamics in the LaTex shelf, (Hetland and DiMarco, 2008; Bianchi et al., 2010; Fennel et al., 2011, 2013, 2016; Justi¢ and |

i
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for May, June, July, and August were given based on occurrences of
hypoxic events over the total length of days of the corresponding
months (e.g., 434 days for May from 2007 to 2020) (Figures 9b, 9d,
9f, and 9h). The evolution of high hypoxia frequency (> 50 %)
coverage behaves similarly to the evolution of hypoxic extent. The
mid-Atchafalaya nearshore region is the most frequently affected

Wang, 2014, Wang and Justi¢, 2009; Feng et al., 2014; Yu et al., 2015; Laurent et al., 2018). Water stratification can serve as

an important index for the bottom DO advection and vertical diffusion processes and can be evaluated by the calculation of

potential, energy anomaly (PEA inJ m?),

1
PEA =2 [n(p~ P)9742,

Where, p is water density profile over water column of depth H = h + 7, his the location of the bed, 7 is water surface

elevation, g is the gravitational acceleration (9.8 m s?), z is the vertical axis, g, is the depth-integrated water density given by

1

(12) W

e
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domain by hypoxia in June, while the west-Mississippi nearshore
region has the most hypoxia events in August. In July, both the two
regions encounter high hypoxia occurrences with averaged
percentages of 56 % and 63 %, respectively. More hypoxia events
were simulated over the i offshore and mid-
Atchafalaya offshore regions in July and August (frequency > 20 %)

than in other summer months.{
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The above results indicate that the evolution of bottom DO
concentration in different subregions has its own characteristics.
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stratified water column._We then compared the PEA with the absolute bottom DO advection and vertical diffusion of DO ‘| i\

across the bottom layer. It was worth mentioning that the absolute bottom DO advection represents the exchanges of DO at

the bottom layer due to advective processes, and that vertical diffusion of DO across the bottom layer was found almost positive

in the 15-year simulations (99.99% of simulated records). In other words, the vertical diffusion replenished DO to the bottom

layer most of the time on the shelf.

Significant negative linear correlations were found between the PEA and the two absolute advection terms of bottom DO (Fig.

10a and 10c; =-0.73 between PEA and horizontal advection and 7=-0.76 between PEA and vertical advection), indicating that

the enhanced water stratification in summer usually leads to less DO exchanges duo to advection at the bottom layer. Scatter

plots and the simple linear regression also showed a strong linear relationship between water stratification and absolute bottom

DO advection. The impacts of biochemical processes on the bottom DO advection could not be neglected as biogeochemistry
contributed directly to the local DO changes while DO advection was determined by both mean flow and spatial gradients of

DO. This can also explain why the linear correlations between PEA and absolute bottom DO advection were not y close to -1.

In contrast to the advection terms, bottom DO flux due to vertical diffusion was found positively and moderately correlated to

the PEA (Fig. 10e, r=0.46). As the water column stability was enhanced in early summer, vertical diffusion of DO through the
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pycnocline would be suppressed (Bianchi et al., 2010; Rabalais and Turner, 2019), while in the lower water column, downward

diffusion of DO to the bottom layer would be generally reinforced because of noticeable upward DO concentration gradients

between the bottom and the above water layers. Such gradients resulted from the increasing SOC and decreasing DO exchanges

by advection in early summer. However, as the strongly stratified water columns persisted, continuous DO removals due to

SOC and decreasing DO supply from the upper layers drew down the DO level at both the bottom and the above layers. A

lower vertical gradient of DO concentration and a weakened downward DO diffusion to the bottom layer was expected (e.g.

summer in 2011, 2015, and 2019 in Fig. 10e). The scatter plot and the quadratic regression (Fig. 10f) highlighted such non-

linear responses.
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Figure 10. Comparison of daily time series (spatially averaged over the entire LaTex shelf, Fig. 2b) of PEA and the dominated bottom

DO transport terms (i.e., (a) absolute horizontal advection, (¢) absolute vertical advection, and € vertical diffusion. The symbol |.

represents the absolute operator. The light and bold lines shown represent original daily records and 31-day running smooth records.
respectively. Linear correlations between the smooth records were also provided. Scatter plots and regression curves of the

normalized smooth records (b) between PEA and absolute horizontal advection, (d) between PEA and absolute vertical advection.
and between PEA and vertical diffusion. The normalization method applied scales the records within a range from 0 to 1

according to the corresponding minimums and maximums.

