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Abstract: National Oceanic and Atmospheric Administration’s National Ocean Service
uses observations, hydrodynamic models and interpolation techniques to develop many of
its products and services. We examine how two projects, computation of tidal datums for
vertical datum transformation and the estimation of tidal characteristics for hydrographic
surveys, are being developed in Alaska and how they may be more seamlessly integrated.
Preliminary VDatum development for Alaska is in progress for the Alaska Panhandle
through the setup of a high resolution tide model that will be used to compute spatially
varying tidal datums. Tide models such as these can be used for other projects that
traditionally rely on estimation of tides in between data locations, such as the planning for
hydrographic surveys that need correctors to adjust bathymetry to the chart datum. We
therefore also examine how an existing model in western Alaska can be used for better
supporting hydrographic survey planning. The results show that integration of tide models
with nearshore observations can provide improved information for these correctors and
future work will further evaluate this methodology with existing VDatum tide models.
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1. Introduction

National Oceanic and Atmospheric Administration (NOAA)’s National Ocean Service (NOS)
develops and uses tide models and interpolation techniques in support of vertical datum transformation
and hydrographic surveying. In this paper, we describe initial efforts to expand these capabilities in
Alaska. VDatum [1] is a vertical datum transformation software tool, and the tidal datum
transformations in VDatum are normally computed by using tide model results and corrected by
interpolation [2]. These tidal datums are then related to orthometric and ellipsoid-based vertical
reference systems through geoid models developed by NOS’ National Geodetic Survey (NGS).
Developing VDatum for Alaska presents many challenges, mainly due to the smaller amount of tidal,
orthometric and GPS data available to support the development and validation of models used to
generate the vertical datums and their relationships to each other. While more of the data is being
collected, the VDatum team decided that the development of a tide model could begin in one selected
subregion of Alaska, using existing tide data to help validate the model. As more data becomes
available in the future, any necessary adjustments to the model to improve model-observation
agreement could be made accordingly. Additionally, tide models developed for VDatum are
increasingly being used to help address other needs within NOAA. An example of this is hydrographic
survey planning, where tidal parameters normally estimated through interpolation of tide gauge data
could benefit from modeled tidal characteristics between gauge locations. While development of the
identified subregional tide model is in progress, we also evaluated how an existing tide model could be
used to better define the spatial variability of tidal parameters to support hydrographic planning in
western Alaska.

VDatum tidal datums are normally developed by first simulating tidal characteristics with the
advanced circulation model (ADCIRC) [3.4]. The VDatum team evaluated: (1) how to break the
Alaska region into subregions; and (2) which subregion would have the highest priority for tide model
development. We decided that at least five subregions would be needed and, based partially on the
feedback from VDatum users, that southeast (SE) Alaska is the best suited for initial development
(Figure 1a,b). Several tidal model applications have been previously developed covering SE Alaska [5-9].
Most of these applications emphasize regional tidal propagation, with a minimum resolution near the
coast sufficient to resolve major passages and waterways around the Alexander Archipelago [5-7].
Hill et al. [8] simulated the tides and fresh water runoff in Glacier Bay, Alaska, using ADCIRC with a
high resolution unstructured grid. Inazu et al. [9] modeled tides in SE Alaska using a finite difference
model with 1-km resolution and gave an estimation of large tidal dissipation around Glacier Bay.
There are also Pacific basin scale and global scale tidal models available, notably the Oregon State
University Tidal Inversion Software (OTIS) by Egbert and Erofeeva [10,11] and the last version of the
FES (Finite Element Solution) global tide model developed in 2012, FES2012 [12]. OTIS project has a
Pacific basin scale model at 1/12° resolution, PO2009, as well as a global model, TPXO7.2, that
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assimilates satellite altimetry data. The diurnal and semidiurnal tides in the Gulf of Alaska from these
models all have similar spatial patterns [5—7,10—12]. While the overall offshore pattern is simple, the
complexity of the passages and waterways inside the SE Alaska Panhandle leads to significant tidal
wave deflection and dissipation and thus requires a high resolution tidal model to properly simulate the
local tidal propagation and spatial variations in tidal datums [13]. Therefore, initial work towards a
new tide model for SE Alaska is presented here with higher resolution to resolve both regional and
local tidal dynamics.

