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The three-dimensional hydrodynamics of Galveston Bay were simulated in two periods of several month
duration. The physical setting of Galveston Bay is described by synthesis of long-term observations.
Several processes in addition to tidal hydrodynamics and baroclinic circulation processes contribute sub-
stantially to the observed variability of currents, water level and salinity. The model was therefore forced
with realistic water levels, river discharges, winds, coastal buoyancy currents (due to the Mississippi
River plume) and surface heat fluxes. Quantitative metrics were used to evaluate model performance
against observations and both spatial and temporal variability in tidal and sub-tidal hydrodynamics were
generally well represented by the model. Three different unstructured meshes were tested, a triangular
mesh that under-resolved the shipping channel, a triangular mesh that resolved it, and a mixed quadri-
lateral-triangular grid with approximately equivalent resolution. It is shown that salinity and sub-tidal
velocity are better predicted when the important topographic features, such as the shipping channel,
are resolved. It was necessary to increase the seabed drag roughness in the mixed quadrilateral-triangu-
lar grid simulation to attain similar performance to the equivalent triangular mesh.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Galveston Bay is one of the largest estuaries on the Gulf Coast
and is the busiest petrochemical port in the United States. In addi-
tion to heavy industrial use, the estuary has a substantial ecological
function including coastal habitat for migratory birds, oyster pro-
duction and a recreational fishing industry (Lester and Gonzalez,
2011). Oil spills are common in the bay. Between 1998 and 2009
there were almost 4000 reported spills with a combined volume
of 400,000 gallons (Lester and Gonzalez, 2011). In March 2014,
168,000 gallons of heavy bunker fuel was spilled into the bay in a
single incident when a ship and a barge collided. Understanding
and accurately predicting the estuarine hydrodynamics is a crucial
step towards determining the fate and transport of oil in the system.

Galveston Bay covers an area of 1360 km2 and has an average
depth of 2–3 m (Fig. 1). The man-made Houston Shipping
Channel (HSC) is the primary deep bathymetric feature with a
depth of 15 m and average width of 200 m traversing from the
main Gulf entrance (Bolivar Roads) to the Buffalo Bayou in the
northern part of the bay. The Trinity River enters the shallow
Trinity Bay perpendicular to the axis of the shipping channel. The
other side embayments, East and West Bay, are topographically
separated by the man-made Texas City Dike and Hanna Reef, a
natural oyster reef. Most of the heavy industry is along the western
shoreline close to the HSC and near Texas City while most of the
oyster reefs and bayous that provide bird habitat are in the side
embayments and along the eastern shore.

The geomorphological classification of the bay is a coastal
lagoon with a barrier island (Schroeder and Wiseman, 1999). The
physical setting (geometry, bathymetry, forcing) of the bay is simi-
lar to other estuaries along the Gulf Coast (e.g., Mobile Bay,
Alabama and Barataria Bay, Louisiana) yet different from the
drowned river type estuaries upon which the majority of estuarine
literature is based (e.g., Hansen and Rattray, 1966; Geyer and
MacCready, 2014).

The Trinity River contributes about 75% of the total flow into
Galveston Bay, and the salinity distribution within the bay is pri-
marily driven by freshwater discharge (Orlando, 1993). During a
typical year the wet period is April–June and the average salinity
within the bay is 5–10 psu lower than the drier months of Aug–
Oct. Despite having an average depth of 3 m, Trinity Bay remains
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Fig. 1. Bathymetry of Galveston Bay showing the locations of observation sites.
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stratified throughout the year. Other than the deeper HSC, this was
the only part of the bay that was found to be stratified in the
hydrographic observations examined by Orlando (1993). The
understanding of salt transport within the bay is that seawater
intrudes into the upper reaches of the bay via the HSC and fresh-
water leaves along the eastern margins (Powell et al., 2003). This
general understanding of the bay circulation is based upon limited
field observations and coarse resolution hydrodynamic modeling.

The tides in the Gulf of Mexico are classified as micro-tidal and
are primarily diurnal. Despite the small amplitude of the tides,
topographic features, such as constrictions at the entrances to bays
and estuaries, can lead to locally strong tidal currents in excess of
1 m s�1 (Schroeder and Wiseman, 1999). Tidal forcing only
accounts for a fraction of the total water level variability along
the Gulf Coast; Ekman setup due to the east–west component of
wind stress as well as seasonal variations in the circulation in
the Gulf of Mexico also drive substantial water level fluctuations
(Schroeder and Wiseman, 1999; Cox et al., 2002). Cox et al.
(2002) improved their water level predictions by including the
tidal variability plus a linear regression model relating wind stress
to water level.

Previous Galveston Bay hydrodynamic model applications
have addressed several issues but little of this work is available
in peer-reviewed journals. Berger et al. (1995) developed a 3D
finite-element model that was used to evaluate the effect of modi-
fications to the shipping channel on salinity distribution. The 3D
model had three vertical layers. Klinck and Hofmann (2002) cou-
pled the model of Berger et al. (1995) to an oyster population
model to show that widening the HSC would increase the habitable
region within the bay. Matsumoto et al. (2005) developed a
depth-averaged model of the bay to understand the influence of
structures such as the Texas City Dike on the residual circulation
patterns in the bay. An operational nowcast/forecast model has
been developed to provide water level and currents for navigation
and also for oil spill response (Schmalz, 2000; Schmalz and Grant,
2000). In this model, the bay and shipping channel were dis-
cretized using separate grids to resolve the length scale differences
between the shipping channel and the rest of the bay. While the
model of Schmalz and Grant (2000) was able to resolve the velocity
and water level throughout the bay fairly accurately, it under-
represented the salinity stratification observed within the shipping
channel. A common weakness in all of these models was that
three-dimensional processes, such as vertical shear and baroclinic
flow, were either ignored or under-resolved.

The purpose of this paper is to describe Galveston Bay’s cir-
culation characteristics and present a new hydrodynamic model
capable of resolving the important processes. Modeling oil trans-
port in the embayments bordering the Gulf of Mexico is the moti-
vation for developing this model. Accurately simulating the
hydrodynamics that drive oil transport is a multi-scale physics
problem in which the full space–time spectrum of variability must
be captured. Aspects of Galveston Bay hydrodynamics considered
include salinity variability and its relationship to freshwater dis-
charge, tidal dynamics including tidal frequency and the sub-tidal
frequency water level and current variability and water tempera-
ture variability. Water temperature is often neglected in estuarine
models due to the dominance of salinity on the baroclinic pressure
gradient, however we include it because it influences the evap-
oration rate and is important for biological processes such as oyster
larval recruitment (e.g., Klinck and Hofmann, 2002). Adequate



M.D. Rayson et al. / Ocean Modelling 89 (2015) 29–44 31
vertical resolution of three-dimensional variability is an enhance-
ment of this study over previous modeling efforts.

2. Observations of circulation in Galveston Bay

There have been numerous long-term observational deploy-
ments taken within Galveston Bay since 1990. We synthesize these
data sets to provide a coherent description of the physical setting
of the bay. This section describes physical processes that are
important to reproduce with a numerical model. We focus on the
physical variability during two time periods with distinctive fresh-
water forcing regimes, namely March to September 2009, a winter-
summer/wet-dry cycle, and 2011, a drought year. These particular
periods were chosen for adequate observational data coverage
suitable for both analysis and model validation.

2.1. Description of observations

Hydrodynamic measurements of velocity, water level, tempera-
ture, and salinity in Galveston Bay have been collected by NOAA as
part of the Texas Coastal Ocean Observing Network (TCOON) since
1995. Furthermore, the Texas Water Development Board (TWDB)
has measured temperature and salinity within the bay since
1990. The locations of all instruments are shown in Fig. 1 and
details of the variables recorded are listed in Table 1. This is the
first peer-reviewed study to synthesize these long-term datasets
into a description of the physical setting of Galveston Bay.

The Texas Coastal Ocean Observing Network (TCOON), in part-
nership with the NOAA Integrated Ocean Observing System
(IOOS), has measured water level in Galveston Bay since 1995
(http://tidesandcurrents.noaa.gov/) (pink triangles in Fig. 1). We
analyzed water level from three stations: Galveston Pier 21 (ID:
8771450), Eagle Point (ID: 8771013) and Morgan’s Point (ID:
8770613). All data were sampled at 6 min and adjusted to mean
sea level prior to analysis. All data analyzed here extended from
1995–2013 except the Freeport station which began collecting
data in August 2006.

