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Abstract: This study provides a comprehensive analysis and intercomparison of surface currents,
for Galveston Bay and Sabine Lake, Texas, obtained from High-Frequency (HF) radars and SCHISM
model. We established a methodology based on qualitative and quantitative analyses to compare
measured and modeled surface currents. One-month HF radar data, in April 2023, were extracted
from the two newly installed HF radar networks comprising two and three HF radar stations at
Sabine Lake and Galveston Bay, respectively. The extracted surface current data were compared to
corresponding SCHISM-simulated currents to assess the model’s performance in predicting currents.
The comparison encompassed qualitative and quantitative assessments by evaluating current vectors
and the magnitude of eastward and northward velocity components from both methods. The results
showed the ocean current predictive capabilities of SCHISM exemplified by their strong correlations
(up to 0.94), high index of agreement (up to 0.95), and low error metrics, during the study period.
The disparities in the eastward and northward current measurements across the dates underscore the
complex interplay between prevailing winds, bay-ocean interactions, and regional weather patterns.
This study sheds light on the intricate dynamics of the surface currents in estuaries and nearshore
lakes with the underlying efficacy of both the HF radar and SCHISM surface current determinations.
The findings can contribute to advancing the understanding of coastal dynamics and determining
the strategies for environmental monitoring and management.
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1. Introduction

The state of Texas, the United States of America, has several major estuaries along
its coast including Galveston Bay and Sabine Lake. Galveston Bay (GB) and Sabine Lake
(SL) are among seven major estuaries along the Texas coast that support vibrant maritime
and industrial sectors. These commercial activities represent real threats to the GB and SL
estuarine ecosystems, for example, due to oil and other chemical spills. The bay and lake
provide tremendous economic benefits to the state and are also of industrial importance
to the country. These estuaries are home to major ports for the United States, including
the Port of Houston, which ranks as the nation’s largest port, and sixth globally in terms
of foreign tonnage. The region surrounding the bay (GB) is home to over a third of the
country’s chemical production facilities and oil refineries, signifying its strategic importance
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in industrial operations. Moreover, the estuary contributes significantly to the economy,
with one-third of commercial fishing income and half of sport fishing expenditures in Texas
originating from this area [1]. SL is home to the Sabine-Neches Water Way, the third-largest
port in the USA in terms of tonnage, which is the busiest military off-load port in the
United States and supports a vibrant petrochemical industry that produces 60% of the
nation’s commercial jet fuel [2]. SL supports an estimated ~100,000 jobs and represents
a huge economic asset to the nation. These characteristics have highlighted the need for
the operational monitoring of the bay and the lake with special interest in measuring the
surface current field in the near real time, thereby providing a prepared approach to face
any future environmental mishaps—oil and substance spills. Oil spill preparedness is
needed for oil exploitation and shipping in general, and surface currents are the most
important variable for an oil spill model for short time scales [3].

Surface current measurements provide invaluable insight into the state of the ocean,
seas, lakes, estuary surfaces, and physical nearshore processes. Measurements of surface
current fields are useful for applications in marine traffic information [4], and oil spill
monitoring and forecasting [5], providing a benchmark for numerical circulation models
through intercomparisons [6–8]. High Frequency (HF) radars are relied on to provide
invaluable real-time surface current data. CODAR SeaSonde systems can be used to
measure surface currents and wave parameters (significant wave height, significant wave
period, and dominant directions). The surface current is primarily determined by radars
using the first-order echo of waves from the ocean surface, whose wavelength is half the
transmitted wavelength [6,9]. HF radar determines currents using the first-order Doppler
spectrum and wave measurements using the second-order Doppler spectrum. The classical
method for ocean wave measurements relies on the second-order ocean Doppler spectrum.
The analysis of this Doppler spectrum can provide additional information such as wind
speed and direction, ocean wave directional spectrum, and ship activity [10].

However, alternative approaches utilize the dominant first-order Bragg echo in the
HF signal, which offers a larger signal-to-noise ratio and extends the spatial coverage [11].
Similarly, as significant progress has been made in the modeling of nearshore processes in
recent years [12], surface currents have been derived from computational approaches as
well, complementing the efforts of observational instruments.

Traditionally, HF radars have become the most reliable source of real-time surface
current maps in operational oceanography. This permits the improved monitoring of the
estuaries and oceans because of their ability to cover extended areas [3], providing the
synoptic reconstruction of surface current fields with spatial and temporal resolutions of up
to 1 km and 1 h, respectively [13]. Each HF radar measures radial velocities and the speed
of surface currents either away from or towards the radar. When these two directions are
subtracted, we obtain the radial velocity field from a single radar. The combination of radial
velocity from multiple radar sources is usually employed to fully deduce the east–west
and north–south velocity components (most times referred to as the total velocity) [14],
providing a detailed representation of the total currents. The surface current representation
usually arises from the interplay of many processes including wind, waves, tides, and
density variation, so the surface current is usually the cumulative measurement of all the
processes and their nonlinear interactions [15]. Many applications, including Panoply
(free software developed by NASA’s Goddard Institute for Space Studies (GISS), used
for plotting scientific data in NetCDF, HDF, GRIBB formats), enable the visualization of
the current vectors obtained from HF radars with a typical hourly temporal scale [15],
facilitating intercomparisons with the current vectors generated from numerical models
operating at the same temporal scale.

Due to the improvements in numerical methods, the modeling of nearshore processes,
and advances in computers, model systems are becoming more useful for simulating the
ocean and estuarine surface circulation [12,16]. A robust three-dimensional model known
as the Semi-Implicit Cross-scale Hydroscience Integrated System Model (SCHISM) was
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developed to simulate surface currents and water surface elevation [5,17] and it is made up
of a system of modules coupled to its hydrodynamic core.

Generally, model performance can be evaluated via model-observation (HF radar)
comparisons of their horizontal velocity(currents) distributions [18], either quantitatively or
qualitatively or both. Commonly adopted evaluation metrics for the quantitative compar-
isons include the correlation coefficient, mean square error, root mean square error, mean
absolute error, and index of agreement [18–21]. Chiu [5] used the correlation coefficient
to verify the accuracy and show the relationship between the simulated surface currents
obtained from SCHISM and monitoring data obtained from an HF radar station. Allah-
dadi [20] used the Willmott index of agreement (IA) for the quantification of the model skill
assessment of the simulated current and water level from the 3D hydrodynamic model,
Mike3 FLOW MODEL-FM versus observation. Willmott and Matsuura [22] indicated
in their findings that mean absolute error (MAE) is a more natural measure of average
error; therefore, intercomparisons of the average model performance error should be based
on MAE.

This work was motivated by a need to assess the performance of SCHISM in surface
current simulations applied to Galveston Bay (GB) and Sabine Lake (SL) in addition to pro-
viding full real-time environmental monitoring of the bay and lake. As a result, a network
of three CODAR-type HF radar stations was installed in late 2022 on GB and in January
2023, a network of two CODAR-type HF radar stations was installed in SL to perform
this assessment. These HF radars began collecting surface current data starting from early
2023, with the data being provided to the public by the National Center for Environmental
Information (NCEI). For this study, we focused on SCHISM outputs corresponding to the
available HF radar data for April 2023 in both GB and SL. The month of April 2023 data
were chosen because of the need for fully calibrated, consistent data following the instal-
lation and early-stage operations of the radars—the radars in SL only started measuring
current data in March 2023. In addition, we were limited by the availability of the neces-
sary input data for the SCHISM simulation during this period. Given the computational
complexity and intensity of SCHISM requiring careful preparation and the integration of
multiple input parameters, this timeframe was sufficient to provide meaningful insights
into the surface current dynamics in both SL and GB. Thus, the SCHISM simulation outputs,
corresponding to the HF radar data for April 2023 in Galveston Bay and Sabine Lake, were
compared to verify the accuracy of the model in calculating surface currents. This work
presents our retrieval of the HF radar current data, the SCHISM simulations of the surface
currents and the surface current intercomparisons between them. Section 2 discusses the
methods, Section 3 presents the results, Section 4 discusses the results, and Section 5 gives
the conclusion.

