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EXECUTIVE SUMMARY

The National Ocean Service presently has an Operational Forecast System for the Chesapeake Bay
(CBOFS) which generates only water levels and depth-integrated currents. As a next generation system,
a fully three-dimensional, baroclinic forecast system (CBOFS2) was developed, calibrated and validated;
this system will produce water levels, currents, temperature and salinity predictions. CBOFS2 covers the
whole of the Chesapeake Bay up to and including Reedy Point, DE along the Chesapeake & Delaware
canal and also includes Ocean City, MD and Duck, NC along its southern boundary which extends as far
as the 100m isobath on the shelf.

First, a two-month tides-only simulation was conducted to validate the tidal water levels and currents and
thereafter, a synoptic hindcast simulation from June 01, 2003 — September 01, 2005 was performed to
validate water levels, currents, temperature and salinity. The synoptic hindcast simulation included a
diverse range environmental conditions in the Bay including very high and very low river volume
discharges and a hurricane (Isabel, in September of 2003). Finally, CBOFS2 was run in a semi-
operational, nowcast/forecast mode to validate these model outputs.

The simulations showed that both the constant density and synoptic hindcast CBOFS2 configurations
were numerically stable and highly efficient under a MPI parallelization environment. A computational
effort ratio of 1:144 resulted when employing 96 parallel processors. The numerical stability of the
computations was accounted for by monitoring the Courant-Friedrichs-Lewy (CFL) stability parameter
during model simulations.

As for the quality of the CBOFS2 predictions, when compared with observations, it was found that: (i) the
water level amplitude errors were less than 22 cm and phase errors generally less than 0.5 hours and, both
the amplitude and phase errors increase in magnitude when moving up the Bay and for the latter, this is
also true when moving up tributaries, (ii) currents speed errors were less than 26 cm/s and the direction
errors less than 22.5° which are the NOS skill criteria and for the major-direction components, the phase
errors were also less than 0.5 hours, (iii) the temperature Root Mean Square (RMS) errors were generally
less than 2 °C and the mean errors were in the range [-1°C, 1°C] and near the ocean surface CBOFS2 was
cooler and near the bottom warmer relative to observations and (iv) the salinity RMS errors were
generally less than 4 PSU and the mean errors were in the range [-2 PSU, 3 PSU] and CBOFS2 was
saltier near the surface and fresher near the bottom when compared with observations. The accuracy of
the semi-operational, nowcast/forecast predictions are as good as and if not better than those from the
synoptic hindcast and in general meet the NOS skill criteria; furthermore, the forecasts are valid for up to
a 24-hour period without deterioration of their accuracy.

This report also describes a RMS error splitting (into an amplitude and phase component) procedure
which was found to be very reliable for both water level and current comparisons (with observations) and
for both the constant density and synoptic hindcast simulations.

Therefore, the predictive accuracy for water level, currents, temperature and salinity associated with
CBOFS2 warrants it being accepted as a NOS Operational Forecast System (OFS) upgrade to the
presently available CBOFS set-up. It is expected that the predictions from this modeling set-up may be
further enhanced in the future by experimenting with: (a) spatially variable bottom friction formulations,
(b) various shapes and extents of the shelf open ocean boundaries, (c) other model constants in the
General Length Scale (GLS) vertical eddy-viscosity scheme and (d) the possibility of coupling the open
ocean boundaries to a basin-scale model to better account for the shelf dynamics and its influence on the
Chesapeake Bay.
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1. INTRODUCTION

Presently, there exists an operational model for the Chesapeake Bay named the Chesapeake Bay
Operational Forecast System (CBOFS), which runs routinely at the Center for Operational
Oceanographic Products and Services (CO-OPS) of the National Ocean Service (NOS) of
NOAA (Gross et al., 2000). This model set-up, since being two-dimensional and barotropic in
nature, only generates water levels (elevations) and barotropic (depth-integrated) currents for
Chesapeake Bay. The navigational and ecological communities in particular are increasingly
demanding not only water levels and depth-integrated currents but also the full three-dimensional
currents, salinity and temperature fields. Therefore, a second generation three-dimensional
Chesapeake Bay Operational Forecast System (CBOFS2) has been developed, calibrated,
implemented and vetted which will provide these additional physical fields. This model is based
on the Rutgers University’s Regional Ocean Modeling System (ROMS).

ROMS is a split-explicit, finite difference based orthogonal, curvilinear grid numerical ocean
model (Shchepetkin and McWilliams, 2004). The vertical grid is of a stretched, terrain-
following, sigma coordinate (Song and Haidvogel, 1994) type. The momentum and tracer
advection terms are discretized using high resolution, third order upstream-biased advection
schemes which alleviate the need to add explicit horizontal viscosity/diffusivity in the numerical
computations (Shchepetkin and McWilliams, 1998). The hydrostatic pressure gradient terms are
also discretized using an extremely robust and accurate piecewise cubic spline construction
(Shchepetkin and McWilliams, 2003). The vertical turbulence/eddy mixing is carried out using a
standard Mellor-Yamada 2.5 scheme (Mellor and Yamada, 1982), a non-local K-Profile
Parameterization (KPP) scheme or a family of General Length Scale (GLS) schemes consisting
of k-g, k-t and k-® schemes (Warner et al., 2005). Along the ocean bottom bathymetry, friction
can be prescribed with a logarithmic, linear, quadratic law or a Bottom Boundary Layer (BBL)
formulation (Styles and Glenn, 2000). At the ocean surface, the surface meteorological forcing
can be imposed in two ways in ROMS — (a) if the wind stresses and net heat fluxes are available
then, they can be prescribed directly but otherwise, (b) the wind speeds, air pressure, air
temperature, relative humidity, net shortwave radiation flux and downward longwave radiation
flux observations when available are specified and then the wind stresses and the net heat flux
are estimated internally using a Bulk Flux formulation (Liu et al., 1979; Fairall et al., 1996a,b).
If downward longwave radiation data is unavailable, the net longwave radiation can be computed
internally using the Berliand formulation (Berliand and Berliand, 1952). The perfect restart
mechanism contained in the ROMS allows lengthy computations to be carried out in reasonably
sized run segments.

