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ABSTRACT

The Navy Coastal Ocean Model (NCOM) has been used to eveﬂuate the suitability of
different wind fields for forcing realistic ocean circulation in a coastal ocean modei. Of
the three wind fields evaluated, one is obtained from a Numerical Weather Prediction
(NWP) model: ETA; two others are derived from satellite scatterometer observations:
QSCAT and HYBRID. Differences are observed in the characteristics of each of these
fields. Through their use with the NCOM simulations, the effects of these differences on

simulation of the coastal ocean circulation are revealed.




1. INTROGDUCTION

| Today, 1.2 biilion of the world’s population lives near the sea [Ncholls, 2002]. As a
result, coastal ocean studies and in particular, coastal ocean modeling, is a rapidly
developing area of research in modern oceanography. This work investigates how to
simulate the dynamics and processes that govern the coastal oceans’ behavior: suitable
ocean models and external forcings must be employed. Of the different forcings applied
to the ocean, wind stress is perhaps the most essential to the understanding of coastal
processes. Herein, a series of experiments are conducted to demonstrate this using a high
resolution coastal ocean model and threé suitable wind forcing fields.

The success of any ocean model is severely limited by the fidelity of the surface heat
fluxes and surface stress fields. Often, significant atmospheric changes can occur over
short scales of space and time, particularly in coastal regions, where tropical storms and
atmospheric fronts have a significant impact on the ocean’s behavior. Oceanic variability
on the continental shelf is closely tied to the temporal ahd spatial variability of local
atmospheric forcing [B&mgarMer et al., 1999]. Fronts, internai waves, upwelling and

mixing processes: in short most of the phenomena of interest to the coastal

atmospheric forcing [Bamgartner et al., 1999]. Fronts, mternal waves, upwelling ana
mixing processes: in short most of the phenomena of interest to the coastal

oceanographer, are all strongly influenced by local and remote winds.




The West Florida Shelf (WFS, 15.55°N —31.50°N,80.60°W —98.15°W") (Figure 8)

is chosen as the test area with these considerations in mind. The WFS is amongst the
broadest continental shelves in North America [Li ef al., 1999]. Its inner shelf has an
average width of 150 km, making it relatively distinct from its associated shelf break
region. In comparison with other continental shelf locations, the WFS is relatively
insolated from major ocean circulation currents. Occasionally, near the narrower regions
of the shelf and in the external part of the shelf, large intrusions of Loop Current water
can penetrate the inner shelf, dominating local circulation over time intervals of two to
three weeks [Boicourt et al., 1998]. However, the primary variability of circulation across
the WES arises from wind stress fluctuations [ Weisberg et al., 2001, Boicourt et ‘al.,
1998]. Previous works have further noted that the WFS produces a sea level response to
wind stress stronger than that on the Oregon Coast [ Marmorino, 1983, Cragg et al.,
1983].
Three different wind forcing fields, which are considered suitable for reproducing the

variability of the local atmosphere, are evaluated in this study. The first of these is

surface winds obtained from NOAA’s medium-range Eta-29 weather model. Previous
studies have examined the suitability of the Eta-29 and other weather models to force
coastal ocean models in regions like the Middle Atlantic Bight [Bamgartner and
Anderson, 1999] with some favorable results. For the remaining two wind fields,
observations made by the National Aeronautics and Space Administration’s (NASA’s)

SeaWinds scatterometer are used to construct forcing fields to force the model. Several
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SeaWinds scatterometer are used to construct forcing fields to force the model. Several
studies have demonstrated that satellite scatterometers, which provide relatively high

resolution measurements of ocean surface winds, are also quite suitable for the same task



[Milliff et al., 1999; Grima et al., 1999; Verschell et al., 1999; Hackert et al., 2001]. The
second wind field is based solely on-objectively gridded scatterometer observations. The
third wind fieid, a hybrid field, is produced with scatterometer obseryations blended with
a background field taken from the Eta-29 analysis.

The Navy Coastal Ocean Model (NCOM) is chosen for use in this study for its high
resolution and the robust physics it incorporates [Martin et al., 2000]. It is a recently
developed coastal ocean model that possesses a number of adaptable features including a
unique hybrid-vertical coordinate system, which makes it well suited for simulating
ocean processes in the continental shelf and shelf break regions.

Through the éxamination of these three different wind fields and a corresponding
study of their impact on the ocean model’s performance, the usefulness of satellite
derived wind fields and numerical weather prediction model wind fields for forcing
coastal ocean models is explored. Section 2 presents the wind fields in full detail, as well
as the in situ data obtained for this study. Section 3 describes the NCOM model and the
configuration of the wind forcing experiments that are conducted. Results from these
experiments as well as a study of the wind types’ variability appear in section 4. A

discussion of these results and pertinent conclusions are given in section 5.