2. Methodology
2.1. Study Area

Galveston Bay (GB) and Sabine Lake (SB) are located along the northeastern part of
the Texas coast, and they are connected through the Gulf Intracoastal Waterway (GIWW).
Galveston Bay is a wide shallow estuary with a total surface area of 1600 km2 and an
average depth of 3 m [1,23]. Galveston Bay is connected to the open ocean via a narrow
(~200 m) and relatively deep (~14 m) shipping channel, which is called the Houston Ship
Channel, through the Bolivar Roads Pass at the entrance of the bay (Figure 1). Sabine Lake,
which is about 23 km long and 11 km wide, having a surface area of 253 km2, is shallow as
well, but the depth varies between 3 and 6 m depending on the sedimentation and erosion.
There are deeper channels within the lake, especially along the Sabine–Neches Waterway
(SNWW) where the depth averages 12 m, and efforts are underway to increase the depth to
14.6 m by the U.S. Army Corps of Engineers (USACE) [2].
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Figure 1. Map of the study area including Galveston Bay and Sabine Lake in Texas, with the model 
grid. The locations of the five CODAR HF radar stations in Galveston Bay (MOLA, SMPT, and 
MCPK) and Sabine Lake (PLPI and PLA8) are denoted by red squares. The numbers with blue dots 
show the river boundaries used for the SCHISM simulation. 

SCHISM Setup 
For the SCHISM simulation, we utilized an unstructured model grid comprising tri-

angular and quadrilateral meshes, as outlined by [24], which also provides a comprehen-
sive explanation of the model grid development process. The model grid extended from 
Cedar Lakes to Sabine Lake, encompassing approximately one-third of the Texas coast 
(Figure 1). The rectilinear grid was used at most ship channels, and the remaining zones were 
covered with triangular meshes. The final horizontal model grid consisted of 126,474 nodes and 
210,510 elements with minimum and maximum grid sizes of approximately 10 m and 3000 m, 
respectively. 

A SCHISM (version 5.8.0) was developed for the month of April 2023. The tidal off-
shore boundary was forced by the observed NOAA tide station data, Galveston Bay En-
trance (NOAA 8771341), and Sabine Pass (NOAA 8770822) available at NOAA Tides and 
Currents (https://tidesandcurrents.noaa.gov; accessed on 11 August 2023). The freshwater 
inflows to the model domain were included at ten specified locations (ten blue dots in 
Figure 1; the detailed river discharge station names can be found in Table 2 by [24]) using 
the United States Geological Survey (USGS) gaging station data which can be accessed 
through the USGS National Water Information System (NWIS) (https://wa-
terdata.usgs.gov/nwis; accessed on 11 August 2023). Finally, the North American 
Mesoscale forecast system (NAM) 6-hourly reanalysis data were utilized to calculate the 
wind stress at each model grid available at the National Center for Environmental Predic-
tion (NCEP) (https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-
american-mesoscale-forecast-system-nam; accessed on 11 August 2023). The simulation 
took place on the High-Performance Computing (HPC) facility cluster at the University 

Figure 1. Map of the study area including Galveston Bay and Sabine Lake in Texas, with the model
grid. The locations of the five CODAR HF radar stations in Galveston Bay (MOLA, SMPT, and MCPK)
and Sabine Lake (PLPI and PLA8) are denoted by red squares. The numbers with blue dots show the
river boundaries used for the SCHISM simulation.

SCHISM Setup

For the SCHISM simulation, we utilized an unstructured model grid comprising trian-
gular and quadrilateral meshes, as outlined by [24], which also provides a comprehensive
explanation of the model grid development process. The model grid extended from Cedar
Lakes to Sabine Lake, encompassing approximately one-third of the Texas coast (Figure 1).
The rectilinear grid was used at most ship channels, and the remaining zones were covered
with triangular meshes. The final horizontal model grid consisted of 126,474 nodes and
210,510 elements with minimum and maximum grid sizes of approximately 10 m and
3000 m, respectively.

A SCHISM (version 5.8.0) was developed for the month of April 2023. The tidal
offshore boundary was forced by the observed NOAA tide station data, Galveston Bay
Entrance (NOAA 8771341), and Sabine Pass (NOAA 8770822) available at NOAA Tides
and Currents (https://tidesandcurrents.noaa.gov; accessed on 11 August 2023). The
freshwater inflows to the model domain were included at ten specified locations (ten
blue dots in Figure 1; the detailed river discharge station names can be found in Table 2
by [24]) using the United States Geological Survey (USGS) gaging station data which
can be accessed through the USGS National Water Information System (NWIS) (https:
//waterdata.usgs.gov/nwis; accessed on 11 August 2023). Finally, the North American
Mesoscale forecast system (NAM) 6-hourly reanalysis data were utilized to calculate the
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wind stress at each model grid available at the National Center for Environmental Prediction
(NCEP) (https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/north-
american-mesoscale-forecast-system-nam; accessed on 11 August 2023). The simulation
took place on the High-Performance Computing (HPC) facility cluster at the University of
Texas at El Paso (UTEP), Jakar, in conjunction with the local workstation at the Atmospheric
Physics Research laboratory at UTEP. Hourly horizontal current data were extracted from
the final model simulation results for comparison with the results from the HF radar.

2.2. HF Radar
2.2.1. Network Description

To provide continuous estuarine surface currents at Galveston Bay and Sabine Lake,
three Coastal Ocean Dynamics Applications Radar (CODAR)-based HF radars (also referred
to as the SeaSonde HF Radar System) were installed at Galveston Bay in December 2022:
(1) McCollum Park (MCPK), (2) Smith Point (SMPT), and (3) Moses Lake Tide Gate (MOLA)
(Figure 1). The three installed HF radars could cover the important navigational channels
in the bay including the Houston Ship Channel and GIWW [25]. The nominal operating
frequency for each of the three radars was 25 megahertz (MHz), and they were determined
to have a range of 30–50 km based on the inverse relation between the range of HF radar
coverage and the frequency of the radar. The exact coordinates of the three radar antennae
and their distances from the water are summarized in Table 1.

Table 1. Summary of the coordinates of the radars’ antennae and distance from the water at Galveston
Bay.

Stations Name Latitude Longitude Distance from Bay

McCollum Park (MCPK) 29.744541◦ N −94.828675◦ E <150 m
Smith Point (SMPT) 29.546765◦ N −94.788082◦ E <150 m

Moses Lake Tide Gate (MOLA) 29.445450◦ N −94.917287◦ E <150 m

Similarly, two CODAR radars were installed in Sabine Lake with an operational
frequency of 45 MHz (wavelength = 7 m), which is suitable enough to provide 10 km of
coverage in the lake. The precise locations of the radars were at PLPI and PLA8 with the
coordinates as shown in Table 2 below:

Table 2. Summary of the coordinates of the radars’ antennae at Sabine Lake.

