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 Power Estimates 
Associated With Internal Tides 

From the Monterey Bay Area 
B y  S T E V E N  M .  J A c h E c 

S P E c I A l  I S S u E  O N  I N T E r N A l  WAV E S

1 The line defining the lowest points along the length of the canyon.

ABSTr Ac T. Numerical modeling has proven to be a useful method for simulating 
internal tides within the coastal ocean. Monterey Bay is a location that experiences 
energetic semidiurnal internal tides, and they are pronounced within Monterey 
Submarine Canyon. Numerical simulations and field measurements indicate that the 
baroclinic energy fluxes there are spatially variable, leading to locations of positive 
and negative baroclinic energy flux divergences. Results derived from a SUNTANS 
(Stanford Unstructured Nonhydrostatic Terrain-following Adaptive Navier-Stokes 
Simulator) model simulation show that Monterey Submarine Canyon’s baroclinic 
power is net dissipative (–8.3 MW). However, sources and sinks exist throughout 
the canyon, and they permeate the study domain. One way to understand internal 
tide power is related to the ratio of the bathymetric slope (γ) to the linear internal 
wave characteristic slope (s). Results show large and consistent integrated surpluses 
of baroclinic power between 0.5 ≤ γ/s ≤ 5.5 (includes the critical ratio); some net 
surpluses exist when γ/s > 5.5, but are mixed with dissipative power results. When 
γ/s < 0.5, integrated power is net dissipative.

INTrOduc TION 
Results from the 1994 Internal Tide 
EXperiment 1 (ITEX1) reveal near-
bottom tidal currents within Monterey 
Submarine Canyon in excess of 20 cm s–1 

along the canyon thalweg1 (Petruncio 
et al., 1998). Furthermore, Petruncio 
et al. (1998) determined that the M2 
internal tide contribution is responsible 
for 15–20 cm s–1 of the observed cur-
rent. The numerical simulation results 
of Jachec et al. (2007) showed that a 

horizontal grid resolution of roughly 
250 m on the shelf could achieve M2-fit 
results similar to ITEX1 data, and Jachec 
et al. (2006) determined that the Sur 
Platform region, south of Monterey Bay, 
is the primary source for the M2 internal 
energy flux observed within Monterey 
Submarine Canyon. Hall and Carter 
(2011) and Kang and Fringer (2012) 
obtained similar results. While energy 
flux divergences of Jachec et al. (2006) 
showed internal tides being generated 

and dissipated throughout the domain, 
this overall domain yields a net power 
of +52 MW, but particular bathymetric 
features are net dissipative. The goals of 
this work are twofold: to compute the net 
production/dissipation of semidiurnal 
internal tidal power within Monterey 
Submarine Canyon and to determine 
how power is partitioned among slope 
ratios within the entire study area. 

PhySIcAl SET TINg ANd 
SETuP OF SIMul ATIONS 
Monterey Bay, California, is located 
150 km south of San Francisco in 
northern California. Figure 1 shows the 
bay’s bathymetry and surrounding area. 
The region consists of the prominent 
Monterey Submarine Canyon flanked 
to the north and south by numerous 
smaller canyons, ridges located to the 
north of the canyon, and a continental 
slope and break region. Depths range 
from 0 to 3,500 m, with locally steep 
topographic gradients. Although inter-
nal tides are generated when barotropic 
tides flow over topography in a strati-
fied fluid, the character of the internal 
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tide is partly governed by the topogra-
phy. Many locations within Monterey 
Bay and the surrounding area have the 
potential to generate a specific type of 
internal tide, known as an internal tidal 
beam. In Figure 2, gray shading indi-
cates regions in which bottom slopes 
are within ±10% of the critical slope for 
generation of semidiurnal internal tides. 
Here, the linear semidiurnal internal 
wave slope is computed with 

s = (               )1/2f 2 – ω2

ω2 – N 2 , (1)

where ω is the semidiurnal (M2) fre-
quency, f is the inertial frequency, 
and N is the local buoyancy frequency. 
Similar to Petruncio et al. (2002) and 
Legg (2004), the magnitude of the bathy-
metric gradient is computed as 

γ = ||   h|| = +    (      )2

 + (      )2∂h
∂x

∂h
∂y

Δ , (2)
 
where h is the seafloor elevation, and 
x and y are Cartesian coordinates. 
From this figure, it is evident that the 
area containing the greatest potential 
for generation of semidiurnal tides is 
over Sur Ridge, both because the slope 
ratio is critical (γ/s = 1) and because, as 
depicted in Figure 3, a component of the 
barotropic tidal flow is directed across 
the isobaths, similar to the cross-ridge 
flows of Holloway and Merrifield (1999). 
Although this figure provides likely 
generation locations of internal tides, 
the details are absent. Field programs 
have been carried out, but they can be 
limiting in spatial and temporal resolu-
tion; therefore, numerical simulations 
complement those efforts. 