2. DATA SETS

A series of individual experiments are conducted to evaluate the influence of three
separate wind forcing fields on a coastal ocean model’s performance. These three wind
forcing fields are discussed in detail below. Descriptions of in situ for validation as well
as the resulting ocean model output are also detailed. Surface wind stresses based on the
different wind fields are compared, rather than wind speed. Gridded scatterometer data is

analyzed as pseudostress and calibrated to a reference height of 10 m, the details of which

are introduced in 2.2. A bulk aerodynamic method is used to determine wind stress T

U0

T=p Cythy
where u,, is the wind vector at 10 m and u,,, v,, are the zonal and meridional

components of the wind vector respectively, p = 1.2 kg-m™ is the density of air, C, is

the drag coefficient [Large et al., 1995] and is determined by

o))

1
+0.142+0.0764

Uy

C, =0.001(2.7

Thic xirinAd Aanandant fiinntinn 77 ic nead thranoh thic ctiudss

C,=0.001(2.7 lu, +0.142+0.0764 ]uj‘)

This wind dependent function C, is used through this study.




2.1 Eta-29 Winds

The Eta model is an established medium-range numerical weather prediction model
developed by the National Center for Environmental Prediction (NCEP). Currently,
several different versions of the Eta model serve in operation throughout North America.
Eta-29, a model variant, is run twice daily by NCEP on a rotated longitude/latitude
semistaggered Arakawa E grid with 50 levels in the vertical domain [Black, 1994] as weil
as a 29-km horizontal resolution. The Eta-29 or MesoETA as it is often called, includes
10-m wind vectors in both its analysis and forecast fields. For experimental use here,
these 10m winds are extracted from the 0Z and 12Z forecast field, which will be referred

to as ETA later.

2.2 Wind Stress from SeaWinds Scatteromeier Winds

and Scatterometer/Eta Hybrid

Scatterometers are active microwave instruments capable of determining wind
vectors over the ocean surface. NASA’s SeaWinds scatterometer, is carried onboard the
sun-synchronous, polar orbiting satellite, QuikSCAT (Q}SCAT) launched in July, 1999.
Typically, SeaWinds reléys wind vectors from 93% of the world’s ice-free oceans in a

period of 24 hours [Spencer et al., 1996, Bourassa et al., 2002]. This scatterometer data

Typically, SeaWinds relays wind vectors from 93% ot the world’s 1ce-free oceans 1n a
period of 24 hours [Spenéer et al., 1996, Bourassa et al., 2002]. This scatterometer data
however, has an inhomogeneous distribution due to the satellite’s orbital motion. For this

reason, a variational method is employed to produce gridded pseudostress fields derived




from the SeaWinds observations. These pseudostress values are then used to determine

wind stress and force the ocean model.

The zonal (7, ) and meridional (7, ) components of the wind stress are:
Tx = p CDP\‘ a‘nd Ty = p CDPy‘o‘ (1)
where p is the density of air, and C,is the drag coefficient. The zonal ( P, ) and

meridional { P,) components of the pseudostress are defined as:
Px=ul;‘ andPysz, (2)
where M is the scalar wind speed, and » and v are the zonal and meridional components

of the wind vector as above.

Pseudostress fields for both gridded wind fields which will be called as QSCAT and
HYBRID fields are determined through variational approach adapted from [Pegion, et
al., 2000] which involves the minimization of a cost function, (f), constructed of three

weighted terms:

r=3fp oif(2-r)-(3-2) ]

B, L“{[VZ(P_\_—P%)Z]+[V2(P),—Pybg)2]}+ B, LZ[/;eVX(P—é,g)Z]} 3)

where the betas are weights, the i, j subscripts for geographical position have been

where the betas are weights, the 7, j subscripts for geographical position have been
dropped, the pseudostress (Py,P,) without additional subscripts is the solution field, the

‘0’ subscript indicates observations, the subscript ‘bg’ indicate the background field, ¢ is



the uncertainty in a grid cell’s observed wind component, and L is a length scale of the

latitudinal grid spacing that make the functional dimensionally sound. The f3, term of f

scales the misfits tc the observational values. The 8, term scales regularization relative

to a chosen background field. The last term minimizes the misfit of the curl of the
pseudostress, relative to the same background field. Each of these constraints is
multiplied by a weight (3, , B,, B.). In practice, the equation is simplified by dividing

by B, , resulting in only two weights (in other words, B, is set to unity). These weights

a

are determined through cross validation [Pegion et al., 2000] resulting in 5, =0.01 and

B, = 0.02 with negligible seasonal variation.

These weights are fixed to the same value for the construction of the QSCAT and
HYBRID data sets. The differences between the QSCAT and HYBRID fields are due to
the different background fields. For construction of the QSCAT only gridded data set, the
background pseudostress field is generated after passing QSCAT wind observations
through a Guassian filter in time and space and standard deviation of 6 hours and 2°. For
the HYBRID data set, this background is obtained from the 0Z and 12Z analysis of the
Eta-29. While the scatterometer instrument has a gridded spacing of 25 km, both of the

gridded fields evaluated in this experiment are produced on a 0.5°x0.5° grid.

2.3 NDBC Buoy Winds

dmens LNAFAFN. UFUUF VY ARAULD

Winds from the three different fields discussed above are compared to in situ
observations made by a National Data Buoy Center (NDBC) buoy. The NDBC maintains

an extensive network of buoys and associated observational stations throughout the



coastal waters of the U.S. These stations routinely provide observations of ocean

variables as well as standard meteorological data, including wind speed and direction. For
the analysis conducted in this study, data from buoy 42036 is used. This buoy is moored
in the Northwest region of the WFS, at 28.51°N, 84.51°W (Figure 1 and Figure 8). The
measurements of wind speed and direction were made using a conventional anemometer
mounted 5m above the base of the buoy (ocean surface). Both wind speed and wind
direction measurements were averaged over an eight-minute period and reported hourly.

