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[1] Analysis of a relatively long (3.33 years) time series of velocity in 20 m of water on
the Alabama shelf of the northeastern Gulf of Mexico in conjunction with long‐term
records of wind stress and discharge reveal a better understanding of the seasonal currents.
Analysis of the mean and seasonal signals of the depth averaged velocity shows
virtually no mean flow, but a relatively small yet significant seasonal signal. The 3 cm s−1

seasonal signal is primarily rectilinear in the along‐shelf direction with peak eastward
(westward) flow during the late spring (late fall), consistent with the patterns reported in
previous basin scale studies of the region. The two prominent regional forcing functions,
wind stress and freshwater discharge, show clear seasonal signals. The seasonal vertical
profiles also show two distinctively different patterns, most clearly observed in the
fall with a westward maximum flow at the surface that decreases with depth and spring
with a subsurface eastward flow and a reduced westward or even eastward surface flow.
Separation of the current velocity into a wind‐driven component and a non‐wind‐driven
component demonstrates their counteracting influence on the mean current and maximizes
seasonal effects where the minimum (maximum) seasonal wind‐driven signal roughly
corresponds to the maximum (minimum) non‐wind‐driven signal in late spring/early
summer (late fall/early winter). On the basis of several sources of indirect evidence, it is
hypothesized that a freshwater discharge generated barotropic pressure gradient is the
primary forcing of the seasonal signal in the non‐wind‐driven current.

Citation: Dzwonkowski, B., and K. Park (2010), Influence of wind stress and discharge on the mean and seasonal currents on
the Alabama shelf of the northeastern Gulf of Mexico, J. Geophys. Res., 115, C12052, doi:10.1029/2010JC006449.

1. Introduction

[2] Understanding the shelf circulation and the processes
controlling shelf circulation is essential in determining the
transport and fate of material arising in or entering the
coastal zone. The seasonal current on continental shelves
can often be challenging to assess because current response
to seasonal forcing mechanisms can vary temporally due to
interannual variability and spatially due to coastal geogra-
phy as well as forcing distributions [Ullman and Codiga,
2004; Lentz, 2008a]. In order to determine the fidelity of
seasonal currents, long time series are typically needed as a
result of the large variability in coastal current [Lentz,
2008a]. Despite these difficulties, there are a number of
studies examining seasonal circulation on continental
shelves. However, the northeast region of the Gulf of
Mexico and the Mississippi/Alabama (MS/AL) shelf, in
particular, has received limited attention with respect to
shelf circulation.

[3] The currents in the northeast Gulf of Mexico are
expected to have a strong seasonal signal as the forcing
functions have strong seasonal patterns. Wind stress, the
primary forcing function in the region, experiences a sea-
sonal shift from northerly directions in the winter to
southerly in the summer [de Velasco and Winant, 1996;
Morey et al., 2005]. Regional freshwater discharge also has
a clear seasonal shift with maxima occurring in late winter/
early spring and minima occurring in late summer/early fall
[Stumpf et al., 1993; Morey et al., 2005]. There is an annual
cycle in the heat flux in the Gulf of Mexico [Virmani and
Weisberg, 2003], from which an annual reversal of the
temperature gradient occurs on account of the shallower
coastal water column heating and cooling faster than the
deep water offshore [Morey et al., 2005]. Such a strong
seasonality in the main forcing functions suggests that the
regional currents may also have a strong seasonal signal.
[4] While several studies in 1980s suggest a mean west-

ward wind‐driven current in the northeastern Gulf of
Mexico, these studies are based on limited current mea-
surements, satellite images, and drifters of opportunity
[Chuang et al., 1982; Schroeder et al., 1985, 1987]. More
recent studies include He and Weisberg [2002, 2003], which
examine the seasonal transition during spring and fall using
a numerical model. Morey et al. [2003a, 2003b, 2005]
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examine the seasonal circulation and export of freshwater
throughout the Gulf of Mexico using primarily a numerical
model supported with drifters and satellite imagery. These
studies show that currents along the MS/AL shelf flow
eastward during the spring and summer, while westward
during the fall and winter. Other studies, such as Smith and
Jacobs [2005], only show eastward current during the spring
using a time‐independent model with variational data
assimilation. Ohlmann and Niiler [2005] using 6 years of
surface drifter data in the northern Gulf of Mexico makes no
mention of seasonal patterns on the MS/AL shelf. While the
consensus results of these more recent studies suggest a
seasonal current shifting from west in fall and winter to east
in spring and summer along the MS/AL shelf, all of them
are basin‐size in scale with only limited focus on the MS/AL
shelf region. In addition, these studies only focus on the
surface, bottom, or depth‐averaged currents with no atten-
tion to vertical current structure, the exception being He and
Weisberg [2002, 2003].
[5] In terms of forcing mechanisms, the previous studies

have identified wind as the primary forcing mechanism
responsible for the seasonal change in current direction on
the MS/AL shelf [He and Weisberg, 2002, 2003; Morey
et al., 2003a, 2003b, 2005; Smith and Jacobs, 2005].
However, the MS/AL shelf is inundated with freshwater
from the Mississippi River and Mobile Bay, respectively,
the first and fourth largest sources of freshwater in the
continental United States. Including other sources of fresh-
water such as Pascagoula River, Pearl River, and Lake
Pontchartrain, freshwater discharge would certainly be
expected to influence the inner to midshelf dynamics in this
region. There are only a few studies that have examined the

