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The seasonal variations of the West Florida Continental Shelf (WFS) circulation and sea level are
described using observations of velocity from an array of moored acoustic Doppler current profilers
and various ancillary data. With record lengths ranging from 3 years to over a decade, a robust seasonal
cycle in velocity is found, which varies across the shelf in a dynamically sensible way. Over most of the
inner shelf these seasonal variations are primarily in response to local forcing, through Ekman-
geostrophic spin-up, as previously found for the synoptic scale variability. Thus the inner shelf circulation
is predominantly upwelling favorable from fall to spring months (October-April) and downwelling favor-
able during summer months (June-September). Seaward from about the 50 m isobath, where baroclinic-
ity becomes of increasing importance, the seasonal variations are less pronounced. Over the outer shelf
and near the southwestern end of the WFS, the seasonal variations are obscured by the deep ocean influ-
ences of the Gulf of Mexico Loop Current and its eddies.

The seasonal variations in sea level are also robust. But unlike the velocity, these extend across the
entire WFS and into the deep Gulf of Mexico. These seasonal sea level variations arise from two influ-
ences, one static, the other dynamic. The static influence projects onto the WFS by the static seasonal rise
and fall of the Gulf of Mexico sea level due to heating and cooling (also occurring on the shelf). On clima-
tological average, this ranges by about 0.12 m, with a minimum in February and a maximum in August
and deriving primarily from the density variations over the upper 100 m of the water column. Such cli-
matologically averaged variation due to temperature and salinity is also seen in satellite altimetry. An
additional dynamic influence of about 0.06 m occurs over the inner shelf by the Ekman-geostrophic spin
up to the seasonally varying winds. Together, the static and dynamic ocean responses result in a clima-
tologically averaged coastal sea level variation at the central (vicinity of Tampa Bay to Charlotte Harbor)
region of the WFS of about 0.18 m after adjustment for the inverted barometer effect, which adds about
another 0.06 m for a total climatologically averaged annual sea level range of about 0.24 m.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

By connecting the coast with the deep ocean, the continental
shelf circulation determines the coastal ocean transport of material
properties of either land or deep ocean origin. These connections,
in turn, provide the underpinnings for continental shelf ecology.
Consider, for instance, the influence of the circulation on harmful
algae (e.g., Weisberg, 2011), or the fate of hazardous materials, as
highlighted for the Deepwater Horizon oil spill by Liu et al.
(2011a and the chapters therein). Descriptions and understandings
of the continental shelf circulation are therefore of fundamental
important for all coastal ocean processes.

Here we consider the seasonal circulation of the West Florida
Continental Shelf (WFS), an eastern Gulf of Mexico shelf that is wide
enough to distinguish specific dynamical regimes. Following the
discussions of Li and Weisberg (1999a,b), Weisberg et al. (2001)
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and Weisberg et al. (2009a), the WFS may be partitioned into outer,
middle and inner shelf regions, plus a near shore region embedded
within the inner shelf. The outer shelf extends an internal Rossby
radius of deformation inward from the shelf break, providing a buf-
fer zone between the deep ocean and shelf. The inner shelf is defined
as the shallow, frictionally controlled region where surface and bot-
tom Ekman layers interact through divergence and where, under
stratified conditions, these Ekman layers may be separated from
one another. The near shore region is where estuarine-imposed
salinity gradients may add an additional baroclinic effect to the in-
ner shelf. If the shelf is wide enough to separate the inner from the
outer shelf, the middle shelf comprises the region in between. These
distinctions are manifest for the WFS both in observations and
numerical circulation model simulations, and they allow us to aban-
don arbitrary geographical definitions. For the central portion of the
WES (vicinity of Tampa Bay to Charlotte Harbor) where most of our
attention is focused, the outer shelf extends roughly 30 km in from
the shelf break (located approximately at the 80 m isobath) and the
inner shelf extends out to about the 50 m isobath.
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Our observations of the WFS circulation began in 1993. These
were systematically expanded in 1998. Weisberg et al. (2009b) dis-
cuss the long-term mean circulation and inferences on how it is
forced by winds, heat fluxes, and interactions with the bounding
deep ocean. As an extension to that work we now consider the sea-
sonal variations of the WFS circulation (and sea level) about the
long-term means. With emphasis primarily on the inner shelf,
we now have records (some continuous for over a decade) of suf-
ficient length to establish (within standard error definitions) both
amean velocity field and a climatological seasonal cycle. Being that
the WEFS is largely forced by local winds and heat fluxes over the
shelf and that these local forcing functions exhibit well-defined
seasonal variations, it follows that robust seasonal cycles should
also exist in the circulation and sea level. Such was inferred by
Yang and Weisberg (1999) and then described by Weisberg et al.
(2005) and Liu and Weisberg (2007) using a more limited in situ
data set. Carlson and Clarke (2009) then inferred a seasonally vary-
ing along-shelf geostrophic flow from satellite altimetry over the
northern WES.

As with all continental shelf regions, our studies began with the
premise that the WFS circulation varies over a broad range of time
and space scales (e.g., Boicourt et al., 1998). Direct measurements
of the WFS circulation using in situ, moored current meters started
in the 1970s (e.g., Niiler, 1976; Price et al., 1978; Weatherly and
Martin, 1978; Blaha and Sturges, 1981; Mitchum and Sturges,
1982; Marmorino, 1983a,b; Halper and Schroeder, 1990; Weath-
erly and Thistle, 1997), but these were mostly of short duration,
rendering inferences on the seasonal variations not possible. Such
inferences initially derived from purposeful deployments of drift
bottles that subsequently washed up on beaches (e.g., Tolbert
and Salsman, 1964). The use of satellite tracked drifting buoys
(Ohlmann and Niiler, 2005; DiMarco et al., 2005) added to these
inferences, but fell short of distinguishing a seasonal cycle due to
the Lagrangian nature of drifters, that require many more repeated
deployments to avoid biasing by either initial conditions or spatial
avoidances. For instance, a “forbidden zone” for the southeastern
portion of the WFS was described by Yang et al. (1999) as a region
of avoidance by surface drifters deployed farther north due to the
upwelling nature of the circulation. With surface drifters tending
to avoid the inner shelf because of a general upwelling favorable
circulation, it is understandable that drifters alone would have dif-
ficulty in defining a seasonal cycle, especially over the inner shelf.

Longer-term in situ measurements with moored acoustic Dopp-
ler current profilers (ADCPs) began in 1993, first at a single, geo-
graphical mid shelf location (Weisberg et al., 1996) and then at
multiple locations across the shelf (e.g., Weisberg et al., 2000,
2001, 2005, 2009b; Meyers et al, 2001; Liu and Weisberg,
2005a). With systematic observations acquired shoreward from
the 50 m isobath from 1998 to 2001, a seasonal cycle, with the in-
ner shelf currents tending to be upwelling from October to April
and downwelling from June to September, began to emerge (Liu
and Weisberg, 2005b, 2007; Weisberg et al., 2005). Moreover,
these seasonal variations appeared to derive from the combined
forcing by local winds and heat fluxes, as inferred from numerical
circulation model simulations (e.g., Yang and Weisberg, 1999; He
and Weisberg, 2002, 2003). Yet, 3 years of data at that time were
not sufficient to counter the lack of a seasonal cycle inferred by
Ohlmann and Niiler (2005) and DiMarco et al. (2005) through anal-
yses of satellite tracked surface drifters. Establishing a robust sea-
sonal cycle for the WFS circulation had to await longer record
lengths.