[National Data Buoy Center, 2002, available at http://ndbc.noaa.gov/ measdes. shtml]

In situ 5 m buoy observations are corrected to 10 m using the formula:

Us

=1.075

Uy

where ;1—; is the wind magnitude at 5 m, E is the wind magnitude at 10 m, the

coefficient 1.075is calculated from a power law relationship and it is also consistent with
the BVW [Bourassa et al., 1999] height adjustment for a neutral atmospheric

stratification.

2.4 In Situ Sea Surface Height (SSH) Observations

Sea Surface Height (SSH) observations used in this study are obtained from the
Center for Operational Oceanographic Products and Services (CO-OPS). CO-OPS

collects, analyzes and distributes historical and real-time observations and predictions of

e e N e = aha i N -

collects, analyzes and distributes historical and real-time observations and predictions of
water levels, coastal currents and other meteorological and oceanographic data as part of
an integrated National Ocean Service program which functions in conjunction with the

National Weather Service, which are both administered by the National Ocean and



Atmospheric Agency. [Center for Operational Oceanographic Products and Services,

NOAA, 2002, http://co-ops.nos.noaa.gov/ ]

The primary water level measurement was obtained from a downward looking
acoustic sensor. Measurements were taken at 6-minute intervals with each measurement
consisting of a set of 181 one-second interval water level samples centered on each tenth
of an hour. The 181 samples were averaged, a three standard deviation outlier rejection
test applied, and the mean and standard deviation recalculated and reported along with
the number outliers. The reported measurements had 0.01 ft resolution. [Center for
Operational Oceanographic Products and Services, NOAA, 2002]

SSH data are obtained from the stations at Apalachicola (APA, 29.73°N , 84.98°W )

Cedar Key (CDK, 29.14°N , 83.03°W ), Clearwater Beach (CWB: 27.98°N,82.83°W )

and Naples (NPL 26.13°N,81.81°W ) from north to south, west to east along the WFS.




3. MODEL DESCRIPTION AND WIND FORCING EXPERIMENTS

3.1 NCOM Model Description

The Navy Coastal Ocean Model (NCOM) is used in this study to evaluate the
influence of different wind forcing fields on coastal ocean simulations. The complete
NCOM description is presented in detail by Martin [2000]. Still, while the NCOM is
relatively a new model, it is based primarily on two ocean models, the Sigma-Z model
(SZM) developed by [Martin et al., 1998], and the Princeton Ocean Model (POM)
developed by [Blumberg and Mellor, 1983, 1987]. The basic physics and numerics of the
NCOM originated from the POM. Higher order numerical schemes were later
incorporated. A hybrid sigma-z-level vertical coordinate system is added as in the SZM
to make the NCOM better adapted to studying phenomena in coastal waters.

Like POM and the SZM, the NCOM is based on primitive equations of motion. It
employs a free surface at the atmospheric-ocean boundary, and assumes hydrostatic,
incompressible, and Bussinesq approximations. Temperature, salinity, three dimensional
velocity, and sea-surface height are prognostic variables of the model. The model

-equations are solved on an Arakawa C grid with a semi-implicit time integration scheme
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.equations are solved on an Arakawa C grid with a semi-implicit time integration scheme

and a third order upwind differencing method for advection [Holland et al., 1997].



Rl i':

Among the most unique aspects of the NCOM is its hybrid vertical coordinate

system composed of both sigma and z-level layers. The versatility of this structure allows
for improved simulations of ocean circulation on the continental shelf and more accurate
simulations over the entire shelf (Figure 2). This coordinate system may be configured to
best suit varying shelf topographies. As can be seen, the use of sigma layers provides for
terrain following layers over the very gradually sloping shelf plateau, thereby allowing
the model to more accurately reproduce the shallow water dynamics. Along the shelf
break however, where steeply sloping topography arises, use of sigma coordinates proves
problematic in the determination of horizontal gradients. Transitioning to Z- levels in
such regions eliminates this problem. The use of both vertical coordinate types in the
regions of their respective strengths thus allows for a highly accurate simulation of the
circulation over the entire shelf region.

The model may be forced by atmospheric pressure, tidal potential, river and

freshwater runoff, surface heat fluxes, salt fluxes and inflow at open boundaries.
3.2 Numerical Experiments

The above description relates the versatility of the NCOM and its unique ability to be
configured for almost any particular interest in coastal studies. Here, the configuration of
the NCOM is such to facilitate examination of the coastal ocean’s response to different

wind forcing regimes. (wind driven phenomena scale). In the experiments conducted, the
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wind forcing regimes. (wind driven phenomena scale). In the experiments conducted, the
resolution of the model’s horizontal grid was set to %° (roughly equivalent to 5 km)

with a time step fixed to 400 seconds. Each simulation employs a vertical grid using 20



evenly spaced sigma layers above 100 m and 20 Z-level layers below 100 m. The depths

of the z-levels are chosen so that the first one below 100 m is spaced at 5 m, and the
remaining stretched logarithmically to the bottom with a maximum depth of 4000 m.

