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ARTICLE INFO ABSTRACT

Keywords: Remotely sensed and in situ data, in tandem with numerical modeling, are used to explore the causes of an
Hypoxia episode of localized but severe mortality of corals, sponges, and other invertebrates at the Flower Garden Banks
Coral reef

(FGB) National Marine Sanctuary in July 2016. At about 190 km off the Texas coast, at the top the seamount in
the East FGB, up to 82% of coral reef organisms were affected in a 1-2m thick layer on the local seafloor at
Goastal flooding ~23m depth. Analysis of available data pointed to low levels of dissolved oxygen being the most likely
Connectivity contributing factor in the observed mortality (Johnston et al., 2019).

Ecology Observations show that upwelling-favorable winds in June and July 2016 carried brackish and turbid coastal
waters across the northwestern Gulf of Mexico continental shelf to the FGB. This plume of coastal water was the
result of exceptionally high precipitation and local river run-off. Field data provide clear evidence of thin,
localized, subsurface near-hypoxic layers immediately below this turbid, low salinity coastal plume. These mid-
water layers extended over longer distances (30-40 km), and reached further offshore (~100 km), than previ-
ously reported in the region, associated with large quantities of organic matter carried offshore by the brackish
plume.

The surface brackish layer was observed to cover the East FGB in satellite ocean color imagery and in situ
salinity measurements in late June and July 2016. Model results and sparse observations on the shelf suggest that
this surface layer was ~20 m thick. It is expected that organic matter carried in the surface layer accumulated on
the seafloor of the East FGB, which was just below the brackish plume. In the absence of ventilation, this led to
the local formation of a bottom hypoxic layer, similar to what is observed on the Gulf of Mexico inner to mid-
shelf every summer.

The conditions experienced at FGB in July 2016 are likely to affect other reefs exposed to brackish plumes with
high organic matter loads. The processes of physical connectivity by transport of material is critical for reef
colonization and survival, but can also be fatal to coral ecosystems. The monitoring of coral reefs should take the
threat of hypoxia due to distant sources of organic matter into account.

Upwelling
Shelf processes

1. Introduction located at the Louisiana-Texas (LATEX) shelf break in the northwestern
Gulf of Mexico (GoM), between about 110 and 190 km offshore (Fig. 1).
The Flower Garden Banks (FGB) National Marine Sanctuary is It includes three separate sites, namely the East FGB, West FGB, and
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Stetson Bank. These small seamounts feature high biodiversity coral reef
ecosystems, at depths ranging from ~17 m to ~130 m for the East FGB
site (Spalding and Bunting, 2004; Hickerson et al., 2008; Schmahl et al.,
2008; Johnston et al., 2019).

On July 25, 2016, SCUBA divers conducting a survey of the East FGB
reported the presence of hazy waters and dead invertebrates, including
corals and sponges. Sanctuary personnel responded immediately and
organized an oceanographic survey in and around the Sanctuary in the
following days, in order to characterize the mortality event and deter-
mine its origin and cause. The diver survey found that an area of
approximately 5.6 ha (2.6% of the coral reef) on the seafloor at the top of
the East FGB coral ecosystem, at about 23 m depth, was affected with
mortality affecting up to 82% of organisms in a 1-2m thick band; or-
ganisms above this thin layer at the seafloor, or at deeper depths, were
not affected (Johnston et al., 2019). The cause of the mortality was not
identified at the time. Yet the analysis of the water quality parameters,
the patterns of mortality on the reefs, and observations of dissolved
oxygen concentrations DO sensors <3.5mg/L at similar depths
50-70 km northwest of East FGB, suggests that the most likely cause for
death of organisms was low levels of dissolved oxygen, i.e., hypoxia
(Johnston et al., 2019).

The aspect of the organisms affected by the mortality event was
similar to that seen during the hypoxia event reported by Altieri et al.
(2017) in the Caribbean coast of Panama (Johnston et al., 2019). Altieri
et al. (2017) estimated that over 10% of coral reefs around the world are
exposed to elevated risks of hypoxia, and that this threat has probably
been underreported. However, coral reefs located hundreds of kilome-
ters away from rivers and continental coastal zones, such as the FGB, are
generally considered to be safe from such a threat.

Several questions remain about the 2016 FGB mortality event. In
particular, what were the regional oceanographic conditions associated
with that episode of mortality? What could explain the localized mor-
tality of corals and sponges in a limited depth range at the top of the East
FGB, while no similar mortality was observed at the West FGB, only
20 km away? To address these questions, we examined and documented
the timeline of physical oceanographic events over the northwestern
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Fig. 1. Bathymetry (m) of the northern Gulf of Mexico (GoM). The white circles
with black outlines indicate the locations of the East and West Flower Garden
Bank seamounts. The rivers merging to form the Mississippi River are indicated
in orange, while the Atchafalaya River is indicated in red. The rivers flowing in
the northwestern GoM west of the Mississippi and Atchafalaya Rivers are
indicated in green. The border between the U.S. and Mexico is indicated with a
solid white line. The borders between the U.S. states are indicated with dashed
white lines. States boarding the GoM are labeled as: Texas (TX), Louisiana (LA),
Mississippi (MS), Alabama (AL), and Florida (FL). The Mississippi Delta and
Galveston Bay are marked with MD and GB, respectively. The black contours
represent the isobaths at 50 and 200 m. The black crosses near the coast indi-
cate the locations of the meteorological NOAA NDBC buoys: 42020 (26.97°N;
96.67°W) close to the U.S.-Mexico border, and 42035 (29.23°N; 94.41°W) off
Galveston Bay, Texas. The grey frame outlines the focus region of subsequent
figures. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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GoM in the weeks prior to and during the mortality event. Our approach
is based on the use of satellite ocean color data, combined with in situ
measurements and outputs from a realistic model simulation.

