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Abstract: Global ocean tide models have previously been reported to have substantial discrepancies in shallow coastal waters. Despite this,
tidal forcing along the open boundaries of near-shore numerical hydrodynamic models is often driven by interpolating data of a global ocean
tidemodel. This study compared tidal constants of two altimetry-constrained tide models [Ocean Topography Experiment (TOPEX)/POSEION
Crossover Solution 8 (TPXO8) and Finite Element Solution 2014 (FES2014)] along the open boundary of a model in the Shinnecock Bay area
of southern Long Island, New York, to investigate global ocean tide models’ discrepancies in this shallow-water location. The two tide models
showed discrepancies of up to 1.18 cm in the predominant M2 tidal constituent and up to 1.69 cm in the O1 tidal constituent along the open
boundary. To assess the impacts of the tide models’ discrepancies on tidal simulations, both tide models were used to force two different hydro-
dynamic models [Finite Volume Community Ocean Model (FVCOM) and Advanced Circulation Model (ADCIRC)]. On the basis of several
performance measures, the authors conclude that tidal simulation results were affected more by the algorithm utilized rather than the choice of
tide model, more so in the bay than in the open ocean. DOI: 10.1061/(ASCE)WW.1943-5460.0000500. © 2018 American Society of Civil
Engineers.

Introduction

Over the past several decades, researchers have been working to
improve tide models using in situ observations, acoustic tomogra-
phy, satellite altimetry, and numerical modeling. Since Ocean
Topography Experiment (TOPEX)/Poseidon launched on August
10, 1992, global ocean tide models have improved dramatically.
Shum et al. (1997) evaluated 10 global ocean tide models [Anderson-
Grenoble 95.1 (AG95.1), Center for Space Research 3.0 (CSR3.0),
Desai-Wahr 95.0 (DW95.0), Finite Element Solution 95.1 and 2.1
(FES95.1/2.1), Kantha 0.1 and 0.2 (Kantha0.1/0.2), Ocean Research
Institute (ORI), Schrama and Ray 95.0 and 0.1 (SR95.0/.1), Goddard
Space Flight Center 94A (GSF94A), Ray-Sanchez-Cartwright 94
(RSC94), and TOPEX/POSEION Crossover Solution 0.2 (TPXO.2)]
by calculating standard deviations of differences between tide mod-
els. The standard deviations were less than 1 cm for both M2 and K1

tidal constituents in the deep ocean (depth> 1,000 m), whereas the
standard deviation of M2 and K1 tidal constituents were 9.78 and
2.76 cm, respectively, in the shallow ocean (depth< 1,000 m).
Lefèvre et al. (2000) and Egbert et al. (2010) also observed substantial
discrepancies in tide models for shallow ocean study areas. Since
then, global tide models for shallow regions as well as for the deep
ocean have improved. Stammer et al. (2014) used methods similar to
Shum et al. (1997) to evaluate sevenmodern global ocean tide models
[Goddard/Grenoble Ocean Tide 4.8 (GOT4.8), Ohio State University
12 (OSU12), Technical University of Denmark 10 (DTU10),
Empirical Ocean Tide Model 11a (EOT11a), University of Hamburg

12 (HAMTIDE12), FES2012, and TPXO8]; the standard devia-
tions were 0.30 cm for both M2 and K1 tidal constituents in the
deep ocean (depth> 1,000m), whereas the standard deviations
for M2 and K1 tidal constituents were 3.39 and 1.12 cm, respec-
tively, for shallow seas (depth< 1,000 m).

Hydrodynamic models are based on conservation laws for
fluid motions and must satisfy the given conditions along the
boundaries. An open boundary conserves mass and momentum
within the domain while allowing fluid to leave the domain with-
out reflection of outgoing waves. Tidal forcing along the open
boundary is usually driven by a tide model rather than by actual
data from in situ gauges deployed over a few months. This per-
mits hydrodynamic models to be used in a predictive manner
rather than just for hindcasting. The accurate simulation of tidal
circulation has been considered a prerequisite step for more com-
plex hydrodynamic modeling including density variations, sedi-
ment transport, water-quality modeling, and inundation forecast-
ing in coastal systems. Accurate modeling of coastal systems is
important for understanding the impacts of storms, erosion, and
sea-level rise on coastal infrastructure and ecosystems and for
developing sustainable management plans.

Specifying tidal forcing with tide models along the open bound-
ary in regions characterized as shallow water could cause intrinsic
inaccuracy in hydrodynamic modeling due to tide models’ discrep-
ancies in shallow regions. To evaluate the impacts of the discrepan-
cies of tide models on hydrodynamic modeling in shallow coastal
water. This study simulated tidal circulation using two hydrody-
namic models, Finite Volume Community OceanModel (FVCOM)
(Chen et al. 2003) and Advanced Circulation (ADCIRC) Model
(Luettich andWesterink 2016).

This study had two objectives: (1) observation of discrepancies
between two different tide models [TPXO8 (Egbert and Erofeeva
2002; Erofeeva and Egbert 2014) and FES2014 (Carrere et al. 2015,
2016; Aviso 2016)] in the Shinnecock Bay area located on the south
shore of Long Island, New York; and (2) assessments of impacts of
the discrepancies on tidal simulations of FVCOM (Version 3.2.2)
and ADCIRC (Version 52). The tide models used, site selected, and
hydrodynamic models used are described here.
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TideModels Used for This Study

This study compared the tidal harmonic constants (amplitudes and
phases) of two altimetry-constrained tide models: TPXO8 (Egbert
and Erofeeva 2002; Erofeeva and Egbert 2014) and FES2014
(Carrere et al. 2015, 2016; Aviso 2016). In this study, amplitude is
one-half the range of a tidal constituent in meters. The word phase is
used for phase lag in degrees. Amplitudes and phases are referred to
as tidal constants going forward. FES2014 is noted as FES, and
TPXO8 is noted as TPXO. Tidal constants were extracted from
TPXO and FES databases at all nodes along the open boundary of a
numerical model of the Shinnecock Bay area, compared directly with
each other, and applied as an open-boundary condition for hydrody-
namic simulations.

