
Gulf of Mexico Science
Volume 22
Number 1 Number 1 Article 3

2004

Slope and Roughness Statistics of the Northern
Gulf of Mexico Seafloor With Some
Oceanographic Implications
Alexis Lugo-Fernández
Office of Leasing and Environment

Michelle M. Morin
Office of Leasing and Environment

DOI: 10.18785/goms.2201.03
Follow this and additional works at: https://aquila.usm.edu/goms

This Article is brought to you for free and open access by The Aquila Digital Community. It has been accepted for inclusion in Gulf of Mexico Science
by an authorized editor of The Aquila Digital Community. For more information, please contact Joshua.Cromwell@usm.edu.

Recommended Citation
Lugo-Fernández, A. and M. M. Morin. 2004. Slope and Roughness Statistics of the Northern Gulf of Mexico Seafloor With Some
Oceanographic Implications. Gulf of Mexico Science 22 (1).
Retrieved from https://aquila.usm.edu/goms/vol22/iss1/3

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Aquila Digital Community

https://core.ac.uk/display/301291439?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://aquila.usm.edu/goms?utm_source=aquila.usm.edu%2Fgoms%2Fvol22%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://aquila.usm.edu/goms/vol22?utm_source=aquila.usm.edu%2Fgoms%2Fvol22%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://aquila.usm.edu/goms/vol22/iss1?utm_source=aquila.usm.edu%2Fgoms%2Fvol22%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://aquila.usm.edu/goms/vol22/iss1/3?utm_source=aquila.usm.edu%2Fgoms%2Fvol22%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://aquila.usm.edu/goms?utm_source=aquila.usm.edu%2Fgoms%2Fvol22%2Fiss1%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:Joshua.Cromwell@usm.edu


Gulf of J\fr'Xico ,)'lienee, 2004(1), pp. 22-44 

Slope and Roughness Statistics of the Northern Gulf of Mexico 
Seafloor With Some Oceanographic Implications 

ALEXIS LUGO-FERNAc'IDEZ AND MICHELLE M. MORIN 

We analyzed 11 cross-slope and six along-slope bathymetric profiles over the 
continental slope of the northern Gulf of Mexico using statistical and time series 

techniques. Linear regressions account for over 93% of the water depth variability 

in nine north-south profiles; the remaining profiles follow quadratic polynomials 

accounting for over 92% of the variability. Seafloor gradients from the linear fits 

are generally :s1 °, but local gradients can reach = 16° near the Sigsbee Escarpment 

(SE), which is smaller than previously documented. Seafloor roughness elements 

reach 13-300 m, with most <100m. Such rough bottoms could affect waves with 

wavelengths of tens of kilometers but not waves of hundreds of kilometers. Water 

depth power spectra are red (having the most energy at scales 2:10 km) and 

exhibit a Ic2 dependence. Power spectra of short-scale gradients are near constant 

at scales >0.02 cpkm, implying a white noise process, and overall, these spectra 
exhibit an exponential dependence. Oceanographically, the slopes are large 

enough for topographic (3-effects to dominate over the planetary (3-effect, which 

allows approximating the topographic Rossby waves (TRWs) dispersion in terms 

of the Brunt-Vaisala frequency and bottom gradients. The steep SE can sustain 

minimum periods of~ 18 d, which agrees with observed periods. Bottom trapping 

caused by stratification should be effective only for short waves, but observations 

suggest that bottom trapping is independent of wavelength. This discrepancy can 

be explained by the fact that the Gulf of Mexico can be approximated as a two­

layer ocean, and TRWs are bottom trapped regardless of wavelength. The critical 
frequency and slope show that only diurnal and inertial frequencies (at this lati­

tude) could be inducing strong vertical mixing on the study area. The initial con­

jecture that cyclonic eddies with diameters of 40-150 km are generated by flow­

topography interaction was not upheld because the resonance conditions are not 

met. Finally, the analysis reveals that fluids inside basins cannot escape. 

A s containers, oceanic basins affect and con­
strain sea circulation (Sverdrup et al., 

1942; Kennett, 1982; Holloway and Merrifield, 
1999). The basin's dimensions and the seafloor 
gradients determine horizontal and vertical 
modes of the circulation, e.g., Gill (1982). Sea­
floor topography and roughness produce en­
ergy dissipation and mixing, which affect cir­
culation at all scales (Bell, 1975; Rhines, 1977; 
Hogg, 1995; Munk, 1997). In addition, infor­
mation on seafloor gradients help understand 
geological processes acting in a region and 
their effects on marine acoustics through 
sound scattering (Fox and Hayes, 1985; Adams 
and Schlager, 2000). Thus, knowledge of sea­
floor gradients and roughness is relevant to 
many areas of scientific research. In this study, 
we examine seafloor gradients and roughness 
of the northern Gulf of Mexico. A motivation 
for this research was our conjecture that to­
pography and eddies had similar scales ( 40-
150 km) over the Gulf's northern continental 
slope. Furthermore, we attempt to explain the 
seafloor gradient distribution using current 

knowledge of regional geology and sedimen­
tation processes. We ascertain the influence of 
gradients on the regional circulation and how 
they affect the characteristics and propagation 
of topographic Rossby waves (TRW"s) m the 
Gulf. 

Geologically, the continental slope of the 
northern Gulf of Mexico, Figure 1, is well 
known and understood as shown by the recent 
reviews of Roberts et al. (1999) and Bryant and 
Liu (2000). This physiographic province is di­
vided into the Louisiana-Texas slope (LTS) 
and the Mississippi-Alabama slope (MAS). The 
area encompasses three major features: the 
Mississippi Canyon (MC), the Mississippi Fan, 
and the Sigsbcc Escarpment (SE). The MC is 
the divide between the LTS and :tvlAS. The LTS 
is in turn subdivided into an upper and lower 
slope (Amery, 1978). The northern continen­
tal slope is the widest (230 km) of the Gulf, 
and its seafloor is very rugged (Bryant and Liu, 
2000). The roughness results from the inter­
play of salt tectonics, sedimentation, and dia­
pirism (Roberts et al., 1999). Many domes and 
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50 0 50 I 00 Kilometers 

Fig. I. Layout of the 11 cross-slope (NS lines) and six along-slope (WE lines) profiles (dashed lines) 
used in this study. Profiles cut across the Louisiana-Texas slope (LTS), Mississippi Canyon (MC), Mississippi­
Alabama slope (MAS), and the Sigsbee Escarpment (SE). The NS profiles are perpendicular to the isobaths 
(represent the dip), and vVE profiles are along isobaths (represent the strike) of the study area. Water depth 
is sampled every 0.5 km. 

basins of 5-30 km in diameter cover the study 
area. The domes are frequent in the upper 
slope; toward the middle slope they increase in 
size and become salt massifs (Bryant and Liu, 
2000). Bottom relief is enhanced by venting of 
gas and oil, which creates carbonate mounds 
of up to 30m in height (Roberts et al., 1999). 

Despite the extensive geological knowledge 
and data available, few studies have examined 
seafloor gradient statistics of the northern con­
tinental slope of the Gulf of Mexico. Bryant 
and Liu (2000) estimated the mean gradient 
of the LTS as ~ 1 o but local gradients as steep 
as 40°. This large variability is caused by nu­
merous knolls, basins, diapiric salt, salt with­
drawal, sedimentation, and venting of gas and 
oil (Roberts et al., 1999). The SE with slopes 
of up to 20° also contributes to this variability 
(Bryant and Liu, 2000). Adams and Schlager 
(2000) examined two depth profiles across the 
continental slope in the eastern Gulf of Mexi­
co to study subsurface curvature and its rela­
tionship to sedimentation processes. Roberts et 

al. (1999) reported gradients of up to 20° be­
tween water depths of 1,000 and 2,000 m in 
the eastern Gulf. Over the continental shelf, 
Resio et al. (1974) and Everts (1978) studied 
bottom profiles from Florida to Texas for 
coastal engineering applications, but these 
works were confined to water depths <100 m. 