We obtained velocity profile observations from NOAA PORTS at
the main entrance to Galveston (site name: Galveston Bay Entrance
Channel LB11; station ID: g06010, red star Fig. 1) extending from
2009 to 2013. The instrument was a downward looking (buoy
mounted) Nortek AquaDopp (ADP) current profiler with 3 beams
sampling at 6 min intervals (1800 pings per sample). The instru-
ment was mounted 3 m below the surface in 12 m of water and
the vertical resolution was 1 m. Bins near the bottom were deemed
unsuitable and we therefore retained bins from 4 to 10 m below
the surface.

Temperature and salinity have been continuously measured in
Galveston Bay by the TWDB at 10 stations since 1990. We used
data from five of these stations that had suitable coverage from
2007–2012 (Fig. 1). TWDB used HydroMap Datasonde that were
pre-calibrated before each deployment and cross-checked against
Table 1
Information of observation collected in Galveston Bay by different organizations.

Station ID Station location Agency Variable Depth [m]

g06010 Galveston Entrance
Channel

NOAA PORTS u, v 3.0

8770613 Morgan’s Point NOAA/TCOON g –
8771013 Eagle Point NOAA/TCOON g –
8771450 Galveston Pier 21 NOAA/TCOON g –
midg Mid Galveston Bay TWDB T, S 2.5
boli Bolivar Roads TWDB T, S 3.0
fish Fishers Reef TWDB T, S 2.0
trin Trinity Bay TWDB T, S 1.5
hann Hannah Reef TWDB T, S 1.5
CTD casts taken both during deployment and retrieval of the
instruments. Deployment periods were typically 3–4 months.
Instrument depths (below MSL) are listed in Table 1. We applied
quality control to ensure that only valid data were used. The first
step was to clip values outside of a reasonable range (0–36 psu,
0–40 �C for salinity and temperature, respectively). The second
was to apply a despiking algorithm with a sliding filter that calcu-
lated the mean and standard deviation over a 3-day window.
Values greater than three times the standard deviation from the
mean were discarded. The salinity records were particularly sus-
ceptible to drift in the last 2–4 weeks of each deployment. To
account for instrument drift, we manually inspected the data for
discontinuous salinity between deployment periods and removed
suspect data from the record. Quality control resulted in gaps in
the observation record. To allow model-observation comparison,
the model data was temporally interpolated onto the uneven time
step of the observation rather than trying to fill in the gaps.
Conductivity was also measured at three TCOON/NOAA stations
(Galveston Bay Entrance Channel, Eagle Point and Morgan’s
Point) but we do not include these data owing to the large tem-
poral gaps in each record.

We have organized the description of each of the variables into
their tidal and sub-tidal frequency bands using a Godin-type 24-
25-24 h low-pass filter (see Thomson and Emery, 2001) to remove
the variability at frequencies at and above the tidal band. Gaps in
the record were not included in the mean calculations.

Throughout this paper, the physical variables are decomposed as

/ðz; tÞ ¼ h/ðzÞi þ /Tðz; tÞ;
where the angle brackets indicate a tidal-averaging operator and
the subscript T indicates the tidal frequency fluctuation. The nota-
tion for depth-averaging over the water column is

�/ ¼ 1
dþ g

Z g

�d
/dz:

where �d is bed elevation and g is free surface elevation.

2.2. Tidal and sub-tidal water level variability

Tidal and low-frequency water levels are roughly the same
amplitude in Galveston Bay with a total range of just over 1 m
(Fig. 2). 3–10 d period variability in water level, indicated by the
Fig. 2. Sea surface height (relative to mean sea level) variability at Galveston Pier
21 (see Fig. 1) as represented by (a) tidal (gT , gray) and sub-tidal (hgi, black)
perturbations during 2011, (b) sub-tidal perturbations (hgi) for the period 2007–
2012 and (c) power spectral density of the five-year signal. The gray box in (b)
indicates the time span in (a).

http://tidesandcurrents.noaa.gov/


Table 3
Water level and depth-averaged current tidal amplitude and phase near the entrance
to Galveston Bay during 2011.

Frequency gamp

[m]

�umaj

[m s�1]

�umin hellipse gphs �uphs

M2 0.090 0.265 �0.020 7.577 57.082 �111.613
S2 0.026 0.065 �0.005 9.707 111.879 �65.782
N2 0.024 0.054 �0.004 13.617 144.041 �30.762
K2 0.005 0.058 0.013 14.220 298.649 53.221
K1 0.130 0.369 0.030 9.930 180.336 �36.118
O1 0.124 0.342 0.028 9.654 220.551 1.436
P1 0.035 0.100 0.002 18.217 267.335 77.243
Q1 0.023 0.049 0.007 13.443 307.685 93.231
M4 0.005 0.032 �0.006 �1.176 321.739 74.237
MK3 0.000 0.021 �0.010 �10.128 153.697 150.631
MN4 0.002 0.014 �0.002 176.334 26.880 �3.430
NU2 0.006 0.025 0.000 6.668 246.289 82.976
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black lines in Fig. 2(a), had an amplitude of 0.1–0.4 m and was
greatest during the non-summer months (September–June). An
annual period signal was evident from longer-term observations
(Fig. 2(b)) that had a maximum around October and minimum in
February of each year. A power spectrum of the total five-year
water level record (Fig. 2(c)) quantifies the variance in each
frequency band. Large spectral peaks were present at the annual
period (2� 10�7 rad s�1) and the diurnal and semi-diurnal frequen-
cies. The weather band (2� 10�6 � 2� 10�5 rad s�1) appeared as a
broad, flat region of the spectrum. The broadness of the spectrum
reveals that water level, and hence circulation, variability is spread
over a wide range of time scales. This is in contrast to tidally-domi-
nated systems in which most of the variance is contained in a small
number of tidal constituents.

Tidal harmonic analysis of the observed record collected at
Galveston Pier 21 in 2011, revealed the amplitude of individual
tidal frequencies. The tidal oscillations in Galveston Bay are mainly
diurnal with K1 and O1 each having an amplitude of about 0.17 m
(Table 2). The semi-diurnal M2 was the next largest constituent
with an amplitude of 0.09 m. The other major constituents were
Q1; S2 and N2 with amplitudes ranging from 0.02–0.04 m. Due to
the mixture of constituents, the water level signal was generally
diurnal except during diurnal-neap periods when the tidal signal
was semi-diurnal. Diurnal-neaps are caused by fortnightly beating
of the K1 and O1 frequencies and are not to be confused with neap
tides caused by the beating of the M2 and S2 semi-diurnal con-
stituents, although the overall effect is similar. Harmonic analysis
using data from other years revealed inter-annual variations in
the tidal range that are consistent with the 18.61 year lunar decli-
nation cycle (see Haigh et al., 2011 and references therein). The
amplitude of O1 water level oscillation varied by 30% with a low
in 1997 to a peak value in 2006, then decreasing between 2006–
2012 consistent with a cyclic modulation pattern. Less than 50%
of the total variance of the water level signal was accounted for
by the tidal frequency band indicating that a significant portion
of the energy is sub-tidal.

Observations from three stations located along the shipping
channel (Galveston Entrance, Eagle Point and Morgan’s Point)
revealed the spatial variability of the tides along the main axis of
the bay. There was a general decrease in the amplitude of the three
major constituents (K1;O1 and M2) from the Gulf to the upper
reaches (Table 2). The amplitude of the diurnal constituents, K1

and O1, decreased by 20% from the entrance to Eagle Point, and
M2 amplitude decreased by 75% between the two stations. This
decrease in amplitude indicates damping of the M2 tidal wave as
it propagates into the bay. The decrease in amplitude of the diurnal
constituents between Eagle Point and Morgan’s Point was negligi-
ble, while there was an increase in the amplitude of the M2 con-
stituent between the two sites from 0.03 to 0.05 m. The phase
lag of the diurnal and semi-diurnal constituents was 4 h from the
entrance to Eagle Point and 5–6 h from the entrance to Morgan’s
Point. The amplification of the M2 constituent and small phase
lag between Eagle Point and Morgan’s Point suggest standing wave
behavior caused by reflections of tides at the shoreline of Galveston
Bay near Morgan’s Point. These results are approximately in agree-
ment with the tidal analysis performed by Hess et al. (2004) who
used tidal predictions for correcting bathymetric survey data
within Galveston Bay.
Table 2
Tidal harmonic amplitude and phase for the year 2010 at three stations within Galveston

Station K1 amp [m] K1 phase [�] O1 am

Galveston Entrance 0.14 160 0.14
Eagle Point 0.11 228 0.11
Morgan’s Point 0.12 243 0.12
2.3. Currents through the main entrance

The depth-averaged velocity measured at Galveston Entrance
(ID: g06010) had a peak of 0.8–0.9 m s�1. The larger fluctuations
were in the tidal band while peak velocities in the sub-tidal bands
were around 0.2–0.3 m s�1. This is in contrast to the water level
where fluctuations at the tidal and sub-tidal frequencies were on
the same order.

