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- It appears that authors for the most part used a previously developed suite of models, add one 
extra terms to the light equation (if I read the paper correctly) and apply it to the Gulf of Mexico 
during a hurricane. It is unclear to me if this additional term was based on a previous developed 
equation (if so, show references). It will also be useful to show typical ranges of the coefficient 
(with references), how the actual values were selected – was it curve fitting? It is also unclear to 
me how well the model simulated suspended solids since it is not reported (e.g. are the prediction 
in the range of observations before the hurricane)? I think everybody will agree that more 
sediment solids in the water column (during a hurricane) will decrease the light intensity and 
thus reduction in primary production and chlorophyll. The question is whether this simple light 
equation (with the sediment term) in the model has any predictive capability or is just a curve 
fitting parameter to get a “reasonable” fit? 
 
In this study, both equation and sediment light attenuation coefficient (𝛼!"# =0.059) are adapted 
from McSweeney et al. (2017), and we cite this study in our updated manuscript (see line 150). 
The range of 𝛼!"#  is from 0.025 to 0.075 in previous studies. We add the information and 
references in lines 170-171. Although this simplified light equation cannot resolve the temporal 
variation of  𝛼!"#, its feasibility was proved in that study. We acknowledge that the selection of 
𝛼!"#  should be very careful in different environments due to the complex optical features of 
sediment particles. Yet as our modeling study relied on data availability for parameterization, we 
look forward future in situ data to further our proposed light attenuation mechanism. 
 
The detailed suspended sediment validation is described in Zang et al. (2018). Our sediment results 
are compared with satellite data in our 2018 paper. We add the related informaion in lines 119-
120 to confirm the readers that all models (Atmosphere, Wave, Hydrodyanmics and Sediment) in 
our study have been carefully calibrated. 
 
- I am still not sure if the model can actually represent the system? The entire calibration 
description and results are not very clear to me. There are so many state variables and processes 
(that can be tweaked to get a decent fit), but little comparison to get a sense that the model can 
represent the data. The long-term nitrate and silica seem “in the ballpark”, but it is difficult to 
know whether the fit is reasonable nor not – it seems the model underestimates nitrate and silica 
observational data. I did not see any results demonstrating how well the model simulate the two 
phytoplankton classes other that chlorophyll and the three zooplankton classes? These are thus, 
only calibration parameters, especially for zooplankton? Comparing model to satellite “data” is 
also an approximate comparison since the satellite values are also generated based on a model. 
 
For the hurricane simulation, we only compare chl concentration between model results and 
satellite-derived data because that is the only available observation. The long-term nutrient 
validation (Figs. S3 and S4) suggests our model overall reproduce nutrient vertical structure and 
temporal variations although the underestimation exist in certain month in bottom layer (e.g., 
November). Here we add additional long-term (20-year) phytoplankton size structure and 
mesozooplankton biomass validation results. Fig. 1 below shows the chlorophyll ratio of diatom 
to total phytoplankton. Our model indicates diatom accounts for ~50% of total phytoplankton 
around the bird-foot delta, while its importance declines gradually offshore. Our simulation  result 
is comparable with phytoplankton size structure observations of Zhao and Quigg (2014) and the 
simulation of Gomez et al. (2018). The simulated mesozooplankton biomass is compared with 



SEAMAP dataset in the nGoM (Fig. 2). Both model and observations reveal that high 
mesozooplankton biomass mainly distributes on the shelf. In the open ocean, biomass can be as 
low as 2-5 mg C/m3.  Both Fig.1 and Fig.2 are also included in the updated supplementary materials 
as Figures S7 and S8. 
 
 

 
Fig. 1. The climatological chlorophyll ratio of diatom (large) to total phytoplankton (large + 

small).   
 

 
Fig. 2. Comparison of climatological mesozooplankton biomass (unit: mg C/m3) between 

SEAMAP dataset (top panel) and model results (bottom panel).   
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Abstract 25 
 26 
We introduced a sediment-induced light attenuation algorithm into a biogeochemical model of the 27 
Coupled Ocean-Atmosphere-Wave-Sediment Transport (COAWST) modeling system. A fully 28 
coupled ocean-atmospheric-sediment-biogeochemical simulation was carried out to assess the 29 
impact of sediment-induced light attenuation on primary production in the northern Gulf of Mexico 30 
during the passage of Hurricane Gustav in 2008. When compared with model results without 31 
sediment-induced light attenuation, our new model showed a better agreement with satellite data 32 
on both the magnitude of nearshore chlorophyll concentration and the spatial distribution of 33 
offshore bloom. When Gustav approached, resuspended sediment shifted the inner shelf ecosystem 34 
from a nutrient-limited one to light-limited. One week after Gustav’s landfall, accumulated 35 
nutrient and favorable optical environment induced a post-hurricane algal bloom in the top 20 m 36 
of water column, while the productivity in the lower water column was still light-limited due to 37 
slow-settling sediment. Corresponding with the elevated offshore NO3 flux (38.71 mmol N/m/s) 38 
and decreased chlorophyll flux (43.10 mg/m/s), the outer shelf post-hurricane bloom should be 39 
resulted from the cross-shelf nutrient supply instead of the lateral dispersed chlorophyll. Sensitivity 40 
tests indicated that sediment light attenuation efficiency affected primary production when 41 
sediment concentration was moderately high. Model uncertainties due to colored dissolved organic 42 
matter and parameterization of sediment-induced light attenuation are also discussed.  43 
 44 
1 Introduction 45 