Tidal water-surface elevations are often predicted by summing a
series of cosine tidal constituents using Eq. (1)

z ¼ H0 þ A1 cos a1t þ E1 � k1ð Þ þ A2 cos a2t þ E2 � k2ð Þ þ…

þ An cos ant þ En � knð Þ (1)

where z = water-surface elevation at any time;H0 = height of mean
water level above a selected datum; Ai = amplitude of constituent i;
ai = frequency (speed) of constituent i; Ei = equilibrium argument
of constituent i at t = 0; and ki = phase lag to the maximum ampli-
tude of constituent i. Speed is the rate of change in the phase of a
constituent, expressed in degrees per hour; it is equal to 360° di-
vided by the constituent period expressed in hours (Hicks 2006).

The National Oceanic and Atmospheric Administration (NOAA)
commonly uses 37 constituents for their published tidal predictions.
The M2 (principal lunar semidiurnal) and S2 (principal solar semi-
diurnal) constituents are the most dominant tidal components in
most areas. In general, theM2, S2, N2 (larger lunar elliptic semidiur-
nal), O1 (principal lunar declinational diurnal), and K1 (lunisolar
declinational diurnal) constituents are considered the major tidal
components. Therefore, this study focused on the tidal constants of
these five major tidal constituents.

The FES2014 tide model is the latest version and was developed
in 2014–2016. FES is based on a combination of finite-element
hydrodynamic modeling, in situ observation, and assimilation of al-
timetry tidal data (TOPEX/Poseidon) analysis. FES2014 was pro-
duced by Noveltis, Legos, and Collecte Localisation Satellites
(CLS) Space Oceanography Division and distributed by Aviso with
support from Centre National d’Etudes Spatiales (CNES) (http://
www.aviso.altimetry.fr/). This version of FES uses a refined mesh
in most shallow-water locations and improved bathymetry to
improve model performance, especially in coastal regions. The FES
model provides 34 tidal constituents on a 1/16°-resolution grid;
eight primary constituents (M2, S2, N2, K2, K1, O1, P1, and Q1),
account for effects of the earth’s rotation, the position of the moon
and sun relative to the earth, and the moon’s altitude above the
earth’s equator. The FES model also provides the 2N2, EPS2, J1, L2,
La2,M3,M4,M6,M8,Mf,MKS2,Mm,MN4,MS4,MSf,MSqm,Mtm,
Mu2, N4, Nu2, R2, S1, S4, Sa, Ssa, and T2 constituents. TheM2 con-
stituent vector difference between a tide gauge database and
FES2014 values was approximately 5 cm in coastal and shelf areas,
whereas it was less than 1 cm in the deep ocean (Aviso 2016;
Carrere et al. 2015, 2016).

The most recent TPXO8 tide model was developed in 2014
(Egbert and Erofeeva 2002; Erofeeva and Egbert 2014). It assimilates
altimetry data of TOPEX/Poseidon into a hydrodynamic ocean
model, which uses efficient inverse modeling of barotropic ocean
tides (Egbert et al. 2010). TPXOprovides the same eight primary con-
stituents provided by the FES tide model as well as theM4 constituent

on a 1/30°-resolution grid and four other constituents (Mf,Mm,MS4,
MN4) on a 1/6°-resolution grid. The M2 constituent RMS difference
between observed values at 56 coastal tide gauges and TPXO8 values
was 15.65 cm, whereas the M2 RMS difference between observed
values at 151 deep-ocean bottom pressure recorder stations and
TPXO8 values was 0.523 cm (Stammer et al. 2014).

Site

Shinnecock Bay is part of the lagoon system on the south shore
of Long Island, New York. The irregularly shaped bay is
14.5 km from east to west and is 0.6 to 4.5-km wide in the north–
south direction. The bay’s present connection to the Atlantic
Ocean, Shinnecock Inlet, formed during the Great New England
Hurricane of 1938 (Williams et al. 1998). It is also connected to
Moriches Bay to the west via the artificial Quogue Canal and to
Peconic Bay to the north via the tide-gate-controlled Peconic Canal.
The tidal forcing at Shinnecock Inlet is the primary driver of fluid
flow in the bay. The USACE conducted a series of field studies and
modeled tidal hydrodynamics in the vicinity of Shinnecock Bay to
evaluate several alternatives for modification of sediment transport
to improve navigation and reduce beach erosion west of the inlet
(Williams et al. 1998; Morang 1999; Militello and Kraus 2001). The
hydrodynamic simulations used ADCIRC with a relatively fine grid
in the vicinity of Shinnecock Inlet. The ADCIRC website provides
this Shinnecock Bay model as an example problem for modeling
tidal forcing, cites these USACE studies, and provides grid data of
the Shinnecock Bay area (Fleming 2005). However, this grid was
coarser than the grid used by Militello and Kraus (2001) and was
simplified by not including hydraulic connections to adjacent bays
(Peconic Bay andMoriches Bay).

This study utilized the grid data provided by the ADCIRC web-
site; the grid had 3,070 nodes and 5,078 elements, as presented in
Fig. 1. The grid had a coarse resolution over the open ocean with
increasing resolution toward the shore; the grid size varied from
approximately 2 km to 75 m. Water depths throughout the model
domain area were mostly less than 50 m. The distance from the
open boundary in the ocean to Shinnecock Inlet was approximately
50 km, and the width of the grid from west to east was approxi-
mately 80 km.

NOAA tidal station 8512354 is located near the west side of
Shinnecock Inlet at 40°50.20 N, 72°28.80 W, as presented in
Fig. 1. The tidal station was established in 1977 but limited data
have been collected at the site: verified tidal elevations are only
available from June 1, 1978 to May 31, 1979, and from
September 18, 2013 to February 28, 2014. NOAA uses tidal con-
stituents to provide predicted tidal elevations at this station at
1-min intervals (NOAA 2018a, b). The USACE reports by
Williams et al. (1998), Morang (1999), and Militello and Kraus
(2001) documented tidal elevation and current data collected in
Shinnecock Inlet and its vicinity during several periods from the
1940s to the 1990s.

