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a b s t r a c t

Hydrographic variability on the Alabama shelf just outside of Mobile Bay, a major source of river

discharge into the Gulf of Mexico, is examined using time series of water column temperature and

surface and bottom salinity from a mooring site with a depth of 20 m in conjunction with a series of

across-shelf CTD surveys. The time series data show variability in a range of time scales. The density

variation is affected by both salinity and temperature, with its relatively strong annual signal mostly

determined by temperature and its year to year variability mostly determined by salinity. Seasonal

mean structures of temperature, salinity, and density show a transition from estuarine to shelf

conditions in which three regions with distinct seasonal characteristics in their horizontal and vertical

gradient structures are identified. Correlation analysis with the available forcing functions demon-

strates the influence of Mobile Bay on the variability at the mooring site. At low frequencies, river

discharge from Mobile Bay has a varying influence on salinity, which is absent during the periods with

unusually low discharge. At shorter synoptic time scales, both the estuarine response to the across-

shelf wind stress and the shelf response to the along-shelf wind stress are significantly correlated with

temperature/salinity variability: the former becoming important for the surface layer during winter

whereas the latter for the bottom layer during both winter and summer. These forcing functions are

important players in determining the estuarine–shelf exchange, which in turn is found to contribute to

the shelf hydrographic structure.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Variability in shelf hydrography occurs over a wide range of
temporal and spatial scales and can result from a number of
processes such as local heating/cooling at the sea surface, the
introduction of fresh water from rivers and estuaries, or the
imposition of oceanic/shelf slope characteristics from impinging
deep sea processes. The spatial and temporal variability of
temperature and salinity on a shelf is a critical component in
many physical and biological processes impacting the coastal
marine environment. Physically, these two properties affect water
column density, whose vertical and horizontal gradients influ-
ence, and in some cases control, coastal circulation, and mixing.
Sanders and Garvine (2001) noted that ‘buoyancy discharge is a
major forcing agent on continental shelves often dominating
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circulation at intermediate scales (4100 km).’ Stratification, in
addition to controlling shelf mixing, has been shown to promote
across-shelf transport resulting from wind-driven coastal Ekman
circulation (Lentz, 2001; Weisberg et al., 2001; Kirincich et al.,
2005).

The timing and magnitude of stratification has long been
recognized as a key driver of biological productivity in the sea.
Foremost was the development of the ‘Critical Depth Model,’ first
proposed by Sverdrup (1953). Later, the concept of stratified ocean
production was used to explain enhanced fisheries recruitment
(Cushing, 1990) and fine-scale distributions of zooplankton within
highly stratified water columns (Bochdansky and Bollens, 2009).
In addition, it is hypothesized that seasonal stratification will be
greatly influenced by warming ocean trends resulting in modified
ecology within plankton communities (Mackas et al., 2007).

Given the importance of understanding the temperature and
salinity structure of shelf water, we examine these properties on
the coastal Alabama shelf, a relatively understudied region of the
U.S. coastal zone. This paper focuses on variability at the seasonal
and weather band time scales with the goal of developing a better
understanding of the seasonal structure of the water column
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offshore of a large freshwater source as well as quantifying the
forcing relationships driving the observed structure. This work
represents an extension of the hydrographic work conducted in
the Mobile Bay area focusing on the impact of estuarine–shelf
exchange on the shelf, and compliments one recent shelf circula-
tion study based on, but using different aspects of, the same
regional data set (Dzwonkowski and Park, 2010). In the following
section, the study area is described as well as previous research
around the region. Section 3 describes the data and analysis
methods used in this study. The results and discussion are
provided in Section 4 and conclusions in Section 5.
2. Regional background

The Alabama shelf is in the central region of the northern
Gulf of Mexico (Fig. 1). A key geographic feature of the region is
Mobile Bay, a shallow drowned river-valley estuary. The bay
receives the second largest river discharge into the Gulf of Mexico
after the Mississippi–Atchafalaya River system, primarily from
the Alabama and Tombigbee rivers with a resulting drainage
basin of 115,467 km2 (http://www.mobilebaykeeper.org/abou
t-us/mobile-bay-watershed). While the bay itself is relatively
large, approximately 50 km in length (north–south) and 14–34 km
in width (east–west), its connections to the Gulf and Mississippi
Sound are narrow and shallow (Schroeder and Wiseman, 1986).
Thus, the large amounts of freshwater, with long-term (1976–
2009) mean daily discharge of 1715 m3 s�1, are confined to two
relatively narrow passes with the Main Pass, the bay’s direct
connection to the Gulf, controlling an estimated 85% of the
exchange (Schroeder, 1979). There is significant seasonality in
the river discharge with maxima occurring in late winter/early
spring and minima occurring in late summer/early autumn
(Stumpf et al., 1993). The climatology of local winds (Huh et al.,
1984; Schroeder and Wiseman, 1985) shows the late fall and
winter winds coming from the northern quadrant with intermit-
tent episodes of strong southwest and northwest winds. The
spring winds shift to the southeast, further weakening and
shifting to the southern quadrant during the summer.

While estuarine outflow plumes have been regularly observed
(Dinnel et al., 1990), the structure and extent of the plumes on the
Fig. 1. Map of the Alabama shelf and lower Mobile Bay, showing the bathymetry (m

National Data Buoy Center station DPIA1 on Dauphin Island (m). The filled circles indi
shelf have received only cursory examination (Abston et al., 1987;
Dinnel et al., 1990; Stumpf et al., 1993). In terms of basic
hydrographic information in the shallow coastal waters on the
Mississippi–Alabama shelf, there have only been a few studies, all
of which were limited in their spatial and temporal coverage.
Turner et al. (1987), summarizing the findings of the previous
studies, reports observation of both thermal and haline stratifica-
tion with the strongest pycnocline developing between 5 and
10 m and temperature and salinity differences of 10 1C and
20 psu, respectively. Jochens et al. (2002) reports spatially synop-
tic maps of the hydrographic conditions in the northeast Gulf of
Mexico, showing large spatial and temporal variability on the
Mississippi–Alabama shelf.