A wide variety of satellite-based remote sensing techniques have
been used to examine the distribution and temporal variability of optical
characteristics of surface waters of the GoM. Arnone et al. (2017) used
imagery from the Visible Infrared Imaging Radiometer Suite (VIIRS) to
examine diurnal changes in phytoplankton biomass in the eastern GoM.
Schaeffer et al. (2015) evaluated a suite of algorithms to estimate CDOM
absorption in estuaries in the northern GoM and found that a reflectance
ratio using red and blue bands provided the best fit between field and
satellite data. D’Sa et al. (2007) developed a two-band reflectance al-
gorithm based on red and green bands to estimate suspended particulate
matter concentrations in the northern GoM. This band ratio is related to
the backscattering coefficient at 555 nm. Previous work has demon-
strated the utility of ocean color observations to trace physical con-
nectivity patterns in this region (Muller-Karger et al., 1991; Hu and
Muller-Karger, 2008; Soto et al., 2009). In this study, we used the
Chlorophyll-a product from MODIS and VIIRS to examine temporal
patterns of turbid waters that were transported from the coastal GoM to
the FGB reefs.

The northwestern Gulf of Mexico (NWGoM), where the mortality
event took place, encompasses a wide shelf south of Louisiana and
Texas, the LATEX shelf. This shelf is narrow in its western portion near
the U.S. and Mexico border, wide in its central part (~200km), and
narrow again in the east near the Mississippi Delta. Tidal currents at the
shelf break are weak (~3 cm/s), but increase to the north as the shelf
gets shallow, reaching about 10 cm/s along the Louisiana coast; they are
typically low (~2 cm/s) close to the U.S.-Mexican border (DiMarco and
Reid, 1998). The lower frequency circulation over the inner shelf is
mostly driven by winds. Winds are easterly (i.e., from the east) for most
of the year, but turn to southerly in summer (Nowlin et al., 2005;
Zavala-Hidalgo et al., 2014). As a result, the wind-driven circulation
over the LATEX shelf is westward most of the year, with more intense
currents near the coast. In summer, this circulation reverses to eastward
due to changes in wind direction (Nowlin et al., 2005). Changes in the
wind pattern in summer also lead to upwelling along the western coast,
near the border between the U.S. and Mexico (Zavala-Hidalgo et al.,
2006). The LATEX outer shelf waters are subject to frequent interactions
with mesoscale eddies, which are common in the deep GoM (e.g. Biggs
and Muller-Karger, 1994; Hamilton et al., 2002). A one-year long survey
at the East FGB showed strong inertial currents and weak tidal currents,
and confirmed the importance of the wind and eddies in driving the
circulation in the FGB area (Teague et al., 2013). Although the East and
West FGB form small seamounts, typical physical processes associated
with the presence of seamounts, such as Taylor Columns, doming of
density surfaces, enclosed circulation cells and enhanced vertical mixing
(e.g. White et al., 2007), have not been reported at the FGB to our
knowledge.

The mid- and inner LATEX shelf presents widespread hypoxic to
anoxic conditions every summer (Rabalais et al., 2002). This is attrib-
uted to the decay of phytoplankton blooms and other organic matter
associated in great measure with the discharge from the Mississippi and
Atchafalaya Rivers (Dale et al., 2007; Conley et al., 2009; Levin et al.,
2009). Bacterial consumption of this material and respiration lead to
widespread oxygen depletion, which affects the shelf pelagic and
benthic ecosystems, leading to stress and mortality of organisms
(Rabalais and Turner, 2001). The dynamics of the Mis-
sissippi/Atchafalaya River plume plays a major role in the intensity of
the hypoxia episodes. Typically, easterly winds strengthen the
buoyancy-driven westward river plume circulation along the LATEX
shelf. Conversely, southerly winds in the summer favor accumulation of
brackish waters west of the Mississippi Delta and eastward advection of
waters from the Mississippi and other rivers to the east of the Delta,
where they are prone to interacting with the deep GoM current system
(Walker et al., 1996; Kourafalou et al., 1996; Muller-Karger et al., 1991,
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2015; Muller-Karger, 2000; Morey et al., 2003; Schiller et al., 2011;
Androulidakis et al., 2015). Local river discharge and stratification have
important effects on the vertical structure of the dissolved oxygen con-
centration (Hetland and DiMarco, 2008; Bianchi et al., 2010). Although
the Mississippi/Atchafalaya system is considered to be the main source
of nutrients leading to hypoxia in the NWGoM, other rivers also
contribute to hypoxic conditions on the shelf, such as the Brazos River in
Texas (DiMarco et al., 2012). Despite the recurrence of hypoxia in
coastal and shelf waters of the northern GoM, no hypoxic conditions had
previously been reported for the FGB.