4.3 Riverine nutrient reductions

Since 2001, the Mississippi River/Gulf of Mexico Hypoxia Task Force has set up a goal of controlling the size of mid-summer

hypoxic zone below 5000 km?in a 5-year running average (Mississippi River/Gulf of Mexico Watershed Nutrient Task Force
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2001; 2008) by reducing riverine nutrient loads. Fennel and Laurent (2018) suggested that a reduction of 63 + 18% (referred

to as the 20002016 average) in total nitrogen loads or a dual reduction of 48 + 21% in total nitrogen and phosphorus loads

could be necessary to fulfill the hypoxia reduction goal. Statistic models (Scavia et al., 2013; Obenour et al.. 2015; Turner et
al., 2012; Laurent and Fennel, 2019) suggested a nutrient reduction of 52%-58% related to the 1980-1996 average would be
enough to fulfill the goal. Nonetheless, inorganic nutrient types considered in these statistic models were nitrogen-based (i.e.,
ammonia and nitritetnitrate) and phosphorus-based (i.e., phosphate) nutrients. The lower trophic community embedded in

existing models was simplified with one phytoplankton functional group and one zooplankton functional group (e.g., Fennel

et al., 2006, 2011, 2013; Fennel and Laurent, 2018; Justi¢ and Wang, 2014). When applied to the LaTex shelf where diatom

dominates the phytoplankton community, these models assume that the silicate supply in the shelf is excessive and the

competition among different phytoplankton groups is not important to the DO variability. In this section, we aimed to explore

the sensitivity of bottom DO to the riverine nutrient discharge with different combinations, the corresponding changes in

plankton biomass, the complexity of the lower trophic community, and its implication for hypoxia reduction.

Table 3. Riverine inorganic nutrient reduction percentages for different sensitivity experiments. Note that all the runs listed were

initialized on 1 August 2017 and were conducted from 1 August 2017 to 26 August 2020.

Riverine inorganic nutrients
reduction percentages (%)

N P Si

EXPcontrol 0 0 0
EXPN20 20 0 0
EXPN40 40 0 0
EXPN60 60 0 0
EXPN80 80 0 0
EXPP20 0 20 0
EXPP40 0 40 0
EXPP60 0 60 0
EXPP80 0 80 0
EXPSi20 0 0 20
EXPSi40 0 0 40
EXPSi60 0 0 60
EXPSi80 0 0 80
EXPNPSi20 20 20 20
EXPNPSi40 40 40 40
EXPNPSi60 60 60 60
EXPNPSi80 80 80 80

A total of 16 sensitivity experiments were set up with different combinations of the riverine inorganic nutrient concentration

and river freshwater discharges remained the same as in the control run. To remove numerical bias introduced by initial

conditions and to reduce computational efforts, both control run and sensitivity experiments were initialized on 1 August 2017

and were conducted from | August 2017 to 26 August 2020. Initial conditions were derived from the 15-year hindcast. Analysis

and comparisons were conducted based on simulations from 1 January 2018 to 26 August 2020. In summer, SOC is the
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prevailing factor in bottom DO changes (Fig. 9) over the shelf. When the hydrodynamics remain the same, changes in the size

of hypoxia water are a result of the changes in the riverine nutrient inputs. The hypoxia averaged through the 2018-2020

summer shelf-wide cruises from the control run, and sensitivity experiments were shown in Fig. 11. To illustrate the complexit

of the lower trophic community regarding decreased nutrient loads as well their contribution to the hypoxia development.

simulated plankton (i.e., PS, PL, ZS, ZL, and ZP) concentration of the sensitivity experiments was also shown.

Percentage changes (%)

—
O
(e) ZL
-50 | | | 1 1 1
T T T T T T T T T T T T T T
201~ -
10— —
100~ _
20 (f) ZP -
1 | | | 1 | 1 1 1 | | 1 | 1
EXPPAD EXPNAH EXP"!n EXPNGn EXPNZD ExPNPSizn ExpPZn Expsizﬂ EXPPEO EXPPHO Expsiw Expsisﬂ EXPNPSiw EXPSi!n EXPNPSiGﬁ EXPNPSi!n

Figure 11. Percentage differences of multi-yearly summer mean (spatially averaged over the LaTex shelf of 6-50 m) of (a) hypoxic
area during the shelf-wide cruises, (b) PS. (¢) PL, (d) ZS, (e) ZL. and (f) ZP between the 16 sensitivity runs and the control run. The
solid black curves indicate the multi-yvearly summer means, while the grey region denotes the ranges of the 10-90 percentiles. The
dashed orange lines indicate the 0% of changes. Note that the statistics shown are sorted according to the mean percentage changes
in the hypoxic area.

As a more complex plankton community was embedded than in previous modeling studies, we found that a sole nutrient

reduction in nitrogen would not guarantee decreases in the hypoxic area (Fig. 11a); on the contrary, it would generally lead to

an increase in the hypoxic zone. The averaged PS concentration would decrease by ~5% due to the reduced nitrogen supply.
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However, the average PL concentration would increase by ~15%. Zooplankton concentration would not change much. It could

also be seen in the spatial patterns of concentration differences (e.g., EXPnso, Fig. 12). The decrease (increase) in bottom DO

over the west (east) shelf would be consistent with the increasing (decreasing) PL concentration. The competition between

different phytoplankton groups would lead to different responses of phytoplankton concentration to the changing nutrient

environments. In the meantime, the responses of the secondary production to the changing nutrient supply could be less

straightforward than the primary production due to the complex energy flows associated with grazing and predation processes.

Thus, it is necessary to consider the complexity of the lower-trophic community as an important proxy for the impacts of

nutrient reduction strategies on shelf hypoxia.

