
PROJECT SUMMARY

Intellectual Merit:
The bulk of Antarctic Bottom Water flowing northward into the abyssal North Pacific goes

through the Samoan Passage, making it a key “choke point” in the overturning circulation of the

Pacific. Detailed current meter and hydrographic observations confirm a strong northward flow

of 6.0 Sv. In addition, measurements are suggestive of extremely strong mixing (Roemmich et al,
1996) and hydraulic control (Whitehead, 1998; Freeland, 2001). However, many important questions

remain unanswered, including the degree of hydraulic control of the flow, the strength of the mixing

and the processes leading to it, the role of tidal and near-inertial flows in modulating the flow and

the mixing, and the temporal variability of the transport.

A better understanding of each of these is vital to our understanding of the large-scale circulation

in the Pacific, as well as to our general understanding of flow through deep passages. We therefore

propose a coordinated observational and modeling program to measure and understand flow and

mixing through the Samoan Passage, which includes the following elements:

• Two cruises, each including a 25-day focused mooring array with profiling instrumentation and

a ship survey with lowered ADCP/CTD and microstructure profilers to resolve the currents

and mixing in time and space. The cruises will be separated by 18 months to enable a long

monitoring timeseries and a sharper focus in the second cruise based on the analysis of data

from the first.

• An 18-month monitoring mooring array deployed between the cruises at the same location as

that done 20 years prior (Rudnick, 1997) in order to obtain another direct estimate of the

properties and transport through the passage.

• A hierarchy of models of differing complexity and realism, ranging from a 2-D MITgcm con-

figuration used for internal wave and exchange flow problems through regional 3-D runs to

evaluate downstream overflow evolution, rotational effects and the influence of remote internal

wave sources. Together, the models will bring a larger-scale context to the observations and

allow testing of hypotheses and parameter dependencies.

• Detailed multibeam bathymetric mapping of the passage.

Broader Impacts:
The abyssal circulation is expected to influence the ocean’s response to climate change and

atmospheric carbon dioxide increases on the longest timescales, and the Samoan Passage is clearly

a weak point in most large scale ocean models. This work directly addresses the processes that

these models will need to simulate in order to improve their predictive capability. In addition, the

community recognizes a need for extended monitoring of the Samoan Passage (Griffies et al, 2010,
Garzoli et al, 2010), in like manner to ongoing efforts in the Atlantic (Line W, RAPID), in order

to assess decadal changes to the Pacific overturning circulation. The proposed measurements and

modeling are intended to determine the most efficient configuration for such a monitoring array.

A variety of outreach activities are planned in conjunction with the cruises, including documen-

tary filming and exhibits at local science centers. The project will educate a postdoc and graduate

student in the US, as well as 4 summer undergraduate fellows. In addition, the inclusion of Canadian

and Australian scientists and students in the work will support international collaboration.

1

TPI 7000131



TABLE OF CONTENTS
For font size and page formatting specifications, see GPG section II.B.2.

 Total No. of                Page No.*
Pages                       (Optional)*

Cover Sheet for Proposal to the National Science Foundation

   Project Summary  (not to exceed 1 page)

   Table of Contents  

   Project Description (Including Results from Prior
NSF Support) (not to exceed 15 pages) (Exceed only if allowed by a
specific program announcement/solicitation or if approved in
advance by the appropriate NSF Assistant Director or designee)

   References Cited 

   Biographical Sketches  (Not to exceed 2 pages each)

   Budget  
(Plus up to 3 pages of budget justification)

   Current and Pending Support  

   Facilities, Equipment and Other Resources 

   Special Information/Supplementary Documentation

   Appendix (List below. )
(Include only if allowed by a specific program announcement/
solicitation or if approved in advance by the appropriate NSF
Assistant Director or designee)

Appendix Items:

*Proposers may select any numbering mechanism for the proposal. The entire proposal however, must be paginated.
Complete both columns only if the proposal is numbered consecutively.

 

1

1

15

4

6

16

4

1

0

TPI 7000131



TABLE OF CONTENTS
For font size and page formatting specifications, see GPG section II.B.2.

 Total No. of                Page No.*
Pages                       (Optional)*

Cover Sheet for Proposal to the National Science Foundation

   Project Summary  (not to exceed 1 page)

   Table of Contents  

   Project Description (Including Results from Prior
NSF Support) (not to exceed 15 pages) (Exceed only if allowed by a
specific program announcement/solicitation or if approved in
advance by the appropriate NSF Assistant Director or designee)

   References Cited 

   Biographical Sketches  (Not to exceed 2 pages each)

   Budget  
(Plus up to 3 pages of budget justification)

   Current and Pending Support  

   Facilities, Equipment and Other Resources 

   Special Information/Supplementary Documentation

   Appendix (List below. )
(Include only if allowed by a specific program announcement/
solicitation or if approved in advance by the appropriate NSF
Assistant Director or designee)

Appendix Items:

*Proposers may select any numbering mechanism for the proposal. The entire proposal however, must be paginated.
Complete both columns only if the proposal is numbered consecutively.

 

1

0

2

6

1

1

0

TPI 7001391



PROJECT DESCRIPTION

1 Motivation: the Samoan Passage and the global climate system

The oceans’ abyssal flows, once thought to be stagnant, are now recognized as energetic and vital
aspects of the overall global circulation. Understanding them is critical, not only because they are
the lower half of the meridional overturning circulation (MOC), but because the deep oceans store a
large fraction of the oceans’ heat and carbon, and thus are expected to govern the longest timescales
of ocean–atmosphere interaction and response to climate forcing. Observed long-term changes in the
MOC of both the Pacific [McPhaden and Zhang , 2002] and Atlantic [Bryden et al., 2005], as well as
sea level and heat content [Domingues et al., 2008], call for an immediate need to better understand
the corresponding response of the deep ocean, such as recent observed warming of Pacific bottom
water [Johnson et al., 2007].
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Figure 1: The Samoan Passage region and proposed measurements. (a) Map of the Central Pacific and
Samoa Basins. The yellow circle indicates a proposed mooring to investigate the 30-day oscillation in the
Samoa Basin. (b) The Samoan Passage (box in panel a). Bathymetry (colors), the WOCE CTD line plotted
in Figure 3 (white dots), proposed measurements (symbols) and depth-integrated transport below 4000 m from
Rudnick [1997] (arrows; reference at right). Contours are 4000, 4500 and 5000 m. Bathymetry in the center
hatched region is from multibeam surveys conducted by Rudnick; the rest is from Smith and Sandwell 12.1.
(c) Close-up of the northern sill region (box, right) and the proposed closeup study of it (“process” cruise).