Comparison of Two Tide Models along the Open
Boundary in the Shinnecock Bay Area

Tidal constants at longitude and latitude locations of all nodes along
the curved open boundary of the Shinnecock Bay area model were
found by interpolating the data of the TPXO and FES global ocean
tide models. The TPXO MATLAB toolbox TMD 2.05 (ESR 2018)
was used to extract and interpolate tidal values along the boundary.
A similar MATLAB code was written for bilinear interpolation of
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extracted FES tidal values. The code used here interpolates the real
and imaginary parts of the complex number representation of each
tidal constituent (Shi et al. 2013).

Nodes were numbered from the east edge of the grid (Node 1) to
the west edge of the domain (Node 75). Fig. 2 presents amplitudes
and Fig. 3 presents phases of the five major constituents (M2, S2, N2,
K1, and O1) at each node. The dashed and solid lines represent FES
and TPXO values, respectively. To facilitate comparisons, M2

phases at Nodes 1 and 2 were adjusted for the FESmodel by adding
360°.

Fig. 2 indicates good agreement and a general west-to-east trend
of decreasing amplitude for all constituents for both the TPXO and
FES models except for the O1 constituent. FES amplitudes tended to
be lower than TPXO amplitudes for most constituents. TheO1 ampli-
tude showed the largest percentage discrepancies between TPXO and
FES; however, it should be noted that the amplitude of this constituent
was only on the order of 10% of the amplitude of theM2 constituent.
Fig. 3 also indicates generally good agreement between the FES and
TPXO phases, with the exception of a few nodes at the eastern edge
of the boundary where FES phases increased abruptly. These nodes

Fig. 1. (a) Grid used for simulations of the Shinnecock Bay area (Google © 2018, Data SIO, NOAA, USNavy, NGA, GEBSCO); and (b) inset show-
ing bathymetry in vicinity of Shinnecock Bay (bathymetry scale bar shows depth relative toMSL in meters).
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Fig. 2. Amplitude values at each node along the open boundary fromwest to east.

Fig. 3. Phase values at each node along the open boundary fromwest to east.

© ASCE 04018042-4 J. Waterway, Port, Coastal, Ocean Eng.
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were very close to the shoreline, so this may be an artifact of the tide
model extrapolation at these locations.

Table 1 quantifies the differences between the constants for the
five tidal constituents using root-mean-square error (RMSE). The
conventional means of defining RMSE to compare tide models to

measured data at multiple locations is formulated in terms of the
magnitude of vector difference of in-phase and quadrature ampli-
tudes of a complex variable representation for tidal surface eleva-
tions. For a given tidal constituent (k), the RMSE is given by Wang
et al. (2012)

RMSEk ¼ 1
2N

XN
i¼1

A1; i;kð Þ cos G1; i;kð Þ
� �� A2; i;kð Þ cos G2; i;kð Þ

� �� �2
þ A1; i;kð Þ sin G1; i;kð Þ

� �� A2; i;kð Þ sin G2; i;kð Þ
� �� �2

2
4

3
5

8<
:

9=
;

1=2

¼ 1
2N

XN
i¼1

A2
1; i;kð Þ þ A2

2; i;kð Þ � 2A1; i;kð ÞA2; i;kð Þ cos G1; i;kð Þ � G2; i;kð Þ
� �35

2
4

9=
;

1=2
8><
>:

(2)

where A = amplitude; G = Greenwich phase lag, which refers to
Greenwich mean time (GMT) for the tidal constituent; Subscripts
1 and 2 refers to the two tide models; and N refers to the number
of locations involved.

Shriver et al. (2012) suggested rewriting Eq. (2) in the follow-
ing form to determine the relative contributions of the amplitude
differences and the amplitude-weighted phase differences to the
RMSE:

RMSEk ¼ 1
2N

XN
i¼1

A1; i;kð Þ � A2; i;kð Þ
� �2 þ 2A1; i;kð ÞA2; i;kð Þ

�
1� cos G1; i;kð Þ � G2; i;kð Þ

� ���� �1=2
(

(3)

from which

RMSEamp;k ¼ 1
2N

XN
i¼1

A1; i;kð Þ � A2; i;kð Þ
� �2h i( )1=2

(4)

and

RMSEph;k¼ 1
N

XN
i¼1

A1; i;kð ÞA2; i;kð Þ 1�cos
�
G1; i;kð Þ�G2; i;kð Þ

�� �h i�1=2
(

(5)

As presented in Table 1, RMSE due to amplitude differences
between FES and TPXO tide models ranged from 0.05 to 1.63 cm,
whereas RMSE due to amplitude-weighted phase differences
between FES and TPXO ranged from 0.25 to 1.01 cm. The relative
contributions of amplitude differences and phase differences varied
for each constituent, so the overall total RMSE only ranged from
0.27 to 1.69 cm. The large amplitude differences for theO1 constitu-
ent, previously noted in Fig. 2, caused the largest RMSE in ampli-
tude (1.63 cm) and total RMSE (1.69 cm). Because Figs. 2 and 3
present themost significant differences between the two tide models
at the three nodes at the easternmost part of the open boundary,
RMSE values were recalculated without these three nodes. The total
RMSE for the M2 constituent dropped from 1.18 to 0.58 cm; how-
ever, it increased slightly from 1.69 to 1.71 cm for the O1

constituent because the two tide models agreed more at the three
eliminated nodes than elsewhere along the boundary.