The CBOFS2 model domain was designed to include the whole of the Chesapeake Bay and a
piece of the shelf to allow a realistic interaction between the shelf and the entrance to the Bay.
The domain therefore included Washington, DC to the west, Reedy Point, DE (along the
Chesapeake & Delaware (C & D) canal) to the east, the Susquehanna River (near the river
reservoir) to the north and in the south out to the 100m isobath with Ocean City, MD and Duck,
NC as the end points. The inclusion of the C &D canal is necessary in order to account for the
interaction with the Delaware Bay, but it forces the use of a particular set of open ocean
boundary conditions which required a smaller model time step in order to maintain numerical



stability. The model grid is curvilinear and orthogonal in nature in the horizontal and in the
vertical, it was of a terrain-following, sigma-coordinate nature.

The calibration and validation of the CBOFS2 set-up was performed in three stages. First, a
constant density, three-dimensional baroclinic simulation was run to validate the accuracy of the
tides (water levels and currents). Once this simulation was validated, a synoptic hindcast
simulation spanning June, 2003 to September, 2005 was carried out where the initialization
fields and the model forcings (rivers, meteorology, etc.) were based on both synoptic
observations and climatological fields; this period included very high and very low river
discharges and a hurricane (Isabel). This second set-up was employed to validate the accuracy of
the full suite of model outputs — water levels, currents, temperature and salinity against
observations. Finally, CBOFS2 was run in a semi-operational, nowcast/forecast model and the
model outputs (same as those for the hindcast) were validated to ensure its suitability for being
an Operational Forecast System (OFS); the model forcing were from model-generated forecast
products.  All of these scenarios also served to examine the numerical stability properties
associated with the CBOFS2 set-up.

This report is arranged as follows: In section 2, the model domain, grid and bathymetry are
described and in section 3, the constant density simulation and its results are described. In
section 4 the synoptic hindcast simulation is discussed together with the validation efforts of the
model output fields. Section 5 describes the semi-operational, nowcast/forecast CBOFS2 system
and the validation of its outputs. Finally, in section 6, a summary of the findings in this paper
and the conclusions pertaining to its research are provided.



2. CBOFS2 MODEL DOMAIN, GRID AND BATHYMETRY

The CBOFS2 model domain and the model grid are given in Figure 1. The domain extends from
the 100m isobath in the south to the Susquehanna River (at the river reservoir) in the north and
from Washington, DC in the west to Reedy Point, DE in the east. There are two open ocean
(lateral) boundaries in this domain with the first situated on the shelf between Duck, NC and
Ocean City, MD and the second at Reedy Point, DE where the C & D canal exits to Delaware
Bay. The C & D canal was included to ensure a realistic interaction between the two Bays and
its termination at Reedy Point, DE was selected since water level observations are available at
this location and a nearby US Geological Survey (USGS) gauge in Delaware Bay can be used to

provide the temperature and salinity values. Along the southern open boundary, the end points

CBOFS2 model domain and grid
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Figure 1. CBOFS2 model domain and orthogonal, curvilinear grid (left) and model bathymetry
(right).
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of Duck, NC and Ocean City, MD were selected because water level observations are available
at these locations (temperature and salinity boundary values are from climatological fields). The
above mentioned observations for water levels, temperature and salinity are required for model
open boundary conditions/forcings in the synoptic hindcast simulation.

The CBOFS2 model grid was generated using the DELFT3D grid generator (Delft3D, 2008) and
is curvilinear and orthogonal in nature. It was produced within the generator as multiple smaller
curvilinear, orthogonal grid segments (so as to fit the local coastline segments as accurately as
possible) and thereafter pasted together seamlessly within the grid generator but still maintaining
continuity and global orthogonality. This grid generator only outputs the grid point locations of
the wet-points and its output was converted to a ROMS-compatible grid file (in Matlab) by
generating a pseudo land-mask and yet preserving a matrix structure for the grid file variables
(eg. land-sea mask, bathymetry, etc.) with fixed dimensional limits. The grid has 332 x 291
points in the horizontal. The finest grid resolutions in the x- and y- directions are 34m and 29m,
respectively, and the coarsest resolutions are 4895m and 3380m, respectively. For this CBOFS2
grid, unfortunately, due to the presence of many near-radial (as opposed to near-axial) tributaries,
only 20.5% of the grid points are wet, implying that the vast majority of the points are land
points and ROMS computes solutions on both sets of points without any discrimination.

The vertical grid is a terrain following, sigma coordinate system (Song and Haidvogel, 1994)
consisting of 20 model levels. The true vertical depth z (in meter) is related to the sigma level, o
for a given bathymetric water depth, h (relative to model datum) through the following
formulation:

z=17p+n(t) [l + zy/h] with zo=c hc+ (h - h¢) Cs

where ¢ lies within the interval [-1,0] and is equally spaced. In the above formula,
he=min(hpin, Teline) With hyin, Teline being the globally minimum bathymetric depth and a guessed
depth of the thermocline, respectively and, n(t) is the time-dependent water level/free-surface
elevation (at the horizontal geographical location associated with the depth, h). The stretching
function C; is given by

Cs = (1 - B) P(c) + 8, R()

where P(c) = sinh(0s 6)/sinh(0;) and R(c) = tanh(0s(’2 + ©))/2tanh(04/2) — /2 with 6, 05 being
grid stretching parameters associated with the ocean bottom and ocean surface vicinities
respectively. Numerical experiments showed that for the constant density (Section 3), synoptic
hindcast (Section 4) and semi-operational (Section 5) CBOFS2 set-ups, the optimal values for
the parameters 0y, 05 and Tjine were 0.95, 4.5 and 10m respectively.