Several regional circulation studies examine the temperature/
salinity structure in the northern Gulf of Mexico (He and
Weisberg, 2002, 2003; Weisberg and He, 2003; Morey et al.,
2003a, 2003b, 2005, 2009). However, none of these efforts focus
on the near-shore region (shallower than 30 m isobath) of the
Alabama shelf. The results of these circulation studies as well as
other observational hydrographic studies throughout the north-
ern Gulf of Mexico (Huh et al., 1984; Cochrane and Kelly, 1986;
Dinnel and Wiseman, 1986; Wiseman and Kelly, 1994; Wiseman
et al., 1997; Weisberg et al., 2000; Virmani and Weisberg, 2003)
show that seasonal summer stratification and winter mixing
dominate the water column structure but synoptic scale varia-
bility in oceanic processes is a critical factor in controlling
temperature/salinity variability on the shelf. While many hydro-
graphic studies have been conducted on the shelf in the eastern
and western Gulf of Mexico, relatively few have focused on the
shelf region directly impacted by Mobile Bay.
3. Materials and methods

3.1. Data source

A mooring station (CP in Fig. 1) with a mean depth of 20 m,
about 20 km offshore of Dauphin Island, Alabama, has been
maintained since November 2004 by the Fisheries Oceanography
in Coastal Alabama (FOCAL) group of the Dauphin Island Sea Lab.
The station has a mooring line instrumented with two SeaBird
), the stations for the CTD surveys (circles), mooring station (CP), and the NOAA

cate the stations labeled in the across-shelf transects in Fig. 6.

http://www.mobilebaykeeper.org/about-us/mobile-bay-watershed
http://www.mobilebaykeeper.org/about-us/mobile-bay-watershed
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MicroCats (SBE 37-SMP) at the surface (4.3 m) and bottom (20 m)
and 10 SeaBird thermistors (SBE 39) at Dz¼1–1.5 m intervals. The
data at a depth of 4.3 m are referred to as the surface data because
the CTD casting data show that this depth is typically in the
surface mixed layer (Section 4.1.3), except in the presence of
estuarine outflow plumes which can result in vertical gradients
shallower than a depth of 4.3 m (Section 4.3.2). All instruments
were programmed to record 20 min averages. The resulting data
set includes time series of salinity and density at surface and
bottom and time series of vertical profiles of temperature. The
instruments were regularly serviced, but intermittent gaps in the
data due to bio-fouling or other instrument malfunctions did
arise, particularly in the salinity data. The handling of these gaps
is discussed in Section 3.2 (Data Analysis).

Another component of the FOCAL program is ship-based
surveys with castings of SeaBird Sealogger CTD (SBE 25) at 15
stations along a 75 km transect starting from the Middle Bay
Lighthouse in Mobile Bay and extending out to the 35 m isobaths
on the shelf (MB to TA in Fig. 1). The upstream six stations
are within Mobile Bay, and, except station MB, are located in the
12–14 m deep ship channel. The CTD surveys started in 2007, and
the data used in this study were collected on May 16, July 11,
August 1, August 30 and December 12, 2007; February 19, July 28,
August 27 and November 20, 2008; and May 05, June 26 and
July 16, 2009. The CTD casting data for temperature, salinity and
density from these 12 surveys were interpolated to a 0.5 m
(vertical) by 1 km (across-shelf) plane along the transect.

For forcing functions, air temperature and wind data were
collected from the NOAA National Data Buoy Center station DPIA1
at Dauphin Island (Fig. 1). In general, the data are continuous over
the study period with all gaps less than 6 h (Figs. 2a, b). For
analysis techniques that require a gap free data set, these gaps
were filled using linear interpolation. The (u, v) components of
the wind data are well orientated with the along- and across-shelf
directions, respectively. From these winds, the surface wind stress
was estimated following Large and Pond (1981). The data for daily
river discharge were collected from the USGS gaging stations at
Claiborne L&D in Alabama River and at Coffeeville L&D in
Tombigbee River. Their sum (Fig. 2c) was used as a total fresh-
water discharge into Mobile Bay, following Park et al. (2007).

3.2. Data analysis

To quantitatively examine the observed variability and the
possible forcing mechanisms, several processing steps and ana-
lysis techniques are performed on the data. Given the notable
gaps in the data, the time series are separated into three quasi-
continuous segments (Fig. 2d): segment 1 from October 2004
until February 2006, segment 2 from May 2006 until June 2007,
and segment 3 from August 2007 until March 2008. The data are
hourly averaged to reduce high frequency signals not important
for the oceanic processes of interest in this study. Short gaps
(r4 h) in the hourly data are filled using linear interpolation,
an adequate processing because the highest frequency (tidal and
near-inertial) processes operate on �24 h cycles in the study
region (301N). This processing, however, does not eliminate all the
data gaps. The analysis techniques sensitive to data gaps are
conducted with sections of the time series with no gaps. In cases
where the resulting time series are significantly shortened, either
the analysis is not conducted or the size of the reduced time series
is specifically noted. A brief description of the analysis techniques
employed in this study, including least squares fit, spectral
analysis, filtering, and correlation analysis, is given below, and
the details pertinent to these techniques are individually noted in
Section 4 (Results and Discussion) as they are used in specific
ways as dictated by the character of the data.
With the annual signal being the longest time scale apparent in
the data, its contribution to the variance is quantified using a least
squared fit approach, in which a harmonic function of the form

y¼ Asin
2p
T

t

� �
þBcos

2p
T

t

� �
þC ð1Þ

is fitted to each of the three segments; y is the time series, T is the
period (365.25 d), and t is time in d. The constants A, B, and C are
harmonic coefficients, where C is the series mean, (A2

þB2)1/2 is
the annual amplitude, and tan�1(B/A) is the phase relative to the
center time of the data which has been adjusted to January 1 to
facilitate comparison. Given the shorter (o1 yr) duration of
segment 3 and its similar general behavior compared to other
segments, only the results from segments 1 and 2 are presented.

