SPECIAL ISSUE ON THE JAPAN/EAST SEA

INTERMEDIATE
WATER FORMATION

AT THE JAPAN/EAST SEA SUBPOLAR FRONT

BY CRAIG M. LEE, LEIF N. THOMAS, AND YUTAKA YOSHIKAWA

Upper-ocean fronts play an important
role in determining upper pycnocline
water properties by providing an ef-
ficient conduit for communicating at-
mospheric forcing into the stratified
interior. Mesoscale fronts exhibit strong
lateral contrasts at 1-10-km scales, with
large frontal density gradients sup-
porting intense, largely geostrophic,
surface-trapped jets. Instabilities associ-
ated with these strong flows can radiate

near-inertial internal waves and produce

to as “subduction.” In the global ocean,
subduction imprints wintertime mixed-
layer properties on a vertically homog-
enous layer embedded within the upper
pycnocline. Termed “mode water,” these
layers often extend over large regions,
impacting pycnocline structure and thus
playing an important role in determin-
ing large-scale circulation. The potential
importance of frontal subduction has
motivated numerous observational (e.g.,
Pollard and Regier, 1992; Rudnick and

The Japan/East Sea offers an exceptional

laboratory for investigating strongly

forced upper-ocean fronts.

eddies, making frontal-zone regions of
energetic, small-scale activity. These in-
stabilities, modulated by atmospheric
forcing (e.g., by strong winds, surface
buoyancy loss) can also produce strong
vertical exchanges that rapidly inject
weakly stratified mixed-layer waters

into the pycnocline, a process referred
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Luyten, 1996; Joyce et al., 1998) and nu-
merical (Spall, 1995; Spall et al., 2000)
studies that provide significant insight
into frontal dynamics during weak forc-
ing. Although wintertime subduction
drives significant mode-water forma-
tion, difficulties associated with collect-

ing high-resolution measurements in

demanding wintertime conditions com-
plicate observational efforts. This article
summarizes recent efforts to understand
how fronts respond to intense wind and
buoyancy forcing.

The Japan/East Sea offers an ex-
ceptional laboratory for investigating
strongly forced upper-ocean fronts.
The Asian landmass and Japanese is-
lands bound the 3700-m deep marginal
sea, which communicates with the Pa-
cific through shallow Tsushima (south)
and Tsugaru (east) Straits, and with
the Okhotsk Sea through the Soya and
Mamiya Straits. Warm, saline Kuroshio
waters enter Tsushima Strait to form
the Tsushima Warm Current, with one
branch flowing northward along the
Korean coast to meet the south-flowing
North Korean (Liman) Cold Current
(Figure 1; see also Talley et al., this issue,
Figure 1). The confluence of these two
water masses forms the Japan/East Sea
Subpolar Front, which extends across the
basin at roughly 40°N to exit Tsugaru
Strait along the eastern margin.

Sharp density contrasts across the

front support a surface-intensified jet
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Figure 1. AVHRR sea surface temperature image taken on May 21, 1999, during the springtime R/V Roger Rev-
elle SeaSoar cruise. The red line marks the SeaSoar survey track, while symbols indicate the location of other
measurements. The Subpolar Front extends across the basin between 39°30'N and 40°N. Note the multiple
paths followed by the Tsushima Warm Current after it enters the Japan/East Sea through Tsushima Strait.
Courtesy of R. Arnone, Naval Research Laboratory, Stennis Space Center.