Station Name Latitude Longitude

PLPI 29.865056◦ N −93.923867◦ E
PLA8 29.795805◦ N −93.934522◦ E

2.2.2. HF Radar Data Source and Analysis

The radial currents from each of the HF radar networks at Galveston Bay and Sabine
Lake were resolved into total vectors by the Gulf Coast Ocean Observing System (GCOOS)
and incorporated into the NOAA NCEI/NDBC platform for public access. The total
velocities for both eastward (u) and northward (v) water currents at Galveston Bay, Texas,
and Sabine Lake were subsequently accessed from the NOAA NCEI/NDBC, and relevant
software including Panoply (version 5.2.3) and Python (version 3.9.13) were utilized to
analyze the data. A summary of the parameters describing the region where the dataset
covered is shown in Table 3 below:
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Table 3. Parameters of total vector velocities, derived from HF radar stations.

Parameters Description

Regional Description United States, East and Gulf Coast
Data Source (https://www.ncei.noaa.gov/data/oceans/

ndbc/hfradar/rtv/2023/202304/USEGC/;
accessed on 28 August 2023)

Date Range 1 April 2023 to 30 April 2023
Latitude Range (USEGC) 21.73596◦ N to 46.49442◦ N
Longitude Range (USEGC) −97.88385◦ E to −57.23121◦ E
Focused Study Area Galveston Bay and Sabine Lake
Latitude Range (Galveston Bay) 29.38◦ N–29.78◦ N
Longitude Range (Galveston Bay) −95.20◦ E to −94.77◦ E
Latitude Range (Sabine Lake) 29.55◦ N to 30.15◦ N
Longitude Range (Sabine Lake) −94.35◦ E to −93.68◦ E
Grid Resolution 6 km

2.2.3. Data Preprocessing of the HF Radar Output

The HF radar NETCDF (Network Common Data Form) output containing both U- and
V-components of the current data representing east-to-west, and north-to-south velocities
was stored as 3D masked arrays where some data points were marked as invalid due
to missing or corrupted measurements. A systematic filtering process was employed to
remove all the missing or invalid data in Python NumPy (version 1.24.3) using a bitwise
operation that allows the isolation and retention of only valid data points. The resulting
clean dataset for the U- and V-components was then stored as a 1D array containing only
the reliable data, ensuring the integrity of the data used to perform the intercomparisons
within the study areas.

2.3. Overview of the Methods of Comparison

We established a methodology to compare the surface currents predicted by the
numerical model, SCHISM, with those produced by the (HF) radar. This comprehensive
evaluation encompassed both quantitative and qualitative analyses.

2.3.1. Qualitative Comparison

For the qualitative assessment, we utilized the current vector plots derived from the
SCHISM outputs alongside the current vector plots obtained from the HF radar data. To
facilitate this comparative examination, we examined and compared the current vectors
from the HF radar data and SCHISM at identical times on the selected days. Three days are
presented in the next section to provide an overall overview of the performance of both the
model and the radar in generating surface currents in the bay and lake.

2.3.2. Quantitative Comparison

In a parallel effort, the quantitative aspect of our comparison entailed evaluating the
magnitudes of both the eastward (u) and northward (v) velocities following [26,27]. We
chose to characterize the currents in this study using the eastward (U) and northward (V)
velocity components based on the available data structure from both the HF radar and the
SCHISM outputs. HF radar measures currents in terms of the U- and V-components, which
are common representations in oceanographic studies and are widely used in analyzing sur-
face current patterns. On the other hand, SCHISM produces horizontal velocities, which we
post-processed using Python scripts to decompose the velocities into U- and V-components.
This approach ensured consistency between the two datasets (radar vs. modeled) allowing
for a direct comparison of the two. Decomposing the SCHISM horizontal velocity variable
into the U- and V-components allowed us to capture the primary directional flow and align
it with the available radar data, while maintaining the accuracy and consistency of our
analysis. To distinguish each current vector component derived by using each method,
we use the following naming approach throughout this paper: Uschism and Vschism for
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the SCHISM data, and U_HFR_6 and V_HFR_6 for the HF radar data, for the eastward
and northward component, respectively. The “6” added to U_HFR and V_HFR is used to
indicate the resolution (6 km) of the radars used for this analysis.

A SCHISM was set up to generate an output every 1 h. The sampling frequency of our
radars was 0.1 Hz (1 sample every 10 min). This means that radial HF radar velocities were
generated at each remote SeaSonde station (McCollum Park (MCPK), Smith Point (SMPT),
Moses Lake Tide Gate (MOLA), PLPI, and PLA8) from 15 min cross spectra output with
an output rate of one cross spectrum file every 10 min (creating an overlap). Note that the
lower output rate with respect to the cross spectra averaged time indicates that there was
some overlap in the cross spectra averaging (improving the continuity and accuracy of the
current velocity measurements). Radial vectors were then generated hourly from a total of
seven cross spectra files, representing a coverage time of 75 min. Radial vector files were
then transferred for Real Time Vector processing by HFRnet through a cooperative effort
with GCOOS, and data were served to the public via the U.S. Integrated Ocean Observing
System. Hourly total resolved vectors were hence made available through the NOAA HF
Radar National Server at https://hfradar.ndbc.noaa.gov/.

In our quantitative analysis, we utilized the average values of these hourly outputs for
both the radar and model velocities considering the varying amounts of spatial data gener-
ated by SCHISM and the radar system. We used the following four error analysis methods:
(1) correlation coefficient (corr), (2) root mean square error (RMSE), (3) mean absolute error
(MAE), and (4) the Willmott index of agreement (IA) to evaluate the performance of our
model against observations.

A correlation coefficient is a statistical measure of how one variable changes with
respect to another variable. The most common measure of correlation in statistics is the
linear correlation coefficient corr which measures the strength and direction of a linear
relationship between two variables, and is determined as follows:

corr=
N∑ xy − (∑ x)(∑ y)√

N
(

∑ x2)−
(

∑ x)2
√

N
(

∑ y2)−
(

∑ y)2
(1)

where x(simulated) and y(observation) denote the two variables and n is the total number of
variables. The range of corr is between −1 and +1. The + and – signs indicate positive and
negative linear correlations, respectively. If x and y have a strong positive linear correlation,
corr is close to +1. A correlation greater than 0.8 is generally described as strong, whereas a
correlation less than 0.5 is generally described as weak [5].

RMSE =

√
∑N

i=1
(yi − xi)

N

2
(2)

is a measure of the differences between the simulated (xi) and observed yi values, with
lower values (closer to zero) indicating a better relationship between the observed and
simulated values, and N is the total number of variables [19].

MAE measures the magnitude of the average deviation between the model value (xi)
and observation value (yi) [28].

MAE =
∑N

i=1|xi − yi|
N

(3)

The index of agreement (IA) proposed by [21] was used for a quantitative comparison
of the model performance in the simulation of currents in the bay and lake. The index of
agreement is given as:

IA = 1 − ∑N
i=1(xi − yi)

2

∑N
i=1(|xi − y|+|yi − y|)2 (4)
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where yi and xi are the observed and model values, respectively; y denotes the mean
values of observations. The index values vary between 0 for poor agreement and 1 for a
perfect match [21,28].

3. Results

There were three outcomes observed from the results of our intercomparison analysis:

(i) days when both eastward and northward currents dominate the bay or lake.
(ii) days when mostly a northward current dominates the bay or lake.
(iii) days when mostly an eastward current dominates the bay or lake.

Consequently, in this section, we outline the outcome of the simulation and analysis
concerning a representative day on which both eastward and northward currents were
present as measured by the HF Radar and modeled at GB. This implies the day when both
eastward and northward directed currents dominated the bay. Additionally, we present the
result for a representative day when only northward directed currents dominated in the
bay, and a representative day when only eastward directed currents dominated in the bay
as both observed by the radar and model with a significant correlation. In the final section
(Section 3.4), we also present the result from a representative day when only northward
currents dominated SL. We summarize in Tables 4 and 5 the additional days when we
obtained similar outcomes as described above.