effect of freshwater on shelf circulation in this region [e.g.,
Morey et al., 2003a], but these studies have not focused on
the inner to middle part of the MS/AL shelf.
[6] As the Deepwater Horizon oil spill illustrates, we need

to have a better understanding of shelf circulation and the
processes forcing seasonal current patterns in the north-
eastern Gulf of Mexico including the MS/AL shelf region.
As such, this paper provides observational evidence of
seasonal currents on the Alabama shelf and explores
potential driving mechanisms for the seasonal patterns; to
our knowledge, this is the first study to examine the vertical
current structure on the MS/AL shelf with in situ data. This
study builds on the recent basin‐scale circulation studies
mentioned above by quantifying the seasonal signal in a
multiyear time series of current and elaborates on the pre-
vious work by examining the seasonal structure of the depth
dependent currents and identifying a distinct, significant
non‐wind‐driven contribution to the seasonal currents.

2. Data and Method

2.1. Data Sources

[7] To analyze the seasonal currents and the associated
forcing mechanisms, a time series of current velocity at one
station, in conjunction with regional wind velocity and river
discharge from several locations were obtained (Figure 1).
The current data were collected using an upward‐looking
ADCP at a 20 m deep mooring station located approxi-
mately 20 km offshore of Dauphin Island (station CP in
Figure 1). The ADCP was deployed in November 2004 and
maintained with periodic services till March 2008. Presence
of data gaps resulted in approximately 2.75 years (83%) of

Figure 1. The study area showing the mooring station (CP) and wind stations (DI, BX, and LLNR) with
a larger view of the Gulf of Mexico in the lower right corner.
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data over 3.33 years of deployment. Some of the data gaps
are rather large (Figure 2), O(weeks), but they are inter-
spersed throughout the time series, resulting in a typically
small percentage of gaps during any individual season; see
section 2.2 for the definition of season. Data from the ADCP
were collected at 0.5 m bins between 2 and 19 m above the
bottom (mab), of which 2–17 mab were consistently reli-
able. At the start of the study during the months of
November to December 2004, 2 m bins were used, followed
by 1 m bins during January to March 2005.
[8] Data for forcing conditions, regional wind velocity

and freshwater discharge, were obtained. Wind data during
the study period and long‐term records over 10 years were
available at three National Data Buoy Center stations, http://
www.ndbc.noaa.gov/to_station.shtml (Figure 1); however,
there were gaps in these data as well. Inshore of the CP site,
data from station DPIA1 (DI) were available from 1987 to
2009 with approximately 85% data coverage during this
period. To the west of the CP site, data from NOAA buoy
station 42007 (BX) were available from 1981 to 2009 with
approximately 82% data coverage during this period. Off-
shore of the site, data from NOAA buoy station 42040
(LLNR) were available from 1995 to 2008 with approxi-
mately 75% data coverage during this period. Daily dis-
charge data were obtained for the Mississippi River at the
U.S. Army Corp of Engineers’ station at Tarbert Landing,
MS (31°00′30″N, 91°37′25″W; http://www.mvn.usace.
army.mil/cgi‐bin/wcmanual.pl?01100), and for the Mobile
River system at two U.S. Geological Survey’s gauging
stations for Alabama River (31°32′48″N, 87°30′45″W;
http://waterdata.usgs.gov/usa/nwis/uv?site_no=02428400)

and Tombigbee River (31°45′25″N, 88°07′30″W; http://
waterdata.usgs.gov/usa/nwis/uv?site_no=02469761). Data
at Tarbert Landing, MS were available from 1970 to 2008
with approximately 100% data coverage during this period,
and data for the Mobile River system were available from
1976 to 2008 with approximately 99% data coverage during
this period. It is worth noting that of the Mississippi River
discharge feeding into the “birdsfoot” delta approximately
50% affects the east side of the delta [Wiseman et al., 1997].

2.2. Data Processing and Analysis

[9] Several processing techniques and analysis methods
are employed in order to examine the seasonal character-
istics in the data. In handling data gaps in both wind and
current data, the short gaps of 12 h or less are filled using
linear interpolation. Following this, all time series are low
pass filtered using a 40 h Lanczos filter, similar to the fil-
tering methods of Ullman and Codiga [2004]. The wind
velocity time series are transformed into wind stress, prior to
filtering, using the height of the sensor and a bulk formula of
Large and Pond [1981]. From the low‐pass signal, a depth
averaged current is calculated as

U ¼ 1

h

Z0

h

u zð Þdz; ð1Þ

whereU = depth averaged current, h =water depth, and u(z) =
vertically varying current velocity. The depth integration in
equation (1) is done using the trapezoidal method. The
velocity data not available near the surface and bottom are

Figure 2. Depth averaged (a) along‐shelf and (b) across‐shelf velocity; the thick dashed lines indicate
the seasonal signals derived from harmonic analysis.
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obtained by extrapolating to the surface (bottom) with a
constant value from the upper (lower) most value. A linear
trend from the upper (lower) values to the surface (bottom)
was also performed; however, little difference resulted. The
orientation of the coastline, isobath contours and the principal
components of the depth averaged current warrant consider-
ing the (u, v) velocity components as the along‐shelf and
across‐shelf components, respectively.
[10] From the depth averaged current, seasonal means are

calculated for each season during the study period. The
seasonal divisions follow typical midlatitude separation with
winter (December to February), spring (March to May),
summer (June to August), and fall (September to November).
Because of data gaps, 5 out of 13 seasons have less than
80% data coverage with one (summer of 2005) having less
than 60% data coverage. Similar to the criteria used in a
mean seasonal analysis by Codiga [2005], only the seasons
with at least 60% data coverage are considered in the sub-
sequent analysis. Standard error analysis, following Lentz
[2008b], is used to quantify the uncertainty in the seasonal
means.
[11] On account of several regional studies in the northern