Light, nutrient and temperature play a vital role in photosynthesis and marine ecosystems. 46 
The vertical structure of light availability in an aquatic environment is mainly modulated by the 47 
shading effects of chlorophyll, colored dissolved organic matter (CDOM), detritus, and sediment 48 
(Cloern, 1987; Devlin et al., 2008; Schaeffer et al., 2011; Ganju et al., 2014; McSweeney et al., 49 
2017). The optical environment in river-dominated shelves are more complex due to the interaction 50 
between riverine inputs and regional hydrodynamics (Bierman et al., 1994; Lin et al., 2009; Zhu 51 
et al., 2009). As the largest river in North America, the Mississippi-Atchafalaya River system 52 
delivers 380 km3 of freshwater and 115 Mt of sediments each year into the northern Gulf of Mexico 53 
(nGoM; Meade and Moody, 2010; Allison et al., 2012). Along the Louisiana-Texas shelf in the 54 
nGoM, suspended sediment concentration (SSC) in the water column exhibits strong seasonality: 55 
high in winter and spring seasons due to strong sediment resuspension and high fluvial sediment 56 
discharge, while largely reduced in summer and fall owing to the relatively low river inputs and 57 
weak resuspension (Zang et al., 2019). Episodic hurricane events in summer and fall can disturb 58 
vertical stratification and resuspend large amount of shelf sediment (D’Sa et al., 2011; Xu et al., 59 
2016; Zang et al., 2018). Enhanced resuspension during a hurricane might greatly change the shelf 60 
ecosystem via modifying light availability. In addition, enhanced organic matter remineralization 61 
in the bottom boundary layer could also introduce sharp changes to the ecosystem (Wilson et al., 62 
2013; Hurst et al., 2019). Yet studies of the impact from hurricane-induced resuspension are still 63 
limited due to the challenge of in-situ data collection under extreme weather conditions. 64 

As an alternative tool to fill the spatial and temporal gaps in in-situ datasets, coupled 65 
physical-biogeochemical models have been widely applied to the Gulf of Mexico (GoM; e.g., 66 
Fennel et al., 2008; Laurent et al., 2012; Xue et al., 2013; Yu et al., 2015; Gomez et al., 2018). In 67 
these models, photosynthetically available radiation was estimated using a similar method, namely, 68 
light availability decreasing exponentially with water depth and the concentrations of light 69 
absorbers (e.g., sediment and CDOM) in the overlying water column. Due to the lack of long-term 70 
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observations of CDOM, however, its impact on the optical environment was either not included 71 
(e.g., Fennel et al., 2006; Gomez et al., 2018) or simply expressed as a function of salinity (Justić 72 
and Wang 2014). Although most of these studies considered sediment-induced light attenuation 73 
when estimating primary production, the related parameterization was uniform over the entire 74 
research domain and did not vary with sediment dynamics (e.g., Zhou et al., 2017; Thewes et al., 75 
2020). Such an oversimplified treatment of sediment-induced light attenuation could substantially 76 
impact a model’s robustness in river-dominated shelves that encompass a wide range of SSC. In 77 
the nGoM, Justić and Wang (2014) tentatively employed a new scheme by connecting sediment-78 
induced light attenuation with river discharge (salinity) and hydrodynamics (bottom shear stress). 79 
However, the horizontal distribution of SSC in a realistic environment is not necessarily correlated 80 
with that of the freshwater plume, and the contribution of resuspension to SSC at different depths 81 
might be significantly different (Xu et al., 2011, 2016). 82 

Gustav was the first major hurricane that made a landfall in Louisiana after Katrina (2005). 83 
It passed through the center of GoM and landed near Cocodrie, Louisiana on September 1st, 2008 84 
as a Category 2 hurricane (Forbes et al., 2010). Sediment resuspension and transport were strong 85 
during the passage of Gustav, and thick post-hurricane deposition (up to 40 cm) was simulated on 86 
the inner shelf (Zang et al., 2018) and in the bays (Liu et al., 2018). Korobkin et al. (2009) identified 87 
a post-Gustav algal bloom around the Mississippi Delta on satellite images. High respiration and 88 
stratification after the landfall of Gustav was reported to be connected with possible hypoxia 89 
development on the shelf (McCarthy et al., 2013).  90 

In this study, we introduce a new biogeochemical model with sediment-induced light 91 
attenuation to the three-way coupled (atmospheric-wave-ocean-sediment transport) Gustav model 92 
(Zang et al., 2018). While sediment dynamics can also impact nutrient dynamics via changing the 93 
intensity of remineralization near the bottom (Moriarty et al., 2018), the scope of this study is to 94 
investigate the influence of suspended sediment on the optical environment and thus primary 95 
production. The impact from elevated remineralization of resuspended particular organic matter 96 
during hurricane events is not considered as detailed processes because relevant parameterizations 97 
are still largely unknown. The objectives of this paper are to: 1) evaluate the impact of sediment-98 
induced light attenuation on the spatiotemporal variation of nutrient-phytoplankton dynamics 99 
during a hurricane event; 2) explore the driving mechanism of the post-hurricane bloom on the 100 
shelf; and 3) investigate the response of primary production to sediment optical characteristics.  101 
 102 
2 Model Description 103 
2.1 Physical, sediment and biogeochemical models 104 