95°W 9dow 93°w 92°w 9l°w 90°w 89 9dow 93w 92w 9l°w 90°w 89°W
) 1.6 1.2 0.8 0.4 0 0.4 0.8 1.2 1.6 2 Oy (mgLY)
-300 -240 -180 -120 -60 o 60 120 180 240 300 PS (mmol m?)
260  -208  -156  -104  -52 0 52 104 156 208 260 PL (mmol m?)
-40 32 24 -16 -8 0 8 16 24 32 40 25 (mmol m?)
-40 32 24 -16 -8 0 8 16 24 32 40 ZL (mmol m?)
15 1.2 0.9 0.6 0.3 0 0.3 0.6 0.9 1.2 1.5 2zP (mmol m?)

e eriod covered by mid-summer shelf-wide cruise) mean of model simulations
differences between EXPxgo and EXP ontrorfor (a) bottom DO concentration (mg L™!) and depth-integrated concentration (mmol m™
?) of different plankton groups (i.e., (b) PS. (¢) PL, (d) ZS. (e) ZL. and (f) ZP).

Sensitivity studies on phosphorus reduction also highlighted the importance of plankton competition in hypoxic area

distribution. A sole 60% reduction of phosphorus could reduce the shelf hypoxic area by ~16% (Fig. 11). Such a change could

26



522
523
524
525
526
527
528
529

530
531

532
533
534
535

be attributed to a remarkable shrinkage of the PS community and the resulting decreases in secondary productivity (e.g., EXPpso;

Fig. 13b, 13d—13f). This result is consistent with that in Laurent and Fennel (2014), which indicates a decrease of 13% in the

hypoxic area when the riverine phosphorus supply is halved. Nevertheless, the correlation between phosphorus cut and

reduction of hypoxia area was found not linear- the hypoxic zone was expected to increase with a low (EXPr20) or moderate

(EXPru40) reduction in phosphorus, mainly owing to the competition between PS and PL (Fig 11). One should also note that

the DO over the shelf would not evenly respond to the reduced phosphorus loads. The bottom DO could decrease on the west

shelf (nearshore; Fig. 13a) in response to an 80% phosphorus cut because the increases in PL concentration could exceed the

decreases in other plankton biomass.

os°w 9dow 93w 92°w ot°w 90°w oW 95° odow 93w 92°w ot°w 90°w 8o°W
2 16 1.2 -0.8 0.4 o 0.4 0.8 12 16 2 Oy (mgL?
-300 -240 -180 -120 -60 0 60 120 180 240 300 PS (mmolm?)
260  -208  -156  -104  -52 ° 52 104 156 208 260 PL (mmol m)
-40 32 24 -16 -8 0 8 16 24 32 40 2S (mmolm?)
-a0 -32 24 -16 -8 0 8 16 24 32 40 zL (mmol m?)
L5 12 0.9 -0.6 -0.3 o 0.3 0.6 0.9 12 1.5 2ZP (mmolm?)

Figure 13. Same as Figure 12, but between EXPpgo and EXP control.

The hypoxic area would exhibit an acute reduction when riverine silicon supply was limited (Fig. 11), which was attributed to
the corresponding declines in PL and resulting ZL and ZP concentrations (Fig. 11 and Fig. 14). When riverine silicon supply

was reduced by 80%, the hypoxic area would be expected to decrease by 50% (to 8126 km?). Compared with the control run.
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the bottom DO of EXPsiso would exhibit an overall increase corresponding to the PL (diatom) reduction. As diatom is the

dominant phytoplankton group in the LaTex shelf, there is no surprise that a remarkable decrease in PL would lead to a

pronounced reduction in hypoxic area and an increase in bottom DO. Nevertheless, elevated DO was not simulated all over

the shelf. For example, we found DO would be decreased near the Mississippi River mouth, where PL was reduced while other

lankton groups were increased.

ot°w 90°w W

2 1.6 1.2 0.8 0.4 0 0.4 0.8 1.2 1.6 2 0,(mgLh

-300 -240 -180 -120 -60 [ 60 120 180 240 300 PS (mmol m?)
-260  -208  -156  -104 -52 0 52 104 156 208 260 PL (mmol m)
-a0 -32 24 -16 -8 0 8 16 24 32 40 2S (mmolm?)
-a0 -32 24 -16 -8 0 8 16 24 32 40 zL (mmol m?)
-1.5 -1.2 -0.9 -0.6 -0.3 0 0.3 0.6 0.9 1.2 1.5  2ZP (mmol m?)

Figure 14. Same as Figure 12, but between EXPsigo and EXPcontrol.