SUNTANS (Stanford Unstructured 
Nonhydrostatic Terrain-following 
Adaptive Navier-Stokes Simulator), a 
three-dimensional, nonhydrostatic, 

nonlinear, unstructured coastal ocean 
model, was used to carry out the numeri-
cal simulations (Fringer et al., 2006). 
Jachec et al. (2006, 2007) and Jachec 
(2007) provide mesh construction, 
topography, boundary and initial condi-
tions, and parameter choices. The model 
simulated the time evolution of the semi-
diurnal internal tide field, which included 
the barotropic and baroclinic velocity 
field and pressure over complex topogra-
phy. These results were used to compute 
the depth-integrated, period-averaged 
baroclinic energy fluxes and energy flux 
divergences at each planview element. 

NET INTErNAl TIdE POWEr 
Although the net power for the domain 
has been computed at +52 MW (Jachec 
et al., 2006), individual topographic 
features have not been partitioned with 
respect to their power contributions. 
Following Monterey Submarine Canyon’s 
thalweg, this assessed region stretched 
from the canyon head to near 122°12'N. 
Within this region, the baroclinic flux 

divergences were summed, showing that 
Monterey Submarine Canyon is net dis-
sipative at –8.3 MW. This result suggests 
that submarine canyons, which compose 
approximately 20% of the shelf break 
between Alaska and the equator and up 
to 50% of the edge in some locations 
(Hickey, 1995), are dissipative features. 
Given that the entire domain is net posi-
tive but the canyon is net negative sug-
gests that internal tide generation and 
dissipation sites are variable, as demon-
strated by Jachec et al. (2006). 

The goal for some oceanographers 
is to predict large-scale motion within 
ocean basins that include these small-
scale internal tide power generation 
and dissipation sites. The application 
of numerical simulations to under-
standing and forecasting ocean circu-
lation is paramount, yet small-scale 
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Figure 1. Topography 
(in meters) of 
Monterey Bay and 
the surrounding 
area. The Monterey 
Submarine canyon 
(MSc) is shown near 
the center of the Bay. 
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(i.e., subgrid-scale) motions are not 
adequately simulated with these coarse 
grid resolutions although small-scale 
processes, such as internal tides, may be 
important to the overall energy budget 
(Polzin et al., 1997). Therefore, it would 
be ideal to have a parametrization to 
model the effects of internal tides on 
the larger, resolved-scale circulation. 
Although progress has been made on 
the parametrization of dissipation and 
diffusivity due to internal waves, a 
physically based model is an ongoing 
challenge. Many of the present param-
eterizations have been created with the 
open ocean in mind, but when applied 
to coastal areas with rough bathymetry, 
such as Monterey Submarine Canyon, 
they under-predict the enhanced dissipa-
tion (Kunze et al., 2002). Therefore, the 
need for a model that can accommodate 

internal tidal effects within the coastal 
ocean is necessary for general circulation 
modeling to be effective in predicting 
quantities, such as dissipation. 

Although energetics may be plot-
ted versus many different parameters, 
a choice is made to focus on the slope 
ratio. Existing observational evidence 
suggests that three-dimensional bathy-
metric features and slopes will be useful 
in any parametrization used in larger 
basin-scale modeling (Wunsch and 
Ferrari, 2004; Decloedt and Luther, 
2010). Furthermore, the slope ratio is 
chosen because it is easily computable 
for basin-scale domains by knowing the 
buoyancy frequency, tidal frequency, and 
topography. The bathymetric dataset is 
the most restricting: it is either difficult 
to acquire, does not have the needed 
resolution (Decloedt and Luther, 2010), 

or, if available, may be filtered (Simmons 
et al., 2004), thus modifying potential 
generation sites or altering the character 
of the waves. Figure 4 shows a histogram 
of power computed as the product of the 
energy flux divergence and the planview 
grid element area from the SUNTANS 
runs of Monterey Bay versus the slope 
ratio. Positive power values indicate 
sources, while negative values represent 
power sinks. The black vertical line 
designates the critical ratio, γ/s = 1. The 
major internal tidal power sink occurs 
when γ/s ≤ 0.5; sporadically, between 
5.5 ≤ γ/s ≤ 10, there are sinks as well. The 
most consistent and greatest sources of 
internal tide power are most common 
between 0.5 ≤ γ/s ≤ 5.5. Both sources 
and sinks of internal tidal power occur 
for subcritical (γ/s < 1) and supercritical 
(γ/s > 1) slope ratios. At the critical ratio, 
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Figure 2. critical slopes for M2 internal tides using a summertime strati-
fication. gray shaded regions are ±10% of the critical ratio. Black con-
tours are at –200, –500, –1,000, –1,500, –2,000, and –3,000 m. 