Gulf of Mexico showing seasonal shifts in forcing functions
[Stumpf et al., 1993; de Velasco and Winant, 1996; Virmani
and Weisberg, 2003; Morey et al., 2005] and having found
evidence of seasonal currents [He and Weisberg, 2002,
2003; Morey et al., 2003a, 2003b, 2005], we attempt to
quantify the seasonal signal using harmonic analysis with a
single annual harmonic (see the next paragraph), following
the methodology of Lentz [2008b]. The mean and seasonal
signal in the time series is extracted by fitting the data to the
form of

y tð Þ ¼ yþ A � sin !tð Þ þ B � cos !tð Þ; ð2Þ

where y = time series, t = time in days, y = time average, w =
2p/(365.25 d) = annual frequency, and A and B = coeffi-
cients of the harmonic fit. The results can be summarized
using amplitude and phase for scalar data (e.g., freshwater
discharge), while vector data (e.g., current velocity and
wind) can be concisely summarized using the parameters of
an ellipse (major axis, minor axis, orientation of ellipse, and
phase) which describe the orientation and motion of the
vector. In all cases, the phases are referenced to 1 January.
The confidence intervals associated with the ellipse para-
meters are calculated following the linear method described
by Pawlowicz et al. [2002]. The duration and gappy nature
of the data sets, however, complicate the error analysis. The
error analysis uses the background level of spectral energy
of the residual time series around the frequency of interest,
i.e., original time series with the signals of interest removed,
and the estimated error for harmonic coefficients is propa-
gated linearly into the ellipse parameters. However, the
relatively short duration of the velocity data (3.33 years)
limits the discrete Fourier frequencies that can be used to
ascertain the background energy around the annual fre-
quency [Lentz, 2008b]. Furthermore, the level of data gaps
and the relative distribution of these gaps can affect the
overall spectral energy since gap filling is required so that
the Fourier transform can be used to obtain spectral esti-
mates. Thus, estimating the uncertainty in the harmonic
analysis is limited and the confidence interval estimated

should be viewed as an approximate value rather than a
strict significance threshold.
[12] To validate the use of a simple annual harmonic to

quantify the seasonal signal, an additional analysis exam-
ining any asymmetry in the seasonal signal is conducted.
This can be determined by adding higher harmonics to the
least squares fit in equation (2) [Beardsley et al., 1985;
Breaker, 2005]. Additional harmonics are included incre-
mentally to examine their individual contributions and
effects on the seasonal signal. Addition of the next har-
monic, the semiannual cycle with period of 365.25/2 days,
has virtually no affect on the annual harmonic and has a
harmonic coefficients (< 1 cm s−1) only one fourth of the
annual harmonic coefficients which is much smaller than its
confidence interval. Additional harmonics are even smaller
contributors and of less importance. This suggests that the
annual harmonic is the dominant contributor to the seasonal
signal despite the potential presence of other harmonics in
the seasonal current. In this study, therefore, a single annual
harmonic is used to quantify the dominant, and previously
noted, seasonal shift in the flow pattern.
[13] Additional analysis techniques using linear correla-

tion and regression, following Lentz [2008a], are used to
find the wind‐driven component of the depth averaged
current. First, the optimum wind direction with the highest
correlation with the depth averaged along‐shelf current is
obtained. Then, a linear regression is conducted to estimate
a regression coefficient between the depth averaged along‐
shelf current (UAL) and the optimum wind stress (tO

S ),

UAL ¼ a�SO þ b; ð3Þ

where a = regression coefficient and b = y intercept. The
resulting regression coefficient and tO

S are then used to
generate the wind‐driven component of the depth averaged
along‐shelf current. The residual in the along‐shelf current
after subtracting the wind‐driven component is considered
as the non‐wind‐driven component. The same analysis is
conducted for the across‐shelf current with a wind compo-
nent 90° from the optimum wind direction.

3. Results

3.1. Mean and Seasonal Signals

[14] The depth averaged current in Figure 2 show vari-
ability at a wide range of time scales with fluctuations in the
along (across)‐shelf component of ±30 (±10) cm s−1. While
these fluctuations are common in shelf currents, such large
variability masks typically weaker mean and seasonal sig-
nals. Averaging over the total and seasonal periods provides
a clearer picture of any very low frequency patterns in the
data. First, the overall mean is nearly zero with an along
(across)‐shelf component of −0.4 (0.7) cm s−1 (Table 1 and
Figure 2). The seasonal means and their uncertainty quan-
tified following Lentz [2008b] are shown in Figure 3. With
the standard deviations of individual seasons ranging from
7–14 and 2–4 cm s−1 for the along‐ and across‐shelf com-
ponents, respectively, and subtidal decorrelation time scale
of approximately 3 days, the standard error in the seasonal
means are typically 1.5–2 and 0.5–1 cm s−1 for the along‐
and across‐shelf components, respectively. The seasonal
means in Figure 3 indicate that there is notable interannual
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variability between individual seasons. In addition, 6 out of
12 seasonal means are near or below the uncertainty of the
seasonal average, indicating the seasonal mean current can
be quite small at times. However, there is evidence of a
seasonal shift with eastward flow in the spring and westward
flow in the fall (Figure 3). The winter and summer appear to
be transitional periods with the winter showing strong
westward flow for two seasons and weak northeastward flow
for two seasons, and all summer seasons showing weak
westward/west‐northwestward flow. This seasonal pattern is
further examined using harmonic analysis with an annual
signal. The results suggest the presence of a rectilinear sea-
sonal fluctuation of magnitude of 3 cm s−1 in the along‐shelf
direction, which peaks at the beginning of May (Table 1 and
Figure 2) and is consistent with the pattern in the seasonal
means (Figure 3).

