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Abstract: Cook Inlet in Alaska has been identified as a prime site in the U.S. for potential tidal energy
development, because of its enormous tidal power potential that accounts for nearly one-third of the
national total. As one important step to facilitate tidal energy development, a tidal hydrodynamic
model based on the unstructured-grid, finite-volume community ocean model (FVCOM) was
developed for Cook Inlet to characterize the tidal stream energy resource. The model has a grid
resolution that varies from about 1000 m at the open boundary to 100–300 m inside the Inlet. Extensive
model validation was achieved by comparing model predictions with field observations for tidal
elevation and velocity at various locations in Cook Inlet. The error statistics confirmed the model
performs reasonably well in capturing the tidal dynamics in the system, e.g., R2 > 0.98 for tidal elevation
and generally > 0.9 for velocity. Model results suggest that tides in Cook Inlet evolve from progressive
waves at the entrance to standing waves at the upper Inlet, and that semi-diurnal tidal constituents
are amplified more rapidly than diurnal constituents. The model output was used to identify hotspots
that have high energy potential and warrant additional velocity and turbulence measurements such
as East Foreland, where averaged power density exceeds 5 kw/m2. Lastly, a tidal energy extraction
simulation was conducted for a hypothetical turbine farm configuration at the Forelands cross section
to evaluate tidal energy extraction and resulting changes in far-field hydrodynamics.
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1. Introduction

In recent decades, the interest in harnessing energy directly from tidal streams with marine
hydrokinetic (MHK) devices has been renewed in many countries [1,2]. Compared to other renewable
energy sources, such as wind and solar power, tidal energy is highly predictable in time and space [3]. It
thus can potentially serve as a dependable, clean energy resource for suitable tidal systems. A growing
number of studies that involve laboratory experiments, computational modeling, as well as field
measurements and device testing have been conducted worldwide [4–11]. To date, however, very
few tidal turbines have been deployed in the field to harness tidal energy from natural tidal flows for
commercial or operational use, due to various reasons, including concerns of the high operational
cost and potential environmental risk. The MeyGen project in Scotland [12] is among the pioneering
projects in which extracting tidal energy from tidal streams becomes operational and is also connected
to the electric grid. In comparison, most other efforts have been largely focused on the earlier stage of
tidal energy development, such as characterizing available tidal energy resources using computational
models and testing MHK devices in the laboratory and at representative field-testing sites [13–16].

In the U.S., the first nationwide assessment of tidal stream energy production potential was
released in 2011 [17]. In this assessment, the Regional Ocean Modeling System (ROMS) was applied to
more than 50 individual coastal subdomains along the U.S. coastline. The findings suggest that the
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state of Alaska has the most abundant tidal energy resource in the country. For instance, the estimated
theoretical available power for Cook Inlet alone exceeds 18 GW, which accounts for nearly one-third of
the national total. Because of its great tidal energy potential, Cook Inlet is regarded as a prime site for
future tidal energy project development; hence, it warrants more detailed site characterization using
fine-resolution numerical modeling and monitoring practices.

Coastal circulation models have been widely used to support earlier-stage tidal energy
development by providing a large-scale assessment of theoretically and practically available tidal energy
resources, as well as the potential physical impact of energy extraction [5,6,8,11,17–25]. In these studies,
both structured-grid and unstructured-grid coastal circulation models have been used. However,
models based on an unstructured-grid framework also have a unique advantage, because they can be
readily refined at local scales to a spatial resolution comparable to marine and hydrokinetic (MHK)
devices. For instance, in a study conducted by Rao et al. (2015) [26] to specifically investigate the tidal
turbine farm efficiency in the Western Passage of the Gulf of Maine, the minimum grid size used for
turbine arrays is about 20 m, the same as the turbine dimensions, while the maximum grid size reaches
5 km at the open boundaries. Therefore, the unstructured-grid models can provide an efficient solution
for obtaining a more detailed resource characterization for top tidal energy candidate sites in the U.S.
(e.g., Cook Inlet), which often require various levels of grid refinement at local scales to meet different
research and project needs.

The objective of this study was to develop and validate an unstructured-grid, tidal hydrodynamic
model framework for Cook Inlet, Alaska to support tidal energy research in this energetic tidal system.
Compared to the first nation-wide tidal energy resource assessment by Haas et al [17], this study
uses an unstructured-grid modeling approach. The model grid can be easily refined on an as-needed
basis at local scales to provide a higher-resolution representation of tidal velocity and energy resource
distributions at potential energy hotspots. Thus, this model can serve as a flexible and useful tool to
support a variety of tidal-energy related research activities in Cook Inlet. As the first step, this study
summarizes the model development, calibration and validation processes. In the current phase, the
tidal hydrodynamic model was calibrated using observational data for both tidal water level and
currents, and then was used to characterize tidal dynamics and tidal energy distribution in Cook Inlet.
In the future, the unstructured model grid will be further refined for top energy hotspots to provide
device-resolution (e.g., on the order of meters) velocity and turbulence profiles to assist with turbine
farm siting and field measurement planning.