Our model covered the entire GoM (Fig. 1a) and was built on the coupled ocean-105 
atmosphere-wave-and-sediment transport (COAWST) modeling system (Warner et al., 2008, 106 
2010). COAWST is an open source model platform that consists of three numerical models: the 107 
Weather Research and Forecasting model (WRF; Skamarock et al., 2005), the Regional Ocean 108 
Modeling System (ROMS; Shchepetkin and McWilliams, 2005; Haidvogel et al., 2008), and the 109 
Simulating Waves Nearshore model (SWAN; Booij et al., 1999). The Community Sediment 110 
Transport Modeling System (CSTMS) is included in ROMS to simulate sediment transport, 111 
stratigraphy, and geomorphology. Model Coupling Toolkit (MCT; Jacob et al., 2005) enables the 112 
interaction among these three models. The details of model setup and validation of the three-way 113 
coupled hydrodynamic-sediment transport model (WRF-ROMS-SWAN-CSTMS) were described 114 
in Zang et al. (2018), where four types of sediment (two cohesive and two non-cohesive) were 115 
defined with different grain diameters and settling velocities. There were 40 sediment layers on 116 
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the sea floor with a total thickness of 1 m to resolve sediment bed erosion and deposition. The 117 
driving force of sediment resuspension was determined by bottom shear stress induced by wave 118 
and current. Readers are referred to Zang et al. (2018) for detailed hydrodynamic and sediment 119 
validation.  120 

Given the importance of diatom in phytoplankton community in the nGoM (Zhao and 121 
Quigg, 2014), it is necessary to have both nitrogen and silicon cycles in the model. The 122 
biogeochemical model in this study was largely built on the North Pacific Ecosystem Model for 123 
Understanding Regional Oceanography (NEMURO; Kishi et al., 2007), which incorporated both 124 
nitrogen and silicon flows. There were 11 state variables included in the model: nitrate, ammonium, 125 
two types of phytoplankton (small and large), three types of zooplankton (microzooplankton, 126 
mesozooplankton and predatory zooplankton), particulate and dissolved nitrogen, particulate silica, 127 
and silicic acid concentration. River nutrient discharge during the hurricane were retrieved 128 
from United States Geological Survey (USGS) Water Data for the Nation website 129 
(http://nwis.waterdata.usgs.gov; Station 07374000). The growth of phytoplankton was driven by 130 
water temperature, light availability, and nutrient concentration. Instantaneous remineralization of 131 
particulate organic nitrogen at the bottom was estimated following Fennel et al. (2006). Our model 132 
did not include phosphate because its limitation on primary production in the nGoM was mainly 133 
between May to July (Laurent et al., 2012; Laurent and Fennel, 2014). We incorporated two types 134 
of chlorophyll corresponding to the large and small phytoplankton tracers, respectively. Following 135 
Fennel et al. (2006), chlorophyll dynamics was derived from phytoplankton equation by 136 
multiplying the ratio of chlorophyll to phytoplankton biomass. To get an ideal parameterization 137 
set and a stable initial condition for the biogeochemical variables, we first conducted a 20-yr (1993-138 
2012) coupled physical-biogeochemical simulation using only ROMS model, where WRF and 139 
SWAN were disabled to achieve a feasible computation load (Step 1 in Fig. 2). The atmospheric 140 
forcing was provided by the 6-hourly, 38 km horizontal resolution Climate Forecast System 141 
Reanalysis (CFSR; Saha et al., 2010, 2011; http://cfs.ncep.noaa.gov). The physical setup of the 142 
20-yr simulation was the same as Zang et al. (2019). The biogeochemical parameterizations (Table 143 
S1) were largely adapted after a recent GoM biogeochemical modeling study by Gomez et al. 144 
(2018). Since this study focused on the response of biogeochemical process to hurricane events, 145 
details of the 20-yr simulation setup and model-observation comparison, including time series of 146 
water-level and chlorophyll, vertical profiles of nutrients, spatial distributions of chlorophyll, 147 
diatom to total phytoplankton ratio, and mesozooplankton, were provided in the supplementary 148 
material. Once validated, the biogeochemical variables were extracted from the 20-yr model on 149 
August 30th, 2008 as the initial condition for this Gustav simulation (Step 2 in Fig. 2).  150 

The light available for photosynthesis ( 𝐼 ) is estimated using the following equation 151 
(McSweeney et al., 2017): 152 
 153 

𝐼 = 𝐼!×	𝑝𝑎𝑟×	𝑒𝑥𝑝	{−𝑍[𝛼" + 𝛼#$%/ (𝑃𝑆𝑛 + 𝑃𝐿𝑛)𝑑𝑧
!

&
+	𝛼'()/ 𝑆𝑆𝐶𝑑𝑧

!