Oceanographically, the interaction of topog­
raphy and flows gives rise to many interesting 
and new phenomena. Topographic boundaries 
reflect, refi-act, generate, and dissipate energy, 
e.g., LeBlond and Mysak (1978) and Gill 
(1982). The magnitude of the interactions de­
pends on the physical characteristics of the sea­
floor, flow speeds, earth rotation, and stratifi­
cation of the water column. Relief on the sea­
floor obstructs flows (Hogg, 1980) and induces 
bottom friction and large vertical rates of mix­
ing across isopycnals (Polzin et al., 1997; Led­
well et al., 2000). These elevated mixing rates 
near high relief zones account for the mixing 
needed to close budgets of oceanic water over­
turns. Seafloor gradients, earth rotation, and 

2

Gulf of Mexico Science, Vol. 22 [2004], No. 1, Art. 3

https://aquila.usm.edu/goms/vol22/iss1/3
DOI: 10.18785/goms.2201.03



24 GULF OF MEXICO SCIENCE, 2004, VOL. 22(1) 

A 

0,----------------------------------. 

-500 

-1000 

l-1500 

of -2000 
c. 
~ -2500 

-3000 

-3500 

-4000 +------,-----,------,------,------,-----l 

0 50 100 150 

Distance (km) 

200 250 300 

NS I - NS2 - NS3 - NS4 - NSS - NS6 - NS 7 - NS8 - NS9 - NS!O - NS I I I 

B 0 

-500 

-1000 

~ -1500 
s 
of -2000 
c. 
" A -2500 

-3000 

-3500 

-4000 

0 I 00 200 300 400 500 600 700 800 900 1000 

Distance (km) 

WE I WEl WEJ WE4 WE.S WE61 

Fig. 2. Bathymetric profiles based on the (A) NS a nd (B) WE profiles. Note the overwhelming pr esence 
of th e SE (pane l A) with relief of~ 1,000 m . 

stratification affect TR\1\T characteristics; studies 
relating directly to this study area include 
those of Hamilton (1990) , Hamilton and Lugo­
Fernandez (2001), and Oey and Lee (2002) . 
The present study attempts to examine sea­
Aoor gradients a nd roughness and discu ss 
some im plica tions of th ese bo tto m character­
istics for the G ulf' s ocea n circula tion. 

MATE RI ALS AN D M ETHODS 

The extent of the study area is 87.5-93°W 
over the northern contine ntal slope (Fig. 1) , 
in water depths of 200-3,400 m . This region 
was selected fo1· several reasons. First, the Na­
tional Oceanic and Atmospheric Administra­
tion completed a multibeam sonar survey of 

this region, providing the most current and ac­
curate regional bathymetric data . Second, the 
region is important to the Minerals Manage­
ment Service because of the high leasing and 
exploration activities by the oil and gas indus­
try. Finally, several hyd rographic and geologi­
ca l su rveys, curren t m easurem e n ts, and nu­
m erical modeli ng studies are unde rway or 
p lanned for th is region; thus, ou r resul ts can 
h ave direct bearing o n these scie n tifi c endeav­
ors. 

To conduct our analyses , we extracted 11 
cmss-slope (NS) profiles and six a long-slope 
('WE) profiles from our bathymetry database 
(Fig. 2) using ArcView software. The 11 NS 
profiles were distributed as follows: six over the 
LTS, one along the MC, and four over the 
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MAS. The vVE profiles followed selected iso­
baths. The number of profiles analyzed in this 
study is high, especially when compared with 
five profiles that Amery (1978) used to de­
scribe and characterize the continental slope 
between Alabama and Texas. 

The NS profiles, labeled from west to east, 
start near the shelf break or close to 200 m and 
end in water depths of 2,500-3,400 m. To study 
the seafloor gradient or dip, the NS profiles 
were set, as close as possible, perpendicular to 
smoothed isobaths. The requirement of or­
thogonal layout between profiles and isobaths 
resulted in lines that are unevenly spaced and 
not straight but represent the actual NS sea­
floor gradient. Length of the NS lines ranged 
fi'om 80 to 250 km, depending on the location 
(Fig. 2A). Spacing of the NS profiles in the up­
per slope ranged from 30 to 80 km but was 
more variable in the lower slope. The V{E pro­
files were set along the following isobaths: 500, 
1,000, 1,500, 2,000, 2,500, and 3,000 m. These 
along-isobath profiles represent the strike and 
will yield information on roughness only. The 
length ofvVE profiles ranged from 400 to 1,000 
km (Fig. 2B). Water depth along all profiles 
was sampled every 0.5 km, and each sample 
represents an average over a 200-m radius. 
Data gaps shorter than four points were filled 
using linear interpolation or the least-squared 
regressions, otherwise gaps were not filled. 

All profiles were subjected to a battery of sta­
tistical and spectral analyses. Depth profiles 
were first plotted and inspected to detect prob­
lems and to ascertain shape and other general 
characteristics. Least-squared regression was 
applied to calculate the overall gradient of the 
NS profiles. Linear fits with r2 values above 0.8 
are deemed to describe accurately the profile; 
otherwise, a quadratic polynomial was fitted to 
the profile. The step-like SE was excluded from 
the fits. Adams and Schlager's (2000) analysis 
of depth profiles from around the world 
showed that over 80% of the profiles could be 
described by linear and power relationships. 

Detrended water depth or residuals were 
used to estimate the root-mean-square (rms) 
bottom roughness (srms) as (Fox and Hayes, 
1985): 

Bnns = (1) 

In Equation 1, Z; is the water depth, Z; is the 
predicted water depth, and n is the number of 
observations. This estimator has the advantage 
of reducing the effects of long-wavelength gra-

clients on the roughness estimate (Fox and 
Hayes, 1985). 

Analysis of the profiles in the frequency do­
main requires preprocessing the bathymetric 
data plus considerations of the homogeneity or 
stationary assumption for these data (Fox and 
Hayes, 1985). The usual preprocessing consists 
of removal of the means and other trends from 
each profile. Next, the geological setting is ex­
amined with the objective of defining homo­
geneous areas. This step connects the known 
geology to the data analysis and is an impor­
tant step. The SE was excluded again because 
this feature is nonstationary and cannot be an­
alyzed by our techniques. Next, the profiles 
were divided into the LTS, MC, and MAS. The 
LTS profiles were further subdivided into up­
per and lower slope. The 1,500-m isobath is the 
divide betw·een the upper and lower slope l'e­
gion following Amery (1978). The wave num­
ber (k) one-sided power spectrum [G(k)] was 
estimated from the residual water depths fol­
lowing the procedure of Benclat and Piersol 
(1986) using a Tukey-Cooley fast Fourier 
transform algorithm. A compromise between 
the profile length, the scale of interest (5-50 
km), and the spectral estimate uncertainty [de­
grees of freedom (elf)] resulted in subdividing 
the profiles into one to three segments of 128 
points each. These parameters fixed the max­
imum scale at 64 km and the elf at 2-6. The 
LTS spectra have 4-6 elf, the MAS spectra have 
2-4 elf, and the MC's spectrum has 6 elf. Water 
depth power spectra were fitted with a power 
law of the form G(k) = ak" following Bell 
(1975). A power law represents water depth 
spectra fairly consistently over many scales, and 
fractal geometry provides a theoretical basis 
for its applicability (Fox and Hayes, 1985). Bell 
(1975) found that, on average, n -2, but 
one should expect variability around this value. 
The parameters of the power law also have sim­
ple physical interpretations (Bell, 1975; Fox 
and Hayes, 1985). Power spectrum also pro­
vides information about the bottom roughness 
and seafloor gradients. The gradient power 
spectrum Gs(k) can be estimated directly from 
water depth spectrum as 4'IT2k2G(k) (Bendat 
and Piersol, 1986). A point of advice is that 
geologists use an amplitude spectrum instead 
of the power spectrum used here. Thus, the 
power law regression fits of the power spectra 
yield exponents whose values equal -2, and 
the "a" parameter is the square of that from 
the amplitude spectrum. For amplitude spec­
tra the exponent is 1. Further, because of our 
definition of short-scale gradients, we have to 
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multiply by a 10li factor to compare the short 
gradient spectra with the water depth spectra. 