2. Methods

2.1. Study Site

Cook Inlet is a major estuary in the U.S. state of Alaska; it stretches roughly 300 km from the
Gulf of Alaska to the Municipality of Anchorage (the largest city in Alaska) in south-central Alaska
(Figure 1). At its northern end, Cook Inlet branches into Knik and Turnagain Arms surrounding
Anchorage. At its south entrance, the Inlet extends and merges into Shelikof Strait and the Gulf of
Alaska. Cook Inlet has many glacial-fed tributaries that have carried enormous quantities of sediment
into the estuary. The sediment formed intertidal mud flats, which are especially predominant near the
northern end of the Inlet, including the Knik and Turnagain Arms and the Susitna River Delta [27],
and also pose a challenge for acquiring accurate bathymetry datasets.

The inlet has long been regarded as one of the top candidates for tidal energy development
(e.g., [17,27,28]) because of its extremely large tidal ranges. For instance, the Turnagain Arm near the
northern end has the largest tidal range in the U.S.; it has a mean of 9.2 m. Tidal fluctuations in the main
body of Cook Inlet, while not as extreme as those in the shallow and narrow Turnagain Arm, regularly
reach 7 m or higher during the spring tide. In addition, Cook Inlet has a distinct advantage in terms
of tidal energy development potential because of its adjacency to Alaska’s industry and population
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centers, as well as the state’s primary power grid—the Railbelt power grid that powers Anchorage,
Fairbanks, and Alaska’s south-central region [28].
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Figure 1. A map showing the study site, Cook Inlet in Alaska, USA, and selected field monitoring
stations. The bottom-right inset provides a zoom-in view of the bathymetric features and field
observational stations near the Forelands.

In Cook Inlet, water levels are continuously monitored by three tidal gages operated by the
National Oceanic and Atmospheric Administration (NOAA). From the south entrance to the north end,
these three stations are located near Seldovia, Nikiski, and Anchorage (Figure 1), and they roughly
capture the tidal range distributions inside Cook Inlet. In addition, NOAA has conducted a series of
current surveys using Acoustic Doppler Current Profilers (ADCPs) in the summer months between
2005 and 2012. These surveys covered many locations in the Cook Inlet region, including data acquired
from a total of 39 stations inside Cook Inlet. For this study, we chose Year 2005 as the model calibration
period, because the current survey in 2005 has the best spatial coverage among all the years. In addition,
we chose Year 2012 as the model validation period, because it provides the second-best spatial coverage
that complements those survey stations in Year 2005. Table 1 summarizes those selected current survey
stations used for model-data comparisons. Among the total of nine stations, three stations (COI0501,
COI0502, and COI0503) are located in the Foreland cross section (Figure 1), a natural restriction formed
by two opposing peninsulas, namely East and West Forelands, to capture the complex and strong
currents there.

Table 1. The list of selected Acoustic Doppler Current Profilers (ADCP) stations for model-data comparisons.

Station Sample Year Longitude Latitude Depth (m) # of Bins Station Full Name

COI0514 2005 −152.93028 59.30180 80.2 20 Augustine Island
COI0511 2005 −152.12018 60.02327 68.6 18 Cape Ninilchik, west of
COI0508 2005 −151.67325 60.48295 51.5 11 Kalgin Island, east of
COI0501 2005 −151.64690 60.72198 33.5 9 West Foreland
COI0502 2005 −151.55733 60.72067 33.8 7 The Forelands
COI0503 2005 −151.43297 60.71727 44.2 12 East Foreland
COI1210 2012 −151.23268 60.88697 43.3 15 Middle Ground Shoal, east of
COI1207 2002 −150.36035 61.05660 53.3 19 Point Possession
COI1209 2012 −150.20150 61.18483 29.4 15 Fire Island, north of
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2.2. Hydrodynamic Model

The hydrodynamic model used for this study is the unstructured-grid, finite-volume, community
ocean model (FVCOM) [29,30]. As a general-purpose coastal ocean model, FVCOM simulates
water surface elevation, velocity, salinity, temperature, and other scalar constituents in an integral
form by computing fluxes between non-overlapping horizontal triangular grid cells. By using the
unstructured-grid framework in the horizontal plane, and a sigma-stretched coordinate system in the
vertical direction, the model is especially suitable for resolving the complex geometry in estuaries and
coastal oceans [31–33]. It also provides the flexibility for refining computational grid locally in regions
of interest, such as tidal energy hotspots.

To simulate tidal energy extraction, a MHK module was implemented in the FVCOM model
based on the momentum sink approach [10]. The MHK module was validated against the analytical
solution [10] and laboratory experiments [34], and has also been subsequently applied to studying tidal
energy extraction and associated environmental impacts [11,35,36]. The modified governing equations
in FVCOM with added momentum sink terms due to tidal energy extraction have the following general
form [10]:
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where (x, y, z) are the east, north, and vertical axes in the Cartesian coordinates; (u, v, w) are the three
velocity components in the x, y, and z directions; (Fx, Fy) are the horizontal momentum diffusivity
terms in the x and y directions; Km is the vertical eddy viscosity coefficient; ρ is water density; p is

pressure; and f is the Coriolis parameter.
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where Vc is the momentum control volume, CT is the turbine thrust coefficient, A is the flow-facing
area swept by turbines, and

→
u is the velocity vector at turbine hub height. The total extracted tidal

power at any given time can be calculated using the following formula:
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where N is the number of turbines in each grid element and M is the total number of elements
containing turbines.