Abyssal circulation changes are likely to be widespread, but data are and will continue to be
sparse. The community has therefore identified a need to measure and understand abyssal flow
through “choke points” [Griffies et al., 2010; Garzoli et al., 2010]. These topographic constrictions
provide locations where abyssal transport and properties can conceivably be monitored. However,
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Figure 2: Velocity data from the central Rudnick [1997] mooring (location in Fig. 1b), kindly provided by
D. Rudnick. (a) Filtered velocity, proportional to transport, demonstrating its low-frequency variability. (b)
Several days’ closeup of unfiltered velocity (period indicated with dashed lines at left), showing the tides and
near-inertial motions. (c) Published frequency spectra at 3000, 4000, and 4350 m. Spectra are offset by two
decades.

the same small scales making measurements practical pose serious problems for modelers since the
accelerated flows and the associated mixing and hydraulic processes will likely never be adequately
resolved in global models. For this reason, several recent studies have sought to better understand
the strong mixing known to occur in deep fracture zones and constrictions [e.g., Ferron et al., 1998;
Hogg et al., 1982; Polzin et al., 1997; St. Laurent et al., 2001; Thurnherr et al., 2005; MacKinnon
et al., 2008]. In addition, a recent Climate Processes Team [Legg et al., 2009] worked to develop
better parameterizations for entrainment and mixing processes in deep gravity-driven overflows
(thereby substantially improving model fidelity). Finally, another complementary proposal to this
panel led by J. MacKinnon (of which Alford is also part) seeks to understand flow and mixing in
two fracture zones in the Indian Ocean.
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Figure 3: Temperature (a) and salinity (b) from a 1994 WOCE
transect through SP [Freeland, 2001, 0.5◦ station spacing (loca-
tions in Fig. 1b, white dots)], and σ4 isopycnals (black). Shad-
ing indicates multibeam bathymetry along the thalweg.

This proposal’s focus is the Samoan
Passage (Fig. 1), a narrow constriction
through which flows the vast majority of
the bottom water supplying the abyssal
north Pacific [Roemmich et al., 1996].
The transport averages 6 Sv [Rudnick ,
1997, black arrows in Fig. 1b], but varies
significantly (Fig. 2a), greatly compli-
cating estimation of transport from sin-
gle hydrographic sections. Significant
water-mass changes occur there (Fig. 3),
with extremely strong inferred mixing
[Kρ ≈ 10−1m2 s−1, Roemmich et al.,
1996] erasing the deep salinity maxi-
mum characteristic of North Atlantic
Deep Water [Johnson et al., 1994a]. A
preliminary 2-D numerical model simu-
lation with realistic bathymetry and ob-
served upstream stratification (Fig. 4)
yields greatly accelerated flows (≈ 1 m s−1) and mixing estimates of similar magnitude (Fig. 2b),
and indicates hydraulic control, in agreement with several past calculations using simple 1.5-layer
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PROJECT DESCRIPTION

steady hydraulic theory. However, strong tidal and near-inertial modulation of the northward trans-
port (Fig. 2b,c), together with the complicated bathymetry, nearly certainly complicate use of these
simple steady theories. Each of these intriguing aspects of the flow and watermass modification,
which will be described in more detail below, must be understood before confidence in parameteri-
zations or monitoring strategies can be had.

Here we describe a coordinated, international effort using moored and shipboard observations
and 2D and 3D numerical modeling to a) better understand the geography, magnitude, variabil-
ity and causes of transport and mixing in the Samoan Passage and b) inform optimal long-term
monitoring strategies for Passage transport and properties. In addition to conducting the first-ever
microstructure measurements in the region, we will do so simultaneously with profiling mooring ar-
rays to minimize the space/time aliasing associated with deep-ocean work where casts take 4-5 hours.
We will also reoccupy the Rudnick [1997] mooring array to obtain another direct estimate of the
transport twenty years after the first, directly measuring long-term changes, while also monitoring
watermass properties and transformation through the Passage with profiling moorings. Observa-
tions will be contextualized with a suite of models of increasing complexity and realism, with an
ultimate goal of developing parameterizations for improving the representation of fracture zones in
circulation models.

2 Background

2.1 Past Measurements in the Samoan Passage

As the primary deep pathway for northward flow in the abyssal Pacific, the Samoan Passage (Fig. 1)
has been the subject of a number of oceanographic studies, including hydrographic surveys [Reid
and Lonsdale, 1974; Taft et al., 1991; Johnson et al., 1994a; Roemmich et al., 1996; Freeland , 2001]
and one current meter array [Rudnick , 1997]. The South Pacific deep western boundary current
flowing northward from the Tonga-Kermadec ridge at 32◦S has been estimated to carry 16 Sv of deep
and bottom water [Whitworth et al., 1999]. After passing the Samoa Islands at 12◦S, the current is
blocked by a series of ridges extending eastward with limited gaps. From geostrophic calculations
relative to 1.2 ◦C, Roemmich et al. [1996] estimated that, out of a total of 11.7 Sv of northward flow
across 10◦S, 2.8 Sv passes to the east of the Manihiki Plateau and 1.1 Sv to the west through a gap
in the Robbie Ridge, but most (7.8 Sv, including all 4.8 Sv colder than 0.7 ◦C) goes through the
Samoan Passage.

Direct current meter measurements just south of the passage (black arrows in Fig. 1b) yielded
a 17-month mean of 6.0 Sv, but with significant variability at tidal, inertial, seasonal and 30-day
time scales [Rudnick , 1997]. The spatial structure of the flow was found to be relatively coherent,
with transport increases coinciding with widening, thickening, and acceleration of the flow. These
fluctuations are mirrored in low-passed current at the third mooring from the west (Fig. 2a). The
observations made it obvious that estimates from single hydrographic sections are not representative
of the longer-term mean. Despite the coherence, the spatial variability made it clear that a signifi-
cantly reduced array at the same location would probably not be adequate for monitoring the flow
through the passage. A major goal of this proposal is to determine whether one or two moorings in
the constriction to the north can effectively monitor the transport, at a greatly reduced cost.

