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[1] We report the first direct turbulence observations in
the Samoan Passage (SP), a 40 km wide notch in the
South Pacific bathymetry through which flows most of
the water supplying the North Pacific abyssal circulation.
The observed turbulence is 1000 to 10, 000 times typical
abyssal levels —strong enough to completely mix away the
densest water entering the passage— confirming inferences
from previous coarser temperature and salinity sections.
Accompanying towed measurements of velocity and
temperature with horizontal resolution of about 250 m
indicate the dominant processes responsible for the turbu-
lence. Specifically, the flow accelerates substantially at the
primary sill within the passage, reaching speeds as great as
0.55 m s–1. A strong hydraulic response is seen, with layers
first rising to clear the sill and then plunging hundreds of
meters downward. Turbulence results from high shear at
the interface above the densest fluid as it descends and
from hydraulic jumps that form downstream of the sill. In
addition to the primary sill, other locations along the
multiple interconnected channels through the Samoan
Passage also have an effect on the mixing of the dense water.
In fact, quite different hydraulic responses and turbulence
levels are observed at seafloor features separated laterally
by a few kilometers, suggesting that abyssal mixing depends
sensitively on bathymetric details on small scales. Citation:
Alford, M. H., J. B. Girton, G. Voet, G. S. Carter, J. B. Mickett,
and J. M. Klymak (2013), Turbulent mixing and hydraulic control
of abyssal water in the Samoan Passage, Geophys. Res. Lett., 40,
doi:10.1002/grl.50684.

1. Introduction
[2] Much of the ocean’s role in climate occurs through

the so-called meridional overturning circulation (MOC),
wherein O(30 Sv) (1 Sv equals 1 � 106 m3 s–1) of water
sinks to the seafloor at high latitudes owing primarily to
intense wintertime cooling, forming the primary conduit for
dissolved gases and other atmospheric properties to reach
the lower half of the ocean’s volume. This abyssal water,
which has a residence time of centuries, gradually warms

1Applied Physics Laboratory and School of Oceanography, University
of Washington, Seattle, Washington, USA.

2Department of Oceanography, University of Hawaii, Honolulu,
Hawaii, USA.

3School of Earth and Ocean Sciences, Department of Physics and
Astronomy, University of Victoria, Victoria, British Columbia, Canada.

Corresponding author: M. H. Alford, Applied Physics Laboratory and
School of Oceanography, University of Washington, 1013 NE 40th St.,
Seattle, WA 98105, USA. (malford@apl.washington.edu)

©2013. American Geophysical Union. All Rights Reserved.
0094-8276/13/10.1002/grl.50684

and upwells by turbulence arising from breaking internal
gravity waves and hydraulic processes [Munk and Wunsch,
1998; Ferrari and Wunsch, 2009; Thurnherr et al., 2005].
Numerical models show that the strength and very existence
of the MOC are sensitive to the distribution and magni-
tude of these processes [Bryan, 1986; Simmons et al., 2004;
Jayne, 2009], which are known to be spatially [Polzin et al.
1997] and temporally intermittent [Alford et al., 2011].
The possibility of the MOC slowing in an altered climate
[Schmittner et al., 2005], with the potential for feedbacks
that might accelerate climate change, has led to intense study
and monitoring of the MOC in the Atlantic.

[3] The abyssal circulation in the Pacific is much less
studied, in part because the North Pacific lacks the deep
water formation regions of the North Atlantic. However,
its enormous size (15% of the global ocean volume resides
below 2000 m in the North Pacific), longer residence
time, and large capacity for storage of heat and atmo-
spheric carbon dioxide make the North Pacific important for
the response of the climate on longer time horizons [Johnson
et al., 2007]. About 20 Sv of cold water sinks near Antarctica
and flows northward into the Pacific sector along the
base of the continental slope east of New Zealand
[Whitworth et al., 1999]. Roughly half of this water makes it
into the North Pacific, where it spreads throughout the basin,
slowly mixing with the water above and warming gradually.
Ultimately, the warmed water returns southward at inter-
mediate depths, completing the Pacific MOC. Since the
abyssal Pacific is warming [Johnson et al., 2007; Purkey and
Johnson, 2012], the possibility exists that the volume trans-
port and properties of the Pacific MOC are changing as they
may be in the Atlantic.

