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• Themodel reproduceswell thedramatic
response of Galveston Bay to Harvey.

• Salinity recovery time was two months
on averagewith great spatial variability.

• Salinity recovery time responses non-
linearly with the amount of stormwater
input.

• Tidal pumping was the primary mecha-
nism for salt influx through the bay en-
trance.

• Tidal pumping induced salt influx was
facilitated by the shelf current.
⁎ Corresponding author.
E-mail address: jdu@tamug.edu (J. Du).

https://doi.org/10.1016/j.scitotenv.2019.03.265
0048-9697/© 2019 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 February 2019
Received in revised form 16 March 2019
Accepted 17 March 2019
Available online 19 March 2019

Editor: Damia Barcelo
With a warming climate and a more humid atmosphere, extreme precipitation events are projected to occur
more frequently in future. Understanding how coastal systems respond to and recover from such acute events
is of fundamental significance for environmental assessment and management. A hydrodynamic model was
used to examine the estuarine responses in Galveston Bay to Hurricane Harvey, an extreme precipitation event
with a return period of larger than 1000 years. The enormous freshwater input during Harvey caused long-
lasting elevated water level, extraordinarily strong along-channel velocity, sharp decreases in salinity, and
huge river plumes, all ofwhichwerewell reproduced by themodel. The salinity recovery time (TR)was estimated
as ameasure of the system resiliency to stormwater input. Over the entire bay, the TR had amean of twomonths,
but with great variability ranging from less than 10 days near the bay entrance to over threemonths in the inner
part of Trinity Bay and themiddle of East Bay. The spatially varying TRwas explained by different contributions of
exchange flow and tidal pumping to salt flux. At the bay entrance, tidal pumping facilitated by the shelf current
was the dominant mechanism for salt influx, while exchange flow and tidal pumping had a comparable contri-
bution to salt influx to Trinity Bay. The spatial pattern of the TR appears consistent with the changes in the phy-
toplankton community in the bay. A series of numerical experiments with different amounts of stormwater
reveals a non-linear relationship between the bay-wide mean TR and the amount of stormwater, with the rate
of increase in TR decreasing when stormwater input increases. The present approach using a hydrodynamic
model will be able to provide a quick assessment of the environmental pressure from extreme events.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction
Extreme precipitation is projected to occur more frequently under
the warming climate (Knight and Davis, 2009; Donat et al., 2016;
Pfahl et al., 2017). Extreme precipitations, along with other types of ex-
treme events (e.g., drought and heat wave), are posing increasing
threats and pressure to ecosystems (Knapp et al., 2008), particularly in
coastal areas (Weyhenmeyer et al., 2004; Cardoso et al., 2008). Large
quantity of freshwater and sediment, resulting from extreme precipita-
tion events, have great potential to renew estuarine water (Hagy et al.,
2006), decrease salinity drastically (Du et al., 2019a), enhance turbidity
(Zhang et al., 2013), bury benthic fauna (Posey et al., 1996), and shift
plankton community (Scheffer et al., 2001; Peierls et al., 2003; Liu
et al., 2019). The influence can be beneficial or detrimental, and the re-
covery from the acute perturbation may last for days, months, or even
years, depending on the resiliency of the coastal system (Paerl et al.,
2006). Many estuarine species such as plankton, fish, and seagrass
have a certain range of salinity tolerance and can be stressed under
too low or too high salinities. For instance, prolonged exposure to
low-salinity condition can lead to enhanced mortality of eastern oyster
(Munroe et al., 2013; Casas et al., 2018). Understanding the salinity re-
covery process is therefore of fundamental importance. Hurricane Har-
vey (2017), one of the most devastating hurricanes that hit the U.S. in
recent history, brought enormous precipitation over the Texas-
Louisiana coast, serving as a great example to examine the estuarine re-
sponse to an extreme precipitation event, particularly in terms of salin-
ity recovery.

