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[1] We study the structure of Subtropical Mode Water
(STMW) within the eastward-flowing Gulf Stream as it
forms during strong winter cooling. Shipboard observations
using SeaSoar and ADCP reveal that while active mixing by
gravitational instabilities is common, large vertical and
lateral shears of the Gulf Stream play a central role in
determination of the modes of active mixing. Evidence is
presented that low static stability and large vertical shear
can combine to cause slantwise convection/symmetric
instabilities, while the large anticyclonic shears to the
south of the Gulf Stream core can cause low absolute
vorticity and precondition the Ertel potential vorticity to be
small and more susceptible to instabilities. The area of
active mixing driven by surface forcing in the presences of
shear occupies a swath 50—90 km wide immediately south
of the Gulf Stream core at the northern edge of the Sargasso
Sea. Citation: Joyce, T. M., L. N. Thomas, and F. Bahr (2009),
Wintertime observations of Subtropical Mode Water formation
within the Gulf Stream, Geophys. Res. Lett., 36, 102607,
doi:10.1029/2008 GL035918.

1. Introduction

[2] The Subtropical Mode Water of the North Atlantic
Ocean is called Eighteen Degree Water (EDW) [ Worthington,
1959]. Mode Waters are characterized by low potential
vorticity (PV) or thick layers of low stability. The traditional
view of EDW formation is that it is a 1-D process, isolated
from the Gulf Stream with buoyancy extraction from sea-
sonal thermocline waters, uncovering the pre-existing reser-
voir of EDW [Warren, 1972]. Using historical hydrographic
data, Kwon and Riser [2004] showed that the deepest
wintertime mixed layers (MLs) of EDW were found imme-
diately south of the GS, and the distribution of MLs was
spatially variable along the GS axis. Our hypothesis is that
substantial EDW formation is found within the anticyclonic
flow of the Gulf Stream (GS), in the extreme north of the
Sargasso Sea, and that vertical and lateral shears associated
with the GS make this formation process decidedly non 1-D.
This suggests a GS involvement in the formation; how this is
achieved is what we hope to present in this report.

[3] The measurements were taken during the winter of
2007 aboard the R/V Knorr as part of the CLIMODE
program [The CLIMODE Group, 2008]. Our primary data
were collected with a SeaSoar system in which a winged,
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flyable, underwater unit was outfitted with dual SeaBird
temperature and conductivity probes, and combined with a
dissolved oxygen sensor, fluorometer, and a pressure sensor.
The SeaSoar fish was at the end of 1000 m of cable of which
550 m were faired. On the cruise, the SeaSoar successfully
‘flew’ between 30m and 450 m as it was towed behind the
vessel at speeds of 3—4 m/s. Prior to averaging over 1 second
intervals, the temperature data were lagged to be in phase
with conductivity and further adjustments were made using
laboratory calibrations of the sensors with final corrections
made against shipboard CTD/bottle data (http://science.
whoi.edu/users/seasoar/climode/web/proc_summary.txt).
The undulating SeaSoar data were then spatially gridded
using a Gaussian weighting with a spatial smoothing scale of
(1 km)? in along-track distance and (5 m) % in the vertical. A
75 kHz Ocean Surveyor ADCP system mounted in the hull
of vessel was configured to produce ensemble averages of
subsurface currents with a resolution of 5 minutes (ca. 1.2 km
along-track during SeaSoar operations) and 16m in the
vertical. ADCP data were collected with UHDAS provided
by the University of Hawaii and ship’s gyro data corrected
using a POS/MV (a 3-axis position and orientation measure-
ment system). The two data sets (SeaSoar and ADCP) were
aligned in the along-track direction by lagging the ADCP
records using a constant time offset of 2.5 min (ca. 450—
600 m) relative to the SeaSoar data.