2.3. Model Configuration

The Cook Inlet hydrodynamic model domain covers the entire Cook Inlet with grid resolution (i.e.,
side length of triangular grid cells) varying from about 1000 m at the entrance to less than 300 m inside
the Inlet. In terms of element area, they are roughly equivalent to a side length of 660 m and 200 m,
respectively, for equilateral structured-grid cells. In channels and areas that have steep bathymetry
gradients, a finer grid resolution of 100–300 m was used. The model grid consists of approximately
120,000 nodes and 240,000 triangular elements in the horizontal plane. In the vertical direction,
10 uniform sigma layers were applied. Although higher spatial resolutions can be used in both the
horizontal and vertical planes, the adopted resolutions are adequate to fulfill the need for this initial
phase of tidal hydrodynamic model development and validation. Model bathymetry was interpolated
from the NOAA Alaska Fisheries Science Center’s 50 m resolution Cook Inlet bathymetry data set [37].
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The horizontal and vertical mixing schemes were based on the default Smagorinsky parameterization
and Mellor-Yamada level 2.5 turbulent closure in FVCOM, respectively [38]. The bottom drag coefficient
was calculated using the default option based on the logarithmic boundary layer assumption. The
user-specified bottom roughness height and minimum bottom drag coefficient were treated as the
calibration parameters with their values fine-tuned through the process of model calibration.

To simulate tidal hydrodynamics and characterize the tidal energy resource in Cook Inlet, the
prescribed open boundary tidal elevations were considered the primary external forcing in the model.
Specifically, the open boundary tidal elevation time series were obtained from Oregon State University’s
TPXO8-atlas tidal database [39], which consists of 13 major harmonic constituents, namely M2, S2,
N2, K1, O1, P1, Q1, M4, MS4, MN4, Mm, and Mf. In addition, all model runs were conducted in
the barotropic mode, without considering the effect of water density variation caused by salinity and
temperature. River discharge and meteorological forcing were not included in the current study either.
Although these factors/processes could be important in modulating the transport processes, their
contribution to tidal hydrodynamics is generally small considering the extremely large tidal ranges in
Cook Inlet.

3. Results and Discussion

3.1. Model Calibration

Since this study is focused on tidal-driven hydrodynamics in Cook Inlet, model calibration was
achieved by adjusting user-specified parameter values that directly control tidal wave propagation
in the system through a series of iterative model runs. In FVCOM, these parameters include bottom
roughness height and minimum bottom drag coefficient for the bottom boundary condition, as well as
the sponge layer radius and friction coefficient for the open boundary condition. For instance, the
sponge layer is typically specified as a damping zone weighted from the open boundary nodes to
the interior, with a specified influence radius and a friction coefficient to ensure that the radiation
boundary condition will also suppress the noise perturbation of wave energy reflected back to the
computational domain [38]. During the model calibration, the sponge layer parameters were first
adjusted to obtain an overall reasonable comparison between model predictions and field observations
at three NOAA tidal gauges and six selected ADCP stations in Year 2005. The bottom roughness height
and minimum bottom drag coefficient were further adjusted to fine-tune water level comparisons
at individual tidal gauges and ADCP stations. Through the course of model calibration, to quantify
the model’s performance and to help identify the best set of model calibration parameters, three
representative error statistical parameters, the root-mean-square-error (RMSE), the scattered index (SI),
and the coefficient of determination (R2), were calculated using the following equations for both water
elevation and currents, following each iterative model run.

The RMSE, or root mean square deviation, represents the sample standard deviation of the
differences between predicted values and measured values. It is defined as

RMSE =

√∑N
i=1(Pi −Mi)

2

N
(5)

where N is the number of observations, Mi is the measured value, and Pi is the predicted value.
The SI is defined as the normalized RMSE (i.e., NRMSE) by the average of all measured values.

Because water level and velocity can both be negative, the absolute values were used in this study to
calculate the mean of the measured values.

SI =
RMSE

M
(6)

where the overbar indicates the mean of the measured values.
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The R2 is a measure of the strength of the linear relationship between the predicted and measured
values. In this study, R2 was tested at the significance level of 0.05.

R2 =

(∑N
i=1

(
Mi −M

)(
Pi − P

))2(∑N
i=1

(
Mi −M

)2
)(∑N

i=1

(
Pi − P

)2
) (7)

It was found that tidal range and current speed in Cook Inlet was very sensitive to open boundary
sponge layer parameterization. A combination of a uniform sponge layer radius of 1500 m and a friction
coefficient of 0.0012 produced the best overall model-data comparisons at all calibration stations. The
bottom roughness height and the minimum bottom drag coefficient tended to affect more on the tidal
phase and magnitude toward the upper Inlet. The final parameter values for the bottom roughness
height and minimum bottom drag coefficient were both set as 0.005, based on the calibration results.