with lateral scales of O(10 km) and
speeds exceeding 0.5 m s™'. During spring
and summer, modest solar warming un-
der light winds produces a warm, strati-
fied surface layer that caps the front,
reducing north-south surface density
contrasts, although strong subsurface

gradients remain. Strong lateral gradi-

ents (sea surface temperature changes

of 5°C over 5 km), energetic small-scale
activity, and deep mixed layers typify
wintertime conditions at the Subpolar
Front. During winter, dry, cold conti-
nental air masses periodically channel
through mountain gaps near Vladivostok

to drive intense, northwesterly winds

over the northern and central Japan/East
Sea (Kawamura and Wu 1998; Dorman
et al., 2004; Scotti, 2005). These “cold-air
outbreaks” manifest as relatively narrow
wind-jets that can drive large buoyancy
loss and large near-surface Ekman flows
at the Subpolar Front (Figure 2). This

combination of strong forcing over an
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Figure 2. MM5 mod-
eled net surface heat
flux and wind velocity
during the 20 January
2000 Siberian cold-air
outbreak. The red line

marks the Subpolar
Front SeaSoar survey
occupied during this
event. Strong winds
extend from the
Primorye coast to
Japan. Strong surface
heat loss occurs
under the outbreak
pathway with
enhanced values
where the cold, dry
air mass encoun-
ters warmer wa-
ters on the south
side of the front
and off the Japa-
nese coast. Data
provided by S.
Chen, University
of Miami.
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intense, narrow front gives rise to insta- eral circulation and water-mass proper-

bilities that can dramatically enhance ties, illustrating the large-scale impacts
vertical exchange rates. The presence of a  of subpolar front water-mass formation
persistent, strong subpolar front; intense,  and subduction. Remotely sensed sea
episodic (but reliable) atmospheric forc-  surface temperature (e.g., Isoda et al.,

1991; Isoda, 1994; Park et al., 2004) re-

vealed strong cross-front gradients in

ing by cold-air outbreaks; and relatively
easy logistics makes the Japan/East Sea

an ideal location for investigating the winter and spring, with large meanders
dynamics of fronts, subduction, and wa-  in the western basin and strong bathy-
ter-mass-formation processes. metric steering over the Yamato Rise
Previous investigations characterized constraining the pathway to the east.
subpolar front seasonal variability and Kajiura (1958) provided an early clas-
traced subsurface water masses to for- sification of Japan/East Sea water masses
mation regions at the front. Talley et al. that recognized a fresh, cool intermedi-

(this issue) characterize the basin’s gen- ate water with elevated dissolved oxygen
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concentrations found near the base of
the pycnocline south of the front. Kim
and Chung (1984) labeled this “East Sea
Intermediate Water” and speculated that
it might originate through subduction
at the Subpolar Front. Numerical studies
(Yoshikawa et al., 1999; Yoshikawa et al.,
2001; Yoon and Kawamura, 2002) suggest
that these intermediate waters originate
along the Primorye coast with the en-
trainment of fresh Amur River outflow
into the Liman Cold Current. The result-
ing water mass eventually flows eastward
along the northern side of the Subpolar
Front, where wintertime subduction car-
ries it into the pycnocline. Gordon et
al. (2002) found large (100 km), thick
(> 100 m) eddies embedded in the pyc-
nocline at several locations south of
the front. Water properties suggest that
these eddies originated in the wintertime
mixed layer of the Subpolar Front and
are perhaps the integrated result of win-
tertime forcing and subduction. These
prominent, persistent features influence
basin-scale circulation and provide an
illustration of the large-scale impacts
of subduction processes active at the
O(10 km) scales of upper ocean fronts.
Supported by the U.S. Office of Naval
Research, an international science team

conducted an intensive measurement
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program directed at documenting and
understanding how mesoscale fronts
respond to strong atmospheric forcing
in the wintertime Japan/East Sea. Re-
peated, quasi-synoptic, high-resolution,
three-dimensional surveys of physical
(temperature, salinity, velocity) and bio-
optical variables documented frontal
evolution during and after strong forc-
ing events. This study benefited greatly
from the availability of real-time remote
sensing and detailed meteorological
forecasts that enabled an adaptive sam-
pling strategy aimed at focusing intense,
repeated surveys on selected frontal seg-
ments during periods of intense forcing.
Meteorological sampling included exten-
sive shipboard sensors measuring wind
velocity, relative humidity, barometric
pressure, air temperature, and radiative
fluxes (Dorman et al., 2004). Additional
measurements included hydrographic
sampling for chemical and biological
properties, rounding out a tightly coor-
dinated, interdisciplinary measurement
program. A companion cruise sampled
springtime conditions, characterizing the
integrated effects of the previous winter’s
forcing. Sampling centered on a towed,
undulating profiler, “SeaSoar” (Figure 3),
that profiles repeatedly from the ocean
surface to roughly 350-m depth while
being towed at 8 knots. This configura-
tion provides 3-km along-track profile
separation, sufficient to resolve small-
scale motions associated with subduction
processes, while moving rapidly enough
to provide a quasi-synoptic “snapshot”
of a three-dimensional segment of the
Subpolar Front. SeaSoar carried sensors
for measuring temperature, conductiv-
ity (salinity), dissolved oxygen, light
transmission, chlorophyll fluorescence,