Another analysis consisted of calculating the 
short-scale (1-kin scale) gradients using cen­
tered finite differences. The resulting gradi­
ents were subjected to descriptive statistical 
characterizations and correlation analyses be­
tween profiles. The nns gradient for each pro­
file is another measure of bottom roughness. 
Finally, the finite difference gradients power 
spectrum was computed following the proce­
dures describe above, which yielded spectral 
estimates with :S12 elf. These were compared 
with the water depth spectra to investigate 
which relationship (power or exponential) 
best describes the gradient spectrum. 

RESULTS 

Long-scale variations.-Cross-slope profiles: Fig­
ure 3 presents the 11 NS profiles grouped by 
shape similarity and physiographic province. 
All profiles start at a depth of about 200 m, 
and most have lengths of 150-260 km, except 
profiles NSlO and NSll, which have lengths of 
100 and 80 km, respectively. All profiles reach 
depths of ~2,500 m. Profiles NS1-NS6 (Fig. 
3A,B) cross the LTS at its widest part and the 
SE at its steepest section. The profiles NS1-
NS3 (Fig. 3A) end just seaward of the escarp­
ment, which shows as a step of~ 1,000-m relief. 
The midsection of these profiles shows large 
depth variations, reflecting the large basins 
over the midslope (Bryant and Liu, 2000). Pro­
files 4-6 cross the escarpment near its eastern 
end as shown by their 1) diminished relief of 
the step toward the east; 2) occurrence of the 
step closer to the shelf break; 3) extension of 
~ 150 km into the rise and abyssal plain; and 
4) decrease of depth variations typical of mid­
slope basins toward the east. The absence of 
the escarpment and basins reflects the high 
sediment input from the Mississippi River that 
covers these features (Amery, 1978). Profile 
NS7 (Fig. 3C) runs across the MC and is char­
acterized by a monotonic depth increase and 
small depth variations across the profile. Pro­
files NS8-NS11 (Fig. 3C) represent the !viAS 
and can be characterized as steep, with small 
depth variations, and a suggestion of leveling 
near their end. The latter reflects the Mississip­
pi Fan where large sediment input and steep 
slopes induce mass movements and filling of 
the near rise and basin (Roberts et al., 1999). 
These conditions result in very steep upper 
gradients, e.g., shallower than 1,800 m, but lev­
eling below as sediments accumulate. 

Using the visual shape as guide, linear or 

quadratic functions were fitted to all profiles 
to determine the large-scale gradient. Table 1 
shows the results of these calculations. All pro­
files except NS2 and NS3 are well described by 
a linear relation as indicated by high (>0.93) 
r2 values. The gradients range from 0.00786 to 
0.02776 (0.45-1.6°). These values agree with 
results of Bryant and Liu (2000), who found 
an average gradient of ~ 1° over the continen­
tal slope. The quadratic relations fitted to pro­
files NS2 and NS3 do an excellentjob describ­
ing these profiles as indicated by r 2 values of 
0.96 and 0.92, respectively. In curved profiles, 
the gradients are variable, and near the shelf 
edge, the gradients reach 0.02708 ( 1.6°), but 
near the end, the gradients are just about 
0.003 (0.2°), as inferred from Figure 3C. 

Figure 4 shows the power spectra in vari­
ance-preserving plots of the NS profiles with­
out the SE, arranged from west to east or zon­
al, panels A through C. Most spectra are red, 
meaning that most energy lies at scales >64 
km. Energy content is high in the western side 
of the study area (Fig. 4A); energy decreases 
toward the east (Fig. 4B) until reaching a min­
imum at the MC and increases again eastward 
of the MC (Fig. 4C). Note also the relatively 
insignificant energy levels at scales shorter 
than 7 km across the entire study area. Most 
spectra west of the MC display peaks between 
13 and 21 km, and profiles NS2 and NS3 dis­
play a peak near 32 km. Spectra eastward of 
the MC suggest very small peaks at scales of 
13-21 km. The energy minimum at MC and its 
vicinity reflects a smooth seafloor resulting 
from high influx and deposition of sediments 
from the Mississippi River and smaller rivers to 
the east. This high sediment input can cover 
and fill the intraslope basins. The energy in­
crease westward of the MC reflects the sedi­
ment input reduction because of deposition. 
The intraslope basins have not been filled. 

Because the LTS is subdivided into upper 
and lower slopes (Amery, 1978), the profiles 
NS1-NS5 were subdivided accordingly at the 
1,500-m isobath into upper- and lower-slope 
profiles. Spectra were calculated for these sub­
profiles and pooled, following Bendat and 
Piersol (1986), to increase the elf to 10. The 
pooled upper and lower spectra are shown in 
Figure 5. Again, the spectra are red, and en­
ergy is insignificant at scales shorter than 7 km. 
The upper-slope spectra contain more energy 
at longer scales, but the lower slope displays 
two prominent peaks at 32 and 16 km. The 
spectra suggest that the upper slope is smooth­
er, but that the lower slope is more rugged, 
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TABLE 1. Least square parameters from linear and quadratic fits to water depth profiles. 

Profile Type Gradient 

NSl Linear 0.00837 
NS2 Quadratic 0.01989 
NS3 Quadratic 0.02708 
NS4 Linear 0.01318 
NS5 Linear 0.01413 
NS6 Linear 0.01621 
NS7 Linear 0.00786 
NS8 Linear 0.01460 
NS9 Linear 0.01381 
NSlO Linear 0.02244 
NSll Linear 0.02776 

and that large intraslope basins are located in 
depths greater than 1,500 m. 

In a previous work on water depth spectra, 
e.g., Bell (1975), water depth spectra are de­
scribed by a power law with an exponent of -2. 
Figure 6 shows the power law exponents esti­
mated for entire profiles and upper- and lower­
slope NS profiles. Figure 6A shows the power 
law exponent from the entire profiles across 
the study area. The exponents vary from -1.8 
to near -2.9, with a mean of -2.2. The 95% 
confidence interval of the mean shows that the 
mean is not statistically different from the the­
oretical value of -2. The distribution of the 
power law exponent shows a variation from 
west to east, with smaller values in the west and 
near -2 to the east. The power law exponent 
for the upper and lower slopes, plus those 
from NS6 to NS11 profiles, is shown in Figure 
6B,C, respectively. Again, the mean value is not 
statistically different from -2, and its west to 
east variation decreases from the upper to low­
er slope. Note also that the exponents from the 
lower slope are very similar to those from the 
eastern study area. The r 2 values of these fits 
ranged from 0.88 to 0.97 for 10 profiles, and 
one had an r2 value of 0.74, which means that 
the power law describes 74-97% of the vari­
ability of these spectra. This performance of 
the power law describing the water depth spec­
tra is considered excellent. 

Along-slope profiles: Because of the small lati­
tudinal extent of the study area and data avail­
ability along the smoothed isobaths, only six 
vVE profiles (vVE1-vVE6) were acquired from 
500 m to about 3,000 m. These profiles cover 
the upper and lower LTS and the SE (Fig. 1) 
and are about two to four times longer than 
the NS profiles. Most profiles were ca. 420-850 
km long (Fig. 2B). These profiles were sam­
pled along smoothed isobaths and in most cas-

Y-intcrcept (m) a r~ 

580.7 0.93 
177.1 0.0488 0.96 
124.6 0.0886 0.92 
354.9 0.96 
359.9 0.96 
152.4 0.98 
334.4 0.98 
404.4 0.96 
541.4 0.96 
242.8 0.97 
409.9 0.96 

es, varied little around the selected water 
depth and appear leveled. These profiles also 
represent the strike of the study area. The 
depth variations represent the intraslope ba­
sins. This was expected because the intraslope 
basins increase in size toward the midslope 
(Bryant and Liu, 2000). Exceptions are profiles 
WE5 and vVE6, which show large deviations 
from the chosen water depth and reflect the 
SE presence. Examination of Figure 2B shows 
that the largest depth variations occur below 
1,000 m, which agrees with results from the NS 
subprofiles. Because most profiles are leveled, 
the only preconditioning of these profiles con­
sisted of removing the mean or demeaning. 