Hurricane Harvey (hereinafter referred to as Harvey) intensified
quickly in the northern Gulf of Mexico beforemaking landfall on August
26, 2017 along the mid-Texas coast as a Category 4 hurricane (Fig. 1).
Harvey brought record-breaking precipitation, with the return period
of the peak 3-day precipitation exceeding 1000 years (van Oldenborgh
et al., 2018), and caused more than 80 fatalities and over $150 billion
economic losses, mostly due to the extraordinary flooding (Emanuel,
2017; Balaguru et al., 2018). Over the 5-day period from August 26 to
30, Harvey dumped 92.7 × 109 m3 of water across Texas and Louisiana
(Fritz and Samenow, 2017), making it the wettest tropical cyclone in
the U.S. history. The extraordinary amount of water load even caused
up to 21 mm subsidence of Earth's crust (Milliner et al., 2018). A fresh-
water load of 11.1 × 109 m3 was estimated to discharge into Galveston
Bay (about 3 times the bay volume), making the entire bay virtually
fresh for several days (Du et al., 2019a). Due to the limited coverage of
monitoring stations inside the bay, however, the speed and controlling
mechanism(s) of salinity recovery are still not clearly understood. Fur-
thermore, large sea-surface slope due to input of huge freshwater and
Fig. 1. Track of Hurricane Harvey from the National Hurricane Center (https://www.nhc.
noaa.gov/data/hurdat/hurdat2-1851-2017-050118.txt, accessed on March 10, 2019),
the center pressure (dot color), and the numerical model domain (rectangle).
mixing due to strong wind greatly disturbed the circulation inside and
outside of the bay, making the salt exchange between the estuary and
coastal ocean very different from that under normal conditions.

Numerical models have been used to simulate storm conditions.
Munroe et al. (2013) applied a model to study the effect on salinity in
Delaware Bay of Hurricane Irene and Tropical Storm Lee (2011),
which combined to dump50% of the average annual cumulative precip-
itation into the watershed, and suggested a linkage between the
prolonged low-salinity exposure and oyster mortality rate. Gong et al.
(2007) applied a model to investigate the effect of Hurricane Isabel
(2003) on the changes of stratification, salt flux, and the recovery time
for the York River estuary. Numerical simulations of extreme precipita-
tion events that make the entire estuary completely fresh are, however,
rarely reported. In this study, we applied a hydrodynamic model to ex-
amine the salinity recovery in Galveston Bay after Harvey by calculating
a timescale, “salinity recovery time” (TR). We found large spatial vari-
ability of TR in Galveston Bay and identified the underlyingmechanisms
responsible for the spatial heterogeneity. The timescale introduced and
the methods used in this study shall be applicable to any estuary, serv-
ing as an efficient diagnostic tool for environmental assessment and
management.

2. Methods

We employed the Semi-implicit Cross-scale Hydroscience Integrated
System Model (SCHISM: Zhang et al., 2015, 2016), an open-source
community-supportedmodeling systembased on unstructured grids, de-
rived from the early SELFE model (Zhang and Baptista, 2008). The model
is based on the turbulence-averaged Navier-Stokes equations, including
continuity, momentum, salt-balance, and heat-balance equations, under
the hydrostatic approximation. It uses a semi-implicit Galerkin finite-
element method for momentum advection and a finite-volume method
for the mass advection. It uses the generic length-scale model of Umlauf
and Burchard (2003) with the stability function of Kantha and Clayson
(1994) for turbulence closure. Themodel has the capability of employing
a very flexible vertical grid system, robustly and faithfully resolving the
complex topography in estuarine and oceanic systems without any
smoothing (Du et al., 2018a; Ye et al., 2018). A more detailed description
of the SCHISM, including the governing equations, horizontal and vertical
grids, numerical solution methods, and boundary conditions, can be
found in Zhang et al. (2015, 2016).

The model domain (Fig. 2a) covers the entire Texas, Louisiana, Mis-
sissippi, and Alabama coasts, including the shelf aswell asmajor estuar-
ies (e.g., Galveston Bay), which allows to simulate the interactions
between Galveston Bay and the shelf ocean that are critically important
for salt andwater exchange (Du et al., 2019b). The grid system contains
142,972 horizontal elements, with the resolution ranging from 40 m in
the narrow ship channel of Galveston Bay to 10 km in the open ocean.
The fine grid for the ship channel (Fig. 2b, c) is aligned with the channel
orientation in order to accurately simulate the salt intrusion process (Ye
et al., 2018). Vertically, a hybrid s-z grid is used, with 10 sigma layers for
depthsb20mand another 30 z-layers for depths from20 to 4000m. The
bathymetry used in the model is based on the coastal relief model (3
arc-second resolution: https://www.ngdc.noaa.gov). The local bathym-
etry in Galveston Bay is augmented by 10-m resolution DEM (digital el-
evation model) bathymetric data (https://catalog.data.gov/dataset/
galveston-texas-coastal-digital-elevation-model) to resolve the narrow
ship channel (150 m wide, 10–15 m deep) that extends from the bay
entrance all theway to Port of Houston.When forced by realistic bound-
ary conditions, including the open boundary conditions from FES2014
global tide (Carrere et al., 2015) and global HYCOM model output
(https://www.hycom.org/data/glbu0pt08), atmospheric forcing from
the European Centre for Medium-Range Weather Forecasts (ECMWF:
https://www.ecmwf.int), and river discharges from15USGS gaging sta-
tions, the model gives a very good reproduction of the observed hydro-
dynamic conditions in 2007–2008 inside theGalveston Bay and over the