optical backscatter, and optical attenu-
ation and absorption. When combined
with meteorological measurements and
velocity profiles collected using the ship-
board Acoustic Doppler Current Profiler
mounted aboard R/V Roger Revelle, these
observations provide direct evidence of

wintertime frontal subduction.

ATMOSPHERIC FORCING
Wintertime outbreaks of very cold, dry
Siberian air produce intense south/
southeastward winds and large oceanic
net surface heat loss across much of the
Japan/East Sea (Figure 4). Outbreaks
occur frequently between December and
February, typically lasting 1-3 days with
effects that can reach across the entire
basin. Dorman et al. (2004) noted that
during 1991-2002, cold-air outbreaks
occupied 39 percent of the December—
February period and accounted for

43 percent of the net heat loss, suggest-
ing that their integrated effect plays a
central role in forcing the Japan/East

Sea. Mountain gaps along the Primo-

rye coast channel outbreaks into strong
jets that extend offshore from Vladi-
vostok to the Japanese coast (Figure 2
and Scotti, 2005). The Subpolar Front

can experience wind speeds exceeding

25 m s with strong lateral shears, typi-




cally oriented such that the winds have
a significant component in the direction
of the frontal jet. As the next section de-

scribes, these winds allow Siberian cold-
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Figure 5. Wind stress, wind direction (toward), and net surface heat flux for the (a) Janu-
ary—February 2000 and (b) May—June 1999 R/V Roger Revelle SeaSoar cruises. Gray bars
mark SeaSoar surveys of the Subpolar Front.
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exchanges at the front. Latent and sen-
sible heat loss dominate the net surface

heat flux. The largest losses occur south
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of Vladivostok where cold, dry Siberian
air first encounters warmer Japan/East
Sea waters (driving deep water forma-
tion, e.g., Talley et al., 2003), over the
Subpolar Front, and also near the Japa-
nese coast, where air-sea temperature
contrasts can be large (Dorman et al.,
2004). Net surface heat flux derived from
an MM5 simulation (more information
on this model is available at http://www.
mmm.ucar.edu/mm5/mm5-home.html)
of the 20 January 2000 cold-air outbreak
(Figure 2) reflects these patterns, with
large heat loss under outbreak pathways,
where wind forcing is strongest. The re-
sults also show a distinct enhancement
in heat loss associated with the Subpolar
Front (between 39° and 40°N) driven
by increased air-sea temperature differ-
ence as the cold Siberian air mass en-
counters the Tsushima Warm Current
along the front’s southern edge. Strong
losses also occur in the warmer waters
along the Japanese coast. Underway me-
teorological measurements collected at
the Subpolar Front by R/V Roger Revelle
captured three cold-air outbreaks during
January—February 2000 (Figure 5a). Each
outbreak (January 19-21 and 24-26,
January 30—February 2) imposed strong
south/southeastward winds and intense
net surface heat loss over the front. In-
tensive SeaSoar surveys characterized
subpolar front response during and im-
mediately following these events.
During spring, the Subpolar Front
experiences much weaker south/south-
westward winds and net surface warm-
ing (Dorman et al., 2005). Underway
meteorological measurements collected
at the Subpolar Front during May-June
1999 revealed net warming dominated

by short- and long-wave radiative fluxes



and weak winds, typically with a com-
ponent directed against the frontal jet
(Figure 5b). During this period, three
intensive surveys characterized frontal
dynamics under weak forcing and docu-
mented the integrated effects of the pre-

vious winter’s forcing.