Table 4. Summary statistics for model and radar performance for each of the velocity components
in GB.

Date/Components Corr. RMSE (m/s) MAE (m/s) IA

6 April
U-component 0.63 0.1 0.09 0.47
V-component 0.32 0.1 0.09 0.44

7 April
U-component 0.63 0.07 0.06 0.68
V-component 0.12 0.08 0.07 0.41

8 April
U-component 0.94 0.02 0.02 0.95
V-component 0.76 0.04 0.03 0.83

9 April
U-component 0.86 0.04 0.03 0.88
V-component 0.58 0.06 0.05 0.6

10 April
U-component 0.38 0.06 0.05 0.58
V-component 0.55 0.07 0.07 0.42

11 April
U-component 0.11 0.11 0.1 0.33
V-component 0.66 0.08 0.07 0.64

12 April
U-component 0.52 0.15 0.13 0.28
V-component 0.78 0.08 0.07 0.68

13 April
V-component 0.17 0.1 0.09 0.26

14 April
U-component 0.1 0.1 0.08 0.38
V-component 0.35 0.07 0.06 0.45

15 April
V-component 0.55 0.09 0.06 0.56

16 April
U-component 0.51 0.07 0.06 0.52
V-component 0.51 0.08 0.07 0.52

17 April
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Table 4. Cont.

Date/Components Corr. RMSE (m/s) MAE (m/s) IA

U-component 0.38 0.05 0.04 0.54
V-component 0.79 0.07 0.06 0.52

18 April
U-component 0.65 0.1 0.1 0.27
V-component 0.41 0.07 0.07 0.62

19 April
U-component 0.89 0.04 0.03 0.85
V-component 0.59 0.05 0.04 0.76

20 April
U-component 0.27 0.07 0.05 0.41

21 April
U-component 0.64 0.06 0.05 0.76
V-component 0.24 0.09 0.07 0.48

22 April
U-component 0.26 0.07 0.07 0.47
V-component 0.08 0.09 0.08 0.36

23 April
U-component 0.11 0.07 0.06 0.41
V-component 0 0.09 0.08 0.35

24 April
U-component 0.87 0.04 0.03 0.85
V-component 0.21 0.11 0.09 0.39

25 April
U-component 0.57 0.05 0.04 0.73
V-component 0.66 0.06 0.05 0.65

26 April
U-component 0.46 0.05 0.05 0.54
V-component 0.95 0.05 0.04 0.83

27 April
U-component 0.22 0.07 0.06 0.38
V-component 0.9 0.09 0.08 0.62

28 April
U-component 0.39 0.06 0.05 0.4
V-component 0.92 0.09 0.09 0.53

29 April
V-component 0.51 0.07 0.06 0.42

30 April
U-component 0.45 0.05 0.04 0.59
V-component 0.78 0.06 0.05 0.72

Table 5. Summary statistics for model and radar performance for each of the velocity components
in SL.

Date/Component Corr. RMSE (m/s) MAE (m/s) IA

7 April
V-component 0.08 0.06 0.04 0.39

8 April
V-component 0.3 0.04 0.05 0.44

9 April
U-component 0.04 0.07 0.06 0.43
V-component 0.3 0.04 0.03 0.48

10 April
U-component 0.07 0.04 0.03 0.33

12 April
U-component 0.25 0.17 0.16 0.22

13 April
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Table 5. Cont.

Date/Component Corr. RMSE (m/s) MAE (m/s) IA

U-component 0.6 0.06 0.05 0.47
14 April

V-component 0.62 0.04 0.03 0.54
15 April

U-component 0.13 0.11 0.1 0.32
16 April

U-component 0.15 0.06 0.05 0.4
V-component 0.24 0.06 0.05 0.4

17 April
U-component 0.42 0.06 0.05 0.44
V-component 0.39 0.03 0.02 0.4

18 April
V-component 0.65 0.08 0.06 0.42

19 April
V-component 0.29 0.05 0.04 0.32

21 April
U-component 0.51 0.07 0.06 0.5
V-component 0.55 0.06 0.05 0.49

22 April
V-component 0.28 0.04 0.03 0.53

23 April
U-component 0.27 0.04 0.03 0.43

24 April
U-component 0.02 0.06 0.05 0.35
V-component 0.6 0.05 0.04 0.53

25 April
U-component 0.76 0.04 0.03 0.48
V-component 0.52 0.03 0.03 0.48

26 April
U-component 0.59 0.02 0.02 0.56
V-component 0.05 0.06 0.05 0.48

27 April
U-component 0.1 0.06 0.05 0.36
V-component 0.95 0.09 0.08 0.47

28 April
U-component 0.56 0.05 0.05 0.39

29 April
V-component 0.01 0.07 0.06 0.34

30 April
U-component 0.14 0.05 0.04 0.42
V-component 0.8 0.04 0.03 0.6

3.1. Northward and Eastward Currents in GB

On 8 April, it was observed that the dominant surface currents in GB had both the
eastward and northward components of the currents. These are illustrated by both the
qualitative and quantitative component analysis in the following sections.

3.1.1. Qualitative Comparison on 8 April at GB

In our observation, we considered northward and eastward directions as positive
while currents directed southward, and westward were considered negative. Figure 2a,b
shows the current vector for the entire bay from both the SCHISM and HF radar data. It
was observed that there were more model vectors than observed vectors from the radars,
making it harder to visually assess how the currents in both were oriented. Thus, to provide
a closer view of the currents’ orientation during this hour (2 p.m.), we added a subplot
(Figure 2c) from a portion of the bay as generated by SCHISM for a clearer comparison
with a radar plot. Also, to further enhance the comparison, the area shown in the subplot
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(Figure 2c) is also shown in Figure 2a,b by the box (rectangular) with a red outline. In
Figure 8b, this subplot is shown by a box with a yellow outline to distinguish it from the
original color of the current vectors. In Figure 11b, the subplot is also represented by a box
with a blue outline so as not to confuse it with the original color of the current vectors. This
applied to all the qualitative analyses presented in this paper.

In Figure 2, the radar plot (Figure 2b) and the SCHISM bay subplot (Figure 2c) reveal
the dominant directions indicated by both methods for north-westward, north-eastward,
and northward. The model subplot (Figure 2c) covers a small portion of the bay, while the
radar plot encompasses the entire bay (see the boundaries of the bay plotted in Figure 2b),
thus displaying the current vectors in many more directions than the subplot from SCHISM.

The color bar used in Figure 2b indicates the magnitude of the water velocity, and the
formula shown on the bar combines both the eastward (U) and northward (V) components
into a single speed value—the speed of the surface current. The cooler color (blue) in the
bar indicates lower velocities, while the yellow to red colors indicate higher velocities, thus
showing the variation in the current magnitude across the plotted area. Also, the reference
value indicated at the end of the color bar refers to the scale of the vector arrows. In
Figure 2b, the reference value is 0.5 (which means 0.5 m/s), and the arrow above it implies
that the plotted vectors (current arrows) are scaled relative to 0.5. So, an arrow (current
vectors) half the length of the reference arrow would indicate a current speed of 0.25 m/s.
This helps readers to understand the magnitude of the currents by visually comparing
the arrow sizes. The two triangles at the end of the color bar represent the outlier borders
which help to ensure that extreme values (>0.5 or <0.0) are visually distinguished from
the primary data range. Finally, the plotting boundaries (latitude (29.305◦ N–29.805◦ N),
longitude (−95.015◦ E to −94.655◦ E)), defining the spatial extent of the data denoting the
study area (in this case GB) have been added in the plot. The above explanation applies to
all the radar plots (Figures 2b, 5b, 8b, and 11b) presented in this paper.
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Figure 2. Plot of total current vectors produced by (a) SCHISM and (b) HF radar in GB (whole bay) at
2 p.m., 8 April 2023—color bar represents magnitude of current speed in m/s. (c) A subplot (from a
portion of the bay denoted by red square in (a)) of Total Current Vectors Derived from SCHISM in
Galveston Bay at 2 p.m., 8 April 2023.