Seasonal differences are most clearly identifiable in the tem-
perature data (Fig. 2d). The time series are further separated into
summer (May–August) and winter (November–February) periods,
allowing for a two month transitional buffer between seasons. The
summer months are selected to include the period of rising
temperature with thermal stratification, whereas the winter
months are selected to include the period of falling temperature
with thermal inversion. This seasonal separation into summer and
winter also coincides with the periods following the annual max-
ima and minima in river discharge, respectively (Fig. 2c). The
separation gives three winter (W1, W2, and W3) and two summer
(S1 and S2) time series with a near complete data record in each
series. Likewise, the CTD casting data are also grouped and averaged
into winter (3 surveys) and summer (9 surveys) periods to generate
seasonal mean pictures of the horizontal and vertical structure of
the water column in lower Mobile Bay and on the shelf. The small
number of surveys used in averaging, particularly for winter (n¼3),
may result in a constrained representation of the water column
structure. Yet, consistency between the CTD data and the time
series at station CP suggests a representativeness of the CTD-based
seasonal mean transects at the mooring site and presumably for the
entire transect: see Section 4.1.3 (Seasonal Variation).

To examine the higher frequency variability over months to
days, anomaly time series, defined as the hourly data minus the
annual signal, are subjected to standard spectra analysis using the
pwelch method (see the MATLAB 8.0 Users’ Guide). Guided by the
results of the spectral analysis and the time scales of the forcing
functions, we further analyze the data through three temporal
perspectives: sub-tidal (41.7 d), synoptic (1.7–15 d), and low
frequency (415 d). The sub-tidal signal, obtained by low-pass
filtering (40 h) the data using a Lanzcos filter, contains all
variability resulting from processes operating at time scales
greater than tidal and near-inertial periods in this region. The
synoptic signal is obtained by band-pass filtering (1.7–15 d) the
data using a Lanzcos filter to capture variability at the higher sub-
tidal frequencies of the weather band (2–10 d) and near-weather
band (o15 d). The low frequency signal, with the intention of
examining longer time scales ranging from weeks to seasons, is
obtained by daily averaging the data to make it compatible with
the daily discharge data, which is then low-pass filtered (15 d)
with a Lanzcos filter.

Time-lagged correlations are performed using these filtered
signals to identify relationships between the water column layers
and between the water column and the available forcing func-
tions (air temperature, wind stress, and river discharge). Statis-
tical significance is evaluated at the 95% confidence level using
effective degrees of freedom given by the time series length and
integral time scale of the data (TD) calculated following Münchow
and Chant (2000) as

TD ¼

Z
CxxðtÞCyyðtÞdt ð2Þ



Fig. 2. Forcing functions including (a) hourly air temperature, (b) hourly wind stress magnitude, and (c) daily river discharge (solid line) with the long-term (1976–2009)

mean discharge (dashed line), and hourly time series at surface (4.3 m: gray line) and bottom (20 m: black line) of station CP for (d) water temperature, (e) salinity, and

(f) density. Note three segments, and three winter and two summer periods indicated at the top of (d). Tropical storms (m) that affected the study region are indicated at

the bottom of (f): Arlene (June 11, 2005), Cindy (July 6, 2005), Dennis (July 10, 2005), Katrina (August 28, 2005), Rita (September 22, 2005), Alberto (June 12, 2006), Barry

(June 2, 2007), and Olga (December 15, 2007).
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where Cxx and Cyy are the autocorrelation functions. For practical
purposes, the integration time takes on a finite value of 730 or
7120 d depending on the time scales of the processes analyzed.
A more conservative estimate of 2 d is used when the resulting TD is
less than 2 d.

It should be noted that several analyses performed in this study
are limited by small sample sizes, such as the segment analysis (n¼2)
and the seasonal analysis (n¼2 or 3 for summer and winter,
respectively). These small sample sizes limit this study’s ability to
make statistically significant statements about interannual variability.
Consequently, the observed patterns in cases with small sample sizes
should be considered qualitative, as necessitated by data limitation.
4. Results and discussion

4.1. Variations at different time scales

4.1.1. Overview

The data for temperature, salinity and density at surface and
bottom of the mooring station show variability at a range of time
scales. Qualitative descriptions of patterns and characteristics
evident in the hourly data are given in this section, which is
followed by quantitative examination of variability at various
time scales in Sections 4.1.2–4.1.4. The long-term (1976–2009)
mean river discharge in Fig. 2c provides a historical perspective
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for the time-series segments and seasons shown in Fig. 2d.
Segment 1 experienced average to above average discharge levels
(wet) whereas segments 2 and 3 experienced very low discharge
levels (dry). The segments’ individual seasons generally reflect
these conditions with W1 and S1 being wet and W2, S2, and W3
being dry.

The temperature data (Fig. 2d) are dominated by an annual
cycle in both the surface and bottom depths, typical of a mid-
latitude region, with the temperature peaking (or bottoming)
during times slightly lagging the expected maximum (or mini-
mum) of the solar insolation. The seasonal structure shows the
summer months have the greatest thermal stratification. On the
other hand, the winter months experience much more uniform
temperatures in the vertical, often times with the bottom tem-
perature warmer than the surface temperature.