OCEAN RESPONSE

warming stratifies the near-surface re-

Spring and Winter Subpolar Front  gion, essentially eliminating the mixed

WINTER

Structure layer (Figure 6, left column). Although
Contrasts between spring and winter Japan/East Sea surface-layer salinity typi-
Subpolar Front structure offer insights cally decreases during summer, spring
into the impact of strong atmospheric 1999 sections revealed enhanced salin-
forcing. During spring, net surface ity south of the Subpolar Front. This
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Figure 6. Sections across
the Subpolar Front oc-
cupied in (left) May 1999
and (right) January 2000.
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weakly stratified and pos-
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surface mixed layer north
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that wintertime frontal
subduction might contrib-
ute to their formation.
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enhanced salinity could be the result
of decreased riverine input as the Tsu-
shima Warm Current source waters pass
through the East China Sea. Due to the
stratified cap, the front has only a weak
surface expression. Below, the front is
strong but broad, with the frontal jet
spanning tens of kilometers in the hori-
zontal and 100-200 m in the vertical.
Although energetic vertical exchanges
were not anticipated, a tongue of anom-
alously fresh water extends downward
from the north side of the front. Hydro-
graphic sections (not shown) revealed
thin, fresh layers with elevated dissolved
oxygen and chlorophyll fluorescence
concentrations extending downward
along the 27.0 kg m™ isopycnal.

In contrast, the wintertime Subpolar
Front exhibits strong lateral contrasts
at scales of 5-10 km that support a
narrow, submesoscale, surface-intensi-
fied frontal jet with strong lateral shear
(Figure 6, right column). Strong wind
mixing erodes the surface stratification
to produce 75-100-m-deep mixed layers.
Meanders and small-scale eddies impart
energetic three-dimensional variabil-
ity to the region surrounding the front
(Figure 7). Although this frontal segment
was selected because it was relatively
straight, intensive SeaSoar surveys re-
vealed a broad bend with complex flow
patterns, including a large anticyclone
along the northern boundary and a
smaller anticyclone embedded within the
front. The small anticyclones were found
in several surveys, which characterized
them as weakly stratified submesoscale
(10 km) lenses embedded within the
pycnocline near or south of the frontal
interface (e.g., Figure 6, right column,

0-10 km). Going from south to north
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across a lens, zonal velocity alternates
from west to east, indicating an anti-
cyclonic (clockwise) circulation. Water
properties within the lenses (tempera-
ture, salinity, chlorophyll fluorescence)
can be traced to outcroppings of the
26.5-27.0 kg m™ isopycnals within mixed
layers north of the front, suggesting
formation by active subduction of near-
surface waters. In particular, plumes of
elevated chlorophyll fluorescence that
extend from the north-side mixed layer
into the south-side pycnocline provide
evidence of recent vertical exchange.
Springtime surveys also revealed large,
weakly stratified lenses embedded in the
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39.2

134 134.2 134.4

134.4
longitude

south-side pycnocline between the 26.5—
27.0 kg m™ isopycnals (e.g., Figure 6, left
column, -10-10 km). These density sur-
faces do not outcrop at the springtime
front, isolating these large pycnostads
(thick layers of uniform density) from
the surface. Gordon et al. (2002) refer to
these features as “intrathermocline ed-
dies” and note that they possess water
properties characteristic of winter-mixed
layer waters at the 26.5-27.0 kg m~
outcropping. Having these properties
suggests formation by wintertime sub-
duction at the Subpolar Front, perhaps
as the integrated product of numerous

forcing events.
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Figure 7. Objective map of salinity (color), potential density (contours), and
velocity (vectors) at 22-m depth for the survey occupied during the January
29-31, 2000 event. The gray lines mark the SeaSoar survey track, with gray dots
indicating profile locations, and black dots the tails of the velocity vectors.