Figure 3. Semidiurnal barotropic tidal ellipses. data = blue. 
Model = red. 
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only net positive power is available. This 
does not mean there are no sinks of inter-
nal tidal power at the critical ratio, just 
that the integrated quantity is positive. 

Internal tides have been numerically 
modeled and their energy flux diver-
gences computed for the entire domain 
as well as for specific topography, such 
as the Monterey Submarine Canyon. 
Results show net positive power, with 
the greatest power near the critical slope 
ratio (1 ≤ γ/s ≤ 2). Slope ratios less than 
0.5, which may be characterized as 
gradual topography, show a net power 
loss. Understanding the distribution of 
power in terms of slope ratio may be 
helpful toward parametrizing subgrid-
scale processes into basin-scale circula-
tion models. Care must be taken because 
the final plot shows the total power for 
a given slope ratio. A helpful next step 
may be computing the power variance 
for the slope ratio to better under-
stand how variable it is across different 
topographic features. 

AckNOWlEdgMENTS
Thanks go to O. Fringer, R. Street, 
M. Gerritsen, E. Petruncio, L. Rosenfeld, 
M. Gregg, G. Carter, I. Shulman, and 
E. Kunze for helpful discussions over 

the years. L. Rosenfeld and J. Paduan of 
the Naval Postgraduate School provided 
the field tidal ellipse data. Simulations 
were carried out at the Army Research 
Laboratory Major Shared Resource 
Center. Bathymetric data was pro-
vided by the US Geological Survey 
and Monterey Bay Aquarium Research 
Institute. The modeling work was 
made possible by ONR grant N00014-
05-10294 (C. Linwood Vincent, Terri 
Paluszkiewicz, and Scott Harper). 

rEFErENcES 
Decloedt, T., and D.S. Luther. 2010. On a simple 

empirical parameterization of topography cata-
lyzed diapycnal mixing in the abyssal ocean. 
Journal of Physical Oceanography 40:487–508, 
http://dx.doi.org/10.1175/2009JPO4275.1. 

Fringer, O.B., M.G. Gerritsen, and R.L. Street. 
2006. An unstructured-grid, finite-volume, 
nonhydrostatic, parallel coastal ocean simu-
lator. Ocean Modelling 14:139–173, http://
dx.doi.org/10.1016/j.ocemod.2006.03.006. 

Hall, R.A., and G.S. Carter. 2011. Internal tides 
in Monterey Submarine Canyon. Journal of 
Physical Oceanography 41:186–204, http://
dx.doi.org/10.1175/2010JPO4471.1. 

Hickey, B.M. 1995. Coastal submarine canyons. 
Pp. 95–110 in Proceedings of the ’Aha Huliko’a 
Hawaiian Workshop: Topographic Effects in the 
Ocean. University of Hawaii, Manoa, http://
www.soest.hawaii.edu/PubServices/1995pdfs/
TOC1995.html. 

Holloway, P.E., and M.A. Merrifield. 1999. 
Internal tide generation by seamounts, 
ridges, and islands. Journal of Geophysical 
Research 104 (C11):25,937–25,951, http://
dx.doi.org/10.1029/1999JC900207. 

Jachec, S.M. 2007. Understanding the evolution 
and energetics of internal tides within Monterey 
Bay via numerical simulations. PhD thesis, 
Stanford University. 

Jachec, S.M., O.B. Fringer, M.G. Gerritsen, and 
R.L. Street. 2006. Numerical simulation of 
internal tides and the resulting energetics 
within Monterey Bay and the surrounding area. 
Geophysical Research Letters 33, L12605, http://
dx.doi.org/10.1029/2006GL026314. 

Jachec, S.M., O.B. Fringer, R.L. Street, and 
M.G. Gerritsen. 2007. Effects of grid reso-
lution on the simulation of internal tides. 
International Journal of Offshore and Polar 
Engineering 17(2):105–111. 

Kang, D., and O.B. Fringer. 2012. Energetics 
of barotropic and baroclinic tides in the 
Monterey Bay area. Journal of Physical 
Oceanography 42:272–290, http://
dx.doi.org/10.1175/JPO-D-11-039.1. 