Figure 1. (a) Alaska shoreline and coast waters, and the southeast (SE) Alaska hydrodynamic
model domain (blue polygon, approximately); (b) SE Alaska, bathymetry and tidal stations
(green dots); (¢) SE Alaska unstructured model grid.
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With the start of work on the SE Alaska tide model for eventual VDatum development, the VDatum
team is also looking at extending the use of tide models developed over the years for VDatum
along the U.S. coasts. One such identified use is to provide offshore tidal constituents to NOAA’s
Hydrographic Planning Team (HPT) in the Center for Operational Oceanographic Products and
Services (CO-OPS). In the assessment of users’ needs in Alaska for VDatum and tide models,
HPT was identified for collaboration on evaluating the use of tide model outputs as an additional
source of information to support hydrographic surveys in the Bering Sea. HPT provides survey
operation teams with estimated tidal curves within a survey area by interpolating/extrapolating tidal
constituents and tidal parameters, such as the mean tidal range (MN) and the high water interval (HWI,
the interval between the Moon’s transit over the Greenwich meridian and the following high water).
Current interpolation/extrapolation relies on the constituents and parameters derived from CO-OPS’
measurements at tide gauges located along the shoreline. The tidal constituents and tidal parameters
derived from model results should therefore provide better estimates for offshore tides. The Bering Sea
of western Alaska has complex tidal characteristics with several diurnal and semidiurnal amphidromes.
Some previous tide models [14,15] are able to capture large-scale tidal features, but tend to perform
worse in the nearshore regions, due to their relatively coarse resolution. Foreman et al. [16] used
a variable triangular grid with a resolution from 1.5 km to 50 km and a barotropic finite element
model to simulate tides in the Bering Sea with the assimilation of tidal harmonics derived from
satellite altimetry data. Foreman's model has relatively high accuracy in the offshore and nearshore
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regions (the average M, root mean square error, RMSE, is 3.0 cm; see Section 3.3 for details), even
though it is less accurate at the onshore CO-OPS tide stations (the average M, RMSE is 10.7 cm; see
Section 3.2 for details). We therefore used Foreman’s model for evaluation in this study and present
the results of incorporating the model results into estimated tidal patterns to help support hydrographic
survey planning. We will refer to Foreman’s model as “FM” in all future discussion.

This paper is organized as follows: Section 2 presents the work on the development of a new,
high-resolution tidal model for SE Alaska. Section 3 evaluates how tide models can improve current
methods of estimating offshore tidal patterns to provide tide correctors for hydrographic surveys.
The development of new tide models for the remainder of Alaska and further analysis of the use of tide
models in hydrographic planning will continue in future years, and Section 4 identifies some key
objectives of future work in this regard.

2. Tidal Modeling in SE Alaska

As the first step towards VDatum availability in southeast Alaska, the development of a high
resolution ADCIRC tidal model is presented here for the coastal waters around the Alexander
Archipelago and Alaska Panhandle. Using high-resolution shoreline and bathymetric data from
NOAA, this model is able to resolve the fine detail of the shoreline with resolution down to about
50 m. Boundary conditions were obtained from Oregon State University’s regional tidal solution
PO2009 tide database [17] for the M, Sy, Na, Ky, Ky, Oy, Py, Q1, My, MS4 and MNy constituents. The
skill of the model is assessed through comparison of amplitudes and phases of tidal constituents
derived from the model and from observations. After model validation, the model will be used to
compute tidal datums for future use in NOAA’s VDatum software.

2.1. Model Development

The model domain covers all coastal waters of the SE Alaska Panhandle (Figure 1). To reduce the
impact of errors propagated from the open ocean boundary, we extend the southern open boundary
beyond the southern tip of the Queen Charlotte Islands and the northern open boundary to include
Yakutat Bay. The length of the domain from south to north is about 1150 km. In the offshore direction,
the open boundary is extended to about 200 km from the nearest islands. The entire water domain
covers a total of 300,000 km®. For regions inside the U.S. marine boundary, two types of bathymetric
data were used: (1) sounding data of individual depth measurements; and (2) a digital elevation model
(DEM) composed of multiple data sources [18]. For regions further offshore, a one arc-minute global
relief model, ETOPO1 [19] was used. The reference vertical datums of the sounding data and DEM
were converted to mean sea level (MSL) using gridded vertical datum conversions provided by
NOAA’s National Geophysical Data Center (NGDC). These conversions were calculated using kriging
to interpolate the vertical datums from 93 tide gauges around SE Alaska [20]. The vertical datum of
ETOPOI1 is mean sea level and therefore did not require a datum conversion. The bathymetry was
smoothed to reduce the maximum slope and prevent instabilities, due to steep bottom slopes. A mean
high water shoreline dataset was provided by NOAA’s NGS.

An unstructured triangular mesh grid (Figure 1c) was generated to represent the model domain,
using the shoreline from NGS as the land boundary. The water depths, distance to the shoreline and
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desired minimum resolution along the shoreline were among the factors used for determining local
mesh resolution. The current mesh grid has about two million node points. The smallest grid size is
50 m and the largest is about 20 km. Bathymetry was interpolated to the model grid using
linear interpolation.

A state-of-the-art numerical hydrodynamic model, ADCIRC [3,4], was used for tidal simulations
with the SE Alaska grid. ADCIRC solves the 2D vertically-integrated generalized wave continuity
equation using the finite element method on an unstructured triangular grid. This model has been
widely applied to tide and storm surge simulations in estuarine, coastal and continental shelf
regions [21].

To properly set up the model, three boundary conditions have to be prescribed: open boundary,
surface boundary and bottom boundary conditions. Since we are only simulating the tides, there is no
air-sea exchange of momentum, mass and energy applied to the surface boundary. A slip quadratic

bottom friction boundary condition is used for the bottom boundary. We use a depth-dependent bottom
friction coefficient,C,,

C; z<H?
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where z is water depth, 7’ and Hare two constant water depths, equal to 100 m and 300 m,
respectively, in this study, and C; and C{ are constant bottom friction coefficients for water shallower
than #* and water deeper than H?, respectively. Equation 1 provides a depth-dependent linear
interpolated bottom friction for water depths between A* and H? . In this study, we use
C, =C,(0.00375,0.00375) , a constant over all depths, for the baseline study, and variable C, scenarios
are examined in sensitivity tests. The open boundary is forced by prescribed tidal information
interpolated from Oregon State University’s Pacific Ocean basin scale tidal solution PO2009 [17]. The
tidal forcing along the open boundary consisted of four semidiurnal constituents (Mz, S, N, and K5),
four diurnal constituents (K;, O;, P; and Q) and three shallow water components (M4, MS4 and MNy).
The model has wetting and drying enabled, so as to cope with tidal flat scenarios.