Unlike the currents, coastal sea level data exist over a much
longer interval. WES coastal sea level responses to synoptic scale
weather forcing (winds and surface pressure) were discussed by
Marmorino (1982, 1983a,b), Mitchum and Sturges (1982), and
Cragg et al. (1983). An analytical, wind-forced continental shelf

wave model was the used by Mitchum and Clarke (1986a,b) to ex-
plain the synoptic scale coastal sea level variations in response to
the along-shelf component of wind stress, making accommodation
for inner shelf frictional boundary layer effects through parameter-
ization. But despite the strong statistical inference on sea level
response to along-shelf wind stress we also know that the
across-shelf component of wind stress plays a role in the sea level
set up over the inner shelf (e.g., Li and Weisberg, 1999a,b; Tilburg,
2003; Liu and Weisberg, 2005a, 2007; Fewings et al., 2008). For the
WEFS, in particular, and using a combination of observations from
moored ADCPs, shipboard hydrography, bottom pressure gauges,
coastal tide gauges and meteorological stations collected from
September 1998 to December 2001, Liu and Weisberg (2007) diag-
nosed the various dynamical contributions made to the sea level
variations shoreward from the 50 m isobath. For coastal sea level
variations at time scales corresponding to the synoptic scale
weather, it was found that the across-shelf sea surface slopes
attributed to the vertically integrated along-shelf currents, the
baroclinic additions to these, and the direct set up by the across-
shelf component of wind stress all contributed to the sea level
variations at the coast with similar magnitudes. At longer time
scales, roughly half of the sea level variations estimated at the
50 m isobath were attributed to steric height changes occurring
there. Based on these previous results it seemed instructive to con-
sider the sea level variations in their totality with respect to both
local (shelf-wide) and deep ocean contributions, especially at the
seasonal time scale where large static steric variations are known
to exist.

To put these introductory remarks into context, Fig. 1 shows
variance distribution functions (normalized, cumulatively inte-
grated variance density spectra) calculated for sea level at St.
Petersburg, FL and for the depth-averaged across-shelf and along-
shelf components of velocity at two WFS moorings, one (C11) sit-
uated on the 20 m isobath and the other (C12) at the 50 m isobath.
Referencing Fig. 2, the along-shelf direction (principal axis orienta-
tion of the depth-averaged sub-tidal currents) roughly aligns with
the local isobaths, with positive directed approximately north-
northwest, and the across-shelf direction is normal to the along
shelf direction with positive directed onshore (e.g., Liu and
Weisberg, 2005a; Weisberg et al., 2009a,b). The power spectral
density functions are normalized to unit variance over the fre-
quency interval from zero to the Nyquist frequency (0.5 cph). With
the variances provided in the figure legend, these distribution
functions apportion variance across different frequency intervals
(e.g., seasonal, synoptic, tidal). Both the sea level and the along-
shelf component of velocity at the 20 m isobath show a similar
jump at the annual time scale. The along-shelf component of veloc-
ity at the 50 m isobath also possesses seasonal variance, but less
well defined. The across-shelf components of velocity vary more
subtly at low frequency. Thus a structure exists across the shelf
that requires explanation with respect to the dynamics and ther-
modynamics involved, and despite the small amount of variance
at the seasonal cycle relative to the tides and the synoptic band
variances, these are still of major ecological and geological impor-
tance. Ecologically, for example, the seasonal variations in the cur-
rents influence the spatial distributions of organisms, and
geologically, the fact that sea level tends to be some 24 cm lower
(higher) in winter (summer) months, influences the long term sed-
iment transport due to seasonally varying wave energy flux.

The present paper extends the long-term mean circulation work
of Weisberg et al. (2009b), using the same data set, augmented by
sea level and other ancillary data, to address the seasonality of the
WES circulation and to examine the contributions to the coastal sea
level variations observed at the seasonal time scale by both local
and deep ocean effects. Our intent is to clarify the existence and
origin of the seasonal cycles in the circulation and sea level on
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Fig. 1. Cumulative power spectral density of St. Petersburg sea level and depth-averaged across- and along-shelf velocity (ubar, vbar) at mooring C11 (20 m site) and C12
(50 m site) on the West Florida Shelf. The spectra are normalized to have unit variance over zero to Nyquist frequency band. The variances (o2) of the time series are shown in

the legend.
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Fig. 2. Locations and timelines of long-term moorings on the West Florida Shelf. (a) Mooring locations and depth-averaged mean current (blue) and wind stress (red) vectors
(adapted from Weisberg et al., 2009b). The standard errors € of the mean values y are shown as crosses (u + ¢) at the arrow heads. Also shown on the maps are isobaths in
meters. DT and RS designate Dry Tortugas and Rebecca Shoals, respectively. (b) Timeline of moored ADCP measurements. (c) Checkerboard showing the distribution of the
moored data (number of years) among the 12 months for all the moorings. Records with lengths longer than 20 days during a month are counted as a month. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the WFS. Observations and data processing are described in Section
2. The seasonality of the WFS currents is described in Section 3,
where monthly mean climatologies are provided for winds,
depth-averaged currents, and velocity profiles. The seasonality of
the sea level variations and their contributing factors are then ana-
lyzed in Section 4. Findings are discussed in Section 5, and Section
6 provides a summary.

2. Data and processing

Velocity data are drawn from in situ moorings deployed on the
WEFS over the approximate 10 year period, 1998-2009. Within this
time interval, a total of 18 sites were occupied by the University of
South Florida, College of Marine Science, Ocean Circulation Group
(USF-0OCG), each for durations of a year or longer. As shown in
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Fig. 2, these sites extended from the 10 m isobath (near shore) to
the 162 m isobath (shelf slope). The measurements were all made
with RD-Instruments (RDI) acoustic Doppler current profilers at
nominal frequencies of 1200, 600, 300 kHz depending on water
depth. Upward looking broad-band ADCPs with 20° transducer
configurations and varying (depth appropriate) frequencies were
mounted in trawl-resistant bottom racks and deployed on the
sea floor at C11, C15 and C19. Upward looking 600 kHz, narrow-
band ADCPs with 30° transducer configurations were mounted
within subsurface floats and deployed near the bottom at C04,
C08 and C18. All of the other sites were occupied by either nar-
row-band (initially) or broad-band (almost all after 2002) ADCPs
mounted on surface buoys and looking downward. Transducer
locations from either the surface or the bottom, blanking distances,
bin sizes, and sampling schemes varied with moorings, specific
instruments, and firmware revisions. The bottom racks and the
surface buoys generally had the transducer heads located approx-
imately 0.5 m from the bottom and 1.5 m from the surface, respec-
tively, and these utilized either 0.5 m or 1.0 m bins. The ADCPs on
subsurface buoys utilized 4 m bins. With a few exceptions (early in
the program) all of the ADCPs used one second ping rates averaged
over the first 6 min of each hour to produce hourly velocity esti-
mates. Multiple deployments were generally made for each site,
with each deployment lasting from several months to more than
a year. The data from each of these deployments were interpolated
onto uniform vertical levels and concatenated in time to form ex-
tended time series. Excluding gaps, the record lengths ranged from
one to more than 10 years (Table 1). After editing, we found essen-
tially no differences in velocity data that were collected using
either upward or downward looking instruments (Mayer et al.,
2007). Additional information on the moorings and the data edit-
ing procedures are provided by (Liu and Weisberg, 2005a,b, 2007).