2.3.1. Tidal frequency currents
Depth-averaged tidal frequency currents at the entrance ADP

were up to 0.9 m s�1. Tidal ellipse parameters for eight dominant
constituents and four nonlinear super-harmonics are shown in
Table 3. The K1 and O1 constituents were dominant; the magnitude
of the semi-major axis of the tidal ellipses for these constituents
was 0.37 and 0.34 m s�1, respectively. The M2 amplitude was
0.27 m s�1. The other important diurnal (J1;Q 1; S1 and M1) and
semi-diurnal (S2;N2; L2 and K2) constituents each had an amplitude
ranging between 0.02 m s�1 and 0.07 m s�1. The magnitude of the
semi-major axis of the tidal ellipses of nonlinear harmonics were
generally an order of magnitude lower than the forcing frequencies
(0.01–0.03 m s�1).

2.3.2. Sub-tidal currents
The depth-averaged, sub-tidal currents measured at the

entrance ADP had a maximum amplitude of 0.30 m s�1 and a per-
iod of 3–10 days consistent with the weather band (Fig. 3(a)). The
outgoing phase (positive �u) of the oscillation was usually stronger
indicating net low-frequency outflow at this site. There was a dis-
tinct period during the summer months (Jun–Aug) when the low-
frequency velocity fluctuations were significantly diminished,
averaging less than 0.05 m s�1.

An analysis of cross-correlation of east–west wind velocity at
the Galveston met station with water level at Galveston Pier 21
indicated significant correlation (r2 ¼ �0:5) with zero lag (not
shown). The negative correlation arises from Ekman dynamics in
which westward winds (negative stress) drive the water level up
and eastward winds (positive stress) drives the water level down.
Cross-correlation between the low-frequency water level and bar-
otropic currents near the entrance revealed a significant relation-
ship (r2 ¼ 0:5) with a lag time of roughly 24 h (water level
lagged the currents).
Bay.

p [m] O1 phase [�] M2 amp [m] M2 phase [�]

92 0.13 284
150 0.03 23
162 0.05 70



Fig. 3. Time-series of low frequency, depth-averaged velocity through the main
entrance to Galveston Bay (a) with low-frequency water level water level (b) over
the same period in 2011. (c) Scatter plot highlighting the linear relationship
between the time-rate of change of sub-tidal water level and barotropic velocity.

Fig. 4. (a) Five year time series of salinity observations at three stations in the lower
(boli), mid (midg) and upper (trin) reaches of the bay. (b) Total discharge from the
Trinity River (blue) and the Lake Houston overflow (red). The gray boxes indicate
the two model validation time periods. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. (a) Five year time series of water temperature observations at three stations
in the lower (boli), mid (midg) and upper (trin) reaches of the bay. (b) Temperature
difference between boli and trin stations.
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Fig. 3(c) shows an approximately linear relationship between
h�ui and dhgi=dt suggesting that the sub-tidal volume flux into the
bay can be modeled with

hQi � Abay
dhgi
dt

ð1Þ

where Abay is the surface area of the bay, hQi � h�uiAentrance, and
Aentrance is the cross-sectional area at the entrance. Assuming that
the sub-tidal water level fluctuations are sinusoid-like, a quarter
period lag is expected between water level and volume flux based
on (1). The roughly 24 h lag observed here is therefore consistent
with a 3–7 d oscillation.

2.4. Salinity

Observations from three TWDB stations between 2007 and
2012 (Fig. 4(a)) revealed the time and spatial scales of salinity vari-
ability within Galveston Bay. The sub-tidal salinity varied from 15–
35 psu at the boli (main entrance) site to 0–30 psu at the trin
(Trinity Bay) site (Fig. 4(a)). The mean salinity over the five year
period was 12 and 24 psu at trin and boli, respectively. Salinity dif-
ferences between these stations persisted throughout the record.

Temporal salinity variability in Galveston Bay is mainly driven
by variations in discharge from the Trinity River (Orlando, 1993).
There was a distinct seasonal discharge pattern with the highest
average discharge in Feb–Mar (Q = 300–375 m3 s�1) and the lowest
discharge in Aug–Sep with a mean of around 100 m3 s�1 (Fig. 4(b)).
Peak discharge events (>1000 m3 s�1) were intermittent although
they had the greatest effect on observed salinity distribution. For
example, salinity at all three stations dropped significantly after
a flooding event in May 2009. Salinity in Trinity Bay dropped to
zero following each large flooding event. During dry periods (i.e.,
2011), discharge was three orders of magnitude lower and the
salinity gradually increased over a period of several months. As a
result the longitudinal gradient decreased roughly ten-fold during
dry periods. Salinity near the entrance (boli) was far more variable
than further upstream at periods of weeks to months. This suggests
that other processes are responsible for variability at the entrance,
which we will investigate using the numerical model in
Section 4.2.

2.5. Water temperature

Long-term temperature observations within the bay revealed
significant peaks at the annual and diurnal frequencies. The annual
cycle, shown in Fig. 5(a), had a mean of 20 �C and an amplitude of
10 �C with a minimum in January and maximum in August. The
daily temperature cycle amplitude were time-dependent, but on
average, the largest daily RMS was during the summer months
when solar radiation was largest. Temporal oscillations with peri-
ods consistent with the weather band (3–10 d) were also superim-
posed on the annual temperature cycle.

A spatial temperature difference (DT) of up to 4 �C intermit-
tently developed between the boli and the trin stations, where
DT ¼ Tboli � Ttrin (Fig. 5(b)). The water temperature at the entrance
(boli) was generally warmer than Trinity Bay (trin), particularly
during the cooling phase of the annual cycle e.g., July 2009–Feb
2010, indicating that the shallow regions of the bay were cooling
(but not heating) more rapidly than the deeper parts.

The observations indicate that heating and cooling in the bay is
spatially variable. Spatial variations in water temperature during
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the cooling period will create a density gradient, although this is
small compared to the gradient induced by salinity. The influence
of water temperature on estuarine circulation will therefore only
be important during extremely dry periods when salinity gradients
are weak. Water temperature does, however, influence processes
other than estuarine circulation, for example the weathering and
evaporation of oil (see Reed et al., 1999).

3. Numerical model setup methodology

We employ the hydrostatic version of the SUNTANS model
(Fringer et al., 2006) to simulate the hydrodynamics of Galveston
Bay. The model solves the Reynolds-averaged Navier–Stokes equa-
tions with the Boussinesq and hydrostatic approximations,
@u
@t
þr � ðuuÞ � f v ¼ �g

@

@x
ðgþ rÞ þ rH � ðmHruÞ

þ @

@z
mv
@u
@z

� �
; ð2Þ

@v
@t
þr � ðuvÞ þ fu ¼ �g

@

@y
ðgþ rÞ þ rH � ðmHrvÞ

þ @

@z
mv
@v
@z

� �
; ð3Þ

where u ¼ ðu;v;wÞ are the eastward, northward and vertical veloc-
ity components, respectively, f is the Coriolis frequency, and mH and
mv are the horizontal and vertical eddy viscosity. The free surface
elevation is g and r is the baroclinic pressure head given by

r ¼ 1
q0

Z g

z
qdz: ð4Þ

where q0 is the reference density (1000 kg m�3), and q is a per-
turbation density.