[15] As in the depth averaged currents, the vertical pro-
files of along‐shelf seasonal mean currents show distinct
seasonal variations (Figure 4). All three fall seasons have a
westward maximum flow at the surface that decreases with
depth. While the winter seasons generally have profiles
similar to those in the fall, two of them, winter in 2005 and
2006, have profiles with a more pronounced eastward flow
at depth. The spring and summer have very different pro-
files, having a subsurface eastward flow with a peak at 10–
14 mab and a reduced westward or even eastward flow at
the surface. A reduced flow approaching zero near the
bottom is common for all seasons. Similar to the relationship
between fall and winter, the spring period has a quasiregular
pattern while the summer appears more transitional
exhibiting a weaker eastward current at depth and a stronger
westward current at the surface which suggests the shift into

Table 1. Harmonic Analysis Results of the Depth‐Averaged Current and Its Wind‐Driven and Non‐Wind‐Driven Components With
Their Error Estimates

Along‐Shelf Mean
(cm s−1)

Across‐Shelf
Mean (cm s−1)

Major Axis
(cm s−1)

Minor Axis
(cm s−1)

Orientation
(deg)a

Phase
(deg)b

Depth averaged −0.4 ± 0.6 0.7 ± 0.2 3.0 ± 2.2 0.1 ± 0.5 91 ± 10 122 ± 42
Wind driven −2.7 ± 0.4 0.1 ± 0.0 1.2 ± 0.9 −0.1 ± 0.2 100 ± 7 143 ± 40
Non‐wind driven 2.2 ± 0.5 0.6 ± 0.2 2.0 ± 1.8 0.3 ± 0.5 88 ± 17 109 ± 52

aDegree is 0 for northward current and increases clockwise for orientation.
bDegree is 0 on January 1 for phase.

Figure 3. Seasonal mean current velocity vectors for spring (green), summer (red), fall (black), and
winter (blue); the solid and dashed arrows indicate greater than 80% and 60%–80% seasonal data cover-
age, respectively. The concentric rings are at 2 cm s−1 intervals, and the red ellipse represents the approx-
imate standard error.
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the fall structure is beginning. Again, in all seasons there is
considerable interannual variability in the vertical structure.
It should be noted that the along‐shelf current is emphasized
because of the minimal role that the across‐shelf current
plays in the seasonal signal.

3.2. Mean Seasonal Forcing and Response

[16] Similar to the velocity data, the regional wind stress
data exhibit large variability over a wide range of time
scales (not shown); however, a seasonal signal exists over
the 3.33 years of the study (Table 2). All three sites have a

Table 2. Harmonic Analysis Results of the Wind Stress During the Study Period and Long‐Term Recorda

Stationsb Along‐Shelf Mean (Pa) Across‐Shelf Mean (Pa) Major Axis (Pa) Minor Axis (Pa) Orientation (deg)c Phase (deg)d

Study Period
DI −0.012 −0.012 0.020 0.003 15 163
BX −0.011 −0.009 0.022 0.002 24 165
LLNR −0.016 −0.009 0.016 0.004 31 164

Long‐Term Data
DI (23 years) −0.011 ± 0.001 −0.010 ± 0.001 0.022 ± 0.001 0.001 ± 0.002 9 ± 5 158 ± 3
BX (29 years) −0.012 ± 0.001 −0.007 ± 0.001 0.028 ± 0.003 0.002 ± 0.004 17 ± 7 157 ± 7
LLNR (14 years) −0.012 ± 0.002 −0.004 ± 0.002 0.018 ± 0.003 0.005 ± 0.004 19 ± 13 161 ± 12

aThe error estimates are presented for the long‐term data only.
bSee Figure 1 for station location.
cDegree is 0 for northward wind and increases clockwise for orientation.
dDegree is 0 on 1 January for phase.

Figure 4. Seasonal depth‐dependent along‐shelf velocity profiles for 2005 (triangle), 2006 (circle), 2007
(square), and 2008 (cross). Note varying x axis ranges for different seasons.
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relatively rectilinear structure with the major axis being
approximately 0.02 Pa and the minor axis being less than
25% of the major axis. The seasonal ellipse orientation is
along 15°–31°/195°–211° with the peak northeastward/
southwestward wind occurring in early May/December. The
south (LLNR) and west (BX) sites, compared to DI, have a
more east–west orientation. Combining this seasonal signal
with the mean southwestward wind stress emphasizes the
predominance of the southwestward wind conditions, par-
ticular during the late fall and early winter.
[17] The freshwater discharge from both the Mississippi