2.2. Model Validation

Tidal harmonic constants for these 11 constituents (My, Sy, Ny, Kj, Ky, Oy, Py, Qi, My, MS,4 and
MNy,) are used for model validation at 43 CO-OPS tidal stations (Figure 1b). Some of these stations are
long-term, active stations, while others are historical stations with various time lengths of
deployment [22].

The semidiurnal M, tide in the Gulf of Alaska has an amphidrome in the northern Pacific Ocean,
east of Hawaii. The M, tide propagates anticlockwise along the coast of SE Alaska, with the co-phase
lines perpendicular to the coast and co-amplitude lines parallel to the coast (Figure 2). There are many
inter-island waterways and passages along the SE Alaska coast through which the tides branch out and
propagate shoreward. Some of these major passages include the Dixon Entrance-Clearance Strait,
Sumner Strait, Chatham Strait and Cross Sound in the north (Figure 1b). Once inside the passages, the
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tide propagates through waterways with increasing phase lag and generally increasing amplitude. The
amplitude near the open boundary is about 1 m. There are locations at the ends of inlets and passages,
notably in Glacier Bay, Lynn Canal and Stephens Passage, where the amplitude is larger than 2 m
(Figure 2). Glacier Bay has some of the largest amplitudes and phase lags in the model domain.

Figure 2. M, tide (a) co-amplitude lines (meters); and (b) co-phase lines (degrees) in SE Alaska.
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The diurnal tide, K, in the Gulf of Alaska has an amphidrome in the northern Pacific Ocean, west
of Hawaii. The K tide propagates anticlockwise in the northwest direction along the SE Alaska coast.
The amplitude of K; near the open boundary is about 0.45 m and increases landwards (Figure 3).
The maximum K; amplitude in Glacier Bay is around 0.6 m. Similar to the M, tide, the K, phase lag
increases in the northwest direction, but with less of a phase lag gradient. The largest phase lag is in
Glacier Bay, around 270 degrees. In comparison, at the southern tip of the Alexander Archipelago, just
north of the Dixon entrance, the K, phase is about 258 degrees. All other semidiurnal and diurnal tides
had similar patterns as the dominant M, and K tides, only with smaller amplitudes.

A direct comparison between model and observed M, amplitudes (Figure 4) shows that the model
generally overestimates the M, amplitude. The amplitude (observed, model) pairs are clustered along
the 5% error line. The model underestimates M, amplitudes only at two stations and overestimates
more than 10% at one station. The M, phase is generally underestimated. At the lower phase values
(i.e., at locations closer to the southern open boundary), this underestimation is smaller. This can be
due to the accumulation of error with the phase along the direction of wave propagation. For the S,
tide, the results are similar. For the K; and O, tides, the model overestimates the amplitude and
underestimates the phase. The difference in both amplitude and phase is more of a constant shift. This
may suggest that applying a constant shift to the K; and O; boundary conditions could help improve
the results.
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Figure 3. K, tide (a) co-amplitude lines (meters); and (b) co-phase lines (degrees) in
SE Alaska.
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Figure 4. M,, S,, K; and O, model-observation comparison of amplitude (meters) and
phase (degrees) at 43 tidal stations in SE Alaska.
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To quantify the model performance and skill, we calculated the mean absolute error (MAE) of the
amplitudes and phases. We also calculated the root mean square error (RMSE), 4., which combines
the amplitude error and phase error using the equation:

1 1
A =(%J?(Amcos(t—h,n>—Aocos(r—ho>>2dr)2 =<‘%+A5 — 4,4, cos(h, —h,))° @)
JT

m*-o

where A4, and 4,, are observed and modeled amplitudes, respectively, and 4, and h,, are observed and
, j— , will measure the relative model

0

modeled phases, respectively. The relative RMSE (%)

performance across the different tidal constituents. Mean RMSE and mean relative RMSE are the

average RMSE and relative RMSE values over 43 tidal stations for one tidal constituent. The total
mean RMSE (cm), > 47" measures the RMSE of all tidal constituents.

constituen

The M, tide has the smallest mean relative RMSE over all 43 data points (Table 1). K, has the
worst mean relative RMSE of all semidiurnal and diurnal tides, at 16.8%. All semidiurnal and diurnal
tides have a mean relative RMSE between 5% and 10%, with the exception of the K tide. The My tide
is inaccurate, with a mean relative RMSE of 54.4%. Most stations do not have MS,; and MN4 harmonic
constant data, and thus, we do not present their performance statistics here. From the limited observed
data points available for these constituents, MS4 and MN,4 have similar relative RMSE as M.

Table 1. Model-observation comparison: error measurements of nine tidal constituents,
averaged over 43 tidal stations. MAE, mean absolute error; RMSE, root mean square error.