&
]}, 154 

 155 
where 𝐼! is the light intensity at the surface layer, and 𝑍 is water depth.	𝑝𝑎𝑟 is the fraction of light 156 
available for photosynthesis (specified as 0.43). 𝛼" and 𝛼#$% are the light attenuation coefficients 157 
of sea water and chlorophyll, respectively. 𝑃𝑆𝑛 and 𝑃𝐿𝑛 represent concentrations of small and 158 
large phytoplankton. Compared with the original biogeochemical model, we added a new 159 
sediment-induced light attenuation term in this equation. 𝛼'() is the light attenuation coefficient 160 
due to suspended sediment, and 𝑆𝑆𝐶 is total suspended sediment concentration in the respective 161 

Deleted: The light available for photosynthesis (𝐼) is 162 
estimated using the following equation:¶163 
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layer. We performed a benchmark run (α*+, = 0.059; McSweeney et al., 2017) to represent the 164 
scenarios with sediment-induced light attenuation. The simulation period was from August 30th to 165 
September 10th, 2008. 166 
 167 
2.2 Sensitivity tests 168 
High turbidity in the Mississippi River Delta due to fluvial sediment discharge and resuspension 169 
suggested the vital role of sediment in the underwater optical environment. To quantitatively 170 
evaluate the importance of suspended sediment in light attenuation, we conducted a sensitivity test 171 
(test 1) without sediment-induced light attenuation (𝛼'() = 0). Since the physical properties of a 172 
sediment particle (e.g., size, shape, roughness, and color) determine its light attenuation efficiency 173 
(Baker and Lavelle, 1984; Storlazzi et al., 2015), a wide range of 𝛼'() (0.025-0.075) has been 174 
reported in previous studies (e.g., Pennock, 1985; Van Duin et al., 2001; Arndt et al., 2007; 175 
McSweeney et al., 2017). Here we increased/decreased the benchmark 𝛼'() (0.059) by 20% and 176 
40% to examine the sensitivity of primary production to sediment-induced light attenuation (tests 177 
2-5). The rest of the model setup were the same between the benchmark run and sensitivity tests 178 
(tests 1-5). The deviation due to the chaotic nature of turbulence was not considered in this study. 179 
 180 
3 Model Validation 181 

 Direct measurements of ocean conditions during the passage of a hurricane are still 182 
challenging. In Zang et al. (2018) we validated the physical model’s performance against the air 183 
pressure, sea level, and wave heights recorded at available buoy stations. The sediment model’s 184 
performance was evaluated against satellite images. In this study, we used the five-day composites 185 
of SeaWiFS chlorophyll data (OC4) obtained before (Aug 25th–29th) and after (September 5th–9th) 186 
Gustav’s landing to calibrate our biogeochemical model’s initial condition and results. Surface 187 
chlorophyll distribution during initial condition (Fig. 3a) was similar to that in the pre-hurricane 188 
composite imagery (Fig. 3b), with high chlorophyll concentration (> 4 mg/m3) located around the 189 
bird-foot delta and the Atchafalaya inner shelf, and values declined seaward to ~0.1 mg/m3. 190 

Compared with the pre-hurricane composite imagery, the post-hurricane composite 191 
showed higher chlorophyll concentration around the bird-foot delta and on the Atchafalaya shelf 192 
(Figs. 3b and 3c). Another major increase was identified in waters between the 50 and 200 m 193 
isobaths off the Atchafalaya Bay with chlorophyll concentration increasing from 1 to 4 mg/m3 after 194 
Gustav, indicating a possible post-hurricane algal bloom on the outer shelf. When comparing with 195 
model run without sediment-induced attenuation, the intensity of the offshore bloom was better 196 
reproduced (~ 4 mg/m3) with the new sediment-induced light attenuation algorithm (see difference 197 
between Figs. 3d and 3e). To quantitatively evaluate the model’s performance, we calculated the 198 
root mean square error (RMSE) and correlation coefficient (R) between model-simulated and 199 
satellite-derived chlorophyll concentrations over the inner shelf (water depth < 50 m; Fig. 4). The 200 
reduced RMSE in the benchmark run in comparison to sensitivity test (2.33 to 1.91) suggested 201 
improved model performance with sediment-induced light attenuation. However, with only 202 
marginal differences in the correlation coefficients between the two experiments (0.82 and 0.81), 203 
the spatial distributions of chlorophyll were comparable (Fig. 4). Nevertheless, the model’s 204 
performance in the high productivity waters (both simulated and observed chlorophyll 205 
concentrations > 1 mg/m3 ) was significantly improved (R increased from 0.55 to 0.61, and RMSE 206 
decreased from 5.93 to 3.97; Fig. 4). The improvement of model results confirmed the importance 207 
of sediment-induced light attenuation in biogeochemical cycling during a hurricane event, 208 
particularly in coastal regions where chlorophyll concentration was high. 209 

Deleted: applied210 
Deleted: (e.g., Pennock, 1985; Arndt et al., 2007; 211 
McSweeney et al., 2017)212 
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 213 
4 Results and Discussion 214 
4.1 Temporal variability of biogeochemical variables 215 