The CBOFS2 bathymetry was formed by numerically interpolating National Ocean Service
(NOS) bathymetric soundings on to the model grid nodes via an inverse square distance
weighted interpolation. When unsmooth bathymetry related numerical instabilities occurred in
the CBOFS2 simulations, the bathymetry was smoothed locally (as opposed to globally). This
approach was adopted to maintain the true bathymetry of the Chesapeake Bay whenever
possible. A plot of the model bathymetry is shown in Figure 1.



A comparison of the water levels with and without the ROMS wetting/drying algorithms showed
that they were quite similar to each other. However, in order to generate the former, it was
required to use significantly smaller time steps to maintain numerical stability. Hence, the
CBOFS2 was run without the use of wetting/drying and the model bathymetry was truncated at a
minimum depth of 2m globally which also improved computational efficiency.






3. CONSTANT DENSITY TIDAL SIMULATION

As the primary use of CBOFS2 will be to support the marine navigational community, tidal
water levels and currents must be accurately modeled. Therefore, in order to validate these
fields, a constant density tidal simulation from January 01, 2000 — February 29, 2000 was
performed. This  simulation was run  without specifying river forcing,
meteorological/atmospheric forcing or any non-tidal open ocean boundary forcing (for
temperature, salinity and non-tidal water levels). The initial fields of temperature and salinity
were defined to be 15 °C and 35 PSU, respectively, and these values were maintained throughout
the simulation. The only model forcing employed was the tidal forcing at the open ocean
boundaries.

The tidal forcing at the southern open boundary was enforced via the use of water level and
barotropic current harmonic constituents from an ADCIRC model (Luettich et al., 1992)
database generated at NOAA/NOS/Office of Coast Survey (OCS)/ Coast Survey Development
Laboratory (CSDL) (Feyen, 2008) using the EC2001 grid, (EC2001, 2009). This database
consisted of 37 harmonics including the long-term SA and SSA constituents which were not
employed in the simulations as these include the effects of meteorology.  The harmonic
constituents were bilinearly interpolated (using Matlab) from the EC 2001 grid on to the
CBOFS2 grid. For the C & D canal, the water level harmonic constituents were prescribed
using those at Reedy Point, DE from the NOS/CO-OPS database (NOAA Tides & Currents,
2009a); the currents harmonic constituents were from a harmonic analysis of observed currents
associated with NOS station 154 located at the Delaware Bay entrance to the C & D canal
(Browne and Fisher, 1988). The currents were first rotated to be in alignment with the axis of
the C & D canal and the major component was harmonically analyzed using the T Tide Matlab
software package (T Tide, 2007). The cross-axis component of the barotropic current was
assumed to be zero. The observed data was at an approximately 6m depth which is midway
down the water column in the C & D canal the averaged depth of which is approximately 12m.

It was attempted to examine the sensitivity of the CBOFS2 tide predictions for water levels to
two factors:

(1) any mismatch in the harmonic constituents between those from the ADCIRC database and
observations for water levels (corresponding observed harmonics for barotropic currents are
not available) and,

(2) the various open ocean boundary condition options available in ROMS for the inclusion of
tides.

To examine the effects of (1), the ADCIRC database water level harmonics were forced to match
those from NOS/CO-OPS observations at Duck, NC and Ocean City, MD via a linear and an
exponentially damped matching function on the southern open boundary. The independent
variables in these functions were the two arc distances (of a particular CBOFS2 grid point along
the open boundary) from Duck, NC and Ocean City, MD. Hence, if L is the total arc distance
along the CBOFS2 southern open boundary (for wet-points only) and x is the distance of a
particular grid point from Duck, NC, then the matching functions for the linear formulation
respectively are 1-x/L and x/L and, the corresponding ones for the exponential formulation are e



A and e where 4 is a user-defined exponent. Therefore, at these extreme locations, the

water level harmonics exactly matched the observed values and thereafter they gradually
asymptoted towards the (interpolated) values from the ADCIRC database.

ROMS has a suite of open boundary conditions for tidal applications and here, three of the most
common options have been examined; they are (i) Chapman-Flather (traditional, Chapman, 1985
and Flather, 1976), (i) Clamped-Reduced Flather and (iii) Clamped-Reduced for water levels
and the barotropic currents respectively. For choices (i1) and (i) it is not necessary to supply
any barotropic currents.

The tides in ROMS are ramped-up using a hyperbolic tangent function so that they reach 99.0%
of their full strength after 2.65 days. The bottom drag was prescribed via a quadratic formulation
and its coefficient was taken to be 0.005 (although several values in the range 0.001-0.010 were
examined), which gave the best overall water level predictions. Spatially variable bottom
friction coefficients/formulations were not examined. The momentum and tracer advection
terms were numerically discretized using the ROMS upstream-biased advection schemes which
alleviated the need for artificial/numerical horizontal viscosity and diffusivity to eliminate
spurious spatial numerical oscillations. The vertical eddy-viscosity was prescribed by the
Mellor-Yamada 2.5 closure scheme and its background value was set to 1.0 x 10® m%s. For the
baroclinic currents, temperature and salinity, the standard radiation open ocean boundary
conditions were applied both along the southern and C & D canal boundaries. The model was
run with a 30 second baroclinic time step and a 1.5 second barotropic time step in a Message
Passing Interface (MPI parallelization environment using 96 processors.