The continuity equation has the form

r � u ¼ 0; ð5Þ

and the free surface is updated by solving the depth-integrated ver-
sion of (5)

@g
@t
þ @

@x

Z g

�d
udz

� �
þ @

@y

Z g

�d
vdz

� �
¼ 0: ð6Þ

The tracer (temperature and salinity) transport equations are
described in Section 3.1. The model equations are discretized using
an unstructured horizontal grid (both triangles and quadrilaterals)
with fixed vertical z-layer coordinates.

3.1. Surface heat and salt flux parameterizations

We added surface heat and salt source terms to the SUNTANS
model to simulate the effects of atmospheric heating and cooling
plus evaporation and precipitation.

Following Wood (2008), the transport equation for temperature
T is

@T
@t
þr � uTð Þ ¼ @

@z
KT

@T
@z

� �
þ @Q sw

@z
ð7Þ

where u is the velocity vector, KT is the vertical eddy diffusivity, and
Qsw is the penetrative shortwave radiation flux, in �C m s�1. The sur-
face boundary condition for Eq. (7) implies a heat flux at the free
surface z ¼ g, of the form

KT
@T
@z

����
z¼g
¼ Q s; ð8Þ

where Qs is the surface temperature flux, in �C m s�1. At the bottom
boundary, where z ¼ �dðx; yÞ, there is no heat flux, giving
KT
@T
@z

����
z¼�d

¼ 0: ð9Þ

The surface temperature source term, Qs, is composed of upward
and downward longwave radiation, Hlw;u and Hlw;d, respectively,
latent or evaporative heat flux HL, and sensible or conductive heat
flux HS, such that

Qs ¼
Hlw;u þ Hlw;d þ HL þ HS

qcp
; ð10Þ

where cp is the specific heat of seawater (=4186 J kg�1 K�1). All units
for heat flux variables are in W m�2 and negative values imply
upward flux (heat loss from the surface) and positive values imply
downward flux, or flux of heat into the water column. Details of the
parameterizations for the shortwave radiation Qsw and each term in
Eq. (10) are provided in Appendix A, while the numerical imple-
mentation of the temperature and salinity source terms is outlined
in Appendix B.

3.1.1. Salt transport
The equation for salt transport is very similar to the tempera-

ture Eq. (7) without the penetrative shortwave radiation flux term
on the RHS, and is given by,

@S
@t
þr � uSð Þ ¼ @

@z
KS
@S
@z

� �
ð11Þ

We modeled the process of evaporation and precipitation using salt
fluxes rather than volume fluxes. Representing evaporation and
precipitation as a surface concentration flux, rather than a mass flux
as it is in reality, is a common technique used amongst a similar
class of coastal ocean models e.g., ROMS (Haidvogel et al., 2008)
and the General Estuarine Transport Model (GETM; Burchard
et al., 2004). The surface boundary condition for the salinity equa-
tion is given by

KT
@S
@z

����
z¼g
¼ EP � Sktop ; ð12Þ

where Sktop is the salinity in the top cell and the difference between
the evaporation and precipitation rates (in m s�1) is given by

EP ¼ 1
qfresh

HL

q0Lv
� rain

� �
;

where Lv is the latent heat of vaporization for water
(2.26�106 J kg�1), qfresh is the density of fresh water (1000 kg m�3),
and rain is the rainfall rate (in kg m�2 s�1).

Tracer advection was computed using a higher-order total vari-
ance diminishing scheme, which was shown by Chua and Fringer
(2011) to reproduce the salinity dynamics in San Francisco Bay.

3.2. Model parameters and numerical schemes

The surface, z ¼ gðx; y; tÞ, and seabed, z ¼ �dðx; yÞ, boundary
conditions of the horizontal momentum Eqs. (2) and (3) are

mv
@u
@z

����
z¼g
¼
~ss

q0
ð13Þ

mv
@u
@z

����
z¼�d

¼
~sb

q0
ð14Þ

where ~ss ¼ ðsx;s; sy;sÞ and ~sb ¼ ðsx;b; sy;bÞ are the surface and seabed
stress components, respectively. The surface stress is parameterized
by

~ss ¼ Cdaqa Uaj j Ua � ujz¼g
� �

ð15Þ

where qa is the density of air (1.2 kg m�3), Ua is the horizontal wind
velocity vector, and Cda is the empirical surface drag coefficient. A
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quadratic drag formulation was also used to define the seabed
stress

~sb ¼ �q0Cd ujz¼�d

�� ��ujz¼�d ð16Þ

The bed drag coefficient is parameterized using a log-law
formulation

Cd ¼
1
j

ln
z
z0

� �� ��2

ð17Þ

where j is von Kármán’s constant (0.41), z is the height above
the bed of the center of the bottom grid cell (0:5Dz), and z0 is a
bottom roughness coefficient. Surface drag coefficient was either
calculated using the COARE 3.0 algorithm (Fairall and Bradley,
2003), which is wind speed dependent, otherwise we set it constant
(Cda ¼ 1:10� 10�3).

The horizontal eddy viscosity was constant (mH ¼ 1:0 m2 s�1)
and the vertical eddy viscosity was computed by the Mellor and
Yamada (1982) (MY2.5) turbulence closure scheme. Advection of
momentum was computed by a first-order upwind scheme. A lin-
ear equation of state was used to compute the density per-
turbation, q, as a function of both salinity and temperature

qðs; TÞ
q0

¼ bðs� s0Þ � aðT � T0Þ ð18Þ

where s0 ¼ 12:5 psu and T0 ¼ 20:0 �C are reference values for tem-
perature and salinity, b is the haline contraction coefficient
(7:52� 10�4 psu�1 kg m�3), and a is the thermal expansion coeffi-
cient (2:2� 10�4 �C�1 kg m�3).

3.3. Grid and bathymetry

A major challenge in modeling a geometrically complex region
like Galveston Bay is resolving the bathymetric features that are
pertinent to the bulk circulation of the bay. Important features, like
the Houston Shipping Channel, have length scales ranging from 10
to 100 m while the estuarine length scale is roughly 100 km.

For this study we developed three different unstructured grids
capable of resolving the important topographic/geometric proper-
ties of Galveston Bay, while still having few enough grid points to
be run for months to years on a modest number of processors (32–
64). The first grid consisted of 21,484 horizontal grid cells and had
a horizontal grid resolution (distance between grid cell centers)
ranging from 2000 m at the open boundary down to 400 m within
the bay (Fig. 6(a) and (b)). We will refer to this grid as the coarse
triangular grid or just the coarse grid throughout this paper. A finer
resolution triangular grid was developed to test the sensitivity of
the resolution on model performance (Fig. 6(c)). The median hori-
zontal spacing of this grid (the fine triangular grid or just the fine
grid) was 95 m and the resolution was focused on the Houston
Shipping Channel and the entrance of Galveston Bay. The fine
triangular grid consisted of 59,818 horizontal cells.

Triangular unstructured meshes can induce higher numerical
diffusion compared to an equivalent rectangular grid (Holleman
et al., 2013, see). Furthermore, errors in the calculation of the hori-
zontal divergence on staggered Arakawa C-grids cause grid-scale
numerical noise that projects itself onto the vertical velocity field
(Wolfram et al., 2013). To minimize these issues we constructed
a mixed quadrilateral-triangular grid with quadrilaterals employed
in key high velocity regions (Fig. 6(d)) using the Janet grid genera-
tion package developed by Smile Consult (www.smileconsult.de).
Roughly uniform resolution quadrilaterals (Dx ¼ 100 m) were
paved in the Houston Shipping Channel and through the entrance
of Galveston Bay. The rest of the grid consisted of triangles. The
total number of horizontal cells was 57,305, with 20 vertical layers
resulting in 478,984 total active 3D cells.
The model bathymetry was specified using a Galveston Bay 1/3
arc second (10 m) digital elevation model (DEM) (Taylor, 2008).
This DEM was generated using bathymetry data from various
sources (soundings, LIDAR, side-scan sonar) the most recent of
which was collected in 2008. It should be noted that the bathyme-
try of the bay is constantly evolving, particularly in the wake of
major hurricanes.