The salinity data (Fig. 2e) are quite different from the tem-
perature data. Most apparent is the difference in the character of
the annual signal. In the surface salinity, not only is the annual
signal weak, particularly in 2006–2007, but there is notable year
to year variability. The limited bottom salinity data show no
discernable annual signal with the variability oscillating around
nearly constant values for all three segments. In terms of seasonal
patterns, the notable winter–summer differences in temperature
are much less clear in salinity.

The density structure (Fig. 2f) is affected by both temperature
and salinity. There is a strong annual signal in both the surface
and bottom densities corresponding with that of the temperature.
There are also notable high frequency modulations, particularly in
surface density, the largest of which clearly corresponds with
salinity fluctuations. While the water column appears to be
Fig. 3. Summary of the annual signal from the least squares fits for (a) percent variance

represent the temperature profiles for segments 1 (thick line) and 2 (thin line). The sy

(J and & for segments 1 and 2, respectively).
stable, i.e. bottom water denser than surface water, most of the
study period, the surface and bottom density differences are quite
variable, with a general trend for stronger density stratification in
the summer months.

It is clear that vertical differences in temperature, salinity, and
density are very sensitive to episodic events and that the
characteristics of the winter and summer events are different.
During the summer, there are mixing events with the sharp and
oppositely directed changes in surface and bottom densities (e.g.
tropical storms, m, in Fig. 2f). Note that not all mixing events are
associated with tropical storms (e.g. May 5, 2005 and July 14,
2006). During the winter, on the other hand, there are stratifying
events with sharp drops in the surface density associated with
large river discharge levels, but with little to no corresponding
change in the bottom density (e.g. November 15, 2004, December
2, 2004, and February 3, 2008).

4.1.2. Annual signal

The observed differences in the annual signals are quantified
using annual harmonic fits of the hourly data (Eq. (1)) and the
results are summarized in Fig. 3. As expected, the temperature
has the strongest annual signal accounting for 95% of the variance
at the surface and 83–88% at depths. The amplitudes range from
8.1 to 4.5 1C deceasing with depth, and the phases also change
with depth having a surface–bottom difference of 18–191, i.e. the
bottom temperature lagging the surface temperature by 18–19 d
in its annual cycle. There is little year to year variability in the
annual temperature signal during the study period, i.e. similar
variance explained, amplitude, and phase between segments
1 and 2. However, the annual signal in the salinity data is quite
, (b) amplitude, (c) phase relative to January 1, and (d) percent data gap. The lines

mbols indicate salinity (þ and � for segments 1 and 2, respectively) and density
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different. The annual surface salinity signal explains much
less variance and has notable year to year differences, 34% in
segment 1 compared to 14% in segment 2, indicating a much
weaker annual signal and stronger year to year differences
compared to the temperature. The high percentage of data gaps
in the bottom salinity for both segments will not allow us to
examine the annual signal. The density data represent a mixture
of the temperature and salinity data. There is a clear annual
signal, but it accounts for a smaller variance compared to the
temperature. There also is some year to year variability in the
annual density signal, accounting for 70% of the variance in
segment 1 compared to 79% in segment 2. The phases of the
annual signals are relatively consistent with our expectation, with
the temperature minima occurring in the winter and the surface
salinity minima occurring in the summer.

4.1.3. Seasonal variation

4.1.3.1. Mooring site. As a first-order examination of the winter
and summer seasons, the time averaged vertical structures of the
water column at the mooring site are shown for three winter and
two summer periods in Fig. 4. In all three winter periods, tem-
perature increases smoothly from the surface to the bottom. The
surface to bottom difference, however, is very small and so are the
interval temperature differences (o0.2 1C) between the ther-
mistor depths (Dz¼1–1.5 m), indicative of a well mixed water
column. Garvine (2004) uses this temperature difference as a
criterion for a boundary layer threshold. Yet, the presence of a
mean temperature inversion suggests that some level of salinity
stratification is necessary for water column stability, which is
supported by the salinity data with the surface water fresher than
the bottom water. Year to year variability is apparent in the
Fig. 4. Seasonal mean temperature and salinity for three winter (J, n, and & for W1,

periods, and the corresponding profiles from the CTD casting data (� ). The temperatu

shown. Note that only surface salinity is available for W2.
winter. W1 has a warmer and fresher water column than W3, and
also has larger surface–bottom differences in the temperature and
salinity. During the summer, the temperature structure reverses.
The vertical temperature gradients increase with a surface–
bottom temperature difference of about 4 1C and have larger
depth interval differences, indicative of a stratified water column.
The summer salinity is similar to the winter salinity, exhibiting
notable year to year variability in both the surface and bottom
means and in the surface–bottom differences, 5 psu in S1 com-
pared to 2 psu in S2.

The seasonal variation in the vertical structure is further
characterized by examining the depth-dependent nature of the
fluctuations in the water column. The correlations relative to the
surface of the sub-tidal temperature anomaly at each depth show
contrasting structure between seasons (Fig. 5). During the winter,
temperature fluctuations are coherent throughout the water
column having significant correlations with r-values that gener-
ally decrease with depth. In contrast, the summer water column
temperature variability becomes insignificantly correlated at
shallow depths (7–12 m for S1 and S2), below which the tem-
perature fluctuations are unrelated to the surface. The time series
at depths that have insignificant correlations or have more than
10% data gaps show a wide range of r-values and lags that are
unlikely to have physical meanings. This indicates a two-layered
structure where the surface and bottom layers act as independent
slabs, in sharp contrast to the relatively smooth structure of the
winter periods in which temperature variations work their way
down into the water column.