3.1.2. Quantitative Comparison, 8 April at GB

In this section, we present the analysis based on 24 data points corresponding to each
hour of a particular day. For each hour, we averaged the U- and V-components of the surface
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across all the available radar grid points (~5000) and all the SCHISM grid points (~46,500).
This means that for each hour, the average radar current magnitude (U- and V-components)
was compared with the average current magnitude (U- and V-components) from SCHISM.
This method of using averaged data (current radar grid points or current from the SCHISM
grid points) was applied consistently for all the quantitative comparisons made on the selected
days. The analysis below illustrates the comparisons derived from these averages.

Figures 3 and 4 reveal a notable congruence between SCHISM and HF radar, portraying
appreciable alignment in measuring the intensity and orientation of surface currents (water
velocity) on 8 April 2023, in Galveston Bay, Texas. This suggests a persistent occurrence of both
eastward and northward surface water velocities in the bay throughout the day. Particularly,
Figure 3a,b shows close alignment in the time series diagram of the currents produced by using
both methods in the eastward and northward directions, respectively. Figure 4a,b shows the
correlations between the simulated and observed total current speed (water velocity) for the
eastward and northward directed water movement in that order. Figure 4a shows that there
is a strong correlation coefficient of around 0.94 between the currents generated by the model
and radar in the eastward (westward) direction. Figure 4b depicts that the correlation coefficient
between the radar and model measurements in the northward direction was observed to be 0.76.
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Figure 4. Correlation between the simulated (SCHISM) and observed (HF radar) hourly averages of
currents (total water velocity) in (a) eastward and (b) northward directions for the entire 24 h of 8
April 2023, in GB.

Upon closer examination of the qualitative analysis in Figure 2, most of the currents
captured by both methods in the bay (GB) at 2 p.m. on 8 April predominantly flowed north-
eastward and north-westward. Whereas the qualitative analysis represents current vectors
from both the model and the radar at only one hour at 2 p.m. of the day, the quantitative
comparison considered the current magnitudes throughout the 24 h of the day. It could have
been that most of the currents were coming from the east into the bay and moving towards
the north of the bay that day based on the observation from the quantitative analysis
above which showed significantly strong correlation coefficients in the eastward currents
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(0.94) and significant correlation (0.76) in the northward currents. The results suggest
close tracking and measurement alignment between SCHISM and HF radar, demonstrating
their ability to measure similar values in eastward surface currents at Galveston Bay on 8
April 2023. In addition, the correlation coefficient of 0.76 in the northward direction also
indicates that both methods captured similar trends and magnitudes in northward water
velocities on this day at GB. The other evaluation metrics as presented in Table 4 showed
that the RMSE and MAE in the measurement of the eastward currents by both methods
were, respectively, 0.02, while the IA between the model and radar measurements was 0.95.
On the other hand, the RMSE and MAE for the northward currents were 0.04 and 0.03,
respectively, while the IA between the model and radar measurements of the northward
component of the currents on this day was 0.83. The high IA values and low RMSE and
MAE values point to the high level of agreement between the model’s and actual radar
measurements of the currents on this day.

3.2. Northward Currents in GB

On 27 April, it was observed that the predominant current in the bay was mostly a
northward (negative northward, i.e., moving southward) directed current. This is illus-
trated in the section below.

3.2.1. Qualitative Analysis on 27 April at GB

The qualitative analysis in Figure 5b,c shows that the southward (negative northward)
surface currents were the dominant currents in GB at 9 a.m. on 27 April 2023. The
implication of this is that the primary water movement in the bay at that time of the day
was southward. This current direction and presence of less prominent eastward (and
westward) currents could be a result of a combination of factors such as tide, prevailing
wind patterns, or coastal geography.
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3.2.2. Quantitative Comparison on 27 April at GB

From Figure 6, in the first 12 h of the day (27 April) the model underestimated the
speed of the currents by more than 0.1 m/s, and even showed the currents to be in the
opposite direction. Despite underestimating the speed, the model, however, represented
the trend well over the entire 24 h. This observation could be due to data gaps in the
radar measurements in the bay or perhaps the inability of the model to capture small-scale
variations unlike the radar.
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Figure 6. Comparison of northward currents from SCHISM (Vschism) and HF radar (V_HFR_6) over
time at GB on 27 April 2023.

The strong significant correlation coefficient of 0.90 between the northward surface
current magnitudes estimated by the model with the radar on 27 April (Figure 7) reinforces
the earlier qualitative comparison (Figure 5), which showed dominant northward water
movement in the bay. This suggests that days with high correlation in the northward
direction indicate consistent northward flow, signifying the stable water movement pattern
appreciably captured by the model and radar.
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Table 4 shows that the RMSE and MAE values between the model and radar measure-
ments on this day were estimated to be 0.09 and 0.08, respectively. The IA value between
the two methods was 0.62. The error values are considered large since the small magnitude
of currents typically from 0.05 to 0.1 m/s was measured by both the radar and the model.
These large errors and the relatively small IA values could be attributed to the above
observation in Figure 6.

3.3. Eastward Currents in GB

On 6 April, it was observed that the dominant current direction in the bay was mostly
eastward (negative eastward, i.e., moving westward). We present this result in the following
section.

3.3.1. Qualitative Analysis on 6 April at GB

The qualitative analysis of the current vectors shown in Figure 8 above shows that the
eastward currents dominated, particularly in the negative east direction (westward, south-
westward, northwestward). Both methods capture these current directions at this time of
the day further suggesting their capability in effectively detecting the predominant flow
patterns within the bay. Again, the subplot (Figure 8c) is derived from just a portion of the
bay (−94.99◦ E to −94.93◦ E and 29.51◦ N to 29.56◦ N), whereas the radar plot (Figure 8b)
represents the entire bay. The part of the bay equivalent to the subplot (Figure 8c) is shown
by the box with a yellow outline.

J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 19 of 35 
 

 

Table 4 shows that the RMSE and MAE values between the model and radar meas-
urements on this day were estimated to be 0.09 and 0.08, respectively. The IA value be-
tween the two methods was 0.62. The error values are considered large since the small 
magnitude of currents typically from 0.05 to 0.1 m/s was measured by both the radar and 
the model. These large errors and the relatively small IA values could be attributed to the 
above observation in Figure 6. 

3.3. Eastward Currents in GB 
On 6 April, it was observed that the dominant current direction in the bay was mostly 

eastward (negative eastward, i.e., moving westward). We present this result in the follow-
ing section. 

3.3.1. Qualitative Analysis on 6 April at GB 
The qualitative analysis of the current vectors shown in Figure 8 above shows that the 

eastward currents dominated, particularly in the negative east direction (westward, 
south-westward, northwestward). Both methods capture these current directions at this 
time of the day further suggesting their capability in effectively detecting the predominant 
flow patterns within the bay. Again, the subplot (Figure 8c) is derived from just a portion 
of the bay (−94.99° E to −94.93° E and 29.51° N to 29.56° N), whereas the radar plot (Figure 
8b) represents the entire bay. The part of the bay equivalent to the subplot (Figure 8c) is 
shown by the box with a yellow outline. 

 
(a) SCHISM 

Figure 8. Cont.