The PS and PL could perform differently in response to the nutrient reductions. Unlike a sole reduction of silicon, sole

reductions of nitrogen or phosphorus loads tended to suppress PS growth but in contrast, lead to an increase in PL concentration

due to less competition (Fig. 11-14). Such different responses in the primary production would induce different changes in the

secondary productions and together would lead to uncertainties in the directions of SOC changes and thus the size of the

hypoxic area. So far model simulations showed that a sole silicon reduction could be the best for reducing hypoxia. We further
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tested the sensitivity of hypoxic area changes to triple reduction strategies. The 3-year mean hypoxic area would decrease by

53% (to 8223 km?) and 84% (to 2999 km?) when all nutrient supplies were reduced simultaneously by 60% and 80%,

respectively (Fig. 11). Thus, it is expected that the 3-year mean hypoxic area can reach the hypoxia goal of 5000 km? if all

nutrients are reduced by nearly 80%. The spatial distribution of the differences between EXPpsiso and the control run suggested

a massive and sharp increase in bottom DO over the shelf attributed to the massive decrease in both primary and secondary

productions (Fig. 15). One should also note that similar to the sole reduction cases, a reduction in all three nutrient loads could

also result in an increase in hypoxic area (e.g., the hypoxic area increased by 9% in EXPxpsizo; Fig. 11) due to the competition

among different plankton groups. Uncertainties introduced by lower-trophic community complexity are responsible for such

nonlinear responses of biomass and bottom DO to nutrient reductions. To meet the hypoxia goal, the recommended percentage

on nutrient loads reduction indicated by previous model studies tended to be less than the suggested percentage by our

simulations (~80%). In addition, a complex plankton community enables a longer resident time or more efficient recycling of

nutrients in the system than the simple models. These results shed lights on the needs of a comprehensive evaluation of DO’s

response regarding the proposed Hypoxia Task Force nutrient reduction plan.
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Figure 15. Same as Figure 12, but between EXPnpsiso and EXPeontrol.
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A three-dimensional coupled hydrodynamic-biogeochemical model (NEMURO) was modified and applied to the Gulf of
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Mexico to study fhe bottom DO variability in the LaTex Shelf. In addition to nitrogen and silicon, a phosphorous flow was
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embedded into the NEMURO model to account for the impacts of phosphorous limitation on hypoxia development. Built on
the SOC scheme of the instantaneous remineralization developed by Fennel et al. (2006), a pool of sedimentary PON was
added to account for temporal delays in SOC to the peak of plankton blooms. The model can well reproduce the vertical

profiles of inorganic nutrient concentration (i.e., nitrate, phosphate, and silicate), the ratio of diatom/total phytoplankton, SOC

Deleted: bottom DO variability. The NEMURO was applied and
modified since the model parameterizes a more sophisticated lower-
trophic ecosystem especially including a diatom functional group,
which is the dominant species of the nGoM phytoplankton
community. An additional

)
)
)

,(r' d:).

and the ratio of SOC/overlaying water respiration. The model’s robustness in DO simulation was affirmed via 1) comparison
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A 15-year coupled physical-biogeochemical hindcast was achieved covering the period of 2006-2020. Three DO transport
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terms (i.e., horizontal advection, vertical advection, and vertical diffusion) and a biochemical term (i.e., SOC) were found as

the most influential factors modulating the bottom DO dynamics in the LaTex shelf. They jointly contributed ~80% of the

variability in bottom DO throughout the year. Specifically, the contribution of SOC (34%) outcompetes other factors in

summer. In different subregions of the shelf, the contributions of the four terms vary with depth and distance from the

Mississippi River mouth. In the nearshore regions, SOC plays a much more important role in modulating the summer bottom

DO concentration with a maximum contribution of 33%-51%: while in the offshore regions, its contribution decreases notably

to 19%—27% in summer, which is comparable to the contributions of the other three hydrodynamic-induced terms (18%—26%

for the horizontal advection, 17%-25% for the vertical advection, and 7%—16% for the vertical diffusion).

If the advection and vertical diffusion are considered jointly as a hydrodynamic term, the impacts of SOC (33%-51%) and

hydrodynamics (28%—55%) are almost equally important in modulating the summer bottom DO in the nearshore regions

while in the offshore areas, contributions from hydrodynamics (51%-59%) outcompete the SOC impacts (19%-27%). The

strong linear correlations between PEA and the advection terms suggest that increased water stability in summer leads to

weaker DO exchanges from advection processes. Nevertheless, the relationship between PEA and vertical diffusion of DO

across the bottom layer appears to be non-linear. As PEA starts to increase in early summer, the bottom DO starts to drop.

resulting in strong vertical DO gradients at the bottom layer and enhanced vertical diffusion. As the strong water column

stratification persists in mid and late summer, vertical diffusion of DO tends to be suppressed due to the weaker DO gradient

resulting from the continuous DO consumption and the decreasing DO supply from the upper layers.
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period of 2006-2020. Multiyear mean, long-term trends, and STDs
of bottom DO concentration on the LaTex Shelf all highlight the
impacts from two major river plumes (i.c., the Mississippi and the
Atchafalaya Rivers) and Louisiana coastal currents. May, June, July,
and August are the months most affected by hypoxic events (bottom
DO concentration < 2 mg L). However, the developments of
hypoxia are different in different subregions. Based on the monthly
i logy, the mid-Atchafalaya nearshore (10-20 m) region was
first detected hypoxic in May while hypoxic water was not found in
the west-Mississippi nearshore region until June. The west hypoxic
water expands offshore and eastward in June and July and finally
merges with the east hypoxic water in August.{
q