4.1.3.2. Across-shelf transect. Fig. 6 shows the seasonal mean
transects based on the CTD data. We acknowledge the limited
W2, and W3, respectively) and two summer (þ and n for S1 and S2, respectively)

re data with 410% data gaps and the salinity data with 420% data gaps are not



Fig. 5. Correlations relative to the surface of the sub-tidal (40 h low-pass filtered) temperature anomaly at each depth for three winter (J, n, and & for W1, W2, and W3,

respectively) and two summer (þ and n for S1 and S2, respectively) periods: (a) maximum correlation coefficients and (b) their associated time lags. The data with 410%

data gaps or those with correlation coefficients not significant at the 95% confidence level are shown with thin dashed lines. Maximum lag allowed is 150 h.

Fig. 6. Seasonal mean across-shelf transects during summer (May–August) and winter (November–February) based on the CTD data. Note the contour lines shift 2 units

per contour in lower Mobile Bay to one unit per contour on the shelf. The black dots indicate locations of CTD cast data.

B. Dzwonkowski et al. / Continental Shelf Research 31 (2011) 939–950 945
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number of CTD surveys for winter (3 surveys) and summer (9
surveys) periods, and that all CTD surveys were conducted during
low to normal discharge conditions. Yet, consistency between the
CTD-based vertical profiles with those from the time series at
station CP, particularly for those with low river discharge (W2
and S2 in Fig. 4), indicates that the transects in Fig. 6 may be
representative of dry/normal conditions.

The across-shelf transect well illustrates the transition from
estuary to shelf with distinctive seasonal variability (Fig. 6). In the
estuarine section from stations MB to DI, there are strong vertical
gradients in temperature and salinity, and thus density, in both
the summer and winter. Progressing onto the shelf, stations DI to
CP represent a transition zone in which vertical salinity stratifica-
tion exists in both the summer and winter, albeit weak in the
winter, but vertical temperature stratification exists only in the
summer. In both the estuarine and transition zone inside of
station CP, a temperature inversion exists in the winter but the
density structure remains stable owing to salinity stratification,
consistent with the time series at station CP (Fig. 4). The shelf
zone offshore of station CP is associated with strong vertical
gradients in temperature and salinity, and thus density, in the
summer, whereas the gradients are mostly horizontal in the
winter. These seasonal variations in gradients are consistent
with the sea surface temperature maps for the west Florida shelf
(Liu et al., 2006: Fig. 5) and modeled salinity transect on the
Mississippi–Alabama shelf (Morey et al., 2003a: Fig. 6). The shift
from the transition zone to the shelf is marked by a weak frontal
zone around station CP whose expression changes with season.
During summer, the shelf isohalines, and isopycnals, are relatively
horizontal offshore of station CP at which their orientation
steepens forming a front that extends down to mid-depth. The
winter front is less distinct, with little influence of the Mobile Bay
plume offshore of station CP.
Table 1
Correlations between forcing functions at the low frequency time scales (415 d).

Parametera Segment 1 Segment 2

r-Valueb Lagc r-Value Lag

tw,al vs. tw,ac �0.36 1 (�0.27) 18

Tair vs. tw,al (�0.22) 0 �0.42 0

Tair vs. tw,ac 0.58 2 0.60 2

Qf vs. tw,al (0.14) 22 (�0.27) 12

Qf vs. tw,ac (0.22) 8 (�0.43) 25

a Along-shelf wind stress (tw,al), across-shelf wind stress (tw,ac), air tempera-

ture (Tair), and river discharge (Qf).
b Values in parentheses are not significant at the 95% confidence level.
c Values represent days in which the first parameter follows the second.
4.1.4. Months-to-days time scales

The power spectra of the temperature and salinity anomalies
in general are similar for all segments (not shown). The spectra
are primarily red, with the high frequency signals of period-
so40 h accounting for 4–12% and 12–15% in the temperature at
all available depths and the surface salinity, respectively. The high
frequency bands are dominated by a diurnal peak associated with
tidal and near-inertial motion. The low frequency energy begins
increasing around 0.5 cpd (2 d) and generally increases over the
lower frequencies indicating that the weather band (2–10 d) and
weekly to monthly signals are important in controlling tempera-
ture and salinity variability. While the variability in this frequency
band can be relatively small when compared to the annual signal,
particularly in temperature (e.g. temperature anomaly standard
deviation¼1.0–1.5 1C), these fluctuations have important affects
on the water column structure. As mentioned earlier, several of
these short term fluctuations, mostly associated with tropical
storms, bring about complete thermal mixing and nearly complete
salinity mixing, resulting in weak, if any, stratification (Figs. 2d–f).

4.2. Relationships with forcing functions

We examine the relationships between the temperature/
salinity variability and available forcing parameters including
air temperature, river discharge, and wind stress. Air temperature
varies at a wide range of time scales, with its annual signal used
as a proxy for the solar heating cycle and its higher frequency
fluctuations being related to weather band processes. River
discharge exhibits strong seasonality and is primarily energetic
at low frequencies (415 d). Wind stress is expected to impact
variability through mixing and advective processes. In terms of
advective processes, this study focuses on the impacts of the
direct estuarine response to the across-shelf (north–south) wind
along the axis of Mobile Bay and the shelf response through
Ekman dynamics to the along-shelf (east–west) wind. The estuar-
ine and shelf responses have been shown to operate at weather
band time scales of 2–4 and 3–20 d, respectively, in driving the
shelf–estuarine exchanges for Mobile Bay (Schroeder and
Wiseman, 1986; Wiseman et al., 1988).
4.2.1. Correlations between forcing functions

Since the forcing functions are not always independent, their
correlations are examined to guide analysis and interpretation of the
results in the relationship between the observed variability and
forcing parameters. The cross-correlations between the forcing
functions are examined at both the low frequency and synoptic
time scales as these are the time scales in which the forcing–
response relationships are examined. Table 1 shows the correlations
between the low frequency signals (415 d) of the forcing functions
for segments 1 and 2. Most of the correlations are not statistically
significant, however, there is a significant and consistent, i.e. similar
r-values and lags in both segments, relationship between air
temperature and the across-shelf wind stress. The positive correla-
tions indicate that decreased (or increased) air temperature anomaly
is associated with negative offshore (or positive onshore) wind. This
is consistent with the behavior of the seasonal/monthly wind
patterns that offshore north (or onshore south) winds are associated
with colder (or warmer) air temperature.