The outcome of the above numerical experiments was measured by examining the Root-Mean-
Square (RMS) differences in the water levels at one grid point into the domain from the southern
open boundary grid nodes corresponding to Duck, NC and Ocean City, MD on the southern
boundary. The differences taken were between the ROMS-generated water levels and those
predicted from the harmonic constituents associated with the open boundary grid nodes. The
eastern open boundary at Reedy Point, DE was treated with Flather-Chapman boundary
conditions and no matching of tidal harmonic constituents was necessary. The use of other
boundary condition options available within ROMS for the C & D canal open boundary did not
yield numerically stable computations and even with the present choice, a reduced global time
step needed to be adopted in order to maintain stability. The RMSE differences clearly showed
that the Flather-Chapman option generated the largest differences and the Clamped-Reduced
option generated the least differences; furthermore, for each choice of boundary condition, the
exponentially damped matching of harmonic constituents produced smaller errors than those
with either no matching or with linear matching. The optimal exponent, 4 for the exponential
matching function was found to be -5.0. Therefore, it was decided to adopt the Clamped-
Reduced option for the southern open boundary together with the exponentially damped
harmonic constituent matching. These reduced boundary conditions however were developed
ideally for two-dimensional, barotropic ROMS applications (Ocean Modeling Discussion, 2008)
and their validity for and effects on three-dimensional baroclinic ROMS applications are not yet
fully known.



3.1. Water Level Comparisons and Skill Assessments

The water level predictions from CBOFS2 were compared with tidal predictions (from the
NOS/CO-OPS harmonic constituents (NOAA Tides & Currents, 2009a)) at the station locations
(corresponding to those maintained by NOS/CO-OPS) shown in Figure 2. The
differences/discrepancies between the CBOFS2 predictions and the tidal predictions will
hereafter be referred to as errors.

First however, the CBOFS2 water level time-series at each of the stations in Figure 2 was
harmonically analyzed using the NOS harmonic analysis software (Zervas, 1999) and compared
with those from NOS/CO-OPS for the M2, N2, K1, O1,P1 and L2 constituents (as they are the
most dominant). The outcome of the harmonic analysis is provided in Tables Al and A2 in
Appendix A where the constituent amplitudes are in meters and the phases in hours. The errors
in constituent amplitudes and phases are plotted in Figures 3 and 4. The amplitude errors show
that (i) as expected, the largest errors are for the M2 constituent, (ii) the largest errors are at the
extremeties of the wet-point computational domain (in the C & D canal, entrance to the Bay and

CBOFS2 stations locations for water level comparisons
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Figure 2. CBOFS2 water level stations archive locations (and the NOS/CO-OPS identification
numbers) for comparison with tidal predictions in the constant density simulation.



at the beginnings of the tributaries) and (ii1) there is no strong pattern to the spatial distribution of
the errors and they assumed both positive and negative values. The phase errors too show both
positive and negative values but their magnitudes are not clearly correlated with any particular
constituent(s) and the largest errors tend to be at the extremeties of the Potomac and York River
tributaries where they show that CBOFS2 lags the predicted phase values. As with the
amplitudes, the phase errors do not show a strong pattern to their spatial distribution within the
Bay.
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Figure 3. Amplitude differences (CBOFS2-observations in cm) for M2, N2, K1, O1, P1 and L2
harmonic constituents in the constant density CBOFS2 simulation.

The Root Mean Square Errors (RMSE) for the water levels are given in Table A3 of Appendix A

and they have also been plotted in Figure 5. Table A3 also provides the high and low water
amplitude errors and the Central Frequency (CF) associated with each of these three errors.
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These metrics were computed using the NOS/OCS/CSDL ocean model skill-assessment software
package (Zhang, et al., 2009). The NOS skill-assessment criteria for water level error is that (a)
their RMSE be less than 15cm at least for 90% of the time (that is, with CF(15cm) > 90%) and
(b) their phase difference be less than 15 minutes also for at least 90% of the time.
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Figure 4. Phase differences (CBOFS2-observations in hours) for M2, N2, K1, O1, P1 and L2
harmonic constituents in the constant density CBOFS2 simulation.

Table A3 shows that only about half of the stations satisfy the RMSE error criterion although
eleven out of fifteen stations satisfy the criterion for the high and low water amplitude errors. It
is also seen that whenever the RMSE and the high and low water amplitude errors are well below
the 15 cm limit, the CF parameter assumes values above 90%.
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For oscillatory/periodic signals such as tidal water level and current time-series, the use of
RMSE provides only a limited picture of the error content. What would be more pertinent would
be to split the RMSE into an amplitude component and a phase component. Given say two water
level time-series, it is possible to split the error by translating one series relative to the other (as a
pair of autocorrelation functions) and estimating a RMSE for each translation and examining its
structure. If this RMSE (a) forms a smooth curve and (b) has a single, unique, global minimum
then at this minimum, as shown in Figure 6, the x-abscissa is the phase component of RMSE
(phase error) and the y-abscissa is the amplitude component of the RMSE

Raw RMS water level errors (cm) for constant density CBOFS2
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Figure 5. RMS water level errors (in cm) for the constant density CBOFS2 simulation.

(amplitude error). Conditions (a) and (b) also ensure that the two sets of time-series are
composed of the same set of tidal harmonic constituents. Such RMSE translation curves were
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calculated for each of the water level archive stations given in Figure 2 using a translation
interval of 1-minute and the resulting curves are given in Figure 7 and each of them satisfies both
conditions (a) and (b). The resulting amplitude and phase error components are also given in
Table A3 of Appendix A and are plotted in Figures 8.

Water level amplitude and phase errors for station 8573927
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Figure 6. Splitting methodology of the RMS error into an amplitude component and a phase
component. Here, x-axis annotation of phase variation or difference is equivalent to
the amount by which the two water level time-series have been translated relative to
each other.