[4] The location of the SeaSoar data used here is at the
eastern end of the study area from near the end of leg1 on the
Knorr (Figure 1). During its progression downstream in
February, the seasonal stratification above the EDW was
eroded by strong air-sea exchange, and the new vintage of
EDW began to form [The CLIMODE Group, 2008] (Figure S1
of the auxiliary material)." The surface outcrop of the EDW
layer is given roughly by the area between the 17.5 and 18.5°C
isotherms and, according to Figure S1, had opened up into a
broad area just at the point in which our SeaSoar measure-
ments were made. Our measurements immediately followed
a cold air outbreak over the region with peak heat fluxes of
1000 w/m? on 20 February (J. Edson, personal communi-
cation, 2008). All of our sections are plotted using a stream
coordinate system in which the origin is at the location of
the maximum vertically-averaged current and oriented so
that the cross-stream direction is normal to the flow and
oriented towards the warm side of the front.

2. Results

[s] Because low PV is an essential property of Mode
Waters, it will be convenient to express the vorticity field

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL035918.
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Figure 1. Microwave SST for 22 Feb. and altimeter SSH data for a 10 day period ending on this date were used, with
assumptions about the mean SSH field. While at sea we used this information about SST and surface geostrophic flow (blue
arrows), provided daily by Kathie Kelly from APL, UW, to plan various shipboard sampling, such as the SeaSoar survey
(white lines) made at the opening or throat of the EDW outcrop, defined by the separation between the 17.5 and 18.5°C SST

isotherms.

near the Gulf Stream in terms of a 2-D Ertel Potential
Vorticity, EPV

ZH 7& 1} ]h
EPV = (f + QON* + (v + Vi) (gpy./ o) or (1)
EPV = (f + ON* — (v + Va:)Vaz, if geostrophic

where, f'is the usual Coriolis parameter (vertical component
of 2€): twice the angular rotation vector of the earth), ~ is
the northward component of 22 projected along the cross-
frontal coordinate, x., ¢ = vi—u, = Vg, is the vertical
component of the relative vorticity expressed as the cross-
stream shear of the downstream velocity, Vg, and Ve, p,
represent the vertical shear of the downstream flow and
cross-stream density gradient, respectively. We will denote
the 4 terms in EPV as T...Ty, as indicated in equation (1).
Planetary PV, T, is generally taken to be the most important
term in broad scale analyses; however this is not the case for
sub-mesoscale flows whose Rossby and geostrophic
Richardson numbers, Ri,, are order one [Thomas et al.,
2008].

[6] The SeaSoar/ADCP section (Figure 2) reveals a strong
front demarking the north wall of the Gulf Stream near the
‘origin’ of our coordinate system. Near this location there are
large horizontal gradients of density. For negative cross-
stream values, we see colder, more oxygenated waters.
Near the surface at the extreme left of the sections (e.g.,
Figure 2c), one can see that the SeaSoar was unable to
sample and thus, there are no gridded data produced. Water
being actively mixed as a result of the intense surface forcing

can be seen by the inversions of density (Figure 3a), but
more prominently in regions of negative EPV (Figure 3c).
Ullman et al. [2003] point out that use of SeaSoar, which
takes sloping trajectory through the water, can cause erro-
neous density inversions when the slope of the path is <0.1.
For most of our section, the slope was 0.4, with only a small
region within 20 m of the upper and lower limits of the
SeaSoar path with slopes of 0.1. Two distinct ‘flavors’ of low
EPV waters can be seen here: a cold subpolar mode water
with a temperature of ca. 13°C to the north of the front, and
subtropical mode water or EDW to the south. These two
mode waters have high values of oxygen, as estimated by %
oxygen saturation (Figure 3b) and fluorescence (Figure 3d),
but have substantially different salinities (see Figure S1).
[7] What is clear in comparing the EPV and the 1-D
estimate from term T1 (fN?) is that there are a substantial
number of regions with negative EPV below 100m depth
that are not suggested by the stratification alone; and these
are organized spatially. To see how vertical and lateral shear
produce these low EPV regions, we calculate a simple
diagnostic by taking the vertical average of all the relevant
terms between depths of 100:300 m (Figure 4). There is a
region of low static stability near x. ~ 18 km, which can
also be seen in Figure 3a. There are two regions where EPV
is near zero that are associated with large anticyclonic shear
at x. ~ 10, 32 km (Figure 4c). At these locations, the
absolute vorticity approaches zero. At x, ~ 27, 51 km, high
vertical shears, reflected in low geostrophic Richarson
numbers (Figure 4¢) and positive downstream vertical shear
(Figure 4b) account for two other regions of low EPV. Note
that regions of large lateral shear and vertical shear are not
found together. The association of low EPV values with
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Figure 2. (a) The third line of the SeaSoar survey (red) is used for cross-frontal display of some basic variable such as
(b) potential temperature (°C), (c) dissolved oxygen (pumole/kg), and (d) downstream velocity (m/s). The oxygen section