Amplitude error, MAE Phase error, MAE Mean RMSE Mean relative RMSE

(cm) (degree) (cm) (%)
M, 8.29 2.93 9.47 5.5
S, 3.81 2.61 3.68 6.6
N, 1.63 3.53 2.14 6.3
K, 1.14 11.80 2.56 16.4
K4 2.96 4.71 3.90 7.9
O, 2.41 5.56 2.91 9.7
P, 0.62 6.03 1.35 8.3
Qi 0.31 3.82 0.38 6.6
M, 1.82 26.11 1.60 54.4

Total 28.7

The model skill and performance have significant spatial variations across the 43 station points
(Figure 5). Mitchell Bay, a 10 km® in size inlet connected with Chatham Strait through a long,
100 m-wide narrow channel, is the location that the model performs the worst against the observations.
The relative RMSE is well above 15% for all semidiurnal and diurnal tides here. At all other stations,
the relative RMSE is usually below 10%.
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Figure 5. Spatial distribution of relative RMSE (%). (a) M»; (b) K.
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2.3. Discussion

For all the semidiurnal and diurnal tidal constituents, the SE Alaska model seems to overestimate
the amplitude and underestimate the phase. For the M, tide, the model results agree better with
observations with low amplitudes and small phase lags (i.e., locations closer to the south open
boundary) than the results with high amplitudes and large phase lags (i.e., locations inside passages
and further away from the open boundary). Bottom friction can have a significant impact on the
modeled tidal phase lags and amplitudes. There are many studies [4,23] evaluating the impact of
bottom friction on phase lag and amplitude. Historically, the bottom friction used in VDatum tidal
simulations has ranged from 0.001 to 0.00375 [13]. In our study, the bottom friction is set to a constant
value, C, =C,(0.00375,0.00375) . Besides the background run using this value, three more sensitivity
tests were conducted with different values of bottom friction. Including the baseline run, the bottom
friction coefficients for four test cases from low to high are C,(0.00375,0.0020), C,(0.00375,0.0025),
C,(0.00375,0.00375) and C,(0.0045,0.0045) . The total mean RMSE of nine tidal constituents (M, Sy, Na,

Ky, Ky, Oy, Py, Q; and M,) in the four test cases were 29.7, 29.4, 28.7 and 28.7 cm, respectively.
In general, the initial increase of bottom friction reduces the model amplitude and increases the phase
lag of all tidal constituents, thereby slightly reducing the total mean RMSE. However, further
increasing of the bottom friction to 0.0045 did not further reduce the error. The bottom friction
coefficient, C,(0.0045,0.0045), is larger than the values in previous VDatum tidal simulations and in
other ADCIRC studies [21]. Furthermore, the model stability is too sensitive to further reduce the
bottom friction coefficient. Therefore, no further sensitivity tests with lower or higher bottom friction
coefficients were conducted. For semidiurnal tides, reducing the amplitudes and increasing the phase
lags inside the passages is necessary to improve the model results. That implies a higher dissipation rate
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of tidal energy in the model inside the passages. Many studies [24,25] indicate the baroclinic tidal energy
dissipation may play a more significant role than the bottom friction. A barotropic model may not be
able to address the tidal dissipation associated with baroclinic processes.

For the diurnal tides, the model-data comparison (Figure 4) may suggest a shift in amplitude and
phase. We compared the PO2009 database with the 1/16 degree resolution global tidal model,
FES2012 [12], along the open boundary. The two databases are very consistent along the open
boundary. The preliminary results using the same 11 tidal constituents from FES2012 as an open
boundary condition indicate that FES2012 reduces the total mean RMSE by 1.5 cm, from 28.7 cm to
27.2 cm. There is marginal improvement, but the error distribution and pattern shown in Figure 4 is
still the same.

Another source of error may come from inadequate bathymetric data processing. Two changes were
made to the bathymetry to increase model stability. One was to reduce the maximum horizontal slope
and the other was to smooth the bathymetry to reduce the formation of landlocked wet elements in the
ADCIRC model. In the early stages of the model development, a vertical depth unit correction
from feet to fathoms in about 5% of the sounding data reduced the total mean RMSE by half. Any
changes made to the bathymetry to help model stability may compromise the accuracy of the model.
In Mitchell Bay, the grid resolution is relatively low compared to the scale of the narrow channel
connecting the bay to Chatham Strait. There are only two rows of elements representing this narrow
channel. In combination with the low resolution of DEM data here, the model overestimates tidal
energy propagated into the bay from Chatham Strait.

The biggest challenge of tidal modeling in SE Alaska has been with the model’s numerical stability.
The model can be unstable in wetting/drying scenarios involving landlocked wet elements. Figure 6
shows a time sequence of tidal elevations and velocities about one hour before the simulation ends due
to the instability. The wet cells can connect with the open water episodically with a period of a few
minutes, even as the tides are receding. The connection of these wet cells with the open water can be
very abrupt. As the wetting/drying connection/disconnection process repeats, the outflow velocity
increases until, eventually, the simulation fails. If the process has neutral or negative feedback, it may
remain stable. In order to achieve model stability, the current model bathymetry had been smoothed
aggressively. The bottom friction coefficient for shallow water less than 100 m is set to 0.00375, which
is relatively large compared with other VDatum tidal modeling cases [13]. To achieve numerical
stability without over-tuning the model’s physical parameters and bathymetry is the direction in our
continued efforts to improve the model results.

