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Two profiling subsurface moorings were deployed as part of the CLIvar MOde Water Dynamics
Experiment (CLIMODE) to study the formation and evolution of Eighteen Degree Water (EDW) from
November 2006 to November 2007. Both moorings were deployed south of the Gulf Stream in the EDW
outcrop region, the northwestern part of the subtropical gyre of the North Atlantic. The two moorings
captured the seasonal evolution of EDW characterized by gradual mixed layer deepening and
wintertime outcrop, rapid restratification from May to June and slower dissipation during the rest of
the year. Superimposed on this seasonal cycle, the moored records are characterized by high frequency
passing of eddies with a characteristic time scale of ~10 days, i.e. it took about 10 days for eddies to
pass the mooring sites. The net impact of these eddy fluxes is evaluated by analyzing one-dimensional
heat and salt budgets of the upper ocean at the moorings and comparing them to the local air-sea
fluxes. It is shown that oceanic lateral fluxes converge heat and salt into the formation region during
winter thus offsetting the heat loss to the atmosphere and influencing the formation of EDW. A
comparison with results from a one-dimensional model shows that without the lateral fluxes EDW
would outcrop earlier and it would be colder and fresher. The warm, salty waters transported into the
region originate from the Gulf Stream and this suggests that frontal processes likely play a fundamental
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role in EDW formation and its evolution.
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1. Introduction

Eighteen Degree Water (EDW), the subtropical mode water
(STMW) in the North Atlantic, was first given its name by
Worthington (1959) and is observed to the south of the Gulf
Stream (GS), as a weakly stratified water mass with temperature
of ~18 °C and salinity of ~36.5. It forms every winter, when it
outcrops to the surface, and resides beneath the mixed layer for
the rest of the year. EDW is particularly important for the region
since it integrates the effects of both oceanic advection and
atmospheric forcing over multiple years (Kelly et al., 2010). Thus,
an accurate understanding of EDW formation and destruction is
essential to the description of the air/sea climate of this large
region. Yet, controversy exists regarding its annual formation rate.
Based on the traditional paradigm that EDW is formed locally due
to the strong air-sea interaction near the frontal region
(Worthington, 1959; McCartney, 1982a, 1982b; Talley and
Raymer, 1982), Speer and Tziperman (1992) estimated an annual
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formation rate of EDW of 15 Sv using an air-sea flux integration
scheme by Walin (1982). A notably different number (5 Sv) was
instead estimated by Kwon and Riser (2004) from subsurface float
observations. Possible causes for this discrepancy include uncer-
tainties in the air-sea flux forcing, a more complex and non-local
formation process as well as the specific definition of EDW used
in each study (Joyce, 2011a, 2011b). One likely player leading to
this discrepancy is the lateral, diabatic exchange through the
mixed layer (ML) facilitated by mesoscale eddy processes, which
play an order one balance in the buoyancy budget (Marshall,
2005). A related controversy exists on the formation region. Maze
et al. (2009) recently conclude that EDW can be formed by air-sea
heat fluxes in the northern Sargasso Sea, from ~30°N to just
south of the Gulf Stream. Joyce et al. (2013), on the other hand,
propose a non-local formation paradigm, in which 50%-90% of the
new EDW can be formed at the GS, instead of in the Sargasso Sea,
and argue that the EDW found in the northeastern Sargasso Sea is
mainly advected into this region from the GS. These contrasting
views indicate that our understanding of the formation and
evolution of EDW is still limited.

Here we use observation data from two subsurface moorings,
deployed in the EDW outcropping region, just south of the GS, for
~1 year, to investigate the process of EDW formation and
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evolution as part of the CLIvar MOde Water Dynamics Experiment
(CLIMODE; The CLIMODE Group, 2009). We use these data to
address the following questions: (1) Does EDW form at the
mooring locations? (2) What role do lateral oceanic processes
play in EDW formation? (3) What is the relative importance of
advection compared with the atmospheric forcing in the EDW
evolution?

The paper is organized as the follows. The subsurface mooring
data from CLIMODE, the auxiliary air-sea surface flux data used
and the analysis method are described in Section 2. In Section 3,
we describe the observed EDW in detail, including its seasonal
evolution and water mass property variations. The high frequency
lateral advection observed in the mooring record, their influence
on the EDW formation and properties are addressed in Section 4.
In Section 5, we summarize our results.