Hydrodynamic Models Utilized

ADCIRC (Luettich and Westerink 2004) is a finite-element hydro-
dynamics program. The two-dimensional depth integrated (2DDI)
version has been used to simulate extreme water levels for FEMA
flood-risk map studies and the North Atlantic Coast Comprehensive
Study (NACCS) (Niedoroda et al. 2010; Cialone et al. 2017).
FVCOM (Chen et al. 2003) is a finite-volume hydrodynamics pro-
gram that can also be used for either three-dimensional or 2DDI
simulations. FVCOM has been coupled with water quality-models,
ice models, sediment-transport models, and particle-tracking models
(Ji et al. 2008; Gao et al. 2011; Ralston et al. 2013). FVCOM and
ADCIRC both utilize unstructured triangular grids, which permit
greater flexibility to capture complex irregular coastal geometry.
The grid introduced in Fig. 1 was used for both models.

To assess the impact of discrepancies between the two tide
models, this study used the same conditions (grid configuration,
boundary conditions, bottom friction parameterization, and mix-
ing coefficients) to run in 2DDI for both hydrodynamic models.
However, the two hydrodynamic models utilize different numer-
ical algorithms. Both models solve the two-dimensional (2D)
momentum and continuity equations; FVCOM utilizes the
second-order approximate finite-volume discrete algorithm to
integrate these governing equations, and ADCIRC solves the
generalized wave continuity equation (GWCE) formulation with
the primitive momentum equations. Both programs model bot-
tom shear stress using Eq. (6)

t bx ¼ r0Cd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ V2ð Þ

p
U; t by ¼ r0Cd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ V2ð Þ

p
V (6)

Table 1. Comparisons of tidal constituents along the boundary

Statistic M2 S2 N2 O1 K1

RMSEamp,k (cm) 0.61 0.05 0.26 1.63 0.31
RMSEph,k (cm) 1.01 0.26 0.51 0.45 0.25
RMSEk (cm) 1.18 0.27 0.58 1.69 0.40

© ASCE 04018042-5 J. Waterway, Port, Coastal, Ocean Eng.

 J. Waterway, Port, Coastal, Ocean Eng., 2019, 145(2): 04018042 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

N
ew

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

07
/0

1/
19

. C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



where r0 = reference density of water; Cd = drag coefficient; andU
and V = depth-averaged velocities.

This study applied the hybrid slip bottom boundary condition in
both ADCIRC and FVCOM; the drag coefficient was calculated
using Eq. (7)

Cd ¼ Cdmin 1þ Hbreak

H


 �u
" #g

u

(7)

where Cdmin = 0.0025; Hbreak = 1 m; u = 10; and g = 1/3, all based
on the recommended values from the ADCIRC and FVCOM codes
(Luettich andWesterink 2016; Chen et al. 2003).

The numerical experiment setup for FVCOM and ADCIRC is
summarized in Table 2. This study applied the calibrated mixing
coefficient values from the input files provided on the ADCIRC
website; the same mixing coefficient values were used for the
FVCOM simulations for consistency.

Simulation Results

Tidal constants of the five major constituents (M2, S2, N2, O1, and
K1) were used to specify tidal forces along the open boundary for

simulations using FVCOM and ADCIRC. The simulation period was
October 2013, which was within the time period when tidal elevation
data were collected at the Shinnecock Inlet tidal station operated by
NOAA. Simulation results, including tidal elevations and velocities,
were stored hourly at every node and element, respectively; hourly
output was deemed adequate for this study. The following subsections
discuss comparisons of: (1) simulated and predicted tidal elevations
at the NOAA tide station at Shinnecock Inlet, (2) tidal constants deter-
mined from simulated and predicted tidal elevations at the NOAA
tide station at Shinnecock Inlet, (3) water current flow patterns in the
vicinity of Shinnecock Inlet from each of the simulations, and (4) tidal
prism calculated from simulation results.

When tidal constants are used to specify the tidal forcing in
FVCOM, the simulation time is not tied to the astronomical calen-
dar, so simulation results cannot be readily compared to NOAA tide
gauge data. For this reason, the FVCOMdocumentation recommen-
dation to use water-surface elevation time series along the open
boundary was used (Chen et al. 2003). Two time series of water-
surface elevations at 6-min intervals at all 75 open-boundary nodes
were constructed: one using Eq. (1) with the five primary tidal con-
stituents from the TPXO database, and the other using Eq. (1) with
the five primary tidal constituents from the FES database. ADCIRC
tidal forcing was implemented by specifying tidal constants at all 75
open-boundary nodes.

This study analyzed four simulation results: FVCOM using time
series elevations calculated with TPXO tidal constants [hereafter
referred to as FVCOM (TPXO)], FVCOM using time series eleva-
tions calculated with FES tidal constants [FVCOM (FES)],
ADCIRC using TPXO tidal constants [ADCIRC (TPXO)], and
ADCIRC using FES tidal constants [ADCIRC (FES)].

Tidal Elevations

The simulated tidal elevations were compared to predicted tidal ele-
vations (NOAA 2018b) at the NOAA tidal station in Fig. 4. Fig.

Fig. 4. Comparisons of simulated and predicted tidal elevations at NOAA station.

Table 2. Numerical experiment setup

Model attributes FVCOM ADCIRC

Version used 3.2.2 52
Resolving method Finite volume Finite element
Dimension 2DDI 2DDI
Coordinate Spherical Spherical
Horizontal eddy viscos-
ity coefficient (m2/s)

5 5

Minimum water depth
(cm)

5 5

Tidal forcing Time series water elevation Tidal constants

© ASCE 04018042-6 J. Waterway, Port, Coastal, Ocean Eng.
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4(a) presents the NOAA tidal predictions and ADCIRC simulation
results using both FES and TPXO, and Fig. 4(b) compares FVCOM
simulation results and NOAA tidal predictions in the same manner.
In Fig. 4, the solid line represents NOAA-predicted tidal elevations,
and the dashed line and dotted line represent the simulation results
using the FES and TPXO tide models, respectively. NOAA tidal
predictions were deemed to be more appropriate for comparison
than actual tidal measurements because the simulations were based
on tidal predictions along the boundary and neither winds nor pre-
cipitation, which affect tidal measurements, were used in the hydro-
dynamic model.