2.2 Modeling and Theory of Transport and Pathways

Extant models of the deep Pacific circulation generally have not had high enough resolution to study
the details of the Samoan Passage. Nevertheless, the passage has been called out as a choke point
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even in coarse resolution simulations [Gnanadesikan et al., 2006; Macdonald et al., 2009]. Global
simulations tend to produce widely varying estimates of the flow through the passage and so are
clearly in question for all issues involving abyssal circulation and long time-scale sensitivity. One
study by Roussenov et al. [2004] does at least resolve a deep western boundary current, showing
the majority of deep water passing through the Samoan Passage and immediately turning westward
before crossing the equator and continuing as a western boundary current. This tendency to remain
on the western boundary is a feature of most dynamical models of abyssal flow.
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Figure 4: Preliminary 2-D modeling results along
the Samoan Passage thalweg using MITgcm. (a)
Alongchannel velocity (colors) and isopycnal depths
(black). (b) As above but for diapycnal diffusivity.
(c) Transport as a function of temperature at the
proposed mooring locations, indicated with dashed
lines in the top panel.

Rudnick’s moored observations took place well
upstream of the main constriction to minimize
proximity to bathymetric features that could com-
plicate transport estimates. Owing in part to in-
complete multibeam mapping (Fig. 1b, hatched re-
gion), the subsequent flow pathway is unclear. The
majority of the flow nearly certainly passes through
the narrow and deep eastern pathway (as indicated
by a low-resolution hydrographic section; Fig. 3),
where volume conservation suggests flow should ac-
celerate by a factor of three or more. However, a
slightly shallower sill to the west of the region cov-
ered by the multibeam survey (∼170 W) may carry
a significant amount of flow, emphasizing the need
for accurate bathymetric coverage, proposed here.

Isopycnals dive down nearly 1000 m as they
transit the double-sill system (Fig. 3). Freeland
[2001] interpreted this as strong evidence for hy-
draulic control, supporting earlier inferences based
on rotating hydraulic theory [Whitehead , 1998].
Though one explanation would be simply the west-
ward turning of the flow after exiting the passage,
preliminary 2-D simulations along the same section
with MITgcm (Fig. 4) strongly indicate hydraulic
control, with strongly accelerated flows of nearly 1
m s−1 and diving isopycnals in the vicinity of each
sill. However, the location of control is unclear,
with both sills potentially playing a role.

We aim to determine whether hydraulic the-
ory applies to the Samoan Passage and whether it
can be of use in designing a transport monitoring
scheme. Many of the assumptions of steady hy-
draulic theory are clearly violated in the Samoan
Passage. The presence of tidal currents comparable to the mean flow may be the most egregious of
these (Fig. 2b). Limited attempts have been made to extend hydraulic theory to tidally modulated
flows [Helfrich, 1995], but not yet in an abyssal context; our measurements should catalyze these
efforts. There is also a question of whether the control is rotating (applicable to a strait wider than
the local Rossby radius, such as the Rudnick section), or topographic (applicable to a narrower
strait such as the constriction to the north). One way to evaluate this is to apply constant potential
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vorticity hydraulic theory to a realistic bathymetric cross-section [Borenäs and Nikolopoulos, 2000].
An extension of this approach to multiple passages will also provide an estimate of the relative
importance of the eastern and western pathways.

2.3 Mixing

Isotherms and isohalines intersect the bottom to the north of the second sill (Fig.3), which if the
line follows the flow, would indicate flow through isopycnals to conserve heat and mass. Following
similar calculations by Hogg et al. [1982] and Whitehead and Worthington [1982], Roemmich et al.
[1996] inferred high heating rates (20 W m−2) needed to effect these changes, requiring extremely
strong mixing for a constant diffusivity (Kρ ≈ 10−1m2 s−1). Values obtained by Thorpe sorting the
2-D modeled density fields [Klymak and Legg , 2010] are similar (Fig. 4). However, no microstructure,
currents, or high-resolution hydrography have ever been measured in the passage. We propose to
make these measurements, allowing estimation of the buoyancy and mass budgets following St.
Laurent et al. [2001].
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Figure 5: Depth-integrated M2 baro-
clinic energy fluxes computed from a
preliminary 3D tidal model. The 4000,
4500 (thicker line), and 5000m con-
tours are shown. The box shows the
region shown at right in Figure 1b.

Of course, the interpretation of bulk budget calculations
(as well as their utility in guiding numerical model parame-
terization development) depends strongly on the type and geo-
graphical distribution of the mixing mechanisms involved. One
candidate includes shear instability at the upper interface of
the deep water, particularly in regions of topographically ac-
celerated flow [Johnson et al., 1994b]. There is the possibility
of abrupt hydraulic transitions (“jumps”) downstream of one
or both of the sills. Such jumps have been observed to drive
substantial mixing in shallower stratified flows, such as those
in Knight Inlet [Klymak and Gregg , 2004] and the Strait of
Gibraltar [Wesson and Gregg , 1994]. Though fewer observa-
tions of hydraulic jumps exist in the abyss, preliminary mod-
eling indicates they may be important in the Passage (Fig. 4).
Finally, there are several possible roles for internal waves in the
mixing: lee waves can radiate up from rough bottom topogra-
phy [St. Laurent and Garrett , 2002], producing mixing and
momentum transfer where they break; incoming internal tides
may have a large effect on the tidal modulation of the over-
flow and may in turn be focused, steered, or reflected by the
topography, possibly leading to smaller scale shear and break-
ing; and finally, incoming near-inertial waves can produce ad-
ditional modulation of shear and mixing (note the prominent
near-inertial peak, decaying inside the Passage, in Figure 2c).
Sorting out this mixture of time-varying and spatially-varying
influences on mixing requires a careful coordination of models and observed timeseries and spatial
surveys, proposed here.

2.4 Variability

Tidal motions are comparable to the mean northward flow, complicating hydraulic inferences as
discussed. Further, the tidal modulation seen in Fig. 2b is not constant in depth, indicating a
strong internal tide. Given the vigorous barotropic tidal flows over the area’s complex topography,
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these may be locally generated. However, preliminary 3-D model runs using a modified version of
the Princeton Ocean Model [Carter et al., 2008; Rainville et al., 2010] suggest an interesting twist;
namely, that the Samoan Passage lies directly in a strong northward internal tide beam emanating
from the Samoan Island chain (Fig. 5). Hence the relative impacts on the mixing of hydraulic effects,
and those of local and remotely incident internal tides, are uncertain. (While near-inertial motions
will be resolved in our measurements, they appear less important than the internal tides at the
depths within the passage; Fig. 2b,c). The proposed work will greatly advance our understanding
of the combined effects of internal tides and hydraulics – a common situation in the world oceans.

