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The Shaping of Continental 

Slopes by Internal Tides 

D. A. Cacchione,' L. F. Pratson,2 A. S. Ogston3 

The angles of energy propagation of semidiurnal internal tides may determine 
the average gradient of continental slopes in ocean basins (-2 to 4 degrees). 
Intensification of near-bottom water velocities and bottom shear stresses 
caused by reflection of semi-diurnal internal tides affects sedimentation pat- 
terns and bottom gradients, as indicated by recent studies of continental slopes 
off northern California and New Jersey. Estimates of bottom shear velocities 
caused by semi-diurnal internal tides are high enough to inhibit deposition of 
fine-grained sediment onto the slopes. 

Continental slopes are the steepest parts of 
continental margins, starting at the edge of 
continental shelves in water depths of about 
100 to 200 m and extending to the upper 
continental rise in water depths of about 1500 
to 3000 m. The average slope of continental 
slopes is about 2? to 4?, an order of magni- 
tude lower than the internal angle of repose of 
the marine muds that make up slopes (1, 2). 

Internal waves and tides are energetic, 
ubiquitous, and persistent oceanic phenome- 
na. When internal waves reflect from a slop- 
ing bottom, the frequencies of the incident 
waves are preserved upon reflection; reflec- 
tion of energy rays or characteristics occurs 
about the direction of the local gravity vector 
(not about the direction normal to the slope) 
(3). Characteristics of internal tidal energy 
can approach the slope y from the ocean 
interior (Fig. 1) or from local generation areas 
at the shelf-slope boundary (4). Three reflec- 
tion conditions for internal waves normally 
incident onto a slope-shelf are possible (Fig. 
1, B to D). 

The internal tidal characteristics (Fig. 1, A 
to D) travel at an angle c to the horizontal that 
is determined by the frequency of the internal 
waves, the density profile, and latitude (3). 
This angle is given by 

=C - N2- 
2 _ 

cr2 (1) 

where cr is the internal wave frequency [cr = 
0.081 cycles per hour (cph) for internal tides 
at semi-diurnal tidal frequency], and q is the 
local inertial frequency at latitude 4) (in de- 
grees); f = (sin 4))/12 cph, and its value 
ranges from zero at the equator to 0.083 cph 
at the poles. N is the Brunt-Vaisala frequency 
(or stability frequency) and is usually calcu- 
lated from the vertical oceanic density gradi- 
ent ap/az according to N = [(g/p)(ap/az)]1/2 
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s-i or N = -573[(g/p)(ap/az)]/2 cph, where 
p is density and g is gravitational acceleration 
(-9.8 m/s2). Typical values of N in the ocean 
at continental slope depths from about 200 to 
2000 m are 1 < N < 4 cph (3). Much of the 
vertical density structure in the oceans below 
200 m can be approximated by a linear gra- 
dient, as shown in Fig. 1A. 

Calculations of yl/c were made for the 
New Jersey and northern California continen- 
tal slopes (5, 6). Bottom gradients y were 
computed from high-resolution bathymetric 
data (7) and averaged over 500-m2 grid areas. 
The estimates of c were based on seasonally 
averaged vertical profiles of N that had been 
derived from historical density data (8). 
Characteristic angles c for semi-diurnal inter- 
nal tides were calculated from Eq. 1 at fixed 
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Fig. 1. Reflection of internal wave char- 
acteristics (black lines) from bottom 
slope y for (A) simplified density profile 
(red) and Brunt-Vaisala frequency profile 
N (green), transmissive [(B), yl/c < 1], 
critical [(C), y/c = 1], and reflective [(D), 
y/c > 1]. Energy is trapped along the 
bottom, and bottom velocities are inten- 
sified in (C) (maroon bar indicates veloc- 
ity intensification); bottom velocities also 
increase upslope in (B) (10). 

depth intervals and interpolated at each grid 
point to compute 'y/c. 

