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ABSTRACT

The ocean is absorbing an increasing amount of carbon dioxide (CO2), which is rapidly changing
seawater chemistry. As seawater CO; increases, ecosystem calcification is hindered by the
resulting decline in pH, aragonite saturation state ({ar), and carbonate ion concentration. The
Flower Garden Banks National Marine Sanctuary (FGB) coral reef ecosystem, which is in the
northwestern Gulf of Mexico (GoM) off the Texas coast, is one of the healthiest tropical coral
reefs in the Caribbean and GoM with over 50 percent coral coverage. The West Texas
continental shelf also hosts a number of different ecologically and economically important
calcifying ecosystems, such as oyster reefs, and represents an area that is currently understudied
with respect to carbonate chemistry. The GoM is frequented by large tropical storms, including
Hurricane Harvey, a category four storm that made landfall on August 25", 2017, which have
been shown to alter the carbonate chemistry of nearshore ecosystems. Although Hurricane
Harvey did not hit the FGB directly, there has been concern about indirect but potentially
damaging impacts of storm runoff on the FGB coral reefs. Hurricane Harvey produced a record
rainfall event that caused extensive flooding and elevated freshwater discharge and terrestrial
runoff into the coastal areas off the Texas coast. Hurricane Harvey’s strong and prolonged winds
may have also enhanced upwelling that brought cold, acidified deep waters toward the surface.
This study investigates the effects of the freshwater storm plume and upwelling produced by
Hurricane Harvey on the carbonate and nutrient seawater chemistry of the Texas continental
shelf. I present water chemistry data from five cruises, two before Harvey (June and August
2017) and three after (September, October, and November 2017). These five cruises were located
across the continental shelf of Texas and seawater samples were collected and analyzed for total

alkalinity (TA) and dissolved inorganic carbon (DIC), and the remaining carbonate chemistry
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parameters (partial pressure of COz (pCO2), pH, and Q.r) were calculated. Nutrient
concentrations (nitrate (NO3), nitrite (NO™), ammonium (NH*4), phosphate (HPO?'3), and
silicate (HS103") were also analyzed to further characterize how Hurricane Harvey affected
seawater chemistry. The floodwaters from Hurricane Harvey delivered a substantial influx of
nutrients and rainwater into Galveston Bay and the surrounding coastal region. The rainwater
lowered the TA of coastal surface water while the excess nutrients stimulated photosynthesis.
The increase in primary production decreased pCOz and DIC while increasing pH and Q.. The
runoff from Hurricane Harvey lowered coastal water pCO; to below atmospheric CO- levels,
even though coastal waters are normally a summertime source of CO; to the atmosphere. Further,
all carbonate chemistry parameters on the outer continental shelf below ~50 m depth in the
September data, collected soon after Hurricane Harvey, have lower temperature, pH, Q.r, and
higher pCOz and temperature normalized pCO, indicating that the strong prolonged winds from
Hurricane Harvey enhanced upwelling that brought deep water to shallower depths. As large
tropical storms continue to intensify with global climate change, it is imperative to understand
how these storms both aid and hinder the health of calcifying communities and to further

understand and characterize how coastal acidification is shaping GoM ecosystems.

il



CONTRIBUTORS AND FUNDING SOURCES

Contributors

This work was supported by a thesis committee consisting of

Professor Kathryn Shamberger and Jason Sylvan of the Department of

Oceanography and Professor Brendan Roark of the Department of Geography.

All other work conducted for the thesis was completed by the

student independently.

Funding Sources

Graduate study was supported by a S-STEM Scholarship and

the Texas Sea-Grant Grants-In-Aid

v



TABLE OF CONTENTS

Page

ABSTRACT ...ttt ettt ettt e et e e et e e e ta e e e sab e e e sbaeesssaeesssaeesssaeeasseeesnsaeesnsseesnseeans il
CONTRIBUTORS AND FUNDING SOURCES ........cooiiiiiiiieeiie ettt v
TABLE OF CONTENTS ...ttt ettt ettt e vt e e et e et eeetbeeetsaeessbaeesssaeeennaeesnnes \4
LIST OF TABLES ..ottt ettt ettt e e e et e e e tb e e e stb e e e ssbeeessaaeesnsaeesnsaeesnsaeenns vi
1. INTRODUCGTION ...ttt ettt e e et e e et eeetbeeessbaeessseeessseeessseeesssseesnsaeesnnes 1
1.1 Ocean Acidification and Carbonate ChemiStry............ccccueeeeriiiieeeriiiiieeeeiiiee e e 1
1.2 Coastal ACIAITICAtION ...oo.uviiiieeiiiiee ettt et e et e e ettt e e e et e e e e eibaeeeeenbaeeeeennaeeeas 6
L3 HUITICANES .....veeeeeiiiiee ettt ettt e e ettt e e e ettt e e e e nebaeeeeenebbeeeeennbbeeeeenssaaeeeessseeeeessaeeens 8
1.4 Site description: The GUIf 0f MEXICO .....ccvuviiiiiiiiiiieeiiiiie et e e 11
1.5 Main focus of this StUAY .......coouiiiiiiiiiiii e e e 17
1.6 ReSEArCh QUESTIONS. .. .viiiiieieeeciiiiiiee e e e e ee ettt e e e e e ee b e e e e e e e e e e e eatbbeeeeeeeeeeeennassasaeeaeeaas 18

2. METHODS ...ttt ettt e et e e et e e e taee e tbeeesssaeesssaeeassaeesnsaeeensseennnaaenns 20
3. RESULTS ettt ettt e et e ettt e e et e e s bt e e sstaeeessaeeessseeessaeesseeesnsaeessseeesnssaenns 23
BT JUNE 2007 ettt ettt et e et e e et e e et e e e bt e e e aa e e e tbeeetbeeetbeeeetraeeanbaeeeraeeans 23
3.2 AUGUSE 2017 oottt e et e e st e e et e e et e e e aae e e tb e e e tb e e e tbeeenaraeeesbaaeeraeeans 28
3.3 SePtEMDET 2017 ....eeiiieeeiiiiee ettt e e e e et e e e et aeeeenbaeaeeenbaeaeas 32
R @ 1170 ) o1 001 0 USRS P PRSPPI 36
3.5 NOVEMDBET 2017 ..ttt e e ettt e e e e e e e etbbeeeeenbaeeeeennaeeeas 39

4, DISCUSSION ...ttt ettt ett e ettt e et e e e stae e e b e e e sseeessseeassseeesssaeesssaeessseeesssseessseesssaeans 44
4.1 SEASONAL TIENAS......uviiiiieiiiiie ettt ettt e ettt e e e sttt e e e e ibb e e e e eebbaeeeensbeeesennees 44
4.2 Terrestrial TUNOTT ........ooiiiiiiiie et e e e et e e e e e eba e e e e e e 46
A3 UPWEIIING .. et e ettt e e e ettt e e e ettt e e e entbbeeeeesbaaeeeenssseeeeennees 52
5. CONCLUSIONS. ...ttt ettt e et e e st e e e eeeeabeeesataeessaeeessaeessaeensseeesssaeessseeessseenns 56
REFERENC ES ..ottt ettt ettt e et e et e e e tae e e sbaeesssaeesssaeesnsaeesnseeesnnsaenns 57
APPENDIX A FIGURES ...ttt ettt e e b e e saa e e earae e snnaeeennneas 70



TABLE

10

11

LIST OF TABLES

Page
Names, dates general locations, and ship for each cruise ...........ccoccvveveeviiiiiienniiienens 21
Carbonate Chemistry parameters at different locations at the surface and at depth
FEOM JUNE 1215, 2017 ooveeeeiieeeeeeeeeee ettt e e e e e e e s 26
Nutrient and dissolved oxygen concentrations at different locations at the surface
and at depth from June 12-15, 2017 ......oiiiiiiiiiiieiiie e 27
Carbonate Chemistry parameters at different locations at the surface and at depth
from August 08-11, 2017 ...oviieiiiiiieeeeieee et ettt e e e e e e e e naaeee s 30
Nutrient and dissolved oxygen concentrations at different locations at the surface
and at depth from August 08-11, 2017 ....ccooiiiiiiiiiiiiieeee e 31
Carbonate Chemistry parameters at different locations at the surface and at depth
from September 23- October 1, 2017 ....ooiiiiiiiiiiiiiiiee e e 34
Nutrient and dissolved oxygen concentrations at different locations at the surface
and at depth from September 23- October 1, 2017.......cccoiiieeiiiiiieiiiiieeeeiieee e 35
Carbonate Chemistry parameters at different locations at the surface and at depth
From OCtODEr 20-24, 2017 . ..oiiiiiiiiieeeeee ettt e e e e e e 38
Nutrient and dissolved oxygen concentrations at different locations at the surface
and at depth from October 20-24, 2017 .....cccvviiieiiiiiieeeiieee e 38
Carbonate Chemistry parameters at different locations at the surface and at depth
from NOvemDbETr 15-20, 2017 ..ccooeiiieeeeeeeeeeeeeeeeeee ettt e e 41
Nutrient and dissolved oxygen concentrations at different locations at the surface
and at depth from November 15-20, 2017 .......coooviiiiiiiiiiiieeeeiiiee e 42

vi



1. INTRODUCTION

1.1 Ocean Acidification and Carbonate Chemistry

Global climate change is a fundamental driver in the variation of the oceans chemistry
(Feely, Doney, and Cooley 2009). Specifically, the ocean’s carbonate chemistry has been altered
widely throughout geological time affecting marine geology, ecology and climatology (Boudreau
et al. 2019). Presently, modern day oceans are facing an onslaught of after effects caused in part
by the increased amounts of carbon dioxide (CO; ) from the burning of fossil fuels, land use
changes and cement manufacturing (Le Quere et al. 2018, Caldeira and Wickett 2003). In the
Earth’s geological past (e.g. the Eocene or 56 to 33.9 million years ago), levels of atmospheric
CO: have likely been higher than present day levels, however it is the rate of CO; rise that
affects the severity of seawater chemistry changes such as ocean acidification (OA) and is one of
the main causes for growing concern (Honisch et al. 2012, Zeebe and Tyrrell 2019, Eyre et al.
2018). The current rapid rates of CO2 change may rival any other time period, even over a
million-year timescale (Zeebe, Ridgwell, and Zachos 2016, Rubino et al. 2013). When CO>
increases this abruptly, life typically has little chance for evolutionary adaptation and survival
(Veron 2008).

As atmospheric CO2 (COxim)) reacts with water, it creates carbonic acid (H>2CO3) which
is chemically indistinguishable from aqueous CO2 (COz(q)). H2COs3 then further speciates into
bicarbonate (HC 03) and carbonate (C0O%™). During this process bicarbonate increases while
carbonate and pH decreases (Caldeira and Wickett 2003, Feely et al. 2004). Fewer CO3~ ions
lower the mineral saturation state (1) of calcium carbonate (CaCOs3) in seawater (Feely, Doney,

and Cooley 2009) (Fig 1) (NOAA National Hurricane Center (NHC) 2018).



COZ(atm) — COZ(aq)
CO3aq) + H;0 <> H,CO3 <> H" + HCO3 <> H* + CO3~ (eqn. 1)
Due to the pH of the ocean (~8.1), CO; dissociates into a bicarbonate and hydrogen ion.
This production of hydrogen ions decreases the overall pH of the oceans, but some of those same
hydrogen ions continue to react with carbonate to produce more bicarbonate. Thus, OA lowers

the concentration of CO5™:

COzaqy + Ho0 & Hp€Os
Hye0; & HCO3 +H
_H¥ ¥ C03 o HCO;

COy(aq) + H,0 + COZ™ & 2HCO; (eqn. 2)

Calcium Carbonate (CaCO3) saturation state () is a thermodynamic measurement of the degree
to which the surrounding seawater is saturated with respect to CaCOs to precipitate or dissolve
(Jiang et al. 2010).

CaC0O; & CO3™ + Ca?* (egn. 3)

Then expressed as carbonate saturation state:

[ca®*]icosT)

0= (eqn. 4)

Ksp
Where Kpis the stoichiometric ion concentration product at equilibrium. Q>1 indicates
that precipitation of CaCOj is favored while Q<1 indicates dissolution is favored. Because OA

causes a decrease in CO3~, OA also causes Q to decrease, making CaCOs less stable in seawater.
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Corals produce a metastable polymorph form of CaCOs3 called aragonite (ar), which is less stable
than CaCOs mineral calcite (Jiang et al. 2010, Feely, Doney, and Cooley 2009). Aragonite
crystals grow in an orthorhombic type structure with needle like forms where calcite crystals
present in a trigonal structure with more blocky crystals (Fan et al. 2006). In the ocean,
magnesium sticks to calcite, slowing crystal growth. However, magnesium does not interfere
with the growth of aragonite, which is part of the reason that modern day hermatypic, or reef
building corals, construct their skeletons out of aragonite instead of calcite (Farfan et al. 2018,
Nielsen et al. 2016, Wood, Ivantsov, and Zhuravlev 2017). Additionally, warmer waters
encourage faster growth of aragonite (Cornelis Klein 2013). Although the surface ocean is super
saturated with aragonite there are numerous studies that show dissolution and hindered
calcification of aragonite occurs before aragonite saturation state () is below 1 (Kleypas and
Yates 2009, Andersson et al. 2009, Shamberger et al. 2011, Manzello et al. 2014, Tribollet et al.
2009). In addition, data suggests that physiological changes and signs of calcification decline
occur around a value of 3, but calcification can also decrease at higher Q. calcification rates
(Eyre et al. 2018, Shamberger et al. 2011):(de Putron et al. 2011). While dissolution is generally
expected when Q. < 1, coral calcification decreases with decreasing Qar, even when Q,; is well
above 1 (de Putron et al. 2011). In addition, different coral species, and even the same species in
different locations react differently to ocean acidification (OA). Some corals are considered
‘winners’ that might flourish in a more acidic environment, while others are ‘losers’ that
disappear altogether in lower pH environments (DeCarlo et al. 2018, Meissner, Lippmann, and
Sen Gupta 2012, Mollica et al. 2018). Moreover, some studies have shown that coral reefs can

still maintain high coral cover, diversity and calcification rates, despite living in pH and Qar



levels that are predicted for the open ocean in 2100 (Shamberger et al. 2014, Barkley et al.
2015).

The seawater carbonate chemistry system is investigated to understand the impacts of OA
on ocean chemistry and marine ecosystems. Carbonate chemistry refers to the compounds
produced by the dissociation of CO; when it reacts with water. There are four measurable
carbonate chemistry parameters, pH, the partial pressure of CO (pCO>), dissolved inorganic
carbon (DIC), and total alkalinity (TA). Collectively, the sum of the dissolved forms of CO- in

seawater are termed dissolved inorganic carbon (DIC) and are expressed as:

DIC = [H,C03] + [HCO3] + [C0O37]

[H,CO3] = [COyaq)] + [H2CO5] (eqn. 5)

TA is the charge balance in seawater, it keeps track of the charges of the ions of the weak
acids in the seawater. Or in other words, the total alkalinity is the number of moles of hydrogen
ions that are equivalent to the excess of proton acceptors over proton donors (Wolf-Gladrow

2005). TA is expressed as:
TA=—[H"]+[0H] + [HCO3] + 2[C0%7] (eqn. 6)

The carbonate system is the natural buffer for seawater pH. Seawater is an excellent
buffer. This is in part due to millions of years of dissolving limestone and other carbonate rocks
into the oceanic system. Many processes that effect seawater carbonate chemistry are best
described by the changes in DIC and TA. For instance, the input of anthropogenic CO2 into
seawater leads to an increase of DIC but does not change TA because the charge balance is not

affected.



The extant that OA changes the chemistry of the ocean can be quantified by measuring
carbonate chemistry and this can be used to assess the impact of OA on calcifying organisms like
coral and oyster reefs that build their shells and skeletons out of calcium. Oyster reefs mitigate
coastal erosion while also providing a habitat for numerous fisheries species (Scyphers et al.
2011). Oysters are also important for water filtration. An adult oyster can filter 1.3 gallons of
water an hour, or in good conditions, 50 gallons a day (Foundation 2020). Oysters filter water
pollutants by either forming small packets that get deposited on the substrate or by consuming
them (Lai, Irwin, and Zhang 2020).