A significant transport modulation at 30 days was also observed by Rudnick [1997], which he
interpreted as either due to eddies or a quarter-wavelength “organ pipe” resonance of the flow owing
to the size and shape of the upstream basin. Since the origin of this mode of variability impacts
transport estimates made over shorter periods, we propose to test this hypothesis here by examining
the phase between measurements in the Samoan Passage and a mooring placed well to the south
(yellow dot in Fig 1a).

2.5 Summary of scientific questions to be addressed

As a vital Pacfic “choke point” and “mixing hotspot”, the Samoan Passage governs the properties
and transport of heat and mass into the abyssal North Pacific. Given its importance, it is surprisingly
undersampled. Our objectives are to conduct the observations and models necessary to answer the
following questions:

• Transport. How strong is the acceleration of the flow inside the constriction? Has the transport
changed since the previous observations 20 years before the proposed measurements? What
is the pathway of the northbound waters exiting the region? What are the minimum set of
measurements required to accurately monitor the transport through the Passage?

• Hydraulic Control. To what degree is the flow hydraulically controlled? What effect does the
observed strong tidal modulation of the flow have on the control? Are 3-D rotational effects
important? What is the role of the two major sills? Does the topographic roughness play a
role?

• Turbulent mixing. What is the intensity and spatial structure of the mixing in the Samoan
Passage? What generates it? What are the relative roles of remote forcing (e. g., by internal
waves), gravity current dynamics, and tidal flows in producing turbulence? What is the
resulting water-mass modification? Can heat and mass budgets be closed? What is the
observational requirement to achieve this in a sustained observing system?

• Internal Waves. What is the internal wave climate in the Samoan Passage? What is the fate
of the downward near-inertial energy entering the passage? What is the partition of local and
remote internal tides into the region? How do internal waves influence the mixing?

3 Proposed work

3.1 Program Overview

We have assembled an international team to address these questions with a coordinated observa-
tional/modeling program. Our general observational plan (Fig. 1) consists of

1. A multibeam survey to map the bathymetry both to ascertain flow pathways and plan the
moored array,

2. Two 40-day cruises with different regional foci as outlined below. Each cruise will
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(a) deploy, for the cruise duration, an array of five profiling moorings to measure time series
of velocity, density, temperature, salinity, oxygen and overturn-driven mixing,

(b) Conduct spatial surveys of velocity, hydrographic measurements (LADCP/CTD) and
directly-measured turbulent mixing, taking advantage of the temporal information from
the moorings to minimize time/space aliasing,

3. An 18-month monitoring array of three conventional and four profiling moorings deployed
at the same location as the Rudnick array (black dots), downstream of the sill, and well
upstream (12oS). This array will monitor water properties and transport, providing another
datum 20 years after the original one, and will also enable investigation of long-term changes
in water-mass modification by comparison of upstream and downstream T/S profiles.

The scales to be covered and the long time required to do individual deep profiles necessitate 80
days of shipboard work, which we have divided into two 40-day cruises (Table 1 and 2), termed the
“pathways” and the “process” cruise. The former is more weighted toward surveying the possible
flow pathways, the broad spatial dependence of the mixing, and the location(s) of hydraulic control,
while the second will conduct an intensive process study around the most important sill identified
in the first cruise. The two cruises will be separated by 18 months, not only to enable deployment
and recovery of the monitoring array, but to allow adequate time to digest the results from the first
cruise prior to finalizing the experimental plan for the second.

300 kHz Workhorse ADCP

SeaBird MicroCat (SBE37)

MP stopper

McLane Moored Profiler w/SBE52

MP stopper

anchor (3 stack rr wheel)

Benthos model 865 double 
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SeaBird T-logger (SBE39)
(mounted on release)

1/4” 3x19 PP jacket wire rope (1261 m)

12 Benthos model 2040-17V glass floats

5000 m

3700 m

3715 m

3720 m

4983 m
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4986 m

3/4” dia. nylon line (10 m)

300 kHz Workhorse ADCP

Acoustic Current Meter

CTD
Drive Motor

Figure 6: A sample mooring configuration. Inset
shows an MMP being recovered.

We have adopted a multi-pronged modeling
approach ranging from 2-D semi-idealized models
(such as that in Fig. 4) run along the thalweg to
test hypotheses and explore parameter space, to 3-
D regional models to explore rotational effects, the
influence of complex bathymetry, and remote forc-
ing (Fig. 5). Modeling will be meshed closely with
the observations, since the modelers all have obser-
vational backgrounds and will go on the cruises (Dr.
Carter is also running the microstructure). This en-
sures a tight feedback between models used to assist
cruise preparation, and cruise results used to im-
prove the models.

3.2 Tools and Resources

3.2.1 McLane moored profilers (Alford)

McLane moored profilers (MMP’s) use a traction
drive to make repeated vertical traverses of the wa-
ter column along a conventional subsurface mooring
wire (Fig. 6) while carrying a CTD and a Falmouth
Scientific acoustic current meter. The resulting com-
bination of high vertical resolution and relatively
rapid sampling in time over long-duration deploy-
ments has proven highly valuable for the study of
both internal waves [Alford et al., 2006] and abyssal
currents [Mecking et al., 2006], the two dominant

phenomena in the Samoan Passage. Lessons learned in over fifty deployments worldwide by our
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group have now resulted in a very high success rate [see Alford et al., 2007; Nash et al., 2007;
Martini et al., 2010; Alford et al., 2010a, b; Klymak et al., 2010].