Bottom velocities and bottom shear stress- 
es should be highest where the slopes are 
critical (yl/c = 1). On the New Jersey conti- 
nental slope (Fig. 2B), large regions between 
200 and 2000 m are critical during winter 
(Fig. 2D). This includes the interior sections 
of many of the submarine canyons, such as 
the central portion of Hudson Submarine 
Canyon (large canyon in the upper right of 
Fig. 2D) where strong internal tidal velocities 
have been measured (9). 

During summer, much of the continental 
slope is reflective (y/c > 1) and bottom veloc- 
ities should be small (Fig. 2C, bottom). How- 
ever, the upper slope and upper parts of canyon 
heads are critical or near-critical, and the entire 
section of the slope southeast of Hudson Sub- 
marine Canyon (also called the Hudson Apron) 
is critical. This relatively large area may have 
high internal tidal bottom velocities and could 
be a region where internal tides are generated 
(4). The strong seasonal contrasts in y/c are 
caused by seasonal variations in the vertical 
density profiles. 

Unlike the New Jersey continental slope, 
the northern California slope shows less sea- 
sonal variation in the geographic distribution 
of y/c (Fig. 2C). Seasonal contrasts in the 
vertical density profiles (and N) are smaller in 
this region than off New Jersey below about 
200 m water depths (8). Over much of this 
part of the upper continental slope, y/c < 1. 
Around the mooring at 450 m depth (Fig. 
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2C), the slope is near critical ('y/c ~ 0.8). 
Long-term measurements (1995 to 1999) of 

currents, temperatures, salinities, and suspend- 
ed sediment concentrations were made on the 
northern California slope in about 450 m water 
depth (Fig. 2C) (5). These data were obtained 
along a mooring at 15, 270, and 390 m above 
the bottom. Ten additional temperature sensors 
were mounted on the mooring to gather hourly 
temperature data between 15 and 300 m above 

the bottom. A 3-day section of the mooring data 
shows that the highest near-bottom flow speeds 
reached about 40 cm/s on 11 April 1997 and 
were directed downslope (Fig. 3A). The down- 
slope tidal currents were typically of longer 
duration than upslope currents, producing net 
downslope low-frequency flows (Fig. 3A). 

Over the same 3-day period, the temper- 
ature records at about 15, 50, and 100 m 
above the bottom showed coalescing iso- 

therms that may have been caused by 
strong near-bottom advection and mixing 
(Fig. 3B). The isotherm variations suggest 
that a thermal bore of tidal frequency with 
sharp horizontal temperature gradients 
moved the colder water upslope, followed 
by a more prolonged downslope movement 
of warmer water. The steep temperature 
drop during the latter half of 12 April 1997 
(Fig. 3B) was associated with strongly ac- 
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Fig. 2. (A and B) Two 
contrasting shelf and 
slope study areas were 
evaluated for internal 
wave reflection condi- 
tions, off northern Cali- 
fornia (A) and off New 
Jersey (B). (C and D) 
Critical slope conditions 
for semi-diurnal internal 
tide are shown in green 
for mean winter (top) 
and summer (bottom) 
vertical density profiles. 
Water-depth contours 
are in meters. A current 
meter mooring was an- 
chored in about 450 m 
of water off northern 
California (5) (white and 
black circles). 
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Fig. 3. Across-slope cur- 
rents measured at 15 m 
above the bottom (A); 
temperatures measured at 
15 (red), 50 (green), and 
100 (blue) m above bot- 
tom (B). Dashed line in 
(A) indicates low-frequen- 
cy current. 
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Fig. 4. Bottom velocity shear u.b plotted 
against thickness of bottom boundary layer 
(BBL) h using Eq. 2. Solid, long-dashed, and 
short-dashed lines indicate uo = 20, 10, and 5 
cm/s, respectively. 

celerative upslope flow during which the 
velocity changed from about 30 cm/s 
downslope to about 35 cm/s upslope over a 
period of about 6 hours (Fig. 3A). Turbu- 
lent mixing caused by internal tidal bores 
could inhibit sedimentation on continental 
slopes (10, 11) or, in the case of obliquely 
incident internal tidal bores, could transport 
sediment along the slope to other lateral 
depocenters (12). 