Overall, with a minimum of 50-m spatial resolution, the SE Alaska tide model mesh grid is able to
resolve complex waterways and passages in SE Alaska to reach all 43 current and historical tidal
stations in the CO-OPS tidal database. The tidal model produces reasonable tidal results. Of all 11 tide
constituents modeled (M, Sy, Na, Ky, Ky, Oy, Py, Q, Ms, MS, and MNy), three semidiurnal tides (M,
S, and N;) and four diurnal tides (K;, O;, P; and Q;) have a relative error below 10%. The K, tide has
a higher relative RMSE of 16.4%, and the M4 tide has a relative RMSE of 54.4%. The MN4 and MS4
tides do not have enough observational data to calculate the mean RMSE, but we expect the relative
error to be large. The model generally overestimates the amplitude and underestimates the phase.
There are a few directions to improve the model results, for example, to give a more realistic
bathymetry in the tidal zone and also to prescribe a better spatially varying bottom friction. The model
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has a few locations, especially in Mitchell Bay (Figure 5), where significant model-observation
discrepancies exist. Usually, these are places where there is not enough grid resolution to resolve the
coastal features and/or there is a lack of bathymetric data. In all of these cases, though, the model can
produce a reasonable phase, but an inaccurate amplitude (it is not be able to calculate an accurate
energy influx). In future work, the tidal energy flux and dissipation in SE Alaska will be more
thoroughly investigated with the model.

Figure 6. Time sequence of the modeled elevation and velocity field around landlocked
wet elements. The simulation started using a restart file 65 min before failure.

\ 27 mins F

3. Use of Existing Tide Model Outputs in Western Alaska to Support Hydrographic Surveys
3.1. Introduction

During the development of the SE Alaska tide model, an existing model (FM) developed by
Foreman et al. [16] in western Alaska was selected to evaluate how model results could improve tidal
interpolation for hydrographic survey planning. The model domain covers a region of the Bering Sea
where NOAA has planned upcoming survey operations. For the application to nautical charts,
real-time sounding depths need to be corrected to a fixed vertical datum, such as mean lower low water
(MLLW), as real-time sounding depths are impacted by non-tidal and tidal water level fluctuations.
The tide correctors for both non-tidal and tidal components are derived from interpolated/extrapolated
tidal fields of coastal station observations. CO-OPS’ HPT team generates tide correctors from coastal
stations using the Tidal Constituent And Residual Interpolation (TCARI) software. TCARI works by
solving Laplace’s equation constrained by boundary conditions to spatially interpolate tidal
constituents, datums and water level residuals (i.e., the non-tidal component or the difference between
the astronomically predicted tide and the observed water level) over an unstructured triangular
grid [26,27]. Once the TCARI solution is completed for a grid, the water level data series can be
derived at any given point within the grid.

The current method of interpolating/extrapolating onshore tidal observations for hydrographic
surveys works well for the nearshore areas with substantial coastal stations and relatively simple tidal
changes, as tidal features there can be readily captured by available coastal observations. However,
in the Bering Sea of western Alaska, tides are very complex, due to the presence of amphidromic
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points and significant tidal amplification or reduction in coastal bays, estuaries and rivers. It is a
challenge to accurately capture tidal propagation features in this region by relying only on the
interpolation and extrapolation of the sparse onshore observed data [28].

3.2. Methods and Results

In this study, we examined the method of combining coastal observations with the tide model
results. We first evaluate the FM performance at CO-OPS tide stations by comparing the modeled
harmonic constants with observations. We then selected a number of offshore model points to be
combined with onshore stations for the interpolation of harmonic constants using TCARI.

Figure 7. The spatial distribution of the relative RMSE (%) of Foreman’s model (FM) for
(a) Mj; and (b) K.
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To quantify the FM performance and skill, we calculated the RMSE of tidal constituents at
18 CO-OPS coastal stations using Equation (2) from Section 2.2. The M, RMSE ranges from 0.7 cm
to 35.4 cm with an average of 10.7 cm. The K; RMSE ranges from 0.7 cm to 16.7 cm, with an average
of 4.5 cm. The relative RMSE (Figure 7) ranges from 2.5% to 177.7% for the M, constituent and
ranges from 3.8% to 85.4% for K;. Generally, the modeled tidal harmonics are comparable to the
onshore observations, but have significant differences for particular stations. The discrepancies may be
due to the relatively coarse resolution in particular regions and/or the absence of the local mass
conservation of the model [16]. Given these discrepancies, accurate hydrographic surveys cannot rely
only on the model outputs, especially in some nearshore regions. In this study, we propose to select a
limited number of offshore model points to be combined with the onshore stations for interpolation,
so that the interpolated harmonic constants in the nearshore regions are mainly controlled by the

onshore observations.
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A triangular mesh with 69,369 nodes and 112,575 elements with the resolution varying from a few
meters to 30 km was developed for TCARI interpolation. This mesh has much higher resolution
around the coast than the offshore regions, which helps to better capture tidal variations in the
nearshore regions. The harmonic constants at a total of 18 CO-OPS stations and 21 model points in the
domain (Figure 8) were used for interpolation.