https://www.ngdc.noaa.gov
https://catalog.data.gov/dataset/galveston-texas-coastal-digital-elevation-model
https://catalog.data.gov/dataset/galveston-texas-coastal-digital-elevation-model
https://www.hycom.org/data/glbu0pt08
https://www.ecmwf.int
https://www.nhc.noaa.gov/data/hurdat/hurdat2-1851-2017-050118.txt
https://www.nhc.noaa.gov/data/hurdat/hurdat2-1851-2017-050118.txt


Fig. 2. The model domain with the horizontal grid (a), zoom-ins for the Galveston Bay (b) and its narrow, deep ship channel (c), and the bathymetry of Galveston Bay (d).
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Texas- Louisiana shelf in terms of water level, salinity, temperature,
stratification, and shelf current. A more detailed description of the
model configuration, including the grid system, bathymetry, boundary
conditions, and the 2007–2008 model validation results can be found
in Du et al. (2019b).

We applied this model for the simulation of Harvey. For hurricane
simulations, it is essential to ensure the credibility of the wind field as
Fig. 3.Windfield from the European Centre forMedium-RangeWeather Forecasts (ECMWF) an
speed (m s−1) at 10m above ground and the open circles denote the hurricane trackwith the bl
the location of hurricane eye between two independent datasets.
well as the freshwater load used for forcing conditions. The wind field
was extracted from the ECMWF, which agrees well with the data for
the hurricane track and location of hurricane eye from theNational Hur-
ricane Center (Fig. 3). It also agrees well with another independent data
for hourly wind speed and direction from the NOAA station at the bay
entrance (Fig. A1). For the freshwater input, it is important to note
that Galveston Bay received not only freshwater from major rivers but
d the hurricane track from theNational Hurricane Center. The filled color denotes thewind
ack solid circle indicating the hurricane eye for the given time. Note the high consistency in
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also an enormous amount of freshwater through surface runoff and
groundwater along the bay's coastline. Du et al. (2019a) estimated
that 11.1 × 109 m3 of freshwater entered the bay during Harvey, and
34% of it was through surface runoff and groundwater along the coast-
line. To account for this input, 65 point sources evenly distributed
along the bay's coastline were considered (Fig. 4d). The daily discharge
along the coastlinewas estimatedbydistributing the total coastline load
(3.73 × 109 m3) in proportion to the daily precipitation (Fig. 4c) and al-
locating the coastline load evenly to the 65 point source locations.

This method of accounting for the freshwater input through surface
runoff and groundwater is not perfect. Therewas likely a delay between
the time of precipitation and the time surface runoff and groundwater
reached the bay, which would introduce errors when estimating the
daily discharge in proportion to the daily precipitation. Allocating the
total coastline load evenly to the 65 point source locations is also subject
to uncertainties since the spatial allocation shall depend on the spatial
distribution of precipitation and land use/land cover of the watershed.
A better way would be to apply a watershed model to estimate the
freshwater input through surface runoff and groundwater. However,
most of the freshwater input along the coastline occurred on August
24–31, 2017 (Fig. 4c)while themain focus of this study is the salinity re-
cover after Harvey, which was associated with a much longer timescale
on the order ofmonths (Fig. 5b). The bay received an enormous amount
of freshwater, about 3 times the bay volume, whichmade the entire bay
virtually fresh (Du et al., 2019a). Hence, a more accurate estimate of the
freshwater input along the coastline may affect the progression of the
bay water becoming fresh but is not likely to alter the post-storm pro-
cess of salinity recovery. Furthermore, the model reproduces well not
only the recovery of salinity in September and October but also the sud-
den drop in salinity to zero during Harvey (Fig. 5), providing confidence
in the method of allocating the freshwater input along the coastline.