Deposition of fine-grained sediment 
onto the seabed can occur only if the bed 
shear stress Tb is less than the limiting 
"depositional" bed stress Td. Field and lab- 
oratory results (13) suggest that for fine- 
grained sediment 0.6 < Td < 1.0 dynes/cm2 
(or equivalently, 0.7 < u.d < 0.9 cm/s), 
where 7 is expressed in terms of a shear 
velocity u* (T = pu.2). 

Similarly, erosion of fine-grained cohe- 
sive sediment occurs when Tb > Te, a crit- 
ical or threshold stress required to erode the 
bottom sediment. Typical values for loose- 
ly consolidated cohesive sediment are 
1.0 < ?T < 2.0 dynes/cm2 (0.9 < u,C < 1.4 
cm/s) (14). Therefore, approximate thresh- 
old conditions for deposition and erosion of 
fine-grained cohesive sediment on conti- 
nental slopes are about u*d < 1.0 cm/s and 

u.? > 1.0 cm/s, respectively. 
Threshold conditions for deposition and 

erosion of slope sediment can be compared to 
expected estimates of bottom friction velocity 
u*b for critical and near-critical internal tides. 
For critical internal waves over a slope, ub, 
can be obtained by assuming the equivalence 
of dissipation and production of turbulent 
kinetic energy in the bottom boundary layer. 
This assumption is only approximate and is 
made here for cycle-averaged quantities (no 
time dependence is considered in this simpli- 
fied model). Equating the cycle-averaged 
bottom dissipation rate for critical and near- 
critical internal waves (15) and the average 
rate of production of energy per unit mass of 
fluid (16) yields 

tlb = Mu/3 (2) 

M = 

E0.16h(l - r) -13 

ln(h/zo) N cos a sin2(a+13) 

(3) 

where the angles ac and [3 represent charac- 
teristic and bottom slope angles, respectively 
(ax = tan-' c and 13 = tan-' y), h is thickness 
of the internal tide bottom boundary layer, zo 
is the hydraulic roughness parameter, r is the 
reflection coefficient, and uo is internal wave 
input velocity. 

With a typical oceanic value for N = 1.0 
cph and an average slope angle of a = 2.5?, 
Eqs. 2 and 3 indicate that u*b increases with 
both uo and h (Fig. 4). Although no definitive 
field studies have determined h for critical 
internal tides over continental slopes, con- 
ductivity-temperature-depth (CTD) profiles 
spanning a variety of locations and water 
depths suggest that bottom mixed layers of 10 
to 50 m are common on continental slopes 
(17). Off northern California, the bottom 
mixed layers based on CTD profiles were 
typically 20 to 40 m thick (18). Assuming h 
=20m, uo = 10cm/s, z= lcm, andr= 
0.3 (a conservative value), u*b - 1 cm/s (Fig. 
4). This result suggests that for h > 20 m and 
uo > 10 cm/s, u*b exceeds U*d, deposition of 
fine-grained sediment would be inhibited, 

and erosion of bottom sediment might occur. 
Over many continental slopes, h and uo are 
probably greater than the values used in this 
example, and the bottom shear velocities 
would be larger. 

Our analysis indicates that under typical 
oceanic conditions, critical semi-diurnal in- 
ternal tides reflecting on continental slopes 
can generate bottom shear velocities that are 
high enough to inhibit deposition of fine- 
grained sediment and possibly erode the sed- 
iment surface. Near-critical conditions like 
those on the northern California upper conti- 
nental slope produced high (40 cm/s) near- 
bottom internal tidal velocities and internal 
tidal bores that might keep fine-grained sed- 
iment from depositing. These episodically 
high near- bottom velocities (and associated 
high bottom shear stresses) probably account 
for the relatively low sediment accumulation 
rates and slightly larger surficial bottom sed- 
iment sizes that were reported for this section 
of the slope (19). 