The standard profiler crawls at 25 cm/s, yielding vertical profiles of ocean temperature, salinity
and velocity at 2-m vertical resolution. To estimate drift and bias in the CTD and current meter,
redundant Seabird-microcats and ADCP’s will be placed above and below the profiling range (Fig.
6). Profiling continuously, the profiler can complete a 1400 m profile each 1.5 hour (the coarsest
temporal sampling to resolve the tides and prevent tidal aliasing; [Zhao et al., 2010]) for about 50
days before batteries are exhausted. Some of our profilers have been modified to travel at 33 cm/s
(30% faster), allowing greater vertical apertures to be sampled without tidal aliasing (2000 m in
1.5 hour, great enough to resolve the flow in any location in the Passage; Figure 3). Extra power
expended on drag is overcome with additional batteries in an extended case, providing the same
endurance as the slower profilers.

3.2.2 LADCP/CTD (Girton/Alford)

Water properties will be measured using the ship’s CTD. Bottle samples collected during the cruise
and analyzed post-cruise for salinity, oxygen, and nutrients by the UW Marine Chemistry Laboratory
will ensure WOCE-quality accuracy (∆θ = ±0.001,∆S = ±0.003) of the profiles and resolve nutrient
signals and their modification in the passage [as seen in the WOCE atlas: Talley , 2007]. In addition,
a limited number of samples will be collected for CFC analysis to enhance the recent WOCE and
CLIVAR measurements showing the arrival of CFCs in the Samoan Passage bottom water (Mark
Warner, personal communication). Falling at the standard 1 m/s, full-depth profiles require 3.5–4
hours including launch and recovery.

Figure 7: VMP-6000.

Velocity will be measured with a downlooking 150-KHz ADCP and an
uplooking 300-KHz ADCP affixed to the rosette cage, which delivers velocity
to ≈50-m vertical resolution [Polzin et al., 2002]. In addition to full-depth
stations conducted simultaneously with microstructure profiles, we plan to
improve our temporal and spatial resolution with several 16-hour “tow-yo”
lines, repeatedly sampling the lower 2000 m each ≈0.5 hour while steaming
slowly at ≈1.5 knot. Real-time velocity data is therefore extremely desirable
both to speed decision making and to minimize the chance of undiscovered
instrument failures. For this purpose we have included funds to purchase and
test a new multiplexing system from McCartney, which allows power and
data for all instruments to be transmitted on a standard single-conductor
CTD wire. In addition to the benefits for this project, the testing of this
system will benefit any seagoing group desiring real-time data from auxiliary
serial instruments on the CTD rosette.

3.2.3 Free-fall microstructure profiler (Carter)

Microstructure measurements with the free-falling Rockland Scientific VMP-
6000 (Fig. 7) will be conducted simultaneously with the ship’s LADCP/CTD
casts. The instrument will be set to fall at ∼0.8 m s−1, which ensures good
sensitivity and allows profiles to 6000 m each ≈4-5 hours. The untethered

VMP-6000 falls slightly slower than the CTD, allowing the CTD to be deployed, do a cast, and be
recovered while the VMP-6000 is doing a cast.

The VMP-6000 measures shear, temperature and microconductivity variations at centimeter
vertical scales, as well as background temperature and salinity. Our version also includes a geo-
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electro-magnetic current meter [Sanford et al., 1978] which measures horizontal velocity relative
to an unknown depth-independent constant determined by shipboard ADCP. Once the VMP-6000
resurfaces, it can be located using a combination of flasher, RF beacon, and ARGO transmitter.

Using the measured shear spectrum the turbulent dissipation rate, �, and diapycnal diffusivity
Kρ [via the Osborn, 1980, relation] can be calculated. Though we will also attempt to estimate �
from Thorpe scales [Thorpe, 1977; Dillon, 1982], as done before successfully in the abyss [Ferron
et al., 1998], stratification here is a factor of three weaker than in their study, effectively raising the
noise floor of the method [Alford et al., 2006]. The technique may well still work in the Samoan
Passage owing to the expected strength of the mixing [Roemmich et al., 1996], but the microstructure
measurements will provide crucial ground-truth.

3.2.4 Monitoring moorings (CSIRO/Sloyan)

NSF’s investment in this project will be strongly leveraged by funds and effort from Australia’s Com-
monwealth Scientific and Industrial Research Organization (CSIRO; see attached letters). CSIRO
will design and build four moorings similar to those deployed by Rudnick [1997] to monitor the long-
term variability in transport and water properties at the locations indicated in yellow on Fig. 1.
Each will have five (5) Sea-bird microcats and five (5) current meters spanning the lower 2000 m,
sampling every 10 - 30 minutes. Bernadette Sloyan will lead the CSIRO effort, coming on both long
cruises with a mooring technician and two students.

3.2.5 Modeling Resources

We plan a hierarchical, process-oriented modeling approach to build hypotheses, optimize our ob-
servational strategy and contextualize observations. First, the overflow character of the Samoan
Passage, combined with the low latitude and relatively simple channel geometry of the eastern
pathway, suggests a role for idealized modeling using MITgcm [Marshall et al., 1997; Klymak and
Legg , 2010, led here by Klymak/Girton]. 2-D runs can be done with high vertical and along-channel
resolution, facilitating parameter sensitivity testing not possible with more complicated models.
In addition, moderate and high-resolution (but still idealized) 3-D runs will be useful to evaluate
the validity of hydraulic transport estimates and momentum balances. Following the bathymetric
mapping effort, a model geometry will be developed that preserves sill depths and cross-sectional
areas of the candidate pathways. Forcing this model with upstream and downstream stratification
profiles, as well as with tides, will form a basis for testing the transport predictions from rotating
hydraulic theory. This model and progressively more complex versions will be developed in con-
junction with Carter’s effort below, including some duplication between the z-coordinate (MITgcm)
and sigma-coordinate (POM) configurations to verify the model-independence of the results.