Coral reefs are among the most diverse and economically important ecosystems on earth
despite only covering approximately 0.1-0.5% of the ocean floor (Connell 1987, Spalding and
Grenfell 1997). These dynamic and structurally complex ecosystems are vital for food
production, tourism, cultural importance, the mitigation of coastal erosion, materials for
pharmaceutical use, and as a protected habitat for aquatic life (Moberg and Folke 1999,
Woodhead et al. 2019).

Coral reefs face an array of natural and societal disturbances which include pollution,
run-off from sediment and nutrient laden rivers, industrial waste, tropical storms, and habitat
degradation (Ennis et al. 2016, Morrison et al. 2013, Hoegh-Guldberg et al. 2017, Carlson, Foo,
and Asner 2019). Ocean warming, under the influence of anthropogenic global climate change,
causes mass coral bleaching and has been shown to produce more prolonged and intense tropical
storms that cause irreparable damage to coral reefs, both near shore and offshore (Cheal et al.
2017, Schleussner et al. 2016). Coral reefs have so far shown a great deal of resiliency and a
capacity for restoration; however, a key question is whether that resiliency will be maintained as

these and other disturbances are amplified by anthropogenic climate change.



1.2 Coastal Acidification

In addition to taking up anthropogenic CO> from the atmosphere, acidification in coastal
waters can be caused by several different factors that together can be termed coastal
acidification. Coastal acidification can be brought on by natural processes such as river runoff
from weathered continental rock as well as be exacerbated by anthropogenic influences.
1.2.1 Natural river and ground water inputs and weathering of continental rock

It has been shown that coastal ecosystems are influenced by interactions from river water
plumes which alone or with influence from terrigenous materials are typically acidic relative to
the receiving body of water (Salisbury et al. 2008). Rivers tend to have high nutrient and organic
matter loads; this causes them to experience greater amounts of respiration than primary
production (Cai et al. 2011). The high amount of respiration causes rivers to experience lower
pH levels and higher recorded levels of pCO; than seawater (Howarth et al. 1992). Ground water,
which leaches into estuaries and coastal waters, also has a strong influence on the chemistry of
these ecosystems(de Weys, Santos, and Eyre 2011). Ground water’s pH is influenced by the
infiltration of recharge water, or water that refills or refreshes aquifers, as well as the
surrounding geologic composition. Recharge water can vary in pH depending on its residence
time to the surrounding bedrock, the longer the time, the higher the chemical influence of the
rock is on the composition of the recharge water. If the geology of the aquifer is lacking in
carbonate rocks, the groundwater tends to stay acidic(Trust 2003). Ground water can have
elevated concentrations of COz; This is because groundwater is exposed to decaying (oxidizing)
organic matter, a lack of photosynthesizing organisms and the respiration of plant roots and other
heterotrophic bacteria. The chemical reaction of free oxygen with reduced iron minerals, like

pyrite, is another source of acidity for groundwater systems(Appelo 1993).



1.2.2 Anthropogenic Influences on Coastal Acidification

Coastal processes, along with atmospheric CO», influence the complex carbonate
chemistry of the coastal ocean ecosystem and are drivers in acidification to some of the most
economically important areas of the GoM and globally(Yao et al.). An example of a coastal
process that enhances acidification is an excess of nutrients like nitrogen and phosphorus from
river runoff. This nutrient laden runoff can create phytoplankton blooms. These blooms stimulate
photosynthesis, which draws down CO: and increases pH. When the bloom eventually dies, the
resultant organic matter falls to the seafloor, where it is remineralized by heterotrophic bacteria
that consume oxygen and produce COz, creating hypoxia as well as coastal acidification (Gobler
and Baumann 2016, Cai et al. 2011). This is especially detrimental in the Gulf of Mexico (GoM),
where stratification can enhance the negative effects of hypoxia by preventing the replacement of
oxygen from the atmosphere to bottom waters that are depleted of oxygen through respiration
processes (Bianchi et al. 2010). Another coastal process affecting acidification is land-based
pollution. For example, power plants and agricultural activities increase the amount of sulfur and
nitrogen into the atmosphere producing acid rain (Doney et al. 2007). Farming and livestock
husbandry in addition to the burning fossil fuels release ammonia, sulfur dioxide, and nitrogen
oxides into the atmosphere. There these compounds are converted into nitric acid and sulfuric
acid (Doney et al. 2007). A portion of these compounds are moved offshore by winds where they
alter seawater chemistry and another portion contributes to acid rain along coast lines. This type
of rain is especially damaging to coastal environments because of accumulation downstream and

river runoff.



Rivers interact with several different pollutants before unloading into the world’s oceans.
These can include picking up material through acid mine drainage, which are associated with
sulfide minerals like pyrite, that can increase the acidity of the river water (Mattson 1999).
During the mining operations, the sulfides are exposed to oxygen and then quickly oxidize to
sulfuric acid. Rivers area also in much contact with urban and agricultural runoff, snowmelt, and
erosion of sediments from different geological transition zones which all influence the river’s
water chemistry. Specifically for the GoM, The Mississippi River Basin, which discharges over
16,000 cubic meters of water per second into the Gulf of Mexico, consists of six regions that
spread across mostly farmlands in middle America (2020b). These regions are also recorded to

have lower alkalinity than more eastern regions(Mattson 1999).

1.3 Hurricanes
1.3.1 Positive Effects of Hurricanes on Coastal Regions

While hurricanes are largely associated with physical damage and other negative effects,
it is worth noting that there are positive impacts of large tropical storms. Broadly speaking,
hurricanes generate a great deal of rainwater which can break up periods of standing drought
(Maxwell et al. 2013). These drought busting storms are especially important in the southwestern
United States and have increased in that region during the last 117 years (Maxwell et al. 2013).
Hurricanes also balance the global heat budget (Tamarin and Kaspi 2016). Hurricanes have also
been shown to replenish barrier islands and salt marshes that in turn help protect shorelines from
storm surges created by hurricanes. Marshes that experience shallow burial by hurricanes have
shown increased productivity, potentially because of an increase in nutrient levels from
deposited sediments such as ammonium and phosphate or increased soil aeration (Baustian and

Mendelssohn 2015, Walters and Kirwan 2016). Hurricanes also fertilize mangrove forests which



are important nurseries for many different aquatic and marine species, as well slowing the
process of coastline erosion by buffering high impact waves (Castaneda-Moya et al. 2020).
Hurricanes also can benefit coral reef ecosystems by cooling surrounding waters. Cooling can
take place by the transfer of latent heat or evaporation, mixing of deeper waters, upwelling, or as
a result of overcast skies (Manzello et al. 2007). This cooling is especially important during the
summer months when average seawater surface temperatures rise and put coral reef ecosystems
through thermal stress, and in more extreme conditions, coral bleaching. Coral bleaching
happens when the photosynthetic symbiotic zooxanthellae located in the tissue of corals are
overloaded with heat and sunlight and start to release reactive oxygen molecules. These
molecules are damaging to corals tissues and therefore the coral expels the zooxanthellae from
the tissue. The coral loses coloring and energy provided by the symbiont and can eventually die
if it does not recover symbionts. Finally, tropical storms aid in coral reproduction via
recruitment, dispersal and fragmentation (Foster et al. 2013, Browning et al. 2019, Lugo-
Fernandez and Gravois 2010).
1.3.2 Physical Damages to Ecosystems Brought about by Hurricanes

Most studies focus on the physically damaging effects of hurricanes and large tropical
storms on environments (Lugo-Fernandez and Gravois 2010, Perry et al. 2014). Hurricanes are
among the most devastating natural hazards on earth, affecting the Atlantic Basin including the
GoM with just over 5 storms a year on average from 1851 to 2014 (2020a). Hurricanes
physically affect reefs by partially or completely burying corals and oysters in sediment deposits
from runoff or resuspension which can lead to mortality events (Browning et al. 2019). High
winds can cause powerful waves and storm surges that break coral branches and are abrasive to

delicate reef structures (Foster et al. 2013, Scott Heron 2005). Large storm induced waves and



currents can also topple over massive coral species (Bries, Debrot, and Meyer 2004). It has been
shown that hurricanes may also increase the prevalence of disease among coral reef systems
(Foster et al. 2013). Hurricanes have also been shown to increase the likelihood of a harmful
algal bloom forming because of increased nutrient import. Hurricanes can lead to an excess of
terrestrial runoff and submarine groundwater discharge which is supersaturated with nutrients
(Hu, Muller-Karger, and Swarzenski 2006). Hurricanes have also been shown to potentially
break apart redtides and other harmful algal blooms and transport them to new locations (Wells
et al. 2015).

1.3.3 Hurricane Induced Seawater Chemical Alterations

Hurricanes alter the chemical environment of coastal marine ecosystems, however these
changes have not been as well studied as the physical damage caused by hurricanes (Manzello et
al. 2013, Lugo-Fernandez and Gravois 2010). Seawater carbonate chemistry can be affected by
tropical storms via storm water runoff, upwelling, and turbulent mixing (Lugo-Fernandez and
Gravois 2010). Previous work has shown that storm water runoff can cause prolonged (~1 week)
acidification in coral reefs, including a drop of 1.0 in Q. (Manzello et al. 2014, Kealoha A.K.
Kealoha, Doyle, et al. 2020).

Furthermore, acidification can increase during storm events due to CO»-rich subsurface
waters being entrained and uplifted towards the surface through storm-induced mixing (Lugo-
Fernandez and Gravois 2010, Mathis et al. 2012). These storms can also stir up sediment pore
waters, which are known to be more acidic and bring them into the calcifying organisms
environment (Manzello et al. 2013). Tropical storms have been shown to increase primary
production through ventilation of the nitracline (Lin et al. 2003). Increases in nitrogen can cause

phytoplankton blooms, which cloud surface waters, inhibiting coral reef photosynthesis, causing
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a decrease in dissolved oxygen through enhancement of heterotrophic respiration during
remineralization of organic matter (Walker, Leben, and Balasubramanian 2005, Lin et al. 2003).
Upwelling can also be enhanced during large tropical storms which can take up to 10
days to settle back into a neutral state (Walker, Leben, and Balasubramanian 2005, Rao, Babu,
and Dube 2004). Although cooling from storms can prevent coral bleaching, upwelling events
have also been shown to have devastating effects on reef systems, including mass mortality
events, by bringing up deeper, cooler, and more acidic waters (Laboy-Nieves et al. 2001, Mathis
et al. 2012, Bond et al. 2011). Additionally, the nepheloid layer, a deep section of water
composed of suspended terrigenous silts and inorganic detritus, can be brought up from depth
(Lugo-Fernandez and Gravois 2010). The resuspension of these materials may, in turn, affect
parameters of the carbonate chemistry surrounding the reef due to the high pCO: in sediment
pore waters (Lugo-Fernandez and Gravois 2010, Diercks et al. 2018). The impact of hurricanes
can be both advantageous and damaging. Small hurricanes can provide relief from thermal stress
and help populate new regions, whereas large storms can bring on rapid chemical changes and
devastating physical damage. Coral reefs have experienced effects from hurricanes and have
continued to flourish for millions of years. However, compounding effects from increases
thermal stress, oceans acidification, and habitat destructions could lead to the destruction of these

environmentally and economically valuable ecosystems.

1.4 Site description: The Gulf of Mexico
1.4.1 Importance and general environmental threats to the GoM

The Northern GoM ecosystems support a wide range of valuable economic resources.
The U.S. territorial waters of the GoM support a large American based fishing industry in which

23.7 billion in sales was made in 2016, and which supplied 137,000 jobs (2018). Despite being
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such an important economic source for the surrounding GoM states, the GoM is subject to an
onslaught of anthropogenic attacks that include eutrophication, hypoxia, oil spills, warming, and
ocean acidification, which is still not well understood in the GoM (Scavia et al. 2002). Moreover,
acidification of subsurface coastal waters on the Texas shelf is enhanced by eutrophication; the
upscaled eutrophication that occurs in the GoM is in part because of the Mississippi-Atchafalaya
River Basin (MARB).The MARB watershed contains 31 states in addition to two Canadian
provinces, making it the third largest river basin in the world (Hypoxia Task Force 2017). Much
of the MARB river basin runs through farming regions in the central USA, and any farmland
waste is drained into the system, creating a highly nutrient rich waterway. This nutrient laden
water is eventually dumped into the Northern GoM where the excess nutrients create
eutrophication leading to phytoplankton blooms and eventually hypoxia (Laurent et al. 2017).
When the bloom starts to die off, the increased abundance of heterotrophic organisms shifts the
balance of O, production/consumption and the production of CO,. Eutrophication-induced
hypoxia is further exacerbated by water column stratification that prohibits mixing of the
oxygenated surface water and oxygen deplete bottom water; without this stratification, oxygen
rich surface waters would be able to mix with deeper oxygen depleted waters (Turner, Rabalais,
and Justic 2008, Diaz and Rosenberg 2008). The increase of CO- leads to acidification in coastal
waters (Laurent et al. 2017, Hypoxia Task Force 2017, Diaz and Rosenberg 2008). In addition to
experiencing acidification associated with hypoxia in bottom waters, ocean acidification driven
changes in surface water are expected to be significantly greater in the GoM than other U.S.
coastal waters by the end of this century ; this might be due to the influences of the hydrological
cycle and well as enhanced upwelling (Keul et al. 2010, Salisbury et al. 2008). Long term CO»

trends in the GoM, show that the coastal ocean exhibits more variability than the open ocean
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(Kealoha, Shamberger, et al. 2020). The variability in both the open ocean and coastal ocean in
the GoM is influenced by biological components linked to the Mississippi-Atchafalaya River
discharge and seasonal changes in temperature. The open ocean element of the GoM show
comparable acidification trends as global open ocean acidification trends (Kealoha, Shamberger,
et al. 2020). Through the fall into spring, coastal currents move low CO: and low salinity water
from the Louisiana shelf over the West Texas shelf. In the summer, a shift in prevailing winds
cause eastward movement of the coastal currents which can cause upwelling conditions as well
as pooling of the inner shelf waters (Kealoha, Shamberger, et al. 2020, Zavala-Hidalgo et al.
2014).
1.4.2 Hydrology and Nutrients of the GoM

The waters of the GoM enter through the Yucatan Channel and exit the GoM through the
Florida Straits (Hypoxia Task Force 2017). On the continental shelf, seawater is diluted by the
large amounts of river water. The main circulation pattern of ocean water in this area moves
along the northern GoM coastline, and the flow of ocean water over the Texas-Louisiana shelf
moves primarily to the west (cyclonic); however, during July and August wind patterns change
which causes the westward flow to decrease and reverse (Department, of Commerce, and Office
of National Marine Sanctuaries 2008, Hypoxia Task Force 2017). The Northern Gulf of
Mexico’s nutrient composition is highly influenced by the Mississippi River and its distributary,
the Atchafalaya River. The Mississippi drains 40% of the continental United States fresh water
into the northern GoM (Sylvan and Ammerman 2014, 2013). Since the 1950 through to the
1980’s the Mississippi has tripled its nitrate load due to increased agricultural activities, however
the silicate concentration has been reduced by nearly 50% (Rabalais et al. 2002, Cai et al. 2011,

Cai et al. 2013). Shelf circulation, which is modulated by alongshore winds that vary seasonally,
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influences nutrient distribution in this region. From fall to spring (September - May), wind
direction is downcoast or a southwest direction. This directionality creates currents that push the
Mississippi river plume along the coast more towards the Texas continental shelf (Angles et al.
2019). During this time, discharge from the Mississippi begins to ramp up (beginning in the fall)
and peaks with maximum freshwater discharge in the spring. During the summer months (June -
August) the prevailing winds shift to a north-northeastward direction which drives up coast
circulation and creates favorable conditions for upwelling (Angles et al. 2019).

Over the Louisiana shelf, there is a spring and early summer phosphorus (P)-limitation
just as the freshwater discharge from the Mississippi river reaches its peak and starts to taper off
(Sylvan and Ammerman 2013). This is followed by a nitrogen (N) limiting conditions in the late
summer and through the fall when freshwater discharge is at a minimum (Sylvan and
Ammerman 2013). Because the Mississippi has a strong influence on waters over the west Texas
shelf, especially in the fall through spring, I would imagine that the similar nutrient limitations
apply in the waters over the Texas shelf.