3.1.1. Tidal Elevation

Figure 2 shows the time-series comparisons of FVCOM predictions and NOAA observations at
three NOAA tidal gages during a two-week spring-neap cycle in May 2005. As indicated by the error
statistical parameters, the model-predicted tidal elevations match NOAA predictions very well at all
stations; the R2 is greater than 0.98 at all three gages. The spring-neap tidal cycle was successfully
reproduced by the model. In general, tides inside Cook Inlet are semi-diurnal—two unequal high and
two unequal low tides occur per tidal day (24 h and 50 min). The tidal range also increases rapidly
from Seldovia near the entrance to Anchorage in the upper Inlet. For instance, at Anchorage, the tidal
range exceeds 10 m during the spring tide (Figure 2c).
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Figure 2. Time-series comparisons of model-predicted tidal elevations and National Oceanic and
Atmospheric Administration (NOAA) observations at three tidal gages inside Cook Inlet, (a) Seldevia,
(b) Nikiski, and (c) Anchorage. The numbers inside the brackets are root-mean-square-error (RMSE),
scattered index (SI), and coefficient of determination (R2) values.

To further assess the model’s skills in capturing individual tidal constituents, harmonic analysis
for major tidal constituents was performed, and the results are presented in Figure 3. First, there is an
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overall good agreement between model predictions and field observations for both amplitude and
phase at all three tidal gages. Second, the results confirmed that tides in Cook Inlet are dominated by
semi-diurnal constituents, as indicated in Figure 2. For example, the form ratio (the ratio between
the sum of the amplitudes of the two main diurnal constituents K1 and O1, and that of the two main
semi-diurnal constituents M2 and S2) varies from to 0.30 at Seldevia to 0.23 at Anchorage, suggesting
the increasing dominance of semi-diurnal tides toward the upper Inlet.
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There is a general trend suggesting the amplification in tidal amplitude from the Inlet entrance to
the upper inlet was slightly over-predicted by the model. In Figure 3a, tidal amplitude for most tidal
constituents is under-predicted at Seldevia, but becomes over-predicted at Anchorage. However, the
differences between predicted and observed values are very small, and mostly are on the order of a few
centimeters. For instance, the maximum difference is for the M2 constituent at Anchorage, which is
0.21 m but only accounts for about 6% of the tidal amplitude. At Nikiski, there is a near perfect match
between predicted and observed tidal amplitude for all seven tidal constituents. Interestingly, Figure 3a
shows that the amplification in tidal amplitude responds differently in diurnal and semi-diurnal
constituents. In general, the semi-diurnal constituents become much more amplified than the diurnal
ones, which should be largely a result of the basin geometry (e.g., length and depth) of Cook Inlet. The
same pattern also holds for the tidal phase. For example, the phase lag between Seldevia and Anchorage
for the M2 constituent is nearly 140 degrees, but it is less than 60 degrees for the K1 constituent.

Overall, the differences between predicted and observed tidal phases are mostly on the order
of a few degrees for major tidal constituents. The error statistics suggest that model-predicted
tidal elevations match NOAA observations generally better than those (e.g., an average of 10%
over-prediction in M2 amplitude) reported in the earlier study [17]. For example, in the earlier
study [17], the amplitude difference for M2 constituent between model prediction and field observation
at Nikiski tidal gage was 0.17 m (or 7% less than the observed value). In comparison, the difference in
this study was reduced to 0.01 m (or 0.4%). In addition, the same trend was found for phase predictions,
i.e., a 12-minute phase difference in this study vs. a 25-min difference in the earlier study [17].



J. Mar. Sci. Eng. 2020, 8, 254 8 of 19

3.1.2. Tidal Velocity

The ADCP data in Cook Inlet mainly cover the middle-depth bins, and a substantial portion of
the surface and bottom depths is missing, likely as a result of the removal of bad-quality data during
the QA/QC process. To accurately compare model output with observations, the FVCOM velocity was
interpolated in space and time onto each depth bin of the ADCP data. The interpolated model velocity
and ADCP data were averaged over the water depth and compared. Error statistics were calculated to
quantify the model’s performance in simulating observed currents.

Figure 4 shows the scatterplot comparisons of depth-averaged velocity at six representative ADCP
stations in Cook Inlet. At all stations except for Station COI0501 located near West Foreland, the model
was able to capture current magnitude and direction reasonably well. The results also indicate that at
most stations, currents tend to flow in a well-defined direction (i.e., along the principal axis) that aligns
with the channel orientation, especially at Station COI0511. In comparison, tidal currents at Stations
COI0514 and COI0502 appear to be more in a circular nature. The observed currents at Station COI0501
show distinct flow directions between flood and ebb. During the flood, the currents are generally
toward the northwest direction while during the ebb, currents are more toward the southwest direction.
The model was not able to accurately capture the observed flow pattern there. The results also indicate
that depth-averaged maximum current magnitude exceeds 2 m/s at nearly all the stations except for
Station COI0514, which is located near the entrance of the Inlet.
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Figure 4. Scatterplots of U and V velocity components for model-predicted depth-averaged tidal
currents and NOAA observations at six ADCP locations inside Cook Inlet (a) COI0514; (b) COI0511;
(c) COI0508; (d) COI0501; (e) COI0502; (f) COI0503. The plots were generated from depth-averaged
velocity time series for both model predictions and field observations.