To address the larger-scale questions of how the flow negotiates the complex network of sills and
passages, where the flow goes after leaving the Samoa Passage, and how remotely-generated internal
waves affect the transport and mixing, Carter will build a 3-D model with realistic bathymetry
using the Princeton Ocean Model (POM). As shown by initial results from a 3-D tidal model run
(Fig. 5), the regional influence of internal tides is likely to be important. At a minimum, tidal
simulations need to be done to test the sensitivity of remotely-generated waves to variations in
stratification at the generation site and intervening pathway. Subsequent steps will include deep
throughflow currents with and without tides. While a fully-realistic model simulation that resolves
both remote forcing and the details of the Samoan Passage bathymetry is likely to be beyond the
scope of our computational resources, the process-oriented runs outlined here will help to guide the
requirements of such a simulation in the future.
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3.3 Program elements

3.3.1 Mapping Cruise, early 2011 (3 days)

Part of the Samoan Passage region (Fig. 1b, hatched boundary) was mapped with a combination of
single-beam and early multibeam systems at the time of the Rudnick/Roemmich measurements. The
combined bathymetry map is not unlike Smith and Sandwell 12.1 in most locations, but remaining
artifacts, and the obvious oversmoothing in the single-beam regions, give rise to concerns that
the possible flow pathways are not well enough known [Rudnick , 1997]. Understanding the 3-D
hydraulics and flow pathways will require precise, high-resolution bathymetry. In addition, accurate
bathymetry is essential for successful mooring operations. We therefore propose to redirect a ship
in the area during year 1 to complete multibeam mapping of the region. Since the depth is so great,
the needed trackline is simple and can be done without sending anyone on the cruise, saving a good
deal of money. For a Simrad EM120 system, which can reliably map a swath > 20 km [de Moustier ,
2001], the region from 8.25-9.5◦S in Fig. 1, the most critical for identifying the importance of the
western pathway, can be mapped in 3 days. Periodic images will be emailed to shore to verify a
gap-free track. If ship schedules do not allow this, the mapping will be done immediately prior to
process cruise 1, with the moorings designed using the preliminary bathymetry and adjusted at sea
based on the measured bathymetry.

3.3.2 Cruise 1 (March 2012, 40 days): Flow pathways

In addition to deploying the 18-month monitoring array, the “pathways” cruise will a) identify the
pathways of the flow north of the Rudnick array and b) determine the most important control
points to be studied in cruise 2. Tidal aliasing will be present in all spatial surveys, but will be
interpreted in the context of MMP’s that will profile each 1.5 hours for the cruise duration (Fig.
1b, magenta). Separate deployments of the MMP’s are required for during the cruise and for the
monitoring period, both since the optimal locations are different, and because of constraints imposed
by the MMP batteries.

The strawman cruise plan (Table 1) first deploys the CSIRO portions of the monitoring array
(yellow dots; next section), then the MMP “pathways” moorings (magenta), so that each will be
sampling during the spatial measurments. Then, LADCP/CTD and microstructure casts will be
conducted along each of the red lines shown. The along-channel line will be conducted at 5-10 nm
intervals (tighter near the sills), 3-6 times higher spatial resolution than the previous WOCE and
current GO-SHIP (www.Go Ship.org) lines, in addition to providing the first microstructure mea-
surements in the region. The cross-channel lines, and the moorings in each passage (magenta), will
nail down the transport pathways including the relative transports in the main eastern passage and
the shallower western route – critical for designing an eventual monitoring array. The alongchannel
measurements will identify the hydraulic control points and mixing hotspots, needed for designing
the second cruise and eventual parameterizations.

At the end of the cruise, the pathways array will be recovered, instruments turned around and
the MMP portions of the monitoring array deployed (blue triangles). Spares will be taken for
each instrument and its components (for example, the MMP drivetrain, which often shows post-
deployment wear), to speed turnarounds in the event of breakage.

3.3.3 Transport monitoring array (March 2012-July 2013)

Between the two process cruises, the mooring array deployed by Rudnick in 1992 will be re-occupied
to obtain another 18-month transport estimate 20 years after the first, allowing assessment of decadal
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Table 1: Proposed cruise plan for pathways cruise. LADCP/CTD/microstructure stations are conservatively
assumed to take 6 hours each including launch, recovery and transit.

Day Activity
0-2 Transit from Samoa (deploy 12◦S mooring en route)
2-4 Deploy CSIRO Monitoring array
4-7 Deploy McLane Pathways Array, south to north
7-12 Along channel thalweg line, 20 LADCP/microstructure stations
12-16 Cross-channel survey 7, 16 LADCP/microstructure stations
16-24 Cross-channel surveys 2, 4, 5, 6; 2 days each (7 stations plus 6-hour transit)
24-28 Cross-channel survey 3
28-31 Cross-channel line 1
31-34 recover pathways array
34-36 deploy APL monitoring array
36-38 weather
38-40 Transit to Samoa

changes. The array will consist of three MMP moorings (Fig. 1, blue triangles), and three con-
ventional current meter/CTD moorings (yellow) placed by CSIRO (see letter of support). Since
essentially no flow was observed at Rudnick’s easternmost mooring, we do not plan to reoccupy
that location. Instead, a CSIRO mooring at 12◦S will, in addition to providing estimates of the
far-upstream water properties and transport, provide phasing information between velocity and
temperature that will allow testing of Rudnick’s “organ pipe” hypothesis for the observed 30-day
spectral peak in transport. A fourth MMP mooring will be placed north of the second sill to mon-
itor transport exiting the constriction. Additionally, the timeseries of T/S profiles upstream and
downstream of the sills will be compared to attempt to measure long-term changes in mixing and
water-mass modification. This will push the resolution of the instruments since the expected long-
term changes are only ∆θ ≈ 5− 10× 10−2 ◦C and ∆ S ≈ 4− 8× 10−3 psu [Johnson et al., 1994a]
and upstream/downstream differences still smaller, but will be attempted nonetheless.

The design of the 18-month profiling moorings will be nearly the same as for the process array
(Fig. 6). However, the MMP will sample in burst mode to ensure the batteries will last the entire 18
months. Every fourth day, four profiles will be made at 6-hour intervals, minimizing tidal aliasing.
As in the pathways and process arrays, ADCP’s and microcats above and below the McLane profiling
range, which will sample each 20 minutes, will be used to examine higher-frequency motions, and
to check calibrations. All compasses and CTD’s will be calibrated pre-and post-deployment.

3.3.4 Cruise 2 (July 2013, 40 days): Processes

On the second cruise, in addition to recovering the monitoring array, we will conduct an intensive
process study to a) identify the processes active near the most energetic region, and b) close the
buoyancy budget in the sill identified in the first cruise to be the most important control point.
Recognizing that both sills may in fact be important, we choose to focus our limited resources on a
more highly resolved study of one sill rather than attempting measurements at both. The 18 month
period following the pathways cruise will provide ample time to analyze the data and to identify a
site for the intensive study.