3.4. Open boundary and initial conditions

3.4.1. Tides and water level
The tidal frequency water level and velocity data were specified

along the open boundaries with a combination of coastal tide
gauge data and tidal constituent information from a Gulf of
Mexico regional tidal model (Egbert and Erofeeva, 2002). The moti-
vation for using the two data sets was to capture the full temporal
spectrum (tidal and sub-tidal frequencies) using the gauged data
while also representing the spatial variability of the tides.

To blend the tide gauge and tidal model data, first, water level
and velocity amplitude (Amod;mðx; yÞ) and phase (/mod;mðx; yÞ) from
the Oregon State University 1/45th degree resolution Gulf of
Mexico regional tidal model were interpolated onto the boundary
cells for each of the eight resolved tidal constituents:
M2; S2;N2;K2;K1;O1; P1;Q1. Next, we performed a least-squares har-
monic fit of the tide gauge data for the model period (6–12 months)
using the same eight tidal constituents to give Aobs;m and /obs;m, the
observed amplitude and phase, respectively. The subscript m repre-
sents the tidal constituent number. The tidal model predicted
amplitude at each location was multiplied by the ratio of observed
to predicted amplitude at the gauge (xg ; yg) i.e.,

Amðx; yÞ ¼
Aobs;m

Amod;mðxg ; ygÞ
Amod;mðx; yÞ ð19Þ

Similarly, the difference between the observed phase and the mod-
eled phase at the tide gauge location was applied as a correction

/mðx; yÞ ¼ /mod;mðx; yÞ þ ½/obs;m � /mod;mðxg ; ygÞ� ð20Þ

The same correction was applied to all boundary cells for both
water level and velocity. Using this technique, we resolved the spa-
tial variability predicted by the tidal model while preserving the
observed phase and amplitude modulation recorded at the tide
gauge.

Finally the residual signal was added to all open boundary
points. This signal contained tidal constituents not included in
the tidal model as well as the low frequency (sub-tidal) component
of the water level spectrum (e.g., Fig. 2).

3.4.2. Freshwater discharge
Freshwater inputs were specified using output from a coastal

hydrology model for the Trinity–San Jacinto estuarine region
(Schoenbaechler and Guthrie, 2012). This model included gauged
freshwater discharge contributions, agricultural diversion and
return flows, and estimated flows from ungauged sections. The
total freshwater contribution from ungauged watersheds was sig-
nificant, particularly during dry periods. Ungauged flow into the
Trinity River watershed accounted for >50% of total discharge dur-
ing low flow conditions but <5% during high flow.

3.4.3. Texas–Louisiana shelf regional model coupling
The salinity along the Texas–Louisiana shelf is heavily influ-

enced by the Mississippi and Atchafalaya River outflows, with val-
ues in the Gulf bordering Galveston Bay varying between 20 and
35 psu (Marta-Almeida et al., 2013). To represent this variability
we coupled the SUNTANS open boundaries with a shelf-scale
Regional Ocean Modeling System (ROMS; Haidvogel et al., 2008)

http://www.smileconsult.de


Fig. 6. (a) The extent of the coarse SUNTANS grid with the red square indicating the region detailed in (b)–(d). Zoom in of the (b) coarse grid, (c) the fine triangular grid, and
(d) the mixed quad-tri grid near the entrance of the bay. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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model that reproduced the regional salinity characteristics
(Hetland and DiMarco, 2012; Marta-Almeida et al., 2013; Zhang
et al., 2012).

Temperature and salinity boundary conditions within the Gulf
were obtained from the shelf-scale ROMS model of Zhang et al.,
2012. The data from the ROMS model was first spatially interpo-
lated onto the SUNTANS open boundary cells using inverse dis-
tance interpolation and then interpolated vertically from the
ROMS to SUNTANS cell centers. ROMS 4-h output was interpolated
in time to coincide with the 1-h tidal forcing interval.

Initial temperature and salinity conditions were also specified
using ROMS predictions. The ROMS grid coarsely resolved
Galveston Bay and accounted for Trinity River inflow. Because
there was no tidal forcing in the ROMS model the initial tempera-
ture and salinity fields were approximate. Two weeks of spin up
time were required for these fields to roughly achieve equilibrium
with the tidal forcing.

3.5. Atmospheric forcing

The atmospheric forcing data was specified using the North
American Regional Reanalysis (NARR) data set (Mesinger et al.,
2006). This model hindcasts the atmospheric state and outputs
the data on a �40 km grid at a 3 h interval. Atmospheric variables
required by the heat flux parameterization (described below) were
wind velocity at 10 m, mean sea-level air pressure, air tempera-
ture, relative humidity, cloud cover and precipitation. Net long-
wave and shortwave radiation were derived in the model (see
Appendix). All variables were input into SUNTANS on the NARR
space–time grid and interpolated internally within the model.
Spatial interpolation of the variables was performed using ordinary
kriging (optimal interpolation)(see e.g., Cressie, 1990). A spherical
model was used to model the covariance between points and we
used a wide spatial range parameter (50 km) to ensure smoothness
of the interpolated fields. Quadratic interpolation was used to
interpolate onto the model time step.

3.6. Model evaluation metrics

Quantitative skill assessment is necessary to evaluate the per-
formance of our numerical model and its usefulness to other appli-
cations. Similar to other hydrodynamic model validations in
estuaries (e.g., Wang et al., 2011) and the coastal ocean (e.g.,
Hetland and DiMarco, 2012), we used the following metrics to



Fig. 7. Model inter-comparison statistics for the 2009 model period. Each row corresponds to a different variable: salinity and water level, respectively; each column
corresponds to a different model evaluation statistic: bias, RMSE, CC and skill score. The large black triangles represent the coarse triangular grid results, the small gray
triangles represent the fine triangular grid, gray squares represent the mixed quad-tri grid with z0 ¼ 2� 10�5 m, and the black squares represent the mixed quad-tri grid with
z0 ¼ 2� 10�4 m.

Fig. 8. Model velocity inter-comparison statistics for the 2009 model period as a function of depth. Each row corresponds to a different variable: raw and sub-tidal eastward
velocity, respectively; each column corresponds to a different model evaluation statistic: bias, RMSE, CC and skill score. The large black triangles represent the coarse grid
results, the small gray triangles represent the fine triangular mesh, gray squares represent the mixed quad-tri grid with z0 ¼ 2� 10�5 m, and the black squares represent the
mixed quad-tri grid with z0 ¼ 2� 10�4 m.
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Fig. 10. Model comparison of (a) raw water level for July 2011 and (b) the sub-tidal
component for 2011 at Morgan’s Point. The gray region in (b) indicates the time
period shown in (a).
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quantitatively evaluate the ability of SUNTANS to reproduce the
observed physical processes in Galveston Bay: the model skill score
(Murphy, 1988)

skill ¼ 1�
P

Xobs � Xmod½ �2P
Xobs � �Xobs
	 
2 ; ð21Þ

the root mean squared error (RMSE)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

X
Xobs � Xmod½ �2

r
; ð22Þ

the correlation coefficient (CC)

CC ¼ 1
N

P
Xobs � �Xobs

� �
Xmod � �Xmod

� �
robsrmod

; ð23Þ

and the bias (mean error)

Bias ¼ 1
N

X
Xmod � Xobsð Þ; ð24Þ

where Xobs and Xmod are the discrete observation and model value of
a given variable, respectively, �Xobs and �Xmod represent the associated
means, robs and rmod represent the standard deviation and N repre-
sents the number of observations.

3.7. SUNTANS scenarios

We simulated two time periods with distinctive freshwater
forcing regimes: (1) Mar–Sep 2009, a winter-summer/wet-dry
cycle, and (2) Jan–Oct 2011, a drought year. These periods were
chosen so that the full spectrum of variability would be simulated
by the model including periods of low and high river discharge,
spring and neap tidal forcing, as well as summer and winter atmo-
spheric conditions. The other motivation for choosing these two
periods was that sufficient observations were available to evaluate
Fig. 9. Model comparison of 2011 water temperature at station boli. (a) Sub-tidal
frequency temperature from the observation (black), SUNTANS result with
COARE3.0 heat flux algorithm (solid gray), and SUNTANS result with constant heat
flux coefficients (dashed gray). (b) The temperature difference between boli and trin
stations. (c) Bias, (d) RMSE, (e) correlation coefficient, and (f) model skill of the raw
temperature over the 2011 period from the COARE3.0 (circle) and constant
coefficient (star) scenarios.