Figure 8. (a) Study domain; (b) Center for Operational Oceanographic Products and
Services (CO-OPS) tidal stations (blue squares), selected FM points (purple dots) and the
literature stations from Pearson ef al. [29] and Mofjeld [30] (brown triangles) in the
domain. The thick black lines indicate the outer boundary of the triangular mesh used for
Tidal Constituent and Residual Interpolation (TCARI) interpolation.
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The co-amplitude and co-phase tidal fields of six constituents (M, Sy, N», K;, O; and P;) are
populated from a combination of the observed and modeled data using TCARI. The amplitudes (4)
and phases (/) at the CO-OPS stations and the model points were first transformed into two variables:
Acosh and Asinh, since it is difficult to directly interpolate phases with a range of zero to 360 degrees
around amphidromic points. The values of Acosh and Asinh were then populated onto the triangular
mesh using TCARI. Finally, the interpolated Acosh and Asinh fields were transformed back to
amplitudes and phases.
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Figure 9. M, co-amplitude (left side panels) and co-phase (right side panels) contours
from TOF (a,b); TO (¢,d); and FM (e,f).
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Figure 10. K; co-amplitude (left side panels) and co-phase (right side panels) contours

from TOF (a,b); TO (¢,d); and FM (e,f).
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As examples, the M, and K, co-amplitude and co-phase contours from TCARI interpolation of
combined onshore CO-OPS observations and offshore FM outputs (the combination is referred to as
TOF) are shown in Figures 9a,b and 10a,b, respectively. As comparisons, the co-tidal contours from
TCARI interpolation of only onshore CO-OPS observations (referred as TO) are shown in Figures 9c¢,d
and 10c,d. With the FM author’s permission, the co-tidal contours from FM are shown in Figures 9e,f
and 10e,f. The co-tidal contours from TOF are generally consistent with those from FM, but are
different in the nearshore regions. The co-tidal contours from TOF are quite different from the TO
contours, especially in terms of the presence and the location of the amphidromes.

From the TO M, contours (Figure 9c,d), there is no amphidromic point at the northern part of the
Bristol Bay entrance. The co-amplitude and co-phase lines in Bristol Bay tend to be perpendicular to
the longitudinal axis of the bay, suggesting rectilinear tidal propagation. From the TOF M, contours
(Figure 9a,b), an amphidromic point appears at the north part of the Bristol Bay entrance, which is
consistent with the FM M, contours (Figure 9e,f) and indicates the more realistic presence of rotational
tidal propagation. The magnitude of the TOF M, amplitudes in the bay is also more realistic than the
TO M, amplitudes. In addition, compared to the TO contours, the M, tide features in Norton Sound
become clearer and more realistic in the TOF contours. The offshore M, patterns have been changed
even more significantly in terms of both amplitude and phase, since more model points are involved in
the interpolation relative to the nearshore regions.

For the K; constituent, an amphidromic point to the south of Nunivak Island is only present in the
TOF contours (Figure 10a,b). The K; co-amplitude lines from TOF in Bristol Bay are thus more
narrowly spaced than those from TO. In addition, a second K; amphidromic point at the Norton Sound
entrance shown in the TO contours (Figure 10c,d) is moved northward onto the land in the TOF
contours. However, the K; co-amplitude lines are not considerably altered from TO to TOF.

3.3. Discussion

Due to the scarce nearshore observations, it is difficult to directly evaluate the FM results and the
interpolation results in the nearshore regions of interest to hydrographic surveys. However, there are
some historic observed data available at offshore sites from Pearson ef al. [29] and Mofjeld [30]. These
two studies provide third-source data to be compared with the FM results and the interpolation results.
The observed data and the offshore sites in these two studies will be referred to as the literature
observations and the literature stations in the next discussion. The location and name of the literature
stations are shown in Figure 8b. For each of the literature stations, we extract harmonic constants from
the FM results and the interpolation results to be compared with the literature observations. The results
for M, and K are listed in Tables 2 and 3, respectively. In these two tables, the station names are the
same as listed in the original literature. OBS refers to observed data (stations LD14A, NC17C, NC19C,
and LD10A, Table 2) from Mofjeld [30] and observed data (all other stations) from Pearson et al. [29].
The RMSEs relative to OBS have been calculated using Equation (2) in Section 2.2 for FM, TO and
TOF individually at each literature station.
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Table 2. Comparisons of M, amplitude and phase at the literature stations between
observed data (OBS), FM, TO and TOF. The acronyms have been described in the text.