The present article is organized as follows: Section 2 describes the
data used in our study of the environmental conditions associated with
the 2016 mortality event at the East FGB. Section 3 describes the
physical conditions and circulation patterns in the NWGoM during June
and July 2016, and the vertical structure of the ocean in that region in
June 2016, based on observation data. Section 4 provides a discussion of
our results, together with our scenario to explain the observed mortality,
and presents our conclusions.

2. Data: observations and model simulation

We used ocean color satellite imagery to trace the accumulation and
dispersal of turbid coastal waters over the LATEX shelf. Maps of
Chlorophyll-a concentration (Chl-a) at 1-km resolution were derived
from the Moderate Resolution Imaging Spectroradiometers (MODIS) on
NASA’s Aqua and Terra satellites (2014 reprocessing) and from the
Visible Infrared Imaging Radiometer Suite (VIIRS) on NOAA’s Suomi
satellite. Level-2 daily satellite pass files for the study region were ob-
tained from NASA’s Ocean Biology Processing Group (https://oceanc
olor.gsfc.nasa.gov/) and subsequently binned to weekly intervals. Chl-
a was estimated using NASA’s default chlor.a product (Hu et al.,
2012; O’Reilly, 2000). We are aware that, in river-dominated coastal
and shelf areas, the Chl-a ocean color has a higher uncertainty due to the
various other constituents present in the water, including CDOM (e.g.
Muller-Karger et al., 1991; Hu et al., 2003; Nababan et al., 2011).
However, satellite Chl-a has a lesser level of noise compared to CDOM
estimates, which makes it an appropriate choice for tracing the details of
the coastal water displacements (Brown et al., 2008; Otis, 2012; Otis
et al.,, 2019). Since ocean color Chl-a estimates have large errors in
turbid coastal waters, the Chl-a values presented in this study are not
expected to be an accurate estimate of the actual Chlorophyll-a con-
centration, and we will refer to these values as ‘apparent’ Chl-a.

Daily satellite-derived Sea Surface Temperature (SST) maps were
used to identify coastal upwelling regions where cooler water surfaced
near the coast and spread over the shelf. SST maps were extracted from
the Multiscale Ultrahigh Resolution (MUR) Sea Surface Temperature
dataset from the Group for High Resolution Sea Surface Temperature
(GHRSST). The data (2003-2017) were obtained from NASA at a global
0.011° spatial grid. The product amalgamates SST observations from
several instruments, including the NASA Advanced Microwave Scanning
Radiometer-EOS (AMSRE) and the Moderate Resolution Imaging Spec-
troradiometer (MODIS).

In situ data were used to complement the remotely sensed data. Wind
data were obtained from buoys 42020 and 42035 from NOAA’s National
Data Buoy Center (NDBC). Buoy 42020 (26.97°N; 96.67°W) is located
close to the U.S.-Mexico border, and buoy 42035 (29.23°N; 94.41°W) is
off Galveston Bay, Texas (Fig. 1). Surface salinity data was obtained
from the Texas Automated Buoy System (TABS) database (TABS, 2018),
at buoys V and N located at East and West Flower Garden Banks,
respectively. River discharge data for rivers in the region were obtained
from the U. S. Geological Survey (USGS) and the U.S. Army Corps of
Engineers. Finally, hydrographic sections over the NWGoM shelf were
obtained from the June 2016 cruise of the NOAA R/V Oregon II. These
data included vertical profiles of temperature, salinity, dissolved oxygen
concentration, transmissometry (c-beam attenuation coefficient at
660 nm), and fluorometry collected during CTD casts.
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In addition to observations, we used outputs from a numerical
simulation to investigate certain aspects of the ocean conditions in June
and July 2016. We examined hindcasts from our data assimilative, 2 km
(1/50°) resolution simulation of the full GoM with the HYbrid Coordi-
nate Ocean Model (GoM-HYCOM 1/50), which has 32 vertical levels (Le
Hénaff and Kourafalou, 2016; Androulidakis et al., 2019). The hybrid
vertical coordinate system of HYCOM makes it suitable for representing
the regional circulation in areas comprising wide continental shelves as
well as the deep ocean, such as the GoM (Bleck, 2002; https://hycom.
org/). The GoM-HYCOM 1/50 simulation is forced with daily river
discharges, implemented at 22 major river mouth locations along the U.
S. coasts, including along Texas, while monthly climatological river
discharges are represented at minor river mouth locations. The simu-
lation includes detailed representation of river plume dynamics,
following Schiller and Kourafalou (2010), and has been used to char-
acterize the episodes of long-distance export of the Mississippi River
plume in 2014 (Le Hénaff and Kourafalou, 2016) and in 2015
(Androulidakis et al., 2019). The model assimilates satellite altimetry
and SST data, as well as available in situ data, in particular salinity
and/or temperature profiles from Argo floats and eXpendable Bathy
Thermographs (XBT). The simulation is nested at open boundaries into
the operational global HYCOM simulation (GLB-HYCOM, hycom.org),
and is forced at the surface by the 3-hourly fields from the operational
0.125° resolution ECMWF atmospheric simulation.

3. Results

After the FGB Sanctuary staff contacted us shortly after divers re-
ported the mortality event, we examined the series of apparent Chl-a
images to analyze how the spatial patterns of turbid coastal and clear
offshore ocean waters changed over time, prior to and during the event.