To examine the temporal variation of biogeochemical variables during the passage of 216 
Gustav, we plotted the time series of spatially averaged net primary production (growth of 217 
phytoplankton minus the respiratory losses; NPP), surface chlorophyll concentration, surface NO3 218 
concentration, SSC, downward solar short wave radiation, and sea surface temperature (SST) over 219 
the nGoM inner shelf (Fig. 5; < 50 m water depth). NPP exhibited strong diel variation and the 220 
peaks were strongly correlated with short wave radiation maximum (Figs. 5a and 5e). Such diel 221 
cycle could also be found in chlorophyll concentration, but with a 3- to 4-hour delay (Fig. 5b). 222 
Before the arrival of Gustav, daily-averaged NPP was around 0.05 g C/m2/hr, and the differences 223 
of NPP and chlorophyll concentration between the benchmark run and test 1 were minor (Figs. 5a 224 
and 5b).  225 

Following hurricane Gustav’s landfall along coastal Louisiana at 16:00:00 UTC on 226 
September 1st, surface SSC increased to 3.8 kg/m3 because of strong seabed resuspension (Fig. 5d). 227 
Daily-averaged NPP reduced to 0.03 g C/m2/hr in test 1. Once sediment-induced light attenuation 228 
was included, daily-averaged NPP further declined to 0.01 g C/m2/hr, suggesting that light 229 
availability severely limited short-term productivity on the inner shelf. Chlorophyll concentrations 230 
in the benchmark run and test 1 were reduced by 40% as Gustav approached. Hurricane-related 231 
surface cooling, together with decreased light (Figs. 5e and 5f), contributed to the reductions of 232 
both chlorophyll and NPP.  233 

The difference of daily-averaged NPP between the benchmark run and test 1 maximized 234 
on September 2nd due to light limitation modulated by resuspended sediment (Figs. 5a and 5d). On 235 
September 3rd, daily-averaged NPP of test 1 recovered to 0.04 g C/m2/hr and remained steady 236 
through the end of our simulation (Fig. 5a). For the benchmark run, however, the recovery of NPP 237 
was much slower: daily-averaged NPP was lower than that of test 1 until September 7th, when most 238 
suspended sediment settled back onto the seabed. NO3 concentration went up gradually between 239 
September 2nd - 7th in the benchmark run (Fig. 5c) as nutrient consumption was constrained by the 240 
decline in photosynthetic activity. Accumulated NO3, together with the improved optical 241 
environment due to low SSC, resulted in higher NPP and algal bloom after September 7th (Figs. 242 
5a and 5b). 243 

 244 
4.2 Vertical structure of biogeochemical variables 245 

We extracted concentrations of chlorophyll, NO3, sediment and water density anomaly 246 
along the transect D in Rabalais et al. (2001; Fig. 1b for transect location) at three time points 247 
(August 31st, September 2nd, and September 10th) to represent pre-, during-, and post-hurricane 248 
stages, respectively (Figs. 6 and 7). Before the approach of Gustav, offshore water was well 249 
stratified (Fig. 7d). Chlorophyll concentration decreased seaward from 5 to 0.3 mg/m3 (Figs. 6a 250 
and 6d). Sediment-induced light attenuation did not alter the vertical structure of chlorophyll and 251 
NO3 much (Figs. 6a, 6d, 6g, and 6j) owing to low SSC in the water column (Fig. 7a). On September 252 
2nd, strong vertical mixing increased the SSC to more than 1 kg/m3 over the entire water column 253 
(Figs. 7b and 7e). Chlorophyll concentration in waters < 40 m in the benchmark run was ~ 4 mg/m3, 254 
lower than that in test 1 due to sediment-induced light attenuation (Figs. 6b and 6e). Higher NO3 255 
concentration in the benchmark run was a result of the weakened primary production and nutrient 256 
consumption (Figs. 6h and 6k). The most striking differences of chlorophyll and NO3 between the 257 
two simulations were in water shallower than 20 m.  258 
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In test 1, chlorophyll concentration during the post-hurricane stage was lower than that of 259 
the pre-hurricane stage (Figs. 6a and 6c), in contrast to the condition captured by satellite imagery 260 
(Figs. 3b and 3c). The benchmark run, however, successfully reproduced the magnitude and 261 
seaward extension of the post-hurricane bloom (Fig. 6f). High chlorophyll concentration (> 1 262 
mg/m3; Fig. 6f) with low NO3 (Fig. 6l) was simulated in the top 20 m of the water column where 263 
stratification partially recovered (Fig. 7f) and sediment concentration was low after the passage of 264 
Gustav (Fig. 7c). At water deeper than 20 m, chlorophyll concentration dropped drastically to less 265 
than 0.1 mg/m3, while NO3 concentration further increased to > 1 mmol/m3. The synchronized 266 
high turbidity and low chlorophyll concentration implied that, nine days after Gustav’s landfall, 267 
the primary production in deeper water could still be constrained by light availability. A similar 268 
vertical structure (high SSC and low chlorophyll at the bottom) was also simulated in the Delaware 269 
estuary, where near bottom productivity was constrained by the estuarine turbidity maximum 270 
(McSweeney et al., 2017). Such a stratified water column with high/low productivity at the 271 
surface/bottom is generally favorable for bottom oxygen depletion. The elevated surface 272 
phytoplankton growth following the hurricane could thus result in increased particulate organic 273 
matter (POM) whose remineralization contributes to bottom water hypoxia (Wiseman et al., 1997). 274 
Meanwhile, the post-hurricane stratification recovery in the summer and fall seasons would have 275 
likely prevented oxygen ventilation to the bottom. The high respiration rate caused by resuspended 276 
POM could further lower the oxygen level (Bianucci et al., 2018). McCarthy et al. (2013) reported 277 
a post-Gustav respiration peak associated with organic matter resuspension in the bottom boundary 278 
layer. A recent numerical model study also simulated a substantial increase of near-bottom oxygen 279 
consumption due to resuspended POM remineralization during moderate resuspension events 280 
(Moriarty et al., 2018). These past studies and the new finding of this study suggest particulate 281 
matter (both organic and inorganic) dynamics might substantially contribute to bottom oxygen 282 
depletion and hypoxia development following a hurricane passage. More in situ observations of 283 
oxygen dynamics in the bottom boundary layer are needed.   284 