[4] Maps of bottom temperature (Figure 1a) demonstrate
that this coldest water passes through the Samoan Passage
(SP), a narrow and complicated set of passages through the
submarine ridges that block most of the deep northward
flow. Because nearly the entire abyssal flow of the largest
ocean basin must pass through such a narrow constriction, it
has long been suspected that substantial acceleration [Reid
and Lonsdale, 1974], hydraulic control [Freeland, 2001],
and turbulence [Roemmich et al., 1996] occur within the
region. A mooring array just south of the passage from
1992 to 1994 [Rudnick, 1997] estimated the net incom-
ing volume transport at 6 Sv. Relating this transport to
observations of the abyssal temperature structure north of
the passage through heat and mass budgets implies that
strong mixing must be occurring somewhere in the region
[Roemmich et al., 1996]. However, prior to our work, nei-
ther the detailed along-channel structure of currents nor the
turbulent processes inside the SP had been studied.
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Figure 1. (a) Pacific Ocean bottom temperatures from the World Ocean Circulation Experiment Global Hydrographic
Climatology [Gouretski and Koltermann, 2004], with the Samoan Passage indicated in red. Water depths less than 4500 m
are shaded gray. (b) Regional bathymetry of the Samoan Passage from a multibeam survey. Mooring locations are shown in
magenta (short-term array P) and orange (long-term array M), white points and thin white lines indicate all stations of the
hydrographic survey, and the thick white line highlights the along-stream section shown in Figure 2. (c, d) Expanded views
of two sills (boxes in Figure 1b) where high-resolution “tow-yos” (red) were conducted.

[5] To investigate these processes occurring in a key
“choke point” in the MOC, a major experimental effort is
underway that includes (1) redeploying the 1993 moored
array to investigate long-term changes in the volume trans-
port; (2) mapping the volume transport through the various
pathways of the SP, in particular, the partitioning of the flow
between the main eastern channel with sills at 4800 m and
4900 m and the broad region of narrower and shallower
(4700 m) passages to the west (Figure 1b); and (3) survey-
ing and quantifying the turbulence and the processes leading
to it. In this paper we focus primarily on the results rele-
vant to this third point, reporting elsewhere on the detailed
flow pathways.

2. Experiment and Techniques
[6] In order to accomplish our goals, it was necessary

for our sampling to span a large range of spatial scales.
The largest was the 200 km SP region, over which the
properties of the through-flowing current vary substantially.
At a finer level of detail was the complex topology of
the multiply-connected pathways that the flow can take
through the SP. And, finally, the individual passages con-
tained a variety of topographic features on the scales that
influence flow hydraulics, internal waves, and turbulence—
including numerous O(100 m) high abyssal hills. Equally
important was the requirement to measure temporal vari-
ability, given that past measurements have demonstrated

both tidal variability and low-frequency variability in
the currents.

[7] Our approach was to occupy a series of stations
arranged in sections—both across and along the principal
flow pathways (Figure 1b)—making full-depth profiles of
temperature, salinity, density, and vector velocity from a
ship-lowered instrument package, while at the same time
measuring turbulence with a free-falling microstructure pro-
filer. Since each station took 4–5 h and the entire survey
approximately 5 weeks, a short-term array of moorings was
deployed to allow the separation of tidal and low-frequency
variability from our station data.

[8] Velocity profiles were measured with a pair of
lowered Teledyne RD Instruments Acoustic Doppler
Current Profilers (LADCPs; 150 kHz looking downward and
300 kHz looking upward) affixed to the ship’s conductivity-
temperature-depth (CTD) instrument, a Sea-Bird 911plus.
Data were processed and put into Earth coordinates using
the methods of Visbeck [2002]. Richardson number [Miles,
1961; Howard, 1961] was computed from the density and
velocity profiles as Ri � S2

N2 , where S2 =
�
@u
@z

�2 +
�
@v
@z

�2

is the squared vertical derivative of velocity and the buoy-
ancy frequency N2 = – g