Leading up to the event, weekly composites of apparent Chl-a images
show large quantities of high apparent Chl-a waters along the NWGoM
coast throughout June 2016 (Fig. 2). During June 3-9, a wide band
(~130km) of high apparent Chl-a extended along the entire coast of
Texas. This pattern is not typical for this time of the year, as shown by
the positive anomalies in apparent Chl-a with respect to the 2003-2010
climatology (Fig. 3). Along the coast of Louisiana, in the northeast part
of the domain, a narrow band (~60km) of high apparent Chl-a was
observed on these dates (Fig. 2). However, this band was associated with
negative apparent Chl-a anomalies (Fig. 3), meaning that the apparent
Chl-a was lower than the climatological values in June 2016. This latter
pattern also occurred in May 2016 (not shown), suggesting that the
Mississippi and Atchafalaya Rivers (in orange and red on Fig. 1) had only
a limited influence in this area in the spring of 2016, compared to pre-
vious years.

The unusual spatial distribution of coastal river waters in the spring
of 2016 off Texas is in part explained by the time series of river discharge
in the region (Fig. 4). Although the discharge of the Mississippi and
Atchafalaya Rivers was high in the first quarter of 2016, these rivers
showed lower discharge in the ensuing spring and summer, close to or
below climatological values. On the other hand, the smaller rivers dis-
charging into the NWGoM (in green on Fig. 1) showed sustained and
large discharge values from April to June, with combined peak values
near 10,000 m®/s, or 5 to 10 times larger than usual. This was the result
of the intense local rains and floods that occurred during this period
(Breaker et al., 2016). The cumulative discharge of these rivers in early
June was equivalent to the discharge of the Atchafalaya River, and half
of the Mississippi River discharge, for this time period.

Between June 3-9 and June 17-23, the broad band of high apparent
Chl-a along the Texas coast expanded offshore (Fig. 2). During June
17-23, the brackish waters covered roughly two thirds of the distance
between the Texas coast and the FGB. In the following 7-day period,
from June 24 to 30, the band of high apparent Chl-a waters continued
extending offshore and almost reached the FGB sites from the northwest
(Fig. 2).
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Fig. 2. Temporal evolution of the offshore extension of surface brackish waters using Chlorophyll-a. Weekly composites of the apparent Chlorophyll-a concentration
(Chl-a, mg/m?®) from MODIS-Aqua from June 3-9 to July 29 - August 4, 2016. The black contours represent the isobaths at 50 and 200 m. The white circles with black
outlines indicate the locations of the East and West FGB sites. The state border between Louisiana (LA) and Texas (TX) is indicated with a magenta line.
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Fig. 3. Temporal evolution of the offshore extension of surface brackish waters using Chl-a anomalies. Weekly composites of apparent Chl-a anomaly with respect to
the 2003-2010 climatology (mg/m?) from MODIS-Aqua from June 3-9 to July 29 - August 4, 2016. The black contours represent the isobaths at 50 and 200 m. The
white circles with black outlines indicate the locations of the East and West FGB sites. The state border between Louisiana (LA) and Texas (TX) is indicated with a
magenta line.

During July 1-7 and July 8-14, the high apparent Chl-a waters
reached the FGB area. Apparent Chl-a values along the coast of the
LATEX shelf decreased markedly at this time (Figs. 2 and 3). Indeed, the
large pool of coastal, turbid waters observed there in June had been
advected offshore, reaching the FGB. After July 8-14, the apparent Chl-a
at the edge of the shelf break around the FGB decreased, but the FGB

sites remained affected with high apparent Chl-a until July 29 — August 4
(Figs. 2 and 3). By that time, the high apparent Chl-a event that affected
the FGB had subsided (Fig. 3).

Fig. 5 presents the wind vectors for June and July 2016 at two buoys
located on the LATEX shelf (see Fig. 1). The vector plots show two ep-
isodes of sustained upwelling-favorable winds along the coast. These
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Fig. 4. Temporal evolution of river discharge in the northern Gulf of Mexico in
2016. 2016 river discharge time series (m>/s) for the combined northwestern
Gulf of Mexico rivers in green (Sabine, Neches, Village Creek, Trinity, San
Jacinto, Brazos, Lavaca, Guadalupe, and San Antonio rivers), the Mississippi
River in yellow, and the Atchafalaya River in red. Solid lines show 2016 values;
dashed lines show climatological values (2004-2014). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

two periods are highlighted in red. First, from June 12 to 18, southerly
winds blew along the southern coast of Texas adjacent to Mexico
(~27°N, ~96.5°W, Fig. 5a), i.e. almost parallel to the coast at that
location (Fig. 1). This favored eastward, offshore export of coastal wa-
ters through Ekman transport (Zavala-Hidalgo et al., 2006). Within two
days, intense southwesterly winds also blew in the region off Galveston
(~29°N, ~94.5°W, Fig. 5b), almost parallel to the coast, thus also fa-
voring upwelling there. This wind event coincided with the initial
offshore export of turbid coastal waters (Figs. 2 and 3). Analysis of the
daily apparent Chl-a images shows that, from June 10 to June 16, the
offshore front of the coastal waters advanced ~50 km over 6 days, or an
average ~0.1m/s.