The spectra for the demeaned profiles are 
shown in Figure 7. Because of the longer re­
cords, these spectra have double resolution as 
the NS spectra, and with longer records, the elf 
were 10-12 except for the tw-o short records. 
However, they resolve similar wave numbers as 
the NS spectra and are totally comparable. Al­
though these vVE spectra have insignificant en­
erg)' at scales shorter than 7 km, like the NS 
spectra, at longer scales, they are fundamen­
tally different. Instead of being reel, they 
showed that energy is concentrated at scales of 
21 and 64 km and very little energy between 
13 and 20 km. In fact, some spectra, e.g., vVE2, 
WE3, and vVE5, show a significant peak right 
at 64 km. Comparison of the upper and lower 
panels on Figure 7 also suggests an energy in­
crease toward the south. The shallower profiles 
(\VEl and VlE2) are 10 times less energetic, 
V\1£3 is about two times less energetic, and 
V\1£4 and V\1£5 have similar energy as the NS 
profiles. However, the spectrum for V\1£6 is 
about two times more energetic than that for 
the NS profiles. Again, this energy increase to­
ward the south reflects the presence of the in­
traslope basins at depths greater than 1,000 m 
and the presence of the SE. 
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Fig. 4. Water depth power spectra of the NS profiles. These power spectra are red with peaks at 16 and 
30 km. The df range fi·om 2 to 6. 

I'Ve explored how well the power law ex­
plains these spectra also. The 1·esults of the 
power law fitting are shown in Figure 6B. The 
exponents varied from -2.248 to -1.827. The 
average exponent is -2.060 with a SD of0.147. 
These values are a bit smaller than those for 
the north-south profiles. The mean's 95% 
confidence interval (Fig. 6B) shows that the av­
erage exponent is different from -2. The r 2 

values of 0.95-0.87 indicate that the power law 

does an excellentjob describing these spectra 
for all except one where the r2 value is only 
0.72. The small but significant departure from 
k- 2 dependence is probably the result of in­
cluding the SE in the vVE profiles, which is not 
a homogeneous feature, or because of a small 
sample. 

Short-scale variations.-Cross-slope gradient pro­
files: The small sampling interval (0.5 km) 
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Fig. 5. Pooled water depth spectra from profiles 
NSI to NS5 for the upper slope (US) and lower 
slope (LS). The boundary between upper and lower 
slopes is I ,500 m. 

used allows examination of ~ 1-km-scale gradi­
ent variations. Figure SA shows a typical short­
scale gradient profile along line NSl. Short­
scale gradients are very noisy, an expected re­
sult because numerical differentiation increas­
es variability. These profiles exhibit a tendency 
for large gradient variations to be in "packets" 
of high values interposed with sections of small 
values and oscillate around negative values. 
The arithmetic average gradient of the 11 pro­
files, Table 2, ranged from -0.0088 to -0.0269 
(0.5-1.5°). The average gradient is smallest at 
NS7 or the MC, near uniform to the west of 
the study area, and increasing slightly toward 
the east. The largest positive or upward gradi­
ents (8-16°) occur in the west side of the study 
area (NS1-NS5) and decrease to low values of 
1.5-4° in the east (NSS-NSll). The large gra­
dients to the west reflect the presence of the 
SE. The largest negative or downward gradi­
ents show a similar distribution as the positive 
gradients; they are high on the west (9-14°) 
and lower on the east (2-9°). The distribution 
of short-scale gradients (Fig. 9A) exhibits a low 
and broad normal or Gaussian shape, with 
most values occurring in the interval of -0.017 
to 0.008 (0.5-1 °), which agrees with a mean 
gradient of ~ 1 o (Bryant and Liu, 2000). The 
distribution is slightly askew toward downward 
gradients, i.e., 53% of the values are negative, 
as expected. The maximum downward gradi­
ent is 0.252 ( 14°), whereas the maximum up­
ward gradient is 0.287 (16°). This distribution 
of negative and positive gradients reflects the 
presence of many basins over the continental 
slope. Another statistic calculated from these 
profiles was the rms gradient, which is shown 
in Table 2. The rms gradients range from 
0.0625 to 0.0213 (3.6-1.2°) and with similar 

west to east variation, steepest in the west and 
smallest in the east. 

One can use the rms gradients to estimate 
an rms roughness height by using the defini­
tion of the gradient = ~y I ~x, where ~x 
(=1,000 m) is the distance between points 
used to evaluate the short-scale gradient. The 
roughness height estimated this way varies 
from 13 to 57 m. The roughness heights, com­
puted using Equation 1, vary from 59 to 178 
m, with most being over 129m or near double 
the estimates from the nns gradients. The dif­
ferences reflect the emphasis of scales or dis­
tance involved. The short scales reflect heights 
over 1 km, whereas the roughness derived 
from Equation 1 reflects the entire profile or 
hundreds of kilometers. Bell (1979) showed 
that, for 1-km scales, the roughness is tens of 
meters, but at scales equal to the profile 
lengths, the roughness should be about 100m. 
Further, the "a" parameter of the depth power 
spectrum represents the squared amplitude of 
the 1-kln component (Fox and Hayes, 1985). 
The height computed from the spectra ranges 
from 12 to 48 m. Because the rms height mul­
tiplied by V2 gives the amplitude of a sinusoid, 
the ratio of the rms height in Table 2 to the 
height derived from the spectra should equal 
V2 if both parameters are measuring the 
same. This ratio's mean value is 1.58, which is 
more than the expected value (V2 = 1.414). 
Further, the SD is 1.08, which is too large. The 
conclusion is that these two parameters are 
representing different aspects or factors. How­
ever, note the similarity of the roughness 
heights obtained from the spectra "a" param­
eters and those from the nns gradients. 

Spectra of the short gradients are shown in 
Figure 10. Again, these spectra are red, have 
very low energy at scales shorter than 4 km, 
and show more peaks between 0.1 and 0.2 
cpkm (5-10 km) than the water depth spectra. 
There is also a marked variation in energy 
from west to east. Energy is high in the first six 
profiles (NS1-NS6) and low in the remaining 
five profiles (NS7-NSll). Pooled spectra for 
the upper and lower LTS are shown in Figure 
11. The lower slope has more energy than the 
upper slope, in agreement with the results 
fi·om the water depth spectra. Further, both 
spectra are reel with peaks at 16 and 21 km and 
little energy at scales shorter than 4 km. Plot­
ting these spectra in a log-log format reveals 
near-constant values at wave numbers <0.2 
cpkm (Fig. 12). These spectra are well repre­
sented by an exponential relationship, or G,(k) 

B exp(-mk). The exponential relationship 
accounts for between 80% and 93% of the 

9

Lugo-Fernández and Morin: Slope and Roughness Statistics of the Northern Gulf of Mexico Sea

Published by The Aquila Digital Community, 2004



LUGO-FERNANDEZ AND MORIN-SLOPE AND ROUGHNESS STATISTICS 31 

A 

B 

c 

D 

-1.7 

= " -1.9 

" 0 

"" -2.1 >< 
ril 
a -2.3 

= tl -2.5 

" "" -2.7 "' .. 
" ~ -2.9 
0 
~ 

-1.7 

j -1.9 

"" -2.1 
~ a -2.3 

E -2.s 

l-2.7 
"' .. -2.9 

! 