What has not yet been considered is the 
impact of this process on continental slopes 
over geologic time. Our findings suggest that at 
least sections of the world's continental slopes 
appear to be in equilibrium with the internal 
tide energy. How this equilibrium was estab- 
lished, and over what time periods, is as yet 
challenging to conceptualize. One possibility is 
that shelf-slope strata steepened until reaching 
the critical angle while prograding across the 
continental-oceanic crust transition. Before this 
point, bottom shear stresses caused by the in- 
ternal tides would be low enough to allow the 
deposition on the upper slope, driving the slope 
steepening. However, as the slope approached 
the critical angle, these bottom shear stresses 
would have become high enough to inhibit 
deposition and possibly even erode the upper 
slope. This change could arrest further slope 
steepening, and over geologic time might even- 
tually lead to a regional slope gradient that is in 
equilibrium with the semi-diurnal internal wave 
field. 

Of course, this argument presupposes that 
the sediments that make up continental slopes 
were initially laid down at angles equal to or 
less than the critical angle. If they were laid 
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down on greater slopes, the deposits could 
eventually become even steeper because the 
internal tidal energy decreases with increas- 
ing seafloor gradient above the critical angle. 
Other processes are at work in shaping con- 
tinental slopes, and at least one of these, 
turbidity currents, also has the potential to be 
an important cause for the relative flatness of 
continental slopes (20). 
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Global Cooling After the 

Eruption of Mount Pinatubo: A 

Test of Climate Feedback by 
Water Vapor 
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Alan Robock2 

The sensitivity of Earth's climate to an external radiative forcing depends 
critically on the response of water vapor. We use the global cooling and drying 
of the atmosphere that was observed after the eruption of Mount Pinatubo to 
test model predictions of the climate feedback from water vapor. Here, we first 
highlight the success of the model in reproducing the observed drying after the 
volcanic eruption. Then, by comparing model simulations with and without 
water vapor feedback, we demonstrate the importance of the atmospheric 
drying in amplifying the temperature change and show that, without the strong 
positive feedback from water vapor, the model is unable to reproduce the 
observed cooling. These results provide quantitative evidence of the reliability 
of water vapor feedback in current climate models, which is crucial to their use 
for global warming projections. 
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Water vapor plays a key role in regulating 
Earth's climate. It is the dominant green- 
house gas (1) and provides the largest known 
feedback mechanism for amplifying climate 
change (2). Because the equilibrium vapor 
pressure of water increases rapidly with tem- 
perature, it is generally believed that the con- 
centration of water vapor will rise as the 
atmosphere warms. If so, the added radiative 
absorption from water vapor will act to fur- 
ther amplify the initial warming. Current cli- 

1Geophysical Fluid Dynamics Laboratory/National 
Oceanic and Atmospheric Administration, Princeton 
University, Princeton, NJ 08542, USA. 2Department of 
Environmental Sciences, Rutgers University, New 
Brunswick, NJ 08901, USA. 

*To whom correspondence should be addressed. E- 
mail: bjs@gfdl.gov 

Water vapor plays a key role in regulating 
Earth's climate. It is the dominant green- 
house gas (1) and provides the largest known 
feedback mechanism for amplifying climate 
change (2). Because the equilibrium vapor 
pressure of water increases rapidly with tem- 
perature, it is generally believed that the con- 
centration of water vapor will rise as the 
atmosphere warms. If so, the added radiative 
absorption from water vapor will act to fur- 
ther amplify the initial warming. Current cli- 

1Geophysical Fluid Dynamics Laboratory/National 
Oceanic and Atmospheric Administration, Princeton 
University, Princeton, NJ 08542, USA. 2Department of 
Environmental Sciences, Rutgers University, New 
Brunswick, NJ 08901, USA. 

*To whom correspondence should be addressed. E- 
mail: bjs@gfdl.gov 

mate models suggest that this provides an 
important positive feedback, roughly dou- 
bling the sensitivity of the surface tempera- 
ture to an increase in anthropogenic green- 
house gases (3-5). If the actual feedback by 
water vapor is substantially weaker than pre- 
dicted by current models, both the magnitude 
of warming and range of uncertainty resulting 
from a doubling of CO2 would be substan- 
tially diminished (5). 