1.4.3 Important environmental and economic ecosystems in the GoM

The GoM also hosts important ecosystems such as estuaries and marsh lands that are
susceptible to coastal acidification because they host a number of species that go through
biomineralization (Hu et al. 2015). Estuaries help filter runoff from rivers and are therefore
important habitats for maintaining the health of waterways. After Hurricane Harvey, the changes
in the seawater carbonate systems surrounding different estuaries in the northern GoM varied
(Hu et al. 2020). Some estuaries were impacted more than others, highlighting the variability in
seawater chemistry ecosystem reaction and recovery (Hu et al. 2020). The GoM is home to a

variety of environmentally and economically important calcifying organisms. For instance, the
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Texas continental shelf is home to oysters, clams, mussels and echinoderms that are sensitive to
seawater chemistry changes, especially alterations to pH (Meng et al. 2019, Johnson et al. 2020).
Echinoderms are not as well studied, but they do construct their shell-like structures from high
magnesium calcite, which dissolves faster than aragonite, creating a serious concern for these
animals in their ability to protect themselves (Johnson et al. 2020). Oyster larvae, if subjected to
low enough pH, can fail to begin growing their shells (Meng et al. 2019). There is typically a
huge growth spurt in the first 2 days of an oyster’s life so that the oysters can begin to feed.
However, lower pH environments destroy those early stages of growth and can cause mass die-
offs (Clark and Gobler 2016).

1.4.4 The Flower Garden Banks National Marine Sanctuary

The Gulf of Mexico basin began to form after the supercontinent of Pangea started to
break apart during the Triassic (~200 million years ago). A rift valley formed and eventually in
the early Jurassic, an ancestral GoM was created. Throughout this hot and dry period, the gulf
was intermittently covered by a shallow sea. However, with restrictions to the open ocean, this
type of environment caused intense evaporation and formed a thick layer of salt or evaporite
deposits in the gulf called the ‘Louann formation’ (Zingula 2008b).

As time progressed and the continents continued to spread, the gulf deepened and the
waters within the gulf became less saline while clastic sediments were deposited by rivers from
the terrestrial environment that covered the thick layer of salt (Austin 2014). Because the
overlaying sediments became denser than the underlying layer of salt, the salt began to migrate
towards areas of weakness, a process known as structural uplift; this resulted in the formation of

salt domes or diapirs in the region (Zingula 2008a). These salt domes create an environment
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which allows for the formation of coral reef habitats unusually far offshore, including the Flower
Garden Banks National Marine Sanctuary (FGB).

The FGB are located in the subtropical oligotrophic waters of the northwestern area of
the GoM, approximately 190 km off the coast of the Texas/Louisiana boarder (Johnston et al.
2019). The ecosystems that make up the FGB are unique in that the coral reefs are located on the
edge of the continental shelf break, which would normally be too deep to allow for tropical
Scleractinian corals. However, due to the uplifting of the salt domes, the East/West and Stetson
banks reach depth shallow enough (~20 m) for coral ecosystems to form so far from the coast. It
is estimated that the East and West bank’s coral reefs began to develop on top of the salt domes
between 10,000 to 15,000 years ago (Zingula 2008b). The FGB was established in 1992 as a
federally managed ecosystem. The FGB is considered to be of national significance under the
National Marine Sanctuaries Act, and it is currently the only sanctuary site located in the GoM
(Johnston MA 2017). The FGB has 3 distinct areas under protection: The East Bank and the
older West Bank, as well as the more northerly Stetson Bank. The East and West Banks are
about 21 km apart, each with a depth ranging from 16-140 m, and the Stetson Bank sits 48 km to
the northwest of the West Bank (Johnston MA 2017, Department, of Commerce, and Office of
National Marine Sanctuaries 2008). East bank is roughly 8 km in length and 5 km wide while
West bank is 11 km in length and 5 km wide (Kealoha, Doyle, et al. 2020). The West bank has
gradual slopes while the East has steep drop offs on both the east and south slops. Surface
currents at both the West and East banks are influenced by westward-propagating eddies that are
derived from the Loop Current. Mixed layer depths are generally located between about 20 and

40 m for the majority of the year (Teague et al. 2013).
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It is postulated that the FGB corals originated from Mexican reefs (Zingula 2008b). The
FGB is considered a high latitude marginal coral reef, representing the northern most tropical
species around the contiguous United States (Johnston et al. 2019). Here, distribution of coral is
constrained by temperature and light availability; nevertheless, the mean living coral coverage
has remained near or above 50 percent, making them some of the healthiest reefs remaining in
the Caribbean and GoM (DeBose et al. 2013). Although the FGB are considered a near pristine
habitat, they have a relatively low diversity of species within them: only 22 of over 60 western

Atlantic and Caribbean region hermatypic coral species occur in this area (Johnston MA 2017).

1.5 Main focus of this Study

This work specifically investigates how Hurricane Harvey impacted the carbonate and
dissolved inorganic nutrient chemistry on the Texas continental shelf, including the FGB.
Hurricane Harvey, considered a 1000-year precipitation event, was initially a poorly organized
depression after working its way into the GoM. However, Harvey intensified rapidly late on the
23" of August 2017 in an environment of light wind shear, warm water, and high moisture. The
storm intensified into a category 4 hurricane before making landfall on August 25", 2017 (Fig 2).
Hurricane Harvey stalled over the Houston area for approximately four days and is estimated to
have dropped more than 60 inches of rainwater, this amount of rainwater surpasses pervious
records of 52 inches in Hawaii making it the most significant tropical cyclone rainfall event in
United States history. Out of the 19 rain gauges in Harris County, Texas, 9 of them recorded all-
time high flood stages (Eric S. Blake 2018). Not only are the peak rainfall records extraordinary,
but the area affect by Harvey is truly overwhelming. It is estimated that 11.1x10° m? of

freshwater flowed into Galveston Bay, which is 3 times the entire bay’s volume (Du et al. 2020,
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Du and Park 2019, Du et al. 2019). This intense flooding created a freshwater plume that pushed

out of Galveston Bay picking up pollutants along the way (Du and Park 2019).

1.6 Research Questions
What was the impact of Hurricane Harvey runoff on the seawater chemistry of the Texas
Continental Shelf?

This study investigates depth profiles from 2017 cruises before and after Hurricane
Harvey to investigate how Harvey runoff impacted the seawater chemistry of the Texas
continental shelf and to determine if fresh water from Harvey runoff reached the FGB. Fresh
water can be very detrimental to reef ecosystems (Johnston et al. 2019). In 2016 there was a
mass die off event in the FGB that was partially attributed to the presence of a freshwater surface
layer caused from unusually high river discharge (Johnston et al. 2019, Kealoha, Doyle, et al.
2020). If a freshwater plume did reach the FGB following Harvey it could have altered the
carbonate chemistry of surface waters and potentially had negative impacts on the reef
ecosystem. In a previous study, it was found that flooding in Texas leads to freshwater runoff
that has low concentrations of both TA and DIC. Therefore this same outcome is expected after
the intense flooding brought about by Hurricane Harvey (Kealoha, Doyle, et al. 2020). Intense
flooding events typically are loaded with excess nutrients that can fuel phytoplankton blooms
(Steichen et al. 2020). Increased photosynthesis drives down pCO2 and DIC while raising pH and
Qar.

Did Hurricane Harvey cause upwelling along the Texas Continental Shelf?

It has been shown that hurricanes can induce upwelling and that coral reefs subjected to

these upwelled waters can either benefit or be damaged by the changes induced by the upwelling

event (Walker, Leben, and Balasubramanian 2005, Mathis et al. 2012, Lugo-Fernandez and
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Gravois 2010). Carbonate chemistry parameters, nutrient data, and dissolved oxygen data from
the 2017 FGB and 2017 west Texas cruises (Table 1) were analyzed to determine shifts in these
parameters that could indicate upwelling. It is hypothesized that Hurricane Harvey induced
upwelling of deep water towards the surface which caused a decrease in TA, temperature, pH

and Qa.r, as well as an increase in DIC and pCO,.
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2. METHODS

Discrete seawater samples were collected for TA, DIC, dissolved oxygen (DO), and
nutrient analyses on five research cruises in 2017, before and after Hurricane Harvey (Table 1,
Fig 3). Four of the five cruises (June, August, September, and November) come from a set of
data referred to as the West Texas or WTX cruises. The goal of the WTX cruises was to gain a
better understanding of the mechanisms and controls of hypoxia in the northern GoM. The WTX
cruises consist of five main transects on the Texas coast that extend from near shore to the edge
of the continental shelf, approximately 80 km offshore, and each transect includes five stations.
The most southern transect was located near the Baffin Bay (27.05°N, -96.40°W) while the most
northern transect begins just north of East Matagorda Bay (29.39 °N -94.13 °W). The June and
August WTX cruises (pre-Harvey) include these five Texas shelf transects, while the September
and November WTX cruises following hurricane Harvey also included two additional five site
lines, one each across the West and East Bank with in the FGB, and an additional cross-shelf
transect that stretches from Galveston Bay out towards the FGB (Fig 3). The October Rapid
Response cruise following Hurricane Harvey (FGB1017) includes a five by five site FGB grid
and the transect from Galveston Bay to the FGB (Fig 3). The FGB grid stations are centered over
the East and West Banks, with each station located roughly 8 km apart longitudinally and 5 km
latitudinally (Fig 3). Data were not collected in the FGB during the June or August pre-Harvey

cruises.
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Table 1. Names, dates general locations, and ship for each cruise

Cruise Date Location Vessel
Name
WTX1 June 12-15, 2017 West Texas Shelf R/V
Manta
WXT2 August 8-11, 2017 West Texas Shelf R/V
Manta
WTX3 September 23 — October West Texas Shelf/ Galveston R/V
12017 Transect/FGB Grid Manta
WTX4 November 15- 20, 2017 West Texas Shelf/ Galveston R/V
Transect/FGB Grid Manta
FGB1017 | October 20-24, 2017 Galveston Transect/FGB Grid R/V Point
Sur

Seawater samples for all analyses were collected using a Niskin bottle rosette on a
Seabird Electronic (SBE25) CTD profiler. Water to be used for analysis of carbonate chemistry
was collected from the Niskin bottles using borosilicate 250 ml glass bottles which were then
immediately poisoned with 100 pl of saturated mercuric chloride and sealed with Apiezon
grease(Dickson, Sabine, and Christian 2007) and samples were analyzed for TA and DIC at
Texas A&M University (TAMU) in Dr. Katie Shamberger’s lab using a Versatile INstrument for
the Determination of Total inorganic carbon and titration Alkalinity (VINDTA) produced by
Marianda Marine Analytics and Data. pCO2, Qar, and all remaining carbonate chemistry
parameters were calculated using CO2SY S(Pierrot 2006) and the equilibrium constants of
Lueker et al (2000)(Lueker, Dickson, and Keeling 2000). For TA and DIC analyses, Certified
Reference Materials (CRMs) were provided by A. Dickson at the Scripps Institute of
Oceanography and were used to calibrate for TA and DIC(Dickson, Sabine, and Christian 2007).

The averages of the precisions for DIC ranged from 1.92 to 2.57 and 1.43 to 1.96 for TA.
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Water samples collected for analysis of nutrient chemistry (nitrate (NO3), nitrite (NO™),
ammonium (NH4), phosphate (HPO?3), and silicate (HSiO3°)) were collected into polycarbonate
flasks after filtration through GF/C 0.2 pum filters, then frozen and analyzed post cruise by
Geochemical and Environmental Research Group (GERG). Samples were analyzed to standard
World Ocean Circulation Experiment (WOCE) segmented flow methodology using an
Astoria Analyzer (Astoria-Pacific)( WHPO 1994). DO was measured using Winkler titrations.
After collecting the water from the Niskin bottles into flasks, aliquots of manganese chloride and
sodium hydroxide-sodium iodide were added. Winkler titrations were performed using sodium
thiosulfate with an amperometric dead-stop endpoint determination with a double platinum
electrode within 12 hours of collection(Gordon et al. 1994).

Normalization of pCO> to a constant temperature (npCOz) removes the effects of
temperature changes on pCO.. The variability observed in npCOs is therefore due to a
combination of biological, air-sea gas exchange, and upwelling/mixing effects. The effects of

temperature on isochemical water conditions is given by the equation:

npC0, = pCOyingiry * EXP(0.0423 * (SSTpnean — SSTinsitn))  (eqn. 7)

Where pCO;;5ity, and SSTjsiry, are the measured values and SST,,.q, 1s the annual mean SST

(Sea Surface Temperature) of the entire data set (25 °C)(Takahashi et al. 2002).

22



3. RESULTS

Surface samples refer to the shallowest sample collected at each site and were collected
between 0.5 — 5.3 m. All surface vales are grouped into categories that include north, south,
onshore, and offshore. The north and south designations are based on the 28° latitudinal line with
samples falling north or south of this line. The inshore samples are from the two sites closest to
shore from each of the five west Texas transects as well as the transect leading from Galveston
Bay while the offshore samples are from the two sites furthest offshore in each transect, as well
as the entire FGB grid. Sites falling outside of the transects or grid are designated as whatever
the site closest to them is designated as.

For depth trends, categories include bottom and deep samples. Bottom samples refer to
the deepest sample at each site, therefore sites inshore have a bottom sample that is much
shallower than the bottom samples offshore on the FGB grid. Deep samples include all samples
that are > 50 m. 50 m was chosen because visual trends started to change at approximately this
depth and the surface mixed layer is typically around this depth in the GoM (Prasad and Hogan
2007). The nutrient data is right skewed, or positively skewed, meaning that compared to a
normally distributed graph with a bell shape, most of the data falls on the right side of the graph.
On right skewed data, the standard deviation can be larger than the average because the data is
distributed unevenly. In cases like this, the median, or the middle number, may be a better

representation of the data.

3.1 June 2017
Surface trends: The June samples were taken exclusively off the west Texas shelf and do not

include the FGB grid or the transect from Galveston. June surface samples range from 1- 4.5 m.
Salinity on the west Texas shelf increases southwards and offshore, with a minimum of 20.76

and a maximum of 35.55 on the surface (Figs 3-5). However, salinity ranges located closer to the
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mouths of Matagorda Bay and Corpus Christi Bay in the southern region of samples, are more
restricted and have higher salinity with a minimum of 29.32 (Fig 4-5). The average surface
salinity for June was 29.30 £ 3.93. There is a smaller range in temperature changes than in
salinity changes showing a slight trend moving from offshore, with a minimum temperature of
26.0°C to a maximum of 28.9°C and an average of 28.2 + 0.6°C for all surface samples (Figs 6-
7). The pH is higher in the more northern samples, closer to Galveston bay with the highest pH
of 8.30 compared with the average pH of all June surface samples at 8.08 £ 0.08 (Figs 8-9, Table
2). pCO; portrays inverse trends of pH, with a lower surface average in the north at 343.52 +
81.73 patm and offshore average of 410.83 £ 65.92 patm (Figs 10-11, Table 2). The Q. tends to
be highest nearer to shore and generally in the more northern samples, with onshore sites
averaging 3.79 £ 0.26 and offshore sites averaging 3.79 + 0.32, but with a northern average of
3.93 + 0.53 and the highest surface value of 5.03 (Figs 12-13, Table 2). TA and DIC both had
higher average values for offshore and southern sites (Figs 14-17, Table 2). For DO, the northern
set of samples is approximately 0.26 mL/L higher than the southern samples (Figs 18-19, Table
2). NO3” was below detection limits on average in surface waters in June (Figs 20-21, Table 2).
HPO.*, NH4*, DIN, and NO>" all had higher median inshore values compared to their offshore
values, and higher median values in the northern sites compared to the southern sites (Figs 22-
23, and 26-31, Table 2). HSiO3™ had higher median values offshore and in the southern sites
(Figs 24-25, Table 2). Urea had a higher inshore median than then offshore median and similar
medians between the northern and southern samples (Figs 32-33, Table 2).