Although the raw RMSE (Figure 5) shows that it is frequently above the allotted 15 cm limit,
when decomposed into its amplitude and phase components, it is seen that a significant
contribution to it comes from the phase error and that the amplitude component is below 15 cm.
The phase error components tend to be mainly positive implying that CBOFS2 leads the tidal
prediction. The raw RMSE, amplitude and phase error components are smallest in the vicinity of
the mouth of the bay. It is seen that the requirement of the phase error to be less than 15
minutes/0.25 hours (for at least 90% of the time) is rarely met and perhaps this requirement is
excessively stringent. Furthermore, the raw RMSE is seen to increase when moving up the bay
and up the (James and Potomac) tributaries but their amplitude components only show a similar
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trend for the former (up the Bay) and not for the latter (up the tributaries) ; the phase error
component however, while showing a similar trend, also grows rapidly when moving up the
tributaries due to an expected rapid growth in tidal phase between stations 8638433 and 8638489
and stations 8635150 and 8594900 as documented, for example, in Browne and Fisher (1988)
and, which CBOFS2 is incapable of capturing. The physical reason for this rapid growth in
phase could be due to the curvature of the tributaries and/or the bottom roughness (sediment type
for example) and/or the local bathymetric features.

Station : 8571892 Station : 8573364 Station : 8574680
3 3 T
2 =2 =2
5 5 5
" [%2) [%2)
= = =
oc o o
2 Station J8575512 2 "2 Station J8638863 % “Z Station ’3638610 2
E E €
=2 =2 =
5 5 5
W w0 [%2]
= = =
o [0} o
2 Station %8635750 2 “2 Station Jg573927 2 “2 Station "3637624 2
E = E
=2 =2 =
5 5 5
(2] [%2] [%2]
= = =
o [0} o
“2 station Je638433 2 station Pee38489 2 2 station 8636580 2
= E E
=2 =2 =
5 5 5
(2] v w
= = =
o [0} o
“Z Station J5635150 £ "2 station a594900 2 “Z Station J8574070 %
E E T
=2 =2 =2
= £ 40 =
¥} ¥ LT
S b3 2
o o 20 o
2 station %8571559 2 -2 station J8577330 % “Z Station 8632200 2
3 3 3
=2 =2 =2
5 5 5
[2e] [%2) %2
= = =
oc o o
-2 o 2 -2 0 2 -2 0 2
Phase diff. (hrs) Phase diff. (hrs) Phase diff. (hrs)

Figure 7. CBOFS2 RMSE translation curves for the comparison stations given in Figure 2.
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Figure 8. The amplitude error (in cm) and phase error (in hours) components of the RMS errors
associated with the water levels for the constant density CBOFS2 simulation.

3.2. Currents Comparisons and Skill Assessments

The stations locations for comparison of currents are shown in Figure 9. These stations
correspond to (i) those maintained by the NOS/CO-OPS/Currents Measurements Interface for
the Study of Tides program (CMIST, 2009) at which currents at high vertical (< 1.0 m) and
temporal (usually 6-minute) resolution are observed and archived and (i1) those from the 1981-
1983 NOS Chesapeake Bay Circulation Survey (Browne and Fisher (1988)) which are usually
available only at a few vertical depths. The currents comparisons were performed at 4.6m (15 ft)
which is considered to be the nominal ships draft. The predicted tidal currents were obtained by
using the harmonic constituents at these station locations derived by running the NOS harmonic
analysis software on the CMIST and the 1981-1983 NOS observed current time-series data.

As with the water levels, the amplitude and phase errors associated with the M2, N2, Kl
harmonic constituents (as they are the most dominant) for the true eastward (U) and true
northward (V) currents are plotted in Figures 10 and 11 and are listed in Tables B1-B4 in
Appendix B (which also contain the O1, P1 and L2 constituents).
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CBOFS2 stations locations for currents comparisons
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Figure 9. CBOFS2 currents stations archive locations for comparison with tidal predictions
in the constant density simulation.

The greatest current amplitude errors are seen for the M2 constituent which is the most dominant
and there is no strong pattern to the spatial distribution of the amplitude or phase errors. The
errors however for stations cb0601 and cb1301 are excessively large because the former is in a
narrow channel which the CBOFS2 grid cannot resolve and the latter is within the C & D canal
the dynamics of which are modeled in a limited manner due to the use of open ocean boundary
conditions and the inability to account for the full interaction with Delaware Bay.

16



M2 amplitude difference (U) M2 phase difference (U)

40 : : : 38.320 40 5.899
30.160 4.544
39 b 22.000 3.189
: 13.840 1.834
el oy 5.680 0.479
-2.480 -0.876
S N -10.640 2.231
-26.960 -4.941
36 : L S -35.120 36 : L S -6.296
775 77 -76.5 -76 -75.5 775 77 -76.5 -76 -75.5
N2 amplitude difference (U) N2 phase difference (U)
40 : : ; 7.446 40 : : 6.227
' 5.791 5.075
39 b 4137 3.924
2482 g 2.773
el gy 0.827 -g 1.622
i e
0.827 S 0.470
oy : -2.482 -0.681
-5.791 -2.983
36 : L S -7.446 36 : L S -4.135
775 77 -76.5 -76 -75.5 775 77 -76.5 -76 -75.5
. . Longitude
K1 amplitude difference (U) K1 phase difference (U)
2.070 PR =t 7.182
. -0.627 s 3.978
T e 1.976 e L S 2.376
-3.324 : 0.775
oy 4673 T 38 -0.827
-7.370 -4.031
36 ‘ = L N 8719 36 ‘ s L N 5.633
775 77 765 76 755 775 77 765 76 755

Figure 10. M2, N2 and K1 constituent CBOFS2 amplitude (in cm/s) and phase (in hours) errors
(CBOFS2 minus prediction) for the true eastward current component in the constant
density simulation.
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Figure 11. M2, N2 and K1 constituent CBOFS2 amplitude (in cm/s) and phase (in hours) errors
(CBOFS2 minus prediction) for the true northward current component in the constant
density simulation.
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RMS current direction errors (deg) for constant density CBOFS2
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Figure 12. RMS current speed (left, cm/s) and current direction (right, degrees) errors (from the
CSDL skill-assessment software package) at a depth of 15 feet (4.6m) for the
CBOFS2 constant density simulation at the NOS/CO-OPS/CMIST observational
stations.