In July, intense, sustained winds were observed at both NWGoM
stations for the first half of the month (from July 2 to 17), with the most
intense winds in the July 3-10 period. Like in June, these were domi-
nantly southerly along southern Texas, and southwesterly off Galveston,
so that the winds were upwelling-favorable along the entire Texas coast.
These winds thus also favored the offshore advection of the turbid,
brackish coastal waters. By mid-July, apparent Chl-a values along the
coast of the LATEX shelf decreased markedly (Figs. 2 and 3) as the large
pool of coastal, turbid waters observed there in June had been advected
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Fig. 5. Wind conditions along the Texas coast in June and July 2016. (a) 10-m
wind vectors (m/s) at NDBC station 42020 located at (26.97°N; 96.67°W) every
12 h for June and July 2016. In red are the wind vectors in June 12-18 and July
2-17, during the upwelling events (see text). (b) same as (a) at the NDBC station
42035 located at (29.23°N; 94.41°W). The upward direction is the north
(marked with N), the downward direction is the south (marked with S). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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offshore. Between July 2 and July 4, the front moved rapidly, over
~40 km, corresponding to a ~0.2m/s velocity. Then, the leading front
of coastal waters slowed down, but still advanced an additional ~40 km
through July 12. On average, between July 2 and July 12, the front
advanced at ~0.1 m/s.

The upwelling in mid-June and early July 2016 was confirmed by
examination of the weekly satellite-derived SST observations (Fig. 6).
Although upwelling is common in summer in the western GoM (Zava-
la-Hidalgo et al., 2006), the events described here led to especially
widespread cool sea surface temperatures, particularly in July 2016,
extending from Mexico as far as Galveston Bay (Fig. 6b). The coastal
upwelling of June and July 2016 led to the offshore advection of the
river waters that had accumulated along the coast in the spring of 2016.

We now focus on the detailed timeline of the influence of coastal
river waters on the FGB. Fig. 7a presents the time series of the surface
apparent Chl-a levels above both FGB sites, derived using the daily
instantaneous estimates from MODIS (Aqua and Terra) and VIIRS, as
well as climatological apparent Chl-a values. We checked that the ob-
servations from each satellite source were consistent with one another
during our study period before blending them into a single, multi-sensor
apparent Chl-a time series. The time series provided exceptional
coverage, in complement to the weekly composites shown in Figs. 2 and
3. In particular, it shows that the largest apparent Chl-a values above the
FGB were reached on July 2nd, when the front of turbid brackish waters
reached the FGB locations for the first time. The peak in surface apparent
Chl-a values is short, and apparent Chl-a values decreased over the
following days. Before the peak, in June, the values at both sites were
lower than the climatological values. After the peak, the apparent Chl-a
values remained higher than climatological values, and increased again
after July 5. The values of surface apparent Chl-a at both FGB sites were
similar throughout June and July until July 13. After July 13, surface
apparent Chl-a at East FGB was larger than at West FGB until the end of
July. Between July 13 and 22, surface apparent Chl-a at East FGB
reached 0.4-0.5 mg/m°>, more than twice the climatological value, in the
period directly preceding the observation of the mortality. The positive
surface apparent Chl-a for this period was smaller than the one around

T97°W 96°W 95°W 94°W 93°W 92°W

26 27 28 29 30 31 °C

Fig. 6. Evidence of upwelling along the Texas coast in June and July 2016
based on Sea Surface Temperature maps. Weekly averages of Sea Surface
Temperature (°C) from the GHRSST dataset for: (a) June 17-23; (b) July 8-14,
2016. The black contours represent the isobaths at 50 and 200 m. The white
circles with black outlines indicate the locations of the East and West FGB sites.
The black crosses near the coast indicate the locations of the meteorological
NDBC buoy stations 42020 and 42035 (see also Fig. 1).
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Fig. 7. Signature of the presence of surface brackish waters at the FGB loca-
tions. (a) Time series of apparent Chl-a (mg/mS) at the surface above the West
FGB site (green) and the East FGB site (orange) in June and July 2016, based on
MODIS Aqua, MODIS Terra, and VIIRS (solid lines). The 2003-2010 climato-
logical monthly values (mg/m>) estimated from MODIS-Aqua are indicated for
reference (dashed lines). (b) Time series, in June and July 2016, of surface
salinity (PSU) above the West FGB site (blue) and the East FGB site (red) from
the TABS buoy data. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

July 2 but it lasted longer at East FGB.

Fig. 7b presents the hourly surface salinity observed above both East
and West FGB sites. These observations are consistent with the surface
apparent Chl-a time series (Fig. 7a). Low salinity waters reached both
the East and West FGB locations in late June, with a peak around July 2.
Surface salinity in late June and early July was lower at West FGB than
at the East FGB, and the influence of coastal waters lasted longer at West
FGB than at East FGB during that period. After July 2nd, the salinity time
series show, like for the surface apparent Chl-a, a decrease of the in-
fluence of coastal waters, marked with an increase in salinity at both
sites, before a second period of influence of coastal waters. As for the
apparent Chl-a, that second period is less marked than the one around
July 2nd, but it lasted longer at East FGB. From July 10 to 22, the surface
salinity at East FGB remained constantly below 31, indicating a pro-
longed period of presence of the brackish coastal waters atop the East
FGB.

Fig. 8 illustrates the spatial patterns in apparent Chl-a observed in
late June and early July 2016, when the first peak in apparent Chl-a was
observed above both East and West FGB sites (Fig. 7). On June 27
(Fig. 8a), the band of coastal waters, which had been extending from the
coast (Fig. 2), formed a bulge extending southeastward, reaching close
to the FGB sites and partially affecting the West FGB site (Fig. 7b). On
July 2 (Fig. 8b), this bulge extended further southeastward and covered
both FGB sites. On July 4 (Fig. 8c), it had recessed and the apparent Chl-
a at FGB sites was lower than in the waters to the north and east of the
sites. These patterns explain the short peak observed in surface apparent
Chl-a on July 2 (Fig. 7a) at both FGB sites.

