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ABSTRACT

A monthlong Þeld survey in July 2007, focused on the North PaciÞc subtropical frontal zone (STFZ) near
308N, 1588W, combined towed depth-cycling conductivityÐtemperatureÐdepth (CTD) proÞling with ship-
board current observations. Measurements were used to investigate the distribution and structure of ther-
mohaline intrusions. The study revealed that local extrema of vertical salinity proÞles, often used as intrusion
indicators, were only a subset of a wider class of distortions in thermohaline Þelds due to interleaving pro-
cesses. A new method to investigate interleaving based on diapycnal spiciness curvature was used to describe
an expanded class of laterally coherent intrusions. STFZ intrusions were characterized by their overall sta-
tistics and by a number of case studies. Thermohaline interleaving was particularly intense within 5 km of two
partially compensated fronts, where intrusions with both positive and negative salinity anomalies were
widespread. The vertical and cross-frontal scales of the intrusions were on the order of 10 m and 5 km,
respectively. Though highly variable, the slopes of these features were typically intermediate between those of
isopycnals and isohalines. Although the inßuence of double-diffusive processes sometime during the evolu-
tion of intrusions could not be excluded, the broad spectrum of the observed features suggests that any role of
double diffusion was secondary.

1. Introduction

DeÞnitions of thermohaline intrusions vary among
researchers and are often related to temperature or sa-
linity inversions (e.g., Ruddick et al. 1999; Ruddick and
Kerr 2003). The variety of deÞnitions arises from the
need to accommodate two loosely related properties of
these features:

1) They are formed by local lateral intrusion of one
water mass into another at a particular depth.

2) They tend to produce inversionsÑthat is, changes of
sign of vertical temperature or salinity gradients.

Some researchers avoid the term ÔÔintrusionÕÕ and re-
strict discussion to ÔÔinversionsÕÕ or ÔÔinterleavingÕÕ (May
and Kelley 1997, hereafter MK97). Others use the terms
ÔÔintrusionÕÕ and ÔÔinterleavingÕÕ interchangeably (Mueller
et al. 2007). However, interleaving motion does not nec-
essarily produce inversions, nor do inversions automati-

cally imply lateral interleaving. Studies of interleaving
driven by double diffusion (DD) may have contributed to
the confusion since inversions are necessary for formation
of that particular class of intrusions. Equating intrusions
with inversions also implies that subsurface extrema in
conductivityÐtemperatureÐdepth proÞles mark the cores
of intrusions (Toole 1981). Here we show that this as-
sumption is not generally valid.

To move beyond semantics, one might ask a broader
question: Why are we interested in these features?
Thermohaline intrusions are of interest because they
may indicate lateral exchange between water masses
(Stommel and Fedorov 1967; Joyce 1977), which supports
deÞning intrusions as vertical variations in stratiÞcation
arising from the layered interleaving of hydrographically
disparate water masses. With this approach, inversion of
temperature or salinity trends is not a crucial feature of
an intrusion, although it is understood that such an in-
version can alter the dynamics of interleaving through
double-diffusive effects. It is then necessary to develop an
objective method to detect intrusions as vertical water
mass transitions. Here, we use diapycnal spiciness cur-
vature as a generalized intrusion detector (section 4).
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The North PaciÞc subtropical frontal zone (STFZ),
centered around 308N, is known as a site of a wide vari-
ety of thermohaline interleaving features (Roden 1981;
Yuan and Talley 1992). In summer 2007 an extensive
Þeld program was undertaken to characterize the three-
dimensional structure of thermohaline intrusions, estab-
lish their relationship with the thermohaline fronts and
other mesoscale features, and gain insight into their
evolution and dynamics (section 2). Rigorous methods to
detect and describe the intrusions in a single hydro-
graphic proÞle, a section, or a quasi-3D survey were de-
veloped. Section 3 provides a brief review of traditional
analysis methods; a new and improved method, de-
veloped for the present study, is described in section 4. A
detailed description of the thermohaline intrusion Þeld
and the structure of individual features observed in July
2007 is given in sections 5Ð8. Possible formation mecha-
nisms and implications for lateral water mass exchange
are discussed in section 9.