-1.7 

! -1.9 
0 

~ -2.1 
ril 
a -2.3 
E 
t: -2.5 

" "" "' -2.7 

~ -2.9 

-1.7 

= " -1.9 = 0 

~ -2.1 
ril 
~ -2.3 
'" .... .. -2.5 " ~ 

-2.7 ~ 

-2.9 

• 
~-~-

• • 
Ui "' "' 

..,. 
'fJ 'fJ 'fJ z z z z 

• 
• 

• 
• 

• • • 
• 

• 
• 

WEI WE2 

a~-

• 

"' § "' t--
'fJ f/) f/) z ~ z z 

Profiles 

• 1 • • 
I 

Profiles 

• ' __IL 

Profiles 

• 

• 

WE3 Mean WE4 

Profiles 

• 

00 
f/) z 

• 

00 

"' z 

• 

"' f/) 

z 

.. 

"' "' z 

• 

-
WES 

• 

0 

Ui z 

• 

0 

Ui z 

• 

• 

'fJ z 

• 
~--

• 

__. 

WE6 

Fig. 6. Power law exponent (squares) estimated from the water depth power spectra of the (A) NS 
profiles, (B) upper-slope profiles, (C) lower-slope profiles, and (D) vVE profiles. The average exponent 
(circle) with 95% confidence interval (bars). The mean values are not different from -2 except for panel 
D, where it is marginally different for -2. 

10

Gulf of Mexico Science, Vol. 22 [2004], No. 1, Art. 3

https://aquila.usm.edu/goms/vol22/iss1/3
DOI: 10.18785/goms.2201.03



32 GULF OF MEXICO SCIENCE, 2004, VOL. 22(1) 

4.E+06 ..-------------------------, 

j 
c. 3.E+06 

,...5:!. 
_§, 2.E+06 

E 
il l.E+06 
c. 

00 
O.E+OO -l--~::::_::~~~lail-!"8---""'1""------.---~ 

0 0.05 0.1 0.15 0.2 

1.. . 

Wavenu.mber (cpkm) 

l--WEI - · · -WE2 --WE3 • • ~ WE4 -WE51 

8.E+06 -,.,"\;;::-------------------------, 

.-- 7.E+06 \ 

~ 6.E+06 
c. 

.5:!. 5.E+06 

E 3.E+06 

il 2.E+06 c. 
00 l.E+06 

'!, 4.E+06 ~ 

O.E+OO l----~"""'=,_-...,.._---,.-------,------l 

0 0.05 0.1 0.15 0.2 0.25 

Wavenumber (cpkm) 

---------------------- _j 

Fig. 7. Vl7ater depth power spectra of the vVE profiles. These power spectra are red with peaks at 20 and 
64 km. Note also the energy increase, e.g., scale change, from shallow (upper panel) to deep (lower panel) 
waters. The df range from 6 to 12. 

spectrum variability (r2 values of 0.80-0.93) for 
all except two cases (NSlO and NSll), where 
the exponential function accounts for 59% 
and 76% of the variability. The gradient spec­
trum and the water depth spectrum are related 
through the formula G,(k) = (21Tk) 2G(k) 
(Bendat and Piersol, 1986). Substituting the 
power law (G(k) = ak-2) for the water depth 
spectra yields a constant gradient spectrum, 
given by G,(k) = 41T2 a, which is exactly what 
Figure 12 shows for wave numbers <0.2 cpkm. 
Similar results (not shown) were obtained for 
the pooled spectra of the upper and lower 
LTS. Figure 13A shows the constant from the 
gradient spectra and the value calculated from 
the depth spectra. Although there is variability, 
the n1.ean values of 16,020 for the gradient 
spectra vs 10,114 estimated from the wattT 
depth spectra are statistically equal at the 95% 
confidence level. 

Along-slope gradient profiles: Figure 8B shows 
a typical short-scale gradient profile CWE3) for 
the vVE lines. Again, the profile is very noisy 
because of the numerical differentiation but 
reveals several similarities to the NS gradients. 

First, the magnitude of these gradients is sim­
ilar, NS and V11E gradient profiles have upward 
(positive) and downward (negative) gradients, 
and exhibits the "package" behavior observed 
for the NS gradients. An important difference 
is that these gradients oscillate very closely 
around zero, an expected result because these 
lines were sampled along isobaths. The arith­
metic average gradient for these profiles (Ta­
ble 2) ranges fi·om -0.0003 to 0.0014 ( -0.02° 
to 0.08°). The absolute values of the average 
gradient are nearly uniform in the upper or 
shallower profiles C\"IE1-WE4) and increase in 
the deeper lines (V11ES and \"7£6). Upward 
(positive) gradients have a maximum of 0.302 
(17°) along V-\7£4, and the remaining profiles 
have gradients of <14°. Downward (negative) 
gradients have a maximum of -0.214 ( -12°), 
and the remaining lines have gradients of 
<10°. Note the similar range of downward and 
upward slopes, suggesting a symmetrical distri­
bution. The distribution of the short-scale V-\IE 
gradients (Fig. 9B) has a near-normal or Gauss­
ian shape with a small spread or SD centered 
on 0.008. This distribution is more peaked 
than a normal distribution. As mentioned pre-
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TABLE 2. Statistics of short-scale (l km) 
from water depth profiles. 

Mean 
.Mean RillS roughness 

Profile gradient gradient (m) 

NSl -0.0131 0.0406 40.6 
NS2 -0.0123 0.0438 43.8 
NS3 -0.0129 0.0574 57.4 
NS4 -0.0126 0.0464 46.4 
NS5 -0.0142 0.0405 40.5 
NS6 -0.0155 0.0283 28.3 
NS7 -0.0089 0.0133 13.3 
NS8 -0.0134 0.0172 17.2 
NS9 -0.0149 0.0213 21.3 
NSlO -0.0208 0.0384 38.4 
NSll -0.0269 0.033•1 33.4 
WEI 0.0002 0.0223 22.3 
WE2 -0.0003 0.0341 34.1 
ViE3 0.0002 0.0418 41.8 
WE4 0.0002 0.0351 35.1 
WE5 0.0014 0.0403 40.3 
vVE6 -0.0021 0.0319 31.9 

gradients 

enn~ (m) 

141.9 
129.8 
178.1 
166.2 
176.4 
105.1 
58.7 

135.3 
116.5 
104.9 
131.6 
84.0 

216.3 
122.5 
155.6 
192.7 
306.9 

viously, the variation betlveen negative and pos­
itive gradients reflects the presence oflarge ba­
sins on this continental slope. Another statistic 
calculated from these profiles was the rms gra­
dient (Table 2). The rms gradients range from 
0.0223 to 0.0418 (1.3-2.4°) and are uniformly 
distributed fi-om north to south. We used rms 
gradients to estimate a short-scale roughness 
height, as previously explained. The roughness 
height estimates (Table 2) ranged from about 
22 to 41 m. The roughness heights estimated 
from Equation 1 for the WE profiles range 
from 84 to 307 m. The short-scale roughness 
and the rms heights are similar to the NS 
roughness. 

Spectra of the 1-km gradients (Fig. 14) dis­
play many similarities to spectra of the NS gra­
dients. First, there is very little energy at scale 
shorter than 4 kn1, these spectra are red, and 
there are many peaks at scales longer than 4 
km, especially at scales of 10-32 km. There is 
an increase in energy toward the south. The 
relationship between the water depth and gra­
dient spectra was examined, Figure 13B, and 
found to hold weakly at wave numbers <0.2 
cpkm. The average spectrum value fi-om the 
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Fig. 9. Frequency histograms of the 1-km-scale gradients of the NS (panel A) and vVE (panel B) profiles. 
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water depth spectra is 8,404, and the value 
from the gradient spectra is 17,993, which sta­
tistically are barely equal at the 95% confi­
dence level. Log-log plots of the gradient spec­
tra reveal near-constant energy values at wave 
numbers <0.2 cpkm (Fig. 15), followed by a 
decreasing trend at higher wave numbers. 
These spectra are well represented by an ex­
ponential relationship, like their NS counter­
parts. The r2 values of these fits are over 90%. 
Thus, the exponential relationship describes 
over 90% of the spectrum variability. 

OceanograjJhic considerations.-Seafloor topog­
raphy and gradients are very important for the 
generation and propagation of long waves 
(Rhines, 1970) and for dissipation of energy 
through bottom friction (Munk, 1997). Re­
cently, it was found that bottom relief is very 
important and enhances vertical or diapycnal 
mixing (Polazin et al., 1997; Ledwell et al., 
2000). 