Table 2 shows the correlations between the forcing functions
at the synoptic time scales (1.7–15 d), conducted over individual
seasons. The along- and across-shelf wind stresses have strong
negative correlations for all seasons, with somewhat higher
r-values for the summer periods. It indicates that the wind compo-
nents often vary together but in opposite directions, i.e. north (or
south) wind associated with west (or east) wind, consistent with
previous observations (Huh et al., 1984; Schroeder and Wiseman,
1985). In addition, there are significant correlations between both the
across- and along-shelf wind stress and air temperature during the
winter periods. Statistically, these results may indicate that any one of
the three correlations could be attributed to the other two. Physically,
however, the positive correlations between the across-shelf wind
stress and air temperature are consistent with previous observations
of cold air outbreaks in the study region, i.e. warm air advected by
south winds prior to the front arrival and cold air advected by north
winds during and post-front (Huh et al., 1984). The negative associa-
tions between the along-shelf wind stress and air temperature,
therefore, are likely the result of a positive correlation between the
across-shelf wind stress and air temperature and a negative correla-
tion between the along- and across-shelf wind stresses.



Table 2
Correlations between forcing functions at the synoptic time scales (1.7–15 d).

Seasona W1 W2 W3 S1 S2

Parameterb r-Valuec Lagd r-Value Lag r-Value Lag r-Value Lag r-Value Lag

tw,al vs. tw,ac �0.67 �9 �0.64 �8 �0.73 �13 �0.87 �6 �0.76 0

Tair vs. tw,ac 0.76 8 0.77 9 0.73 8 (�0.14) 7 (0.25) 0

Tair vs. tw,al �0.41 16 �0.57 19 �0.55 19 (0.13) 19 (�0.12) �55

a See Fig. 2d.
b Along-shelf wind stress (tw,al), across-shelf wind stress (tw,ac), and air temperature (Tair).
c Values in parentheses are not significant at the 95% confidence level.
d Positive (or negative) values represent hours in which the first parameter follows (or leads) the second.

Table 3
Correlations between the surface and bottom mass properties (temperature and salinity) and forcing functions at the synoptic time scales (1.7–15 d).

Seasona W1 W2 W3 S1 S2

Parameterb r-Valuec Lagd ye r-Value Lag y r-Value Lag y r-Value Lag y r-Value lag y

Air temperature

TS vs. Tair 0.50 23 0.39 21 0.54 17 0.36 12 0.42 26

TB vs. Tair (�0.11II) 7 (0.15I) 9 0.36I 68 (�0.25II) 2 (0.27) 101

Wind stress

TS vs. tw 0.34 24 310 0.40 36 345 0.49 28 290 0.29 54 70 (0.20) 80 350

SS vs. tw 0.45 8 10 0.38 18 320 0.63 5 350 (0.26) 96 195 0.33 0 55

TB vs. tw 0.35II 52 80 0.40I 37 60 0.29I 0 130 (0.19II) 10 245 0.57 40 240

SB vs. tw 0.37 40 60 – – – – – – 0.45 30 60 (0.33) 105 65

a See Fig. 2d.
b Air temperature (Tair), wind stress (tw), water temperature at surface (TS) and bottom (TB), and salinity at surface (SS) and bottom (SB).
c Values in parentheses are not significant at the 95% confidence level. Values with the superscripts I or II indicate that the correlation was calculated with the data one

or two instruments, respectively, below (or above) the upper- (or lower-) most instrument for surface (or bottom).
d Positive values represent hours in which the first parameter follows the second.
e Angle (y) is wind direction that gives maximum positive correlation; y¼01 for south wind and increases in clockwise direction.
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4.2.2. Long period time scales

The annual signal in the temperature is presumed to be caused
by the annual cycle in solar heating, which generally remains
constant over the 3 yr of the study period (Fig. 2a). As such, the
annual signal amplitudes at the surface are very similar between
segments 1 (7.5 1C) and 2 (8.1 1C) (Fig. 3b). The reduced amplitude
from the surface to the bottom (7.5–4.5 1C and 8.1–6.3 1C for
segments 1 and 2, respectively, in Fig. 3b) and the phase lag at the
bottom (18 and 19 d for segments 1 and 2, respectively, in Fig. 3c)
indicate decreased and delayed heat flux at depths during the
annual solar heating cycle. This phase lag in the bottom temperature
may help the formation of the summer stratification and winter
inversion (Fig. 4). However, the spatial structure of the seasonal
mean temperature and salinity transects (Fig. 6) suggests that the
surface–bottom differences may also be related to estuarine–shelf
exchange: see Section 4.3 (Estuarine Influence on the Shelf).