Other data used herein include meteorological observations and
analyses, sea level records, and hydrographic climatology. Hourly
meteorological observations were recorded at some of the
USF-OCG surface buoys (C10, C12, C13, C14, C17) and at NOAA/
NDBC buoys and C-MAN stations (downloaded from http://
www.ndbc.noaa.gov/). Wind stresses from these in situ measure-
ments were estimated by bulk formula with neutral stability to
scale the wind velocity to a standard 10 m height (e.g., Large and
Pond, 1981; Blanton et al., 1989). Other wind information were ac-
quired from the NOAA/NCEP/NARR reanalysis 10 m standard
height winds (Kistler et al., 2001; Mesinger et al., 2006) available
from 1979 through 2008 and downloaded from NOAA/OAR/ESRL/
PSD at http://www.esrl.noaa.gov/psd/, along with the global

Table 1
Mooring information.

surface (adjusted to a standard 10 m height) wind and wind stress
climatologies from 8 years of QuikSCAT scatterometer data (Risien
and Chelton, 2008), downloaded from http://numbat.coas.oregon-
state.edu/scow/. Hourly tide gauge records from St. Petersburg,
FL were downloaded from the NOAA website http://tidesandcur-
rents.noaa.gov/, and merged sea level anomalies (SLA) on a
1/3° x 1/3° Mercator grid from 1992 through 2008 were obtained
at the AVISO website http://www.aviso.oceanobs.com/ (Ducet
et al,, 2000; Le Traon et al., 2003; Pascual et al., 2006). Finally, tem-
perature and salinity climatologies from the World Ocean Atlas
2005 (WOAO05, Antonov et al, 2006; Locarnini et al., 2006)
were obtained from http://www.nodc.noaa.gov/OC5/WOAO05/
pr_woa05.html.

Climatological monthly mean values are generally used herein
to characterize the patterns of seasonal variability. We chose this
technique over an annual harmonic analysis (e.g., Lentz, 2008) to
describe the seasonal cycle because the currents and the winds
on the WFS are asymmetric with regard to the summer (boreal)
and winter (austral) half years (Liu and Weisberg, 2005b, 2007).
Thus, the use of climatology, versus multiple harmonics, was
deemed to be more appropriate for discussion purposes. Moreover,
given the relatively long WFS moored velocity time series with 12
records exceeding 3 years, 4 exceeding 7 years, and 2 exceeding
10 years (Fig. 2), we were able to place confidence intervals about
the climatological, monthly means using records of length longer
than 3 years. A drawback to the climatological, monthly mean
analysis is that by restricting attention to records of length exceed-
ing 3 years (unlike the long-term mean analysis of Weisberg et al.
(2009b) where records longer than 1 year were used) we must ex-
clude most records sampled seaward of the inner shelf (nominally
extending out to about the 50 m isobath).

By assuming Gaussian statistics the uncertainty for a climato-
logical monthly mean velocity component estimate y was derived
through a standard error ¢, determination computed by ¢ = //n,
where ¢ is the standard deviation of the subtidal (36 h low-pass fil-
tered) velocity component and n is the number of independent
observations in the velocity time series. Filtering was performed
to remove what is mainly a deterministic portion of the variance
leaving the stochastic portion as a contributor to the standard er-
ror. The number of independent observations, n, was estimated
as n =T/t, where T is the record length, and 7 is the decorrelation
time scale. As discussed in Weisberg et al. (2009b) t was found
to be in the range of 2-4 days. To err on being conservative we
used 7 =5 days for either of the velocity components for all the
moorings.

Mooring name Longitude (W) Latitude (S) Water depth (m) Top bin (m) Bottom bin (m) Start date End date Record length (days)
Co1 82°57.00/ 27°13.40' 25 4 23 13/07/1998 25/08/2001 1139
Cco2 82°52.20/ 27°06.00/ 25 4 23 13/07/1998 25/08/2001 1099
C04 84°15.00 26°34.40' 162 15 145 25/06/2000 25/06/2001 365
C05 83°20.40/ 26°57.00' 50 3 45 12/05/1999 06/12/2001 770
C06 83°00.35 27°08.10/ 30 3 27 14/09/1998 06/12/2001 1122
co7 82°13.40 26°25.40' 10 3 8 15/09/1998 23/08/2001 1066
o8 83°49.20 26°45.00/ 78 10 60 25/06/2000 11/09/2001 443
C09 83°27.00 27°29.20 42 4 37 08/03/2001 25/04/2002 412
C10 82°56.47 27°10.10/ 25 3 22 14/09/1998 09/03/2008 2882
C11 82°48.00/ 27°13.20¢ 20 3 18 13/07/1998 23/01/2009 3539
C12 83°44.20 27°27.00' 50 3 45 05/06/1998 06/11/2007 2479
Cc13 83°04.20 26°04.20' 50 4 45 01/09/1999 22/01/2009 2623
C14 83°18.00 28°19.40 20 4 18 24/04/2002 06/06/2008 1733
C15 82°38.40/ 27°17.40/ 10 3 8 14/07/1998 16/03/2009 3572
C16 84°13.20 27°28.20' 74 5 62 22/09/2003 01/09/2006 749
c17 82°13.20 25°15.00/ 25 4 22 18/09/2003 13/01/2008 1345
C18 83°43.40 25°01.40' 88 16 71 20/09/2003 11/01/2008 1170
C19 82°43.20 24°37.20/ 27 4 23 19/09/2003 26/11/2008 1894
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3. Seasonal variation of the winds