To examine the estuarine recovery from the impact of the Harvey's
stormwater ΔQ (the freshwater load due to Harvey, defined as the dif-
ference between the discharge during Harvey and the pre-storm condi-
tion: see Fig. 4a–c), a numerical experimentwithoutΔQwas conducted.
From the difference between twomodel runs with and without ΔQ, the
salinity recovery time (TR) for Harvey was estimated as the time for sa-
linity values from the twomodel runs to converge (Fig. 5b). This defini-
tion is more robust compared to conventional methods that determine
the recovery time as the time for salinity to recover to its pre-storm
Fig. 4. River discharge from twomajor rivers, San Jacinto River (a) and Trinity River (b), and th
(a)–(c) denotes theHarvey's stormwaterΔQ (the freshwater load due to Harvey, defined as the
in (d) are the locations ofmajor river input,monitoring stations for salinity,water level, and velo
Trinity Bay).
condition (e.g., Walker, 2001; Frazer et al., 2006). As the forcing condi-
tions in an estuary, the adjacent shelf, and the atmosphere would not
be the same before and after a storm, using the pre-storm condition as
a reference will not be able to take into account the natural variability
in salinity (Gong et al., 2007).We then conducted six additional numer-
ical experiments with 10%, 20%, 30%, 40%, 50%, and 200% of ΔQ and es-
timated the corresponding TR to further investigate the system's
response to different amounts of stormwater input. The extraordinary
Harvey's stormwater (ΔQ) is rare, with the return period exceeding
1000 years (van Oldenborgh et al., 2018), but precipitation events
with smaller intensities (e.g., 10%–50% of ΔQ) are likely to occur more
frequently. The results fromnumerical experimentswere used to exam-
ine the relationship between TR and stormwater input.
3. Results

3.1. Model-observation comparison: influence of stormwater

The model with the Harvey's stormwater ΔQ reproduces well the
notable estuarine responses to Harvey. The subtidal water level is well
simulated by the model (Fig. 6a). Typical storm surges mainly caused
by wind generally last for one or two days (e.g., Valle-Levinson et al.,
2002; Li et al., 2006; Shen et al., 2006; Rego and Li, 2010; Sebastian
et al., 2014). During Harvey, however, the water level elevated by
N1 m lasted over 6 days, which would not have been possible without
ΔQ. Enormous freshwater input caused thewater level 0.4–0.5mhigher
in the middle and upper bay relative to the bay entrance (see Fig. 5a in
Du et al., 2019a). The resulting surface slope generated strong along-
channel velocity with the seaward speed exceeding 3 m s−1 at the
buoy station in the lower reach of the San Jacinto River estuary, which
was also reproducedwell by themodelwithΔQ (Fig. 6b). Themodel re-
produces the tidal (astronomical) variation in velocity before and after
Harvey, but it fails to reproduce the tidal variation that persisted on Au-
gust 26–28. It should benoted that this discrepancy in velocity at the be-
ginning of Harvey would not affect themodel's credibility in simulating
the salinity recovery after Harvey, the main topic of this study. Salinity
decreased sharply throughout the bay and the entire bay became virtu-
ally fresh duringHarvey, and it tookmonths for salinity to return to pre-
storm conditions, which the model also reproduces very well (Fig. 5).
e estimated coastline freshwater load (c) at each of 65 point sources (d). The blue shade in
difference between the discharge duringHarvey and the pre-storm condition). Also shown
city, and two cross-sections (one across the bay entrance and the other across themouth of



Fig. 5. Themodel-observation comparison for salinity at three TWDB (TexasWater Development Board)monitoring stations (see Fig. 4d for their locations). In (b), the red line shows the
model result without the Harvey's stormwater, and the double arrow indicates the salinity recovery time (TR).
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Five metrics, the model skill (Skill: Willmott, 1981) and Nash–
Sutcliffe model efficiency index (NSE: Nash and Sutcliffe, 1970) as
well as the coefficient of determination (R2), root mean square error
(RMSE), and mean absolute error (MAE), were examined for quantita-
tive assessment of the model performance:

Skill ¼ 1−
PN

i¼1 Mi−Oij j2
PN

i¼1 jMi−Oj þ jOi−Oj
� �2 ð1Þ
Fig. 6. Themodel-observation comparison for subtidal water level (m) at Morgan's Point (a) an
grey shades indicate the period of intense stormwater input from August 26 to September 3, 2
NSE ¼ 1−
PN

i¼1 Mi−Oið Þ2
PN

i¼1 Oi−O
� �2 ð2Þ

where Oi and Mi are the observed and modeled variables, respectively,
with the overbar indicating the temporal average over the number of
observations (N). Skill, ranging from 0 to 1, provides an index of
model-data agreement, with a skill of 1 indicating perfect agreement
and a skill of 0 indicating complete disagreement. NSE is a normalized
d along channel velocity (m s−1) at buoy g080101 (b) (see Fig. 4d for their locations). The
017 based on the freshwater load from San Jacinto River in Fig. 4a.
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statistic that indicates howwell the plot of the data vs.modelfits the 1:1
line. NSE can have values ≤1, with values between 0.50 and 0.65 consid-
ered as threshold values to indicate a model of sufficient quality
(Moriasi et al., 2007; Ritter and Muñoz-Carpena, 2013). R2 indicates
the portion of the variance in the observed data explained by the
model. R2 ranges from 0 to 1, and typically values N0.5 are considered
acceptable (Moriasi et al., 2007). The magnitude of RMSE andMAE indi-
cates the average deviation between model and data.

These five metrics calculated for subtidal water level, along-channel
velocity, and salinity suggest a satisfactory model performance for the
10-day period during Harvey as well as over the entire simulation pe-
riod (Table 1). For salinity, in particular, Skills N 0.85, NSEs N 0.73, R2 N
0.79, and RMSEs and MAEs are small relative to the observed ranges
for the entire simulation period. The model performance is even better
for the 10-day period during Harvey when dramatic changes in hydro-
dynamic conditions took place. Themodel also simulates well the over-
all shape, direction, and offshore extent of huge river plumes (Fig. 7).
The good agreement betweenmodel and observation provides credibil-
ity of the model as well as the forcing conditions including wind and
freshwater input.
3.2. Salinity recovery time (TR)

The mean TR averaged over the entire bay was about 62 days. The TR
exhibits great spatial variability and ranges from 6 to 108 days, with the
smallest values (b10 days) at and near the three outlets, increasing
values of up to about 60 days when moving upstream, and even larger
values inside Trinity Bay where a maximum of N90 days was obtained
in the bay's inner part (Fig. 8f). TR is symmetric around the ship channel,
and it increases when moving away from the channel. The tongue-
shaped distribution of TR ismainly attributable to the stronger salt intru-
sion along the deep ship channel (Du et al., 2018b). The strength of
gravitational circulation, a typical two-layer circulation in an estuary
with a landward bottom inflow driven by density gradient and a sea-
ward surface outflow driven by surface slope, is proportional to water
depth (MacCready and Geyer, 2010) and the stronger circulation
along the deep channel tends to move the bottom higher salinity
water faster to the upper estuary. Moreover, the differential longitudi-
nal advection of saline water during flood tide, characterized by stron-
ger flood current at deep channel than at shallow shoal (Huzzey and
Brubaker, 1988), also contributes to the strong salt intrusion in deep
ship channel (Lerczak and Geyer, 2004). Interestingly, the salinity re-
covery was very different between West Bay and East Bay, with much
larger TR in East Bay, even though the two bays share similar shape
and bathymetry and have a similar distance relative to the main bay
entrance. The much smaller TR in West Bay can be attributed to the
Table 1
Metrics for model-observation comparison for the subtidal water level at Morgan's Point,
along-channel velocity at buoy g08010, and salinity at three TWDB stations (see Fig. 4d for
the station locations) over the entire simulation period and the 10-day period during Hur-
ricane Harvey.

Comparison period Variable Skill NSE R2 RMSE MAE

Simulation period
(7/1–12/31/2017)

Subtidal water
level

0.98 0.91 0.92 0.07 m 0.04 m

Along-channel
velocity

0.94 0.78 0.79 0.16 m
s−1

0.13 m
s−1

Salinity at TRIN 0.85 0.77 0.84 3.5 psu 2.4 psu
Salinity at MIDG 0.94 0.73 0.83 3.0 psu 2.2 psu
Salinity at BOLI 0.93 0.75 0.80 3.6 psu 2.7 psu

During Harvey
(8/25–9/4/2017)

Subtidal water
level

0.99 0.96 0.98 0.07 m 0.07 m

Along-channel
velocity

0.98 0.94 0.94 0.23 m
s−1

0.15 m
s−1

Salinity at TRIN 0.96 0.85 0.93 1.8 psu 1.4 psu
Salinity at MIDG 0.99 0.95 0.96 2.3 psu 1.4 psu
Salinity at BOLI 0.96 0.83 0.87 4.6 psu 3.3 psu
relatively wide outlet, San Luis Pass (1 km wide), relative to East Bay
with a narrow outlet, Rollover Pass (52 m wide).