J. Mar. Sci. Eng. 2024, 12, 1962 19 of 33
J. Mar. Sci. Eng. 2024, 12, x FOR PEER REVIEW 20 of 35 
 

 

 
(b) SCHISM 

 
(c) A subplot of (a) 

Figure 8. Plot of total current vectors produced by (a) SCHISM and (b) HF radar in GB (whole bay) 
at 12 p.m., 6 April 2023—color bar represents magnitude of current speed in m/s. (c) A subplot (from 
a portion of the bay denoted by the red square in (a)) of Total Current Vectors Derived from SCHISM 
Model in Galveston Bay 6 April 2023 at 12 p.m. 

3.3.2. Quantitative Comparison on 6 April at GB 
The more prevalent westward (north-westward, south-westward) currents evident 

in the qualitative analysis in Figure 8 were further confirmed by the moderate yet signifi-
cant correlation coefficient in the eastward current as measured by the model and obser-
vation (Figures 9 and 10). In Figure 9, it is apparent that both the model- and radar-gen-
erated currents follow the same trajectory, suggesting their ability to track the trends in 

Figure 8. Plot of total current vectors produced by (a) SCHISM and (b) HF radar in GB (whole bay) at
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3.3.2. Quantitative Comparison on 6 April at GB

The more prevalent westward (north-westward, south-westward) currents evident in
the qualitative analysis in Figure 8 were further confirmed by the moderate yet significant
correlation coefficient in the eastward current as measured by the model and observation
(Figures 9 and 10). In Figure 9, it is apparent that both the model- and radar-generated
currents follow the same trajectory, suggesting their ability to track the trends in water
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movement across the bay through the day despite the discrepancies in their current direc-
tion. However, it is noteworthy that the numerical values recorded by the model are smaller
in magnitude than those measured by the radar. Again, the model and radar measured
currents in opposite directions for most hours of the day. Consequently, this stark difference
accounts probably for the observed moderate correlation of 0.63 in Figure 10. The RMSE
and MAE values from Table 4 on this day as measured by both methods were 0.1 and 0.09,
respectively. The IA value of 0.47 suggests that both methods were not quite in agreement
with their estimation of the surface currents in the bay throughout that day.
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eastward currents (total water velocity) at GB for entire 24 h of 6 April 2023.
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3.4. Northward Currents in SL

On 27 April, in the lake, it was observed that the predominant current direction
was mostly northward (negative northward, i.e., moving southward). So, we had more
southward-directed movement of water. This is illustrated in the section below.

3.4.1. Qualitative Analysis on 27 April at Sabine Lake

The observations from Figure 11 above highlight a prevailing northward (negative
northward, i.e., southward) current in Sabine Lake at 9 a.m. on 27 April. The fact that
the current vectors from both the HF radar and SCHISM illustrate similar southward
trends at this specific time signifies the agreement in their observations (even though their
exact directions differ slightly—while the model’s direction is south-westward, the radar’s
direction at the highlighted portion is south-southward, and south-eastward). The model
subplot in Figure 11c represents only a portion of the lake (−93.89◦ E to −93.84◦ E, 29.86◦ N
to 29.92◦ N) while Figure 11a represents the whole lake (−94.4◦ E to −93.6◦ E, 29.6◦ N to
30.1◦ N).

The plotted section depicted in Figure 11b represents an area where the radar had
difficulty in capturing enough current vectors. The precise boundaries of the region of
the lake plotted are indicated in the footnote of Figure 11b, providing clarity of the spatial
extent of measurements at that time of the day. Similarly, the model subplot (Figure 11c)
also reflects a comparable scarcity of current vectors in this region, further underscoring
the challenges in accurately capturing the surface currents within Sabine Lake.
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3.4.2. Quantitative Analysis on 27 April at SL

Figures 12 and 13 reveal very remarkable insights into the performance of both the HF
radar and SCHISM in generating the surface currents in the lake. Specifically, Figure 13
depicts the noteworthy very significant correlation coefficient of 0.95 for the magnitude of
surface currents produced by the two methodologies on 27 April in Sabine Lake, Texas. This
quantitative observation agrees with the observation of the dominant northward currents
in the qualitative analysis in Figure 11.
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Figure 12 shows that in the first 12 h of the day, the model underestimated the speed of
the currents by over 0.15 m/s, and even showed the currents to be in the opposite direction
for the first 12 h of the day. However, the model represented the trend with the observation
over 24 h well despite underestimating the speed of the current. The low value recorded
by the model is due to the low conductivity arising from the low salinity that usually
characterizes SL. The low salinity which is common in Sabine Lake (SL) is due to the
freshwater inflows. Salinity influences the conductivity of the water—the more salt present
in the water, the more its conductivity—and SCHISM incorporates salinity as its key input.
Thus, low salinity (low ions) impacts the model water properties (such as conductivity)
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and circulation dynamics. Lower salinity leads to lower water density which can influence
the current patterns and flow rates, eventually influencing the model’s predictions.

However, the model represented the trend with the observation over 24 h well despite
underestimating the speed of the current. This could be also seen from the additional
metrics adopted to evaluate the model on this day. The RMSE and MAE values for the
currents measured by using the two methods on this day at the lake were estimated to be
0.09 and 0.08, respectively. The model was 47% in agreement with the radar in estimating
the currents according to the IA estimate.

Tables 4 and 5 summarize the performance statistics of SCHISM in generating the surface
currents in the study areas for the whole month of April 2023. The output of the simulation
for 1 to 5 April was excluded from the intercomparison as these days were considered as
a spin-up simulation period needed to establish a fully developed circulation. Both tables
contain days when there was no distinct dominant direction of currents as well as other days
that had similar outcomes described previously; both east and northward currents dominated,
only northward currents dominated, and only eastward currents dominated. Table 4 shows
that there were six (6) days (8, 9, 12, 16, 19, and 25 April) when both eastward and northward
currents dominated the bay, nine (9) days (10, 11, 15, 17, and 26–30 April) when mostly
northward currents dominated the bay and five (5) days (6, 7, 18, 21, and 24 April) when
mostly eastward currents dominated the bay. In addition, there were five more days when no
dominant component of currents persisted in the bay (13, 14, 20, 22, and 23 April). Similarly, in
Table 5, there were two (2) days (21 and 25 April), when both eastward and northward currents
dominated the lake, five (5) days (14, 18, 24, 27, and 30 April) when mostly a northward
current dominated the lake, three (3) days (13, 26, and 28 April) when mostly an eastward
current dominated the lake. There was a total of 11 days when no dominant component of
currents persisted in the lake (7–10, 12, 15, 16, 17, 19, 23, and 29 April).

4. Discussion

Table 4 (above) provides a concise overview of the HF radar and SCHISM performance
including days when the correlation coefficient of currents measured by both methods was
significant (corr ≥ 0.5). Figures 14–17 add more visualizations to understand the statistics
used to evaluate the performance of the two methods.
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In terms of the U-component on 8 April shown in Section 3.1.2 above, both the model
and radar exhibited a strong correlation (corr.) of 0.94, indicating a high level of agreement
in predicting eastward water velocities. The RMSE, MAE, and IA values further support
the efficacy of the methods, with small error values in these metrics suggesting accurate
predictions (Figure 14). On the other hand, 6 April exhibited a lower correlation (0.63) in
the U-component, indicating a relatively weaker agreement between the model and radar
predictions (in Figures 10 and 14). The associated error metrics for this date were higher,
implying some discrepancy in predicting the eastward water velocities.