 285 
4.3 The post-hurricane offshore bloom  286 

Post-hurricane blooms have been widely observed in the mid- and low-latitude oceans 287 
(Davis and Yan, 2004; Miller et al., 2006; Pan et al., 2017; D'Sa et al. 2019). A bloom in the open 288 
ocean was usually isolated and patchy, and its formation was mainly related to nutrients supplied 289 
from deep waters via vertical mixing (Walker et al., 2005; Pan et al., 2017). The mechanism of the 290 
bloom formation on the outer shelf, however, was more complex due to possible impacts from the 291 
inner shelf water. Strong post-Gustav cross-shelf transport has been reported by previous studies 292 
(Korobkin et al., 2009; Zang et al., 2018). The seaward dispersal of higher nutrient and chlorophyll 293 
coastal waters could have potentially contributed to the outer shelf bloom, but their respective 294 
contributions remained unclear. To quantify the cross-shore exported nutrient and chlorophyll, we 295 
estimated depth-integrated offshore (seaward) NO3 and chlorophyll flux along the 50 m isobath 296 
transect (Fig. 1b; Table 1). Compared with test 1 (NO3: 7.35 mmol N/m/s; chlorophyll: 66.88 297 
mg/m/s), the benchmark run estimated a higher NO3 flux (38.71 mmol N/m/s) and a lower 298 
chlorophyll flux (43.10 mg/m/s). The differences in NO3 and chlorophyll fluxes between the two 299 
simulations could be explained by nutrient accumulation and NPP reduction on the inner shelf 300 
associated with resuspended sediment (Figs. 5a and 5c). Given the better offshore bloom intensity 301 
reproduced by the benchmark run (Figs. 3d and 3e), we conclude the post-hurricane offshore 302 
bloom was mainly triggered by nutrient exported from the inner shelf water. 303 
 304 
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4.4 Sensitivity to sediment light attenuation coefficient (𝛼'()) 305 
 A wide range of particle physical properties (e.g., size, shape, roughness and color) 306 
influence sediment light attenuation efficiency, which contributes to the difficulty in 307 
parameterization of 𝛼'() over a large region such as the nGoM (Baker and Lavelle, 1984; Storlazzi 308 
et al., 2015). To examine the sensitivity of primary production to sediment light attenuation 309 
efficiency, the results of sensitivity tests with different 𝛼'() (tests 2-5) were compared against the 310 
benchmark run. 311 
 Ahead of Gustav’s landfall, the difference in primary production between the benchmark 312 
run and sensitivity tests was limited (Fig. 8a), which suggested that the nGoM ecosystem was 313 
mainly limited by nutrient rather than light (Fennel et al., 2011). Two days after the landfall 314 
(September 1st – 3rd), high SSC suppressed photosynthesis in the entire water column which 315 
overwhelmed the response associated with different 𝛼'() settings. As such, primary production 316 
was not sensitive to 𝛼'() from September 1st to 3rd, although the nGoM ecosystem was also light 317 
limited. After September 3rd, the differences in primary production and NO3 concentration 318 
increased among the sensitivity tests through September 8th (Fig. 8). Primary production became 319 
more sensitive to 𝛼'() than SSC, which largely decreased due to settling (Fig. 5d). In the last two 320 
days of our simulation, the primary production differences reduced again to pre-hurricane 321 
conditions as the nGoM ecosystem shifted back to a nutrient-limited system. 322 