The evolution of hypoxia in the LaTex Shelf (<50 m) is highly
affected by SOC and water stratification (quantified by PEA).
Qualitative analysis suggests that their impacts on bottom DO vary
in different shelf regimes. GBM analysis provides a quantitative
assessment of the relative importance of PEA and SOC on bottom
DO variability in different subregions. SOC is the main regulator in
nearshore (10-20 m) regions while the PEA is the prevailing factor
in the offshore (2050 m) regions. Nevertheless, the variability of
bottom DO concentration is weaker in the hydrodynamic-dominated
regions than in the regions with stronger impacts of sedimentary
biochemical processes. The hypoxic volume is significantly related
to the hypoxic area (1=0.94, p<0.001) which is mostly modulated by
stratification and sedimentary biochemical processes. However,
hypoxic volume increases nonlinearly as the area reaches beyond
20,000 km? illustrating a quadratic relationship very close to the
previous relationship discovered by Scavia et al. (2019). Such results
indicate that the hypoxic volume mostly resulting from the low
bottom DO concentration can be possibly predicted using the
hypoxic area alone.
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We further examined the sensitivity of summer bottom DO to riverine nutrient reductions. Our sensitivity experiments

highlighted the importance of the complexity of the lower-trophic community in bottom DO’s response to the changing nutrient

loads. Sole nutrient reductions in total nitrogen do not guarantee a hypoxic area decrease. Reduced nitrogen load can stimulate

the competition between PS and PL and uncertainties to secondary productivity. Sole phosphorous reductions can, in general

reduce hypoxic area as PS and associated decreases in secondary productivity are reduced. A silicon reduction is more effective

in reducing the hypoxic zone than the other two nutrients exhibited by the reductions in PL, ZS, and ZP concentration. One

should also note that changes in the bottom DO are not evenly distributed over the shelf. A triple reduction strategy for all

nutrients performs the best in reducing shelf hypoxic areas. When riverine nitrogen, phosphorous, and silicon loads are reduced

by ~80% simultaneously, the hypoxia reduction goal of 5000 km?is likely to be achieved.

Code/Data availability: Model data is available at the LSU mass storage system and details are on the webpage of the Coupled

Ocean Modeling Group at LSU (https://faculty Isu.edu/zxue/). Data requests can be sent to the corresponding author via this
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Appendix A: Expressions of processes terms modified in this study

Detailed descriptions of related terms and parameters are listed in Appendix B.

A1 Update gross primary production of PS and PL due to the additional phosphate limitation
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L I

— _ __apL _ _PrL i Formatted
GPPNP = PLn Yy, (R, TP [ = (22 )| 0 (=52t i R, a9 A
GppAPL = PLn Vot exp(KGWL TMP) 1—exp (— 2PL IPL) exp (— L23 IPL) NutlimPL gl — RnewL), (A6) A Formatted
A

NOs

... [201

. [202

RnewS = — (A7) Formatted
(NOs+KNos3s) NH4+KNp,s

Rnewl = NOs e (A8) Formatted
"NH4+KNH,L

Formatted

. [203

n NHy POy
NH4+KNH,s ' PO4+Kpo,s

A

Formatted

... [204

NHy POy SiOH,
NH4+KNH,4 L' PO4+Kpo,L  SiOH4+KsioH,L

NutlimPL = min

A

... [205

Ips = PAR frac exp {g ALtSW + AttPS ['[PSn({) + PLnC()Ld{;L, (Al1) /(Formatted

LI

... [206]

Ip, = PAR frac exp {AZ AttSW + AttPL QDLPSn(‘()j PLn(‘()]‘df}A, (A12) /(Formatted

A2 Update aerobic decomposition from PON to NHs and from DON to NHa due to introduction of oxygen dependency

) i

. [209

DecP2N = PON VP2Ny,exp (Kp,nu TMP\F, (A13) /(Formatted
DecD2N = PON VD2N,,exp (Kp,mu, TMP\F, (A14) /(Formatted
where,

* = max [ReXQ0YI-0xyoeh) 0]: (A15) /Formaﬁed
AA a4 L OxyaitOXYITOXYgtn,
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A3 Update water column nitrification due to introduction of oxygen dependency and light limitation

Nit = Nityexp Ky TMPy LgtlimN g,

(A16) /(Formatted

where,

LgtlimN = 1 — max (0, Into
s

dnicdodda )

... [210]

... [211]

(A17) /Formatted

Iy = PAR frac exp {g AttSW + max (AttPS, AttPLy &" [PSn($)+ PLn(‘Z)]‘d(}‘,

g ¢

... [212]

(A18) /(Formatted

A4 Additional SOC term:

SOC = 8.3865 PONsoulVP2N,, £xD (Kpn, TMPY,

(A19) /(Formatted

Appendix B: Descriptions of terms and parameters

Table B1. Descriptions of state variables

]

- [213]

N\

... [214]

Terms Description Unit

NH, Ammonium concentration mmolN m?