The error statistics were calculated for the east and north velocity components, respectively,
to quantify the model’s performance in simulating tidal currents. The results are provided in Table 2.
Overall, there is a very good correlation between model predictions and observations, i.e., 10 of 12
R2 values are greater than or equal to 0.9. As expected from the scatterplot comparisons in Figure 4,
Station COI0501 has the worst correlation for the east component, as the model failed to capture the
flows across the channel (east-west direction). By looking at the RMSE and SI values together, the
absolute errors (RMSE) tend to be larger for the major velocity components, while the relative errors
(SI) are comparably smaller at most stations. For example, at Station COI0503, where the north-south
velocity is the major velocity component, the corresponding RMSE is bigger than that of the east-west
component. In contrast, the SI shows the exact opposite result. This suggests that the model tends
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to simulate velocity better in the main flow directions. Depending on the location of the station, the
RMSE can vary from 0.07 m/s to as big as 0.31 m/s, but most RMSEs are under 0.2 m/s.

Table 2. Error statistics (RMSE, SI, and R2) for depth-averaged tidal currents at six ADCP survey
stations inside Cook Inlet (The top row is for the east velocity (U) component and the bottom row is for
the north velocity (V) component).

Station Vel.
Comp

COI
0514

COI
0511

COI
0508

COI
0501

COI
0502

COI
0503

RMSE
(m/s)

U 0.07 0.09 0.13 0.45 0.15 0.17
V 0.08 0.11 0.20 0.24 0.17 0.31

SI
U 0.62 0.23 0.43 1.35 0.42 0.82
V 0.29 0.17 0.18 0.20 0.14 0.18

R2 U 0.85 0.97 0.92 0.19 0.93 0.90
V 0.95 0.98 0.98 0.98 0.99 0.99

3.2. A Sensitivity Test on the Effect of Grid Resolution

The calibration results (Figure 5 and Table 3) show that the discrepancy between model predictions
and field observations becomes larger at those three ADCP stations located in the Foreland region.
This discrepancy is especially apparent at Station COI0501—the data indicate there is a clear rectilinear
misalignment between flood and ebb current directions while the model predictions did not reproduce
the same pattern. We suspected that a grid resolution of 200 m might not be adequate to resolve
the complex channel geometry there. Therefore, a sensitivity test was conducted by refining the
grid resolution to about 50 m in the Foreland region to assess if an increased spatial resolution will
help improve current predictions. A model grid resolution of 50 m matches the resolution of the
bathymetry dataset, and was thus considered sufficient to capture the geometry feature represented by
the bathymetry data. The sensitivity test results for the same calibration period were compared with
the earlier model results and field observations and presented in Figure 5 and Table 3.
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Figure 5. Scatterplots comparisons of U and V velocity components for model-predicted depth-averaged
tidal currents (including both the baseline calibration run and the sensitivity test run with refined
model grid) and NOAA observations at three ADCP locations in the Foreland region (a) COI0501;
(b) COI0502; (c) COI0503. The plots were generated from depth-averaged velocity time series for both
model predictions and field observations.

As one can see from Figure 5, the sensitivity test results did not show any substantial improvement
over the previous model results. The new model results mostly overlay with those in the calibration
run. The error statistics also largely remain the same (Table 3). We suspect this should be due
to the insufficient accuracy of the bathymetry dataset in the Foreland region and the upper Inlet.
Although the bathymetry dataset used for this study has a relatively high nominal spatial resolution
of 50 m, it should be noted that this dataset was largely re-produced (or re-gridded) from historical
bathymetry surveys in Cook Inlet. Hence, the bathymetry data couldn’t sufficiently capture the
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dynamic changes of bed morphology in the Foreland region contributed by the interplay of the large
amount of sediment input and energetic tidal currents. It is reasonable to conclude that without more
accurate bathymetry information, a further refinement of the model grid resolution will not help
improve velocity predictions.

Table 3. Error statistics (RMSE, SI, and R2) for depth-averaged tidal currents at three ADCP survey
stations in the Foreland region (The top row is for the east (U) velocity component and the bottom row
is for the north (V) velocity component). The model results are from the sensitivity test.

Station Vel.
Comp

COI
0501

COI
0502

COI
0503

RMSE
(m/s)