Fig. 4 indicates very good agreement betweenmodel simulations
and the NOAA tidal predictions. Of note is the very good agreement
with the temporal variation of tidal extremes during the month. The
choice of tide model along the open boundary did not appear to
have a significant impact onmodel predictions at the NOAA station.
However, all simulations predicted lower water levels at low tide
during most of the month, leading to larger tidal ranges. For both
ADCIRC simulations, presented in Fig. 4(a), simulated low-water
values were approximately 14 cm lower than the predicted low val-
ues. In Fig. 4(b), low-water values simulated by FVCOM (FES) and
FVCOM (TPXO) were approximately 14 and 16 cm lower than the
NOAA predictions, respectively. Although the magnitudes of these
errors would be unacceptable for some modeling applications, the
authors’ focus throughout the remainder of this study was on pair-
wise comparison of each of the simulations, for the purpose of com-
paring the impacts of the different tide models and hydrodynamic
models, rather than further calibration of this approximate model,
which is 2D, has simplified geometry and flow conditions in the
inner part of Shinnecock Bay, and neglects temperature and
salinity-driven density effects.

Table 3 presents the RMSE for comparisons between each of the
simulated water-surface elevation time series and the NOAA pre-
dictions. RMSEwas calculated using Eq. (8)

RMSEelev ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPt
i¼1

z predicted;i � z simulated;i
� �2

t

vuuut
(8)

where t = total number of hourly tidal elevations at the NOAA sta-
tion for the 1-month simulation period; and z = tidal elevation.

The RMSEelev values in Table 3 confirmed that the impact of
using different tide models along the boundaries had less of an
impact than using a different numerical model. The RMSEelev val-
ues for both ADCIRC models were on the order of 8.3 cm, whereas
those of both FVCOMmodels were on the order of 9.8 cm. The dif-
ferences between the two hydrodynamic model results were a func-
tion of equation formulation and solution.

The effects of using different tide models and different hydrody-
namic models were further evaluated by comparing simulation
results across the entire domain; Fig. 5 presents RMSEelev calcu-
lated using all simulated hourly water-surface elevations throughout

the domain for the following pairs of simulations: Fig. 5(a)
FVCOM (TPXO) and FVCOM (FES), Fig. 5(b) ADCIRC (TPXO)
and ADCIRC (FES), Fig. 5(c) FVCOM (FES) and ADCIRC (FES),
and Fig. 5(d) FVCOM (TPXO) and ADCIRC (TPXO). Due to the
means by which ADCIRC reports water-surface elevations at nodes
that become dry during a simulation, RMSEelev values were not cal-
culated at those nodes for the cases presented in Figs. 5(b–d) and
were instead blanked out as white regions.

RMSEelev values comparing simulation results from the same
hydrodynamic model but using different tide models [Figs. 5(a and b)]
were very small throughout the domain. The largest RMSEelev val-
ues (approximately 8 cm) on the east edge of the boundary were due
to discrepancies between the two tide models previously observed at
a few nodes in Figs. 2 and 3. Fig. 5 reveals that the impacts of these
tide model discrepancies at a few boundary nodes were diminished
over a very short distance.

Figs. 5(c and d) indicate that using different hydrodynamic mod-
els with the same tide models produced substantially larger
RMSEelev values in the bay despite the fact that both models used
the same grid and simplified geometry and both neglected water
flows from adjacent bays. The largest values of RMSEelev (approxi-
mately 35 cm) occurred at five nodes, which were at corners of the
grid ending at a single triangular element along the no-flow bound-
ary. The authors believe that these localized large RMSEelev values
were due to the different means by which the two hydrodynamic
models treat zero-flux boundaries, which is related to how the mod-
els calculate velocity components at different locations. FVCOM
calculates velocity components at the centroid of each element by
considering vertically integrated horizontal advection, barotropic
pressure gradient force, Coriolis force, horizontal diffusion terms,
and water depth in a triangular area. ADCIRC calculates velocities
at nodes by considering the same terms that FVCOM uses, but
ADCIRC considers these terms over the area of all elements con-
taining a given node.

Harmonic Analysis

In a previous section of this paper, the differences between the tidal
boundary conditions were quantified by comparing amplitudes and
phases of the five tidal constituents. The samemethod is used in this
section to compare the tidal constituents at the NOAA station. This
was done by decomposing the four simulated water-surface eleva-
tion time series as well as the NOAA-predicted water-level time se-
ries (NOAA 2018b) into the same five tidal constituents that were
applied at the open boundary. The T_TIDE package of MATLAB
codes (Pawlowicz et al. 2002) was used for all results presented in
this section.

The NOAA-predicted tidal elevations presented in the previ-
ous results section were based on 37 tidal constituents (NOAA
2018a), but the time series was only 1 month in duration; there-
fore, it was impractical and inappropriate (Parker 2007) to use
T_TIDE to determine 37 sets of tidal constants for each of the
four simulations. Instead, the tidal constants of only the five
major tidal constituents (M2, S2, N2, K1, and O1) were determined
and compared.

The authors first decomposed the NOAA-predicted tidal eleva-
tions into the five tidal constituents and compared the five sets of
decomposed tidal constants to the corresponding constants that
formed a subset of the published full set of 37 tidal constituents
used to construct the tidal prediction. Table 4 presents the tidal con-
stants used by NOAA to generate the tidal elevation predictions, the
constants (reported with 6standard error) decomposed from the
tidal elevation predictions, and the differences betweenNOAA con-
stants and decomposed constants.

Table 3. Comparisons between simulated and predicted tidal elevations at
NOAA station

Tide model

RMSEelev (cm) D (cm)

ADCIRC FVCOM ADCIRC FVCOM

FES 8.26 9.73 6.17 7.49
TPXO 8.28 9.91 6.06 7.34

Source: Predicted tidal elevations from NOAA (2018b).
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Fig. 5. Spatial RMSE of simulation results: (a) RMSE of FVCOM (TPXO) and FVCOM (FES); (b) RMSE of ADCIRC (TPXO) and ADCIRC
(FES); (c) RMSE of FVCOM (FES) andADCIRC (FES); and (d) RMSE of FVCOM (TPXO) and ADCIRC (TPXO).