Depth trends: The surface values for June range from 1 to 4.5 m while the bottom samples range
from 11.9 to 102.5 m. Salinity increases with depth ranging from 20.76 at the surface to 36.44 at

a depth of 80.70 m. Salinity had an overall average of 31.89 + 4.15 (Figs 4-5). Temperatures at
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the surface averaged 28.2 + 0.6 °C and decrease with depth, reaching 19°C at 102 m (Figs 6-7).
pH decreases and pCO- increases with depth. pCO> has a minimum value of 206.4 patm at 1.4 m
and a maximum of 741.32 patm (Figs 8-11, Table 2). The Q. decreases with depth with a
minimum and maximum of 2.27 and 5.03, respectively (Figs 12-13, Table 2). TA and DIC both
increase slightly with depth (Figs 14-17, Table 2). The overall average DO is 4.22 + 0.96 mL/L,
surface average is 4.83 £ 0.42 mL/L, bottom sample (11.9 — 102.5 m) average is 3.50 = 1.06
mL/L, and deep sample (>50 m) average is 3.00 £ 0.79 mL/L (Figs 18-19, Table 3). NOs"
increased with depth from a median of 0.00 umol/L as the surface to 2.62 umol/L in the bottom
samples and 6.32 pmol/L in the deep samples (Figs 20-21, Table 2). HSiO3™ and NO; also
increased with depth from 3.93 umol/L and 0.09 umol/L to 11.03 pumol/L and 0.16 umol/L,
respectively (Figs 24-25 and 28-29-32, Table 3). In contrast HPO4>*, NH4*, and Urea had the
highest median samples at the surface, 1.01 pmol/L, 1.56 umol/L, and 1.02 umol/L, respectively

(Figs 22-23, and 26-27, and 32-33, Table 3)
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Table 2. Carbonate Chemistry parameters at different locations at the surface and at depth from

June 12-15, 2017

June 2017 TA DIC pH pCO: Qar
pmol/kg pmol/kg patm

All Data

Average 2360.39 + 61.81 2073.00 +79.34 8.03+0.08 | 445.07 £101.3 3.45+0.55

Median 2385.65 2079.28 8.04 430.92 3.62

Range 2154.78 - 2423.64 | 1844.42 -2202.90 | 7.84-8.3 20643 -741.32 | 2.27-5.03

Surface

Average 2329.85+71.99 2022.64 +77.80 8.08+0.08 | 390.45+73.14 3.79+0.37

Median 2355.21 2061.38 8.05 419.24 3.7

Range 2154.78 - 2409.74 | 1844.42 -2124.18 | 7.98 -8.3 206.43 -494.89 | 3.34-5.03

Bottom

Average 2384.40 +37.50 2124.97 +59.00 7.98 +£0.08 | 512.87+108.50 | 3.06+0.59

Median 2398.25 2141.83 7.97 550.99 2.93

Average >50 | 2396.30 +£7.20 2170.73 £9.84 7.94+£0.02 | 547.35+24.76 2.55+0.18

m

Median >50 | 2398.25 2171.71 7.94 548.12 2.63

m

Range 2262 -2423.64 1941.68 -2202.90 | 7.84-8.18 | 301.74-741.32 | 2.27-4.07

North

Average 2281.61 +£83.31 1968 £ 87.11 8.14+0.09 | 343.52 £81.73 3.93+0.53

Median 2269.62 1941.97 8.16 325.5 3.76

Range 2154.78 - 2387.30 | 1844.42 - 2076.55 8.02-8.30 | 206.43 -452.00 | 3.37-5.03

South

Average 2366.55 +£18.02 2064.54 +20.81 8.04 + 429.23 +33.06 3.69+0.13

0.031

Median 2368.66 2071.09 8.05 428.37 3.69

Range 2335.23 -2385.27 | 2028.15 -2085.87 | 7.98 -8.09 | 374.86-494.89 | 3.45-3.90

Onshore

Average 2287.08 + 84.44 1987.96 + 74.00 8.11+0.06 | 362.93 £58.9 3.79+0.26

Median 2294.92 1983.19 8.12 359.42 3.78

Range 2154.78 - 237527 | 1891.14 -2077.66 | 8.03 -8.18 | 295.52-445.26 | 3.40-4.16

Offshore

Average 2361.59 +39.64 2048.03 +57.35 8.06+0.07 | 410.83 £65.92 3.79+0.32

Median 2375.28 2073 8.05 419.24 3.71

Range 2268.37 -2400.78 | 1905.59 - 2088.15 | 7.98 -8.22 | 262.33-494.89 | 3.45-4.55
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Table 3. Nutrient and dissolved oxygen concentrations at different locations at the surface and at
depth from June 12-15, 2017

June 2017 | NO3” HPO?%4 HSIOs NH4* NOy Urea DIN Dissolved
pmol/L pmol/L pmol/L pmol/L | pmol/L pmol/L pmol/L Oxygen
mL/L
All Data
Average 1.69 + 1.06 £ 7.73 £ 239+ 0.46 + 0.79 + 449 + 424 +
2.83 0.85 6.31 4.51 0.85 0.52 5.76 0.97
Median 0.02 0.76 5.55 1.56 0.16 0.68 2.75 4.64
Range 0-12.55 | 0.19 - 1.33 - 0-36.76 | 0-4.72 222 - 0.06 - 1.77 -
6.07 33.77 0.68 40.03 6.06
Surface
Average 0.42 + 1.38 £ 522+ 1.80 £ 0.267 £ 0.90 + 2.49 + 483+
1.03 1.27 3.74 1.29 0.40 0.51 2.07 0.42
Median 0 1.01 3.93 1.56 0.09 1.02 1.72 4.8
Range 0-39 0.28 — 16.46 - 0.27 - 0-1.37 0.18 - 0.29 - 3.88 -
6.07 1.33 5.09 2.02 8.56 6.06
Bottom
Average 341+ 0.94 + 11.14 £ 1.70 £ 0.69 + 0.78 + 574 + 350+
3.75 0.51 7.85 1.17 1.14 0.56 4.38 1.06
Median 2.62 0.77 10.48 1.28 0.21 0.66 4.1 3.48
Average 8.04 £ 0.87 11.37 £ 1.05 + 0.12+ 0.01 + 9.21 + 3.00 +
>50 m 2.82 0.30 2.95 0.80 0.08 0.01 3.60 0.79
Median 6.32 0.81 11.03 0.75 0.16 0.01 7.09 2.79
>50 m
Range 0-12.55 | 0.27 - 1.80 - 0.12 - 0-4.72 0.07 - 0.67 - 1.77 -
2.16 33.77 4.03 2.22 15.15 5.09
North
Average 1.05 + 1.42 + 5.74 + 212+ 0.53 + 0.92 + 371+ 4.76+
1.47 0.91 5.55 1.16 0.52 0.60 2.44 0.52
Median 0.00 1.25 341 1.82 0.45 1.02 4.1 4.7
Range 0-39 0.28 - 1.33 - 0.75 - 0.04 - 0.27 - 0.81 - 3.94 -
2.85 16.46 3.50 1.37 2.02 8.57 6.06
South
Average 0.00 + 1.35+ 493 + 1.75 £ 0.04 + 0.99 + 1.80 £ 5.02 +
0.01 1.72 1.77 1.28 0.07 0.43 1.31 0.18
Median 0 0.7 5.19 1.47 0 1.09 1.47 5
Range 0-0.03 0.35- 242 - 0.45 - 0-0.19 0.20 - 0.45 - 478 -
6.07 7.33 5.09 1.51 5.21 5.38
Onshore
Average 1.16 £ 1.59 + 5.60 + 3.50+ 0.48 + 1.27 £ 5.14 + 4.84 +
1.95 0.81 5.00 3.75 0.52 0.48 5.37 0.20
Median 0 1.34 3.68 2.46 0.42 1.23 3.82 4.77
Range 0-5.12 0.68 - 1.69 - 0.45 - 0-1.37 0.35- 0.45 - 4.6-5.28
2.85 16.46 13.24 2.02 18.88
Offshore
Average 0.25+ 1.14 £ 477 + 1.27 £ 0.06 + 0.55+ 1.58 £ 485+
0.74 1.87 2.21 0.83 0.07 0.36 1.45 0.25
Median 0 0.57 431 1.31 0.04 0.39 1.34 4.79
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Table 3. Continued

June 2017 | NOs” HPO?*4 HSIO3" NH4* NOy Urea DIN Dissolved
pmol/L pmol/L pmol/L pmol/L | pmol/L pmol/L pmol/L Oxygen
mL/L
Range 0-2.22 |0.28- 1.33 - 0-2.79 |0-0.22 0.20 - 0.06 - 4.56 -
6.07 8.02 1.13 5.05 5.38

3.2 August 2017

Surface trends: Surface values include all samples taken from 0.5 — 3.1 m. Surface salinity
increases southwards with a distinct trend, from an average of 34.19 + 1.30 in the northern sites
to 36.26 + 0.53 in the south (Figs 4-5). Salinity is the lowest coming out of Galveston Bay at
32.04, at the sample site closest to the opening of the bay (Figs 4-5). August has the highest
recorded temperatures with a max of 31.10 °C at the surface (Figs 6-7). Cooler temperatures
were offshore in the southern sites, averaging 29.64 + 0.77°C and the more northern samples
averaging 30.30 + 0.45 °C (Figs 6-7). pH generally increases with distance from the shore with
inshore averages at 8.00 + 0.01 and offshore averages 8.02 + 0.01 pH (Figs 8-9, Table 4). The
pCO: trends are less pronounced but are still inverse of pH, with inshore average of 467.78 +
36.79 patm and offshore 435.07 £ 6.64 patm (Figs 10-11, Table 4). Q. also increases with
distance from shore with inshore sites averaging 3.87 + 0.22 and offshore averaging 4.01 = 0.03
(Figs 12-13, Table 4). TA and DIC have similar surface averages across all designations (Figs
14-15, Table 4). DO had similar averages between inshore and offshore values and a higher
southern average of 5.02 + 0.18 mL/L compared to the northern average of 4.76 + 0.52 mL/L
(Fig 18-19 Table 5). NO3™ was below detection limits on average in surface waters in August

(Figs 20-21, Table 5). HPO4*, NH4* and Urea have higher median values for offshore sites
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compared to inshore sites (Figs 22-23, and 26-27, Table 5). HSiO3™ and NO;™ have a higher
median inshore than offshore sites (Figs 24-25, and 28-29, Table 5). All surface locations had
higher medians in the northern sites (Table 5).

Depth trends: Bottom samples range from 10.9 — 102.6 m. Salinity is very homogenous in
August, with surface salinity averages at 35.10 + 1.46 and bottom salinities averaging 35.85 +
0.99 (Fig 5). Temperatures at the surface averaged 30.01 = 0.69 °C and decreased with depth
with a minimum temperature of 18.76 °C at 102 m and a maximum temperature at 31.10°C taken
from a surface bucket sample (Fig 7). pH decreases with depth while pCO- increases with the
average bottom samples being 7.98 £+ 0.04 and 495.02 + 54.11 patm respectively and the average
surface samples at 8.02 + 0.02 and 446.03 £ 18.96 patm, respectively (Figs 8 and 10, Table 4).
Q. decreases with depth with a surface and deep average of 3.97 £ 0.11 and 2.79 £ 0.36,
respectively (Fig 13, Table 4). TA and DIC increase with depth with surface and deep averages
of 2407.59 + 11.60 pmol/kg, 2067.70 + 11.80 pmol/kg, and 2398.65 + 7.88 umol/kg, 2149.39 +
27.45 pmol/kg, respectively (Figs 15 and 17, Table 4). DO decreases with depth with a surface
average of 4.83 + 0.42 mL/L and a range of 3.88 — 6.06 mL/L, bottom average of 3.50 + 1.06
mL/L, and a deep average of 3.00 = 0.79 umol/L (Fig 19, Table 5). NO;~ and NO>" both increase
with depth with surface medians of NO3™ being below detectable levels NO; at 0.14 pmol/L and
deep medians at 3.33 pmol/L and 0.24 umol/L respectively (Figs 20 and 28, Table 5). HPO4*
and NH4", had the highest median at the surface 0.7 pmol/L and 3.81 umol/L respectively and
the lowest median in the bottom samples, 0.56 umol/L and 3.76 umol/L, respectively (Figs 23
and 26 Table 5). HSiO3™ had the highest median in the bottom samples with an intermediate
median in the surface values and lowest median at the surface (Fig 24 and Table 5). Urea

concentrations decreased with depth (Fig 33 and Table 5).
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Table 4. Carbonate Chemistry parameters at different locations at the surface and at depth from

August 08-11, 2017

August 2017 | TA DIC pH pCO: Qar
pmol/kg pmol/kg patm
All Data
Average 2408.9 +£10.89 2090.80 +33.42 8.00+£0.04 | 465.03+49.00 | 3.68+
0.42
Median 2408.5 2081.6 8.01 455.53 3.86
Range 2371.06 - 2436.59 | 2035.08 -2192.15 | 7.88 - 8.08 375.56 - 658.40 | 2.34 -
4.32
Surface
Average 2407.59 £ 11.60 2067.70 £ 11.80 8.02+£0.02 | 446.03 +18.96 397+
0.11
Median 2406.92 2067.97 8.02 447.97 4
Range 2371.06 - 2428.75 | 2041.44 - 2087.81 | 7.99 - 8.07 392.12-478.63 | 3.67 -
4.16
Bottom
Average 2409.84 + 11.89 2120.05 +32.83 7.98 £0.04 | 495.02+54.11 334+
0.47
Median 2411.1 2112.09 7.99 485.57 3.41
Average >50 | 2398.65 + 7.88 2149.33 +£27.45 7.98 £0.04 | 494.51 +£48.01 2.79 +
m 0.36
Median >50 | 2399.02 2152.51 7.97 504.86 2.76
m
Range 2379.31 - 2436.59 | 2070.39 - 2192.15 | 7.88 - 8.05 410.61 - 658.40 | 2.34 -
3.96
North
Average 2405.25+13.93 2068.85 +10.77 8.02+0.02 | 446.12£21.07 3.99 +
0.10
Median 2405.6 2068.47 8.02 448.4 4.01
Range 2371.06 - 2428.75 | 2041.44 - 2087.67 | 7.99 - 8.07 392.1-478.60 3.7-4.16
South
Average 2411.10 £ 8.31 2068.32 + 13.44 8.01 £0.01 | 448.27+17.55 3.94 +
0.13
Median 2408.82 2072.56 8.01 451.4 3.96
Range 2400.28 - 2428.20 | 2049.97 - 2087.81 | 7.99-8.04 | 414.7-474.2 3.67 -
4.07
Onshore
Average 2408.211 £ 14.12 2079.66 +20.94 8.00+£0.02 | 467.78 +£36.79 3.87+
0.22
Median 2410.18 2072.56 8.01 461.4 3.95
Range 2371.06 - 2428.20 | 2062.25-2137.19 | 7.94-8.04 | 429.2-571.6 3.35-
4.06
Offshore
Average 2404.45 + 6.09 2059.02 +£8.19 8.02+£0.01 | 435.07+6.64 4.01
0.03
Median 2405.42 2059.46 8.02 433 4.01
Range 2396.61 -2417.81 | 2049.97 - 2077.22 | 8.01 - 8.03 427.6 - 445.4 3.95 -
4.06
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Table 5. Nutrient and dissolved oxygen concentrations at different locations at the surface and at
depth from August 08-11, 2017