River and Mobile River system has a strong seasonal signal.
Harmonic analysis results show, not surprisingly, both a
larger mean and seasonal signal in the Mississippi River
discharge (Table 3). However, it is expected that no more
than 50% of the discharge in Table 3 will impact the eastern
region of the Mississippi birdsfoot delta [Wiseman et al.,
1997]. Both systems do have a similar phase of about 60°
during the study period, i.e., the annual peak in the begin-
ning of March.
[18] To examine the current response, if any, to these

seasonal forcing functions, the depth averaged current is
separated into a wind‐driven component and a non‐wind‐
driven component from which the seasonal signal is
extracted using harmonic analysis. The optimal wind
direction giving the highest correlation with the along‐shelf
current is 75° (r = 0.63) from which the wind‐driven current
is derived. The results show an interesting relationship
between the mean and seasonal current of the wind‐driven
and non‐wind‐driven components. The along‐shelf mean
current vectors are roughly opposite in direction with the
wind‐driven flow directed to the west and the non‐wind‐
driven flow directed to the east (Table 1); note the minimal
contribution from the across‐shelf component. The seasonal
signals are mostly rectilinear, dominated by the along‐shelf
axis (orientation ∼ 90°) with magnitudes of 1.2 and 2.0 cm
s−1 for the wind‐driven and non‐wind‐driven components,
respectively, and have phases separated by about a month.
The oppositely directed mean wind‐driven and non‐wind‐
driven currents result in a situation in which the similarly
phased seasonal signals act in an opposing manner. In late
spring/early summer, a minimum wind‐driven current to the
west occurs with a maximum non‐wind‐driven current to
the east, whereas in late fall/early winter a maximum wind‐
driven current to the west occurs with a minimum non‐
wind‐driven current to the east (Figure 5). The net result is
an east flow in late spring/early summer and a west flow in
late fall/early winter (Figures 2 and 3). While a direct cause
of the non‐wind‐driven signal is not clear from the available

data, it does follow the seasonal discharge cycle with a
phase lag of about 44–52 days.

4. Discussion

[19] Our results indicate that wind stress forcing is not the
only factor in determining the mean and seasonal currents,
which do contain a non‐wind‐driven component as well as a
wind‐driven component.

4.1. Wind‐Driven Component

[20] In regards to the wind‐driven component, the mean
wind stress is to the southwest (Table 2), consistent with the
mean wind‐driven current to the west (Table 1). The sea-
sonality in the wind‐driven current, with a maximum west
current occurring in late fall/early winter (Table 1), is con-
sistent with the corresponding seasonal vertical profiles, as
they appear to be surface forced with westward friction that
reduces with depth (Figure 4). While the seasonal wind stress
signal orientation (15°–31° in Table 2) is not parallel to the
along‐shelf direction, there is a component that can drive an
along‐shelf current since the optimal wind stress associated
with the along‐shelf current is 75°, which results in a 44°–60°
difference with that of seasonal wind stress orientation.

4.2. Non‐Wind‐Driven Component

[21] The forcing(s) associated with the non‐wind‐driven
component is less clear and the absence of data for pressure
gradients only allows for speculation based on deductive
reasoning. In addition to wind stress, heat flux and discharge
are expected to be important forcing functions in the Gulf of
Mexico. Their seasonal cycles act to change the buoyancy
forcing by alternating the baroclinic pressure gradient on the
shelf. While discharge reduces the salinity on the inner
shelf, seasonal heat flux typically results in colder (warmer)
conditions in the shallower, inner shelf than in the deeper,
outer shelf during winter (summer). During the summer the
salinity and temperature gradients work in concert creating a
baroclinic pressure gradient that generates a westward,
downshelf current, whereas the winter gradients oppose
each other and their outcome is difficult to determine
without data [Morey et al., 2005]. This process has been
identified in various coastal shelves in He and Weisberg
[2002], Ullman and Codiga [2004], Shearman and Lentz
[2003, 2007], Lentz [2008a], etc. However, the westward
current that would be driven by baroclinic forcing during the
spring (peak discharge) and summer (peak heat flux) is not
present in the non‐wind‐driven component of the depth
average current (Figure 5), nor in the seasonal mean vertical

Table 3. Harmonic Analysis Results of the Freshwater Discharge During the Study Period and Long‐Term Recorda

Rivers Mean (m3 s−1) Amplitude (m3 s−1) Phase (deg)b

Study Period
Mobile Bay 1236 809 57
Mississippi Riverc 12,112 6290 65

Long‐Term Data
Mobile Bay (33 years) 1725 ± 200 1404 ± 100 59 ± 6
Mississippi Riverc (39 years) 14,870 ± 700 7144 ± 1000 91 ± 8

aThe error estimates are presented for the long‐term data only.
bDegree is 0 on 1 January for phase.
cApproximately 50% of the discharge will impact the eastern region of the Mississippi birdsfoot delta [Wiseman et al., 1997].
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profiles (Figure 4). The known regional forcing mechanisms
fail to provide adequate explanation for the observed non‐
wind‐driven component.
[22] We hypothesize that the non‐wind‐driven component

is driven by a barotropic pressure gradient related to fresh-
water discharge. While no data are presently available for
the barotropic pressure gradient, this hypothesis is supported
by several sources of indirect information including the
seasonal freshwater discharge, the seasonal variation in
salinity gradient, the velocity profiles, and consistency with
previous studies on regional circulation.
[23] The seasonal peak in discharge from Mississippi