Latitude Longitude Amplitude (cm) Phase (°) RMSE (cm)
(°N) (°W) OBS FM TO TOF OBS M TO TOF FM TO TOF
BC20 60.43 171.08 20.5 264 487 31.0 171.0 1699 1448 177.0 4.1 443 7.7
BC3 55.02 165.17 419 427 520 398 89.0 845 793 89.5 24 223 15
BC13B 55.50 165.82 355 373 549 387 106.0 99.1 86.2 1022 34 300 29
BC13D 55.78 165.38 39.0 410 59.8 406 109.0 1093 91.6 108.8 14 33.7 1.1
BC10 57.28 169.55 249 289 47.1 307 131.0 1194 983 117.1 47 329 6.2
BC4 58.62 168.23 334 357 577 351 151.0 145.0 121.3 151.8 3.0 464 1.2
FX2 58.53 167.93 33.8 357 588 350 158.0 145.0 1219 151.0 5.7 473 3.1
BC9 59.22 167.70 36.7 38.1 59.8 36.1 164.0 157.3 1358 1699 33 530 27
BCl11 59.70 167.25 359 383 60.8 37.0 1550 161.1 1462 1825 32 57.0 123
BC21 60.38 169.18 309 368 51.8 356 189.0 186.2 152.8 1852 43 516 3.7
BC7 55.70 163.02 714 732 751 56,5 134.0 133.0 118.6 1259 1.5 415 123
BC2 57.07 163.37 452 436 825 56.1 1570 1579 141.0 1473 12 693 9.7
BC15 57.65 162.70 36.2 337 909 582 168.0 170.9 1565 157.1 22 803 16.8
LDl 62.50 166.12 46.1 442 303 229 3280 3250 763 3270 22 177 164
NC17 62.88 167.08 25.6 258 29.7 21.7 330.0 322.7 2002 2988 23 39.1 94
NC18 63.15 168.38 224 202 304 21.1 3240 3149 2467 2723 2.8 347 135
LD2 63.22 168.58 26.6 22.0 302 21.5 319.0 3134 2539 2710 3.6 36.8 142
LD4 64.78 166.83 4.9 3.8 169 129 138.0 162.7 191.8 2194 15 154 9.2
GEO
PROBE
LD5 64.13 163.00 2.0 56 179 159 233.0 162.0 2303 1684 3.7 13.7 10.7
LDI14A 60.57 170.60 219 27.8 48.8 31.3 180.0 177.0 149.0 181.1 43 455 6.6
NC17C 62.88 167.07 255 259 29.6 21.7 3360 323.0 1984 299.1 4.1 389 109
NC19C 64.00 172.33 23.5 252 285 203 172.0 1819 201.7 2004 32 368 79
LD10A 65.58 168.63 7.6 98 160 11.3 2020 211.7 1998 2083 1.8 16,6 2.7
Average 30 379 78

Station

64.00 165.50 13.0 114 184 144 440 325 354 156 2.1 57 48

Overall, FM has the best performance, since this model has assimilated offshore altimetry data and
most of the literature stations are located offshore. TO has the worst performance, suggesting that it is
unreliable for capturing complex offshore tidal features by the interpolation of onshore observations
only. On the other hand, TOF significantly improves the results relative to TO for almost all literature
stations, confirming that TOF is a better option than TO for supporting hydrographic surveys. The only
exceptions are the K; comparisons (Table 3) at BC3, BC7, LD4 and LD5, where TOF is slightly worse
than TO, indicating that the interpolated K; values at these stations should be mainly controlled by the
onshore observations.

The M, comparisons at seven stations (BC3, BC13B, BC13D, BC4, FX2, BC9 and BC21) show
that TOF has the best performance, indicating that interpolation from combined onshore observations
and offshore model outputs is a promising method. However, the M, comparisons at other stations
(especially BC11, BC7, BC2, BC15, LDI1, NC18, LD2, LD4 and LDS5) show that TOF performs worse
than FM. This may be due to the inadequate number or the inappropriate distribution of selected model
points in the vicinity of these literature stations.
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Table 3. Comparisons of K1 amplitude and phase at the literature stations between OBS,
FM, TO and TOF. The acronyms have been described in the text.

Latitude Longitude Amplitude (cm) Phase (°) RMSE (cm)
(°N) (°W) OBS FM TO TOF OBS M TO TOF FM TO TOF
BC20 60.43 171.08 18.1 19.7 30.5 21.5 3260 3228 337.6 3156 14 94 35
BC3 55.02 165.17 409 422 428 36.5 3190 3156 3223 3237 20 22 38
BC13B 55.50 165.82 344 369 430 342 3250 3237 3293 3286 19 64 1.5
BC13D 55.78 165.38 334 359 446 346 327.0 3279 3340 3330 18 86 2.7
BC10 57.28 169.55 249 269 36.7 258 333.0 327.8 332.8 3223 22 84 34
BC4 58.62 168.23 124 124 38.1 20.8 303.0 301.1 339.7 3104 03 206 6.1
FX2 58.53 167.93 89 11.0 388 21.3 288.0 299.7 3409 313.1 2.1 242 9.7
BC9 59.22 167.70 9.7 108 37.9 227 2580 2551 3429 2908 09 27.1 109
BCl11 59.70 167.25 183 18.0 373 225 207.0 2192 3431 2639 27 368 14.0
BC21 60.38 169.18 16.6 18.2 314 20.5 297.0 296.6 3367 2985 1.1 152 28
BC7 55.70 163.02 49.0 51.8 50.8 44.0 3350 331.7 3484 3522 29 83 104
BC2 57.07 163.37 283 279 524 431 13.0 13.7 3.9 190 03 17.6 10.8
BC15 57.65 162.70 29.9 31,5 555 495 480 490 206 437 12 227 140
LDl 62.50 166.12 31.7 309 20.6 179 324.0 333.6 16.6 3565 38 178 13.6
NC17 62.88 167.08 190 19.2 194 162 341.0 3479 106 3531 16 69 33
NC18 63.15 168.38 89 11.7 173 13.6 356.0 358.6 358.8 3495 20 60 34
LD2 63.22 168.58 81 109 16.6 130 359.0 45 3587 3505 21 60 3.6
LD4 64.78 166.83 4.2 09 99 79 2220 74 2644 3201 35 52 6.7
GEO
PROBE
LD5 64.13 163.00 32.1 266 288 302 110.0 1192 112.1 985 51 24 46
LDI14A 60.57 170.60 17.2 189 30.2 20.8 322.0 3182 337.8 3127 15 102 34
NC17C 62.88 167.07 185 193 194 162 346.0 3480 108 3533 0.7 58 22
NC19C 64.00 172.33 9.9 114 143 109 328.0 329.7 3269 3345 1.1 3.1 1.1
LD10A 65.58 168.63 2.7 33 6.6 45 3590 3226 2761 3043 14 48 2.6
Average 1.9 119 58