As evident in either of the analyzed wind fields (NARR or scatt-
erometer) or the in situ observations, the monthly mean winds
over the WFS are seasonally varying (Figs. 3 and 4). Spatial varia-
tions are also observed. Over the central portion of the WFS, where
most of our moored ADCP observations are located, the winds dur-
ing the boreal fall, winter, and spring seasons (from October
through April) tend to be northeasterly, or upwelling-favorable.
During boreal summer (June through August), the winds tend to

be southerly and southeasterly, or downwelling-favorable. During
the transitional months (May and September), the winds have an
easterly tendency, which for shallow water (e.g., <30 m isobath)
is also upwelling-favorable (e.g., Li and Weisberg, 1999a; Tilburg,
2003; Liu and Weisberg, 2005a, 2007; Fewings et al., 2008). With
regard to wind stress magnitude, the monthly mean winds are
stronger in winter (at approximately 0.04-0.06 Pa) than in summer
(at approximately 0.01-0.03 Pa), and October is the month of
strongest wind stress. This seasonal variation is in agreement with
previous analyses based on individual meteorological station

(i T AT LA

Fig. 3. Monthly mean climatology of wind stress (7) and curl 7 from the Scatterometer Climatology of Ocean Winds (SCOWSs; Risien and Chelton, 2008). Also shown are
monthly mean climatology of wind stress measured at University of South Florida buoys and at NDBC (National Buoy Data Center, NOAA) buoys and C-Man stations (data
downloaded from http://www.ndbc.noaa.gov/). For in situ winds, only the mean values estimated from records longer than 3 years are shown.
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Fig. 4. Monthly mean climatology of wind stress (7) from NCEP reanalysis product (1979-2008) overlapped with that of the in situ winds. For the latter, only the mean values

estimated from records longer than 3 years are shown.

records (e.g., Virmani and Weisberg, 2003; Liu and Weisberg,
2005b, 2007).

Given the north-south extent of Florida relative to the position
of the trade winds over the southern portion of the subtropical
gyre, there tends to be a systematic increase in the easterly compo-
nent of wind velocity from north to south. Thus, going from north
to south the climatological monthly mean winds tend toward
being stronger and more easterly and the seasonality tends to be
less pronounced in the south because of easterlies being present
year-round. Also on the basis of the trade winds, the weakest of
the monthly mean winds in spring through summer are located

in the north [see Smith and Jacobs (2005) for a discussion of the
seasonal winds over the northern portion of the Gulf of Mexico].
These spatial variations throughout the year tend to impart a neg-
ative wind stress curl, which generally increases toward the south
(Fig. 3).

The influence of increasing trade winds to the south may also
help to explain previous surface drifter behaviors. By adding to
the upwelling circulation, stronger easterlies in the south would
contribute to the existence of the drifter trajectory forbidden zone
identified by Yang et al. (1999), seen from recent observations (e.g.,
Price et al., 2006; Liu and Weisberg, 2011; Liu et al., 2011b) and
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modeled via Lagrangian analyses (e.g., Olascoaga et al., 2008; Ber-
on-Vera and Olascoaga, 2009).

Whereas the two different wind analyses are similar in some re-
spects, they also exhibit differences. For example, there are 10-40°
angular offsets between the observed and the satellite estimated
monthly mean climatologies at some stations. Also, the satellite
estimated winds are slightly larger than the model simulated
winds near the coast, even with some of the near coast winds re-
moved. This is because the scatterometer winds may be unreliable
within 30 km of the coast (Perlin et al., 2004; Risien and Chelton,
2008), and the model winds may have biases near land-sea bound-
aries (Kara et al., 2008). Thus neither the satellite nor the model
wind products adequately resolve the inner shelf wind features
for the WFS. This highlights the need for sustained in situ wind
observations over the coastal ocean and for assimilation of these
observations in wind analysis products (e.g., He et al., 2004;
Alvera-Azcarate et al., 2007; Kara et al., 2007; Chao et al., 2009).
Moreover, as demonstrated by He et al. (2004), inadequate winds
are a major source of error in simulations of the coastal ocean cir-
culation. These differences between the wind stress products and
the in situ observations notwithstanding, both the seasonal vari-
ability and the spatial heterogeneity of the monthly mean climato-
logical wind stresses are seen in all three wind analysis sets,
lending credence to the overall pattern of seasonal wind variability
as characterized herein.

4. Seasonal variations in the WFS circulation
4.1. The depth-averaged currents

4.1.1. Monthly mean climatology

Depth-averaged velocity vectors are estimated by trapezoidal
integration of the 1 m binned ADCP data. These results are very
similar to averages formed by linearly extrapolating the velocity
profile to the surface and the bottom to fill in those data gaps.
The resulting climatological, monthly mean, depth-averaged cur-
rents on the WFS (Figs. 5 and 6) tend to be southeastward directed
(along-shore and down-shelf) from October to through April and
northwestward directed (along-shore and up-shelf) from June
through September. Fig. 5 shows the spatial patterns and Fig. 6
shows the temporal variations along with the standard errors of
the mean estimates. Over the inner shelf, these monthly mean cur-
rents are also of larger magnitudes from fall to spring months
(0.02-0.12m s !) than in summer months (0-0.06 ms™'), with
the strongest currents (0.10-0.12 m s~!) occurring from October
to January. These correspondences in magnitudes and directions
between the evolution of the depth-averaged current patterns
(Fig. 5) and the wind patterns (Figs. 3 and 4) suggest that local
wind forcing is a major contributor to the seasonality of the WFS’s
inner shelf circulation (e.g., Weisberg et al., 2001, 2005, 2009b; He
and Weisberg, 2002, 2003; Liu and Weisberg, 2005a, 2007).

Seasonally varying spatial structure is also observed across the
inner shelf. Note that for the central region of the WFS, where data
are sufficient to resolve the spatial structure, a southeastward
coastal jet tends to have a velocity core of amplitude 0.10-
0.12 m s~ ! positioned between about the 25-30 m isobaths in fall
through spring, whereas a weaker northwestward coastal jet with
velocity amplitude of 0.05-0.06 m s~ ! is positioned between about
the 20-25 m isobaths in summer (June, July, and September). This
asymmetry in the seasonal reversal of the inner shelf circulation is
consistent with the long-term mean flow findings of Weisberg
et al. (2009b).

Unlike the inner shelf, the seasonality of the depth-averaged
currents farther offshore is not as well defined. Whereas the clima-
tological, monthly mean, depth-averaged currents along the 50 m

isobath (moorings C12 and C13) are generally down-shelf from
October through June (Figs. 5 and 6), similar to the other inner
shelf currents, these currents are either weak or of ill-defined
direction from July through September, (Figs. 5 and 6), also consis-
tent with the long-term mean flow findings.

Observations from moorings at the southern end of the WFS
(C18 and C19) do not exhibit any obvious seasonality in depth-
averaged currents (Fig. 5). This is likely due to the close proximity
of these moorings to the shelf break where the currents are influ-
enced by the proximity of the Loop Current and its eddies (e.g.,
Niiler, 1976; Molinari et al., 1977; Huh et al., 1981; Paluszkiewicz
et al., 1983; He and Weisberg, 2002; Vukovich, 2007), which can
overwhelm the effects of local wind forcing. Episodically, if the
Loop Current encounters shallow isobaths near the Dry Tortugas
even the inner shelf currents are affected (e.g., Weisberg and He,
2003). Similarly, while the currents at mooring C17 (25 m isobath)
are consistent with the upwelling patterns on the inner shelf dur-
ing fall and winter months (October-March), they are weak and ill
defined in spring and summer months.