Kunze, E., L.K. Rosenfeld, G. Carter, and 
M.C. Gregg. 2002. Internal waves in Monterey 
Submarine Canyon. Journal of Physical 
Oceanography 32:1,890–1,913, http://
dx.doi.org/10.1175/1520-0485(2002)032 
<1890:IWIMSC>2.0.CO;2.

Legg, S. 2004. Internal tides generated on 
a corregated slope. Part II: Along-slope 
barotropic forcing. Journal of Physical 
Oceanography 34:1,824–1,838, http://
dx.doi.org/10.1175/1520-0485(2004)034 
<1824:ITGOAC>2.0.CO;2. 

Petruncio, E.T., J.D. Paduan, and L.K. Rosenfeld. 
2002. Numerical simulation of the inter-
nal tide in a submarine canyon. Ocean 
Modelling 4:221–248, http://dx.doi.org/10.1016/
S1463-5003(02)00002-1. 

Petruncio, E.T., L.K. Rosenfeld, and J.D. Paduan. 
1998. Observations of the internal tide 
in Monterey Canyon. Journal of Physical 
Oceanography 28:1,873–1,903, http://
dx.doi.org/10.1175/1520-0485(1998)028 
<1873:OOTITI>2.0.CO;2.

Polzin, K.L., J.M. Toole, J.R. Ledwell, and 
R.W. Schmitt. 1997. Spatial variability of 
turbulent mixing in the abyssal ocean. 
Science 276:306–328, http://dx.doi.org/10.1126/
science.276.5309.93. 

Simmons, H.L., R.W. Hallberg, and B.K. Arbic. 
2004. Internal wave generation in a global 
baroclinic tidal model. Deep-Sea Research 
Part II 51:3,043–3,068, http://dx.doi.org/ 
10.1016/j.dsr2.2004.09.015. 

Wunsch, C., and R. Ferrari. 2004. Vertical 
mixing, energy, and the general circula-
tion of the oceans. Annual Review of Fluid 
Mechanics 36:281–314, http://dx.doi.org/ 
10.1146/annurev.fluid.36.050802.122121.

0 1 2 3 4 5 6 7 8 9 10
–3

–2

–1

0

1

2

3

4

5

6

7

8

γ/s

Po
w

er
 (M

W
)
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Bay domain. The black vertical 
line indicates critical ratio.

http://dx.doi.org/10.1175/2009JPO4275.1
http://dx.doi.org/10.1016/j.ocemod.2006.03.006
http://dx.doi.org/10.1016/j.ocemod.2006.03.006
http://dx.doi.org/10.1175/2010JPO4471.1
http://dx.doi.org/10.1175/2010JPO4471.1
http://www.soest.hawaii.edu/PubServices/1995pdfs/TOC1995.html
http://www.soest.hawaii.edu/PubServices/1995pdfs/TOC1995.html
http://www.soest.hawaii.edu/PubServices/1995pdfs/TOC1995.html
http://dx.doi.org/10.1029/1999JC900207
http://dx.doi.org/10.1029/1999JC900207
http://dx.doi.org/10.1029/2006GL026314
http://dx.doi.org/10.1029/2006GL026314
http://dx.doi.org/10.1175/JPO-D-11-039.1
http://dx.doi.org/10.1175/JPO-D-11-039.1
http://dx.doi.org/10.1175/1520-0485%282002%29032%3C1890:IWIMSC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%282002%29032%3C1890:IWIMSC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%282002%29032%3C1890:IWIMSC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%282004%29034%3C1824:ITGOAC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%282004%29034%3C1824:ITGOAC%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%282004%29034%3C1824:ITGOAC%3E2.0.CO;2
http://dx.doi.org/10.1016/S1463-5003(02)00002-1
http://dx.doi.org/10.1016/S1463-5003(02)00002-1
http://dx.doi.org/10.1175/1520-0485%281998%29028%3C1873:OOTITI%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%281998%29028%3C1873:OOTITI%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0485%281998%29028%3C1873:OOTITI%3E2.0.CO;2
http://dx.doi.org/10.1126/science.276.5309.93
http://dx.doi.org/10.1126/science.276.5309.93
http://dx.doi.org/10.1016/j.dsr2.2004.09.015
http://dx.doi.org/10.1016/j.dsr2.2004.09.015
http://dx.doi.org/10.1146/annurev.fluid.36.050802.122121
http://dx.doi.org/10.1146/annurev.fluid.36.050802.122121