U 0.45 0.15 0.19
V 0.24 0.17 0.23

SI
U 1.37 0.42 0.90
V 0.20 0.14 0.18

R2 U 0.19 0.93 0.90
V 0.98 0.99 0.99

3.3. Model Validation

Model validation is another important step in hydrodynamic modeling. In this study, we picked
Year 2012 as model validation period. Since the sensitivity test using the refined model grid did not
show any substantial improvement in velocity predictions, we chose to use the same model grid used for
the baseline calibration model run for the validation run. The model predicted current velocities at three
additional ADCP stations deployed in Year 2012, and these were compared with NOAA observations.
The model-data comparisons were summarized in Figure 6 and Table 4. At Station COI1210, the model
predictions match field observations nearly perfect over a full-month period (Figure 6a). The model
performance becomes worse for the other two ADCP stations located further upstream. For example,
the results at Station COI1207, the velocity magnitude is substantially under-predicted (Figure 6b),
which can be seen from the large RMSE (0.58 m/s) and SI (0.48) values. Despite of underpredicting
current magnitude, the model performs very well in predicting current direction. At Station COI1209
(Figure 6c), the model was not able to accurately resolve the moderate rectilinear misalignment between
flooding and ebbing current directions. A closer look at the bathymetry feature near these two ADCP
stations indicates the mismatch between model predictions and field observations is likely due to the
inaccuracy of the bathymetry dataset (Figure 7). For example, the existing bathymetry dataset shows
the presence of a shallow sill in the middle of the channel that is adjacent to COI1207. This shallow sill
will reduce tidal flows through the channel and subsequently contribute to the underprediction of
current magnitude at COI1207. A high-quality, ground truthing bathymetry survey in the upper Cook
Inlet is highly warranted to improve model predictions.
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Figure 6. Scatterplots of U and V velocity components for model-predicted depth-averaged tidal
currents and NOAA observations at three Year 2012 ADCP survey stations located in the upper Cook
Inlet (a) COI1210; (b) COI1207; (c) COI1209. The plots were generated from depth-averaged velocity
time series for both model predictions and field observations.



J. Mar. Sci. Eng. 2020, 8, 254 11 of 19

Table 4. Error statistics (RMSE and R2) for depth-averaged tidal currents at selected ADCP stations
inside Cook Inlet. (The top row is for the east velocity (U) component and the bottom row is for the
north (V) velocity component.).

Station Vel.
Comp

COI
1210

COI
1207

COI
1209

RMSE
(m/s)

U 0.12 0.58 0.37
V 0.12 0.23 0.38

SI
U 0.11 0.42 0.30
V 0.16 0.48 1.0

R2 U 0.99 0.97 0.97
V 0.99 0.97 0.57
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3.4. Tidal Characteristics

As shown in Figure 3, tides in Cook Inlet are dominated by semi-diurnal constituents. It is
important to see how tides propagate within the system and amplify toward the upper Inlet to produce
the largest tidal ranges of all U.S. coastal waters. According to the co-tidal charts (Figure 8a,b) for
the largest semi-diurnal and diurnal constituents (M2 and K1), M2 tide is more amplified than K1,
which also agrees with earlier observations at three NOAA tidal gages (Figure 2). For the tidal phase
(Figure 8c,d), M2 tide shows a much greater phase change than K1 constituent, which is consistent
with the amplitude. The co-phase chart for M2 tide (Figure 8c) suggests the length of Cook Inlet is
smaller but close to the half wave length of M2 constituent. Also, the narrowed Foreland cross section
appears to be the critical location that substantially affects tidal propagation in Cook Inlet. Above the
cross section, tidal amplitude and phase both change much more rapidly than in the lower Inlet.

The tidal stage plots (Figure 9) provide additional information on the tidal characteristics in
Cook Inlet. Together with the co-tidal charts (Figure 8), the results suggest that tides are essentially
progressive Kelvin waves in the lower Inlet, and that they propagate faster toward the right (east) side
of the channel along with larger amplitudes. Tidal velocity tends to be in phase with the water level;
the maximum tidal velocity occurs during low and high tides (Figure 9a–c). The co-tidal lines also
appear to lie perpendicular to co-range lines (Figure 8). In the upper Inlet region above the Foreland
cross section, tides behave more like standing waves; e.g., maximum velocities tend to occur toward
the mean tidal level rather than during the low and high tides (Figure 9d–f).
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3.5. Spatial Variability of Tidal Currents

Because optimal turbine siting (e.g., hub height) relies on detailed knowledge of vertical velocity
structure, it is important to further examine vertical current profiles at potential tidal energy hotspots
in Cook Inlet. The depth-averaged velocity comparisons (Figure 4) suggest that Station COI0503 near
East Foreland appears to be the top hotspot because it has the strongest current magnitude of all the
stations. Figure 10 shows the 2-D current vertical profile comparisons at Station COI0503 on 25 May
2005, during the spring tide. It should be mentioned that the currents have been projected along the
principal-axis direction to better show the current magnitude. The model-data comparisons show an
overall good match with respect to the vertical structure and timing. The model results indicate that
maximum current magnitude exceeds 4 m/s during peak flood and ebb at depths close to the surface.
There are visible velocity gradients especially during the peak flood and ebb stages; e.g., the maximum
differences between surface and bottom velocities reaches 1.5 m/s during peak flood around noon on
25 May 2005.

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 13 of 20 

 

 
Figure 9. Tidal stage (water level vs. velocity) curves at six ADCP stations along the main axis of Cook 
Inlet showing the propagation of tidal wave in the system (a) COI0514; (b) COI0511; (c) COI0508; (d) 
COI0502; (e) COI1210; and (f) COI1209. 