4.1.2. Wavelet analysis of the depth-averaged currents

Wavelet power spectra are useful for examining the temporal
evolution of the variance distributions across frequency space.
Here we use a wavelet analysis to examine the variance evolution
for the along-shelf component of the depth-averaged currents and
the partition of variance between synoptic and seasonal time
scales.

Prior to wavelet analysis all of the velocity time series were
low-pass filtered to remove oscillations at time scales shorter than
48 h, then subsampled at a 12-h interval, and rotated to their prin-
cipal axis directions to acquire the along-shelf (principal axis) com-
ponents. The three longest records available for such analyses are
from moorings C15, C11 and C10, located on the 10, 20 and 25 m
isobaths, respectively. Mooring C11 was chosen to represent the
inner shelf because it has a long record and a central location.
The C11 data gap (Fig. 2b) was filled up by inference from the adja-
cent moorings using a linear regression analysis. Mooring C12, lo-
cated at the 50 m isobath, was chosen to represent a station farther
offshore. C12 data gaps were also filled by linear regression analy-
ses using data from moorings from C05 and C13, both on the 50 m
isobath. Remaining short data gaps were then filled using other
adjacent moorings, with preference in the order of C09 and C10. Gi-
ven these preconditioned time series the Torrence and Compo
(1998) wavelet toolbox was used with the wavelet power spec-
trum rectification discussed by Liu et al. (2007).

The wavelet power spectra for the along-shelf, depth-averaged
currents at moorings C11 and C12 identify four features. First, the
along-shelf circulation variance is separable between synoptic and
seasonal time scales, with the variance at synoptic scale (here
inclusive of 2-16 day periodicities) exceeding that at the seasonal
scale (Fig. 7). This is consistent with wind forcing and in agreement
with previous inferences (e.g., Liu et al.,, 2007; Weisberg et al.,
2005). Second, whereas the C11 wavelet power on seasonal time
scale is statistically significant at 90% confidence throughout the
10 years, the seasonal time scale variance at C12 is not, i.e., the sea-
sonal variation is robust at the shallow site, but not at the offshore
site. This agrees with the previous inference (Figs. 5 and 6) that the
seasonality of the central WFS circulation decreases seaward from
the center of the inner shelf. Third, the wavelet power spectra
show a seasonal modulation in the along-shelf velocity component
synoptic scale variability at the offshore site, which is not as obvi-
ous at the shallower, inner shelf site. This cannot be explained on
the basis of wind forcing alone because the winds at the two sites
are similar (for instance, Cragg et al. (1983) argues that the coher-
ence length scale for the synoptic scale wind fluctuations is about
200 km). Such seasonal modulation differences with offshore
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Fig. 5. Monthly mean climatology of wind stress (red) and depth-averaged velocity vectors (blue). The standard errors ¢ (green) of the mean values u are shown as crosses
(u £ ¢) at the arrow heads. Only the mean values estimated from records longer than 3 years are shown.

distance are consistent with seasonal variations in baroclinicity as
previously postulated by Weisberg et al. (1996) and later demon-
strated by He and Weisberg (2002). Thus the seasonality of the
WEFS circulation is by a combination of wind and buoyancy forcing,
with buoyancy entering both by differential heating in the across-
shelf direction (due to water depth changes) and fresh water in-
flows to the inner shelf via local rivers and to the middle and outer
shelf regions by the Mississippi River and by the rivers located
along the Florida Panhandle in the north. Fourth, the wavelet
power spectra show some intraseasonal variations, especially at
the offshore site (Fig. 7b). Such intraseasonal to interannual mod-
ulations may be related to the Loop Current eddy shedding cycle

(e.g., Sturges and Leben, 2000; Carnes et al., 2008; Alvera-Azcarate
et al., 2009; Hallock et al., 2009) and with limited duration interac-
tions of the Loop Current with the shelf slope (e.g., Weisberg and
He, 2003; He and Weisberg, 2003). Such behaviors warrant further
study, but are beyond the scope of our present analyses.

4.2. Vertical structure

4.2.1. Velocity vector veering with depth

Vertical profiles of the monthly mean velocity vectors across the
inner shelf (Figs. 8 and 9) exhibit seasonal variation as previously
seen in the vertical averages. Upwelling favorable current
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Fig. 6. Monthly mean wind stress (top two panels) at NDBC buoy 42036 over the northern WFS and Dry Tortugas on the southern WFS, and monthly mean depth-averaged
velocity vectors (bottom five panels) at the sites (C15, C11, C10, C12 and C13) with record length longer than 7 years. The uncertainties are estimated as the standard errors
but from the principal axis currents rather than from the standard deviations of the east- and north-components.

structures are evident from October through April, whereas down-
welling favorable current structures are evident from June through
September. During upwelling months the southeastward current
vectors systematically rotate to the left from surface to bottom,
i.e., the near-surface currents have a seaward directed component,
and the near-bottom currents have a landward directed compo-
nent. The near-surface and the near-bottom currents also have
about the same magnitudes, 0.06-0.12 m s~ . During downwelling
months the northwestward current vectors also exhibit left-hand
rotation from surface to bottom, i.e., the near-surface currents tend
to have a small landward directed component, and the near-bot-
tom currents have a seaward directed component. However, dur-
ing the downwelling season the near-surface currents tend to be
much stronger than the near-bottom currents, 0.06-0.12ms™!
versus 0.02-0.03 ms~!. The asymmetries between the monthly
mean upwelling and downwelling current structures are similar
to those found for the subtidal time scales (e.g., Weisberg et al.,
2005; Liu and Weisberg, 2005b, 2007).

Further offshore at the 50 m isobath, where the inner shelf be-
gins to transition to the middle shelf, the vertical veering of the
monthly mean velocity vectors with depth is less pronounced or
even ambiguous (Figs. 8 and 9). During most of the upwelling sea-

son (November through April), the velocity vectors do not veer as
much (relative to more shoreward locations), and the maximum
amplitudes are often at subsurface levels. From May through Octo-
ber, the monthly mean vectors have magnitudes that are often less
than their standard errors; hence the monthly mean values at spe-
cific depths may not be robust.

The most ill-defined of these monthly mean velocity vectors are
those located near the southern end of the WFS (C18 and C19).
Large variability there is due to the near shelf break proximity of
these two moorings and hence Loop Current and eddy interaction
influences that tend to overwhelm the seasonal variations, at least
in so far as the record lengths presently available.

4.2.2. Vertical profiles of the across- and along-shelf components of
velocity

This section examines the climatological monthly mean vertical
profiles of across- and along-shelf components of velocity for the
three moorings with the longest record lengths distributed over
the inner half of the inner shelf: C15, C11, C10 at the 10 m, 20 m,
and 25 m isobaths, respectively. The along-shelf directions, deter-
mined from the principle axes (for instance see, Emery and Thom-
son, 2001) of the C15, C11, C10 subtidal depth-averaged velocity
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vectors, are 29.8°, 36.1° and 29.7° anticlockwise from the north,
respectively, and aligned approximately parallel to the local iso-
baths (Fig. 2).