August NOs HPO?*4 HSIOs NH4* NO2" Urea DIN Dissolved
2017 pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L Oxygen
mL/L
All Data
Surface
Average 0.19+ 0.78 £ 4.56 = 4.05 =+ 0.15+ 0.44 + 441+ 4.53 +
0.62 0.86 3.66 1.90 0.08 0.45 1.99 0.26
Median 0 0.7 3.62 3.81 0.14 0.34 4.27 4.47
Range 0-3.48 0-3.55 0-14.05 0.06 - 0-0.38 0-1.78 0-9.04 4.28 -
8.97 5.87
Depth
Average 1.31+ 0.69 + 6.91 + 387+ 0.28 + 031+ 545+ 373+
2.85 0.77 5.10 1.90 0.24 0.37 3.62 0.65
Median 0 0.44 5.65 3.61 0.21 0.19 4.41 3.91
Average 4.96 = 0.80 3.50+ 5.03 £ 0.23 + 0.36 10.22 + 324+
>50 m 4.46 0.83 4.56 3.25 0.08 0.63 4.91 0.62
Median 3.33 0.56 2.39 3.76 0.24 0.05 12.59 3.21
>50 m
Range 0-11.8 0-2.85 0-18.71 1.30 - 0.06 - 0-1.73 1.40 - 212 -
11.52 1.04 15.07 4.64
North
Average 0.15+ 1.04 + 536+ 4.45+ 0.16 £ 0.61 + 4.76 = 4.48 =
0.23 0.96 3.70 2.05 0.09 0.49 2.13 0.11
Median 0.00 0.75 5.43 4.22 0.15 0.48 4.4 4.46
Range 0-0.65 0-3.55 0-14.05 1.36 - 0-0.38 0-1.78 1.45 - 4.28 -
8.97 9.04 4.78
South
Average 0.25+ 0.49 + 3.76 £ 3.80+ 0.14 + 0.26 £ 422+ 4.50
0.93 0.60 3.56 1.38 0.07 0.30 1.26 0.08
Median 0 0.23 2.33 3.57 0.12 0.15 4.01 4.5
Range 0-3.48 0-1.82 0-10.09 1.89 - 0.05 - 0-0.97 2.59 - 4.41 -
6.43 0.25 6.64 4.66
Onshore
Average 0.06 + 0.74 + 6.667 £ 3.97+ 0.16 + 035+ 4.70 £ 4.66 £
0.14 0.90 3.33 2.24 0.10 0.34 2.03 0.38
Median 0 0.45 6.38 3.37 0.15 0.34 3.85 4.53
Range 0-0.51 0-2.9 2.23 - 2.36 - 0.05 - 0-1.18 2.56 - 4.1-4.78
17.49 8.97 0.47 9.04
Offshore
Average 0.38+ 0.63 + 3.16 £ 391+ 0.16 £ 0.57+ 4.45+ 4.45+
1.04 0.60 4.10 1.73 0.06 0.62 1.72 0.03
Median 0 0.74 1.11 3.81 0.14 0.44 4.3 4.45
Range 0-3.48 0-1.82 0-12.26 1.89 - 0.07 - 0-1.78 1.98 - 4.41 -
7.26 0.25 7.77 4.51
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3.3 September 2017

Surface trends: Surface depths range from 2.3 — 5.3 m and deep samples range from 11.4 —208.0
m. September data was collected following Hurricane Harvey and included the FGB as well as
the transect from Galveston. Salinity in September is highly reduced from previous cruises and
surface values increase moving away from shore with inshore averages at 26.46 +£2.91 and
offshore averages at 34.75 = 1.87 (Fig 4, Table 6). Surface temperatures do not exhibit any
strong spatial trends, with a minimum surface temperature of 27.63°C and a maximum surface
value of 29.43°C (Fig 6, Table 6). pH surface averages decrease with distance from shore, while
pCO: surface averages increase with distance, inshore surface averages of 8.05 + 0.00 and
408.81 £ 8.97 patm and offshore averages of 8.04 + 0.01 and 411.87 + 16.84 patm, respectively
(Figs 8 and 10, Table 6). Q. increases with distance from shore, with the highest surface value at
4.16 pmol/kg located over the FGB grid, along with TA and DIC with inshore averages at 3.96 +
0.23, 2390.63 £ 29.22 umol/kg, and 2050.99 + 4.95 umol/kg, and offshore averages of 4.01 +
0.18, 2400.81 £ 19.24 umol/kg, and 2053.07 £+ 7.89 umol/kg, respectively (Fig 12, 14, and 16
Table 6 ). For both TA and DIC, the southern offshore values had higher averages than the
inshore northern values. DO had general homogeneity throughout all surface areas for
September. The largest average was in the southern sites with an average of 4.75 + 0.56 mL/L
(Figs 14, 16 and 18, Table 6). All Nutrients except for NO3™ exhibited the same strong surface
spatial medians (Fig 20, Table 7). All Nutrients had the highest medians inshore and in the
northern sites (Figs 20-33, Table 7). NO3™ had a higher median in the northern site, however
there was a slightly higher median in the offshore sites than then inshore sites, being 0.19

umol/kg to 0.18 umol/kg (Fig 20, Table 7).
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Depth trends: Fresher water induced from Hurricane Harvey reaches further out into The Gulf of
Mexico than all other cruises with the lowest salinity of all five cruises being 22.04 °C at the
surface on a station just south of Galveston bay (Fig 5, Table 6). The average surface salinity
was 30.59 +4.46 while the average bottom salinity was 34.03 + 2.99 (Fig 5, Table 6).
Temperatures decrease with depth with a minimum and maximum temperature of 14.34°C at 208
m and 34.74°C at the surface near the mouth of Galveston Bay (Fig 7, Table 6). pH decreases
with depth with the surface, bottom, and deep averaging 8.06 + 0.03, 7.95 + 0.05 and 7.71 + 1.45
(Fig 9, Table 6). Contrastingly pCO> had an average surface value of 393.33 + 28.93 patm and a
bottom average of 519.34 + 64.29 patm (Fig 11, Table 6). The overall average Q.- was 3.53 +
0.66 umol/kg and decreases with depth with a surface average of 3.78 £ 0.36 and a bottom
average of 2.62 + 0.58 (Fig 13, Table 6). The minimum overall value for Q.- was located at a
depth of 208 m and had a value of 1.83 (Fig 13, Table 6). TA and DIC both had their lowest
averages in the surface samples (2311.97 + 135.72 umol/kg and 1991.65 £96.75 pmol/kg), but
the highest averages were in the bottom samples, not the deep samples (Figs 15 and 17, Table 6).
DO in the surface has an average of 4.68 £ 0.59 mL/L and a range of 3.93 — 8.00, which is higher
than the averages of the bottom samples and the deep samples with respective averages of 3.55 +
0.64 and 3.49 + 2.93 mL/L and a bottom range of 2.58 — 6.21 mL/L (Fig 19, Table 7). All
nutrients except for NO3™ and urea had the highest medians in the bottom samples, then the deep
samples and the lowest medians in the surface samples (Fig 20, Table 7). NO3" increased with
depth with the highest median in the bottom samples and the lowest at the surface with, 4.24
umol/L and 0.13 umol/L, respectively (Fig 20, Table 7). Urea decreased with depth with the
highest median at the surface and the lowest median in the deep samples, 0.57 pmol/L and 0.45

umol/L, respectively (Fig 33, Table 7).

33



Table 6. Carbonate Chemistry parameters at different locations at the surface and at depth from
September 23- October 1, 2017

September | TA DIC pH pCO2 Qar

2017 pmol/kg pmol/kg patm pmol/kg

All Data

Average 2369.09 + 88.94 2062.30 + 85.80 8.02+0.05 | 436.08 +63.82 | 3.52+
0.66

Median 2404.16 2054.72 8.04 410.05 3.83

Range 1985.43 - 2414.05 | 1754.59 -2191.17 | 7.91-8.11 | 343.08 - 576.46 | 1.83 -4.16

Surface

Average 2311.97 +£135.72 1991.65 + 96.75 8.06+0.03 | 393.33+28.93 | 3.78+
0.36

Median 2401.95 2049.71 8.05 401.11 3.86

Range 1985.43 -2414.05 | 1754.60 - 2070.35 | 8.02-8.11 | 343.08 -444.10 | 3.02-4.16

Bottom

Average 2387.89 £ 17.46 2154.53 +£37.15 7.96+£0.05 | 519.34+£64.29 | 2.62+
0.58

Median 2390.73 2172.01 7.93 549.33 2.46

Average 2313.44 +£434.43 2063.63 +383.48 7.71+£1.45 | 477.03 +101.81 | 2.82 +

>50m 0.77

Median >50 | 2397.44 2131.84 7.97 494.96 2.86

m

Range 2353.86 -2407.72 | 2072.83 -2191.17 | 7.91-8.04 | 412.01-576.46 | 1.83-3.70

North

Average 2344.60 + 88.42 2021.66 + 69.26 8.05+0.03 | 407.93+35.51 | 3.77«+
0.22

Median 2385.02 2051.87 8.05 412.97 3.73

Range 2156.67 - 2408.52 | 1880.81 -2070.35 | 8.02-8.11 | 343.08 - 444.10 | 3.49-4.07

South

Average 2408.25 £ 1.21 2050.03 +2.83 8.05+0.01 | 402.87 +6.85 4.10 =
0.04

Median 2408.55 2050.45 8.04 401.86 4.11

Range 2406.47 - 2409.93 | 2045.69 -2054.23 | 8.04-8.06 | 391.4-411.93 4.05-4.16

Inshore

Average 2390.63 +29.22 2050.99 +4.95 8.05+0.00 | 408.81 +£8.97 3.96 +
0.23

Median 2406.27 2051.77 8.05 406.04 4.07

Range 2356.91 - 2408.52 | 2045.69 - 2055.51 | 8.046- 401.56 -418.84 | 3.70-4.11

8.049

Offshore

Average 2400.81 +19.24 2053.07 +7.89 8.04+0.01 | 411.87+16.84 | 4.01
0.18

Median 2407.6 2051.18 8.05 407.02 4.07

Range 2337.64 -2409.93 | 2045.69 -2070.35 | 8.02-8.06 | 391.4 -444.10 3.55-4.16
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Table 7. Nutrient and dissolved oxygen concentrations at different locations at the surface and at
depth from September 23- October 1, 2017

September | NO3 HPO*,4 HSIOs NH4* NOz Urea DIN Dissolved
2017 pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L Oxygen
mL/L
All Data
Average 1.18+ 1.46 £ 6.16 £ 2.56 + 0.39 + 0.69 + 4.03 £ 425+
2.51 1.49 7.24 1.22 0.53 0.77 3.07 0.88
Median 0.27 1.1 3.64 2.39 0.22 0.55 3.23 4.47
Range 0-16.90 | 0-12.71 0-46.29 0.08 - 0.02 - 0-10.78 | 0-19.58 | 1.73 -
13.12 4.76 7.96
Surface
Average 0.24+ 1.60 £ 4.08 + 238+ 0.19 + 0.66 + 2,78+ 4.68 +
0.29 1.78 3.94 0.86 0.13 0.52 0.94 0.59
Median 0.1355 1.116 2.61 2.312 0.157 0.5655 2.82 4.55
Range 0-12 0-9.10 0-14.99 0.69 - 0.05 - 0-2.47 1.09 - 3.93 -
4.22 0.562 4.49 8.00
Bottom
Average 341+ 1.75+ 10.69 + 251+ 0.72+ 0.70 £ 6.63 + 3.55+
4.13 2.08 10.14 0.81 0.88 0.64 4.18 0.64
Median 1.46 1.25 5.98 2.49 0.38 0.54 5.46 3.39
Average 5.56 + 1.60 + 3.88 + 237+ 0.24 + 0.73 + 6.82 + 3.49 +
>50 m 5.21 1.45 4.30 0.85 0.13 0.79 4.85 2.93
Median >50 | 4.2415 1.2215 2.798 2.3345 0.2265 0.448 4.87 2.926449
m
Range 0.1- 0-5.80 0-20.11 1.08 - 0.05 - 0-3.22 1.82 - 2.58 -
16.90 4.02 0.50 15.11 6.21
North
Average 0.35+ 1.60 + 7.65 + 2.60 £ 0.29 + 0.84 + 334+ 4.62 +
0.65 1.42 8.47 0.94 0.29 0.59 1.56 0.63
Median 0.19 1.41 4.82 2.62 0.26 0.86 3.17 4.53
0-3.8 |0-6.65 0-35.15 0.69 - 0.05 - 0-2.47 1.09 -5 3.62 -
4.45 1.68 7.96
South
Average 0.26 £ 1.75+ 541+ 2.60 £ 0.21+ 0.68 + 3.06+ 4.75+
0.33 1.82 4.56 0.80 0.13 0.43 0.86 0.56
Median 0.14 1.29 2.68 2.49 0.17 0.62 2.98 4.67
0-1.1 0.25-9.1 | 0.85- 1.41 - 0.05 - 0.12 - 1.6-4.22 | 4.44 -
20.74 4.11 0.56 1.86 7.15
Onshore
Average 039+ 2.09 + 10.92 + 3.1+ 036+ 0.99 + 3.86+ 4.58 +
0.86 1.51 9.91 0.91 0.36 0.55 1.76 0.35
Median 0.18 1.73 9.8 3.18 0.28 0.96 3.83 4.68
0-3.8 |0-6.65 0-35.15 1.45 - 0.05 - 0.15 - 1.75 - 3.62 -
4.45 1.68 247 9.98 5.04
Offshore
Average 0.29+ 0.94+ 2.55+ 2,13+ 0.13+ 0.54+ 231+ 452+
0.32 0.77 2.66 0.73 0.08 0.49 0.82 0.12
Median 0.19 0.8 2.16 2.2 0.12 0.41 2.06 4.51
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Table 7. Continued

September | NO3 HPO*,4 HSIOs NH4* NOz Urea DIN Dissolved
2017 pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L Oxygen
mL/L
Range 0-1.1 0-3.46 0-11.76 0.69 - 0.05 - 0-2.47 1.09 - 4.11 -
3.65 0.36 3.88 4.51
3.4 October 2017

Surface trends: Surface samples range from 2.69 — 5.22 m and bottom samples range from 14.79
—292.42 m. October data is restricted to a line leading out to the FGB and the grid of the FGB.
Salinity increase with distance from shore with the surface station closest to the mouth of
Galveston Bay showing the freshest sample at 26.24 (Fig 4). Surface salinity progressively
increases along the Galveston transect leading out to the FGB grid with the highest surface
salinity value at the most south-western grid point with a value of 36.33 (Fig 4). Temperatures
increase with distance from shore with the Galveston transect, going from 25.28 °C at the mouth
of Galveston bay to 28.04 °C beginning at the FGB grid (Fig 4). The pH trends stay relatively
homogenous at the surface as do trends in pCO; (Figs 8 and 10, Table 8). The surface minimum
value of pH is 8.04, nearer to the mouth of Galveston Bay and the maximum surface value is
8.12, located on the most eastern side of the FGB grid (Figs 8 and 10, Table 8). pCO- has a
surface range of 329.95 to 430.20 patm, located at the same samples of the maximum and
minimum of pH (Figs 8 and 10, Table 8). Surface Q.:also increases with distance from shore
with the lowest value at 2.95 again at the station closest to the mouth of Galveston Bay (Fig 12,
Table 8). The highest surface Q. value at 4.28 is located on the most eastern side of the FGB

grid (Fig 9 Table 8). DO does not show average trends in any of the surface values (Fig 18,
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Table 9). Because October only had the FGB grid, no north/south or inshore/offshore trends are
being reported.