For purposes of illustration, we have designed a strawman closeup study assuming that sill 2 is
the observed site of the hydraulic control and most intense mixing (Table 2, Fig. 1c). As before, tidal
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aliasing is a serious concern owing to the 4-hour duration of microstructure profiles. MMP’s will
therefore be deployed at four alongchannel locations along the thalweg near sill 2, to contextualize
the spatial measurements and to provide time series of the flow and overturn-inferred mixing. To
attempt to assess cross-stream differences, two profilers will be deployed at the most downstream
location. The mooring designs will again be as shown in Fig. 6, with the exception that, provided all
seven of our MMP’s are working properly, one mooring will feature three vertically stacked MMP’s
to resolve full-column velocity and density each 1.5 hour, with the purpose of measuring energy flux
associated with the northward internal tide beam seen in Fig. 5.

The MMP portion of the 18-month monitoring array must first be recovered and turned around
prior to deployment of the process array. If problems with the just-recovered instruments are
encountered that require time, the repeat of the along-channel line will be done while the MMPs
are repaired. Again, ample spares will be taken to minimize at-sea refurbishment.

Once the moored process array is deployed, the intensive survey will begin, which consists of
three parts (Fig. 1c):

• Alongchannel tow-yo lines (4.5 days) to measure, with as high spatial resolution as
possible, the T/S and velocity structure of the flow near the sill. Three lines, along the thalweg
and to its east and west, will each be occupied. While steaming at 1.5 knots, the LADCP/CTD
will be cycled from 20-2000 meters above bottom. This will give profiles each 1.5 km, with
the whole line taking 16 hours. Again explicitly acknowledging space/time aliasing, we will
attempt to minimize it by immediately repeating each line in the same direction, beginning
at the opposite phase of the semidiurnal tide (18 hours after the first). At the expense of
microstructure, this technique will provide the most highly resolved estimate possible of the
alongchannel structure at three cross-channel locations.

• Cross-channel LADCP/CTD/microstructure lines (10 days). At two alongchannel
locations, 5-station cross-channel lines will be conducted. Each will be repeated near spring
and neap tides. These lines will assess the cross-channel structure of the flow, isopycnal
displacements and mixing, and identify the importance of sidewall mixing to the buoyancy
budget. As with the tow-yos, the stations will be repeated in the same direction at opposite
phases of the semidiurnal tide to minimize aliasing. Each line will take 30 hours, for a total
of ten days.

• Along-thalweg LADCP/CTD/microstructure line (6 days). Stations will be occupied
at 2 nm spacing (12 stations total) at spring and neap tide. The distances for this line are
great enough that the tidally-opposed-occupation technique will be less effective, so aliasing
will be acknowledged and interpreted to the best of our ability with the moored data.

Following the intensive study, the remainder of the along-thalweg line occupied in the pathways
cruise will be repeated for contextualization of the process results (taking one day less since we have
completed part of it). Then, the CSIRO portion of the monitoring array, followed by the process
array, will be recovered. On the way home, the 12◦S mooring will be recovered.

3.4 Analysis

Data from the experiments will initially be the responsibility of the individual PI’s for quality control
and preliminary examination, with an approximate breakdown of tasks placing Alford, Girton, and
Carter in charge of the moored timeseries, ship-lowered profiles, and free-fall microstructure profiles,
respectively. Sloyan will take responsibility for the CSIRO moored data. Soon after collection,
quality-controlled datasets will be shared amongst all PI’s, including Klymak, the UW postdoc,
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Table 2: Proposed cruise plan for the process cruise.
Day Activity
0-2 Transit from Samoa
2-4 Recover APL monitoring array
4-7 Deploy APL process array
7-12 Sill 2: alongchannel tow-yos (3 lines, two tidally-opposed occupations of each)
12-18 Sill 2: cross-channel LADCP/CTD/VMP (2 tidally-opposed 5-station lines, spring/neap)
18-28 Sill 2: along-thalweg LADCP/CTD/VMP (spring and neap occupations, 12 stations)
28-32 Repeat along channel thalweg line
32-34 recover CSIRO monitoring array
34-37 recover process array
37-38 weather
38-40 Transit to Samoa (recover 12◦S mooring en route)

and UH grad student, and analysis tasks will be assigned. The PI’s have considerable experience
working together in various combinations, and tasks will naturally fall along our known avenues of
interest:
Timeseries: For the purposes of further analysis of mixing and internal wave processes, frequency

spectra of velocity and isopycnal displacement, as well as tidal and near-inertial band-passed
timeseries, will be computed from all moorings. A separation of barotropic and internal tide
will be performed with the one full-depth mooring, and baroclinic energy fluxes will also be
computed. Density overturns in the MMP records will be used to estimate dissipation (with a
higher noise floor but far more temporal averaging than the ship-based microstructure surveys).

Fine and microstructure profiles: Wavenumber spectra of shear and strain will be computed
from all profiles (ship-lowered and free-fall) and dissipation and diffusivity estimates will be
made from (a) microstructure profiles, (b) overturns in the density profiles [Thorpe, 1977],
and (c) shear and strain-based parameterizations using the velocity and CTD profiles [Gregg ,
1989; Polzin et al., 1995; Kunze et al., 2006].

Transport: Low-passed timeseries of T, S and velocity will be used (along with cross-sectional areas
from bathymetry) to construct transport timeseries, with particular attention paid to removing
aliasing by tides. LADCP and moored velocities will be cross-checked at overlap locations.
The combination of the MMP burst sampling and a small number of high-frequency current
measurements will aid in the development of a model for the removal of the dominant tidal
components. The resulting long-term average transport, its variability and errors, and its
comparison to Rudnick [1997] will no doubt be key results of this experiment.

Hydraulics and Bulk Mixing Budgets: A number of theoretical approaches will be used to
evaluate the hydraulic character of the observed overflows, beginning with simple 1.5-layer
Froude numbers and extending through constant potential vorticity and generalized theo-
ries [Girton et al., 2006; Pratt and Helfrich, 2005]. Bulk mixing budgets can be computed
below isopycnal surfaces that terminate in the Samoa Passage [Hogg et al., 1982; Whitehead
and Worthington, 1982; Roemmich et al., 1996] and will be compared to our direct measure-
ments of diffusivity to determine the locations and mechanisms responsible for the mixing (as
well as the general applicability of the budget calculation).