The CBOFS2 versus predicted tidal currents comparisons are summarized in Tables B5-B7 in
Appendix B. The NOS target skill-assessment criteria for currents comparisons is for (a) the
speeds to agree to within 26 cm/s for at least 90% of the time (that is, CF(26cm/s) > 90%) and
(b) the directions of the major currents components to agree within 22.5° for at least 90% of the
time (that is CF(22.5°) > 90%). The metrics in these tables too were generated using the CSDL
skill-assessment package. Only the CMIST stations were employed for the comparisons as they

had better quality data, for longer durations in time and which was also better resolved with
depth.

Table B5 shows that the RMSE of the currents speeds satisfy the NOS criteria except for those at
stations cb1301 (Chesapeake City, MD located within the C & D canal) and station cb0601,
which is located within a narrow channel which the CBOFS2 model grid is unable to resolve.
This also true for the maximum flood and ebb current amplitude errors.
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Table B6 shows that the RMSE of the currents directions including those at maximum flood and
maximum ebb and all of them meet the NOS criteria stated above.

Plotted in Figure 12 are the RMS currents speed and direction errors given in Tables BS and B6.
As explained above, the largest errors are at stations cb0601 and cb1301 and with the exception
of these two stations, the errors remain well below the critical limit throughout the Bay; and,
there is not a strong pattern to their spatial distribution and there is no growth in their magnitudes
when moving up the Bay - although they show somewhat of a decrease in value.

The major current component (in the Principal Current/Flood Direction) RMSE, its amplitude
contribution and its phase contribution comparisons are given in Table B7 and they are plotted in
Figure 14. The corresponding RMSE translation curves for the comparison stations are shown in
Figure 13 and they again exhibit smooth behaviors and each contain a unique, global minimum
thus rendering the RMSE splitting method valid.
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Figure 13. RMSE translation curves for the CBOFS2 major current component for the
comparison stations.

The greatest amplitude error components are at the same stations mentioned above (cb1301 and
cb0601), which miss the NOS criteria although not by very much whereas the other stations meet
the NOS criteria quite well. The phase error component is not only largest at these two stations
but also at station CHB0301 and the examination of other depths at this station showed similar
trends throughout the water column. The data itself was found to be of good quality, and the
CBOFS2 bottom depth was also in close agreement with the observed depth. The phase errors
indicate that the CBOFS2 currents lag relative to the predicted currents. This is opposite to the
phase error trend seen in the water level comparisons.

Plotted in Figure 15 are the CBOFS2 major-direction current components against depth at three
separate time snapshots and their profiles + 1 hour relative to these times (in order to account for
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tidal phase errors in CBOFS2). Station cb1301 was excluded as it is based on Side Scan Sonar
measurements. The predicted curve is the thick black line and it was generated using harmonic
constituents extracted from observations (via the NOS software) at each of the observational
stations and depths. They show in general that CBOFS2 profiles without a time shift are the
ones that are best correlated with the predictions and that the predictions contain much more
vertical stratification specially in the near-surface and near-bottom regions. The reason for the
lack of stratification in CBOFS2 is not known but it may be due to the use of the algebraic
Mellor-Yamada 2.5 vertical eddy-viscosity closure scheme.

Amplitude major current errors (cm/s) for constant density CBOFS2 Phase major current errors (hours) for constant density CBOFS2
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Figure 14. The amplitude (left, cm/s) and phase error (right, hours) components of the RMS
errors associated with the major current in the constant density CBOFS2 simulation.
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4. SYNOPTIC HINDCAST SIMULATION

The synoptic hindcast simulation to validate the full suite of CBOFS2 output fields (water levels,
currents, temperature and salinity) was run from June 01, 2003 — September 01, 2005. This time
period was selected because: (i) it is sufficiently long (27 months) to show seasonal variations;
(i1) it has both very dry (low river discharge) and wet (high river discharge) periods as seen
from the total river discharge plot in Figure 16; and (iii) it includes an extreme meteorological
event (that is, Hurricane Isabel) as shown in Figure 17. These diverse conditions will not only

serve to validate the physics of the model, but will also test the numerical stability associated
with the CBOFS2.

— Total river volume discharge for the CBOFS2 model domain
T T T T T T
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Figure 16. Total river volume discharge for the CBOFS2 model domain spanning 2003-2005.

Wind speed plot for 2003 at Chesapeake Light, VA NDBC station
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Figure 17. Wind speed plot for August-October, 2003 at Chesapeake Light, VA NOAA/National
Data Buoy Center (NDBC) station showing hurricane Isabel.
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4.1. Initial Conditions and Model Forcings

The model was spun-up from rest and the initial temperature (T) and salinity (S) fields were
generated by (a) interpolating the World Ocean Atlas 2001 (WOA 2001, Conkright, et al., 2002)
monthly climatological T and S values on to the CBOFS2 grid in the horizontal and the vertical
for the mid-lower part of the Bay (below the Patuxent River), (b) interpolating the Chesapeake
Bay Program (CBP, 2009) T and S values for the upper part of the Bay (above the Patuxent) and
then (c¢) melding (a) and (b) in a smooth and continuous way through bilinear interpolation. The
reason for using Bay Program T, S values for the upper segment of the Bay was that in this
region, unlike in the mid-lower Bay, significant differences were seen between the Bay Program
and WOA 2001 T, S values (which had good coverage in the lower Bay).

For the river forcing, the volume discharges were obtained from the US Geological Survey
(USGS) historical data (USGS, 2009) and the river T, S values were obtained from the Bay
Program stations closest to the corresponding USGS gauge locations.