�

@�

@z is a measure of the strat-
ification. Both were computed over 50 m intervals, the
approximate resolution of the LADCP velocity estimates
[Polzin et al., 2002]. Density profiles were sorted prior
to smoothing to avoid negative values of N2 and Ri in
static instabilities.
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Figure 2. Sections of salinity, neutral density, velocity, potential temperature, and turbulent dissipation rate along the
main channel (see Figure 1 for location). (a) Salinity (colors) and neutral density (contours). The vertical dashed lines give
the station locations. The salinity maximum at 4400 m indicates remnants of North Atlantic Deep Water (NADW). (b)
Northward velocity (colors), potential temperature (black contours), and dissipation rate measured by the VMP (shaded
black profiles) and from Thorpe scales (blue profiles). The scale for � is given at the lower left and redrawn above each
profile. Note that the bathymetric profile shown is extracted from along the line of stations and does not exactly reproduce
the sill depths of 4850 m (sill 1) and 4910 m (sill 2).

[9] Turbulence was measured with the Vertical
Microstructure Profiler (VMP), a free-falling instrument
made by Rockland Scientific, Inc. Small-scale shear fluctu-
ations are measured with airfoil sensors on the instrument’s
nose, which are related to the dissipation rate, �, of turbulent
kinetic energy. Turbulent dissipation rate is estimated by
fitting observations to a theoretical spectrum [Panchev and
Kesich, 1969] and integrating, following Gregg [1998]. Dif-
fusivity was then computed from � as K� = ��N–2 [Osborn,
1980], where � = 0.2 is the mixing efficiency.

[10] Turbulence was also estimated for each CTD profile
by the technique of “Thorpe sorting” [Thorpe, 1977; Dillon,
1982], where inversions in potential density are interpreted
as static instabilities arising from turbulence. In the results
presented here, potential temperature was used to estimate
overturn size instead of density because, by and large, high-
resolution salinity noise was larger than plausible variations
in the T-S relation. The vertical scale of static instabilities
was computed by tracking the vertical distance that water
parcels must be moved to obtain a monotonically increasing
profile. Their size was then related using standard techniques

to the dissipation rate by � = 0.64L2
TN3, where LT is the root-

mean-square vertical displacement and N is computed from
the low-passed and sorted density profile. Individual profiles
of � computed using Thorpe (Figure 2, blue lines) and direct
measurements (shading) generally agree to within a factor of
2–3, as found in many other studies [Dillon, 1982; Moum,
1996; Ferron et al., 1998; Alford et al., 2006; Wesson and
Gregg, 1994].

3. Results
[11] Sections of temperature, salinity, neutral density,

northward velocity, and turbulent kinetic energy dissipation
rate (�) along the main flow pathway (Figure 2) demonstrate
the acceleration, hydraulic response, and associated turbu-
lence of the flow. At the southern end of the SP, prior to
entering the narrow channel, flow is weakly northward, as
measured by Rudnick [1997]. Speed increases to > 0.2 m s–1

at the first sill and to over 0.5 m s–1 at the second sill.
(Though this is a snapshot, simultaneous moorings showed
substantially weaker tidal and near-inertial velocities, with
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Figure 3. Section across the northern sill of the main channel recorded by repeated cycling within the bottom layer while
steaming at low speed (tow-yo). (a) Potential temperature. (b) Shear (colors) and Thorpe temperature anomaly (profiles),
indicating the presence of turbulent overturns. (c) Northward velocity (colors), potential temperature (black contours), and
dissipation rate (purple contours) computed from overturns. See Figure 1 for the track line. Note that km 0 corresponds to
km 230 in the previous figure.