Stratification or stability of the water column 
plays important roles in the dynamics of deep­
water circulation. In situ temperature (T) and 
salinity (S) over the study area (Nowlin et al., 
2001) were used to estimate vertical profiles of 
seawater density. The in situ seawater density 

was estimated using the equation of state for 
seawater, 1980 (e.g., Pond and Pickard, 1983), 
and includes pressure effects. From these den­
sity profiles, the stability and Brunt-Vaisala fre­
quency (N) were estimated. The density pro­
files showed that near-bottom waters are in sta­
ble equilibrium. Average N over the LTS at 
1,000 m is 2.05 X 10-3 rad·sec1 and decreases 
to 8.72 X I0-4 rad·sec1 at depths of 1,500 m. 
Over the MAS, the average N is 2.28 X I0-3 

rad·sec 1 at 1,000 m and decreases to 1.4 X 
10-3 rad·sec1 at 1,500 m. In deeper waters, 
there are not enough data to estimate N. Note 
the small increase from west to east and reduc­
tion with increasing depth. The shallower es­
timates are close to the value used by Hamilton 
(1990) of I0-3 rad·secl, and the deep values 
agree with those used by Oey and Lee (2002). 

Seafloor gradients (Table 1) or earth rota­
tion (or both) provides the restoring force to 
sustain Rossby waves (Rhines, 1970). Bottorn 
gradients induced a Coriolis-like force or to­
pographic [3-effect similar to the latitudinal var­
iation of the Coriolis parameter or planetary 
[3-effect. Therefore, it is important to deter­
mine whether the topographic or planetary [3-
effect dominates. For the topographic [3-effects 
to dominate the planetary [3-effect, the bottom 
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Fig. 10. Power spectra of the 1-km-scale gradients of the NS profiles. Most of these spectra are red with 
peaks at scales longer than 10 km. The df of these spectra ranged fi·om 6 to 12. Note the scale change in 
the lower two panels. 

gradient needs to satisfy the following relation­
ship (LeBlond and Mysak, 1978): 

H 
bottom gradient(cx) > --- (2) 

a tan e 
where His the water depth, a (=6,370 km) is 
the earth mean radius, and e is latitude. Figure 
1 shows that H ranges from 1,000 to 3,000 m, 
and that e varies from 26° to 27.5°. Substituting 
these values, the right hand side of Equation 2 
varies from 0.0003 to 0.00097. The north­
south gradients range from 0.02 to 0.009 (Ta­
ble 1), which are 10-100 times larger. Thus, 
topographic 13-effects dominate in this region. 

Oey and Lee (2002) found similar results for 
this part of the Gulf. 

Using a numerical model, Oey and Lee 
(2002) found a zone of high energy associated 
with TRWs along the SE. This band of high 
TRW' energy coincides with steep gradients 
(16-20°) of the SE. Because topographic ef~ 

fects dominate over the planetary 13-effect, the 
dispersion relation for TRWs on the LTS is: 

-aN sin <P 

(
NHK) tanh f 

w= (3) 

where f is the Coriolis parameter (=2f! sin 0), 
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<j> is the angle between K and the bottom gra­
dient, K is the wave number vector for the 
TRWs, il (=7.27 X IQ-5 rad·sec1) is the 
earth's angular velocity, and N is the Brunt­
Vaisala frequency assumed constant. Equation 
3 accepts two limits depending on the value of 
NHK/f. IfNHK/f~1, then we have the short 
wave; ifNHK/f <1, then we have the long-wave 
limit. From NHK/f, one can estimate a cutoff 
wavelength 01.c) to decide which approxima­
tion to use. Substituting H = 3,000 m, N = 2.05 
X 10-3 rad·secl, and f = 6.6 X 10-5 rad·sec1, 

Ac = 585 km. Hamilton (1990) and Hamilton 
and Lugo-Fernandez (2001) estimated TRWs' 
wavelengths of 80-210 km, which are <A.c; 
hence, over the LTS there are short TRWs. Be­
cause tanh(x) approaches I, when x ~ 1, then 
Equation 3 can be approximated as: 

w = -aN sin <j> (4) 

From Equation 4, the maximum TRW frequen­
cy in this region is given by fmax = aN. Using 
mean gradients (Table 1), fmax ranges from 1.7 
X 10-5 rad·sec1 to 4.87 X 10-5 rad·sec1 at 
1,000 m and 4.1 X I0-6 rad·sec1 to 3.17 X 

I0-5 rad·sec1 at 1,500 m. Minimum TRW pe­
riods based on these results are ~ 1-4 d at 

1,000 m and ~2-18 d at 1,500 m. For compar­
ison, Hamilton (1990) and Hamilton and 
Lugo-Fernandez (2001) reported TRW periods 
of ~ 10 and ~20 d, respectively. These TRWs 
can induce significant (40-50 cm·sec1) cur­
rents near the bottom. These differences most 
probably reflect the use of a mean gradient val­
ue instead of a local value. 

However, a more interesting aspect is the po­
tential generation of TRvVs by flow-over topog­
raphy. Charney and Flierl (1981) showed that 
TRWs generation by flow-over topography is 
most efficient if the bottom consists of many 
hills and valleys and if resonant conditions oc­
cur. The resonance condition is: 

fik2 

-= 1 
[j 

(5) 

where ·zl is the mean current, k is the seafloor 
wave number, and [j = 2il cos 8/a. The bathy­
metric profile spectra show peaks at wave­
lengths of 16, 20, 31, and 64 km. Equation 5 
was evaluated with the following values: k cal­
culated from the wavelengths; mean currents 
of 0.02 and 0.08 msec 1 from data reported by 
Hamilton and Lugo-Fernandez (2001) and 

15

Lugo-Fernández and Morin: Slope and Roughness Statistics of the Northern Gulf of Mexico Sea

Published by The Aquila Digital Community, 2004



LUGO-FERNANDEZ AND MORIN-SLOPE AND ROUGHNESS STATISTICS 37 

l.E4{)() 

]' 
l.E-01 

~ 
l.E-02 · 

u l.E-03 
y 

= ·2 l.E-04 

~ l.E-05 

l.E-06 

0.01 

l.E4{)() 

]' l.E-01 

"" l.E-02 a l.E-03 u 

li 
·2 l.E-04 · 

~ l.E-05 

l.E-06 

0.01 

1.0E4{)() 

a l.OE-01 

"' "" l.OE-02 
~ c l.OE-03 u 

li 
·5 l.OE-04 

;> l.OE-05 

l.OE-06 

O.Dl 

l.E4{)() 

]' l.E-01 

"" l.E-02 a 
l.E-03 

~ 
~ l.E-04 ·c 
~ l.E-05 

l.E-06 

O.Dl 

l.E-KlO 

]' l.E-01 

~ l.E-02 

~ 
l.E-03 

= l.E-04 ·2 
~ l.E-05 

l.E-06 

0.01 

y = 0.0394e-6.6346x y = 0.0477e·&3JJx 

r' ~ 0.8753 r' ~0.9304 

0.1 

I-+-NS1 --NS2 Expon. (NSI) 

y = 0.1223e·&.Sl6Jx y = 0.0303e'6-
2571

x 

r'~0.9151 r'~0.8825 

0.10 

l--r-NS3 --NS4 Expon. (NS3) 

y = 0.0185e-4.J788x y =O.Ol77e'8Jll4x 

r' ~ 0.8283 r' ~0.8612 

0.1 

1-+-NSS -+--NS6 Expon. (NSS) 

y = 0.002le'6-621)5x y = 0.0016e-6-ll12x 

r' ~0.8541 r'~0.8018 

0.1 

I-+-NS7 NS8 • 'Expon. (NS8) 

y = 0.005le·7.ll02x 

r' ~ 0.8848 

0.1 

Wavenumber (cpkm) 

" 'Expon. (NS2) I 

" •E>pon. (NS4) I 

" •Expon. (NS6) I 

Ex~ 

Expon. (NS9)- .. •Expon. (NSIO) - .... E.xpon. (NSII) I 

<.00 

Fig. 12. Exponential regression fits to the NS profiles of the 1-km-scale gradient power specu·a with r2 

values above 0.8 in general. Note the relatively constant energy at wave numbers <0.2 cpkm. 