A series of numerical experiments with different amount of
stormwater consistently shows that the lower part of the bay near the
mouth is associated with the shortest TR while the inner part of Trinity
Bay and the middle of East Bay are associated with the longest TR
(Fig. 8). The bay-wide mean TR exhibits a non-linear relationship with
the amount of stormwater (Fig. 8h). The mean TR increases rapidly
and almost linearly with increasing stormwater from 10% to 30% of
the Harvey's stormwater ΔQ, beyond which the rate of increase in the
mean TR reduces considerably. Once the bay becomes fresh with large
stormwater, further increases in stormwater cannot make the bay
fresher. However, larger stormwater inputwill always lower the salinity
in the adjacent coastal sea, resulting in fresher oceanwater (Fig. A2) and
thus longer salinity recovery time. This relationship allows us to esti-
mate the salinity recovery time for Galveston Bay once the stormwater
amount is known.

4. Discussion

4.1. Mechanisms for salinity recovery

Salt mass inside an estuary, and thus salinity, is determined by the
competition of salt influx and outflux. For steady state, the two opposing
salt fluxes are balanced, resulting in constant salinities inside the estu-
ary at subtidal timescales. The salinity recovery is controlled by the
magnitude of salt influx. To understand the saltmass exchange between
ocean and estuary and between the main bay and the sub-bay, the salt
fluxes through the bay entrance cross-section and another cross-
section that separates Trinity Bay from Galveston Bay were calculated
(see Fig. 4d for their locations). By decomposing the normal velocity u
and salinity S into tidally and cross-sectionally averaged (uo and So), tid-
ally averaged and cross-sectionally varying (ue and Se), and tidally and
cross-sectionally varying (ut and St) components, the contributions on
salt flux (Fs) from three different mechanisms can be determined
(Lerczak et al., 2006):

Fs ¼
Z

uSdA
� �

¼
Z

uo þ ue þ utð Þ So þ Se þ Stð ÞdA
� �

≈
Z

uoSo þ ueSe þ utStð ÞdA
� �

≡−Q f So þ Fe þ Ft
ð3Þ

where A is the time-varying cross-sectional area; the angled bracket de-
notes tidal average; and Qf is the subtidal volume discharge rate. The
three terms on the right-hand side of Eq. (3) represent the subtidal
salt flux due to cross-sectional average advective transport (-QfSo),
shear dispersion due to vertical and lateral shear transport (Fe), and
tidal oscillatory salt transport due to temporal correlations between u
and S (Ft). While salt outflux is mainly due to -QfSo (by freshwater dis-
charge), salt influx is mainly due to Fe (by exchange flow) and Ft (by
tidal pumping). For steady state, the outflux (-QfSo) is balanced by the
influx (Fe + Ft). Depending on the tidal energy and estuarine geometry,
the relative importance of these two salt influx mechanisms varies.

The total salt influx (Fe + Ft) through the bay entrance was much
larger than that across the Trinity Bay section (Fig. 9) even though the
baymouth is much narrower (2.5 km) compared to the Trinity Bay sec-
tion (16 km). It is the difference in this total salt influx between the two
sections that caused the spatially varying salinity recovery time (Fig. 8f).
Except during the time under the direct impact of Harvey (i.e., between
late August and early September), Fe was comparable between the two
cross-sections, with a magnitude of 100–1000 kg salt s−1. However, Ft
wasmuch larger, at least by one order ofmagnitude, at the bay entrance
than at the Trinity Bay section (Table 2), largely owing to the larger tidal
fluctuations in salinity and velocity. The salinity data show large tidal
fluctuations near the bay entrance (Fig. 5c), and that the tidal fluctua-
tions decreased upstream with virtually no tidal fluctuation in Trinity



Fig. 7. Comparison of themodeled river plumes indicated by low salinity (a snapshot at 16:00 GMT on August 31, 2017) and theMODIS satellite image on August 31, 2017. Note that the
overall shape, in terms of plume direction and offshore extent, is similar and that themodel not only captures the plume from Galveston Bay but also that from Sabine Lake (in the upper-
right corner).
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Bay (Fig. 5a). Under normal conditions, i.e., from October to December,
Ft was about 5–6 times larger than Fe at the bay entrance, indicating the
dominant control of salt exchange from tidal pumping (Table 2). On the
contrary, Ft and Fewere comparable at the Trinity Bay section, indicating
a weak tidal exchange.