Table 4. Comparison of published and decomposed tidal constants at NOAA station

Name

Published constants Decomposed constants

jANOAA-Apredictedj(cm) jGNOAA-Gpredictedj(degrees)ANOAA (cm) GNOAA (degrees) Apredicted (cm) Gpredicted (degrees)

M2 44.00 353.6 43.886 0.5 353.286 0.57 0.16 0.3
S2 9.00 22.7 10.386 0.5 10.786 2.50 1.36 11.9
N2 9.90 338.9 8.016 0.5 343.246 3.14 1.90 4.3
O1 3.90 172.7 3.946 0.3 172.916 4.99 0.00 0.2
K1 6.50 172.0 5.606 0.3 151.956 3.33 0.87 20.0

Note: decomposed constants = predicted tidal elevations from NOAA (2018b) decomposed into five tidal constituents; and published constants = tidal con-
stants used by NOAA (2018a) to predict the tidal elevation.
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The largest amplitude difference was 1.9 cm for the N2 constitu-
ent. The largest phase difference was 20° for the low-amplitude K1

constituent. Only decomposed M2 and O1 amplitudes and phases
agreed with original constants within 1 standard error. The values
of the tidal constants did not match perfectly due to two main fac-
tors: (1) the predictions were based on 37 constituents, not just the
five that were listed; and (2) the time series was 31 days long, which
was the shortest reasonable duration for producing good estimates
of the these five tidal constants (Parker 2007).

Tables 5 and 6 report the decomposed amplitudes and phases,
respectively, of the five primary tidal constituents for the four
simulated water-surface elevation time series and the NOAA-
predicted elevations. The standard errors of the estimates of both
amplitude and phase were consistently larger when decomposing
the NOAA-predicted water-surface elevation time series than
when decomposing hydrodynamic model output. This was likely
because the hydrodynamic models were forced along the open
boundary by the tide models based only on these five constituents,
and the distance from the boundaries to the tidal station was only
approximately 50 km; therefore, additional harmonic constituents
were unlikely to be present in the simulated water-level time se-
ries at the tidal station. In contrast, the NOAA water-surface ele-
vation time series based on 37 constituents was forced to fit the
five-constituent representation in this decomposition; the elimi-
nation of 32 constituents led to larger uncertainty of the decom-
posed constituents.

As presented in Table 5, four of the five tidal constituent ampli-
tudes (excluding S2) decomposed from the four model simulation
time series exceeded NOAA values at the observation point by
more than a standard error. The magnitude of amplitude differences
between decomposed values from each of the four simulations and

decomposed values from NOAA-predicted elevations ranged from
0.12 cm for the S2 amplitude based on the FVCOM (TPXO) simula-
tion to 5.84 cm for the M2 amplitude based on the FVCOM (FES)
simulation. M2 amplitudes were overpredicted by 3.76–5.84 cm,
which was 8.6–13.3%. It was difficult to discern clear pairwise
trends in the decomposed amplitudes from the four simulations. In
agreement with the earlier analysis of RMSEelev, the tide model had
less impact on the largest amplitude (M2) than did the hydrody-
namic model; however, the tide model had more impact on the
lower-amplitude constituents (O1 and K1) than did the hydrody-
namic model.

Table 6, which compares the decomposed phases of the primary
tidal constituents, presents the differences between model
simulation-derived phases and NOAA-predicted water-level phases
ranging from 0.23° for S2 to 18.86° for the low-amplitude K1 con-
stituent. Pairwise comparison of phases from the four simulations
were similar to those observed for the amplitudes: the tide model
had less impact on the phase of the constituent with the largest am-
plitude (M2) than did the hydrodynamic model; however, the tide
model had more impact on the phases of lower-amplitude constitu-
ents (O1 and K1) than did the hydrodynamic model. In this case,
there was better agreement for a given hydrodynamic model than
for a given tide model in theM2 and S2 phases, whereas the O1 and
K1 phases had better agreement for a given tide model than for a
given hydrodynamic model.

The differences between the decomposed tidal constants are
much more easily compared visually in Fig. 6, which presents the
five sets of tidal constants in polar coordinates. Amplitude values
extend from the center to the outer edge of the circle, and phase val-
ues extend along the circumference. In each of the five panels, the
filled circles indicate the decomposed tidal constants of the NOAA-

Table 6. Decomposed phases (with6standard error) of simulated tidal elevations at NOAA station

Name

Decomposed phase (degrees)

Gsimulated Gpredicted

FES TPXO Decomposed constants

ADCIRC FVCOM ADCIRC FVCOM NOAA

M2 346.276 0.04 344.996 0.10 346.206 0.04 344.966 0.10 353.286 0.57
S2 9.016 0.19 7.106 0.50 10.556 0.23 8.646 0.47 10.786 2.50
N2 330.626 0.16 328.356 0.42 332.106 0.18 330.016 0.38 343.246 3.14
O1 182.056 0.21 180.296 0.34 188.816 0.19 187.196 0.58 172.916 4.99
K1 166.726 0.18 164.866 0.29 170.816 0.18 168.696 0.34 151.956 3.33

Note: Gpredicted = predicted tidal elevations from NOAA (2018b) decomposed intoM2, S2, N2, O1, and K1 phases; and Gsimulated = simulated tidal elevations
decomposed intoM2, S2, N2, O1, and K1 phases.