16

Gulf of Mexico Science, Vol. 22 [2004], No. 1, Art. 3

https://aquila.usm.edu/goms/vol22/iss1/3
DOI: 10.18785/goms.2201.03



38 GULF OF MEXICO SCIENCE, 2004, VOL. 22 ( l) 

A 

~ l.E+04 
;: 
~ I.E+03 

~ 

~ :::::I. 

l.E+02 +----.,---~--.,---~-~------~----~---! 

"' Ul z 
Profiles 

00 
Ul z 

0 

til z 

[±ar. Spect. ""*'"WDEst] 

B 
LE+06 ., 

..e I.E +OS .. 
> 
E! LE+04 

~ = .. 
t: 

l.E+03 ., 
"' til 

LE+02 

WEI WE2 WE3 WE4 WE5 WE6 

Profiles 

~Spect. ""*'"WD Est:] 

Fig. 13. Comparison of the constant power spectra of the gradients predicted from the water depth 
spectra with the spectra estimated from the gradient data. There are no statistical differences at the 95% 
confidence level between both estimates. 

Nowlin et a!. (2001); and J3 = 2.03 X I0- 11 

rad·min- 1 sec1• The results show that the res­
onant condition is ~ l for all wavelengths, ex­
cept at 64 km when the condition if 0(1). 
Thus, we can rule out bottom-forced TRW gen­
eration at this site for short wavelengths but 
not at longer scales. One could ask what mean 
flows are needed to get resonant conditions in 
the LTS under the seafloor wavelengths found? 
The tnean currents needed for resonance un­
der these conditions are almost 0! However, 
Charney and Flier! (1981) state that these re­
sults need to be viewed with caution because 
of the limitations of their analysis. Stratifica­
tion limits the effects of topography on flows 
to near the bottom. The vertical scale of to­
pographic effects above the bottom is propor­
tional to Lf/N, where L is the horizontal scale 
of the topography (\'Vebb and Suginohara, 
2001). Substituting the values above for L, N, 
and f, the vertical scale ranges f!-om ~500 to 
1,000 m. These vertical scales agree with those 
observed by Hamilton and Lugo-Fernandez 
(2001). This criterion is similar to the vertical 
trapping coefficient (-y) given by NHK/f 
(Hogg, 2000). The trapping coefficient was 
evaluated for wavelengths of 80 and 200 km 
and water depths of l ,000-3,000 m. At 80 km, 
the trapping coefficient is relatively large and 

implies large trapping, especially as the water 
depth increases; for 200 km, the vertical trap­
ping is small, which means hardly any bottom 
trapping. However, the vertical trapping ob­
served in the Gulf (Hamilton, 1990; Hamilton 
and Lugo-Fernandez, 2001) seems to be simi­
lar regardless of the differences in wavelengths 
observed. 

Tide interaction with sloping bottoms is an­
other area of concern, especially for genera­
tion of internal tides under stratified water col­
umns. Internal tide generation depends on 
whether the bottom gradient is subcritical, crit­
ical, or supercritical (Holloway and Merrifield, 
1999). This classification of the bottom gradi­
ent depends on whether cx/s is smaller, equal 
to, or greater than 1, where s is defined as: 

s = ±J~: = ~: (6) 

where uJ equals the frequency of the tide, and 
N and f retain their previous meanings. In the 
Gulf, the two dominant tides are the diurnal 
(K1 = 23.93 hr) and semidiurnal (M2 = 12.42 
hr) (DiMarco and Reid, 1998). Evaluating 
Equation 6 using the previous values for N and 
f for both components yields s(K1) = 0.0151 
and s(M2) = 0.0602. Comparing the mean gra­
dients (Table 1) with s reveals that the LTS is 
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critical and supercritical for diurnal tides and 
could be a source of internal tides. However, 
the semidiurnal tide is always subcritical, and 
internal tide generation is not expected. A sim­
ilar result is found by calculating the critical 
frequency (we= [(Nsina) 2 + (fcosa)2] 0·5 ), 

which for the LTS is 7.4 X 10- 5 rad·sec 1 or a 
period of 24 hr. This means that diurnal tides 
are potentially very effective in causing mixing 
over the LTS. Ivey et a!. (1995) indicated that 
significant mixing occurs over a fi-equency 
range (O.Swc :s; w :s; l.Swc) instead of a narrow 
peak. Therefore, one would expect strong mix­
ing for waves with periods of 13-33 hr, which 
includes the diurnal tide but excludes semidi­
urnal components. Waves of these periods 
(13-33 hr) induce high mixing over this rough 
topography, similarly to the high vertical mix­
ing rates observed in the Brazilian basin (Pol­
zin et a!., 1997; Ledwell et a!., 2000). The bot­
tom roughness (Table 2) is high enough to 
make this region a very rough bottom, which 
should enhance mixing and energy dissipa­
tion. 

Another relevant oceanographic aspect is 
the interaction of the ambient flow with fluids 
inside a basin. This is important because flows 

can help remove liquids from inside the basins. 
Baines (1995) indicated that fluid removal un­
der stratified flows will occur if 2AN/1t ~1, 
where 2A is the diameter of the valley, N and 
u retain their previous meanings. lf2AN/1t > 1, 
fluids inside a basin will not be removed. At 
1,000 min the LTS, tt = 0.3 msec- 1, N = 2.05 
X 10-3 rad·secl, and 2A 16-64 km; the cri­
terion indicates that the fluids inside the basin 
are not removed. This occurs even if we used 
N = 7.84 X 10-4 rad·sec1 and tt = 1 msec1 . 

However, the fluid inside the basin will be slop­
ing upward in the direction of the outer flow. 
Note that this criterion is independent of the 
basin depth. In the LTS, fluids inside the ba­
sins are generally hypersaline and thus denser 
than the overlaying water, which also prevents 
their removal from the basins. 

DISCUSSION 

This study was undertaken to gain a better 
understanding of seafloor gradients on the 
northern continental slope of the Gulf of Mex­
ico and possibly shed some light on the effects 
of these gradients on the observed circulation. 
We had hypothesized that eddies with diame-
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ters of 40-150 km observed over this slope 
(Hamilton, 1992; Berger et al., 1996; Hamilton 
et al., 2002) were topographically generated. 
Testing these ideas required examination of 
the bottom profiles and their characteristics at 
long and short scales. We acquired 11 profiles 
perpendicular to the local isobaths and six pro­
files along the isobaths and sampled every 0.5 
km. Water depths involved in the study area 
range from ~200 to over 3,000 m. 

Most profiles or transects exhibit linear 
trends. The shape of the profiles or transects 
is related to the tectonics, underlying salt 
plates, and the sediment input. In the LTS 
area, sediment input and salt and plate tecton­
ics influence the shape of the profiles, creating 

large diapirs that, when filled by sediment, cre­
ate near-level seafloor. However, because sedi­
ment input increases the load, more diapirs 
are created, producing the basins observed on 
this area. Near the MC and MAS where pre­
sent-clay sediment input is still large because of 
proximity to the Mississippi River, the profiles 
are steep because of the sediment movement 
and accumulation near the foot of the slope, 
which covered theSE (Amery, 1978). The lin­
ear regressions account for over 80% of the 
profile variability and provided an estimate of 
the mean gradient over the entire profile. 
These average gradients are ~ 1 o and agree 
with Bryant and Liu (2000). The SE influence 
on the profiles is manifested as a step feature 
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with a relief of ~I ,000 m, except in the MAS, 
where high sediment input covered this fea­
ture. Short-scale gradients are highly variable, 
as expected, but their mean value is similar to 
that of the overall slopes, ~1°. However, indi­
vidual gradients near the SE reach up to 16° 
in the LTS and decrease to 2-9° in the MAS 
area. 