Despite the importance of water vapor 
feedback in determining the sensitivity of 
Earth's climate, the fidelity of its representa- 
tion in climate models has remained a topic 
of debate for more than a decade (6, 7). The 
difficulty in verifying models partly stems 
from the lack of observed climate variations 
that can provide quantitative tests of the feed- 
backs in question. Assessments of water va- 
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por feedback are often based on regional, 
seasonal, or interannual variations of Earth's 
climate (8-12), which differ markedly in both 
cause and character from the more uniform, 
radiatively forced perturbations that result 
from increasing CO2. Thus, their conclusions 
are often qualitative, and their relevance to 
feedbacks that arise from global warming are 
often questioned (6, 13-15). 

It has long been recognized that volcanic 
eruptions provide a valuable opportunity to 
observe the climate system's response, albeit 
a transient one, to the presence of an external 
radiative forcing (16-19). Strong volcanic 
eruptions inject large amounts of sulfuric gas 
into the lower stratosphere where it combines 
with water and oxygen to form small, yet 
optically important, aerosol particles. Winds 
rapidly disperse the particles throughout the 
lower stratosphere, resulting in a near-global 
perturbation to the radiative energy balance. 
Because they are more effective at scattering 
sunlight than absorbing longwave terrestrial 
radiation, the net radiative effect of volcanic 
aerosols is to cool the planet. 

The eruption of Mount Pinatubo in the 
Philippines in June of 1991 resulted in un- 
precedented observations of both radiative 
forcing from volcanic aerosols as well as the 
climate system's response to this forcing. 
Satellite observations confirm the decrease in 
solar heating due to Mount Pinatubo aerosols 
(20-22), which led to a global cooling of the 
lower troposphere (23, 24). Associated with 
this cooling was a reduction in the global 
water vapor concentrations, which closely 
tracked the decrease in temperature (25). 
Thus, Mount Pinatubo provides a unique op- 
portunity to not only study the sensitivity of 
the climate system but, more importantly, to 
also assess the response of water vapor and 
quantify its role in determining that sensitivity. 

It is widely recognized that current climate 
models possess a strong positive feedback by 
water vapor (3-5, 26). Nevertheless, one can 
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It has long been recognized that volcanic 
eruptions provide a valuable opportunity to 
observe the climate system's response, albeit 
a transient one, to the presence of an external 
radiative forcing (16-19). Strong volcanic 
eruptions inject large amounts of sulfuric gas 
into the lower stratosphere where it combines 
with water and oxygen to form small, yet 
optically important, aerosol particles. Winds 
rapidly disperse the particles throughout the 
lower stratosphere, resulting in a near-global 
perturbation to the radiative energy balance. 
Because they are more effective at scattering 
sunlight than absorbing longwave terrestrial 
radiation, the net radiative effect of volcanic 
aerosols is to cool the planet. 

The eruption of Mount Pinatubo in the 
Philippines in June of 1991 resulted in un- 
precedented observations of both radiative 
forcing from volcanic aerosols as well as the 
climate system's response to this forcing. 
Satellite observations confirm the decrease in 
solar heating due to Mount Pinatubo aerosols 
(20-22), which led to a global cooling of the 
lower troposphere (23, 24). Associated with 
this cooling was a reduction in the global 
water vapor concentrations, which closely 
tracked the decrease in temperature (25). 
Thus, Mount Pinatubo provides a unique op- 
portunity to not only study the sensitivity of 
the climate system but, more importantly, to 
also assess the response of water vapor and 
quantify its role in determining that sensitivity. 

It is widely recognized that current climate 
models possess a strong positive feedback by 
water vapor (3-5, 26). Nevertheless, one can 

www.sciencemag.org SCIENCE VOL 296 26 APRIL 2002 www.sciencemag.org SCIENCE VOL 296 26 APRIL 2002 727 727 