River and Mobile Bay leads the non‐wind‐driven depth
averaged current by about 44–52 days (Figure 5), which
seems a reasonable lead time for freshwater to propagate
from the gauging stations through their respective estuaries
onto the shelf. In line with this seasonal cycle in discharge,
previous studies in the region show strong seasonal changes
in the along‐shelf salinity gradient with relatively fresh and
warm water accumulating on the MS/AL shelf region in late
spring/early summer but the signal is much weaker in late
fall/early winter (see Jochens et al. [2002, Figures 7.2‐2,
7.2‐4, and 7.2‐6], He and Weisberg [2002, Figure 9, 2003,
Figure 14], and Morey et al. [2003a, Figure 7, 2003b,
Figure 2]). In these studies, the observed and modeled
along‐shelf surface salinity differences between the MS/AL

shelf and just west of Apalachicola Bay can be quite strong
ranging from 4 to 8 psu. The accumulation of fresher water
may cause a seasonally varying barotropic along‐shelf
pressure gradient that drives the observed eastward currents
in late spring/early summer.
[24] The vertical structure of the seasonal velocity in

spring and summer is characterized by a shape that is not
consistent with a sole surface wind forcing. During the spring
and to a weaker extent summer, when wind stress is at its
minimum, the depth dependent current profiles have a shape
consistent with a flow dominated by a barotropic pressure
gradient, with some evidence of surface wind forcing acting
in the opposite direction (Figure 4). Assuming wind stress
and a discharge‐induced pressure gradient are the two pri-
mary forcing functions on the mean and seasonal currents,
idealized first‐order profiles of wind‐driven and barotropic
pressure gradient–driven flows are generated using simple
parabolic functions required to match the approximate mean
depth averages of the wind‐driven (Figure 6a) and non‐
wind‐driven (Figure 6b) components. The summation of
these profiles (Figure 6c) compares well to the observed
mean vertical profile (Figure 6d). There are some differ-
ences, such as the depth of the eastward subsurface velocity
peak, but as a very simple first‐order approximation, the
profiles are surprisingly similar, suggesting a pressure

Figure 5. Seasonal signal of the wind‐driven current (thin solid line), the non‐wind‐driven current (thick
solid line), and the discharges from Mississippi River (dashed line) and Mobile River system (dotted line).
The Mississippi River (Mobile River system) discharge has had the mean removed and been scaled by
1/1000 (1/100) to show the coincident fluctuations.
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gradient, regardless of its source(s), is a reasonable contrib-
utor to the observed currents.
[25] Finally, the interaction between the wind‐driven and

non‐wind‐driven components appears consistent with the
finding by Morey et al. [2003a] in which the model runs
using average and seasonal discharge had similar seasonal
surface salinity patterns. At first glance the similar effect of
seasonal and constant discharge appears counter to our
hypothesis. However, when assuming that the non‐wind‐
driven current is completely forced by a discharge‐driven
barotropic pressure gradient, a constant freshwater discharge
would result in a constant non‐wind‐driven current of about
2.2 cm s−1, the along‐shelf mean of the non‐wind‐driven
component (Table 1). Then, during the late fall when the
westward wind‐driven component is maximum (> 2.2 cm
s−1 in Figure 5), one could expect the transport to the west
consistent withMorey et al. [2003a, Figure 9d]. On the other
hand, when the seasonal wind‐driven signal is at its mini-

mum in late spring/early summer, the constant non‐wind‐
driven component to the east would overcome the wind
forcing, resulting in eastward transport consistent with
Morey et al. [2003a, Figure 9c].

4.3. Long‐Term Variability in Forcing Function

[26] The consistency of the seasonal signal maybe ques-
tioned by the limited duration of our data set (3.33 years).
As a way to examine potential changes to the seasonal
signal in the current, long‐term time series of wind stress
and discharge are examined to see how representative the
forcing conditions during our study period are. The har-
monic analysis results using the long‐term wind stress data
show little difference in the seasonal signal from that in the
wind stress data during the study period (Table 2). The
harmonic analysis results using the long‐term freshwater
discharge presented in Table 3 show two differences that
may be potentially important. The peak discharge from

Figure 6. Idealized profiles of (a) a wind‐driven current, (b) a barotropic pressure gradient–driven cur-
rent and (c) their sum, and (d) the mean vertical profile from the entire time series with 0.5 m bins. The
idealized vertical profiles in Figures 6a and 6b are generated using simple parabolic functions required to
match the approximate mean depth averages of the wind‐driven and non‐wind‐driven components. Note
varying x axis ranges for different plots.
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Mississippi River in the long‐term record occurs about a
month later than during the study period. Another difference
is that the study period is relatively dry compared to the
long‐term record; 2007, in particular, was a 30 year record
dry year for the Mobile River system. Such a low discharge
condition implies that the influence of freshwater discharge
might be stronger during normal years. These differences,
however, would only shift the timing and strength of the
non‐wind‐driven component. Considering the relatively
minor differences between the seasonal signals of the long‐
term and study period forcing conditions, the observed mean
and seasonal signals in the current data set are expected to
be relatively robust.