2. Observations

a. Data collection

A Þeld study of the interleaving features in the STFZ
near 318N, 1588W was conducted 5Ð29 July 2007
onboard the R/V Wecoma. The STF07 experiment en-
compassed hydrographic surveying, microstructure pro-
Þling, shipboard velocity observations, and Lagrangian
ßoat releases. The present study focuses on hydrographic
and shipboard observations exclusively.

The hydographic survey was conducted with the
Shallow Water Integrated Mapping System (SWIMS),
a depth-cycling towed instrument platform. SWIMS
instrumentation consisted of two Sea-Bird conductivityÐ
temperatureÐdepth (CTD) units with additional dis-
solved oxygen and chlorophyll ßuorescence sensors, and
a pair of 300-kHz acoustic Doppler current proÞlers
(ADCPs). SWIMS was towed, typically at 6 kt, un-
dulating between two predetermined depths within the
upper 200 m. Depending on the proÞling depth range
and ship speed, horizontal separation between parallel
tracks of the sawtooth pattern was 0.4Ð2 km. The main
source of errors in the hydrographic observations was
the uncertainty of the salinity measurements due to
temporal mismatch in response of temperature and
conductivity probes (salinity spiking and thermal mass
effect). These effects can be reduced substantially using
appropriate Þlters for temperature and conductivity
signals (Morison et al. 1994; Ferrari and Rudnick 2000).
The remaining rms salinity error was estimated to be of
order 5 3 102 4.

The SWIMS tow patterns included long straight sec-
tions, ÔÔradiator,ÕÕ and star-shaped patterns (Fig. 1). A total

of 32 patterns or ÔÔgroupsÕÕ were executed, with more than
11 000 proÞles spanning a cumulative survey length of
4500 km. The location, shape, and size of the tow pat-
terns were adapted during the cruise, allowing focused
sampling of observed features. Most of the patterns
were intentionally distorted to account for the projected
water mass advection over the duration of the tow. This
approach allowed greater control over the resulting
survey track in the advected frame of reference.

The overall survey was guided by near-real-time sea
surface temperature (SST) imagery, whenever available
(Fig. 1). Even though the thermocline stratiÞcation was
heavily capped by seasonal warming, there was sufÞ-
cient correspondence of the surface temperature fea-
tures with the structure of the thermocline fronts to
make SST imagery useful in focusing the observations.

R/V Wecoma was equipped with 150- and 75-kHz
ADCPs, providing underway velocity observations. The
present study uses data from the short-range 150-kHz
system, covering the upper 150 m of the water column
with 4-m vertical resolution and 2-min ensembles. Un-
derway ADCP data were collected and processed by the
University of Hawaii data acquisition system (UHDAS).

b. STFZ oceanography

The North PaciÞc STFZ is a wide (288Ð358N) transi-
tion that separates North PaciÞc Central Water to the
south from cooler and fresher waters of subpolar origin

FIG . 1. SWIMS survey lines from 5 to 29 Jul 2007. Background
shows sea surface temperature on 7 Jul 2007, based on Moderate
Resolution Imaging Spectroradiometer (MODIS) Aqua imagery
[courtesy of NASA Jet Propulsion Laboratory (JPL) Physical
Oceanography Distributed Active Archive Centre (PO.DAAC)].
Numbered arrows indicate features detailed in Figs. 10, 11.
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to the north (Roden 1980). Both temperature and sa-
linity in the upper 500 m of the STFZ increase toward
the surface and toward the south (Figs. 2a,b). As a result
the layer is potentially susceptible to salt-Þngering in-
stability (Schmitt 2003), though no direct evidence of
double diffusion, such as staircase structuring, was ob-
served in this area.