both � ˙0.05 m s–1. For the low frequency range, mooring
velocity records indicate conditions comparable to the mean
state found by Rudnick [1997].) At both sills, the flow is
accelerated as it is forced through the lateral and vertical
constrictions, forming a topographically controlled gravity
current similar to that seen in many other overflows through
high latitude, marginal sea, and abyssal straits [Pratt and
Whitehead, 2008]. Between the two sills, density surfaces
relax back to near the upstream levels (though with strat-
ification somewhat weakened by the interfacial mixing).
The flow over the second sill is hydraulically supercritical,
with some layers diving down nearly 1000 m and Froude
number—the ratio of observed flow in the deep layer to
the speed of long gravity waves—well above unity. Froude
number is calculated as F = up

g0H , where the velocity u and
reduced gravity g0 = g��

�
are computed using the average

velocity below 0.9ıC and the density difference between the
layers below 0.9ıC and between 0.9 and 1.1ıC, respectively.
H is the height of the 0.9ıC isotherm above the bottom. The
goal of this simple Froude number calculation is to identify
the potential for arrested waves (or hydraulic jumps) in the
flow, as well as to identify regions of one-way information
propagation (i.e., insensitivity to downstream conditions).
In a complex flow, the information-carrying wave speeds
(and hence the proper form of F) may depend on the details
of the stratification and shear profiles as well as on rota-
tion and cross-stream structure [Girton et al., 2006; Pratt
and Whitehead, 2008]. These aspects will be investigated in
future work.

[12] The evolution of water properties along the channel
(Figure 2a) also clearly indicates strong mixing. Approach-
ing the SP, the flow is layered in both T and S, with
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Figure 4. Temperature, velocity, and turbulence in (a, b) the vicinity of a bump and (c, d) a smoother region only 3 km to
the east. (e) Location of each section, both spanning a sill in the western portion of the SP (see Figure 1). The triangle and
dot show the location of a mooring. (f) Profiles of � over the bump and the flat part of the sill. The dashed lines in Figures 4b
and 4d show microstructure/hydrographic profile locations. Figures 4a–4d are as in Figure 3.

the coldest and densest waters most closely matching the
properties of Antarctic Bottom Water and the overlying
high-salinity layer centered at 4400 m retaining the signa-
ture of North Atlantic Deep Water [Johnson et al., 2007;
Reid and Lynn, 1971]. This layering is progressively erased
during the transit through the passage, with the salinity max-
imum disappearing through interfacial mixing at the first
sill and the entire layer homogenizing at the second sill
(Figure 2a). In fact, the total density anomaly points along
the path decreases transiting the passage (particularly at the
second sill), indicating not only mixing within the layer but
also entrainment of lighter background water from above.
Roemmich et al. [1996] inferred that very strong mixing was
required to effect this water mass modification, estimating a
turbulent diapycnal diffusivity K� of about 5 � 10–2 m2 s–1

for the densest layers.
[13] Although the Roemmich et al. [1996] estimate was

based on the large-area distribution of temperature (to
100 km north of the sill) and sparse measurements of
stratification, our measurements indicate some regions of
even more intense mixing than these seemingly high
values. Profiles (Figure 2b) of directly measured turbulent

kinetic energy dissipation rate, �, confirm strong turbulence
in the vicinity of both sills, particularly the second, where �
exceeds 10–7 W kg–1 and K� reaches 10–1 m2 s–1. In contrast,
turbulence is very weak (�10–10 W kg–1) in much of the basin
upstream. Dissipation near the sills is about 1000–10, 000
times typical abyssal values away from topography [Polzin
et al., 1997] and similar to those observed and inferred in
flows through abyssal fracture zones [Polzin et al., 1996;
Ferron et al., 1998; MacKinnon et al., 2008; St. Laurent and
Thurnherr, 2007]. However, the observed elevated mixing
in the SP is particularly significant because it directly sets
the density of the deep branch of the Pacific MOC, dilut-
ing its density anomaly by a factor of 4. This is similar to
the case of the high-latitude overflows through the Denmark
Strait [Girton and Sanford, 2003] and Faroe Bank Channel
[Mauritzen et al., 2005; Fer et al., 2010], which are simi-
larly diluted by entrainment as they cross topographic sills
and descend into the deep North Atlantic.

[14] To examine the detailed structure of the flow and tur-
bulence in the vicinity of the second sill, we conducted a
“tow-yo,” wherein the CTD was repeatedly cycled between
4200 m depth and 40 m above the bottom while the ship
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steamed at 0.25 m s–1 (Figure 3). Sampling only the depth
range of the descending current allowed profiles to be
spaced very closely horizontally (about 250 m). Temperature
(Figure 3a) and velocity (Figure 3c) both show a vigorous
current cresting the primary sill (km 4) and then descending
on the north side. A primary hydraulic response is seen at
this sill, with additional responses at several topographic fea-
tures farther downstream. Froude numbers approaching and
exceeding 1 (hydraulically critical and supercritical flow)
occur at several points along the path, including km 5, 11 and
21, indicating the likelihood of standing waves and hydraulic
transitions during the descent.