4.4. Monthly and Interannual Variability

[27] To gain additional confidence in the observed sig-
nal, we repeat some analysis with the monthly averaged
time series. A range (60%–90%) of data coverage for
monthly means of depth averaged current is examined, but
the results do not qualitatively change. The seasonal signal
in the monthly mean current data is similar to the hourly
data, O(3 cm s−1). In addition, significant correlations arise
between the monthly current and both wind stress, O(0.65),
and discharge, O(0.4). The monthly time series of the along‐
shelf current have considerable interannual variability sim-
ilar to those in Figure 3. Wind stress and discharge also have
considerable interannual variability. Unfortunately, the
duration of the study period limits our ability to address
interannual variability of the currents and forcing. Not sur-
prisingly, there does appear to be an association between the
interplay of the interannual variability of wind and discharge
and the resulting current. Some of the variability in the
vertical current structure appears to be influenced by inter-
annual variability. For example, the spring of 2007 showing
quite different vertical profile with a reduced eastward flow
(Figure 4) corresponds to a spring period with relatively
strong southeastward wind which would act against the
effect of already very low freshwater discharge. Similar
interaction between wind stress and discharge appears to
explain other seasonal exceptions in the vertical profiles.
However, more thorough analysis of the interannual vari-
ability using longer time series is left for future work.

5. Summary and Conclusions

[28] Mean and seasonal signal in the depth averaged and
dependent structure are estimated at a mooring station on the
20 m isobath on the Alabama shelf. There is virtually no
mean along‐shelf flow at the study site. However, there is a
3 cm s−1 seasonal signal in the depth averaged time series,
and it is primarily rectilinear in the along‐shelf direction
with peak eastward (westward) flow during the late spring
(late fall), consistent with the patterns observed/simulated in
previous basin scale studies. Furthermore, the seasonal
vertical profiles appear to have two distinctively different
patterns, most clearly observed in the fall and spring. In all
seasons, the seasonal depth averaged mean and the depth‐
dependent profiles show considerable interannual variabil-
ity, which emphasizes the need for long‐term time series.
[29] Wind stress and freshwater discharge, the two most

prominent regional forcing functions, also show seasonality.
The orientation of the seasonal wind stress signal is directed

approximately along the north‐northeast/south‐southwest
axis, which allows it to enhance/reduce the mean current.
Separation of the current velocity into a wind‐driven com-
ponent and a non‐wind‐driven component demonstrates
their counteracting influence on the mean current and
maximizes seasonal effects where the minimum (maximum)
seasonal wind‐driven signal roughly corresponds to the
maximum (minimum) non‐wind‐driven signal in late
spring/early summer (late fall/early winter). While the mean
and seasonal signal in the wind‐driven component corre-
sponds well to the mean and seasonal wind patterns, forcing
mechanisms for the non‐wind‐driven mean and seasonal
signal are not obvious. From the evidence in the discharge
data, seasonal variation in salinity gradient, vertical current
profiles, and previous studies in the region, it is hypothe-
sized that a freshwater discharge‐generated barotropic
pressure gradient is the primary forcing of the seasonal
signal in the non‐wind‐driven current. This is different from
the previous studies in other shelf regions where the influ-
ence of buoyancy forcing affects seasonal currents such that
it enhances downshelf current during times of high fresh-
water discharge. Assuming discharge is responsible for the
non‐wind‐driven component, the seasonal signals for long‐
term time series of wind stress and discharge show little
difference from those of the study period, suggesting that
the observed mean and seasonal signals are relatively robust.
This mean and seasonal interplay between the wind‐driven
and non‐wind‐driven components is what drives the
resulting current. In addition, the interannual variability in
wind stress and discharge is consistent with the interannual
variability in the seasonal mean currents and their depth
dependent profiles.
[30] While the results of this study are based on the data

from a single mooring location, which may make broader
generalizations about the shelf behavior questionable, the
depth averaged observations are consistent with several
broader basin scale studies in the region [Morey et al.,
2003a, 2003b; He and Weisberg, 2002, 2003], which at
least suggests that this results may apply to the much wider
region of the MS/AL shelf and presents a topic of future
research. The hypothesis of a seasonally strengthening
barotropic pressure gradient induced by freshwater dis-
charge could be an important mechanism in other shelf
regions with high river discharge.

[31] Acknowledgments. This work would not have been possible
without the collecting and archiving of the data by the Tech Support
Group at the Dauphin Island Sea Lab, including Kyle Weis, Alan Gunter,
Mike Dardeau, and Laura Linn. This work was supported by the Fisheries
Oceanography in Coastal Alabama funded by Alabama Department of
Conservation and Natural Resources, Marine Resources Division. Finally,
we thank Rich Pawlowicz at University of British Columbia for the freely
available Matlab m_map toolbox, which was useful in our analysis of
geophysical data.

References
Beardsley, R. C., D. C. Chapman, K. H. Brink, S. R. Ramp, and R. Schlitz
(1985), The Nantucket shoals flux experiment (NSFE79): Part I. A basic
description of the current and temperature variability, J. Phys. Oceanogr.,
15, 713–748.

Breaker, L. C. (2005), What’s happening in Monterey Bay on seasonal to
interdecadal time scales, Cont. Shelf Res., 25, 1159–1193, doi:10.1016/
j.csr.2005.01.003.

DZWONKOWSKI AND PARK: MEAN AND SEASONAL CURRENTS ON AL SHELF C12052C12052

10 of 11



Chuang, W., W. W. Schroeder, and W. J. Wiseman Jr. (1982), Summer
current observations off the Alabama coast, Contrib. Mar. Sci., 25,
121–131.

Codiga, D. L. (2005), Interplay of wind forcing and buoyant discharge off
Montauk Point: Seasonal changes in velocity structure and a coastal
front, J. Phys. Oceanogr., 35, 1068–1085.

de Velasco, G. G., and C. D. Winant (1996), Seasonal patterns of wind
stress and wind stress curl over the Gulf of Mexico, J. Geophys. Res.,
101(C8), 18,127–18,140, doi:10.1029/96JC01442.