Fig. 9 provides more details about the situation in mid to late July.
On July 13 (Fig. 9a), the surface plume of coastal waters covered the
central and eastern parts of the LATEX shelf and its southward extension
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Fig. 8. Spatial patterns in surface apparent Chl-a observed during the first
Chlorophyll-a peak observed above both East and West FGB sites in late June
and early July 2016. Apparent Chl-a (mg/ms) observed on: (a) June 27, 2016 at
18:05 UTC by MODIS-Aqua, (b) July 2, 2016, at 15:15 UTC by MODIS-Terra,
and (c) July 4, 2016, at 16:40 UTC, by MODIS-Terra. The black contours
represent the isobaths at 50 and 200 m. The white circles with black outlines
indicate the locations of the East and West FGB sites.

covered both FGB sites. Within these coastal waters, a filament of more
intense apparent Chl-a was located just north of the East FGB site. On
July 20 (Fig. 9b), the spatial distribution of the coastal waters in the
NWGoM was similar, although apparent Chl-a was somewhat lower
relative to July 13. A portion of the coastal, high apparent Chl-a waters
was also entrained south of the FGB to the deep GoM. Waters with larger
apparent Chl-a were located to the north and northeast of the East FGB
site, which explains the larger surface apparent Chl-a and lower salinity
at East FGB than at West FGB at that time (Fig. 7). This pattern is more
visible on July 22 (Fig. 9c), when a patch of higher apparent Chl-a
covered the East FGB site but not the West site. The maps of apparent
Chl-a explain the higher surface apparent Chl-a and lower salinity at the
East FGB site than at the West FGB site during July 13-22 (Fig. 7).

We now investigate the vertical structure of the upper ocean over the
LATEX shelf, by analyzing the in situ observations of salinity, tempera-
ture, density, dissolved oxygen, and chlorophyll concentration in the
water column, collected by the R/V Oregon II in June 2016 (Fig. 10). A
hydrographic section centered at about 93.7°W, east of Galveston Bay
(~94.5°W), was constructed from samples collected during June 23-26
(blue dots in Fig. 10a). That section was constructed artificially by using
data collected from the ship over a 3-day period. Since the maximum
velocity of the surface coastal water front in June was estimated to be
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Fig. 9. Spatial patterns in surface apparent Chl-a observed during the second
Chlorophyll-a peak observed above the FGB sites in mid to late July 2016.
Apparent Chl-a (mg/m>) observed by MODIS-Terra on: (a) July 13, 2016 at
16:35 UTC, (b) July 20, 2016, at 16:40 UTC, and (c) July 22, 2016, at 16:30
UTC. The black contours represent the isobaths at 50 and 200 m. The white
circles with black outlines indicate the locations of the East and West FGB sites.

~0.1 m/s, this corresponds to a maximum displacement of the front of
~26 km during the three-day observation period, which is much smaller
than the total length of section (189 km). We are thus confident that this
section represents a near synoptic view of the vertical structure through
the plume of coastal waters.

The hydrographic section spans the initial offshore expansion of the
turbid coastal river plume following the mid-June upwelling. The cross-
shelf section of salinity and temperature (Fig. 10b) shows a brackish
water plume extending from the surface to 5-10 m depth, and from the
coast southward to about 28.5°N. This agrees with the front of high
apparent Chl-a observed in the satellite data (Fig. 10a). Salinity within
the brackish water layer was as low as 22. A marked density gradient
(Fig. 10c, contours) was observed at the bottom of the buoyant plume.
Fig. 10c shows a marked dissolved oxygen deficit immediately below the
surface layer of brackish waters, which are marked with low salinity and
high apparent Chl-a. Dissolved oxygen values in the subsurface tongue
spreading offshore were <3 mg/L (hypoxic waters are usually defined
with values < 2mg/L). Outside this thin layer, values were larger than
6 mg/L.

Layers of dissolved oxygen minima are not uncommon below a river
plume. These are typically observed in the large hypoxic region of the
northern GoM on the LATEX shelf in summer. Zhang et al. (2015)
observed such mid-water oxygen minimum layers south of Atchafalaya

Continental Shelf Research 190 (2019) 103988

Bay (~92°W) and south of the Mississippi Delta extending offshore
20-25km. They show that such low oxygen layers can be continuous
and that they track the bottom boundary layer, where the pycnocline
intersects the bottom. The low oxygen layers basically detach from the
bottom layer and follow the pycnocline offshore.

In June 2016, the mid-water layer of low dissolved oxygen extended
southward 30 to 40-km, reaching 100 km from the coast. This is further
offshore than had previously been observed in the NWGoM by Zhang
et al. (2015, ~65 km). This low oxygen layer was associated with high
turbidity (low light-transmission) and high relative chlorophyll fluo-
rescence. Its position, immediately below the surface plume of brackish
waters (Fig. 10d) indicates that particles containing chlorophyll were
sinking from the surface plume and accumulating at the pycnocline.
Phytoplankton and other associated organic particles sink and become
trapped in such density layers. Unable to photosynthesize in the dark
under the plume, the phytoplankton decomposed along with organic
matter advected from the coast. This bacterial activity led to the low
oxygen observed.