At the 10 m site (C15), the climatological monthly mean across-
shelf currents show a distinctive two-layer structure from Septem-
ber through April (Fig. 10a). The upper layer currents are directed
offshore, and lower layer currents are directed onshore, constitut-
ing a coastal upwelling circulation. The largest across-shelf compo-
nent magnitudes (0.01 ms~!) occur in October and November,
corresponding to the largest magnitudes of the climatological
monthly mean upwelling favorable wind velocity vectors (Fig. 3).
Note that the top- and bottom-most two to three meters of the
water column are not observed by the ADCPs so the magnitude
of the largest across-shelf component may be underestimated.
The across-shelf current structures are more complicated at the
20 m and the 25 m sites (C11 and C10). The across-shelf velocity
component magnitudes increase at these farther offshore loca-
tions, and the directions, at times, do not convey a simple two lay-
ered structure (Fig. 10c and e). This demonstrates that even across
the inner shelf the currents must be considered as being fully three
dimensional (e.g., Li and Weisberg, 1999a). At none of these three
sites do we see what could be interpreted as a simple balance be-
tween offshore and onshore directed flows. In other words mass
cannot be closed within a two-dimensional framework, rendering
two dimensional models (across-shelf and depth) irrelevant to
the nature of WFS circulation. Accelerating or decelerating along-

shore currents are required for mass balance. Such a result is not
surprising in view of the convergence of isobaths that occurs in this
region, and behaviors like these are generally seen in numerical
model experiments, e.g., Weisberg et al. (2000, 2001).

The climatological monthly mean along-shelf currents (Figs.
10b, d and f) tend to vary in a manner consistent with the
across-shelf currents and wind. Months with upwelling favorable
winds exhibit flows from down-coast from northwest to southeast,
and conversely for months with downwelling favorable winds,
consistent with the local wind seasonal variation. Whereas the
down-coast along-shelf component magnitudes appear to increase
offshore to the 25 m isobath during the upwelling season, this is
not the case for the up-coast directed flows during the downwel-
ling season. Such asymmetry is consistent with what is observed
for the responses of the shelf to synoptic scale variability (e.g.,
Weisberg et al., 2001; Liu and Weisberg, 20053, 2007).

5. Seasonal variation of the sea surface heights

Liu and Weisberg (2007) determined the portion of the coastal
sea surface height (SSH) fluctuations on the WFS that could be
attributed to the dynamical responses of the inner shelf circulation
to the along-shelf and across-shelf winds and buoyancy. A residual
at the 50 m isobath, after subtracting these dynamical responses
that were estimated by integrating their slopes landward from
the 50 m isobath, was found to be coherent with a satellite
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altimetry derived sea surface height anomaly at the 50 m isobath.
A portion of this anomaly was attributed to the dynamic height
variations due to observed temperature and salinity variations,
but the origin of this residual sea level variability at the 50 m iso-
bath remained to be determined. This section expands upon those
previous analyses by using longer time series and SSH analyses
from the larger scale Gulf of Mexico.

5.1. Coastal sea level

Coastal SSH variations are immediately identifiable in a
20 year tide gauge record sampled at St. Petersburg, FL. To focus

in on interannual to seasonal and synoptic variations, this time
series was first preconditioned as follows. We de-tided by remov-
ing the four major tidal constituents, M2, S2, O1 and K1 [using
the T_Tide harmonic analysis software of Pawlowicz et al.
(2002)]. We then low-pass filtered (with a 48 h cut-off) and
adjusted for the inverted-barometer effect (using the sea level
pressure records from either the NDBC buoy 42036 or other prox-
imate C-MAN stations). The results, upon subsampling every 12 h,
are shown in Fig. 11a. After removing the temporal mean and
normalizing with the standard deviation, this preconditioned
SSH record was subjected to a wavelet analysis as shown in
Fig. 11b.



Y. Liu, R.H. Weisberg/Progress in Oceanography 104 (2012) 80-98

91

V (cmis)

V (cmis)

c10

V (cmis)

V (cmis)

41 ci3 (\
2
» 0 \Y T Q{ (\;) \ & |
F I / y
5 2- ‘L ‘ \ 0 é \\ J /O @
s »
> 4] @ \ i\
ol O
78_ T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 9. Monthly mean near-surface (red) and near-bottom (blue) velocity vectors at the sites (C15, C11, C10, C12 and C13) with record length longer than 7 years. The
uncertainties are estimated as the standard errors but from the principal axis currents rather than from the standard deviations of the east- and north-components. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

As in Fig. 1, the SSH time series shows that the synoptic scale
variations, plus a few outliers due to tropical storms, exceed the
interannually modulated seasonal variations, imparting a com-
bined standard deviation of 0.13 m. The partition of SSH variance
and its modulation are more evident in the Fig. 11b wavelet power
spectrum, where, similar to that of the along-shelf component of
velocity (Fig. 7), there exists a separation between variances at
the synoptic weather band and at the seasonal time scale
(Fig. 11b), along with an interannual modulation. What differs be-
tween the SSH and the along-shelf component of velocity is that
the seasonal and synoptic scale variances are comparable for
SSH, which is not the case for the along-shelf component of veloc-
ity, i.e., the seasonal variation of the coastal sea level is proportion-
ately larger than that of the along-shelf component of velocity.

Another feature of the wavelet power spectrum for coastal SSH
is the seasonal modulation of the synoptic scale variations, i.e., the
spectral values are larger in winter than in summer. Liu and Weis-
berg (2007) showed that the synoptic variations in coastal SSH
derive mainly from three sources: the barotropic and baroclinic
geostrophic along-shelf velocity component responses to the
along-shelf wind stress and the frictional response to the across

shelf wind stress. Given that the seasonal cycle of SSH is propor-
tionately larger than that of the inner shelf, along-shelf velocity
component (Fig. 7b), we hypothesize that the larger SSH seasonal
cycle must be partially of offshore Gulf of Mexico origin.

5.2. Offshore sea level

Sea level pressure adjusted SSH variations arise through two
contributions, one dynamic, the other static. Dynamic SSH varia-
tions, either barotropic (density independent under an incom-
pressibility assumption) or baroclinc (density dependent) arise
from mass re-distributions by geostrophic adjustment, e.g., the
sea level slope across the Loop Current, or the wind-driven
Ekman-geostrophic spin up of the inner shelf. Static SSH variations
arise by heating and cooling alone without ocean dynamical
adjustment, i.e., the uniform rise and fall of sea level by static steric
effects after the gradients have adjusted geostrophically. On sea-
sonal and longer time scales, both dynamic and static effects
may be important, but with only the dynamic effects being realiz-
able within volume conserving ocean circulation models.