[15] Temperature profiles (Figure 3a) are smooth
upstream of the sill, consistent with fairly laminar flow as
indicated by observed low mixing rates there. As the flow
accelerates transiting the sill, greater temperature variabil-
ity and inversions are evident, which are static instabilities
associated with turbulence. Profiles of “Thorpe tempera-
ture” (the difference between observed and vertically sorted
profiles; Figure 3b, black lines) are zero for stable profiles
and show jagged structures inside overturns. By km 7,
overturns hundreds of meters high occupy the entire layer
and extend several hundred meters into the fluid above it.
The associated dissipation rates (Figure 3c, purple contours)
exceed 10–6 W kg–1.

[16] Many of the overturns occur in the strongly sheared
regions above descending flow (Figure 3b), particularly
between km 3–6, 8–11 and 18–22. The Richardson num-
ber in most of these sheared layers is below the value of
0.25 for which shear instability can develop [Miles, 1961;
Howard, 1961]. Hence, shear instability can be reasonably
assumed to be the mechanism for these overturns. However,
the largest overturns (Figure 3b) and the bulk of the tur-
bulence (Figure 3c) occur immediately downstream of the
shear layers in association with the hydraulic responses to
topographic features, suggesting that convective overturn-
ing in lee waves triggered by the topography dominates
the mixing in this descending gravity current—as found in
a numerical model by Özgökmen and Fischer [2008] and
observationally by Nash et al. [2012]. The importance of
these hydraulic jumps presents a challenge for overflow
simulations that currently rely on shear-based entrainment
schemes such as Jackson et al. [2008].

[17] A second tow-yo in the cross-stream direction con-
ducted at km 16 (not shown) shows considerable variation
over distances of a few kilometers that is linked to the rugged
bottom topography. This three-dimensionality is even more
pronounced in the overflow at a secondary sill in the western
part of the SP (Figure 4). Two tow-yos only a few kilome-
ters apart showed vastly different structures owing to the
presence of a small-scale topographic feature superimposed
on the western portion of the overall sill (Figure 4e). Deep
flow observed on the western line (Figures 4a and 4b) was
blocked behind this feature, with some flow veering east-
ward (not shown) to go around the bump. The water above
spilled over, in a response similar to but weaker than that
shown in Figure 3. Strong overturns and dissipation arose
downstream of the sill. In contrast, at a smoother part of
the sill to the east (Figures 4c and 4d), subcritical flow tran-
sited the sill with less acceleration and shear, resulting in
only weak mixing and no hydraulic jump. Profiles of dissi-
pation from both lines (Figure 4f) demonstrate a factor of
100 difference in the dissipation rate between the two lines.

Understanding and parameterizing the turbulence associated
with such small-scale topographic features will present a sig-
nificant challenge in modeling complex, multipath flows
such as this one.

4. Conclusions
[18] These observations demonstrate the presence of

extremely strong mixing previously inferred from large
water mass changes in a major choke point in the Pacific
MOC (Figure 1). The majority of these water mass changes
occur over very short distances, O(50 km). High-resolution,
direct measurements of the flow and turbulence (Figures 2
and 3) allow determination of the processes responsible;
namely, shear instability and breaking lee waves associated
with topography. The responses and mixing can be very dif-
ferent over distances over only a few kilometers (Figure 4).
Presently, overflow mixing is parameterized in climate-scale
numerical models by either an arbitrarily enhanced viscosity
and diffusivity or a simple streamtube-like submodel [Legg
et al., 2009; Danabasoglu et al., 2010]. Because the water
emanating from the SP and similar regions is the integral
of all turbulent processes that occur over each of numerous
possible pathways, accurate parameterization of the mixing
in models requires understanding (at least in a statistical
sense) of both the processes and the pathways.
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