has the track of the SeaSoar superimposed (black dots). The beginning location of each section is given by the red diamond
(Figure 1a).
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Figure 3. As in the previous figure, the stratification term, (a) T1 is shown with selected potential density contours
superimposed (black contours, dashed contours are for oy = 26.46, 48.52, and 54). Regions of negative static stability are
shown as thin magenta lines. (b) The % saturation of dissolved oxygen is the ratio of the observed oxygen to that for a fully
saturated water parcel with the same properties as that observed. (¢) The 2-D EPV, defined in equation (1) shows substantial
regions where EPV < 0 (thin magenta or yellow lines), yet the stratification is stable. (d) Chlorophyll fluorescence as
measured by an uncalibrated fluorometer on the SeaSoar shows large variations with high fluorescence usually associated
with high oxygen saturation and negative EPV.
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Figure 4. (a) The various terms in the EPV balance equation (1) are averaged vertically between 100:300 m depth. The
two terms in the geostrophic balance are shown at the upper right. (b) The Rossby number (<), and (c) inverse geostrophic
Richardson number (N*/V,.*)"" denote regions of large lateral and vertical shear, respectively, which are associated with
regions of low EPV. (d) Anomalies of EPV, fluorescence, and dissolved oxygen, after taking departures from a smooth

polynomial fit for each variable in the cross-stream direction.

high relative values of oxygen and fluorescence (lower
right) is supportive of the hypothesis that low EPV values
signify active mixing or subduction and recent contact with
the surface.

[8] Analysis of regions of negative EPV (Figure S2)
shows that the actively mixing regions occupy a dominant
density class of 26.5 kg/m®, which is newly-forming EDW.
In physical space, this new EDW is found nearly every-
where on the section (Figure 3c) above the strongly-sloping
26.6 isopycnal. Mode water found below this surface in the
density range 26.6:26.7 kg/m® is being exported from the
cold side of the front. We diagnose the contribution of
the different terms in the EPV starting with the stratification,
T, and then adding the effect of vertical shear (T,) and then
lateral shear (T,). For this particular ‘section, there are few
regions of negative EPV that are solely due to density
inversions (<5%), but inclusion of vertical shear accounts
for most (>90%). Generally, the lateral shear term, T,, is
significant in regions of large anticyclonic vorticity, and the
remaining term T3 accounts for little on this section. The
coincidence of low EPV, constant potential density and high
fluorescence/oxygen following the sloping 26.46 and 26.48
isopycals (dashed, Figure 3) downward from the surface at
Xc ~ 51 km, where Ri, ~ 1, is an oceanic example of
slantwise convection/symmetric instability. In the auxiliary
material (Figure S3) we show the absolute momentum
surfaces for this section, which also parallel these other
indicators of descending, recently-ventilated fluid at this
site. While not as clearly-resolved as what has been ob-
served in the atmosphere [e.g., Emanuel, 1988], we believe
this is a graphic example of slantwise convection/symmetric

instability in the ocean. A similar feature at x, ~ 27 km is
also present but is not as graphically isolated.