The meteorological forcing fluxes (wind stresses and net heat flux) in CBOFS2 were computed
within ROMS using its bulk flux formulation and the input fields of the wind speed components,
air temperature, air pressure, air relative humidity, net shortwave radiation and downward
longwave radiation were primarily taken from the 32 km resolution North American Regional
Re-analysis products (NARR, 2009). These 3-hourly NARR fields for winds, air temperature,
air pressure and relative humidity (via the dew point) were enhanced by spatio-temporally
blending them with hourly observed historical data within the Bay and on the shelf from the
following NOAA/NDBC stations (NDBC, 2009): TPLM2 (Thomas Point, MD), CHLV2
(Chesapeake Light, VA), 44014 (east of Virginia Beach, VA), 44009 (Delaware Bay southeast
of Cape May, NJ) and DUCN7 (Duck Pier, NC). These stations together with the NARR grid
points used for the generation of the meteorological fields are plotted in Figure 18. In order to
increase the influence of the NDBC stations in the creation of these fields (via spatial
interpolation), some NARR data points in the vicinity of the former were removed from the
process as also depicted in Figure 18. Furthermore, in the creation of the wind, air temperature,
dew point/relative humidity and net shortwave radiation fields, only water points on the NARR
grid were employed as pronounced differences in them were seen between on-land points and in-
sea points.

In addition, upon comparison with observations at NDBC station 44009, it was found that the
optimal level of net shortwave radiation to use was 80% of the value provided by NARR and
therefore a global scaling factor of 0.8 was applied to the radiation flux employed in CBOFS2.
Similar comparisons for air temperature and dew point with this NDBC station yielded minor
global adjustment factors/offsets which were applied to the fields before being used within
CBOFS2.

For the open ocean boundary conditions along the southeastern boundary, the T and S values
were taken from the WOA 2001 monthly climatology. The non-tidal water levels were those
extracted from the NOS/CO-OPS Ocean City, MD and Duck, NC stations. These values were
then distributed along the boundary nodes via linear interpolation using the arc distances from
the two end points as also described in Section 3. The tidal component of the forcing was
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generated in exactly the same manner as for the constant density simulation and thereafter the
two contributions were combined at each of the boundary grid points. For the C & D canal open
boundary, the T, S values were derived from the USGS station 01482800 which lies within
Delaware Bay, the full (tidal plus non-tidal) water levels were prescribed using the observations
at the NOS/CO-OPS Reedy Point, DE station and the barotropic currents were obtained from a
prediction using the analyzed tidal harmonic constituents from NOS station 154 as also
explained in Section 3.

Locations of data points for generating meteorological fields
5 : o

40 v o o
(o]
Q ©

o

o]

39— ] o)

385 - S

Latitude

<

37
' Chesapeake Light, VA

365 2 o
o

36 | A e GREKPIRENG e LS

35.5
I7.5 77 -76.5 -78 -75.5 -75 -74.5

Longitude

Figure 18. NARR (blue circles) and NDBC (red squares) data points used in the creation of the
wind, air temperature, relative humidity/dew point and net shortwave radiation fields;
the thick black line is the southeastern open boundary of the CBOFS2 computational
domain.

The model was run with a 15 second baroclinic time step and a 0.75 second barotropic time step;
this time step was half of that used for the constant density simulation. This reduction in its
value was necessary to maintain the numerical stability of CBOFS2 (due to the fine grid
employed to resolve the C & D canal when density effects were included). The model was run
with MPI parallelization using 96 processors and in 15-day segments, each of which took
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approximately 150 minutes to complete thereby yielding a highly efficient computational effort
ratio of 1:144. The ROMS model configuration for this case was identical to that for the
constant density simulation with exception that (i) for the vertical eddy-viscosity model choice,
the GLS k-o model was employed as it generated the best overall vertical T and S stratification;
(i1) several additional model forcings (for example, river forcing, etc.) were included; and (iii) as
described previously, a realistic T-S field was employed in the model initialization. In the
application of the model forcings, the river volume discharges, winds in the meteorological
forcing and the non-tidal water levels in the open boundary forcing were ramped up linearly in
time during the first five days past model initialization.

CBOFS2 ran successfully for the entire 27-month period without experiencing any numerical
instabilities thereby illustrating that this modeling set-up is capable of withstanding a diverse
range of environmental conditions observed in the Bay. During the computations, the maximum
u-component, v-component, w-component of the Courant-Freidrichs-Lewy (CFL) numbers as
well as the maximum of their sum were monitored to examine their numerical stability. Due to
the (i) use of the upstream-biased advection schemes in the horizontal in ROMS and hence the
lack of a need for the use of explicit horizontal viscosity to control spatial numerical oscillations
and the (i1) use of an implicit vertical viscosity formulation in ROMS (solved locally via a tri-
diagonal solver), the CFL number alone is an adequate measure of the numerical stability
associated with the overall model algorithm. Plotted in Figure 19 are the time-series for each of
the CFL number components and it shows that (a) the total maximum CFL number is well below
unity for the vast majority of the time and when it exceeds this limit, it does so for very brief
intervals in time and in highly localized regions in the model grid (hence, not rendering CBOFS2
numerically unstable and causing model blow-ups), (b) the largest contribution to the total CFL
number comes from the w-component and (c) the u-component and v-component are
significantly smaller than the w-component. It has also been found that the largest CFL numbers
usually occur within the C & D canal where the mesh is quite fine.

Time evolution of the maximum u, v, w and total CFL numbers
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Figure 19. CFL number time-history for the synoptic hindcast simulation.
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4.2. Water Level Comparisons

The water levels were compared with observed values at the NOS gauges shown in Figure 20.

CBOFS2 hindcast simulation stations archive locations
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Figure 20. Water level and currents stations archive locations for the synoptic hindcast CBOFS2
simulation for comparison with observations.