Table 5. Decomposed amplitudes (with6standard error) of simulated tidal elevations at NOAA station

Name

Decomposed amplitude (cm)

Asimulated Apredicted

FES TPXO Decomposed constants

ADCIRC FVCOM ADCIRC FVCOM NOAA

M2 48.046 0 49.726 0.1 47.646 0 49.336 0.1 43.886 0.5
S2 9.646 0 10.156 0.1 9.756 0 10.266 0.1 10.386 0.5
N2 11.226 0 11.836 0.1 11.736 0 12.346 0.1 8.016 0.5
O1 6.436 0 6.386 0 4.766 0 4.616 0 3.946 0.3
K1 7.146 0 7.126 0 7.416 0 7.456 0 5.606 0.3

Note: Apredicted = predicted tidal elevations from NOAA (2018b) decomposed into M2, S2, N2, O1, and K1 amplitudes; and Asimulated = simulated tidal eleva-
tions decomposed intoM2, S2, N2, O1, and K1 amplitudes.
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predicted tidal elevations, the quadrangle symbols (square and dia-
mond) represent the decomposed tidal constants of ADCIRC
results, and the þ and� symbols indicate the decomposed tidal
constants of FVCOM results. Additionally, the gray color indi-
cates the decomposed tidal constants of model results based on
TPXO tidal constants along the open boundary, and the black
color shows the decomposed tidal constants of model results
specified by FES tidal constants. Therefore, the results of the
hydrodynamic models can be compared by the shape symbols,
and the color identifies each tide model used for simulations.
Clustering of symbols indicates good agreement.

Fig. 6 clearly indicates that theM2 and S2 constituents from sim-
ulation results based on FES and TPXO tide models were in good
agreement with the NOAA values; however, N2,O1, andK1 constit-
uents were clearly different from the NOAA values. Not surpris-
ingly, theO1 constituents were clustered separately for the different
tide models. The N2 and K1 constituents were very similar for all
simulations, although they did not agree with the NOAA values.

The decomposed constants from Tables 5 and 6 were used in Eq.
(2) to calculate RMSEk; in this case, Subscript 1 refers to the
decomposed constants from one of the numerical simulations, and
Subscript 2 refers to the decomposed constants from NOAA-
predicted water levels. These RMSEk values were used to estimate
the discrepancy between water levels due to differences in harmonic
constituents by using Eq. (9)

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX5
k¼1

RMSE2
k

vuut (9)

where k = tidal constituent.
The D values, presented in Table 3, were between 6.1 and

7.5 cm. All D values were smaller than the RMSEelev values; this
may be due to the elimination of 32 tidal constituents.

Flow Patterns

Hydrodynamic model output typically includes velocity vectors,
which define the flow patterns within a water body. These flow pat-
terns impact transport of dissolved water-quality constituents and
sediments. Although it is difficult to quantify differences between
temporally and spatially varying vector fields, flow patterns were
compared by viewing animations of temporal output for all five
simulations. The two hydrodynamic models showed similar spatial
and temporal patterns for depth-averaged water currents. For refer-
ence, Figs. 7 and 8 are snapshots of depth-averaged velocity vectors
from simulation results on October 18, 2013 during an ebb tide and
a flood tide, respectively.

The spacing of the velocity vectors appears different because
they were located at the centers of elements in the FVCOMmodels
and at the grid nodes in the ADCIRC models. All four simulation
results showed similar tidal current patterns within the enclosed
bay. For example, very shallow-water depths due to a flood shoal
near the western inland side of Shinnecock Inlet led to channelized
ebb currents in both FVCOM and ADCIRC simulations (Fig. 7,
Rectangle A).

Bathymetry is shown in Fig. 1. However, the effect of an ebb
shoal and jetty on the ocean side of Shinnecock Inlet led to dif-
ferent results for each of the hydrodynamic models. FVCOM
simulation results showed a swirled eddy circulation during an
ebb tide in Rectangle B of Fig. 7, whereas ADCIRC results did
not. Because both simulations used the same grid and bathyme-
try, this was likely due to the different numerical algorithms
used to solve the depth-averaged equations. In agreement with
findings discussed earlier, the choice of tide model along the
boundary did not appear to have any effect on the patterns of ve-
locity vectors.

Despite the similarity of temporal and spatial patterns of
depth-averaged velocity vectors, a discrepancy was noted in the
magnitudes of the tidal range and the velocities. Throughout the

Fig. 6. Comparisons of decomposed tidal constants at NOAA station.
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flood period on October 18, 2013, velocity vectors at Shinnecock
Inlet indicated slightly higher water speeds in the ADCIRC simu-
lations than in the FVCOM simulations. Peak velocity magni-
tudes in Shinnecock Inlet for both FVCOM simulations were on
the order of 2.3 m/s. Both ADCIRC simulations’ peak velocity
magnitudes were on the order of 2.7 m/s. The tidal range magni-
tudes in Shinnecock Inlet for both FVCOM simulations were
1.09 m, but both ADCIRC simulation tidal range magnitudes
were 1.23 m. Williams et al. (1998) reported maximum flood and
ebb current speeds ranging from approximately 1.6 m/s (1991
study) to over 2.4 m/s (1994 study) at Shinnecock Inlet. The
FVCOM results compared favorably with these reported USACE
field observations.

Tidal Prism

The tidal prism (P) is the water volume exchanged through an estu-
ary inlet over half of a tidal cycle (T). There are numerous techni-
ques for estimating tidal prism. A simple method based on the
assumption of a sinusoidal variation of discharge over a tidal period

was used by Militello and Kraus (2001) using the USACE current
velocity data and bathymetric data from Morang (1999). This
method uses Eq. (10), which neglects river and wind-induced flows

P ¼ T
pCk

Dm (10)

where T = tidal period; Dm = peak or maximum discharge during
the tidal cycle; and Ck = empirical coefficient ranging from 0.81 to
1.0 to account for neglected nonsinusoidal tidal behavior.

Using a value of 1.0 for Ck and neglecting the slight flood domi-
nance at Shinnecock Inlet,Williams et al. (1998) calculated the tidal
prism at Shinnecock Inlet based on field observations during the
flooding phase and NOAA tide tables. They calculated a tidal prism
ranging from 2.43 to 3.85� 107 m3 corresponding to tide ranges of
0.76 to 1.22 m.