Both Ft and Fe showed great temporal variation at both cross-
sections. At the bay entrance, both Ft and Fe increased drastically at the
time of huge freshwater load (Fig. 9a and Table 2), which can be attrib-
utable to the increase in salinity gradient. The salinity inside the bay de-
creased quickly to zero during Harvey while the salinity on the shelf
outside of the bay did not. Observational data show that the salinity on
the shelf outside of Galveston Bay dropped from 32 to 16–20 psu during
Fig. 8. Distribution of salinity recovery time (TR) in days for different amounts of stormwater, i
variations in the bay-widemean TR as a function of stormwater (h). The blank areas in the uppe
TR is not calculated.
Harvey (Fig. 7 inDu et al., 2019a),whereas the salinity just inside thebay
entrance dropped from 30 psu to 0 (Fig. 5c), resulting in a dramatic in-
crease in salinity gradient. As the primary driving force for the exchange
flow (MacCready andGeyer, 2010), increased salinity gradient enhances
the exchange flow and thus Fe. Increased salinity gradient also causes a
large fluctuation in salinity at the bay mouth between flood and ebb
tides, enhancing the tidal pumping and thus Ft. The narrow outlet also
helps tidal pumping. The tidal current through the narrow outlet is
strong with a maximum speed of ~1 m s−1 despite the micro-tidal
range (mean of 0.3 m), which leads to strong tidal pumping and thus Ft.

At the Trinity Bay section, on the other hand, there was no landward
saltfluxbetween late August and early September as the huge freshwater
.e., 10%, 20%, 30%, 40%, 50%, 100% and 200% of the Harvey's stormwater ΔQ (a–g), and the
r bay indicate the regionwith salinity b5 psu evenwithout the stormwater input forwhich



Fig. 9. Saltfluxdue to tidal pumping and exchangeflow through the sections across the bay entrance (a) and the Trinity Bay (b), showing the samples at an interval of 3 days: see Fig. 4d for
the locations of sections. The grey shades indicate the period of intense stormwater input from August 26 to September 3, 2017. Only the landward salt flux by tidal pumping or exchange
flow is shown in (b),with themissing values indicating the seaward salt flux. Note the log scale for the y-axis, and that the orders ofmagnitude are very different between the two sections
and between the two mechanisms of tidal pumping and exchange flow.
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load pushed the bay water seaward (Fig. 9b). In addition, the salinity in
the main bay (Fig. 5b) dropped to zero earlier than that in Trinity Bay
(Fig. 5a), resulting in the reversed salinity gradient over a few days
(Fig. 10). These two mechanisms combined to result in seaward flux of
salt between late August and early September, i.e., during the time
under the direct impact of the Harvey's stormwater. As the strong salt in-
trusion along the ship channel led to the normal salinity gradient
(i.e., higher salinity in themain bay than in Trinity Bay), landward salt in-
flux resumed after mid-September.

The shelf current also plays an important role for the strong tidal
pumping at the bay entrance. Shelf transport is known to affect greatly
the water exchange between ocean and estuary (Du and Shen, 2017;
Zhang et al., 2019). Salinity snapshots on September 13–14, about two
weeks after the stormwater release, show clearly how the shelf current
facilitated the salt exchange (Fig. 11). Over a tidal cycle, the bay
“breathed out” low salinity water during ebb. As the along-shelf current
moved the bulb of low salinity water off the bay entrance, the bay
“breathed in” new high salinity water during the following flood. This
process helped maintain relatively high salinity gradient and enhanced
the salt flux due to tidal pumping and exchange flow at the bay en-
trance. On the other hand, with no equivalent renewal process at the
Trinity Bay section, water mass just moved back and forth over a tidal
cycle, resulting in relatively small salinity gradient and salt flux between
themain bay and the sub-bay, and leading to a long stalling of low salin-
ity water (Fig. 5a) and thus long salinity recovery time (Fig. 8f). While
the shelf current enhancing tidal pumping at the bay entrance, its influ-
ence depends on direction as well as strength. For instance, an upcoast
Table 2
Salt flux contribution from tidal pumping and exchange flow at the bay entrance section and th
while average values for August–September reflect conditions with stormwater.

Section Contribution from Salt flux (kg sa

August–Septem

Bay entrance Tidal pumping (Ft) 10
Exchange flow (Fe) 6

Trinity Bay Tidal pumping (Ft)
Exchange flow (Fe) −
shelf current is likely more effective than a downcoast shelf current in
enhancing tidal pumping for Galveston Bay as a downcoast shelf current
may reduce the salinity on Texas shelf by bringing low-freshwater from
the Mississippi-Atchafalaya River system (Du et al., 2019b).