Given the relatively weak annual signal in the salinity, the low
frequency signals (415 d) of the salinity and river discharge are
compared using time-lagged correlation. Due to the larger decorr-
elation time-scales of low frequency processes, correlation analysis
is conducted over segments rather than individual seasons. As such,
any gaps remaining from the initial conservative gap filling applied
to the hourly data are further filled using linear interpolation. In the
surface salinity, only a limited portion of the low frequency data
contains gaps (o3% in each segment) and the individual gaps are
relatively short (o1

3 of the decorrelation time scale), so the overall
effect on the correlation analysis is expected to be minimal.
However, there are considerable gaps in the bottom salinity and
the resulting relatively shorter signal lengths make it difficult to
obtain statistically significant results (not shown). A significant
correlation exists between the surface salinity and discharge for
segment 1 (r¼�0.58 with a lag of 11 d). The negative correlation is
consistent with the physical expectation of increased discharge
decreasing shelf salinity and the lag of 11 d is in line with previous
estimates, 5–9 d (Schroeder, 1979) to 9 d (Wiseman et al., 1988),
for discharge at the gauging stations reaching the bay mouth, about
20 km upstream of the mooring site. No significant correlation is
found over segment 2 because unusually low discharge during this
period leaves little signal on the surface salinity: see Section 4.3
(Estuarine Influence on the Shelf). Note, however, there are occa-
sional episodes of large river discharge that are associated with
declines in the surface salinity (e.g. May 5, 2006, November 20,
2006, and January 6, 2007), showing the dependency of surface
salinity on discharge at the mooring site.
4.2.3. Synoptic time scales

The correlations at the synoptic time scales (1.7–15 d) are
shown for the winter and summer periods in Table 3. The water
and air temperatures are correlated at the surface with time lags
of 12–26 d for all five periods but are uncorrelated at the bottom
in all but one period, W3. These correlations demonstrate that the
weather band variability in air temperature impacts the surface
layer but not the lower layer of the water column. While the
surface correlations during the winter periods appear to have
higher correlations, these results are likely inflated because of
positive correlations between surface temperature and the
across-shelf wind stress, a driver of direct estuarine response,
during the winter periods as discussed below.

Strong negative correlations between the along- and across-
shelf wind stresses (Table 2) complicate the analysis of the
temperature/salinity response to wind stress as a component
correlation could result from its relationship with the other
component rather than an actual physical response. As such, the
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correlations with the wind stress are determined by computing
the maximum r-value and its associated time lag with a rotation
of the wind angle at 51 intervals to minimize any potential biasing
from the correlation between two wind components. The result-
ing correlations, despite relatively small r-values, do present
evidence about mechanisms impacting the temperature/salinity
variability.

During the winter periods, the surface properties are positively
correlated with south wind (y¼2901–101 in Table 3). The positive
correlations in the surface temperature can be attributable to the
positive correlations between air temperature and the across-
shelf wind stress (Table 2) and those between surface tempera-
ture and air temperature (Table 3). The positive correlations in the
surface salinity, however, demonstrate the importance of an
estuarine response to the across-shelf wind stress in the surface
layer where negative north (or positive south) wind stress would
be conducive to forcing fresher, colder estuarine (or saltier,
warmer offshore) water onto the shelf. The bottom properties
also are positively correlated with the wind stress, but the angles
are typically in the eastern quadrant (y¼601–1301), indicating an
increased importance of the along-shelf wind component. This is
consistent with Ekman coastal transport in bottom boundary
layer, where positive west (or negative east) wind stress would
cause offshore (or onshore) Ekman transport along the surface,
which in turn would advect saltier, warmer shelf (or fresher,
colder estuarine) water onshore (or offshore) along the bottom.

During the summer periods, the temperature/salinity correla-
tions with the wind stress are not as consistent as the winter
results (Table 3). It, however, is not unexpected given virtually no
(very weak) across-shelf temperature (salinity) gradients around
station CP (Figs. 6a, c). Two significant surface correlations,
with smaller r-values compared to the winter periods, show a
consistent shift in the wind angle (701 and 551). In the bottom
temperature data, the significant positive correlation with the
east wind (2401), along with those correlations with the west
wind during the winter periods, is consistent with the reversal of
the seasonal across-shelf temperature gradients (Figs. 6a, b). As in
the winter, the angles of best correlation remain in the eastern
quadrant for the bottom salinity (601). The shift in wind angles for
the surface and relatively consistent wind angles for the bottom,
then, result in both the surface and bottom properties correlated
with the along-shelf wind component, suggesting an increased
importance of coastal Ekman transport during the stratified
summer season.
4.3. Estuarine influence on the shelf

The presence of Mobile Bay has a notable impact on the shelf
hydrography and its physical forcing response at various time
scales. It is mainly through river discharge at the low frequency
time scales (415 d) that Mobile Bay affects the magnitude and
extent of the estuary’s influence on the shelf. At the synoptic time
scales (1.7–15 d), it is mainly through the estuarine response to
the across-shelf wind for the surface properties whereas through
the shelf Ekman response to the along-shelf wind for the bottom
properties.
4.3.1. Influence at long period time scales

The large discharge differences result in much fresher shelf
conditions with lower salinities of 31.3–34.5 psu in segment 1
(average of 2000 m3 s�1) compared to 33.3–35.7 psu in segment
2 (average of 780 m3 s�1) (Fig. 2). In addition, a significant
correlation between salinity and discharge exists only for seg-
ment 1, but not for segment 2, likely the result of the much lower
discharge for the latter; the long-term (1976–2009) mean dis-
charge is 1715 m3 s�1 for comparison.

There are clear seasonal differences in the shelf salinity
structure related to the exchange with Mobile Bay. The CTD-
based seasonal mean transects (Fig. 6) show the influence of
seasonal variability in river discharge on the shelf salinity
distribution. During the summer the low-salinity water spreads
offshore beyond station CP resulting in a strongly stratified water
column over the shelf, whereas during the winter the low-salinity
water is confined in the lower bay and the inner shelf inside of
station CP resulting in a weakly stratified water column over the
shelf, consistent with the model results in Morey et al. (2003a:
Fig. 6). Thus, seasonal changes in the hydrographic gradients in
Fig. 6 are directly linked to Mobile Bay and its exchange with the
shelf. Note that the CTD data are from 12 surveys conducted
during low to normal discharge conditions. Hence, salinity stra-
tification would be stronger than that in Fig. 6 if based on data
collected during average or above average discharge conditions.