In general, the model predicted the U-component of the currents with high correlation
values (low error values) at the beginning of the month and towards the end of the month
with respect to days when the corr ≥ 0.5 and had the least corr values in the middle of the
months. This observation suggests the model’s efficacy in capturing the physical processes
driving the east–west (U) component of the currents at these times, and potentially stable
forcing conditions such as tidal cycles and wind patterns, which are represented well by
the model at the start and end of the month. At the middle of the month, the relatively
lower corr values and higher RMSE and MAE values could indicate the presence of more
complex or rapidly changing conditions like storms or nonlinear interactions which were
not fully captured by the model.

On 27 April 2023 (see Section 3.2 above), in the bay, both methods captured effectively
the northward water movement (Figure 15). The V-component correlation coefficient
was substantial at 0.9, suggesting the reliability of the two methods in measuring the
surface currents on this day. Generally, Figure 15 indicates that there was a more dominant
northward current in the bay, especially towards the end of the month, i.e., 26–28, and
30 April with corr values of approximately 0.8 or more. It can also be observed from
Figure 15 that the error values (MAE and RMSE) for days with a corr value ≥ 0.5 for the
V-component of the current maintained a similar trend with the RMSE, always slightly
higher than the MAE.
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The observed minor disparity in the precise measurements of the currents by using
the two methodologies in the eastward and northward directions could be attributed to
a combination of factors including the wind dynamics within the bay, seasonal weather
patterns prevalent in the month of April in the bay, and influence of the bay’s proxim-
ity to the Gulf of Mexico. Park [29] observed that the dominant winds in the bay are
the southeasterly winds, and the bay–ocean interactions are usually influenced through
the north-eastern direction. Salas-Monreal [1] inferred from his work that southerly
winds dominate the bay from October to April, while northerly winds are more pro-
nounced in the bay from May to September. Thus, the month of April is usually charac-
terized by variable wind patterns in the bay, primarily driven by prevailing winds from
the east or southeast. These findings support the outcomes summarized as shown in
Figures 14 and 16 (as well as shown in Figures 3, 4, 9, and 10) for 8 April and 6 April,
respectively. Moreover, the anticipated shift towards northerly winds dominating the
bay by the end of April aligns with the result, which showed that the model estimated
more northward currents precisely, reflected in a correlation coefficient of 0.8 or more,
summarized in Figure 15 (as well as in Table 4).

From Table 5, we can see the summary of the comparison between the values of the
currents estimated by the model and the radar, including days when the corr values were
significant (corr ≥ 0.5) in Sabine Lake. It can be observed from Table 5 that there were very
few days when the currents estimated by the model had a significant correlation coefficient.
There were only five (5) days when the east–west (U-component) current dominated the
lake as observed in Figure 16 and Table 5 above. In terms of the V-component of the
current velocity (Figures 13 and 17) and the result presented in Section 3.4.2, the significant
correlation coefficient of 0.95 indicates that there was similar agreement in predicting the
northward water velocities on 27 April in the lake by using both methods. This result
shows the model’s effectiveness in capturing the overall northward current pattern and
key hydrodynamic processes within the lake on that day as well as on other days when
a north–south (V-component) current dominated the lake. However, despite the strong
correlation, the high error values (RMSE and MAE) for this day (Table 5, Figure 17) point to
the discrepancies in the magnitude of the currents measured by the model and radar. While
the model effectively mirrors the trends, there were differences between the simulated and
measured currents, especially the finer details of the current velocities earlier described in
Section 3.4.2. Willmott’s index of agreement value of 47% (0.47) also points to this deviation
in the measurement.

Overall, the observations from Table 5 and Figures 16 and 17 indicate that only a
few days showed a significant correlation between the model’s estimated currents and
observed values in SL. The lake’s low and variable salinity, attributed to its low salt
content [30] could have played a prevalent role in influencing the radar’s ability to estimate
the surface currents in the lake. The HF radar system relies on Bragg’s scattering, and
in low conductivity places, like SL, the absence of sufficient salinity reduces the radar’s
ability to produce strong Bragg’s scattering, making it difficult for it to detect the current
vectors on many days. This was the case on 6, 11, 20, and 23 April (Table 5), when it was
difficult for the radar to produce any vectors, and hence no good quality data to make
any intercomparisons. There were other days when Bragg’s scattering was very weak to
produce enough vectors and thus poor-quality data resulted. These contributed to the
lack of significant correlation between the model’s estimations and actual observations on
many days at SL. Thus, the poor correlation observed in SL may not reflect the model’s
deficiencies in estimating the currents in the area but rather the environmental limitations
of using HF radar in such settings.

4.1. Physical Processes Affecting the Model and Radar Agreement

Possible physical processes that influenced the results of the comparisons between
the HF radar and SCHISM simulations include wind forcing, tidal dynamics, and freshwa-
ter inflow.
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4.1.1. Wind Forcing

Shallow coastal regions like Galveston Bay and Sabine Lake, Texas, have wind-driven
currents which can be highly variable. During the month of April, the wind patterns in the
Gulf of Mexico change quite abruptly, usually influenced by seasonal shifts typical of the
transition from the colder winter to warmer spring. The North American Mesoscale forecast
system (NAM) 6-hourly reanalysis data were utilized to calculate the wind stress at each
model grid. While the NAM 6-hourly reanalysis data are effective at capturing large-scale,
synoptic wind patterns and providing robust wind forcing for SCHISM, its temporal and
spatial limitations (the 6-hourly interval in NAM wind data can cause temporal smoothing
of wind-driven events like sea breezes, cold fronts or storms, and gusts known to occur in
the region during the onset of spring which could lead to current mismatches or reversal)
can lead to smoothing of high-frequency wind variability.

HF radar, which measures surface currents directly, is highly responsive to short-term
wind variability making it more sensitive to transient wind-driven events. Particularly,
while both datasets show similar trends in the current direction (Figures 3a,b, 6, and 9) and
timing (Figure 3), the model tends to smooth out the short-term variations that the radar
detects more clearly. Since SCHISM is forced by 6 h NAM wind data, it may not capture
high-frequency wind variability (gusts, sea breezes) that the radar is more responsive to.

Based on the general weather patterns, the whole of the Texas coast experiences cold
fronts, sea breezes, and occasional thunderstorms during this time of the year [31,32]. April
is usually a transition period from colder winter weather to warmer summer conditions,
so cold fronts and gusty winds could have passed through the area (Texas coast, and by
extension, Galveston Bay and Sabine Lake). Local sea breezes, driven by the land heating
up faster than the water, are common along the coast and result in daily wind shifts as
cooler air moves from the sea towards the land which is warmer.

4.1.2. Tidal Dynamics

In Galveston Bay and Sabine Lake, tidal currents drive most of the surface circula-
tion. Usually, the semi-diurnal tides—two high and two low tides per day which create
oscillating currents—are the dominant drivers of the surface circulation in this region as
highlighted previously by [33,34]. In the SCHISM set up, the tidal offshore boundary was
forced by the observed NOAA tide station data from the Galveston Bay entrance (NOAA
8771341) and Sabine Pass (NOAA 8770822) capturing the influence of semi-diurnal tides.
The overall impact of considering this tidal influence is that SCHISM, which is well suited to
represent the tidal dynamics, tends to show good agreement with the radar data in regions
and times when tidal currents dominate. However, differences between the SCHISM and
HF radar data may arise due to short-term, high-frequency events such as wind gusts or
local wind forcings, which the HF radar captures more accurately because of its continuous
monitoring of the real-time surface currents.