While the region studied for these experiments is confined to the WFS. The domain
for each model simulation encompasses the entire Gulf of Mexico (15.55°N —31.50°NV ,
98.15°W —80.60°W ), with open boundaries in the Caribbean Sea to the Southeast as well
as the Florida Straits to the East. Inflow in the Caribbean forces a Yucatan Strait transport
of roughly 30 Sv.

Data derived from 0.5°x9.5° analyzed COADS monthly climatology fields [DaSilva,
1994] ére used to calculate surface fluxes of heat (latent heat flux, éensible heat flux and
radiative heat fluxes penetrating the ocean’s surface with a Jerlov type extinction profile)
for all simulations. A spatially uniform, temporaily constant surface salt flux is consistent
with evaporating the same amount of fresh water input by the 30 principle rivers from
stations both in the United States and Mexico. Sea surface temperature is relaxed to

monthly climatology (through a heat flux correction) with a time scale proportional to the

mix layer depth, that is, T=%H, where k=1m-day™.

The separate model simulations conducted to evaluate the different forcing fields are
conducted for a period of nearly eighteen months, from July, 1999 to December, 2000.
This period begins after a five-year span during which the NCOM is initialized at rest

-~ with temperature and salinity data taken from the World Ocean Analysis [WOA4, 1994}

.~ with temperature and salinity data taken from the World Ocean Analysis [WOA4, 1994}
and run with the climatological forcing.
For the individual wind forcing experiments, wind stress is generated from the 3

individual wind fields described in section 2. For each wind field, a separate simulation is



made. For all simulations, wind stress is interpolated to the model grid using bicubic

splines interpolated linearly in time between 12 hourly records.



4. RESULTS

Results from the experiments described in section 3 are analyzed in two phases. The
first phase of this analysis consists of an examination of the intrinsic behavior of the
ETA, QSCAT and HYBRID winds and their comparison with in situ observations on the
WES. In the second phase of analysis, the influence of each wind field behavior on the
NCOM’s ocean simulations is investigated. In particular, coastal sea surface height
(SSH) is examined as a variable that reflects the influence of the wind fields on the ocean

mode!’s performance.

4.1 Wind Variability

An evaluation of each wind field is made by comparing the wind vectors at one
location with in situ observations. This evaluation is conducted for the approximately
eighteen-month time period of the study. This serves as a more or less “quick look™ of the
variability, and reveals many interesting inherent characteristics of each of the wind

fields studied.
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fields studied.
Time series of the wind fields (Figure 3) at the NDBC buoy location qualitatively

expose many of the intrinsic characteristics of each wind data sets. It can be seen that the



ETA winds are generally in the same direction as that observed by the buoy. However,
the magnitude of the ETA wind stress ﬁeid is much smaller than that of the observations.
This deficiency is especially pronounced during strong atmospheric events, many of
which are typically observed in the Gulf of Mexico region.

In contrast, gridded QSCAT wind stress vectors compare more closely in magnitude
with the same buoy observations. Unlike the ETA wind stress, QSCAT does noticeably
well in duplicating in situ observations of stronger events as well as typical circulation
patterns. The HYBRID wind stress field behaves quite similarly to the QSCAT.

While these are general traits observed throughout the period of this study, a more
quantitative comparison of the different wind fields can be made by computing the
complex correlation of wind stress vectors of the different wind fields with in situ
observations. Like its linear counterpart, the complex correlation yields a coefficient
whose value relates similarity in different time series patterns [Kundu et al., 1975].
Unlike the linear correlation however, the complex correlation also relates similarities in
phase in the form of an average veering angle. Thus, the complex correlation serves as a
valuable tool for analyzing the behavior of different sets of vectors (Figure 4a, 4b).

The ETA wind stress field has the highest correlation coefficient value of the three
fields evaluated, followed by the QSCAT (value) and HYBRID (value) fields. The ETA
model wind fields on average appear more in phase with the buoy observations than
either of the scatterometer based fields. It should be noted that NDBC buoys have a

propeller-vane anemometer which records measurements once every hour (an 8-min

VALLIVA WL WAV UVMLLVA VLWLV UMW LAVALIUS AU MALT AN & LI VW VAL L 1A 4 N M b AAe e

propeller-vane anemometer which records measurements once every hour (an 8-min

average of the wind speed and a single direction) with accuracies of 1 ms™ and 10°, for

wind speed and direction respectively [Gilhousen, 1987]. Thus, the average veering




angles, for the scatterometer-derived wind fields are comparable in magnitude to the
instrument error.

Wind stress magnitude is important to the behavior Qf ocean models. Thus, in
addition to the complex correlation analysis, time averages of wind stress magnitude are
also determined for each of the different wind fields and compared with the buoy
observation. The QSCAT and HYBRID forcing fields produce mean wind stresses that
are very similar to that measured by the buoy (Figure 4c), with the QSCAT wind stress
magnitude 9% lower and the HYBRID wind stress magnitude 4% larger than the buoy
~ wind stress magnitude. Contrastingly, the ETA is the weakest winds of all data sets
considered. Its mean wind stress magnitude is less than half of the in situ observations
(Figure 4c). The results could be different elsewhere. However, there are three snapshots
of the wind fields for the whole GoM from three different wind fields on Sep, 20, 1999,
when a tropical storm, Harvey passed by (Figure 5). It is shown that all three wind fields
have the similar pattern, with a low pressure center (tropicél storm) near the east of GoM
or WFS. But it is also obvious that the intensity of the low pressure are different, with
ETA wind field the weakest, the HYBRID strongest, QSCAT in the middle.
Correspondingly, there are differences in the coastal sea level fluctuations to different
wind fields.