He, R., and R. H. Weisberg (2002), West Florida shelf circulation and
temperature budget for the 1999 spring transition, Cont. Shelf Res.,
22, 719–748.

He, R., and R. H. Weisberg (2003), West Florida shelf circulation and tem-
perature budget for the 1998 fall transition, Cont. Shelf Res., 23, 777–
800, doi:10.1016/S0278-4343(03)00028-1.

Jochens, A. E., S. F. DiMarco, W. D. Nowlin Jr., R. O. Reid, and M. C.
Kennicutt II (2002), Northeastern Gulf of Mexico chemical oceanogra-
phy and hydrography study: Synthesis report, U.S. Dep. of the Interior,
Minerals Management Service, Gulf of Mexico OCS Region, New
Orleans, LA.

Large, W. G., and S. Pond (1981), Open ocean momentum flux measure-
ments in moderate to strong winds, J. Phys. Oceanogr., 11, 324–336.

Lentz, S. J. (2008a), Observations and a model of the mean circulation over
the Middle Atlantic Bight continental shelf, J. Phys. Oceanogr., 38,
1203–1221, doi:10.1175/2007JPO3768.1.

Lentz, S. J. (2008b), Seasonal variations in the circulation over the Middle
Atlantic Bight continental shelf, J. Phys. Oceanogr., 38, 1486–1500,
doi:10.1175/2007JPO3767.1.

Morey, S. L., P. J. Martin, J. J. O’Brien, A. A. Wallcraft, and J. Zavala‐
Hidalgo (2003a), Export pathways for river discharged fresh water in
the northern Gulf of Mexico, J. Geophys. Res., 108(C10), 3303,
doi:10.1029/2002JC001674.

Morey, S. L., W. W. Schroeder, J. J. O’Brien, and J. Zavala‐Hidalgo
(2003b), The annual cycle of riverine influence in the eastern Gulf of
Mexico basin, Geophys. Res. Lett., 30(16), 1867, doi:10.1029/
2003GL017348.

Morey, S. L., J. Zavala‐Hidalgo, and J. J. O’Brien (2005), The seasonal
variability of continental shelf circulation in the northern and western
Gulf of Mexico from a high‐resolution numerical model, in Circulation
of the Gulf of Mexico: Observations and Models, Geophys. Monogr. Ser.,
vol. 161, edited by W. Sturges and A. Lugo‐Fernandez, pp. 203–218,
AGU, Washington, D.C.

Ohlmann, J. C., and P. P. Niiler (2005), Circulation over the continental
shelf in the northern Gulf of Mexico, Prog. Oceanogr., 64, 45–81,
doi:10.1016/j.pocean.2005.02.001.

Pawlowicz, R., R. Beardsley, and S. Lentz (2002), Classical tidal harmonic
analysis including error estimates in MATLAB using T_TIDE, Comput.
Geosci., 28, 929–937.

Schroeder, W. W., O. K. Huh, L. J. Rouse Jr., and W. J. Wiseman Jr.
(1985), Satellite observations of the circulation east of the Mississippi
Delta: Cold‐air outbreak conditions, Remote Sens. Environ., 18, 49–58.

Schroeder, W. W., S. P. Dinnel, W. J. Wiseman Jr., and W. J. Merrell Jr.
(1987), Circulation patterns inferred from the movement of detached
buoys in the eastern Gulf of Mexico, Cont. Shelf Res., 7, 883–894.

Shearman, R. K., and S. J. Lentz (2003), Dynamics of mean and subtidal
flow on the New England shelf, J. Geophys. Res., 108(C8), 3281,
doi:10.1029/2002JC001417.

Shearman, R. K., and S. J. Lentz (2007), Correction to “Dynamics of mean
and subtidal flow on the New England shelf”, J. Geophys. Res., 112,
C02015, doi:10.1029/2006JC004074.

Smith, S. R., and G. A. Jacobs (2005), Seasonal circulation fields in the
northern Gulf of Mexico calculated by assimilating current meter, ship-
board ADCP, and drifter data simultaneously with the shallow water
equations, Cont. Shelf Res., 25, 157–183, doi:10.1016/j.csr.2004.09.010.

Stumpf, R. P., G. Gelfenbaum, and J. R. Pennock (1993), Wind and tidal
forcing of a buoyant plume, Mobile Bay, Alabama, Cont. Shelf Res.,
13, 1281–1301.

Ullman, D. S., and D. L. Codiga (2004), Seasonal variation of a coastal jet
in the Long Island Sound outflow region based on HF radar and Doppler
current observations, J. Geophys. Res., 109, C07S06, doi:10.1029/
2002JC001660.

Virmani, J. I., and R. H. Weisberg (2003), Features of the observed annual
ocean‐atmosphere flux variability on the West Florida Shelf, J. Clim., 16,
734–745.

Wiseman, W. J., N. N. Rabalais, R. E. Turner, S. P. Dinnel, and
A. MacNaughton (1997), Seasonal and interannual variability within
the Louisiana coastal current: Stratification and hypoxia, J. Mar. Syst.,
12, 237–248.

B. Dzwonkowski and K. Park, Dauphin Island Sea Laboratory, 101
Bienville Blvd., Dauphin Island, AL 36528, USA. (briandz@disl.org)

DZWONKOWSKI AND PARK: MEAN AND SEASONAL CURRENTS ON AL SHELF C12052C12052

11 of 11



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