Tidal prism estimates based on the four simulations reported
here were calculated by summing hourly discharge values during a
flood period on October 18, 2013. The discharge was computed for
each hourly interval using velocity magnitude and cross-sectional

Fig. 7. Velocity vectors in vicinity of Shinnecock Inlet during ebb tide (5:00 a.m., October 18).
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area based on water-surface elevation and bathymetric data. The
authors presumed that the bathymetric data for the grid obtained
from the ADCIRC website used the bathymetric data of Morang
(1999). Both FVCOM simulations’ tidal prism values were 2.5 �
107 m3, whereas both ADCIRC simulations’ tidal prism values
were 3.0� 107 m3. These computed tidal prisms were in very good
agreement with values published by Williams et al. (1998). An im-
portant result to note is that, consistent with results in terms of
water-surface elevations and velocity vectors, the computed tidal
prisms were not affected by the choice of tide model but only by the
choice of hydrodynamic model.

Conclusions

When the intent of hydrodynamic simulations includes accurate
assessment of estuarine circulation or water quality, it is neces-
sary to consider multiple measures of model performance.
Although this study began as an effort to compare the impacts of
using alternative global tide models along the open boundary of a
near-shore shallow-water estuary, a location that has previously
been shown to suffer from global tide model inaccuracies, the
work expanded to include comparisons of two different

hydrodynamic models and a range of different model-
performance measures.

The main conclusion of this work is that, for this site, choice of
hydrodynamic model had a larger influence on model predictions
in the enclosed bay than choice of tide model used along the open
boundaries. The FES and TPXO tide models showed some dis-
crepancies in the tidal constants at shallow-water locations along
the open boundary of the Shinnecock Bay area model. The largest
discrepancy between the two models was reported for the O1 con-
stituent (Table 1 and Figs. 2 and 3). This carried through in the
hydrodynamic simulations by affecting the values of the decom-
posed tidal constants of theO1 constituent of water-surface eleva-
tions calculated at the NOAA tide station located near
Shinnecock Inlet. As shown in Fig. 6, constituents for simulation
results using the same hydrodynamic model but different tide
models were similar to each other, with the O1 constituent once
again having the largest discrepancies. This demonstrates that
discrepancies between tide model constants along an open bound-
ary can propagate through model simulations to produce similar
discrepancies in model output. If the tide model discrepancies
occur for constituents with small amplitudes (as in this work), the
differences in simulated water elevations are diminished over a
short distance from the open boundary, as seen in Fig. 5. The two

Fig. 8. Velocity vectors in vicinity of Shinnecock Inlet during flood tide (11:00 a.m., October 18).
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latest tide models (FES and TPXO) provide similar tidal con-
stants for the predominant constituent, so the tidal simulation
results are similar.

Model-predicted water-surface elevations at the NOAA station,
approximately 50 km from the boundary, were in good agreement
for all four simulations and in relatively good agreement with
NOAA-predicted water levels for this simplified model. A pairwise
comparison of water-surface elevation RMSE values (comparing
tide models and comparing hydrodynamic models) revealed that
choice of tide model wasmuch less significant than choice of hydro-
dynamic model. When comparing hydrodynamic models, the larg-
est RMSE values were in the enclosed bay. To model important
processes, such as sediment transport, water quality, and inundation
in the bay, the simplified model should be improved by (1) includ-
ing the water inflows and outflows to the adjacent bays, (2) model-
ing density effects, (3) using a refined grid, and (4) validating the
wet–dry process simulation.

Overall, ADCIRC and FVCOM demonstrated similar spatial
and temporal patterns of tidal currents. The tidal current magnitudes
from the ADCIRC simulations were slightly larger than the
FVCOM results and field measurements. FVCOM and ADCIRC
calculate and store velocities at different locations in the model
grid; FVCOM calculates velocity at the center of each element,
whereas ADCIRC calculates velocity at each node. The twomodels
utilize different algorithms. These may be the underlying reason for
the different results in tidal currents and prism values for the flood
and ebb currents.

Chen et al. (2013) also compared FVCOM and ADCIRC in
simulations of extratropical storm inundation in coastal Scituate,
Massachusetts. Their results were similar to those reported here:
the two models agreed in tidal elevations; however, they dis-
agreed with each other in the water flux and the coastal inunda-
tion. Chen et al. (2013) stated that the differences were due to the
different discrete algorithms used, different wet–dry point treat-
ments used to simulate inundation, and different bottom friction
parameterizations utilized.

Further study, in terms of better numerical modeling, that can be
suggested from this work includes (1) simulations in three dimen-
sions with temperature and salinity to account for density-driven
flow, (2) examination of data more frequently (e.g., 6-min intervals)
to ensure better resolution of maxima and minima of water depths
and tidal currents, and (3) simulations during a period with both
observed water-surface elevations and current values. Moreover,
the observed large differences between the two tide models at a few
nodes along the eastern edge of the boundary suggest caution when
applying global tidal data near the shoreline.
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Notation

The following symbols are used in this paper:
A ¼ amplitude of constituent (m);
Cd ¼ bottom friction coefficient;
D ¼ discrepancy between water levels due to differen-

ces in harmonic constituents (cm);
Dm ¼ peak or maximum discharge during a tidal cycle

(m3/s);
G ¼ Greenwich phase lag (degrees);

H0 ¼ height of mean water level above a selected
datum (m);

Hbreak ¼ break depth utilized for hybrid bottom friction
relationship (m);

RMSE ¼ root-mean-square error (cm);
T ¼ tidal period (h);
U ¼ eastward depth-averaged velocity (m/s);
V ¼ northward depth-averaged velocity (m/s);
g ¼ parameter determining how the friction factor

increases as water depth decreases;
z ¼ height at any time (tidal elevation) (m); and
u ¼ parameter determining how rapidly the hybrid

bottom friction relationship approaches its deep-
water and shallow-water limits when water depth
is greater than or less than Hbreak.
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