The- plot of the wind vector time series suggests that there is a pronounced seasonal
variability in weather pattérns observed over the WFS (Figure 6). It appears that between

October and April strong atmospheric events are more frequent in the WES region. In this

variapilty in weatner patlerns observed over the Wk (rigure o). It appears that between
October and April strong atmospheric events are more frequent in the WFS region. In this
period, which henceforth shall be referred to as the “winter season”, the atmosphere is

active with the passage of strong cold fronts moving across the WFS. In the period of




May through September however, or “summer season,” more moderate atmospheric

activity prevaiis. Unlike during the winter months, energetic events occur with a
considerably reduced frequency and intensity. This season is tempérgd by weaker winds,
with the exéeption of occasional tropical weather systems that may pass through the
region.

Characteristics of the wind products discussed previously are generally applicable to
the summer months and winter months when treated separately (Figure 7). The QSCAT
and HYBRID fieids still have similar mean magnitudes as the buoy winds, and the ETA
wind stress remains approximately one half that measured by the buoy. However, the
mean wind stress 1s signiﬁbantly greater during the winter months so it is at this time that
one expected the Eta model underestimatiqn of the wind stresses to have the most

profound impact on the ocean model solution. This will be examined in section 4.2.2.
4.2 Sea Surface Height Response to Different Wind Fields Forcing
4.2.1 General

A separate model simulation is conducted for each different wind forcing field. These
will be referred to as NCOM/ETA, NCOM/QSCAT, and NCOM/HYBRID respectively.
From these individual triéls, the model output is compared with the in situ data along the

| WFES. Variability in coastal sea level is dominated by local wind forcing on the shelf in
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WES. Variability in coastal sea level is dominated by local wind forcing on the shelf in
GoM. For this reason, the sea surface height field (SSH) of the model results is of

particular interest in this analysis.




Four observational locations are chosen to study the variability in simulated sea

surface height as a function of the different wind forcing fields. These stations are located
along the WFS at Apalachicola (APA), Cedar Key (CDK), Clearwater Beach (CWB),
and Naples (NPL) (Figure 8). Simulated records are obtained from the model grid points
nearest to these locations and comparisons are made between simulated and observed
SSH. All of the simulations are conducted without the presence of tides or the
contribution of atmospheric pressure in the model. As a result, the in situ observétions are
detided following the method of Foreman [1996].

First, in a comparative study of the SSH variability, the SSH anomaly for each
simulation as well as observations is examined (Figure 9). These results exhibit
analogous variability to that of the wind fields as discussed earlier (Figure 3). Simulated
SSH variability from NCOM/ETA appears significantly smaller in magnitude than that
generated by the NCOM/QSCAT and NCOM/HYBRID, as well as observation. During
several strong events in the fall of 1999 and the fall of 2000, this discrepancy between the
ETA trial and the other values appears largest, just as in the original wind fields
themselves. From a snapshot of the SSH fields on WFS during the time when tropical
storm Harvey passed by GoM, the difference between simulated SSH from different
model runs are very clear (Figure 10): there is no sign of upwelling due to the Harvey
arrival in NCOM/ETA simulation results; there is very obvious upwelling in
NCOM/QSCAT model runs, with much stronger current flowing toward the coast where

upwelling occurs; in NCOM/HYBRID, upwelling appears with larger amplitude and
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upwelling occurs; in NCOM/HYBRID, upwelling appears with larger amplitude and

area.



Linear correlations of simulated SSH and observational data are computed over the

entire time period at each of the four stations (Figure 11a). It is apparent that the
correlations of SSH from the NCOM/QSCAT and NCOM/HYBRID with the in situ data
are consistently higher at each station than from the NCOM/ETA. Calculation of root-
mean-square error (RMSE) scaled by the standard deviation of the observed SSH at each
station (Figure 11b) reveals similar behavior. At each station, the scaled RMSE value of
the NCOM/ETA simulations is much larger than that of the NCOM/QSCAT and
NCOM/HYBRID model runs.

Since the model simulations are conducted without considering the contribution of
atmospheric pfessure, an inverse barometer calculation is made to adjust the simulated
SSH at two st.ations. The resulting correlation coefficients and scaled RMSEs are
improved at each station (Figures 12, 13, Table la and 1b). It is interesting that the
benefit of the added atmospheric pressure contribution significantly improves results of

the NCOM/ETA model run.
4.2.2 Seasonal Sea Level Response on the WES

In continental shelf waters, large sea level fluctuations typically correspond to
energetic atmospheric forcing. Indeed, there appears to be a very similar seasonal
fluctuation in the frequency of energetic ocean events in the WFS region to that observed

in the previous analysis of the regional winds. Characteristics of the previously
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in the previous analysis of the regional winds. Characteristics of the previously
determined seasons, winter and summer, hold true for the ocean variables examined here.