92 Y. Liu, R.H. Weisberg/Progress in Oceanography 104 (2012) 80-98

T T T T T T T T T
21~ (a) C15 across-shelf — -
— T Ll '\ﬁ il ] fi i ‘\‘7 % o T
AR U U O O
g AN N R Y S N N N
O s o AN AN 1 Y R e s ]
9 50 3 558 8 F &2 O3 308 O
8 L 1 ! L 1 ! 1 1 ! | onshore, 1
T T \ T T \ T T T \ \ T
e (b) €15 along shelf northwestward Z‘m!s
—= 1 i E [ i \_7 r g i [ [_l
% il fﬁl | | \ I E \’_T | ,.f | . H \ [ r_{ ol
b fE R dHdY HEBEE
i D 1 E (. I j [ ‘ 1 I [j I | N
ey u (-
a ! ! ! ! ! | ! | |  southeagtward |
(c) C11 across-shelf : I | ! I ' offsnore [ | 1cmis
5l ‘ S — o i b = b, h B B
: I § % N % I ¥ 3 A & 3
= i b, N ny =X ! = = )
gor 4 BB OB B g = :
8 : = B = = = —, =
s B = EH R = : — = .
pnshore
| L \ | L \ I L l | L L
T T T T T T T T T
(d) C11 along -shelf northwestward 3 emis
5 = = i E ol % g EEE m— g |
T Ei / 5 e =
= j i =]
£ w0 E o g 7 (R T 5 gé E B
= ‘N R ==
sF — = l = =5 1 -  — - — .
southeastward
I 1 \ 1 1 ! I 1 I I I
(e) C10 across-shelf I I | i I offshore ‘ I =
- | EE B EBEE B E BEF =
=A== = £ B & -
2 = = S = ‘
e % L% = £ ]
= ) 5 B = = = g B
wr BE 9 @ 1 EEae s = R E E
- | I | ! I | I I |  Onshore, !
(f) C10 along-shelf I northwestward I ‘ ‘ J—
5 g — 5 E a g E ~—— ~<~— 5emis
E 10— o — E Enlq g ﬂ ﬁ | | % % =l
== S 7 P F | TEEE
[a] I =) | | | i | 1
: = o ' ‘ x
ri==2 B8 B O {8 S=A=A—
o= : | ‘ | | : 1 | | i southea;tward |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 10. Monthly mean across- and along-shelf velocity profiles at moorings C15, C11, and C10 (on 10, 20 and 25 m isobaths, respectively). Note that the velocity scales of the

along-shelf component are different for the three stations.

5.2.1. Steric height in Gulf of Mexico deep water area

We estimate the static steric contribution to coastal SSH im-
posed by the deep Gulf of Mexico by spatially averaging the steric
height variations calculated from a monthly mean climatology of
water temperature and salinity (World Ocean Atlas). To isolate
the deep ocean from additional coastal ocean contributions we re-
strict the analysis to Gulf of Mexico regions with water depths in

excess of 600 m, i.e., the continental slope and the abyss. Spatial
averaging across the entire deep Gulf of Mexico eliminates dynam-
ical effects due to the adjustments to gradients in temperature and
salinity. Fig. 12a and b show the climatological results. Note that
the analysis considers the upper 600 m of the water column where
most of the variation occurs, and to further quantify this we broke
this region into six separate 100 m bins, i.e., 0-100 m, 100-200 m
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and so on. We also calculated the overall steric height across each
of these bins (Fig. 12a) and then the seasonal anomaly in steric
height by subtracting out the annual mean for each bin
(Fig. 12b). The monthly mean steric height contributions in the
top six 100-m layers are shown in Fig. 12. The monthly mean steric
height contributions from the upper 100 m layer range from about
0.28 m to 0.39 m with a 12-month mean value of about 0.34 m.
These mean steric height contributions decrease with increasing
water depth, with values of 0.20, 0.14, 0.12, 0.10 and 0.09 m in
the next five successive 100 m layers, respectively. After subtract-
ing the annual mean values from the monthly mean steric heights,
the climatological monthly mean steric height anomalies are given
in Fig. 12b. These range from —0.062 to +0.055m, —0.009 to

+0.009 m, —0.007 to +0.005 m, for the first three 100 m bins,
respectively. Thus it is the upper 100 m layer that contributes
the most to the static steric height variations of the deep Gulf of
Mexico, and this projects a seasonal cycle onto the shelf of range
approximately equal to 0.12 m with the lowest value in February
and the highest value in August.

5.2.2. Satellite altimetry over the deep Gulf of Mexico

A similar analysis may be performed using satellite altimetry.
Using the gridded AVISO sea level anomaly (SLA) data for the Gulf
of Mexico region: 95°W-81°W, 24°N-30°N for depths in excess of
200 m, we spatially averaged to reduce dynamics effects and bin-
ned the spatially averaged anomalies by month to produce a
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Fig. 12. Steric height contributions of the upper water layers estimated from the monthly mean climatology of temperature and salinity: (a) monthly mean steric height

contributions of the top 6 100-m layers, (b) anomaly of steric height contribution.
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monthly mean climatology. These results from satellite altimetry
are shown together with the previous results by static steric height
anomaly (over the layers 0-100 m and 100-200 m of the water col-
umn) in Fig. 13. Similar to the static steric height contributions of
the upper ocean, the SLA exhibits seasonal variation with about the
same amplitude, but with about a one month phase shift, i.e., the
SLA lags the steric height anomaly by about a month with the high-
est value in October and the lowest value in March. Given that the
two data sets derive from different time intervals we cannot com-
ment on the origin of the time lag. The main result is that both the
climatological static steric height and the climatological SLA have
nearly the same seasonal cycle range, some 0.12 m.

5.3. Local and offshore contributions to the coastal sea level seasonal
variation

How do the static steric findings comport with the monthly
mean climatology of the coastal sea level at St. Petersburg, FL?
The results are shown over plotted in Fig. 14, along with the sea le-
vel pressure climatology. The coastal sea level is highest in Sep-
tember and lowest in January. After adjusting for the inverse
barometer effect the coastal sea level range is reduced by about
0.06 m, and the minimum is shifted to February, putting the two
sea level anomaly time series in phase. The adjusted coastal sea le-
vel ranges from around —0.08 to 0.1 m, which is somewhat larger
than what is accounted for by the deep Gulf of Mexico.

Might this difference between coastal and offshore sea level be
due to local effects? Note that the monthly mean climatology for
winds over the central portion of the WFS show upwelling and
downwelling seasons, which, despite small phase shifts would
tend to set sea level up from fall to spring and down from spring
to fall. So both local wind (and atmospheric pressure) forcing and
offshore steric effects contribute to coastal sea level as observed
at St. Petersburg, FL.