Fig. 11. Model and observed (a) raw and (b) sub-tidal frequency eastward (u) water
velocity for each ADP depth bin. The gray region in (b) indicates the time period
shown in (a). Depths are meters below mean sea level.
performance. We tested the sensitivity of modeled water tempera-
ture to the heat flux parameterization (see Appendix) as well as the
influence of bed roughness (drag).

A numerical time step, Dt, of 30 s for the coarse grid and 2 s for
the two finer grids was required to ensure model stability. The run
time for a six month simulation period was 14 h on 48 CPUs for the
coarse grid and roughly 240 h using 62 CPUs for the finer grids. The
order of magnitude increase in run times arose from the increase in
number of grid points by a factor of two along with a decrease in
the time-step size by a factor of 15.
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4. Model results

4.1. Model sensitivity

4.1.1. Grid sensitivity
Salinity and water level validation statistics for the three differ-

ent model grid simulations (coarse triangular, fine triangular, mixed
quad-tri) from March–October 2009 are shown in Fig. 7. Overall, all
four model performance metrics for salinity (Fig. 7(a)–(d)) from
both the fine triangular mesh and the mixed quad-tri mesh sim-
ulations were better than the coarse triangular mesh simulation.
There was a fresh bias of 2–5 psu at all of the upstream stations
in the coarse triangular mesh simulation that was corrected in
the fine triangular and mixed quad-tri mesh simulations
(Fig. 7(a)). The fine mesh model skill scores for salinity (Fig. 7(d))
(0.5–0.7) were higher (0.5–0.7) than the scores for the coarse
triangular mesh run (0.0–0.5). The salinity bias at the upstream sta-
tions was lower for the fine triangular mesh simulation (1 psu) than
the mixed quad-tri simulation (3 psu). Overall, the fine triangular
mesh performed the best using the same bed roughness
Fig. 12. Contour maps of the (a) K1 and (b) M2 water level tidal harmonics computed from
(d) M2 depth-averaged velocity tidal ellipses with the semi-major axis magnitude (m s�

legend, the reader is referred to the web version of this article.)
(z0 ¼ 2� 10�5 m) for all three grids. We will report the influence
of bed roughness in the next section.

Predictions of water level were also improved by increasing the
grid resolution with the most notable difference at the furthest
upstream station (Morgan’s Point; Fig. 7(e)–(h)). The bias in the
water level at Morgan’s Point was 0.1 m for the coarse triangular
mesh and 0.04 m for both fine meshes (Fig. 7(e)). The water level
RMSE for the fine mesh simulations (Fig. 7(f)) was lower at
Morgan’s Point (0.11 m versus 0.16 m) but was marginally higher
at the station closest to the entrance (0.07 m versus 0.04 m).
There was no discernible difference in water level between the fine
triangular mesh and mixed quad-tri mesh simulations.

Model validation statistics for total and sub-tidal velocity at the
entrance current profiler are shown in Fig. 8. Differences in total
velocity skill score (Fig. 8(d)) were negligible. Model skill for
sub-tidal velocity (Fig. 8(h)), however, was higher for the mixed
quad-tri mesh (0.5–0.7) while the coarse triangular mesh was
significantly worse, particularly near the surface (skill = 0.25).
There was also a clear velocity bias in the coarse triangular mesh
simulation at the surface (Fig. 8(a) and (e)). The similar skill at
the 2009 coarse grid scenario. Black contours indicate 0.5 h phase lines. (c) K1 and
1) indicated by the color. (For interpretation of the references to color in this figure
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predicting total velocity by all three models suggests they are all
capable of reproducing the tidal period variance, which dominates
the sub-tidal variance. The finer meshes were better at predicting
the low-frequency exchange flow at the entrance, which has
important implications for transport of tracers in and out of the
bay.
4.1.2. Bottom roughness sensitivity
We ran two simulations with the mixed quad-tri mesh, one with

bed roughness of z0 ¼ 2� 10�5 m and the other with z0 ¼ 2�
10�4 m. Increasing the roughness decreased the positive salinity
bias at the upstream sites and also decreased the salinity RMSE
and improved the salinity skill score (Fig. 7(b) and (d), respec-
tively). Modifying the roughness had a negligible effect on water
level (Fig. 7(e)–(h)). Increased roughness resulted in a shift in bias
in predicted currents at the entrance (Fig. 8(a)) and reduced RMSE
by roughly 0.03–0.04 m s�1 (Fig. 8(b)). The total skill score was
insensitive to variations in roughness while the sub-tidal velocity
skill score improved with increased roughness (Fig. 8(h)).
Fig. 13. Model comparison of March–September 2009 salinity at station boli (solid)
and trin (dashed). (a) Raw salinity during a one-month period, and (b) sub-tidal
frequency for a six-month period. Gray box in (b) indicates time-period in (a).
4.1.3. Heat flux parameterization
Modeled water temperature was sensitive to the choice of heat

flux parameterization (see Appendix A) and fairly insensitive to the
model grid (not shown). We ran two tests: one with constant flux
coefficients (Ch ¼ Ce ¼ 1:1� 10�3), and the other with variable
fluxes computed using the COARE 3.0 algorithm (Fairall and
Bradley, 2003) for the entire 2011 on the coarse triangular grid.
Results of the two experiments are plotted in Fig. 9.

Overall, all model temperature performance metrics were
improved by using the COARE3.0 algorithm (Fig. 9(b)–(e)). There
was a warm bias in predicted water temperature of 3–4 �C
(Fig. 9(a) and (c)) when the Stanton, Ch, and Dalton, Ce, coefficients
were set constant. The warm bias decreased by 50% in the COARE
run (Fig. 9(b)).

The along-estuary water temperature gradient, estimated by
the difference between the boli and trin stations, indicated that a
3–4 �C temperature difference developed along the length of estu-
ary during the cooling phase of the annual cycle (see Section 2.5
and Fig. 5). In Fig. 9(b), the model replicated this gradient during
the cooling period e.g., Jan–Feb 2011 and Oct–Dec 2011, with the
COARE3.0 scenario performing better. However, the model pre-
dicted an opposite gradient (2 �C warmer water in Trinity Bay) dur-
ing the summer period. It is unclear why this differential heating
and cooling mechanism between Trinity Bay and the entrance
occurred only during the cooling phase in the observations.
Fig. 14. Same as Fig. 13 but for 2011 model period.
4.2. Spatial variability

We now will use the mixed quad-tri mesh simulation results to
elucidate spatial details about the observed circulation presented
in Section 2.
4.2.1. Tides
Observations indicated that the water level variability was dis-

tributed roughly equally between the tidal, weather system and
annual frequency bands (Fig. 2). An example time series from the
2011 simulation (Fig. 10) demonstrates the ability of the model
to capture the tidal (Fig. 10(a)) and sub-tidal water level variability
(Fig. 10(b)).

The model reproduced the observed tidal currents throughout
the water column at the entrance of Galveston Bay (Fig. 11(a)).
The sub-tidal currents were also reproduced by the model
(Fig. 11(b)). Strong outflows such as the event in September 2011
were captured by the model indicating that the open boundary
and surface forcing schemes resolved the 3–10 d time scale
processes.

Harmonic analysis of the modeled water level and currents
indicated spatial variability of the tides consistent the observations
(Section 2.2; Table 2). The amplitude of the water level oscillations
at the diurnal (K1 and O1) and semi-diurnal (M2) constituents were
damped as they entered the bay (Fig. 12) similar to the observa-
tions (Table 2). K1 amplitude decreased by 50% between the
entrance and Texas City Dike. Trinity Bay and East Bay were tidal
convergence zones where the amplitude increased again to around
80% of the entrance amplitude (Fig. 12(a)). M2 was more rapidly
damped; its amplitude decreased by 80% between the entrance



Fig. 15. Contours of modeled monthly-averaged near-surface salinity (psu) distribution in Galveston Bay using the mixed quad-tri grid (right column). The left column shows
data along the transects indicated by the dashed line in the right column.
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and Texas City Dike (Fig. 12(b)). M2 amplitude also increased in
Trinity and East Bay to roughly 40% of the entrance amplitude. A
phase lag in each frequency of 5–6 h between the entrance and
the upper reaches of Trinity Bay was predicted (Fig. 12). The most
rapid change in phase was between the entrance channel and
lower bay to Eagle Point.