In response to strong atmospheric forcing between October and April, larger amplitude



sea level fluctuations are more frequently observed on the WES than during the summer

months of May through September.

Correlation coefficients and RMSEs (scaled by the standard deviation of the observed
SSH during each season) are recalculated for the two previously established seasons
(Figure 14a —14h). The NCOM/ETA results show little change from season to season.
That is, the errors increase as the variance (STD) of the sea level fluctuations increases.
The NCOM/QSCAT and NCOM/HYBRID results however, show markedly higher sea
level correlation with observations during the winter season than during the summer. The
RMSEs scaled by the seasonal standard deviation of observed sea level also show
improvement during the winter season. These results suggest that the greatest
enhancement of the NCOM simulations performance by the two scatterometer derived
wind forcing fields, QSCAT and HYBRID, occurred during the more energetic wind
forcing of the winter season. It is also obvious that during the two time periods, the
correlation coefficients between simulated SSH from NCOM/QSCAT, NCOM/HYBRID
and observed SSH are always nearly equal to or higher than that from NCOM/ETA. The
scaled RMSEs from NCOM/QSCAT and NCOM/HYBRID are similarly nearly equal or
smaller than that from NCOM/ETA. While the analysis of the wind variability suggested
that the ETA should be quite suitable for forcing an ocean model considering its good
correlation with observation, serious doubts of this appear in the examination of the
NCOM/ETA simulation results.

This analysis suggests that it may be useful to more carefully focus interest on the
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- This analysis suggests that it may be useful to more carefully focus interest on the
model response during large amplitude sea level events. The sea level time series are

objectively decomposed into two parts. The first part is obtained by taking seven day



windows centered around observed sea-level anomalies whose magnitude is greater than

two standard deviations computed from the complete record. This part is designated as a
‘strong events’ subset of the record, and composed mostly of events oc_qurring during the
winter season discussed above. Only few events in the summer season, including three
tropical systems, are included in the strong event subset. This subset includes about 20%
of the full time record. The second part comprises the remaining sea level record. This
part, deemed the ‘weak events’ subset, contains only weak or moderate sea level
fluctuations, most of which are observed during the summer season (Figure 15). The
RMSEs scaled by the standard deviation of the observed SSH from strong/weak events
are calculated to study the effect of the differences of the different wind stress forcings on
the ocean during these energetic fluctuations.

1t is apparent that the SSH from NCOM/ETA simulation during strong ocean events
has by far the largest error of the three simulations considered (Figures 16i, 16j, 16k and
161). Results form the NCOM/QSCAT and NCOM/HYBRID numerical experiments
have much smaller errors and are very similar to each other. When the simulated SSH is
considered for periods excluding strong events (Figures 16e, 16f, 16g and 16h), there is
little difference in RMSEs values for either NCOM/ETA, NCOM/QSCAT or
NCOM/HYBRID runs during this subset of the period studied.

The RMSEs calculated for the whole study period reveal a similar pattern to that
observed when scrutinizing periods with strong events alone. This shows that the

influence of the strong events is substantial over the period studied. These events play a
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influence of the strong events is substantial over the period studied. These events play a

significant role in the overall wind driven variability of the WES sea surface. They also



place a strict requiremeht that wind fields be chosen such that they suitably force ocean

models for these periods of time.

Thus it is noted that there are great differences between the ocean model solution
during strong events for the model runs forced by the ETA winds versus the
scatterometer-derived wind fields and relatively little difference for periods when such
strong events are absent. It is evident that the pattern of the RMSE observed for strong
events impacts the RMSE determine for the entire period of study (Figures 16a-d and 16i-
1). Also, as in the detailed examination of strong ocean events alone, the RMSE is
significantly higher for the NCQM/ETA simulation, and, for the QSCAT and HYBRID
simulations, nearly identical. |

From this analysis it is clear that the representation of strong atmospheric events in
the wind stress field has a great influence on the ability of the model to correctly simulate
coastal sea level. The ability of the QSCAT and HYBRID wind fields to accurately
capture strong events in the atmosphere translates into a more realistic rendering of the
coastal ocean circulation in the model. For the ETA wind field, the inability of the
weather model to represent accurately the energetic weather over the ocean equates to a

poorer simulation of the ocean’s response in the model.



5. CONCLUSIONS

The NCOM has been used to evaluate the suitability of different wind fields for
forcing realistic ocean circulation in a coastal ocean model. Of the three wind fields
evaluated, one is obtained from a Numerical Weather Prediction (NWP) model, and two
others are derived from satellite scatterometer observations. Differences are observed in
the characteristics of each of these fields. Through their use with the NCOM simulations,
the effects of these differences on simulation of the coastal ocean circulation are revealed.