3. Discussion

[9] First evidence for the role of vertical and lateral shear
in defining occurrence of low EPV in the ocean [Hua et al.,
1997] was made for the equatorial band, where the exis-
tence of low EPV was assured without strong surface
forcing. There the northward component of the Coriolis
parameter played an important role in balancing vertical
shear for depths below the thermocline. We have retained
this term in our analysis, but generally, it is of little
significance compared with the other terms in (1). Slantwise
convection was speculated to be active in the Labrador Sea
[Straneo et al., 2002], but no observational evidence in the
region has yet emerged. Here we show that in the upper
ocean near the GS, term T4 can play an important contri-
bution at reducing the EPV. Another mid-latitude front
where this has been seen is the subpolar front of the
Japan/East Sea where regions with negative EPV yet stable
stratification were found [Thomas and Lee, 2005]. Both our
observations and those at the subpolar front of the Japan/
East Sea were made during and after cold air outbreaks
characterized by intense heat loss and strong wind-stress
[Lee et al., 2006], suggesting that the low EPV water
observed at the fronts was a consequence of the atmospheric
forcing experienced at the fronts. It is not surprising that
heat loss can generate low EPV water but wind-driven
frictional forces can also reduce the EPV if the winds have
a component directed along the frontal jet [Thomas, 2005].
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Both of these effects are likely to have influenced the
formation of the low EPV water that we observed in the GS.

[10] Ertel Potential Vorticity (EPV) is a dynamical vari-
able which more clearly documents formation/ventilation of
EDW than planetary potential vorticity, fN>. We associate
recently formed EDW with waters with near zero or
negative values of the EPV that lie in the EDW density
class. Fluid with negative EPV is expected to be unstable to
gravitational, symmetric, or inertial instability owing to the
effects of static instability, large vertical shears, and large
lateral shears, respectively [Hoskins, 1974; Haine and
Marshall, 1998]. We expect that all three processes are
active in the GS during EDW formation. Numerical simu-
lations of ocean fronts forced by winds that develop frontal
flow with negative EPV show that this mixing process is
effective at exchanging water from the near surface with
water from the pycnocline [Thomas, 2005, 2008]. In our
observations of the GS, the use of low EPV water as an
indicator of active vertical exchange is born out by the
enhanced levels of dissolved oxygen (>95% saturated) and
high chlorophyll fluorescence, both of which indicate recent
export from the near surface region where there are strong
sources for each. Our observations indicate that active EDW
formation occurs throughout a swath immediately to the
south of the GS front, in a region 50—90 km wide in which
both vertical and lateral shears of the GS play key roles in
lowering the EPV.

[11] Convective mixing within the Gulf Stream necessar-
ily precludes any simple 1-D interpretation: we have used a
2-D analysis in stream coordinates, which assumes that
major flows are downstream and that major variations in
the flow occur at right angles, in the cross-stream direction.
Having multiple crossing of the Gulf Stream with the
shipboard ADCP and SeaSoar, we can see that these
assumptions are valid in general. In this region, our Sea-
Soar, which was limited to depths < 450 m, often did not
penetrate to the bottom of the surface mixing layer, which
extended up to 500m based on CTD measurements.

[12] Inspection of the terms in EPV (1) indicates that the
important vertical shear term is a non-linear product of vertical
shear and horizontal density gradient. This mechanism for
lowering EPV is a maximum for perfectly correlated, geo-
strophic flows, and smaller (in the mean) for completely
ageostrophic flows. Our example here is dominantly geo-
strophic, but there are other instances in CLIMODE where
large near inertial oscillations are present and vertical shears
are ageostrophic. These strong inertial (actually slightly sub-
inertial) oscillations [The CLIMODE Group, 2008] are effec-
tively trapped by the anticyclonic vorticity field in the same
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region of the GS that we are sampling here: namely where
EDW first appears on the Sargasso Sea side of the GS.

[13] Acknowledgments. During the period of our SeaSoar survey, the
R/V Knorr was repeatedly crossing the Gulf Stream, with both the strong
flow (0—2 m/s) and the persistent winds (and seas) of up to 16—17 m/s
crossing our beam. Yet the skill of the bridge and their ability to use
dynamic positioning made our actual SeaSoar lines look like the ones
drawn on a map BEFORE the sections were done. We also wish to
acknowledge support of those on shore who provided us timely satellite
and weather data during the cruise. This work was part of CLIMODE
(www.climode.org), a process study of US CLIVAR. Support came from
the National Science Foundation grants OCE-0424865 (TJ and FB) and
OCE-0549699 (LT).
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