NO; Nitrate concentration mmolIN m

PO, Phosphate concentration mmolP m

DopP Dissolved organic phosphorous concentration mmolP m

PoP Particulate organic phosphorous concentration mmolP m™

SiOH, Silicate concentration mmolSi m*

PSn Small phytoplankton biomass concentration measured in nitrogen ~ mmolIN m™

PLn Large phytoplankton biomass concentration measured in nitrogen ~ mmoIN m-

Oxyg Dissolved oxygen concentration mmolOz m®
N (Formatted: English (US)
Table B2 Descriptions of related terms involved in the phosphorus cycle and nutrient limitation. Superscripts, “*” and “+” denote (Deleted: Superscript
that the matl ic expressi of corresponding terms are the same as those in Kishi et al. (2007), and Shropshire et al. (2020),
respectively. Expressions of terms with no superscript are updated and reported in Appendix A. { Formatted

Terms Description Unit

DecP2N Decomposition rate from PON to NHa mmolIN m day™!

DecD2N Decomposition rate from DON to NHa mmolIN m day!

DecP2D"* Decomposition rate from PON to DON mmolIN m~ day™!

EgeZLn* Large zooplankton egestion rate measured in nitrogen mmolIN m* day™!

EgeZPn"* Predatory zooplankton egestion rate measured in nitrogen mmolIN m day™!
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EgeZSn"*
ExcPSn™*

ExcPLn"*
ExcZSn™*
ExcZLn®
ExcZPn"*
GppNPS
GppAPS
GppPSn
GppNPL
GppAPL
GppPLn
MorPSn”*
MorPLn*
MorZSn*
MorZLn™
MorZPn"*
Nit
ResPSn"*

ResPLn™*
soc

Small zooplankton egestion rate measured in nitrogen

Small phytoplankton extracellular excretion rate to DON and is
measured in nitrogen

Large phytoplankton extracellular excretion rate to DON and is
measured in nitrogen

Small zooplankton excretion rate to NHs4 and is measured in
nitrogen

Large zooplankton excretion rate to NHs and is measured in
nitrogen

Predatory zooplankton excretion rate to NHs and is measured in
nitrogen

Small phytoplankton nitrate-induced gross primary production rate
measured in nitrogen

Small phytoplankton ammonium-induced gross primary production
rate measured in nitrogen

Small phytoplankton gross primary production rate measured in
nitrogen

Large phytoplankton nitrate-induced gross primary production rate
measured in nitrogen

Large phytoplankton ammonium-induced gross primary production
rate measured in nitrogen

Large phytoplankton gross primary production rate measured in
nitrogen

Small phytoplankton mortality rate measured in nitrogen

Large phytoplankton mortality rate measured in nitrogen

Small zooplankton mortality rate measured in nitrogen

Large zooplankton mortality rate measured in nitrogen

Predatory zooplankton mortality rate measured in nitrogen
Nitrification rate

Small phytoplankton respiration rate measured in nitrogen

Large phytoplankton respiration rate measured in nitrogen

Sediment oxygen consumption rate

mmolIN m day™!

mmoIN m~ day™!
mmolIN m day!
mmolIN m day™!
mmoIN m~ day™!
mmolN m day™!
mmoIN m* day™!
mmolIN m~ day™!
mmolIN m day™!
mmoIN m~ day™!
mmolN m~ day™!
mmolIN m day!
mmolIN m~ day™!
mmolIN m~ day™!
mmolIN m day!
mmolIN m day™!
mmolIN m day™!
mmolN m~ day™!
mmolIN m day™!

mmolIN m- day™!

mmolO; m?day!

703

A

704  Table B3 Descriptions of other variables
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705

706
707
708

Terms Description Unit

Ips Photosynthetically available radiation for small phytoplankton W m?

Ip;, Photosynthetically available radiation for large phytoplankton W m?

Iy Maximum photosynthetically available radiation W m™

LgtlimN Light inhibition on nitrification rate no dimension

NutlimPS Nutrient limitation term for small phytoplankton no dimension

NutlimPL Nutrient limitation term for large phytoplankton no dimension

PAR Net short-wave radiation on water surface W m™

r Oxygen inhibition on nitrification and aerobic decomposition rates no dimension

RnewS The f-ratio of small phytoplankton which is defined by the ratio of no dimension
nitrate uptake to total uptake of nitrate and ammonium

Rnewl The f-ratio of large phytoplankton which is defined by the ratio of no dimension
nitrate uptake to total uptake of nitrate and ammonium

Thicknessyy; Thickness of the bottom water layer m

TMP Water temperature °C

z,{ Vertical coordinate which is negative below sea surface m

A

Table B4. Descriptions and values of all model parameters. Superscripts “S”, “L”, “F06”, and “F13” denote that the corresponding
parameters follow Shropshire et al. (2020), Laurent et al. (2012), Fennel et al. (2006), and Fennel et al. (2013), respectively.
Superscript “*” indicates the corresponding parameters are from this study,

(Formatted: English (US)

(Formatted: English (US)

NN

Parameter Description Units Values
Small phytoplankton

Vinaxs Small phytoplankton maximum  day’! 045 (Deleted: 4
photosynthetic rate at 0 °C (Formatted: Superscript