The raw RMS water level errors plotted in Figure 21 have been evaluated using observations
from the NOS/CO-OPS database (NOAA Tides & Currents, 2009b). They show that the errors
are greater in magnitude than those for the constant density case (at coincident locations) and the
largest ones are in the upper bay and up the Potomac River tributary at Washington DC.

As before, employing the translational curve method, these RMS errors were split into their
amplitude and phase components and they are plotted in Figure 23. The RMSE curves
themselves are plotted in Figure 22 and they satisfy the error splitting validity requirements of
being smooth in space and having a single, unique global minimum.
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RMS water level errors (cm) for synoptic hindcast CBOFS2
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Figure 21. RMS water level errors (in cm) for the synoptic hindcast CBOFS2 simulation.

The distribution of the amplitude and phase errors in space show that they grow when moving
towards the northern extent of the Bay and the smallest errors are in the vicinity of the Bay
mouth. In addition, the phase error grows in magnitude when moving up the Potomac River
tributary towards Washington DC. Similar inferences were made regarding the water level
errors in the constant density simulation.
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Figure 22. CBOFS2 synoptic hindcast RMSE translation curves for the comparison stations.
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Amplitude water level errors (cm) for the synoptic hindcast CBOFS2 Phase water level errors (hours) for the synoptic hindcast CBOFS2
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Figure 23. The amplitude error (cm) and phase error (hours) components of the RMS errors
associated with the water levels for the synoptic hindcast CBOFS2 simulation.

The errors associated with the CBOFS2 water levels are summarized in Table 1. The raw RMS
water level errors indicate both an improvement and a degradation relative the corresponding
errors for the constant density simulation. For the stations where the RMS errors violate the
NOS criterion (stations 8574070, 8574680, 8594900 and 8573927), generally, the synoptic
hindcast errors exceed those of the constant density simulation. In particular, the amplitude
components of the errors still remain above 15 cm whereas for the constant density tidal
simulation, practically all of the stations generated errors less than 15 cm. The phase
components of the errors however show a marked improvement over their constant density
counterparts (although still failing to meet the stringent 15 minute/0.25 hour NOS skill
assessment criterion). These CBOFS2 phase errors are always positive and hence produce a
phase lead relative to observations. In terms of the Central Frequency, CF for the RMSE, only
about five stations satisfy the CF(15cm) > 90% criterion and for the high and low water
amplitudes, they are five and ten stations respectively. Therefore, the synoptic hindcast
CBOFS2 water level predictions have a bias such that the low water amplitudes are predicted
better than the high water amplitudes and such a bias was not seen in the constant density case
(where the proportion of high and low water amplitudes satisfying CF(15cm) > 90% was the
same). As expected, it is the stations with the smallest errors that are most likely to have
CF(15cm) > 90%.
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Table 1. Water level error summary for the synoptic hindcast CBOFS2: Tidal range (cm), RMS
error (cm) and its Central Frequency (CF), high water amplitude error (AHW _err, cm)
and its CF, low water amplitude error (ALW _err, cm) and its CF (all from the CSDL
skill-assessment software package), amplitude component of the RMSE (cm) and the
phase component of the RMSE (hours).

Station Range RMSE CF AHW err CF ALW err CF Amp err Phs err
8574070 57.9 23.2 37.2 25.9 7.0 18.5 39.9 22.0 0.65
8632200 79.2 6.8 96.5 7.3 96.1 5.5 98.4 6.7 0.07
8577330 35.7 9.1 91.2 10.4 88.4 6.7 96.1 8.7 0.38
8573364 36.9 13.1 76.2 16.1 60.6 8.2 93.4 12.7 0.45
8575512 29.6 10.3 87.4 10.7 85.5 8.5 92.7 10.1 0.35
8571559 62.5 11.0 85.9 13.2 79.0 7.8 93.9 9.7 0.45
8636580 34.7 7.5 95.0 6.7 95.9 7.2 95.3 7.3 0.02
8638610 74.1 9.5 88.3 12.0 81.5 6.1 97.8 8.1 0.37
8574680 34.7 17.9 54.5 21.0 30.7 12.5 79.1 17.8 0.33
8635750 37.8 8.0 93.7 9.3 91.5 6.3 96.6 8.1 0.20
8638863 777 7.5 95.3 9.6 91.4 7.1 96.3 7.3 0.13
8571892 49.4 12.2 80.5 11.3 85.7 8.3 93.0 10.0 0.75
8594900 85.0 31.1 48.5 20.2 34.3 18.1 47.6 20.2 1.60
8573927 87.2 19.1 55.7 14.7 67.8 16.8 53.9 16.6 0.63

4.3. Currents Comparisons

The accuracy of the CBOFS2 currents was evaluated at the NOS/CO-OPS/CMIST stations
shown in Figure 20. The Chesapeake Bay Observing System (CBOS) station had time-series
data but it was of poor quality and different data segments were inconsistent with each other.
These CMIST stations were selected because they contained observed data in the 2003-2005
period of acceptable quality. The currents comparisons are summarized in Tables 2 and 3 and
plotted in Figure 23.

Table 2 shows that the current speed RMS errors satisfy the NOS skill criterion (CF(26 cm/s) >
90%) at all of the stations and except at station cb1301 (Chesapeake City, MD along the C & D
canal), where it is an improvement over its constant density counterpart. The same could be
said for the current direction RMS errors given in Table 3 in that all of the stations satisfy the
NOS skill criterion (CF(22.5°) > 90%). The current speed amplitudes and directions at flood and
ebb too satisfy the NOS criteria for a majority of the stations and that maximum ebb amplitude
errors are in general greater than those for the maximum flood amplitude. The RMS speed and
direction errors are plotted in Figure 24 and for the former, the largest error is at station cb1301
and these errors do not show any particular spatial distribution pattern or behavior.

Figure 25 shows the RMSE translational curves for the major-current component and