Vertical Circulation at the Front
Cross-front sections show evidence of
strong vertical circulation at the winter-
time front, raising several fundamental
questions. What processes drive these
vertical exchanges? Does strong atmo-
spheric forcing play a critical role? Can
high-resolution hydrographic and veloc-
ity data be used to quantify these circula-

tion patterns?

Mechanism for Frontal Vertical
Circulation

Vertical circulations arise at a front
when the frontal jet is forced out of geo-
strophic balance. Owing to Earth’s rota-
tion, the Coriolis force associated with
the velocity of the frontal jet prevents
the tilted isopycnal surfaces of the front
from slumping over and flattening. Pro-
cesses that modify the frontal jet’s veloc-
ity or the cross-front density gradient
can disrupt this balance, potentially pro-
ducing strong, small-scale vertical mo-
tions (Figure 8). The discussion that fol-
lows summarizes the processes depicted
in Figure 8.

The classical mechanism for the
generation of frontal vertical motions
involves meanders and the three-dimen-
sional structure of a front (Hoskins et
al., 1978). Frontal meanders can drive
confluent (diffluent) flow that com-
presses (expands) the cross-front density
gradient. This effect tends to drive fluid
down (up) the dense side of the front
on the downstream (upstream) side of
meander crests and can exist without
atmospheric forcing.

Forcing by atmospheric buoyancy
loss (cooling) can intensify vertical mo-
tions associated with frontal meanders.

Cooling drives convective mixing that

Figure 8. Schematic illustrating the various processes that can generate vertical circulation at a
front. Frontal meandering can induce vertical motion irrespective of atmospheric forcing. Forc-

ing by wind stress and/or surface cooling can drive turbulent mixing due to destabilizing buoy-
ancy loss and, for along-front wind forcing, advection of denser water over light by Ekman flow.
Lateral shear associated with the frontal jet can impart cross-front variability in Ekman trans-
port, generating convergent/divergent flows. These processes break the geostrophic balance of
the frontal jet and drive greatly enhanced vertical circulation.

modifies the frontal density gradient,
further disrupting the geostrophic bal-
ance. In addition, convection reduces the
vertical stratification. These two effects
result in the enhancement of the frontal
vertical circulation. The small-scale
convective overturns (with width of the
mixed-layer depth) superpose onto the
frontal downdrafts and contribute to
a strengthening of the vertical velocity
(Yoshikawa et al., 2001).

The geostrophic balance can also be

disrupted by wind stress. Along-front
winds (i.e., in the direction of the frontal
jet) drive Ekman transport that carries
water from the dense side of the front to
the less-dense side. In proximity of the
front, Ekman flow advects denser water
over light, which destabilizes the water
column and drives turbulent mixing.
This localized mixing modifies the cross-
front density gradient and hence induces
a vertical frontal circulation with down-
drafts on the dense side of the front and
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updrafts along the outcropping frontal
isopycnal (Thomas and Lee, 2005).
Wind forcing can also drive vertical
motions through convergent/divergent
Ekman transport (i.e., through Ekman
pumping/suction). On large spatial
scales, Ekman pumping arises because
of wind-stress curl. On submesoscale
frontal scales, Ekman pumping can arise
even if the wind stress is spatially uni-
form (Stern, 1965; Niiler, 1969). The
strength of the Ekman transport is de-
termined by the magnitude of the wind
stress and the net rotation of the fluid,
such that the stronger the rotation, the
weaker the transport. On large scales and
for weak currents, the net rotation of the
fluid is set by Earth’s rotation. On fron-
tal scales, both Earth’s rotation and the
strong lateral shears associated with the
frontal jet contribute to the fluid’s net
rotation. The lateral shear of the frontal
jet is such that on the dense (light) side

If the wind is blowing down (up) the jet,
the Ekman transport at the center of the
frontal jet is divergent (convergent) and

results in upwelling (downwelling).