4.2. Implications of slow salinity recovery on estuarine ecosystem

Input of stormwater affects not only thehydrodynamic processes but
also the processes related to water quality and estuarine ecosystem. The
influence of stormwater can be short- or long-lasting, depending greatly
on the recovery speed of physical conditions (e.g., salinity, temperature,
and estuarine circulation), the exchange processes (e.g., nutrient ex-
change between estuary and ocean), as well as the resiliency of marine
species to the exposure of freshwater (Conner et al., 1989; Greening
et al., 2006; Paerl et al., 2006; Wetz and Paerl, 2008; Munroe et al.,
2013; Tweedley et al., 2016). Many species in estuaries are sensitive to
salinity level. For example, plankton community (both phyto- and zoo-
plankton), fish, and marsh are typically distributed along the salinity
gradient and grow better under a specific optimal salinity range. Long
exposure to low salinity may lead to devastating mortality, particularly
for benthic species that have limited mobility, e.g., oysters (Munroe
et al., 2013).

The spatial variation of the salinity recovery time (Fig. 8f) appears to
be consistentwith the changes in the phytoplankton community in Gal-
veston Bay during and after Harvey. The phytoplankton community in
the lower bay was dominated by estuarine and marine species before
Harvey, transitioned to primarily freshwater species immediately
e Trinity Bay section. Average values for October–December reflect the normal conditions,

lt s−1) averaged over

ber October–December August–December

,794 5693 7547
707 1002 3072
306 515 438
232 770 405



Fig. 10. Snapshots of salinitymap before and during the release of theHarvey's stormwater, with the insets showing the corresponding time of the streamflow from San Jacinto River. Note
the salinity difference between themain bay and Trinity Bay. Salinity in Trinity Baywas smaller compared to themain bay before the stormwater release. The salinity trend, however, was
reversed during the stormwater release because of a faster decreasing of salinity in the main bay due to very large stormwater release from San Jacinto River, resulting in the reversed
salinity gradient between the main bay and Trinity Bay.

Fig. 11. Snapshots of salinity map with the insets showing the corresponding tidal phase. Note how the detachment of low salinity water on the shelf facilitates salt influx due to tidal
pumping during the next flooding current.
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following the flooding event, and back to marine phytoplankton similar
to pre-Harvey conditions after onemonth following the storm (McAmis
et al., 2018; Steichen et al., 2018; Liu et al., 2019). The recovery in the
phytoplankton community was slower in the upper bay (J.L. Steichen,
personal communication).
5. Conclusion

Extreme precipitation events are rare but likely to occur more
frequently under the warming climate. This study takes the record-
breaking precipitation event during Hurricane Harvey as an example
to examinehow the estuarine salinity recovers after a storm and discuss
the underlying mechanisms for the spatially varying salinity recovery
time. The salinity recovery time had amean of twomonths over the en-
tire Galveston Bay, but with great spatial variability. The spatial variabil-
itywas explained by different contributions to salt influx fromexchange
flow and tidal pumping. Tidal pumping facilitated by the shelf current
was the dominant mechanism for salt influx at the bay entrance,
while the contributions from tidal pumping and exchange flow were
comparable for salt influx to Trinity Bay. Numerical experiments reveal
that the bay-widemean salinity recovery timehas a non-linear relation-
shipwith the stormwater input, with the rate of increase in the recovery
time decreasing when stormwater input increases.

The spatial distribution of salinity recovery time and the underly-
ing mechanisms are likely applicable for shallow estuaries with nar-
row outlets, which are common along the northern Gulf of Mexico,
e.g., Apalachicola Bay, Mobile Bay, Matagorda Bay, Aransas Bay, and
Corpus Christi Bay. The role of the shelf current for salinity recovery
as identified by the present study shall also be applicable to other es-
tuaries. The recovery time of salinity seems to be a useful timescale
for the impact assessment of extreme precipitation events on estua-
rine systems. The present approach using a hydrodynamic model
will be able to provide a relatively quick assessment of the environ-
mental pressure of extreme events on target estuaries, highlighting
the importance of validated hydrodynamic models that can repro-
duce both the normal and extreme conditions. The approach is not
limited to extreme precipitation, but can also be applied to other ex-
treme events such as severe drought and flood.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.03.265.
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