Kyoss Small Phytoplankton half saturation mmoIN m? 05° (l‘ leted: 5
constant for nitrate

Kyn,s Small Phytoplankton half saturation mmoIN m? 0,5 (l‘ leted: 1
constant for ammonium

Kpo,s Small Phytoplankton half saturation mmolP m™ 05" (r leted: 5
constant for phosphate

Qps Small  phytoplankton  photochemical m*W! day! 0,5 (l‘ leted: 1

reaction coefficient, initial slope of P-I

curve
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Bps Small  phytoplankton  photoinhibition m>W-! day! 000045% (l‘ d: 00045
coefficient

Resps Small phytoplankton respiration rate at 0 day™! 0038 (l‘ d: 03
°C

Morpg, Small phytoplankton mortality rate at 0 °C  m* mmoIN-! day"! 00025 (l‘ d: 002

Ys Ratio of extracellular excretion to no dimension 0,135% (l‘ d: 135
photosynthesis for small phytoplankton

Kepps Small phytoplankton temperature  °C™% 00693° (l‘ d: 0693
coefficient for photosynthetic rate

Kresps Small  phytoplankton  temperature °C™! 005195 (l‘ d: 0519
coefficient for respiration

Kuyorps Small phytoplankton temperature  °C™* 006935 (l‘ d: 0693
coefficient for mortality

Large phytoplankton

VinaxL Large phytoplankton maximum day’! 08°% (l‘ d: 8
photosynthetic rate at 0 °C

Knost Large Phytoplankton half saturation mmoIN m? 30° (Deleted:o
constant for nitrate

KypyL Large Phytoplankton half saturation mmolN m? 023° (l‘ d: 3
constant for ammonium

Kpo,1 Large Phytoplankton half saturation mmolP m™ 05" (l‘ d: 5
constant for phosphate

Ksion,1 Large Phytoplankton half saturation mmolSim? 6.0° (l‘ d: 0
constant for silicate

apy, Large phytoplankton  photochemical m?W-! day! 0,° (l‘ d: 1
reaction coefficient, initial slope of P-I
curve

BrL Large phytoplankton photoinhibition m>W! day! 0000455 (l‘ d: 00045
coefficient

Resp Large phytoplankton respiration rate at 0 day™! 003% (l‘ d: 03
°C

Morpy, Large phytoplankton mortality rate at 0 °C  m* mmoIN-' day"! 0001° (l‘ d: 001
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N N N

YL Ratio of extracellular excretion to no dimension 0,355 (l‘ 135
photosynthesis for large phytoplankton

Keppi, Large phytoplankton temperature  °C™* 00693% (l‘ 0693
coefficient for photosynthetic rate

KyorpL, Large  phytoplankton  temperature °C~! 00693°% (l‘ 0693
coefficient for mortality

KrespL Large phytoplankton temperature  °C™* 00693% (l‘ 0693
coefficient for respiration

Small zooplankton

GRpaxsps Small zooplankton maximum grazing rate ~ day’! 05° (l‘ 6
on small phytoplankton at 0 °C

As Ivlev constant of small zooplankton m® mmolN"! 145 (r 4

PS2ZS Small zooplankton threshold value for mmoIN m? 00435 (l‘ 043
grazing on small phytoplankton

Azs Assimilation  efficiency of  small no dimension 0.7° (l‘ 7
zooplankton

Bzs Growth efficiency of small zooplankton no dimension 03° (l‘ 3

Moryg, Small zooplankton mortality rate at 0 °C ~ m® mmoIN"' day™! 0022° (l‘ 022

Kiras Small zooplankton temperature coefficient °C™* 006935 (l‘ 0693
for grazing

Kyorzs Small zooplankton temperature coefficient °C~* 00693° (l‘ 0693
for mortality

Large zooplankton

GRinaxips Large zooplankton maximum grazing rate ~ day™' 0 (r 0
on small phytoplankton at 0 °C

GRmaxip Large zooplankton maximum grazing rate ~ day' 03° (l‘ 3
on large phytoplankton at 0 °C

GRnaxizs Large zooplankton maximum grazing rate  day™! 03° (l‘ 3
on small zooplankton at 0 °C

A Ivlev constant of large zooplankton m® mmolN"! 145 (r 4

PL2ZL Large zooplankton threshold value for mmolN m? 00408 (l‘ 040

grazing on large phytoplankton
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N NN

ZS2ZL Large zooplankton threshold value for mmolN m? 00408 (l‘ 040
grazing on small zooplankton

az Assimilation  efficiency of  large no dimension 0.7 (l‘ 7
zooplankton

Bz Growth efficiency of large zooplankton no dimension 03° (l‘ 3

Mory,, Large zooplankton mortality rate at 0 °C ~ m> mmoIN" day™! 0022° (l‘ 022

Kirar Large zooplankton temperature coefficient °C~! 0,0693°% (l‘ 0693
for grazing

KyorzL Large zooplankton temperature coefficient °C~! 00693°% (l‘ 0693
for mortality

Predatory zooplankton

GRnaxppt Predatory zooplankton maximum grazing day™' 0,5 (l‘ 1
rate on large phytoplankton at 0 °C