Within the STFZ, several sharp, partially compen-
sated thermohaline fronts are typically observed in the
upper 200 m. Horizontal thermohaline gradients are
thought to be created by spatially varying heat and
freshwater ßuxes in the North PaciÞc, while wind-driven
differential advection serves as a mechanism of fronto-
genesis (Roden 1980; Takeuchi 1984). Roden speciÞcally
mentions that ÔÔagreement exists between the location of
the thermohaline fronts and regions of large vertical
velocity gradients produced by the geographical varia-
tions of the curl of the wind stress.ÕÕ

During the STF07 experiment, at least two distinct
fronts (F1 and F2) were traversed (Fig. 2). At the time of
the transect, the fronts were most evident in salinity
between 40- and 100-m depth: one at about 318N (F1)
and another at about 318209N (F2). The southern front,
F1, was nearly vertical, while the horizontal position of
the northern one, F2, changed by 12 km over the vertical
extent of 50 m, a slope of roughly 43 102 3. Thermo-
haline Þelds in the study area were distorted by a me-
soscale meander, partially visible in the SST imagery
(Fig. 1). According to shipboard observations and a
concurrent Lagrangian ßoat drift, the ßow generally
followed a broad circular arc about a center located to
the southeast at 298459N, 1588329W. The two fronts, F1
and F2, were located approximately 160 and 200 km
from the center of the arc, respectively. Tangential ad-
vection along this arc was on the order of 0.3 m s2 1 near
the surface, decreasing to 0.1 m s2 1 below 250 m. Ra-
dial advection was between2 0.1 and1 0.1 m s2 1. Con-
sistent with the thermal wind balance, isopycnals were
shoaling toward the outside of the meander (Fig. 2c),
producing a maximum isopycnal slope of 23 102 3 below
100 m in the vicinity of F1 and F2, between 308509and
318309N. A strong alongfront jet with the subsurface
velocity maximum of 0.4 m s2 1 was also observed in this
region (Fig. 2f).

Dissolved oxygen concentration (Fig. 2d) was higher
in the seasonal thermocline (402 120 m) than in the
mixed layer and the permanent thermocline below
140 m. It also increased toward the outside (cold) side of
the meander, with abrupt steps across the F1 and F2
fronts. Distribution of oxygen content was distinctively
patchy, with alternating vertical tongues of high and low
oxygen content throughout the frontal zone. Similar
patchiness was observed in Chl-a ßuorescence (Fig. 2e).

These features suggest strong variability of vertical ad-
vection in the STFZ.

3. Traditional intrusion detection methods

The simplest method of detecting intrusionsÑdating
back to Roden (1964), Fedorov (1978), Gregg (1975)Ñ
consists of identifying isolated reversals of large-scale
vertical trends in salinity (or temperature). Each in-
version would be bounded by two local extremaÐÐ
a minimum and a maximum. One of them is taken to
represent the intrusionÕs core, the other its lower or upper
boundary. This designation is generally ambiguous, al-
though ambiguity can sometimes be avoided in certain
well-deÞned situations, such as thin and isolated intru-
sions disturbing a known background proÞle. This method
aims to reproduce visual identiÞcation of intrusions, seen
clearly as local extrema in proÞles of some property (e.g.,
salinity) versus some vertical coordinate (depth or den-
sity). Though easily visualized, the method is difÞcult to
formalize as it is prone to false-negative results owing to
noise or small-scale intrusions (see also section 3c).

a. Anomaly method

McDougall and Giles (1987), henceforth McDG87,
show that extrema of temperature or salinity are not
reliable proxies for the intrusion location. McDG87
emphasize that the location (and even the presence) of
extrema in temperature or salinity proÞles depends on
the shape of unperturbed proÞles and also show that
both the lateral and vertical mixing may result in an
apparent vertical shift of the extrema. As an alternative,
McDG87 suggest an isopycnal salinity (or spiciness)
anomaly as an indicator of the intrusion strength, where
the anomaly is computed relative to some ÔÔmean back-
ground stateÕÕ of the ocean.

There are several possible choices for deÞning this
background state: low-pass Þltering, temporal averag-
ing, or using the observational data that are deemed
intrusion free. However, the choice of a particular
background deÞnition to some extent determines which
features will be classiÞed as intrusions: for example, the
base of the mixed layer, an internal wave, or a sloping
front may or may not result in an anomaly relative to
different background deÞnitions.

b. Scale sensitivity

Owing to inherent noisiness of hydrographic data, any
algorithm of intrusion detection based on Þnding local
extrema of temperature, salinity, spiciness, or other
variables requires preÞltering of raw proÞles to mitigate
false peak detection. One of the undesirable effects of
proÞle smoothing is the shifting of peak locations and
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