5.4. Across-shelf sea level gradient relative to along-shelf component of
velocity

Given the Section 5.3 findings, are these consistent with the ob-
served seasonal cycle in the along-shelf component of velocity?
Consider the difference between the monthly mean climatologies
of St. Petersburg, FL (inverted barometer adjusted) coastal sea level
(¢coast) and the Gulf of Mexico deep ocean sea level ({com) averaged
over the region with depths >200 m, and assume that these
monthly mean differences are indicative of the sea level,
(Fig. 15a), across the width of the inner shelf. Using an inner shelf
width of approximately L = 100 km (i.e., from the coast to just be-

yond the 50 m isobath off Sarasota, FL), a Coriolis parameter
f=0.64 x107*s7! and an acceleration of gravity g=9.8 ms2,
the monthly mean along-shelf geostrophic velocity, v, may be esti-
mated as v = g({coast — {com)/(fL). For comparison, we composited
a monthly mean, depth-averaged, along-shelf component of veloc-
ity climatology from moorings at depths of 50 m or less and with
record lengths longer than 3 years (Fig. 5) by simply averaging
the available monthly mean velocity component climatologies.
We then subtracted the annual mean to produce an anomaly time
series for comparison with the sea level climatologies, which al-
ready have zero annual mean (Fig. 15b). Both the sea level esti-
mated geostrophic and the observed velocity component
anomalies show a similar seasonal cycle. That is to say, on seasonal
time scale, the shelf-wide along-shelf currents are approximately
in geostrophic balance across the inner shelf.

Mitchum and Sturges (1982) provided a similar analysis for
fluctuations over synoptic weather time scales, but assuming zero
sea level change near the shelf break. Had we made a similar
assumption in our seasonal time scale analysis we would have
found a larger mismatch between estimated and observed clima-
tologies (Fig. 15b). Hence for this and other important deep-ocean
coastal ocean interactions (e.g., Weisberg and He, 2003) it is impor-
tant to study the coastal ocean as a complete system, including its
interactions with the deep-ocean, versus in isolation.

6. Discussion and summary

Sustained observations of currents using moored acoustic
Doppler current profilers for the period spanning 1998-2009, plus
various ancillary data, facilitated an examination of the seasonal
cycles in WFS circulation and sea level. Building upon previous
WES seasonal variability inferences (e.g., Tolbert and Salsman,
1964; Yang and Weisberg, 1999; He and Weisberg, 2002, 2003;
Weisberg et al., 2005; Liu and Weisberg, 2005b, 2007; Ohlmann
and Niiler, 2005; Carlson and Clarke, 2009; Dzwonkowski and Park,
2010), and differing from some of these, we find that the WFS pos-
sesses a statistically robust seasonal cycle, which varies across the
shelf and which also derives, in part, from the deep Gulf of Mexico.
Over the (dynamically defined) inner shelf the seasonal variation of
the circulation is pronounced and in response to local forcing. The
inner shelf circulation is generally upwelling favorable from fall
through spring (~October to April) and downwelling favorable in
summer (~June-September). The upwelling circulations also tend
to be larger than the downwelling circulations owing to asymme-
tries in both the seasonal wind stress and the coastal ocean
response. Toward the offshore extent of the inner shelf and sea-
ward from the 50 m isobath, baroclinic effects, in part due to deep
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Fig. 13. Monthly mean steric height contributions of the top 100 and 1000 m water layers and sea level anomaly (SLA) of the Gulf of Mexico (>200 m) from satellite altimetry.

The standard deviations of the SLA are shown as error bars.
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ocean interactions and increased stratification with increased
depth, begin to obscure the mostly wind driven seasonal cycle of
the inner shelf, making the seasonal cycle less pronounced off-
shore. Over the outer shelf the episodic impacts of the deep ocean
through the Gulf of Mexico Loop Current and eddy interactions be-
come controlling over the effects of local forcing.

In contrast with that of the WFS currents, the seasonal variation
of sea level is pronounced across the entire shelf from the coast to
the shelf break and beyond. A portion of this seasonal variability
derives from the deep Gulf of Mexico through static steric height
changes owing to seasonal heating and cooling. This deep ocean
cycle in sea level exhibits its lowest value in February and its high-
est value in August, and most of this order 0.12 m range is due to
density changes over the upper 100 m of the water column, as
determined form climatological temperature and salinity data. A
similar range is found in analyses of satellite altimetry. These deep
ocean influences are observed in the coastal sea level observations,
where in addition are the inner shelf effects due to the locally dri-
ven seasonal cycle of the circulation.

Thus the seasonal cycle in atmospheric pressure adjusted coast-
al sea level partitions roughly 1/3 (0.06 m), 2/3rds (0.12 m) be-
tween local dynamic and deep ocean static effects. The inverted
barometer effect by atmospheric pressure adds about another
0.06 m to the climatological range in annual sea level. Granted, this
may be a simplified viewpoint for several reasons. Shallow water
wintertime temperatures are cooler than deeper offshore waters
and conversely in summertime, imparting baroclinic effects. Simi-
larly, fresh water buoyancy inputs from local land drainage and
from remote rivers to the north complicate the baroclinic structure
across the entire shelf seasonally. In addition, with the internal
Rossby radius of deformation, Ry = NH/f, varying with stratification,
just how far inward from the shelf break deep ocean dynamical
influences extend is itself variable. It is perhaps for these reasons
that only over the inner shelf, where the dynamical effects of local
wind and buoyancy effects are themselves well defined, do we find
a statistically robust seasonal cycle. Notwithstanding the need for
continued analyses of episodic events, the above apportionment
between local dynamical and offshore static influences on the sea-
sonal variations in central WFS currents and sea level appears to
provide a physically reasonable baseline for the observations. The
seasonal dynamical anomalies to the circulation add to the long
term mean circulation (e.g. Weisberg et al., 2009b), which is direc-
ted down coast.

Such well-organized, fully three-dimensional WFS coastal
ocean circulation patterns identified on long-term average
(Weisberg et al., 2009b), at synoptic scales (e.g., Weisberg et al.,
2005, 2009a) and now at seasonal scales have important implica-
tions for fisheries, harmful algae and other ecological phenomena
(e.g., Steidinger, 1975; Tester and Steidinger ,1997; Werner et al.,
1997; Walsh et al., 2006, 2011; Weisberg, 2011). Revealed by an
unprecedented set of WFS observations, and explained on the basis
of local forcing and deep ocean influences, these findings amplify
the need for sustaining coastal ocean circulation observations
within the context of scientifically defensible, multidisciplinary,
coordinated coastal ocean observing and modeling systems. Only
over limited coastal ocean regions with sustained observations
have we been able to identify monthly mean climatologies for
circulation with quantifying error bars (e.g., Blanton et al., 2003;
Winant et al., 2003; Lentz, 2008; Brink et al., 2009). Moreover, as
useful as climatologies may be in providing overviews, the intra-
seasonal to interannual events occurring about these climatologies
may be even of more importance in understanding and predicting
ecosystems behaviors. Given that the coastal ocean is where soci-
ety meets the sea, the need for sustained, systematic, multidisci-
plinary ocean observations in coordination with models requires
attention.
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