In general, the influence of 𝛼'() is significant when underwater light is limited by sediment 323 
and SSC was moderately high. The optical environment over the muddy inner Louisiana shelf is 324 
dominated by CDOM and chlorophyll under normal condition (D’Sa and Miller, 2003). During 325 
energetic events (e.g., hurricanes, cold fronts), however, high concentrations of resuspended 326 
sediment become the most important light absorber. Given the high frequency of cold fronts in 327 
winter (once every 3-7 days) and energetic hurricanes in summer (Walker and Hammack, 2000; 328 
Keim et al., 2007), it is reasonable to speculate that the ecosystem along coastal Louisiana would 329 
be sensitive to  𝛼'() not only on event scale, but also on seasonal to annual scales. The role of 330 
long-term sediment dynamics in water clarity and marine ecology has been reported in other 331 
regions (Dupont and Aksnes, 2013; Capuzzo et al., 2015; Wilson and Heath, 2019). To prove this 332 
hypothesis in the nGoM, we need a long-term biogeochemical simulation that explicitly include 333 
sediment-induced light attenuation effects in the future. 334 
 335 
4.5 Model uncertainties 336 
 The optical environment over the muddy Louisiana shelf is dominated by phytoplankton, 337 
suspended sediment, CDOM, and detritus particle (Le et al., 2014). The model presented in this 338 
study only includes the light attenuation due to the former two constituents, and the potential 339 
influence from CDOM and detritus warrants future study. Light attenuation due to CDOM was 340 
simply parameterized using salinity in a previous model study (Justić and Wang, 2014), yet few 341 
biogeochemical models incorporate dissolved/detritus-induced light attenuation. In the nGoM, 342 
CDOM plays an indispensable role in modulating optical properties of inner shelf waters (D’Sa 343 
and Miller, 2003; D'Sa et al. 2018), thus including CDOM-induced light attenuation would likely 344 
lower the threshold of sediment resuspension above which the nGoM ecosystem would be light-345 
limited. To estimate the importance of CDOM-induced light attenuation in the biogeochemical 346 
models, a long-term CDOM climatology is desired in the future. 347 

We use SeaWiFS-derived chlorophyll concentration to evaluate model performance. 348 
However, deriving high quality chlorophyll data during hurricanes is still a challenge because: 1) 349 
the presence of thick clouds limits the availability and quality of satellite images (Huang et al., 350 
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2011); 2) the uncertainty of chlorophyll estimation can be amplified by strong CDOM absorption 351 
(D’Sa and Miller, 2003; D’Sa et al., 2006); and 3) conducting chlorophyll measurements during a 352 
hurricane to calibrate bio-optical algorithms is limited by cost and safety. Given the rapid change 353 
and a wide range of sediment and chlorophyll concentrations after hurricanes, the algorithms based 354 
on observations under normal conditions might incur a bias. To achieve a high-quality satellite-355 
derived chlorophyll data, it is essential to optimize an algorithm based on field observations during 356 
hurricane events. 357 

In this study we simplified 𝛼'() as a constant over the entire GoM. When water is highly 358 
turbid, the availability of light for photosynthesis could be more related to sediment concentration 359 
rather than 𝛼'() (McSweeney et al., 2017). Thus, using a constant to represent the sediment light 360 
attenuation coefficient when sediment concentration is high should not introduce considerable bias. 361 
The optical characteristics of sediment particles, however, could greatly modify light availability 362 
underwater when SSC is relatively low (Storlazzi et al., 2015). Our sensitivity tests also suggest 363 
the importance of 𝛼'() in photosynthesis and primary production as resuspended sediment settle 364 
back to the sea floor. Therefore, it is necessary to develop a spatially explicit 𝛼'()  to better 365 
parameterize the sediment’s impact on light attenuation in future work. 366 
 Organic matter remineralization in sediment can dramatically increase nutrient 367 
concentration in the bottom boundary layer during strong resuspension (Couceiro et al., 2013). 368 
Field measurements after hurricanes Gustav and Ike suggested that the resuspension can expose 369 
the organic material in sediment to a more favorable environment for respiration (McCarthy et al., 370 
2013). Nevertheless, so far most biogeochemical models either neglect or simply parameterize this 371 
process (Fennel et al., 2006; Chai et al., 2007; Kishi et al., 2007). Moriarty et al. (2018) developed 372 
a particulate organic matter resuspension model and found remineralization intensity increased by 373 
an order of magnitude during moderate resuspension events in the nGoM. Given the strong storm-374 
driven resuspension during hurricanes, nutrient dynamics can be modified greatly by 375 
remineralization after the storm passage as well. Thus, incorporating organic matter resuspension 376 
and remineralization, in conjunction with the light attenuation effects addressed in this study, will 377 
help to improve our understanding of hurricane’s impact on the biogeochemical cycling in shelf 378 
waters. 379 
 Our biogeochemical model include freshwater and terrestrial nutrient input via river 380 
channel. Du et al. (2019) estimated freshwater budget during hurricane Harvey and found that 381 
surface runoff and groundwater accounted for ~34% of the total freshwater load during the 382 
hurricane. Although our understanding of nutrient flux associated with these two types of 383 
freshwater inputs is still limited, excluding surface runoff and groundwater flux in the model 384 
implies our underestimation of terrestrial nutrient discharge from the land. Coupling groundwater 385 
and hydrology models with ocean model is a feasible way to achieve a comprehensive assessment 386 
of a hurricane’s impact on the coastal and shelf ecosystem. In addition, water heating due to light 387 
absorption can also impact the ecosystem (Cahill et al., 2008; Mobley et al., 2015), but it has yet 388 
to be considered in our model. 389 
 390 
5 Conclusions 391 