A similar low oxygen layer below the surface brackish plume was
observed along a second near-synoptic section from the R/V Oregon IT
cruise around ~94.9°W, southwest of Galveston Bay, between June 16
and 18 (Fig. 11). There, the low-salinity surface layer extended to
10-15m depth, with a salinity value of 26. Below this surface layer, a
very thin layer of low oxygen, with values as low as 3.5 mg/L, extended
offshore over a 30-40 km distance. This layer was also associated with
low light transmission and high chlorophyll fluorescence.

The evidence of cross-shelf low oxygen mid-water layers under an
eastward-southeastward propagating surface brackish layer over the
LATEX shelf shows that such layers can form not only under the Mis-
sissippi/Atchafalaya plume, as observed previously (Zhang et al., 2015),
but also under a surface layer to which small, local NWGoM rivers
contributed significantly. This complements the identification of near-
shore hypoxia forced by the Brazos river along the Texas coast (DiMarco
et al., 2012).

4. Discussion and conclusions

Our results confirm that the FGB mortality event of July 2016
occurred after the turbid coastal waters, which accumulated in the
spring of 2016 after precipitation and river discharge excess along the
Texas coast, were advected offshore by upwelling favorable winds.
During that process, as we just described, mid-water layers of low oxy-
gen were observed to extend about half-way on the shelf in June, which
is remarkable. Such a mid-water layer of very low oxygen values (hyp-
oxic waters), comparable to the ones observed in June 2016, intersect-
ing the underwater reefs at FGB could be fatal to corals and sponges.
However, the other vertical profiles collected in June 2016 do not show
the presence of these mid-water layers of low oxygen, which suggests
that these layers were patchy and localized. In addition, although these
mid-water layers extended far offshore on the LATEX continental shelf,
their extent was still another ~90 km away from the FGB sites. As the
surface layer of brackish waters extended further offshore, its bottom
was more prone to being ventilated from below in open shelf conditions,
so that it is unlikely that the level of oxygen could be maintained at very
low levels as far offshore as the FGB sites. These considerations make it
unlikely that a mid-water filament of hypoxic waters directly impacted
the East FGB.

However, the presence of mid-water layers of low oxygen so far
offshore as observed in June 2016 illustrates the very large quantities of
organic matter that were entrained offshore, which made the surface
layer of brackish waters prone to developing a low-oxygen layer at its
base. As the surface layer of brackish waters reached the FGB seamounts,
it found a portion of seafloor at a shallow depth, ~23 m at East FGB
(17 m is the shallowest part of the seamount, 23 m is the seafloor,
Johnston et al., 2019).

In order to characterize the vertical extent of the brackish plume in
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Fig. 10. Evidence of a mid-water layer of low oxygen waters extending offshore in the NWGoM in June 2016. (a) Apparent Chl-a (mg/m3) observed by MODIS-Aqua
on June 25, 2016 at 18:20 UTC. Superimposed are the locations of the in situ samples from the R/V Oregon II collected from June 9 to July 3, 2016. The blue dots
represent a virtual track constructed from stations of the actual cruise track (in grey dots and lines) occupied between June 23-26. The black contours represent the
isobaths at 50 and 200 m. The white circles with black outlines indicate the locations of the East and West FGB sites. (b-d) Vertical sections, along the virtual track
(blue dots) shown in (a), of: (b) salinity (colors) and temperature (contours, °C), (¢) dissolved oxygen (colors, mg/L) and sigma density anomalies (contours, kg/ms),
(d) transmissivity (colors, %) and chlorophyll fluorometry (contours, mg/m). (b-d) The vertical sections are linearly interpolated between the individual vertical
profiles collected during the cruise. The vertical dashed black lines mark the locations of in situ measurements. The day of the month (June) at which these
measurements were taken is marked at the top of each vertical dashed line. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

July, at the period when the mortality took place, we use outputs from
the GoM-HYCOM 1/50 model simulation (see Section 2), with realistic
river forcing and data assimilation, on July 22, 2016 (Fig. 12). The
simulated sea surface salinity (Fig. 12a) shows very similar patterns as
those observed on apparent Chl-a on the same day (Fig. 9c¢): first, the
core of the brackish and fresh plume is located on the northern part of
the shelf, and the plume extends over the shelf to the south; then,
although their location slightly differs, both the observations and the
simulation show filaments of waters with stronger riverine signature
(large apparent Chl-a or low salinity) just north of the FGB sites; finally,
filaments of low-salinity, riverine waters were exported south of the
shelf break near the FGB sites in the simulation, similar to observations.
The salinity of the surface waters reaching East FGB was ~33 in the
simulation, compared to ~31 in the observations on July 22 (Fig. 7).
Despite these differences, the simulation is able to represent the offshore
export of brackish waters in July 2016 over the NWGoM shelf in a
realistic manner. The vertical structure of the simulated brackish plume
extended to ~20 m depth on the outer part of the shelf, including in the
FGB area (Fig. 12b). This model estimate is in agreement with limited
observational data sampled on the LATEX shelf in July 2016, which
show that the low-salinity surface layer extended to ~20 m depth (S.
DiMarco, personal communication). In situ data from the U.S. Geological
Survey showed low values of subsurface dissolved oxygen at a couple
sites on the LATEX shelf, at similar depths as the East FGB top, in late
July and early August 2016 (Johnston et al., 2019). These observations
also suggest that the surface layer of brackish waters extended to ~20 m
depth; they also suggest that mid-water layers of low oxygen were also
present on the shelf in July 2016, stressing again the large quantities of
organic matter exported in the surface layer.