Model Comparisons: Initial comparisons between the modeled and observed locations and rates
of transport and mixing will guide further refinements of the process models. Modeling focus
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will shift from the initial goals of identifying likely locations for transport pathways, hydraulic
control, and mixing hotspots to simulating the separate influences of variability, topographic
constrictions, and internal waves in the locations of observed strong flows and mixing. In
particular, the new model runs following the first cruise will be highly valuable in guiding the
second experiment.

4 Broader Impacts

4.1 Community Benefits

These analyses of the highly resolved observations and modeling efforts proposed here will provide
a greatly improved understanding of the processes affecting flow and mixing in a vital choke point
and hot spot in the abyssal Pacific. The parameterizations catalyzed by these efforts will greatly
improve circulation models, as demonstrated by the analogous Legg et al. [2009] CPT for overflows.
We anticipate that the new transport estimates and their comparison with Rudnick [1997] will
provide a valuable metric for assessing decadal and long-term change in the abyss. Finally, the
determination of the flow pathways will greatly aid design of future monitoring and prediction
efforts.

4.2 Outreach

APL/UW engages actively in K-12 education and outreach, hosting regular visits from K-12 stu-
dents, and sending a rotating list (in which Alford and Girton both participate) of PI’s to area
schools to talk about projects and doing science in the US. In addition to these general efforts,
outreach for this project will take place on two specific, major fronts.

First, interest in seagoing oceanography by national television networks is increasing. The sheer
number of people reached by these national programs is impressive, make them worth pursuing.
Alford worked last year with two national production companies, Wide Eye Productions and Giant
Stride Productions, to host a Discovery Channel demo for a television program on sea level rise
called Vanishing Islands (www.wideeye.tv/videofiles/VanishingIslands.html). Though in the
end it was not picked up largely owing to the economic climate, both companies remain interested
in marketing our work to national networks. Additionally, Alford has been participating in another
Discovery Channel program on internal waves, led by Tom Peacock (MIT), in the South China
Sea. We feel that this project has great general appeal, for its adventurous nature, the unique tools
employed, and its relevance to climate. Both companies agree, and so will come on both cruises
to shoot another demo. In the meantime, they plan to work with their agents to explore television
networks for the program. Even if not picked up in the end, the demo will be on the APL/UW and
UH websites, and used in other outreach efforts. An amateur outreach video of a similar spirit shot of
Alford’s NSF-funded IWAP program (see Results from Prior NSF Support, below) by Tyler Hughen
(SIO/UCSD) is available at http://mokuleia.apl.washington.edu/~malford/iwap_movie.mp4.

Second, we are working with Ellen Lettvin, vice president of outreach at the Pacific Science Cen-
ter (www.pacsci.org), who is interested in placing a display from this project in the Around the
Americas expedition (www.aroundtheamericas.org). Conducted aboard a 64’ sailboat that is cir-
cumnavigating the Americas, the mission, whose primary focus is education and public engagement,
has already gained a significant following on Facebook, Twitter, and YouTube.

4.3 Education

For education, the project includes a graduate student at UH, University of Victoria and University
of Tasmania, and will train a postdoc at APL/UW. Two APL/UW graduate students will also
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go on both cruises. In addition, the project will provide an excellent educational opportunity for
four undergraduate students. We plan to employ an undergraduate student each summer from the
Washington Space Grant program (www.waspacegrant.org), a joint program between Washington
State and NASA seeking to encourage students at the University of Washington to pursue science
careers. We have been very pleased with this program in the past, with several students staying on
to work in labs at APL/UW. In addition to selecting only the very best students, the program is
an excellent value to the project since it pays for half. As part of the program, each student must
make a public presentation on her/his research.

Results from Prior NSF Support

NSF Grant No. OCE-0424717. Collaborative Research: Internal Waves Across the
Pacific (M. Alford) Amount: $900,463 Period: 02/11/2004 - 02/11/2008
With Drs. K. Winters, J. MacKinnon, Rob Pinkel, and Walter Munk (Scripps), this project
(http://opd.apl.washington.edu/scistaff/bios/alford/alfordglobalmap.html#internal) focused
on long-range propagation of the internal tides, with the long-term aim of understanding the
processes that govern their dissipation. In April-June 2006, we successfully deployed six MMP’s in
a line from 25-37◦N aligned with a tidal beam emanating from French Frigate Shoals, Hawaii. We
supplemented these 50-day timeseries with 1600-km-long shipboard Seasoar/Revelle Hydrographic
sonar surveys, high-resolution timeseries with the Pinkel fast CTD, and detailed analysis with
altimetric estimates of internal tide amplitude and energy flux. Results are documented in Alford
et al. [2007]; Zhao and Alford [2009]; Zhao et al. [2010].

NSF Grant No. OCE-0623177. Collaborative Research: Diapycnal and Isopycnal Mixing
Experiment in the Southern Ocean (J. Girton) Amount: $825,720 Period: 7/1/07-6/30/12
With Drs. J. Ledwell and J. Toole (WHOI), S. Gille (Scripps), and K. Speer (FSU). A Southern
Ocean float and tracer release experiment is underway to test hypotheses about the role of
subsurface mixing in closing the thermohaline circulation in the Southern Ocean. A total of 10
EM-APEX (profiling floats with electromagnetic velocity sensors) are being deployed to follow the
tracer patch in the South Pacific, Drake Passage, and Scotia Sea, measuring internal wave shear
and strain statistics throughout the water column. Data from the first 3 floats over 9 months of
the experiment shows near-inertial wave packets, topographic flow control, lateral dispersion, and
isopycnal T-S mixing [Girton and Kilbourne, 2010].

NSF Grants Nos. OCE-0751226, OCE-0751420. Collaborative Research: The internal tide
and mixing in Monterey and Ascension Canyons (G. Carter and M. Alford) Amount:
$2,059,185 Period: 3/1/08–2/28/12
With Drs M. Gregg and R.-C. Lien (APL/UW). This project focuses on internal tide energetics
within coastal canyons, with particular emphasis on how the internal tide is steered around
substantial bends in the canyon axis, using a combination of high-resolution 3D numerical
modeling, moored, and shipboard observations. Eight moorings (including three MMP’s such as
proposed here) were successfully deployed (Alford). Model results (Carter), used to plan the
successful experiment (February – April 2009), show a complex depth-averaged tidal current
pattern, and a topographically driven local increase in tidal flux around Monterey and San
Gregorio meanders. These results are documented in Carter [2010] and Hall and Carter [2010].
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