We introduced a sediment-induced light attenuation algorithm to ROMS’ biogeochemical 392 
model. The new model reproduced the biogeochemical cycling during hurricane Gustav in the 393 
northern Gulf of Mexico. Improved model performance suggested suspended sediment can play 394 
an important role in underwater optical environment and primary production. During the passage 395 
of Gustav, the high SSC changed the inner shelf from a nutrient-limited environment to a light-396 
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limited one. NPP reduced from 0.05 to 0.01 g C/m2/hr, then recovered to pre-hurricane condition 397 
after one week of hurricane landfall. As sediment further settled back on the seabed, nutrient 398 
accumulation and increased light availability incurred a strong surface post-hurricane bloom on 399 
the inner shelf. Nine days after Gustav’s arrival, NPP below 20 m water depth was still light-400 
limited due to slow settling of sediment. The post-hurricane bloom on the outer shelf was 401 
significantly enhanced by the laterally transported nutrient from inner to outer shelf. Suspended 402 
sediment affected primary production when SSC was moderately high after Gustav’s landfall. For 403 
aquatic environments with great spatiotemporal variation of SSC (e.g., estuaries and lagoons), an 404 
optimal parameterization of sediment-induced light attenuation is imperative to better evaluate 405 
hurricane’s impact on coastal productivity and biogeochemical cycling. 406 
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Figure 1. panel a: Model domains applied in this study. The entire panel a is the WRF 654 
model domain (6 km resolution) overlaid with water depth (color-shading). The black solid 655 
box represents the model grid used by ROMS and SWAN with 5 km resolution. The black 656 
dashed line box (lat: 27°N–31°N; lon: 94°W–86°W) covers the northern Gulf of Mexico 657 
(nGoM). More details in the nGoM are shown in panel b. The thick purple/red lines indicate 658 
locations of 50m-isobath transect and transect D (Rabalais et al., 2001), respectively. 659 

 660 
  661 
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Figure 2. Flow chart of long-term (20 years) and hurricane (11 days) simulations. In Step 1 we 662 
only run ocean (ROMS) and biogeochemical (NEMURO) models, which provide initial inputs for 663 
the next step. Step 2 couples ocean (ROMS), wave (SWAN), atmosphere (WRF), sediment 664 
(CSTMS) and new biogeochemical (NEMURO) models with new sediment-induced light 665 
attenuation term.  666 

 667 
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Figure 3. Initial condition of surface chlorophyll extracted from 20-year simulation (a) and five-669 
day composite of surface chlorophyll concentration in the year 2008: (b) SeaWiFS data before 670 
Gustav (August 25th–29th); (c) SeaWiFS data after Gustav (September 05th–09th); (d) benchmark 671 
run result (𝛼'() = 0.059) after Gustav; (e) test 1 result (𝛼'() = 0) after Gustav. White color in 672 
panels (b) and (c) represents no data. Magenta curve shows hurricane track in panels b, c, and d. 673 
(BD: bird-foot Mississippi delta; AS: Atchafalaya shelf). 674 
 675 

 676 
  677 



 

19 
 

Figure 4. Simulated five-day composite (September 05th–09th) of surface chlorophyll 678 
concentration after hurricane Gustav compared to corresponding SeaWiFS-derived surface 679 
chlorophyll results over the nGOM inner shelf (h < 50 m) for model results  based on (a) 680 
benchmark (𝛼'() = 0.059) and (b) test 1 (𝛼'() = 0) runs. 681 
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Figure 5. Time series of spatially averaged (inner shelf, water depth < 50 m) net primary 684 
production (a), surface chlorophyll concentration (b), surface NO3 concentration (c), surface 685 
suspended sediment concentration (d), solar shortwave radiation (e), and sea surface temperature 686 
(f). In panels a, b, and c, blue represents benchmark run (𝛼'() = 0.059) and red represents test 1 687 
(𝛼'() = 0). Dots in panel (a) are daily-averaged net primary production. The black dashed line 688 
shows the time of Gustav landfall.  689 
 690 

 691 
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Figure 6. Model simulated chlorophyll and NO3 along transect D on August 31st (first column), 693 
September 2nd (second column), and September 10th (third column). The first and second rows 694 
represent chlorophyll concentration of the test 1 and benchmark run, respectively (note the color 695 
scale is different from Fig. 3). The third and fourth rows show NO3 concentration of test 1 and 696 
benchmark run, respectively. 697 
 698 

 699 
 700 
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Figure 7. Model simulated suspended sediment concentration (SSC; first row) and water density 702 
anomaly (second row) along transect D on August 31st (a, d), September 2nd (b, e), and September 703 
10th (c, f), respectively.  704 

  705 
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Figure 8. Comparison of spatial averaged (inner shelf, water depth < 50 m) net primary production 706 
(panel a) and NO3 concentration (panel b) between benchmark run (blue) and sensitivity tests with 707 
different 𝛼'() (test 2: cyan; test 3: orange; test 4: black; test 5: magenta). The black dashed line 708 
shows the time of Gustav landfall.  709 
 710 
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Table 1. Offshore fluxes of NO3 and chlorophyll along the 50-m isobath transect (see location  713 
in Fig. 1b). 714 
 715 

Model Runs Net offshore NO3 flux 
(mmol N/m/s) 

Net offshore Chl flux 
(mg/m/s) 

benchmark run (𝛼'() = 0.059) 38.71 43.10 
test 1 (𝛼'() = 0) 7.35 66.88 

 716 
 717 
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