Station

64.00 165.50 140 133 167 160 71.0 634 1184 746 14 89 1.6

The experiments presented here are the initial step for integrating tide models and observations to
better support hydrographic surveys. We are working on more sensitivity tests to determine the optimal
number and locations of the model points that should be included in TCARI interpolation for further
improvement. Further tests of the method may also help to determine where the new tide gauges
should be installed to improve the regional interpolated tidal fields. The corresponding analysis and
results will be reported in future work.

To further facilitate hydrographic survey planning, a series of tidal parameters, such as MN and
HWI, are derived from the TOF amplitudes and phases of six tidal constituents using Form 180 [31].
Form 180 is an NOS CO-OPS’s standard procedure for estimating tidal parameters, including tidal
datums, tidal ranges and tidal time intervals from tidal harmonic constants. In general, as shown in
Figure 11, the patterns of MN and HWI are similar to the M, amplitude and phase (Figure 9a,b),
respectively, in semidiurnal tide dominated areas. MN has near zero values in the vicinity of the M,
amphidromic points and to the south of some islands. HWI, mainly representing the M, phase, shows
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rotational tidal propagation at the Bristol Bay entrance and rectilinear tidal propagation within
Norton Sound.

Figure 11. (a) The mean tidal range (MN) and (b) the high water interval (HWI) derived
from TOF harmonic constants.
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The traditional co-tidal lines for hydrographic survey planning and the real-time water level time
series for hydrographic surveys in an area of interest are developed mainly based on the interpolated
fields of tidal harmonics and tidal parameters from coastal observations. This work could be
potentially improved if the tidal constituents and tidal parameters are estimated in a more realistic way
by adding offshore tide model results, especially in tidally complex areas. The methodology proposed
in this study will be further tested for regions with more onshore observations and better understood
co-tidal line patterns, such as in Chesapeake Bay and San Francisco Bay.

4. Summary and Future Work

NOAA’s VDatum program has a national tidal model development effort to systematically
calculate spatially varying tidal datums. These high resolution tidal models [13] were developed using
a finite element hydrodynamic model, ADCIRC, to simulate the tidal propagation in estuaries and
coastal environments. The latest tidal modelling development effort in SE Alaska has approximately
2 million nodes with a minimum resolution of 50 m near the coast. The model is able to reach all
43 CO-OPS current and historical tidal stations in the modelling domain (Figure 1) for model
validation. The SE Alaska tide model presented here has shown that tidal propagation characteristics
are well represented with the ADCIRC model applied to the grid developed for this region. Of all
9 tide constituents (M,, S;, N,, K, K;, Oy, Py, Q;, and My) used for model validation, three
semidiurnal tides (M», S, and N») and four diurnal tides (K;, Oy, P, and Q) have a relative error below
10%. The K, tide has a higher relative RMSE of 16.4%, and the My tide has a relative RMSE of
54.4%. The total mean RMSE (Table 1) for all 43 stations is 28.7 cm. A few model sensitivity tests
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have been conducted to test the model sensitivity to different bottom friction coefficients and to
different prescribed boundary conditions. Further adjustments to this SE Alaska model will be focused
on addressing the primary issues for model improvement, namely: (1) the general overestimation of
amplitudes and the underestimation of phases; (2) local issues with accuracy due to local grid
resolution and/or the lack of bathymetry; and (3) model stability in areas experiencing wetting/drying
and associated development of landlocked wet cells in the grid. Overall, this model grid is quite
advanced in that it has a significant amount of resolution to represent the numerous complex
waterways throughout the Alexander Archipelago and associated coastal features. This grid and the
model results will be invaluable in future VDatum representation of both regional and localized spatial
variations in tidal datums.

While the primary output from the tidal models for VDatum has traditionally been used for
computing tidal datums, new uses of modeled information should be more thoroughly evaluated.
One such identified new use is to provide hydrographic survey planning with offshore tidal harmonic
constants that can be integrated with tidal harmonic constants derived from observations in the TCARI
interpolation. The western Alaska work presented here demonstrated a clear improvement of integrated
offshore tidal harmonic constants over interpolated values based solely on tidal gauge data. The
co-amplitude and co-phase contours of the M, and K; harmonic constituents are much more consistent
with the contour output from FM by integrating modeled harmonic constants (Figures 9 and 10). The
RMSE between the interpolated values and offshore observed values were improved from 37.9 c¢cm to
7.8 cm for the M, constituent and from 11.9 cm to 5.7 cm for K1 constituent by integrating modeled
harmonic constants (Tables 2 and 3). Further work will continue on sensitivity tests to determine the
best approaches for selecting model points to use in this process, including the total number of points
and their proximal location to amphidromes. The methodology will also be further examined using
different tidal models, as well as new interpolation techniques, such as that developed by Shi et al. [32].
These tests will continue for the western Alaska domain, as well as for the VDatum tide models
previously developed for other regions. The SE Alaska tide model will be used similarly as input to the
process of updating contours of tidal information for hydrographic survey planning purposes.
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