From the tidal data above in Figures 18 and 19 representing the Galveston Bay entrance
(GB) and Texas Point, Sabine Pass (SL), the semi-diurnal tidal pattern (two high and two
low tides per day) dominated the bay and lake throughout the entire month in April 2023
with notable high tidal ranges on 10–13 April and 24 April in GB (Figure 19, Table 6). These
tides significantly influence the surface current patterns, especially in shallow estuaries
such as GB and SL, and SCHISM’s tidal forcing simulates these oscillations well, especially
during the higher tidal range.
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Figure 19. Tide predictions for April 2023 derived from data at NOAA tidal station at Texas Point,
Sabine Pass, TX (Station ID: 8770822).

The statistical evaluation metrics (correlation, RMSE, MAE, IA) in Figures 14 and 15
highlight the periods of stronger and weaker agreement between the model and radar. It
could be observed that periods with high correlation values, such as around 8 April in
GB, coincide with stronger tidal currents (Figure 18) suggesting that the model performs
well in capturing large-scale tidal dynamics while periods with lower correlation values,
such as around 17 April, may be attributed to local wind variability, local non-tidal factors,
or other environmental factors. Similarly, in SL, the high tides tend to cause a stronger
inflow of water from the Gulf of Mexico through the Sabine Pass while low tide periods
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possibly correspond to a high outflow from SL. Depending on the source, the influx of
water into the lake can strengthen the surface current—more saline water from the Gulf of
Mexico—leading to more dynamic variations captured well by the model. This could result
in the high correlation values observed on 25 April in the U–component (Figure 16) and 27
April in the V-component (Figure 17). Conversely, we observed a low correlation around
10–12 April which corresponds to the low tide periods (Figures 16, 17 and 19; Table 5).
These low tides may cause a weaker current flow due to the less dynamic water movement
and the model’s performance may show slight variations in accuracy (poor performance)
as a result.

Table 6. Overview of tidal range for April 2023 at Galveston Bay entrance, North Jetty State: TX
(Station ID: 8771341).

Date Low Tide (m) High Tide (m) Tidal Range (m)

1 April 2023 0.04 0.43 0.39
2 April 2023 0.06 0.41 0.35
3 April 2023 0.1 0.4 0.3
4 April 2023 0.14 0.42 0.28
5 April 2023 0.19 0.45 0.26
6 April 2023 0.24 0.47 0.23
7 April 2023 0.3 0.5 0.2
8 April 2023 0.37 0.52 0.15
9 April 2023 0.54 0.41 −0.13
10 April 2023 −0.09 0.56 0.65
11 April 2023 −0.1 0.57 0.67
12 April 2023 −0.09 0.57 0.66
13 April 2023 −0.07 0.56 0.63
14 April 2023 −0.04 0.54 0.58
15 April 2023 0 0.51 0.51
16 April 2023 0.05 0.47 0.42
17 April 2023 0.12 0.48 0.36
18 April 2023 0.19 0.53 0.34
19 April 2023 0.26 0.57 0.31
20 April 2023 0.33 0.61 0.28
21 April 2023 0.39 0.62 0.23
22 April 2023 0.43 0.62 0.19
23 April 2023 0.61 0.44 −0.17
24 April 2023 −0.05 0.59 0.64
25 April 2023 −0.01 0.57 0.58
26 April 2023 0.03 0.55 0.52
27 April 2023 0.08 0.53 0.45
28 April 2023 0.12 0.51 0.39
29 April 2023 0.16 0.48 0.32
30 April 2023 0.19 0.46 0.27

In addition to the wind and tidal dynamics, the model and radar performance may
also be influenced by freshwater inflows, particularly in regions like Sabine Lake, where
riverine inputs affect the salinity and current patterns. Quantitative data on freshwater
inflows from USGS stations were incorporated into SCHISM with a notable contribution
from Cedar Lakes (see Figure 1).

4.2. Possible Limitations

Our results above are not insensitive to the possible measurement errors and signal-
to-noise ratio issues associated with HF radar data and limitation in model resolution
parametrization issues associated with models like SCHISM. These could have been the
possible causes of some of the observed discrepancies in the direction of the simulated
and measured currents observed, most especially in the cases of very weak currents.
Measurement errors which are inherent in any observational system affect HF radars due
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to the complex nature of electromagnetic wave interactions with the ocean surface, which
can affect the accuracy of current velocity measurements. Furthermore, the spatial and
temporal variability of ocean surface currents can introduce uncertainties, especially when
the currents are weak or highly turbulent, leading to discrepancies between the observed
and simulated currents, explaining the probable cause why the direction of the measured
currents was opposite to the simulated one on a few occasions.

Similarly, the signal-to-noise ratio in the HF radar data can significantly impact the
quality of HF radar measurement, especially when measuring low current speeds. A low
signal-to-noise ratio means that the true current velocity (true signal) is difficult to distin-
guish from background noise, leading to less reliable data and misinterpretation of the
current magnitudes and directions. Another important factor to consider is that numerical
models like SCHISM rely on many assumptions and parametrization to simulate complex
oceanographic processes in coastal estuarine environments. If the model does not accu-
rately capture the small-scale processes, especially on the surface like the HF radar, or the
parametrizations do not accurately represent the physical processes in the coastal estuarine
environment, the model output may deviate from the actual (observational) measurements.

A combination of these factors might have contributed to isolated observed cases
where the measured current direction was opposite to the simulated one, most especially
in the cases of very weak currents, where such discrepancies are likely to occur.

5. Conclusions

This study has shed more light on the intricate dynamics of the surface current mea-
surements within Galveston Bay and Sabine Lake, as exhibited during the month of April
2023. The good correlation between the model’s (SCHISM) predicted currents with HF
radar measured currents during the observational periods when the environmental condi-
tions were conducive to HF radar measurements (such as adequate surface conductivity,
proper ocean wave conditions, i.e., Bragg’s wavelength) is indicative of the model’s capacity
to predict surface currents.

The observed less precise or moderately correlated measurements of surface cur-
rents by using both methods on some days, especially in Sabine Lake, are attributed to
environmental factors such as wind dynamics, salinity, and seasonal weather patterns.

We believe that the observed differences in measurements of eastward and northward
directions across different dates presented above highlight the complex relationship be-
tween the prevailing winds, interactions between the bay and ocean, and regional weather
patterns. Our assertion above hinges on the previous works of [1,30] which provided
insight into how wind patterns affect the surface current behavior in Galveston Bay.

Regarding the qualitative comparison and its relationship to the result of the quantita-
tive analysis, it was observed that days characterized by predominant northward currents
exhibited significant correlation coefficients exclusively in the northward direction in the
bay and lake. Similarly, on days dominated by eastward currents, the correlation coeffi-
cients for currents measured by both the model and HF radar were significant only in the
eastward direction for the bay. Notably, SCHISM and HF radar also effectively captured
the trend and magnitude of surface currents on days with both eastward and northward
currents in the bay. This is an important finding from this study.

This research finding emphasizes the importance of considering the environmental
variables in surface current predictions using hydrodynamic models like SCHISM and HF
radar, especially in regions influenced by coastal dynamics like Galveston Bay and Sabine
Lake. SCHISM exhibited comparable performance in accurately simulating the surface
currents, aligning closely with the established methodology of HF radar. This suggests the
potential extension of SCHISM’s applicability to study various environmental phenomena
such as coastal flooding and storm surges along the Texas coast. Very importantly, this study
contributes valuable insights into the intricate relationship between the wind dynamics
and surface current behavior, advancing our understanding of the coastal dynamics and
providing strategies for environmental monitoring and management.
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The data used for this study are unique to the Texas coast and specific to Galveston
Bay and Sabine Lake. It is our belief that the methodologies established, and modeling
techniques described in this study may be applicable to the intercomparison of the surface
currents produced by High-Frequency radar and SCHISM at other estuaries along the
Texas coast or elsewhere if similar data can be sourced there.
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