The 1-km-scale gradients suggest a very 
rough seafloor. Roughness heights (Table 2) 
for these 1-km gradients vary from 13 to 57 m. 
The nns roughness height is 58-307m, or near 
six times as large. This height variation is 
caused by many intraslope basins, the dissolu­
tion of salt, and domes produced by gas and 
hydrocarbon expulsion over this area (Roberts 
et a!., 1999; Bryant and Liu, 2000). Roughness 
heights derived from the water depth power 
spectra ranged from 12 to 48 m and are similar 
to the heights derived from the 1-km gradients. 
These roughness heights support the view of a 
very rough seafloor that should induce high 
bottom friction and energy dissipation. 

Power spectra of all bathymetric profiles, 
Figures 4 and 7, are red, with most energy at 
scales longer than 10 km. The reel nature of 
bathymetric spectra was reported by Bell 
(1975). The spectra, however, contain peaks 
near 16, 20, 31, and 64 km. We believe that 
these peaks represent the average diameters of 
the basins. Another possibility is that our pro­
files include a portion of the geologic trans­
form fault field [average separation is 16 km, 
Stephens (2001)] present in this region. These 
spectra contain very little energy at scales 
shorter than 7 km, which fact agrees with the 
basin scale size of 5 km or larger (Roberts et 
al., 1999). As reported by Bell (1975) and Fox 
and Hayes ( 1985), these spectra can be de­
scribed by a power law. The exponent (Fig. 6) 
resulting from using a power spectrum instead 
of an amplitude spectrum is -2, as expected. 
Although there is variability around this value, 
the 95% confidence interval indicates that the 
exponent is -2 except for the vVE profiles. 
However, the vVE profiles most probably do 
not represent a homogeneous sample because 
they include the SE. It is important to remem­
ber that the -2 value is justified by fi'actal ge­
ometry. \J\Te also tested the theoretical relation­
ship between the water depth and the gradient 
power spectrum. We found that at wave num­
bers <0.2 cpkm, these two spectra are, on the 
average, related as required by theory (Figs. 12 
and 15). This theoretical relationship implies 
that the gradient spectra are those of a white 
noise (white spectra have similar energy levels 
at all frequencies) or constant. The 1-km-scale 

gradients are numerical derivatives that have 
equal numbers of positive and negative values 
that resemble noise. This is especially true for 
scales longer than 4 km. 

Oceanographically, the overall bottom gra­
dients are large enough to make the topo­
graphic 13-effect dominant over the planetary 
13-effect. However, because the seafloor slopes 
northward, the planetary and topographic 13-
effects reinforce each other (Rhines, 1970). 
Thus, we should expect anticyclones and asso­
ciated cyclones commonly present in the study 
region to be strongly influenced by bottom 
slope. In addition, we should expect to see 
TRWs over this region, especially over the 
steep SE region. 

Such TRW activity has been observed along 
steep slopes at other places, e.g., Hogg (2000) 
and Uehara and Miyake (2000). Hamilton and 
Lugo-Fernandez (2001) provided evidence for 
their existence along the SE. Oey and Lee 
(2002) discussed in detail how the local ba­
thymetry and gradient affect the propagation, 
transmission, and reflection of TRWs in the 
study area. The height and spatial scales of the 
bottom roughness are large enough to affect 
the short-scale waves. For short-scale waves, the 
bottom feels very rough, but for the long-scale 
waves, the bottom feels smooth. 

Bottom waters in this region are in a stable 
configuration as evidenced by the positive sta­
bility. Motions affected by buoyancy encompass 
frequencies of 8.7 X 10-4 racl·sec1 to 2.3 X 

10-3 racl·sec1, or periods of 0.8-2 hr. The 
TRWs' maximum frequencies estimated herein 
suggest periods of 2-18 cl, which overlap the 
periods of 10-20 d reported by Hamilton 
(1990), Hamilton and Lugo-Fernandez (2001), 
and Oey and Lee (2002) in this region. The 
analyses suggest that short TRWs should be 
bottom trapped but not the long ones; how­
ever, the available data show that short and 
long TRWs are trapped below 1,000 m. Rhines 
( 1970) demonstrated that in a two-layer ocean, 
TR\J\Ts are confined mostly to the bottom layer. 
Because the Gulf of Mexico can be fairly well 
approximated as a two-layer ocean (Welsh and 
Inoue, 2000), thus TR\1\Ts should appear as bot­
tom trapped. The analysis also revealed that 
TRW generation by flow over a wavy topogra­
phy is unlikely in this region. 

Because of the low zonal speeds observed 
and the scales at which the bottom profiles 
show energy, the cyclonic eddies with diame­
ters of 40-150 km over the slope (Hamilton, 
1992; Berger et al., 1996; Hamilton et al., 
2002) cannot be ascribed to generation by flow 
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over a wavy topography as proposed by Char­
ney and Flierl (1981). 

Calculation of the critical frequency and 
slope reveals that this area can induce internal 
motions at frequencies of 13-33 hr. The fre­
quency range includes diurnal periods and in­
ertial motions at these latitudes but excludes 
semidiurnal components. One could expect 
high mixing induced by internal tides at diur­
nal periods or by inertial motions created by 
hurricanes (Hamilton et a!., 2000). Finally, our 
analyses show that conditions over the study 
area are not conducive for removing fluids re­
siding inside the basins. Basins, thus, could act 
as pockets for trapping gases, pollutants, or bi­
ological materials and possibly passive larvae. 
Geologically, these intraslope basins serve as 
sediment traps (Sinclair and Tomasso, 2002). 
These and other geological and biological im­
plications of the basins need to be studied. 

CONCLUSIONS 

This study produced a detailed characteriza­
tion of the seafloor over the northern slope of 
the Gulf of Mexico. Water depth profiles ex­
hibit linear trends and mean bottom gradients 
of~ 1 o typical of the area (observed in nine of 
11 cases). However, local bottom gradients of 
16° occur along the SE. The analyses also re­
veal a very rough seafloor with roughness ele­
ments of 13-300 m, with most <100m. Such 
rough bottoms could affect waves with wave­
lengths of tens of kilometers through bottom 
friction or diffuse reflection. Waves of hun­
dreds of kilometers should be unaffected. This 
characterization includes the first estimation of 
water depth power spectra and of short-scale 
gradients in the Gulf of Mexico. Water depth 
spectra exhibit a k-2 dependence, whereas the 
1-km gradient spectra are near constant at 
wave numbers <0.02 cpkm. Constant spectrum 
imply a white noise process. The spectra are 
red and reveal spatial scales of 10-64 km in the 
bathymetry findings, which agree with previous 
results. An important result is that NS transects 
in areas of near-zonal isobaths have directional 
derivatives very close to the actual bottom gra­
dient. Oceanographically, the gradients are 
large enough to allow topographic 13-effects to 
dmninate over the planetary 13-effect. This al­
lows approximating the TRvV dispersion in 
terms of the Brunt-Vaisala frequency and bot­
tom gradients. The steep gradients of the SE 
can sustain periods of 2-18 d, which agrees 
with observed periods. Bottom trapping 
caused by stratification should be effective only 
for short waves, but observations suggest that 

bottom trapping is independent of wavelength. 
This discrepancy can be explained using the 
TRW theory in a two-layer ocean, where TRWs 
are essentially trapped in the bottom layer. The 
Gulf of Mexico can be approximated fairly well 
as a two-layer ocean, and TRWs are bottom 
trapped regardless of wavelength. Calculation 
of the critical frequency and slope shows that 
only diurnal and inertial frequencies (at this 
latitude) could be inducing strong vertical mix­
ing in the study area, but this needs to be con­
firmed by experiments. The initial conjecture 
that cyclonic eddies with diameters of 40-150 
km are generated by flow-topography interac­
tion was not upheld because the resonance 
conditions are not met. Finally, the analysis re­
veals that little exchange occurs between fluids 
inside the basins with ambient slope waters. 
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