Inferring the Vertical Circulation at
the Subpolar Front

Vertical velocities are typically inferred
from solutions to a model that assumes
that frontal vertical circulation is en-
tirely driven by frontal meandering
(e.g., Pollard and Regier, 1992; Rudnick,
1996). These models lack forcing and
thus neglect the effect of buoyancy loss,
turbulent mixing, and Ekman dynam-
ics, which may play significant roles in
regions of strong atmospheric forcing
such as the wintertime Japan/East Sea.
A method for inferring the vertical ve-
locity that combines three-dimensional
hydrographic and velocity observations
with a model that allows for turbu-

lent mixing and Ekman effects, as well

...results suggest that atmospheric

forcing can significantly intensify

vertical circulation, and thus

subduction rates, at upper-ocean fronts

of the front, the net spin of the fluid is
greater (less) than the spin due to Earth’s
rotation. This shear of the frontal jet re-
duces (amplifies) the Ekman transport
within and to the dense (light) side of the
frontal jet and hence drives vertical mo-
tions (Figure 8). The sense of this vertical
circulation depends on the direction of

the wind stress relative to the frontal jet.
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as meandering of the front (Thomas
and Lee, in preparation), addresses the
demands imposed by strongly forced
fronts. An example of vertical circula-
tion inferred using this method (Fig-
ure 9) depicts a strong frontal downdraft
coincident with a streamer of weakly
stratified fresh water extending down-

ward from the surface, a clear indicator

of active subduction. This method di-
agnoses vertical velocities of 1-2 mm s
(100-200 m day') at the front, nearly
ten times larger than would be inferred
by neglecting atmospheric forcing and
assuming that frontal meanders were the
sole driver of vertical exchange. Mixing
associated with Ekman-driven convec-
tion acts to balance vertical buoyancy
flux produced by these large vertical ve-
locities. Although the example section
(Figure 9) depicts velocities crossing iso-
pycnals, which are perhaps responsible
for the weakly stratified region beneath
and south of the frontal outcrop, vertical
circulation estimated for other subpolar
front sections often occurs on slantwise
paths that tend to align along isopycnal
slopes. Within the front’s outcropping
isopycnals, a recirculation cell centered
aty =13 km and z » -60 m upwells strat-
ified water from the pycnocline. Ob-
served chlorophyll fluorescence patterns
provide a striking, if qualitative, match
with the inferred vertical circulation
(Figure 9, left panel). A plume of high
chlorophyll fluorescence coincides with
the frontal downdraft, while fluid with
low chlorophyll fluorescence appears to
be drawn up from the pycnocline and
recirculated within the frontal outcrop.
In addition to providing evidence sup-
porting the inferred vertical circulation,
this result also points to the potential
impact of such strong vertical exchanges
on the structure of submesoscale bio-
optical features often observed at fronts
(e.g., Barth et al., 2001).

CONCLUSIONS

High-resolution, three-dimensional
surveys of the Japan/East Sea Subpolar
Front conducted during Siberian cold-
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Figure 9. Vectors of the inferred vertical circulation at the Subpolar Front superposed on (left) chlorophyll fluorescence and (right)
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vector is the meridional velocity that is not in geostrophic balance. The strong frontal downdraft just to the north of the front has
vertical velocities of up to 200 m day" and subducts weakly stratified, relatively fresh water with high chlorophyll fluorescence.

air outbreaks reveal strong frontal verti-
cal circulation and subduction. Intense
wind and buoyancy forcing associated
with cold-air outbreaks drive stronger
vertical circulation than is expected if
they were driven solely by frontal me-
anders. Cold-air outbreaks force the
Subpolar Front through strong surface
cooling and intense down-front winds.
Surface cooling drives convective over-
turning, which disrupts geostrophic bal-
ance and weakens stratification, resulting
in enhanced vertical exchange. Down-
front winds drive Ekman flows that are
modulated by lateral shears associated
with the frontal jet. Ekman advection
carries dense waters over light, driving
overturning and intensifying vertical cir-
culation. Both of these processes inject

weakly stratified wintertime mixed-layer

waters from the Subpolar Front into the
pycnocline, forming submesoscale anti-
cyclones reminiscent of those produced
in numerical simulations (e.g., Spall,
1995). Integrated over an entire winter
of episodic forcing by cold-air outbreaks,
these processes likely produce the large,
subsurface layers of weakly stratified
fluid observed in springtime at various
locations south of the front (Gordon et
al., 2002).