GRyaxpzs Predatory zooplankton maximum grazing day™’ 0,1° (l‘ 1
rate on small zooplankton at 0 °C

GRaxpz Predatory zooplankton maximum grazing day! 03° (l‘ 3
rate on large zooplankton at 0 °C

Ap Ivlev constant of predatory zooplankton ~ m®mmolIN"! 14° (l‘ 4

PL2ZP Predatory zooplankton threshold value for - mmolIN m" 00408 (l‘ 040
grazing on large phytoplankton

ZS2ZP Predatory zooplankton threshold value for mmoIN m? 0040° (r 040
grazing on small zooplankton

ZL2ZP Predatory zooplankton threshold value for mmolIN m™ 0,040% (l‘ 040
grazing on large zooplankton

Azp Assimilation efficiency of predatory no dimension 07 (l‘ 7
zooplankton

Bzp Growth  efficiency  of  predatory no dimension 03° (l‘ 3
zooplankton

Moryp, Predatory zooplankton mortality rate at 0 m®mmolIN' day™! 0,128 (l‘ 12
°C

Kerap Predatory  zooplankton  temperature °C~! 006935 (l‘ 0693

coefficient for grazing
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N NP N N N

N7 N

Kyorzp Predatory  zooplankton  temperature °C~! 006935 (l‘ leted: 0693
coefficient for mortality

Wpy Grazing inhibition coefficient of predatory ~m? mmolN-! 4.605° (l‘ leted: 605
zooplankton grazing on large
phytoplankton

Pys Grazing inhibition coefficient of predatory m* mmoIN-! 3018 (l‘ leted: 01
zooplankton grazing on small zooplankton

Light

AttSW Light attenuation due to seawater m’! 003°% (l‘ leted: 03

AttPS Light attenuation due to small m?mmolN"' 0038 (l‘ leted: 03
phytoplankton, self-shading coefficient

AttPL Light attenuation due to large m>mmolN! 003°% (l‘ leted: 03
phytoplankton, self-shading coefficient

frac Fraction of shortwave radiation that is no dimension 043° (l‘ leted: 43
photosynthetically active

Iy Threshold ~of light inhibition of W m? 0,0095"° (l‘ leted: 0095
nitrification

k; Light intensity at which light inhibition of W m™ 0,0 (l‘ leted: 1
nitrification is half-saturated

Water column nitrification and aerobic decomposition

Nit, Nitrification rate at 0 °C day! 0003% (Deleted: 003

VP2N, Decomposition rate at 0 °C (PON—NH,)  day’! 0018 (l‘ leted: 01

VP2D, Decomposition rate at 0 °C (PON—DON)  day! 005% (l‘ leted: 05

VD2N, Decomposition rate at 0 °C (DON—NH,)  day’! 002° (l‘ leted: 02

Vo2, Decomposition rate at 0 °C day! 001°% (l‘ leted: 01
(Opal—Si(0H),)

Kyie Temperature coefficient for nitrification ec? 006935 (l‘ leted: 0693

Kpap Temperature coefficient for °C™! 00693° (l‘ leted: 0693
decomposition (PON—DON)

Kpon Temperature coefficient for °C™t 00693°% (l‘ leted: 0693
decomposition (PON—NH,)

Kpon Temperature coefficient for °C™! 00693° (l‘ leted: 0693

decomposition (DON—NH,)
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782

NI N

Koazs Temperature coefficient for °C™! 006935 (l‘ leted: 0693
decomposition (Opal—Si(OH),)
Other parameters
Koxyg Oxygen concentration at which inhibition mmolO; m™ 30 (l‘ leted: 0
of nitrification and aerobic respiration are
half-saturated
0xygen Oxygen concentration threshold below mmolO> m? 60" (l‘ leted: 0
which no aerobic respiration or
nitrification occurs
RPO4AN P: N ratio mmolP mmoIN"! 1/"@ (Deleted: 16
RSiN Si: N ratio mmolSi mmoIN"! Jas (r leted: 1|
rOxNO; Stoichiometric ratios corresponding to the mmolO2 mmoINO;™! 138/16"3 (l‘ leted: 16
oxygen produced per mol of nitrate
assimilated during photosynthesis
rOxNH, Stoichiometric ratios corresponding to the  mmolO2 mmoINHa4! 1064162 (l‘ leted: 16
oxygen produced per mol of ammonium
assimilated during photosynthesis
setVPON Sinking velocity of PON m day! S0 (l‘ leted: 15
setVOpal Sinking velocity of Opal m day’! 5" (Deleted: 15
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Appendix C: Supporting figures
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Figure C1. Daily time series (2007-2020) of river discharges of freshwater, nitrate

Atchafalaya rivers.
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Figure C2. The model computational meshes over which the regionally averaged diatom ratios were conducted for validation

purposes. The orange-patched region covers roughly the study regions in Schaeffer et al. (2012), while the regions restricted by two

black polygons are two regions (i.e., inner shelf and mid shelf) where samples were collected in Chakraborty and Lohrenz's (2015
study.
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