The maximum magnitude of the semi-major axis of tidal
ellipses of the K1 constituent was roughly 0.8 m s�1 in the main
entrance, around 0.2 m s�1 near Eagle Point and 0.05 m s�1 in
Trinity Bay (Fig. 12(c) and (d)), a 75% to 95% reduction. The direc-
tion of the ellipses and the ellipticity (ratio of minor to major axis)
were influenced by the topography. Most notably, the tidal cur-
rents were approximately rectilinear and aligned with the topogra-
phy in the main inlet. Observed velocity near the entrance (see
Fig. 1) had amplitudes of 0.37 and 0.27 m s�1 for the K1 and M2 fre-
quencies, respectively (Table 3). Model results indicated that the
largest tidal ellipses (0.8 m s�1) were in the center of the channel;
the instrument was closer to the south bank.

4.2.2. Salinity distribution
A period of high rainfall and runoff in April 2009 freshened the

entire bay between April and June (Fig. 4). The observed and pre-
dicted tidal and sub-tidal frequency salinity in Trinity Bay and
the entrance is shown in Fig. 13. The mixed quad-tri grid model cap-
tured the trend of freshening at both stations following the flood
event (see Fig. 4) and the gradual salt intrusion from June onwards.
The positive salinity bias in the mixed quad-tri simulation (Fig. 7(a))
in Trinity Bay was evident during this intrusion period Fig. 13(b).
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The model roughly predicted the tidal salinity fluctuation at
both sites (Fig. 13(b)). Large amplitude salinity fluctuations of
10–15 psu at the entrance resulted from the combination of strong
tidal currents, hence large horizontal excursion (see Fig. 12) large
spatial salinity gradient. Sub-tidal salinity fluctuations near the
entrance of roughly 5 psu were not as well reproduced. For exam-
ple, during early April 2009 the salinity at the entrance (boli,
Fig. 13(b)) shifted from 23 psu to 31 psu while the model did not
predict this increase. We can only speculate that the jump was
caused by high salinity coastal water advecting past the entrance
that was not reproduced by the shelf ROMS model.

Observed and predicted tidal and sub-tidal salinity variability for
the 2011 simulation is shown in Fig. 14. Observations indicated that
low river discharge during 2011 resulted in higher than average
salinity in the upper reaches of the bay with a salinity of 20–
30 psu (Fig. 4). In contrast to 2009, there were no large freshening
events in Trinity Bay; instead salinity increased gradually from
20 psu in January to 29 psu by October 2011. The model was initial-
ized with a fresh bias in the upper bay and both observed and pre-
dicted salinity increased by 7–8 psu over the simulation period
(Fig. 4(b)). At the entrance, salinity increased from 25–35 psu over
the 2011 simulation period. The model predicted the general trend
but did not capture salinity fluctuations that had a 2–4 week period.

There was an observed drop in Trinity Bay salinity during late
January 2011 that was not captured in the model. In addition there
were fluctuations of 10 psu in the sub-tidal salinity near the
entrance (e.g., June–July 2011) that were also not captured by
the model. Such events were likely due to the passage of different
coastal water masses past the entrance, as previously mentioned.

Fig. 15 shows the monthly mean salinity distribution from the
mixed quad-tri grid simulation during three different months with
varying river discharge and coastal salinity. During April 2009 the
salinity varied from 0 psu near the Trinity River delta to 12 psu
near Eagle Point and up to 24 psu at the entrance. Following the
high discharge period, the salinity at Eagle Point was 4 psu and
the salinity at the entrance was 18 psu. In the period when dry
conditions returned (August 2009), the salinity in Trinity Bay was
greater than that before the wet period (16 psu), and the salinity
at the entrance was also greater (34 psu). The ROMS model open
boundary conditions (not shown) indicated that this was the result
of changes in coastal circulation driving high salinity water past
Bolivar Roads.

Vertical stratification, measured by top to bottom salinity dif-
ference DS, varied between dry and wet periods and in different
parts of the bay (Fig. 15). Trinity Bay was partially stratified
throughout the entire period (DS ¼ 1–2 psu), while at the entrance
channel DS was 2–4 psu. Stratification was greatest in the HSC near
Eagle Point (distance = 60 km Fig. 15) and varied with river dis-
charge; monthly-averaged DS was 10, 14, and 8 psu in April,
May, and August, respectively.
5. Summary and conclusions

The main research goals of this study were to describe observa-
tions of circulation within Galveston Bay and to present a new
three-dimensional numerical model capable of reproducing the
important processes. The hydrodynamics in Galveston Bay can be
summarized as follows: predominantly diurnal tides only
accounted for 50% of the water level variance; the remainder of
the variability was due to wind-driven coastal setup along the
Texas–Louisiana shelf. Tidal currents were several times larger
than the sub-tidal currents at the entrance (0.9 m s�1and
0.3 m s�1, respectively). Sub-tidal currents were found to be driven
by wind-driven water level oscillations. Salinity variations in the
bay were predominantly in response to large, intermittent
discharge events in excess of 1000 m3 s�1. Salinity variations on
the Texas–Louisiana shelf also drove both low and high salinity
water into the bay. Water temperature oscillated with an annual
cycle and a 2–3 �C horizontal gradient developed between Trinity
Bay and the entrance during the cooling phase of the cycle.

Three unstructured meshes were tested to determine the role
grid discretization had on predictions. In general, water level was
well reproduced with all three grids, while water temperature
was mainly sensitive to the surface heat flux parameterization
scheme. The COARE 3.0 bulk flux algorithm significantly improved
the model performance compared with using constant heat flux
coefficients. Salinity and residual (sub-tidal) velocity were more
sensitive to the choice of grid discretization.

During low river discharge periods (June–September 2009), the
coarse grid was negatively biased (too fresh), while the fine
trianglular and mixed quad-tri meshes were positively biased with
the mixed quad-tri grid being the worse performing of the two.
We hypothesized that numerical diffusion was lower in the mixed
quad-tri grid resulting in greater tidal currents and up-estuary salt
flux rate that ultimately led to a higher positive salinity bias in the
upper reaches of Galveston Bay. Therefore, we increased the bed
roughness coefficient to compensate for the lower numerical diffu-
sion and reduce the positive salinity bias. Increasing the grid res-
olution was therefore not the complete solution to a better
prediction: sub-grid scale parameterizations also need to be
adjusted accordingly.

The numerical model presented here has several improvements
over previous Galveston Bay studies. Previous modeling efforts
either made a 2D barotropic assumption (Matsumoto et al.,
2005) or were 3D with a limited number (<5) of vertical layers
(Berger et al., 1995; Schmalz and Grant, 2000). These models accu-
rately reproduced the tidal frequency barotropic currents and
water levels, although they were less capable at reproducing the
salinity variability. Matsumoto et al. simulated a time period in
1990 with similar conditions to those in 2009, i.e. a river flooding
event followed by a dry period. Because they employed relatively
coarse resolution and their model was 2D, Matsumoto et al. needed
to tune their model to match salinity observations by adjusting a
horizontal dispersion coefficient that parameterized unresolved
physical processes like tidal trapping and baroclinic circulation.
Although the parameterization resulted in good agreement near
the Galveston Bay mouth, the model over-predicted the salinity
in Trinity Bay during the dry period. This is not surprising given
that, as demonstrated in this paper, the low-frequency salinity
dynamics in the upper bay are highly sensitive to model grid res-
olution and open boundary conditions. We demonstrated that,
through use of higher horizontal and vertical resolution the
SUNTANS model could accurately resolve the salinity dynamics
without explicit tuning. While higher grid resolution and three-di-
mensionality improve predictions of the salinity dynamics in
Galveston Bay, we also show that nesting with a shelf-scale model
is needed to reproduce the low-frequency forcing from the Gulf.
Finally, a surface heat flux model is needed to correctly reproduce
the long-term effect of evaporation on the salinity.

A quantitatively validated hydrodynamic model, like the one
presented here, is necessary to predict the short and long-term
transport of oil and other tracers within Galveston Bay. Results
presented here showed sensitivity of long-term tracer transport
to grid resolution, unstructured mesh topology and choice of drag
parameterization. In a future paper we will analyze salt flux
mechanisms and transport time scales under different conditions.
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Appendix A. Heat flux parameterizations

We used single parameter turbulent heat flux parameter-
izations here that are based on a bulk flux formulation (see e.g.,
Kantha and Clayson, 2000). Details of the methods to compute
incoming radiation can be found in e.g., Gill (1982) and Wood
(2008).