3.5. Spatial Variability of Tidal Currents 

Because optimal turbine siting (e.g., hub height) relies on detailed knowledge of vertical velocity 
structure, it is important to further examine vertical current profiles at potential tidal energy hotspots 
in Cook Inlet. The depth-averaged velocity comparisons (Figure 4) suggest that Station COI0503 near 
East Foreland appears to be the top hotspot because it has the strongest current magnitude of all the 
stations. Figure 10 shows the 2-D current vertical profile comparisons at Station COI0503 on 25 May 
2005, during the spring tide. It should be mentioned that the currents have been projected along the 
principal-axis direction to better show the current magnitude. The model-data comparisons show an 
overall good match with respect to the vertical structure and timing. The model results indicate that 
maximum current magnitude exceeds 4 m/s during peak flood and ebb at depths close to the surface. 
There are visible velocity gradients especially during the peak flood and ebb stages; e.g., the 
maximum differences between surface and bottom velocities reaches 1.5 m/s during peak flood 
around noon on 25 May 2005. 

 

Figure 10. Projected principal-axis (along channel) vertical velocity profile comparison of model
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A detailed understanding of the temporal distribution/variability of tidal velocity provides critical
information for optimizing tidal turbine device selection and operation [40]. Figure 11a shows the
histogram plot of the density/frequency distribution of depth-averaged current speed at Station
COI0503 over a three-month simulation period. The corresponding probability of exceedance curve
is provided in Figure 11b, with additional results at three depths—surface layer, middle layer, and
bottom layer. The histogram plot (Figure 11a) shows that current speed mostly ranges from 1 m/s to
3 m/s at Station COI0503, and has a peak density between 2 and 2.5 m/s. The probability of exceedance
plot (Figure 11b) suggests the current speed exceeds 1 m/s more than 75% of the time. In addition,
comparing the probability of exceedance plots at different depths indicates that the current speed for
the bottom layer is much smaller than at the other depths. This is consistent with what we observed
in the vertical profile plot (Figure 10). The depth-averaged current speed distribution appears to be
very close to that found at the middle depth. As expected, surface current is the strongest of all the
depths—current speed exceeds 2 m/s for more than half of the time.
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3.6. Tidal Energy Extraction Potential in Cook Inlet 

3.6.1. Tidal Energy Resource Distribution 

In the previous sections, we demonstrated that the hydrodynamic model was able to capture the 
tidal hydrodynamics in Cook Inlet. For this reason, the model simulation results were further used 
to characterize tidal energy resource distribution in the system. Figure 12 shows the 2-D distribution 
of depth-averaged tidal power density (or energy density flux) in the entire system and in the 
zoom-in area near Foreland. The 2-D plots suggest that the areas that have high energy density (i.e., 
> 2000 W/m2) are mostly located in the upper Inlet. The Foreland area appears to have the most 
abundant tidal energy resources in the entire system, both in terms of magnitude and spatial 
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Figure 11. (a) histogram plot of current speed at the middle depth of Station COI0503 over the three
months of model simulation in summer 2005; (b) the corresponding cumulative frequency distribution
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3.6. Tidal Energy Extraction Potential in Cook Inlet

3.6.1. Tidal Energy Resource Distribution

In the previous sections, we demonstrated that the hydrodynamic model was able to capture the
tidal hydrodynamics in Cook Inlet. For this reason, the model simulation results were further used to
characterize tidal energy resource distribution in the system. Figure 12 shows the 2-D distribution of
depth-averaged tidal power density (or energy density flux) in the entire system and in the zoom-in
area near Foreland. The 2-D plots suggest that the areas that have high energy density (i.e., >2000 W/m2)
are mostly located in the upper Inlet. The Foreland area appears to have the most abundant tidal
energy resources in the entire system, both in terms of magnitude and spatial coverage, primarily as a
result of the much narrower cross section due to the presence of two forelands. More specifically, the
area immediately adjacent to East Foreland has the strongest power density, which exceeds 5000 W/m2.
Considering that water depth is typically on the order of 50 m in this area, it should be the top hotspot
for potential tidal energy harnessing. It has a substantially larger tidal stream power density sustained
over a very large area. This is consistent with previous findings by Haas et al. [17].
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3.6.2. Assessing Tidal Energy Extraction Potential

While the East Foreland region appears to be the most promising site for tidal energy harnessing,
it is also important to assess the possibility of extracting tidal energy at a much broader spatial scale to
effectively reduce the energy cost. As suggested by the inset plot in Figure 12, a substantial portion
of the Foreland area has a power density exceeding 2000 W/m2. Therefore, a sensitivity test was
conducted by deploying hypothetical turbine arrays along one single transect across the entire Foreland
cross section. Two tidal turbine array scenarios were considered. In both scenarios, tidal turbines were
assumed to extract energy from the middle depths (Layers 5 and 6 in the hydrodynamic model) of the
water column. More specifically, in Scenario 1 (S1), a 5% blockage ratio of the entire cross-sectional
area was used to determine the tidal array density along the transect. In Scenario 2 (S2), a much higher
(20%) blockage ratio was used. It should be mentioned that in both scenarios, the blockage ratios
are higher than typical values reported in the literature, because in our case tidal turbines are only
considered to occupy one cross section. In both scenarios, the tidal turbine module was configured in
a way similar to that in [20]; e.g., a thrust coefficient (CT) of 0.5 was used, and no cut-in and cut-out
speed limit was considered [20].