The time series data provide evidence of interannual varia-
bility in the vertical salinity structure during a given season and
its relationship to river discharge (Fig. 4). Of the five seasons,
W1 (average discharge of 2770 m3 s�1) is the wettest and S1
(1770 m3 s�1) is the second wettest, both of which are well above
the respective long-term seasonal mean discharges for the winter
(2250 m3 s�1), and summer (1090 m3 s�1). As a result, these two
periods have the freshest mean conditions as well as the largest
surface–bottom salinity difference (Fig. 4). The remaining periods,
W2, W3, and S2 with respective average discharges of 1510, 1420,
and 560 m3 s�1, represent low discharge conditions, having
higher salinities and smaller vertical salinity gradients.
4.3.2. Influence at synoptic time scales

At the synoptic time scales, the estuarine response to the
across-shelf wind component, i.e. wind forcing along the estuary
axis, becomes important in determining the estuarine–shelf
exchange and thus affecting the shelf hydrography (Table 3).
The tendency of the surface data at station CP to respond to
estuarine forcing is likely a result of its location being in a region
directly affected by the Mobile Bay plume. Dinnel et al. (1990)
report satellite-derived mean plume characteristic of 28.5 km in
length and 12 km in width with a mean angle of 1931, which
effectively puts the average plume position over station CP.
Furthermore, the fact that the observed estuarine response to
the wind stress is surface limited is consistent with the shallow
discharge of Mobile Bay (o5 m deep: Stumpf et al., 1993). The
synoptic variability in the bottom properties, however, is asso-
ciated more with the along-shelf wind component, consistent
with the shelf Ekman response to the wind stress.

The presence of the Mobile Bay plume at the study site can
lead to potential differences between the true surface conditions
and the conditions at the shallowest depth of the mooring
(4.3 m). Stumpf et al. (1993) report plumes as thin as 1 m,
extending as far off as 30 km from shore. They also show that a
very high density interface decouples the plume water from the
water below, making only the thin plume water rapidly respond
to the across-shelf wind. While this does not change any of the
results of this study, it could modify the interpretation of the
‘‘surface’’ conditions during plume events at the mooring site. The
CTD data at the CP mooring site show salinity variation in top 4 m
of water column ranges from 0 to 1.7 psu (mean of 0.6 psu). Thus,
the upper most mooring instrument at 4.3 m is representative of
the surface layer except during very thin episodic plume events.
Another point to note is that the along-shelf gradients in the mass
properties may be important, particularly during plume events,
but are not considered in this study. Then, the across-shelf
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variability (e.g. Fig. 6) could have contributions from along-shelf
advection, and may not solely be a consequence of interactions
with Mobile Bay.

4.3.3. Wintertime temperature inversion

The wintertime temperature inversion is present at the synop-
tic time scales at the mooring site (Fig. 2d) as well as at the
seasonal time scales (Fig. 6b) over the lower bay and the inner
shelf inside of station CP. The mean winter CTD transect (Fig. 6d)
shows relatively strong stratification inside of station CP, indica-
tive of the influence of river discharge, which may allow the
temperature inversion produced by surface cooling to persist.
Further offshore with weak or no stratification the temperature
inversion cannot be sustained as convection and/or wind mixing
becomes more dominant. Additionally, bottom advection of
warmer, saltier offshore water may also have played a role at
the synoptic time scales as indicated by significant correlations
between the wind stress and bottom temperature/salinity
(Table 3). Thus, the shelf advection and estuarine–shelf exchange
processes act to support the temperature inversion resulting from
regional surface cooling over the lower bay and the inner shelf
inside of station CP.
5. Conclusions

Time series of water column temperature and surface and
bottom salinity from a mooring site in 20 m of water on the
Alabama shelf are analyzed in conjunction with a series of across-
shelf CTD surveys to examine their variability. While small
sample sizes limit the statistical significance of the data patterns,
the temperature data contain a strong annual signal with little
year to year variability throughout the water column, whereas the
salinity data have a weak annual signal with large year to year
and vertical variability. As a result, the density data have a
relatively strong annual signal with some year to year variability,
demonstrating the importance of both temperature and salinity at
this coastal mooring location.

Seasonal mean vertical profiles from the time series data show
different characteristics between the summer and winter at the
mooring site. Seasonal mean across-shelf transects from the CTD
data reveal three distinct regions with different seasonal char-
acteristics. In lower Mobile Bay, the estuarine section of the
transect, vertical temperature, and salinity gradients are present
during both the winter and summer. At the opposite end of the
transect over the shelf region, the gradient structure changes with
season having vertical gradients during the summer and hori-
zontal gradients during the winter. The region between Mobile
Bay and station CP acts as a transition zone, blending the
characteristics of the estuary and shelf regions.

For the relationships with the forcing functions, the low
frequency salinity signal is correlated with river discharge, but
the relationship is absent during the periods with unusually low
discharge. At shorter synoptic time scales, both the estuarine
response to the across-shelf wind stress and the shelf response to
the along-shelf wind stress are significantly correlated with
temperature/salinity variability. The estuarine response is impor-
tant for the surface layer during the winter periods with strong
across-shelf gradients in temperature/salinity. The shelf response
resulting from Ekman dynamics is important for the bottom layer
during both the winter and summer periods.

The influence of Mobile Bay is observed at all time scales
examined in this study, emphasizing the estuarine influence
on the Alabama shelf. River discharge and wind in both the
across- and along-shelf directions are important forcing functions
determining the estuarine–shelf exchanges, which in turn are
found to contribute to the setting of the shelf hydrographic
structure.

These mechanisms that influence the water column structure
have ramifications on the physical transport of estuarine-derived
nutrients, suspended material, and marine organisms.
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