Depth trends: The average surface and bottom salinity were similar with averages of 35.69 and
35.74 respectively (Fig 5). The overall average salinity was 36.07 + 1.05 with a minimum of
26.24 located at the mouth of Galveston Bay and a maximum of 36.47 located in deeper waters
(125.55 m) in the middle of the FGB grid (Fig 5). Over all temperatures range from 12.92 °C at a
depth of 292.42 m to 28.14 °C at a depth of 51.26 m on the FGB grid with an overall average of
25.78 £ 3.51 °C (Fig 7). pH has the highest average at the surface and decreases with depth (Fig
9, Table 8). However, the bottom and deep samples were similar, with an average surface and
bottom of 8.06 = 0.01 and 7.98 + 0.05 (Fig 9 Table 8). The maximum and minimum value of pH
is 8.12 and 7.89 (Fig 9 Table 8). pCO; increases with depth with an overall minimum and
maximum of 329.95 and 586.75 patm and overall average of 426.95 + 54.09 patm (Fig 11 Table
8). The average pCO; values of the surface, bottom and deep samples are 392.63 £ 15.31 patm,
488.91 £ 61.74 patm and 497.22 + 59.33 patm (Fig 11 Table 8). Q.- decreases with depth with
surface, bottom and deep samples averaging 3.97 + 0.22,2.92 £ 0.71 and 2.83 + 0.69,
respectively (Fig 13 Table 8). DO had higher surface averages than the bottom samples, at 4.49 +
0.28 and 3.60 + 0.85 mL/L respectively (Fig 19 Table 9). NOs~, HPO4*", and urea all increased
with depth having high medians in the deep samples, 2.19 umol/L, 0.71 umol/L, and 0.19
umol/L, respectively, and low medians at the surface 1.11 umol/L, 0.63 pmol/L and 0.14
umol/L, respectively (Figs 20, 22 and 33, Table 9). HSiO3~, NO>~, and NH4" all had
intermediate means in the deep samples while HSiO3™ and NO>™ both had low medians in the
surface samples, 2.02 pmol/L and 0.04 pumol/L, respectively and NH4* had a high median at the

surface, 2.45 umol/L (Figs 24, 26, and 28, Table 9).
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Table 8. Carbonate Chemistry parameters at different locations at the surface and at depth from
October 20-24, 2017

October TA DIC pH pCO: Qar

2017 pmol/kg pmol/kg patm

All Data

Average 2397.86 +£17.03 2079.60 +45.96 8.03 + 428.06 +£54.86 | 3.60 +
0.04 0.62

Median 2401.62 2055.25 8.05 399.56 3.93

Range 2259.90 - 2417.13 | 2008.21 - 2194.10 | 7.89-8.12 | 329.95-586.75 | 1.65-4.38

Surface

Average 2397.32 £ 26.54 2048.12 £ 12.59 8.06 + 392.63+1531 | 3.97=+
0.01 0.22

Median 2402.45 2047.55 8.06 390.94 4.01

Range 2259.90 - 2417.13 | 2008.21 - 2077.27 | 8.04-8.12 | 329.95-430.20 | 2.95-4.28

Bottom

Average 2391.48 +£17.48 2130.99 +48.82 7.98 £ 488.91+61.74 | 292+
0.05 0.71

Median 2400.37 2135.05 7.98 489.4 2.97

Average >50 | 2390.0+17.80 2137.19 +47.50 7.97 + 497.22+£59.33 | 2.83

m 0.05 0.69

Median >50 | 24000.38 2137.47 7.98 491.56 2.92

m

Range 2341.21 - 2411.66 | 2043.90 - 2194.10 | 7.89-8.07 | 390.70 - 586.75 | 1.65-4.03

Table 9. Nutrient and dissolved oxygen concentrations at different locations at the surface and at
depth from October 20-24, 2017

October NOs HPO4 HSIOs | NH4" NOy Urea DIN Dissolved
2017 pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L Oxygen
mL/L

All Data

Average 2.51+ 0.70 + 3.93+ 241+ 0.12 + 0.20 + 5.00 + 4.46 £
4.43 0.33 3.28 2.12 0.13 0.18 5.20 0.78

Median 1.11 0.66 2.96 2.34 0.08 0.18 3.57 4.68

Range 0.04 - 0.07 - 0.83 - 0.11 - 0-0.84 | 0.01- 0-355 2.41 -
21.23 2.51 23.20 20.94 1.66 5.54

Surface

Average 1.07 + 0.65 + 4.81 224 + 0.09 + 0.21+ 3.40 + 4.89 +
0.29 0.30 5.94 1.40 0.16 0.30 1.34 0.28

Median 1.11 0.625 2.019 2.45 0.038 0.144 3.61 491

Range 0.11 - 0.26 - 0.83 - 0.27 - 0.00 - 0.01 - 1.54 - 4.49 -
1.39 1.73 23.2 5.38 0.84 1.66 6.43 5.54
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Table 9. Continued

October NOs HPO4 HSIOs | NH4" NO» Urea DIN Dissolved
2017 pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L pmol/L Oxygen
mL/L

Bottom

Average 6.20 + 0.71 + 521+ 2.05+ 0.13+ 0.18 + 8.38+ 3.6+ 0.85
7.23 0.42 1.99 1.19 0.14 0.09 7.47

Median 1.8965 0.6955 5.0255 1.9755 0.095 0.175 4.59 3.57

Average 6.81 + 0.73 + 5.08 + 2.06 £ 0.13+ 0.19+ 9.00+ 3.50+

>50 m 7.37 0.43 2.0 1.22 0.15 0.09 7.62 0.83

Median >50 | 2.193 0.706 4.996 2 0.095 0.186 4.81 3.52

m

Range 0.11 - 0.07 - 1.21 - 0.39 - 0.01 - 0.05 - 0.79 - 2.41 -
21.23 2.51 9.84 5.00 0.79 0.45 24.61 5.08

3.5 November 2017

Surface trends: Surface samples range from 1.9 — 3.6 m, while bottom samples range from 11.7
—204.7 m. Salinity shows a slight increase with distance from shore with surface inshore and
offshore averages at 31.73 £2.21 and 34.93 +2.12, respectively (Fig 4). Surface temperatures
show almost no trend with inshore and offshore averages at 23.08 &+ 1.02 and 24.61 £ 5.43 °C,
respectively (Fig 5). The coolest surface temperatures are collected in the northern sites around
the mouth of Galveston Bay (Fig 5). pH and pCO: stay relatively homogenous at the surface
with a range of 8.06 - 8.13 and 330.60 - 434.96 patm (Figs 8 and 10, Table 10). Q,slightly
increases with distance from shore with inshore and offshore averages of 3.34 = 0.23 and 4.03 +
0.32 (Fig 12, Table 10). The surface range for Qaris 3.12 - 4.75, with the highest recorded
surface value located on the western side of the FGB grid (Fig 12, Table 10). TA has the highest
surface average in the southern region and offshore, 2422.82 + 8.53 pmol/kg and 2419.79 +
9.31umol/kg, respectively, while DIC has the highest averages inshore and in the northern sites,

2091.90 £11.60 and 2086.98 + 10.55, respectively (Figs 14 and 16, Table 10). DO had generally
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homogenous surface values across all regions (Fig 18, Table 11). All nutrients had higher
medians inshore than offshore (Table 11). HPO4* and NH4* had higher medians in the southern
sites while all other nutrients had higher medians in the northern sites (Figs 22 and 26, Table 11).
Depth trends: The surface samples range in a depth from 1.9 -3.6 m and the bottom samples
range in a depth from 11.7 -204.7 m. Salinity has an overall range of 25.59 to 36.47 and an
average of 34.41 £ 2.45 (Fig 5). The average of the surface and bottom salinities is 33.59 + 2.66
and 34.79 £ 2.00, respectively, (Fig 5). Temperatures decrease with depth with an overall range
and average of 15.43 —36.20 °C and 24.11+ 2.08 °C, with the lowest temperature at a depth of
193.8 m and the warmest temperature at 3 m in the FGB grid (Fig 7). pH decreases with depth
with overall range of pH values being 7.95 at 172 m to 8.13 at 2.1 m (Fig 7 Table 10). pCO:
increases with depth with an overall range of 330.63 — 524.88 patm and a surface, bottom and
deep average of 367.33 + 22.89 patm, 453.12 = 56.79 patm, and 473.87 + 45.14 patm,
respectively (Fig 11 Table 10). Q. decreases with depth with an overall range of 2.16 —4.75
pmol/kg with the lowest value at a depth of 204.7 m (Fig 13 Table 10). DO overall surface,
bottom and deep averages are 4.68 £ 0.87 mL/L, 4.50 £ 0.78 mL/L, and 4.58 £ 0.79 mL/L,
respectively (Fig 19, Table 11). All Nutrients except for urea have high medians in their bottom
samples, and out of those nutrients, HPO4*, HSiOs, and NH4* have the lowest medians in the
deep samples (Figs 23, 24, 26, and 33, Table 11). NO3 and NO>™ have the lowest medians in the
surface samples (Figs 20 and 28, Table 11). Urea decreased with decreasing depth, with medians

of 0.46 pmol/L, 0.43 umol/L and 0.37 pmol/L, respectively (Fig 33, Table 11).
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Table 10. Carbonate Chemistry parameters at different locations at the surface and at depth

from November 15-20, 2017

November TA DIC pH pCO2 Qar
2017 umol/kg umol/kg patm
All Data
Average 2412.04 +20.36 2092.28 +34.12 8.07 + 391.57 £50.75 3.62+
0.05 0.53
Median 2418.51 2075.03 8.09 371.61 3.85
Range 2347.27 - 2438.76 2061.60 - 2185.35 | 7.95 - 330.63 -533.46 | 2.16 -
8.13 4.75
Surface
Average 2395.62 +£26.21 2081.83 +12.42 8.10+ 367.33 £22.89 371+
0.02 0.42
Median 2404.24 2081.47 8.1 364.36 3.68
Range 2347.27 - 2424.49 2061.60 - 2108.99 | 8.06 - 330.63 -434.96 | 3.12 -
8.13 4.75
Bottom
Average 2409.49 + 18.31 2138.56 +40.45 8.01+ 453.12 £ 56.79 3.01+
0.05 0.62
Median 2414.01 2151.04 8.01 459.9 2.98
Average >50 | 2406.68 = 19.90 2153.34 +30.57 7.99 + 473.87 £45.14 2.80 £
m 0.04 0.53
Median >50 | 2408.6 2159.38 7.99 476.22 2.85
m
Range 2380.37 - 2428.74 2069.48 - 2185.35 | 7.95 - 377.76 - 524.88 | 2.16 -
8.08 3.85
North
Average 2388.73 £26.22 2086.98 +10.55 8.11+ 366.90 +27.32 3.62+
0.02 0.47
Median 2387.17 2086.51 8.1 364.08 3.54
Range 2347.27 - 2424.49 2073.69 - 2108.99 | 8.06 - 330.63 -434.96 | 3.12 -
8.13 4.75
South
Average 2422.82 +8.53 2068.40 +4.56 8.09 + 363.51+11.90 398+
0.01 0.11
Median 2419.04 2069.86 8.09 367.55 3.93
Range 2417.63 - 2435.56 2061.60 - 2072.78 | 8.08 - 343.85-373.22 | 3.88 -
8.11 4.14
Onshore
Average 2373.15+24.94 2091.90 +11.60 8.11+ 360.37 +17.67 334+
0.01 0.23
Median 2363.51 2087.95 8.11 364.77 3.25
Range 2347.27 - 2413.10 2078.66 - 2108.99 | 8.10 - 330.63 -376.03 | 3.12 -
8.13 3.69
Offshore
Average 2419.79 +£9.31 2071.88 +£6.66 8.09 + 372.24 +£26.91 4.03 £
0.01 0.32
Median 2418.53 2072.21 8.09 365.95 3.93
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Table 10. Continued

November TA DIC pH pCO2 Qar

2017 umol/kg umol/kg patm

Range 2404.24 - 2435.56 | 2061.60 - 2084.28 | 8/06 - 343.85-434.96 | 3.68 -
8.11 4.75

Table 11. Nutrient and dissolved oxygen concentrations at different locations at the surface and

at depth from November 15-20, 2017

November NOs HPO?* | HSIO; | NHs* |NO | Urea |DIN Dissolved
2017 pmol/L 4 pmol/L pumol/L | pmol/L | pmol/L | pmol/L | OXygen
pmol/L mL/L
All Data
Average 1.1+237 0.86 6.33+ 3.1+ 0.29 + 0.49 + 450+ 4.75+0.82
0.62 6.44 2.15 0.31 00.38 3.20
Median 0.45 0.72 3.97 2.92 0.18 0.43 3.83 4.69
Range 0-15.75 0-3.53 | 0-60.15 | O- 0-134 {0-232 |0- 2.60-8.79
26.97 28.43
Surface
Average 0.42+0.52 | 0.90 7.93 + 332+ 0.26 + 0.50+ 4.01 + 4.82+0.27
+0.69 9.74 3.85 0.29 0.37 4.11
Median 0.213 0.775 4.883 2.865 0.146 0.458 3.42 4.76
Range 0-1.94 0-2.24 |0.72- 0- 0-1.13 |0-1.70 | O- 3.79-5.21
60.15 26.97 28.44
Bottom
Average 233+4.04 | 0.88+ 6.69 + 3.09 + 0.38 + 0.50+ 5.8+ 450+0.78
0.54 4.57 1.37 0.37 0.36 3.82
Median 0.6765 0.8805 | 5.198 2.9235 0.213 0.428 4.49 4.5
Average >50 5.10+£5.27 | 0.64+ 3.78 + 254+ 0.20+ 0.39+ 7.85+ 458 £0.79
m 0.43 1.76 0.82 0.15 0.41 5.13
Median >50 m | 2.664 0.533 3.301 2.564 0.161 0.366 5.33 3.909134042
Range 0-15.75 0.1- 0.21 - 0.62 - 0.01 - 0-1.80 | 2.24- 2.60 - 6.67
2.41 18.11 9.88 1.34 17.64
North
Average 0.46+0.44 | 0.94+ 9.02 + 3.80+ 0.30+ 0.48 + 456+ 4.86+0.33
0.70 6.08 5.27 0.31 0.28 5.47
Median 0.42 0.755 7.5365 2.7555 0.1715 | 0.4625 | 3.48 491
Range 0-1.45 0-2.21 | 1.41- 1.06 - 0-1.13 | 0.04 - 1.06 - 3.79-5.21
20.52 26.97 1.01 28.44
South
Average 0.38+0.60 | 0.86+ 6.79 + 282+ 0.23+ 0.53+ 3.28 + 478 £0.18
0.69 12.55 1.23 0.27 0.45 1.94
Median 0.077 0.788 3.345 2.995 0.136 0.43 3.32 4.69
Range 0-1.94 0.05 - 0.72 - 0-6.09 | 0-094 |0-1.70 | 0-8.97 | 4.56-5.21
2.24 60.15
Onshore
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Table 11. Continued

November 2017 NOs;- | HPO* | HSIO;” | NHsY | NO2 | Urea | DIN Dissolved
pmol/L | 4 pmol/L pumol/L | pmol/L | pmol/L | umol/L | OXygen
pmol/L mL/L
Average 0.61 + 1.42 + 15.03 £ 4.99 + 053+ |0.71+ 6.13+ 4.93+0.24
0.56 0.62 14.23 6.42 0.35 0.38 6.60
Median 0.5315 | 1.3885 | 13.274 3.2605 | 0.5875 | 0.6775 | 4.3 4.98
Range 0-1.94 |0.57- 1.70 - 2.01 - 0.03 - 0.09 - 2.30 - 4.65-5.21
2.21 60.15 26.97 1.13 1.70 28.44
Offshore
Average 0.28 + 0.54 + 3.51+ 232+ 008+ | 030+ 257+ 4.69+0.27
0.45 0.54 1.99 0.94 0.08 0.26 1.23
Median 0.0685 | 0.3585 | 3.1705 2.466 0.0685 | 0.304 3.09 4.69
Range 0-1.56 | 0-2.24 |0.72- 0-381 |0-032 |0-1.01 |0-443 |3.79-5.08
8.01
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4. DISCUSSION

4.1 Seasonal Trends

Seasonal trends in temperature, salinity, and carbonate chemistry parameters are evident
in surface waters. Surface waters warm through the summer from June to August and then cool
down heading into the fall from August to November, where November temperatures are cooler
than October ones (Fig 34). August has the warmest surface waters and November has the
coolest. Seasonal temperature trends are also evident at depth with in the upper 50 m of the water
column, with cooling occurring from August to November (Fig 34). Salinity reflects seasonal
changes in freshwater runoff from land, with June being fresher compared to August, October,
and November (Fig 35). Eastern Texas is considered a subtropical zone where April, May, and
June are typically the rainiest (Smith and Chang 2020).

Rainfall increases flow of the Mississippi and Trinity rivers during the spring and early
summer. The Trinity river is the longest river in Texas with its entire watershed located within
the states borders. The Trinity empties into Galveston Bay with a peak median daily 44 year flow
for the Trinity river of ~ 368.12 m%/sec in mid-May, and slowing during the late summer through
the winter with a minimum median 44 year flow of around ~31.15 m®/sec in the later part of
October. (Sylvan and Ammerman 2013, USGS). September, which on a typical year falls into
low flow months with a median 44 year flow of approximately 39.64 m3/sec and a 2014
average of 33 + 1 m%/sec had an exceptionally high flow rate of 153.67 + 315.58 m3/sec due to
the effects of Hurricane Harvey, and will be excluded from the remainder of the discussion of
seasonal trends. Impacts of Hurricane Harvey are discussed in detail in the following two

sections.
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Seasonal trends in pH and pCO; are also evident that follow the seasonal trends in
temperature (Figs 36-37). Colder water is capable of holding higher amounts of dissolved gas,
causing pCO> to go down, because the potential of the water to hold the gas went up. As the
pCO:z goes down, the pH increases, especially seen in August with the highest surface overall
average pCO; at 446.03 = 18.96 patm and the lowest overall surface average 8.02 + 0.02 (Figs
36-37, Table 4). As temperatures start to cool, pCO; begins to decreases while pH increases
with the lowest surface pCO; overall average in November at a value of 367.33 + 22.89 patm
and the highest average surface and overall pH values at 8.10 + 0.02 and 8.07 £ 0.05,
respectively (Fig 36-37, Table 10). June is a somewhat intermediate with the highest range for
surface pH (7.98 — 8.30), followed by November and October (Tables 2, 10, and 8). All surface
values from each cruise have similar normalized surface pCO., or in other words, when the
effects of seasonal temperature changes are removed, the surface values of pCO; become
grouped together. Any variation from that grouping is therefore a result of influences outside of,
indicating that variability in surface pCO; is dominated by seasonal temperature changes (Fig
37).