These results suggest that atmospheric
forcing can significantly intensify vertical
circulation, and thus subduction rates,
at upper-ocean fronts. Mode waters are
found on the equatorward side of major
ocean fronts, including the Gulf Stream
in the Atlantic, the Kuroshio in the Pa-
cific, and the Subantarctic front in the

Southern Ocean (Hanawa and Talley,

2000). Each of these fronts experiences
strong wind forcing with a significant
down-front component. If these major
fronts share similar dynamics with the
Japan/East Sea Subpolar Front, atmo-
spheric forcing by down-front winds and
surface cooling, as described above, may
play significant roles in driving subduc-
tion and mode-water formation in the
global ocean.

Strong vertical exchanges associ-
ated with atmospherically forced fronts
also impact biological variability. Pat-
terns of chlorophyll fluorescence trace
the inferred vertical circulation at the
front. Plumes of elevated fluorescence
extend downward in downdraft regions
and corresponding plumes of low-chlo-
rophyll waters follow updrafts from

the deep toward the surface (Figure 9).
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Turbulent mixing and vertical advec-
tion should also transfer nutrients from
the pycnocline into the euphotic zone,
enhancing nutrient availability near the
front. Although further investigation
requires detailed nutrient concentration
and biological measurements, chloro-
phyll-fluorescence sections typically re-
veal elevated concentrations at and north
of the frontal interface. It seems likely
that energetic submesoscale vertical cir-
culation would drive enhanced primary
and secondary productivity near forced
upper-ocean fronts.

Three-dimensional numerical simu-
lations of idealized representations of
the Subpolar Front forced by either
down-front winds or cooling aid in the
dynamical interpretation of these obser-
vations. The simulations are extensions

of the modeling efforts of Yoshikawa et

Y (km)

al. (2001) and Thomas (2005) and are
aimed at quantifying the contributions
of wind stress, heat loss, and meandering
to the vertical circulation and subduc-
tion of weakly stratified waters at the
front. An illustrative solution from the
cooling-forced simulations is shown in
Figure 10. The simulations reveal that
both cooling and wind forcing result in
an enhancement of vertical circulation
relative to meander-driven subduction,
similar to what was concluded from the
observations. In both runs, intrather-
mocline eddies form that are filled with
subducted frontal water and that have
structures reminiscent of the lenses of
weakly stratified fluid observed in the
spring. Unlike the actual Subpolar Front,
the simulations were forced by cool-

ing and wind stress separately. Future

research will employ numerical experi-

ments with combined down-front wind
and buoyancy forcing to assess the rela-
tive roles of wind- and cooling-driven
mixing on the formation and subduc-
tion of weakly stratified water at the
front and subsequent transport away

from the front.
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Figure 10. Solution from a numerical simulation of an idealized subpolar front forced by cooling. (left) Vertical velocity (colors), density (con-
tours), and horizontal velocity (vectors) at z=-100 m. Near the front, downwelling (upwelling) is found on the down (up)-stream side of
meander crests. Small-scale convective overturns (which are explicitly resolved in the model and that give rise to the labyrinthine structure in
the vertical velocity north of the front) drive turbulent mixing that enhances the frontal vertical circulation. (right) A cross-front section taken
along the dashed line strikes through a strong downdraft. Flow in the downdraft (vectors) is nearly parallel to the outcropping isopycnals and
subducts low-salinity water (colors) down the dense side of the front.
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