Figure 13 shows the instantaneous extracted tidal power time series under both energy extraction
scenarios. The extracted power was calculated using Equation 4. The extracted tidal power time
series exhibit strong temporal variability over spring and neap tidal cycles. The extracted power
during the spring tide is nearly an order of magnitude higher than that during the neap tide. The
maximum instantaneous power rate during the spring tide is close to 180 MW and 800 MW for S1 and
S2, respectively. The mean power rate for S1 and S2 is approximately 46 MW and 181 MW, respectively.
The extracted power rate in S2 is considerably larger than that in S1. It should be noted that this power
extraction rate is only a theoretical value calculated by the hydrodynamic model.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 16 of 20 
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and S2).

It is important to investigate the system’s response to energy extraction. One potential response is
the changes (i.e., sensitivity-baseline) in tidal regime. We calculated the changes in tidal amplitude and
phase for major tidal constituents between power extraction scenarios and the baseline condition at all
three NOAA tidal gages in Figure 1. The results suggest that the resulting changes at the two southern
gages, Seldovia and Nikiski, are minimal. In addition, the changes for S1 are barely detectable. Hence,
only the results for S2 and at the Anchorage tidal gage are presented here to illustrate the potential
impact of energy extraction (Figure 14).

Figure 14a shows that extracting tidal energy from the Foreland transect reduced tidal amplitude
in the upper inlet. However, the magnitude of change is very small for the energy extraction rate in S2.
The M2 constituent experiences the maximum amplitude drop of all constituents, but the reduction
is only on the order of 1 cm. Compared to its amplitude, the reduction ratio is only about 0.3%.
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The higher-frequency constituents, which include four semi-diurnals (M2, S2, N2, and K2) and one
quarter-diurnal (M4), exhibit a larger amplitude drop than the four diurnal ones (K1, O1, P1, and Q1).
This is expected, considering that higher-frequency tidal currents tend to be dampened faster by friction
force, or turbine drag in this case. Interestingly, the changes in tidal phase (Figure 14b) also shows a
similar pattern in which semi-diurnal and quarter-diurnal constituents respond differently from the
diurnal ones. Specifically, the negative changes in tidal phase for semi-diurnal and quarter-diurnal
constituents suggest these tidal constituents propagate faster than the baseline condition. In contrast,
all the diurnal constituents experience a phase lag, meaning they propagate slower than the baseline
condition. However, the changes in tidal phase are also very small—all are less than a quarter degree.

The reduction in tidal amplitude affects tidal prism in the upper inlet, which is also reflected in
the tidal flux across the Foreland transect. Figure 15 shows the changes in tidal flux between two
energy extraction scenarios and the baseline condition. Compared to tidal flux under the baseline
condition that varies between ±1.7 × 106 m3/s across the Foreland transect, the changes in tidal flux for
both energy extraction scenarios is much smaller. For instance, the maximum flow reduction typically
occurs during the peak and ebb flood stages when the tidal flux is highest.
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4. Summary

In this study, an unstructured-grid based tidal hydrodynamic model was developed for Cook Inlet,
Alaska, to assist tidal energy resource characterization in the estuary. The model-data comparisons
indicated that the model has very promising skills in capturing the major tidal characteristics of Cook
Inlet; e.g., a semi-diurnal tidal regime with tidal range rapidly amplifying toward the upper Inlet.
The model simulated tidal energy density distribution confirms the abundant tidal energy potential
in Cook Inlet especially in the East Foreland region where time- and depth-averaged power density
exceeds 5 kw/m2. This region should be considered as the most promising tidal energy hotspot in Cook
Inlet. Furthermore, a model test with a hypothetical tidal turbine farm configuration in the Foreland
cross section indicates the upper Inlet is most sensitive to tidal energy extraction; higher-frequency
tidal constituents (e.g., semi-diurnal and quarter-diurnal) experience more impact than low frequency
(diurnal) constituents, although the overall impact on tidal dynamics is minimum for the hypothetical
energy extraction scenario considered in this study. Compared to the earlier tidal resource assessment
by Haas et al. [17], the unstructured-grid modeling approach provides an additional flexibility for
future grid refinement at any local scales and resolutions on an as-needed basis.

The model results also suggest that, to better capture the spatial variability of currents in areas
that have complex geometry and are also subject to dynamic morphological changes, higher-quality
bathymetry survey data are warranted. These areas are mostly located in the upper inlet, where river
discharge and associated sediment load become increasingly important in modulating water circulation
and geomorphology. In addition, sea-ice can also form during cold months. It should be taken into
consideration for more accurate tidal energy resource characterization during the winter. While the
model has reasonably captured the general tidal wave characteristics in Cook Inlet, more research needs
to be conducted to understand the mechanisms responsible for the rapid tidal amplification toward
the upstream, such as the resonant effects. In the future, the model will be more comprehensively
improved to include the effects of river input, sediment transport, and sea-ice, as these processes have
been shown to be increasingly important, especially in the upper Inlet [41].
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