We expect that the presence of brackish waters just over the
seamount cap led to the accumulation of organic matter on the seafloor.
As is happening on the LATEX upper-shelf in summer, a layer of highly
turbid waters present at the top of the seamount would be isolated be-
tween the seafloor and the strong stratification at the base of the surface,
low-salinity waters. This would severely inhibit the ventilation of the
bottom layer, favoring hypoxia (Rabalais et al., 2002; Rabalais and
Turner, 2001). This process is consistent with the patterns of the mor-
tality reported during the assessment dives in late July and early August
2016, with the affected organisms located at the base of coral structures
and in sand channels between them (Johnston et al., 2019).

In addition to the shallow seafloor at the top of the FGB seamounts,
coral structures at the top of the seamounts themselves might also have
favored retention of organic matter. Indeed, immerged corals are often
seen as a canopy that slows down the current near the bottom, especially
under limited wave influence as expected at the depth of the FGB sites
(Nepf and Vivoni, 2000; Nepf, 2012; Lowe and Falter, 2015; Pomeroy
et al., 2017). Moreover, large coral structures were also found to slow
the current at their base, which favored coral bleaching in lagoons of
Moorea, French Polynesia (Lenihan et al., 2008). In general,
low-velocity flow conditions around corals favor bleaching (Nakamura
and van Woesik, 2001; Nakamura et al., 2005) and hypoxia (Brown and
Carpenter, 2013). The coral structures at the top of the East FGB, as they
tend to reduce the velocity of the flows near the seafloor, thus favored
the accumulation of organic matter deposited from the surface brackish
waters. Although it is not possible, with the existing data, to confirm that
such small-scale dynamical processes played a significant role at East
FGB, they might also have contributed to the local formation of low
oxygen waters.
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The time series of surface apparent Chl-a and salinity above both FGB
sites (Fig. 7) and the evolution of the spatial extent of the surface layer of
coastal waters (Fig. 9) might explain why the East FGB site was the only
one affected. Indeed, surface apparent Chl-a values were larger, and
salinity was lower, at East FGB than at West FGB for a prolonged period
of time between July 13 and 22 (Fig. 7). This indicates that the presence
of river waters was more marked at East FGB site compared to West FGB,
which suggests that: 1) the stratification at the base of the surface layer
was more intense; 2) the organic matter content was higher. Both pro-
cesses make the local formation of a low oxygen layer at the top of the
East FGB seamount more likely than at the West FGB site.

The fact that the presence of brackish waters at both FGB sites in late
June/early July, with more pronounced anomalies in apparent Chl-a
and salinity than later in July, did not lead to mortality might be due
to the duration of that initial peak, which was shorter than the one in
mid-July. During laboratory experiments, Altieri et al. (2017) found that

corals exposed to hypoxic conditions died in less than 7 days, while Haas
et al. (2014) observed complete coral mortality of corals in hypoxic
conditions in about 3 days. Whereas the initial peak in late June/early
July might have led to hypoxic conditions, they might not have pre-
vailed for a long enough time to lead to mortality, whereas the pro-
longed presence, at East FGB, of the brackish waters from July 10 to 22
appears more favorable.

The absence of mortality during the short presence of brackish wa-
ters in late June/early July might also be due to dynamical conditions, as
quiescent conditions would likely be necessary to retain the organic
matter at the top of the seamount. Such quiescent conditions might have
been favored by the coral structures at the top of the FGB sites. A high-
resolution, coupled physics-biogeochemistry model, with adapted drag
coefficient on the top of the seamount to represent the effect of the
corals, will be necessary to further study the physical and biogeo-
chemical processes that led to the coral mortality at East FGB.
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The offshore export of low-salinity, riverine waters over the NWGoM
continental shelf, which we describe in detail in the Results section, thus
provided favorable conditions for the local formation of a layer of low-
oxygen waters at the top of the East FGB seamount, which were reported
to be the most likely contributing factor in the reported mortality of
corals and sponges (Johnston et al., 2018). The expansion, in the sum-
mer of 2016, of riverine waters on the NWGoM shelf over such a wide
area was exceptional. The event was associated with the extremely large
amount of fresh water discharged by small Texas rivers onto the
NWGOM shelf in early summer 2016, which was due to unusually high
precipitation in spring. This extreme precipitation in 2016 followed
intense precipitation in 2015, which was also associated with large river
discharge into the GoM (Fournier et al., 2016), although no distant
hypoxia was reported that year.

The results presented here help understand the anomalous coral and
sponge mortality event of 2016 at FGB. As high local precipitation,
combined with winds favoring the offshore transport of coastal waters,
can episodically occur, our study findings should be beneficial to the
design of future monitoring plans. Moreover, these findings suggest that
similar processes might affect other coral reefs worldwide, especially
those located near known hypoxic zones (Altieri et al., 2017). Coastal
freshwater discharge conditions and the variability of the plumes they
generate should be monitored routinely to differentiate between various
processes that impact the health of coral reef ecosystems, even those at
large distances from the coast.
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