Since Q. is tightly coupled with pCO», one might expect to see a seasonal trend in the
surface Q. data. However, Qar does not show a clear surface seasonal trend, which is likely due
to the opposing influences of temperature and CO; (Fig 38, Tables 2,4,6,8,10). Since decreasing
temperature decreases pCO., and thus the amount of acidification, Q. should increase with a
decrease in temperature. However, temperature affects Q. directly since temperature is used to
calculate Ksp, therefore, lower temperatures lower the Q... For example, when calculating Q.. for
August and November, if everything between those two months is held constant (i.e. the average

surface TA, DIC, salinity and zero nutrients are assumed for simplification), except for
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temperature, the difference between August and November Q. due only to changes in
temperature is approximately 0.14. Then, if Q, is calculated with constant average surface
temperature, TA, salinity, and zero nutrients, but average surface values for August and
November pCO; are used, the difference between August and November Q. is 0.47, which is
larger than the change in Q. caused by temperature changes alone. This demonstrates that
seasonal changes in temperature partially offset changes in Q.: caused by pCO». The remaining
difference between August and November Q. may be offset by summertime photosynthesis
drawing down pCOz, therefore preventing a seasonal surface trend from appearing in the Q. data
(Kealoha, Shamberger, et al. 2020).

There are no clear seasonal trends in surface DO or nutrients, likely because of variability
associated with runoff from land, coastal biological productivity, and physical water circulation
(Figs 18-33).

4.2 Terrestrial runoff

Hurricane Harvey produced over 60 inches of rainwater over the Houston area. This
rainwater rapidly drained into Galveston Bay causing a drastic decrease in bay-wide salinity. A
freshwater plume then extended out from the mouth of Galveston Bay into the GoM and can be
tracked using water properties including, salinity and surface temperature, recorded by the Texas
Automated Buoy System (TABS). TABS is a coastal network of moored near real time
observation buoys which are scattered around the continental shelf of Texas and take seawater
measurements at approximately 2 m depth. The TABS show that the majority of the freshwater
from Harvey flowed from Galveston bay out into the GOM and then was moved southward
along the Texas coast (Fig 39-40). The freshwater plume created by Harvey is first observed by

buoy B which is located just outside of the mouth of Galveston Bay (Fig 39). The drop in salinity
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was first observed on the date of the storm event due to increased rain. Salinity measurements at
buoy B were further decreased by stormwater runoff in the preceding days and weeks (Fig 40).
Next, a change in salinity was recorded by buoy F, with the lowest recorded salinity of 27.33 at
14:30 on September 1, 2017, indicating that the freshwater was pushed offshore as buoy F is just
southeast of buoy B. Later, in early September, a decrease in salinity at buoy D is measured, the
most southwestern buoy in this study, located just north of Corpus Christi (Fig 40). Buoy V,
which is locates roughly 3 km from the East FGB and 25 km form the West FGB, though it was
not in operation until the 30" of August, also recorded a slight decrease in salinity in mid-
September (Fig 40). Although only a small amount of stormwater runoff made it out to the FBG,
as seen starting around September 7" and lasting approximately 10 days, until the 17", The
majority of the freshwater plume was transported southwards along the coast, as indicated by the
much more dramatic declines in salinity at buoys B,F, and D, than at buoy V. The southern
transport of the freshwater plume spared the FGB coral reef ecosystem from serious storm runoff
induced damage.

The freshwater plume produced by Hurricane Harvey made it out to the FGB, but the
resulting decline in ocean water salinity was not as prolonged, as deep, or severe as the decline in
salinity experienced during the 2016 FGB mortality event (Johnston et al. 2019, Kealoha, Doyle,
et al. 2020). The post-Harvey freshwater event was recorded by buoy V to be short lived and
confined to the surface layer, meaning that the freshwater failed to reach a depth of 20 m (Figs 4-
5). The salinity data collected by the September cruise did not indicate any declines in salinity,
further supporting that the freshing of the surface waters surrounding the FGB was short. Salinity
and TA are closely related, typically with a linear relationship (Fine, Willey, and Millero 2017).

Data from the September 2017 cruise show that salinity, pH, and Q. increase moving offshore
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and lower salinity indicate that Hurricane Harvey runoff extended ~100 km offshore at that time
(Figs 4, 6, and 12). At the depth (~20 m) and location of the FGB reefs, pH and Q. were at
levels that are supportive for coral reef calcification for the September, October, and November
cruises with averages at the depth of ~20 m for pH and Q., being 8.06 £ 0.02 and 4.00 + 0.08,
respectively. A recent study suggests that despite having a smaller change in salinity than the
2016 mortality event, some coral species still showed signs of stress following Hurricane
Harvey. This stress was attributed to poor water quality caused by stormwater runoff following
Hurricane Harvey (Wright et al. 2019). Gene ontology enrichment for coral genes on the FGB
were differentially expressed following Hurricane Harvey. The study suggests that this indicates
an increase in cellular oxidative stress responses. The study reports that no tissue loss was
observed on FGB reefs, however, the results suggest poor water quality following the hurricane
caused FGB corals to undergo sub-lethal stress. Despite this, the September data do not show
that freshwater reached the depth of the coral crest at ~20 m (Fig 5). It is important to note that
the freshwater plume observed in September over the Texas continental shelf only extends down
to around 25 m, indicating that there is a possibility that the freshwater plume created by
hurricane Harvey did extend down deep enough to interact with the FGB coral community, but
had dissipated by the time of the September cruise (Fig 5).

In a typical year, surface water samples of TA along the Texas shelf would be
comparable for August and September, however, due to increased stormwater runoff produced
by Hurricane Harvey, September exhibits lower concentrations of TA with the overall lowest TA
value of 1985.43 pmol/kg (Fig 41, Tables 4 and 6). TA has an apparent relationship with
salinity, which is supported by Kealoha et. al (2020) when excesses flood water with low TA

reached the FGB and contributed to the mortality event. Hicks et al. (in prep) also measured the
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storm water runoff produced by hurricane Harvey and determined it had lower values of TA than
river runoff in the region during non-flooding periods. Therefore, TA can be used as a tracer for
Harvey storm water and its flow across the Texas continental shelf. Surface waters over the shelf
have low TA following Hurricane Harvey indicating that these waters were highly influenced by
storm water runoff (Fig 14 and 41). TA as well as DIC lose this relationship with salinity and
become more determined by depth as TA decreases and DIC increases in the deep waters near
the FGB (Figs 41 and 42).

All five cruises showed that DO decreased with depth, but no hypoxia was detected.
Typically, a hypoxic region forms in mid-summer in the northern GoM due to stratification and
an increase in nutrients. There was no strong trend of DO correlating with salinity (Fig 25 and
26). Solubility of oxygen is dependent on salinity, where freshwater will have a higher absolute
concentration of DO than seawater, however the freshwater plume created by Harvey did not
increase the nearshore DO (Fig 44-45).

NOs concentration were low in surface waters during all cruises and increased with
depth (Fig 46-47). This is because the NOs"is taken up rapidly by opportunistic diatoms and
other phytoplankton, especially during blooms that ramped up after freshwater input that
occurred following hurricane Harvey (Figs46-47). September, made extraordinarily wet due to
the occurrence of Hurricane Harvey, has higher NOs~and HPO4* concentrations in the upper 50
m than October and November. This is especially striking taking into account that October and
November are periods when there are increasing amounts of nutrients due to wind driven input
from the Mississippi River. This also suggests that increased nutrients are being transported to
the GoM from land during higher periods of terrestrial runoff and river input due to large storm

events like Hurricane Harvey (Figs 46-47 and 48-49).
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There were several phytoplankton blooms recorded in Galveston Bay following hurricane
Harvey. These blooms occurred because of increased nutrients brought into the normally N
limited bay (Steichen et al. 2020). The increase in nutrient export into Galveston Bay, and the
surrounding coastal ecosystems, was recorded to be short lived (Patrick et al. 2020). Galveston
Bay was reported to have started to recover back to a marine environment, as opposed to a
freshwater environment immediately following the storm, approximately four weeks after
hurricane Harvey, which corresponds with the beginning of the September cruise (~September
22"4) (Steichen et al. 2020).

On continental shelf waters, the influx of NO3™ would have been consumed rapidly, as
evidenced by low surface NOs concentrations during the September cruise, potentially resulting
in an excess of HPO4?". In addition, light limitation might also interfere with the ability of
phytoplankton to take up HPO4* in slightly deeper waters. Nutrient rich and turbid waters keep
light from penetrating into the water column preventing photosynthesis and nutrient uptake.
Subsurface maxes for HPO4* are seen in both June and September indicating that terrestrial
runoff creates situations of enhanced HPO4?" in shelf water (Figs 48 and 49). As salinity
decreases in September, there is an increase in HPO4>". However, the increased concentrations in
HPO4* go deeper in the water column than the freshwater plume was recorded (~ 25 m) (Fig 48).
When further analyzing the depth profiles and salinity profiles of phosphate, it has higher
concentrations spanning along all samples taken across the Texas shelf following Hurricane
Harvey (Fig 47 and 48). This indicates that there might have been mixing of bottom sediments
along the shelf caused by the hurricane and that resuspension may have caused increased HPO4*

concentrations beyond what was brought into the Gulf by stormwater runoff.
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NO;" and HSi0O3" also show higher concentrations in surface and subsurface waters (0 —
50 m) in June and September when there is more freshwater runoff from land, than in the other
months sampled, (Figs 50-51 and 53-54). The discharge of rainwater was immense after
hurricane Harvey which mobilized terrestrial sediments and nutrients. It is also likely that the
increased storm water created a rise in the area’s water tables which caused organic matter to
leech from the sediments and drain into streams and river systems (Patrick et al. 2020). An
increase in nutrients can be produced because of enhanced heterotrophic microbial respiration
that can be seen weeks after the storm event (Patrick et al. 2020). NO>"and NH4" both increase
with salinity, which may indicate that NO> is derived from ammonia oxidation. HPO4>", HSiOs",
NH;4", NO2, and urea all increase with decreasing salinity, indicating that terrestrial runoff is an
important controlling factor for these nutrient concentrations (Figs 49, 51, 53, 55 and 57).

Increased nutrients caused phytoplankton blooms and increased primary production that
altered the carbonate chemistry of surface waters along the Texas coast following Hurricane
Harvey. Enhanced photosynthesis after Hurricane Harvey may have decreased DIC as seen in the
depth profiles and salinity graphs in September (Fig 42 and 58). The process of photosynthesis
consumes CO» thus lowering the amount of available CO, which is a component of DIC. DIC,
like TA, is also noted as having lower values in Harvey stormwater (Fig 59). The reduction of
pCO: reduces acidity and increases pH (Fig 59). It appears that as salinity decreases so does Quar,
(Figs 60 and 61). Those pCO2 values with lower salinities (<28) do have the same pattern in
relation to Q. (Fig 62). The enhanced photosynthesis and decreased pCO- exacerbates the
depletion of DIC in the surface waters that were already being flushed with low DIC from
stormwater runoff (Fig 61). DIC had the lowest recorded values in September with the lowest

recorded value of 1754.59 umol/kg (Table 6).
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Generally, coastal waters in the GoM are a sink for atmospheric CO> during the spring
and fall due to enhanced biological productivity and cooler temperatures. In contrast, coastal
waters are an atmospheric source during the summer and winter because of higher temperatures
and increased respiration (Kealoha, Shamberger, et al. 2020). However, due to the increased
terrestrial runoff created by Hurricane Harvey and subsequent stimulation of increased primary
production, the shelf waters had lower pCO» than atmospheric levels. This low pCO> suggests
that areas affected by Harvey storm water runoff may have switched from a summertime source
to a sink for atmospheric CO; (Fig 63). The average surface pCO; and npCO; for September was
393.33 £28.93 patm and 428.86 + 151.18 patm, respectively, compared to an average
atmospheric pCO; for September 2017 of 406 patm (Table 6, https://www.co2.earth/monthly-
co2). However, at salinities of < 30, average surface pCO2 and npCO> for September were
365.49 £ 17.78 and 313.41 £ 14.79 patm demonstrating that enhanced primary productivity and
CO; drawdown were associated with freshwater runoff.

4.3 Upwelling

In the northern GoM, from fall to spring (September to May), the prevailing wind
direction is downcoast or in a southwest direction. This pushes the Mississippi river plume, and
the excess nutrients within, towards the Texas continental shelf. During this time, the circulation
over the outer shelf and the shelf break is largely clockwise, most likely due to the impingement
of deteriorating anticyclonic eddies on the shelf edge (Zavala-Hidalgo et al. 2014). However,
during the summer months (June to August), the prevailing winds shift to a north-northeastward
direction. This alteration in wind direction drives up coast circulation and creates favorable
conditions for upwelling along the continental shelf of Texas (Angles et al. 2019). These periods

of upwelling are also influenced by the Loop Current and the Loop Current Eddies that interact
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with the slope, however there is still much ambiguity in how these systems work (Zavala-
Hidalgo et al. 2014). Hurricane Harvey occurred in a transitional period between conditions that
favor upwelling and conditions that typically carry the Mississippi river plume from the
Louisiana shelf towards the Texas coast. Therefore, Hurricane Harvey may have either created
new upwelling or may have enhanced upwelling already occurring near the shelf break prior to
the storm during this transitional period.

Deep waters typically have high nutrient concentrations and are more acidic. Nutrients at
the surface are taken up by phytoplankton to fuel primary production. After phytoplankton are no
longer active in surface waters, they form aggregates that sink and are remineralized. This
process concentrates nutrients in deep waters that can be brought up in upwelling events
(Susumu et al. 2014). Another important process dictating deep water chemistry is respiration.
Phytoplankton are limited by sunlight availability; deeper waters have little to no sunlight which
drives down photosynthesis and increases respiration. Once a critical depth is reached,
respiration overtakes photosynthesis and pCO; starts to build. This creates deep waters that are
higher in pCO, and more acidic (Mathis et al. 2012). Upwelling events therefore bring deep,
cold, nutrient rich, acidified water up the continental slope, along the edge of the shelf and
towards shallower depths. Upwelling events can be identified by measuring water that has
elevated nutrient concentrations and is acidified, with low pH, Q. and TA, at shallower depths
than is usually found.

June, August, and September show subtle shifts in temperature, carbonate chemistry, DO,
and nutrient changes in their respective depth profiles that may indicate upwelling. In all
September data, the carbonate chemistry parameters, between 50 -75 m, the September data have

lower temperatures, pH, and Q.: and higher pCO; and npCO- than October and November (Figs
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36, 38 and 37 and 43). DO is lower in September than in October and November from ~50 — 100
m, while nitrate, phosphate, and urea are all higher down to ~ 200 m (Figs 44, 46, 48, 56). In
addition, nitrate and nitrite are elevated in August samples at approximately -95° longitude and
50-75 m, upwelling system that contributed to nutrient concentrations on the Texas continental
shelf prior to Hurricane Harvey. (Figs 21 and 29).

Temperature data show that water samples taken between 50 -75 m during the September
cruise are cooler than those taken during October and November, even though surface
temperatures are lower in October and November (Fig 7). The npCO: data especially exemplify
these upwelling driven shifts at depth because the effect of temperature has been removed (Fig
63). The surface npCO; values across cruises overlap while deeper waters still exhibit separation.
Strong disconnection begins around 50 m where September samples are shifted to the right
indicating higher npCOz, potentially suggesting more acidic waters upwelling towards the
surface. June and August data do not extend as deep as the latter cruises but are also shifted to
the right of the October and November data below 50 m, again, possibly indicating upwelling.