The Eta-29 is a high resolution weather model and has been considered a very good'
candidate for coastal ocean modeling applications in North America. However, results of
this study strongly suggest that wind fields produced by the Eta should be used with
caution. At first glance, the Eta-29 exhibits a high correlation with the local wind stress
variability. Through comparison of wind stress derived from in situ observations though,
it is apparent that the Eta-29 seriously underestimates the intensity of the local wind
stress. This weakness in wind stress magnitude produces a much weaker ocean response
in the NCOM simulation. This is clearly evident in the examination of sea-level

variability.
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variability.
Very few previous studies have used satellite scatterometer winds to provide surface

forcing for ocean models and even fewer (if any) for coastal ocean models. This is in



large part due to the incomplete coverage of scatterometer observations in space. and
time. However, it is shown here that this limitation may be overcome and, when properly
used, these satellite surface winds can be quite useful for coastal ocean simulations.
Scatterometers provide high resolution surface winds over the ocean and offer equal or
better accuracy than most conventional marine observations. Here, it is shown that using
a variational method, scatterometér winds may be blended with a background field to
produce a new set of spatially and temporally complete gridded surface forcing fields. It
is useful for forcing ocean models for studying ocean dynamics in coastal regions with
high resolution in space and time.

Two such scatterometer—derivéd fields are evaluated in this study. The QSCAT field
is created by after applying the variational method using binned and smoothed
scatterometer observations as a background field. The HYBRID field is created using the
same method, but with a background derived from the Eta-29 model data. In comparison
with in situ observations, the QSCAT and HYBRID fields quite' reasonably represent the
variability of the wind stress over the WFS. Both wind fields exhibit a high correlation
with buoy observations. Unlﬂce the ETA, the consistency of the QSCAT and HYBRID
wind stress fields magnitude is maintained during strong atmospheric events. This is
proven to be crucial to the corresponding oceanic response simulated by the NCOM.

The NCOM simulations which employ wind stress forcing frbm the QSCAT and
HYBRID fields compare most favorably with in situ observations. Over the entire study

time period, the NCOM/QSCAT and NCOM/HYBRID simulations demonstrate the
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time period, the NCOM/QSCAT and NCOM/HYBRID simulations demonstrate the
highest correlation of sea level variability and the smallest RMSE relative to the

observations. In contrast, the NCOM/ETA simulations exhibit the largest RMSE relative




to observation, and a much lower correlation. During periods of strong local wind events,
the NCOM/ETA simulations produce much weaker corresponding sea level responses in
magnitude than the observed variability. Where a high correlation is observed between
the ETA winds and observation, the weakness of the ETA derived wind stress field
produces a correspondingly weak correlation between NCOM simulated SSH and that
observed in the ocean.

It is evident that the major differences in the ETA, QSCAT, and HYBRID winds arise
when the nature of the local wind variability changes seasonally. Observational data
examined during the full period of study exhibits a pronounced seasonal variability in the
winds and the corresponding SSH. This seasonal variability has an impact on the
evaluation of the winds and their influence on the NCOM simulations. During the
summer season, tempered by moderate atmospheric activity, the ETA, QSCAT, and
HYBRID fields differ less from each other and closely represent the observed winds. For
the occasional strong events that are observed in the late summer, signi'ﬁcant differences
occur between the wind fields, and between the ocean simulation results. In the winter
season these differences are most pronounced because many more energetic events occur
in this season in the GoM and across the WFS. Both the QSCAT and HYBRID fields
seem to excel in these conditions. NCOM/QSCAT and NCOM/HYBRID simulations
during the winter perform quite well, with the simulated coastal sea level correlating well
with observed energetic ocean sea level fluctuations and relatively low RMSE values

relative to in situ observations. NCOM/ETA simulations fail to capture the full
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relative to in situ observations. NCOM/ETA simulations fail to capture the full
magnitude of the same events, with modeled sea level correlating less well and with

increased errors to observations.




Thus, in an effort to evaluate different wind fields to be used in coastal ocean
modeling, it is found that both of the scatterometer-derived fields are most suitable. The
Eta-29 model, while seemingly attractive at first, exhibits serious undgrestimates of wind
stress magnitude compared with observations. This deficiency translates into insufficient
momentum flux to the surface of the ocean model, and therefore weaker simulated sea
level response. This is most evident during energetic wind-driven events. In contrast,
simulations conducted with both scatterometer fields, QSCAT and HYBRID perform
very well. Results from both simulations are nearly identical, exhibiting a pronounced

skill in reproducing the response of the ocean surface to the local wind.




Buoy Station Map

Figure 1. Station 42036 (28.51 N 84.51W) which is owned
and maintained by National Data Buoy Center (NDBC).
Site elevation: sea level; Air temp height: 4 m above site
elevation; Anemometer height: 5 m above site elevation;
Barometer elevation: sea level; Sea temp depth: 0.6 m
below site elevation; Water depth: 53.0 m;Watch circle
radius: 126 yards.
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NCOM Vertical Coordinate System

-20¢

~40}

-60

-80|

—100

Depth(m)

1401

~160 F
|

-180 7

_200 | ! |
85W 84W 83W

Figure 2. lllustration of the way the combined sigma/z-level grid is set up in NCOM
simulations at 27 N on West Florida Shelf (above 200 m), with sigma layers above 100 m
and z-levels below 100 m (the middle of the grid cell are shown for every fourth sigma
layer above 100 m and for every Z level below 100 m).
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Figure 3. Wind stresses from observation (cyan), ETA (green), QSCAT (red) and
HYBRID (blue) from July, 1999-Dec, 2000 at 28.51° N, 84.51° W (to be continued).
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Figure 3. Continued,
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Wind Stress Comparison between Observation and ETA, QSCAT and HYBRID
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Figure 4. Complex correlation coefficient (a), average veering angle (b) and mean value

Complex Correlation Coefficient of the Wind Stress Compared with Buoy Data
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Figure 5. Snapshots from the ETA, QSCAT and HYBRID wind fields taken from the
entire GoM. These snapshots capture the arrival of tropical storm Harvey on September
20, 1999, 00:00 Z.
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Figure 6. Wind stresses from observation (cyan), ETA (green), QSCAT (red) and
HYBRID (blue) from July, 1999-Dec, 2000 at 28.51° N, 84.51° W.