Sensible heat flux (HS): The sensible heat flux is parameterized
using the following bulk formula based on the air-sea temperature
gradient, the wind speed and an empirical coefficient,

HS ¼ �qacpaChjUaj Tw � Tað Þ ðA:1Þ

where, cpa is the specific heat of air (¼ 1004:6 J kg�1 C�1), Ch is the
Stanton number (� 0:0011� 0:0015), Tw is the surface water tem-
perature (�C) and Ta is the air temperature at z = 10 m (�C).

Latent heat flux (HL): The latent heat flux, heat flux due to evap-
oration, is parameterized using the following bulk formulation,

HL ¼ �qaLvCejUaj qsat � qð Þ ðA:2Þ

where, qa is the density of air (1.2 kg m�3), Lv is the latent heat of

vaporization (2:5� 106 [J kg�1]), Ce is the Dalton number
(� 0:0011� 0:0015), jUaj is the surface wind speed [m s�1], qsat is
the saturation vapor pressure at water surface [kg=kg] (see below),
q is the specific humidity of air at z = 10 m [kg=kg] (see below). The
saturation vapor pressure and specific humidity are given by,

qðT; PÞ ¼ 0:62197
a2

P � 0:378a2
;

when q = qsat

a2 ¼ 0:98a1; T ¼ Tw;

otherwise,

a2 ¼ a1RH=100; T ¼ Ta; ;

where,

a1 ¼ 6:1121 1:0007þ 3:46� 10�6P
� 

exp 17:502
T

T þ 240:97

� �

and, P is the air pressure [mb or hPa], and RH is the relative humidity
[0–100%].

The dimensionless Stanton (Ch) and Dalton (Ce) coefficients are
the only unknowns in these two parameterizations. Kantha and
Clayson (2000) suggest a range of 1:1� 10�3

6 CeðhÞ 	 1:5� 10�3

based on the results of many air-sea interaction experiments. We
implemented two methods in SUNTANS for specifying the values
to Ch and Ce. The first is simply a user-specified option where the
values are manually set. The second option uses an iterative
scheme proposed by Fairall et al. (1996) and Fairall and Bradley
(2003) that calculates Ch and Ce as a function of wind speed as well
as the air-sea temperature and humidity gradients. Grachev et al.
(2011) found a reasonable agreement between the estimated sen-
sible and latent heat fluxes using this algorithm and turbulent flux
measurements taken within Galveston Bay and the Gulf of Mexico.

Upward longwave radiation (Hlw;u): The upward longwave radia-
tion (blackbody radiation emanating from the water surface) is
given by,

Hlw;u ¼ �ewr Tw þ Tref

� �4 ðA:3Þ
where, Tref is the degrees Celsius to Kelvin conversion offset
(=273.16 K), ew is the emissivity of water (=0.97) and r is the
Stefan–Boltzmann constant (=5:67� 10�8 Wm�2 K�4).

Downward longwave radiation (Hlw;d): The downward longwave
radiation (blackbody radiation emanating from gases in the atmo-
sphere) is given by,

Hlw;d ¼ ear 1� rlwð Þ Ta þ Tref

� �4 ðA:4Þ

where, rlw is the fraction of reflected longwave radiation (� 0.03), ea

is the emissivity of air

ea ¼ a0 1þ alwCð Þ Ta þ Tref

� �2
;

and a0 ¼ 0:937� 10�5 K�2; alw is the cloud cover fraction coeffi-
cient (=0.17), C is the variable cloud cover fraction (2 ½0;1�).

Shortwave radiation term (Hsw): The shortwave radiation source
term on the LHS side of (7) has the analytical form,

QswðzÞ ¼
1

qcp
Hswe�kez ðA:5Þ

where ke is the light extinction coefficient (=1=Le ½m�1�; Le is the
light extinction depth). Hsw is the solar radiation [W m�2] reaching
the surface where,

Hsw ¼ ð1� aÞð1� 0:65C2ÞQ sc; ðA:6Þ

and a is the surface albedo (variable, but we have used = 0.06). Qsc is
the gross incoming radiation, without clouds or reflection, given by,

Q sc ¼
R� S0 � c c P 0
0 c < 0

�

R = 0.76, S0 is the solar radiation at equator (=1368 W m�2), c is
an adjustment factor for time and latitude, given by

c ¼ sin dð Þ sin
p/
180

� �
� cos dð Þ cos

p/
180

� �
cos xdtdð Þ

/ is the latitude [degrees], td is the time [year day], xd is the diurnal

angular frequency (=2p rad d�1) and d is the seasonal adjustment
factor, given by,

d ¼ 23:5p
180

cos xatd � 2:95ð Þ

xa is annual angular frequency (=2p=365:25 rad d�1).

Appendix B. Numerical discretization of the temperature
transport equation

To avoid stability limitations associated with strong vertical
mixing in the presence of thin z layers, we employ the theta
method (Casulli and Cattani, 1994) to discretize the vertical diffu-
sion term in the temperature transport Eq. (7), the discrete form of
which is given by

Tnþ1 � Tn

Dt
¼ �An

Q þ h
d
dz

Kn
T
@T
@z

nþ1
 !

þ ð1� hÞ d
dz

Kn
T
@T
@z

n� �

þ dQ n
sw

dz
; ðB:1Þ

where An
Q contains the advective terms discretized at time-step n,

and Kn
v is at time step n to linearize the time discretization that

has negligible effects on the accuracy owing to the relatively slow
variability of Kv from one time step to the next. In Eq. (B.1), the
shortwave radiation term is also discretized explicitly as it poses
no time-step restriction for stability. Details of the discretization
of the advection terms are the same as those for salt and can be
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found in Chua and Fringer (2011). The discrete vertical diffusion
term is given by

d
dz

Kn
T
@T
@z

� �
k

¼ 1
Dzk

KT;kþ1=2
Tkþ1 � Tk

Dzkþ1=2
� KT;k�1=2

Tk � Tk�1

Dzk�1=2

� �
; ðB:2Þ

where k is the index of the vertical z level and Dzk is the height of
cell k, with Dzk
1=2 ¼ ðDzk þ Dzk
1Þ=2. At the surface, the heat flux
(10) is evaluated using the surface boundary condition (8) to give

d
dz

Kn
T
@T
@z

� �
k¼ktop

¼ 1
Dzk

Q sðTkÞ � KT;k�1=2
Tk � Tk�1

Dzk�1=2

� �
k¼ktop

; ðB:3Þ

where ktop is the index of the top cell and QsðTktop Þ implies that the
terms in the heat source from (10) are a function of the surface tem-
perature Tktop . Because the theta method requires evaluation of
QsðTktop Þ at time step nþ 1, an iterative solver would be needed to

solve for Tnþ1
k given the nonlinear dependence of Qs on temperature.

To avoid the iteration, the surface heat source is linearized with

Q s Tnþ1
ktop

� 
¼ Q s Tn

ktop

� 
þ dQ s

dT

� �
T¼Tn

ktop

Tnþ1
ktop
� Tn

ktop

� 
: ðB:4Þ

The shortwave radiation in Eq. (7) has the form

Q swðzÞ ¼ Q sw0
e�z=Le ; ðB:5Þ

where Le is the light extinction depth (m). The discrete form of the
vertical gradient term in Eq. (7) was then

dQ sw

dz jk
¼ Q sw0

exp zkþ1=2=Le
� �

� exp zk�1=2=Le
� �

zkþ1=2 � zk�1=2

� �
ðB:6Þ

Solving the shortwave penetration expression (B.6) numerically,
rather than analytically, ensures that the total sum of heat pre-
scribed into the water column matches the surface shortwave flux
(Ahmed, 2013). When d 6 Le not all of the energy is accounted for
by this model; some may reflect from the bottom and some may
be absorbed before being re-transmitted as longwave radiation.
To avoid trying to model these complex processes, we made the
assumption that all of the energy is absorbed into the water column
i.e., Le was locally set to 90% of the water depth.
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