The consequences of upwelling events can be damaging to coral reef ecosystems because
upwelled waters typically have higher acidity and pCO> and are undersaturated in terms of
aragonite content (Mathis et al. 2012, Walker, Leben, and Balasubramanian 2005). The lower
values of pH have been shown to decrease net calcification respiration and prey capture rates
(Keul et al. 2010, Georgian et al. 2016). Because the FGB are marginal reefs located at high
latitudes, broader seasonal variations in temperature add additional stress to the reef communities
(Guinotte, Buddemeier, and Kleypas 2003, van Hooidonk et al. 2014). Furthermore, future reef
calcification could be increasingly challenged with the precent changes in Q: predicted to be

greater at high-latitude reefs (Camp et al. 2018). In addition, the relatively deep location of the
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FGB may expose the reef systems to open ocean physical processes that may stress the reef
ecosystem, such as persistent upwelling off the shelf break and spin off eddies from the Loop
Current. This study suggests that while the GoM naturally experiences upwelling events during
the summer months due to shifts in wind direction without the influence of Hurricanes, large
storm events, in addition to high wave energy and low light conditions, can still enhance existing
upwelling systems and induce excess stress onto calcifying ecosystems (Angles et al. 2019,
Wright et al. 2019). Importantly, Hurricane Harvey appears to have induced upwelling beyond
the usual seasonal upwelling period, thereby extending the time period over which these coral
reefs may usually be exposed to deep, acidified water from summer months into early fall.

A study conducted by Wright et al 2019 suggested that sub-lethal stress observed in gene
expressions of the FGB coral reefs were due to freshwater runoff from Hurricane Harvey
reaching the FGB. I propose that this stress may also be attributed, in part, to the enhancement of

upwelling waters that were either created by, or exacerbated by, Hurricane Harvey.
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5. CONCLUSIONS

Hurricane Harvey produced record breaking amount of rainfall. The nutrient laden
stormwater runoff from Harvey temporarily changed the coastal carbonate and nutrient
chemistry. The rainwater lowered the coastal TA and DIC, while the nutrient rich terrestrial
runoff increased primary productivity, lowering pCO: and increasing pH. This likely shifted the
northern GoM from a CO; source in the summer to a CO> sink. Further, Hurricane Harvey’s
strong and prolonged winds enhanced an upwelling system near the edge of the Texas
continental shelf. TA, DIC, and pCO; all increased ~50 -75 m depth in September compared to
other months, while pH and Q.. both decreased at the same depth. During the summertime,
upwelling conditions exist, and Hurricane Harvey enhanced and extended these upwelling
conditions into the fall (late September) that brought up colder acidified waters closer to surface
waters and the FGB coral reefs. The impact of hurricanes on coastal carbonate chemistry is
poorly understood and as hurricanes intensifying due to global climate change, the need to
understand the carbonate and nutrient chemistry of the GoM becomes more urgent. This study
represents an important advance in understanding impacts of both storm-induced upwelling and

terrestrial storm runoff on coastal carbonate chemistry dynamics.
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Fig 1. Diagram showing the flow of carbon in the process of ocean acidification
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Fig 2. Path and intensity of Hurricane Harvey (modified from cuahsi hurricane data project
archive; NOAA NHC et al.

2018, https://doi.orq/10.4211/hs.6168b9969c984b658952a896710b65¢€f)
https://www.cuahsi.org/projects/hurricanes-2017-data-archive/
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Fig 3. Depth maps indicating the deepest sample taken in each transect. Collected in 2017 on
research cruises from June 12-15, August 8-11, September 23— October 1, October 20-24, and
November 15-20. Data shown in the upper two panels were collected before Hurricane Harvey
and in the lower three panels after Hurricane Harvey.
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panels were collected before Hurricane Harvey and in the lower three panels after Hurricane
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Fig 6. Surface water Temperature data collected in 2017 on research cruises from June 12-15,
August 8-11, September 23— October 1, October 20-24, and November 15-20. Data shown in the
upper two panels were collected before Hurricane Harvey and in the lower three panels after
Hurricane Harvey.
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Fig 7. Temperature (Temp) data represented by colors and plotted versus depth and longitude.
Data shown in the upper two panels were collected before Hurricane Harvey and in the lower
three panels after Hurricane Harvey. In September, October, and November, the horizontal black
dashed lines indicate depths from 50-75 m to highlight changes at depth induced by Hurricane
Harvey
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Fig 8. Surface water pH data collected in 2017 on research cruises from June 12-15, August 8-11,
September 23— October 1, October 20-24, and November 15-20. Data shown in the upper two
panels were collected before Hurricane Harvey and in the lower three panels after Hurricane
Harvey.
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Fig 9. pH data represented by colors and plotted versus depth and longitude. Data shown in
the upper two panels were collected before Hurricane Harvey and in the lower three panels
after Hurricane Harvey. In September, October, and November, the black dashed line indicates
change due in pH due to upwelling induced by Hurricane Harvey
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Fig 10. Surface water partial pressure of carbon dioxide (pCO;) data collected in 2017 on
research cruises from June 12-15, August 8-11, September 23— October 1, October 20-24, and
November 15-20. Data shown in the upper two panels were collected before Hurricane Harvey
and in the lower three panels after Hurricane Harvey.
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Fig 11. pCO; data represented by colors and plotted versus depth and longitude. Data shown in the
upper two panels collected before Hurricane Harvey and in the lower three panels after Hurricane
Harvey. In September, October, and November, the black dashed line indicates change due in pCO,
due to upwelling induced by Hurricane Harvey
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Fig 12. Surface water aragonite saturation state (Qq.) data collected in 2017 on research cruises
from June 12-15, August 8-11, September 23— October 1, October 20-24, and November 15-20.
Data shown in the upper two panels were collected before Hurricane Harvey and in the lower

three panels after Hurricane Harvey.
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Fig 13. Aragonite saturation state (Qq,) data represented by colors and plotted versus depth and
longitude. Data shown in the upper two panels were collected before Hurricane Harvey and in the
lower three panels after Hurricane Harvey. In September, October, and November, the black
dashed line indicates change due in Q- due to upwelling induced by Hurricane Harvey
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Fig 14. Surface water total alkalinity (TA) data collected in 2017 on research cruises from
June 12-15, August 8-11, September 23— October 1, October 20-24, and November 15-20.
Data shown in the upper two panels were collected before Hurricane Harvey and in the
lower three panels after Hurricane Harvey
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Fig 16. Surface water dissolved inorganic carbon (DIC) data collected in 2017 on research cruises
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Fig 17. Dissolved inorganic carbon (DIC) data represented by colors and plotted versus depth and

longitude. Data shown in the upper two panels were collected before Hurricane Harvey and in
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Fig 18. Surface water dissolved oxygen (DO) data collected in 2017 on research cruises from
June 12-15, August 8-11, September 23— October 1, October 20-24, and November 15-20. Data
shown in the upper two panels were collected before Hurricane Harvey and in the lower three
panels after Hurricane Harvey
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Fig 19. Discrete dissolved oxygen (DO) samples plotted against depth reveal lower
concentrations with deeper waters. The upper two plots are before Hurricane Harvey while the
lower three plots are after Hurricane Harvey
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Fig 20. Surface nitrate (NO3) data collected in 2017 on research cruises from June 12-15, August
8-11, September 23 — October 1, October 20-24, and November 15-20. Data shown in the upper

two panels were collected before Hurricane Harvey and in the lower three panels after Hurricane
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Fig 21. Nitrate (NO'3) data represented by colors and plotted versus depth and longitude. Data
shown in the upper two panels were collected before Hurricane Harvey and in the lower three
panels after Hurricane Harvey. In September, October, and November, the black dashed line

indicates change in Nitrate due to upwelling induced by Hurricane Harvey
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Fig 22. Surface phosphate (HPO4*) data collected in 2017 on research cruises from June 12-15,
August 8-11, September 23— October 1, October 20-24, and November 15-20. Data shown in
the upper two panels were collected before Hurricane Harvey and in the lower three panels

after Hurricane Harvey
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Fig 23. Discrete Phosphate (HPO4*) samples plotted against depth indicating there are lower
levels with deeper waters. The upper two plots are before Hurricane Harvey while the lower
three plots are after Hurricane Harvey. The black dashed line indicates change induced by

Hurricane Harvey
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Fig 24. Surface Silicate (HSiOs ") data collected in 2017 on research cruises from June 12-15,
August 8-11, September 23— October 1, October 20-24, and November 15-20. Data shown in the
upper two panels were collected before Hurricane Harvey and in the lower three panels after
Hurricane Harvey
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Fig 25. Discrete Silicate (HSiOs ") samples plotted against depth reveal there are lower
concentrations in deeper waters. The upper two plots are before Hurricane Harvey while the
lower three plots are after Hurricane Harvey
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Fig 26. Surface Ammonium (NH*4;) data collected in 2017 on research cruises from June 12-15,
August 8-11, September 23— October 1, October 20-24, and November 15-20. Data shown in the
upper two panels were collected before Hurricane Harvey and in the lower three panels after

Hurricane Harvey
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Fig 27. Discrete Ammonium (NH*;) samples plotted against depth reveal lower levels in deeper
waters. The upper two plots are before Hurricane Harvey while the lower three plots are after

Hurricane Harvey
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Fig 28. Surface nitrite (NO ;) data collected in 2017 on research cruises from June 12-15,
August 8-11, September 23— October 1, October 20-24, and November 15-20. Data shown in
the upper two panels were collected before Hurricane Harvey and in the lower three panels
after Hurricane Harvey
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Fig 29. Nitrite data represented by colors and plotted versus depth and longitude. Data shown in
the upper two panels were collected before Hurricane Harvey and in the lower three panels after
Hurricane Harvey. In September, October, and November, the black dashed line indicates change
due in Nitrite due to upwelling induced by Hurricane Harvey
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Fig 30. Surface dissolved inorganic nutrients (DIN) data collected in 2017 on research cruises
from June 12-15, August 8-11, September 23 — October 1, October 20-24, and November 15-20.
Data shown in the upper two panels were collected before Hurricane Harvey and in the lower
three panels after Hurricane Harvey
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Fig 31. Discrete DIN samples plotted against depth reveal there are lower concentrations with
deeper waters. The upper two plots are before Hurricane Harvey while the lower three plots
are after Hurricane Harvey
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Fig 32. Surface urea data collected in 2017 on research cruises from June 12-15, August 8-11,
September 23 — October 1, October 20-24, and November 15-20. Data shown in the upper two
panels were collected before Hurricane Harvey and in the lower three panels after Hurricane
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Fig 33. Discrete urea samples plotted against depth reveal lower levels with deeper
waters. The upper two plots are before Hurricane Harvey while the lower three plots are

after Hurricane Harvey
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Fig 34. Temperature versus depth. Data were collected in 2017 on research cruises from June
12-15 (tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 35. Salinity versus depth. Data were collected in 2017 on research cruises from June 12-15
(tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 36. pH versus depth. Data were collected in 2017 on research cruises from June 12-15 (tan),
August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and November 15-
20 (teal).
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Fig 37. pCO; versus depth. Data were collected in 2017 on research cruises from June 12-15 (tan),
August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and November 15-
20 (teal).
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Fig 38. Q. versus depth. Data were collected in 2017 on research cruises from June 12-15
(tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 39. Some locations of the Texas Automated Buoy System (TABS), a coastal network of moored
near real time observation buoys which are scattered around the continental shelf of Texas and
take seawater measurements including salinity. The dark blue stars indicate the location of the
East and West Flower Garden Banks (FGB) coral reefs.
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Fig 41. TA versus depth. Data were collected in 2017 on research cruises from June 12-15 (tan),

August 8-11 (brown), September 23— October 1 (blue), October 20-24 (green), and November
15-20 (teal).
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Fig 42. DIC versus depth. Data were collected in 2017 on research cruises from June 12-15
(tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 43. pCO, (npCO;) normalized to a constant temperature of 25°C versus depth. Data were
collected in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September
23— October 1 (blue). October 20-24 (areen). and November 15-20 (teal).
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Fig 44. Dissolved oxygen versus depth. Data were collected in 2017 on research cruises from
June 12-15 (tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24
(green), and November 15-20 (teal).
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Fig 45. Left: Dissolved oxygen versus Salinity for all available data. Right: Dissolved oxygen
versus Salinity from 0 to 25 m depth. Data were collected in 2017 on research cruises from
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92

38



150 - Q 06 6°

Depth (m)

200 - @ Q) ®

©  June

@® August 8
250 © September

O  October

©  November
300 1 1 1 1 O

0 5 10 15 20
NO'3 (umol/L)

Fig 46. NO ;5 versus depth. Data were collected in 2017 on research cruises from June 12-15 (tan),
August 8-11 (brown), September 23— October 1 (blue), October 20-24 (green), and November 15-20
(teal).
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collected in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September 23 —
October 1 (blue), October 20-24 (green), and November 15-20 (teal).samples Right: B. Salinity
against discrete NO s samples up until 25 m
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Fig 48. Discrete HPO? , versus depth. Data were collected in 2017 on research cruises from June
12-15 (tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).

HPO?-, (umol/L)

. 2
Salinity v. HPO?-, Salinity (25m) v. HPO®-,
151 15 B
O June A O June
® August @®  August
@ September . @ September
O October ©  October
O November ©  November
10 = 10
o
® o g ® @
€
2
@ - e o
. o
o @ £ © e
51 @ T 5 o)
o 8 %o, @ o0
(] 9 ®
8 (50 gry
SO
0 L L ~ N ).
20 22 24 26 28 30 32 34 36 38

30 32 34 36 a8

8
Salinity Salinity

Fig 49. Left: A. HPO%*, samples versus Salinity Right: HPO? 4 versus salinity to a depth of 25 m.
Data were collected in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown),
September 23— October 1 (blue), October 20-24 (green), and November 15-20 (teal).samples
Right: B. Salinity against discrete NO s samples up until 25 m
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Fig 50. HSiO 3 versus depth. Data were collected in 2017 on research cruises from June 12-

15 (tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green),

and November 15-20 (teal).
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Fig 51. Left: A. HSiO 3 versus Salinity. Right: HSiO s versus Salinity to a depth of 25 m. Data were
collected in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September 23
— October 1 (blue), October 20-24 (green), and November 15-20 (teal).samples Right: B. Salinity
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Fig 52. Discrete NH*,versus depth. Data were collected in 2017 on research cruises from June
12-15 (tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 53. Left: A. NH*; Left: A. HSiO 3 versus Salinity. Right: NH*4 versus Salinity to a depth of
25 m. Data were collected in 2017 on research cruises from June 12-15 (tan), August 8-11
(brown), September 23 — October 1 (blue), October 20-24 (green), and November 15-20
(teal).samples Right: B. Salinity against discrete NO 3 samples up until 25 m
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Fig 54. NO ;versus depth. Data were collected in 2017 on research cruises from June 12-15
(tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 55. Left: A. NO ; versus Salinity. Right: NO™; versus Salinity to a depth of 25 m. Data were
collected in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September
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Salinity against discrete NO 3 samples up until 25 m

97



Urea (umol/L)

June
August
September
October
November
300 O 1 1 1 1 1 1 1 1 1 1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Urea (umol/L)

[cNoNON N6

Fig 56. Urea versus depth. Data were collected in 2017 on research cruises from June 12-15
(tan), August 8-11 (brown), September 23 — October 1 (blue), October 20-24 (green), and
November 15-20 (teal).
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Fig 57. Left: A. Urea versus Salinity. Right: Urea versus Salinity to a depth of 25 m. Data
were collected in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown),
September 23 — October 1 (blue), October 20-24 (green), and November 15-20
(teal).samples Right: B. Salinity against discrete NO s samples up until 25 m
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Fig 59. Right TA versus salinity. Left: TA versus salinity up to 25 m. Data were collected in
2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September 23 —
October 1 (blue), October 20-24 (green), and November 15-20 (teal).
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Fig 60. Right: pCO; versus salinity. Left: pCO,versus salinity. Data were collected in 2017 on
research cruises from June 12-15 (tan), August 8-11 (brown), September 23 — October 1 (blue),
October 20-24 (green), and November 15-20 (teal). The black dashed indicates the Monthly CO;
(atm) data from NOAA. In August 2017, the monthly CO; atm) was 405.7 uatm
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Fig 61. Left: pH versus salinity. Right: pH versus salinity up to 25 m. Data were collected in
2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September 23 —
October 1 (blue), October 20-24 (green), and November 15-20 (teal).
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Fig 62. Right: Qg versus salinity. Left: Qq versus salinity up to 25 m. Data were collected
in 2017 on research cruises from June 12-15 (tan), August 8-11 (brown), September 23 —
October 1 (blue), October 20-24 (green), and November 15-20 (teal).
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Fig 63. Left: pCO,samples against depth. A shift in September outside of normal seasonal
changes are highlighted within the black dashed line. Right: Temperature normalized pCO;
samples. The shift in npCO. in September outside of normal ranges suggest an upwelling
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