Wind Stress Comparison between Different Wind fields During Different Time Periods
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Figure 7. Complex correlation coefficient (a), average veering angle (b) and mean value
(c) of wind stress from ETA (green), QSCAT (red) and HYBRID (blue) wind fields
compared with buoy observation (cyan) during different time periods at 28.51° N, 84.51°
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The Map Where the Four Stations

and NDBC Buoy are Located
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Figure 8. Wind data from NDBC 42030 is used to compare with ETA, QSCAT and

HYBRID wind fields; SSH data from four stations along the WFS are also examined,
they are Apalachicola, Cedar Key, Clearwater Beach and Naples.
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Figure 9. Time series of SSH anomaly from observation (cyan), NCOM/ETA (green),
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Figure 9. Time series of SSH anomaly from observation (cyan), NCOM/ETA (green),
NCOM/QSCAT (red) and NCOM/HYBRID (blue) model simulations during July, 1999-
Dec, 2000 at four stations: Apalachicola (APA), Cedar Key (CDK), Clearwater Beach
(CWB) and Naples (NPL).




Figure 10. Snapshots of the SSH fields on
WES from NCOM/ETA, NCOM/QSCAT
and NCOM/HYBRID at 06:00 Z, Sep 20,
1999, which is 6 hour after tropical storm

Harvey arrived GoM.
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SSH Comparison for The Whole Study Time Period

Correlation Coefficient (r) RMSE (scaled by std. dev. )
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Figure 11. Coirelation coefficient (a) and RMSE scaled by standard deviation of
observed SSH (b) between SSH anomaly from observation and NCOM/ETA (green),
NCOM/QSCAT (red) and NCOM/HYBRID (blue) model simulations during July, 1999-
Dec, 2000 at four different stations: Apalachicola (APA), Cedar Key (CDK), Clearwater
Beach (CWB) and Naples (NPL).



SSH Time Series with Inverse Barometer Correction Added to Model Simulations
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Figure 12. Time series of SSH anomaly from observation (cyan), NCOM/ETA (green),
NCOM/QSCAT (red) and NCOM/HYBRID (blue) model simulations during July, 1999-
Dec, 2000 at four different stations: Apalachicola (APA) and Clearwater Beach (CWB)
after inverse barometer correction is added to SSH from model output.




SSH Comparison for The Whole Study Time Period
after Inverse Barometer Correction Being Added
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Figure 13. Correlation coefficient (a) and RMSE scaled by standard deviation of
observed SSH (b) between SSH anomaly from observation and NCOM/ETA (green),
NCOM/QSCAT (red) and NCOM/HYBRID (blue) model simulations during July, 1999-
Dec, 2000 at four different stations: Apalachicola (APA), Cedar Key (CDK), Clearwater
Beach (CWB) and Naples (NPL) after inverse barometer correction is added to SSH from

model output.
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SSH Comparison between Different Seasons
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Figure 14. Correlation coefficient (a-d) and scaled RMSE (e-h) between SSH anomaly
from observation and NCOM/ETA (green), NCOM/QSCAT (red) and NCOM/HYBRID
(blue) model simulations during ‘May- Sep” and ‘Oct- Apr’ seasons at four different
stations.



Strong Events Time Period(when |SSH|>2 STD)
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Figure 15. Strong event periods when SSH >= 2 standard deviation of observation (std.
dev.) at four stations. When SSH >= 2 std. dev., a 7 day window is defined. Lines
indicate strong event period, which occupies 20% of the whole time period
approximately.




SSH Comparison between “Strong Evenis” and “Weak Evens”

SSH RMSE (Scaled by std. dev.)
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Figure 16. Scaled RMSE between SSH anomaly from observation and NCOM/ETA
(green), NCOM/QSCAT (red) and NCOM/HYBRID (blue) model simulations calculated
for the whole time period (a-d) and during weak events time period (e-h) and strong
events time period (i-1) at four different stations.




Table 1a. Increase Rate of correlation coefficient of SSH from different
model runs with observation after Inverse barometer correction is added te
model output during the whole study time period

NCOM/ETA | NCOM/QSCAT | NCOM/HYBRID

Apalachicola 11% 9% 7%
Clearwater 40% 8% 10%
Beach

Table 1b. Decrease Rate of RMSEs of SSH from different model runs with
observation after Inverse barometer correction is added to model output
during the whole study time period

NCOM/ETA | NCOM/QSCAT | NCOM/HYBRID

Apalachicola 8% 7% 2%
Clearwater 10% 4% 4%
Clearwater 10% 4% 4%

Beach
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