2. Data
2.1. Mooring data and its processing

Two subsurface moorings C and D were deployed from
November 2005 to November 2007, with mooring turn-around
in November 2006 just south of the GS (Fig. 1) at locations C
(38.38°N, 55.86°W) and D (36.09°N, 60.17°W). These two mooring
sites are at the gate of subduction (where the subduction mainly
occurs) and these observations were designed originally to study
the EDW subduction. However, as discussed later, the mooring
record was dominated by high frequency signals. Both moorings
were equipped with profiling instruments (McLane Moored
Profilers, MMPs) that measured temperature, conductivity and
velocity from 100 m to ~630 m, and 300 kHz ADCPs (Acoustic
Doppler Current Profilers) which measured velocity from a depth
of 100 m to the surface. Moored CTD (Conductivity, Temperature,
Depth) sensors and current meters, deployed just above and
below the MMPs, slightly extended the MMPs' record (See
Table 1 for instrument and sampling period). MMPs profiled
every ~6h during year 1 and ~9 h during year 2. During the
first year (November 2005-November 2006), both moorings

45N

03/21/2007

40N

35N |

30N

25N

%W 70W 65 W

suffered blow-downs of up to 600 m (due to GS encroachment
and/or strong eddies), which caused mechanical failure of both
MMPs after approximately three months. In the second year,
(November 2006-November 2007), on the other hand, data return
was almost 100% and the moorings experienced only limited
blow-downs, especially at C (Fig. 2), which is closer to the GS. A
detailed description of the data can be found in the technical
report (Lund et al., in preparation).

For the purpose of the analysis conducted here we create a
time series of properties of potential temperature (temperature,
hereafter) and salinity with depth at each location, by merging
together data from the different instruments and interpolating on
a daily, 4 db vertical resolution grid (Figs. 2 and 3). Because the
top of the subsurface mooring was located at approximately
100 m to avoid trawling and even more severe blow-downs, we
do not have measurements of temperature and salinity from the
surface to 100 m (Table 1). For some of the analysis described
below we extend our grid to the surface in two different ways. In
method 1, the sea surface temperature (SST) from the NOAA
Optimum Interpolation Sea Surface Temperature (OISST, www.
ncdc.noaa.gov/oa/climate/research/sst/oi-daily.php, Figs. 2 and
3a) is used to provide surface temperature values. When SST is
between 17 °C and 19 °C and moorings are not experiencing a
blow-down (i.e. outside of the shaded time periods in Figs. 2 and
3), the mooring data are extrapolated to the surface using a linear

Table 1
Instrumentation and sampling from the moorings.

Instrument Actual Measured Resolution in
pressure (db) variables time & space

ADCP ~100 u, v 30 min

Upper SBE? ~100 T,S, P 5 min

MMP ~100-630 T,S u,v ~9h &2db

Lower SBE* ~630 T,S ~9h

RCM© ~632 u, v 1h

@ SBE is the SeaBird-37 Microcat loggers.
b is the McLane Moored Profilers.
¢ is the Aanderra current meters.

60w 55 W 50w

Fig. 1. Locations of the subsurface moorings, C and D, overlaid on the satellite SST (°C) on March 21st 2007 from OISST. The black and white lines are the 17 °C and 19 °C
isotherms respectively. The black dashed line is the north wall of the Gulf Stream calculated based on satellite SST-based US navy analysis (Joyce, 2011a, 2011b).
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Fig. 2. Temporal evolution of the water properties and corresponding atmospheric forcings at mooring C, (a) Potential temperature (temperature hereafter, °C), (b) Salinity,
(c) EDW layer (green shading), (d) Potential vorticity (PV, m~'s~1!), (e) Buoyancy gain from the atmosphere (kg m~! s~3), (f) Zonal velocity u (cm s~!), (g) Pressure (db)
measured by upper SBE. The grey shaded time periods correspond to mooring blow downs in excess of 250 db. The dark grey frame denotes the EDW outcropping period;
the grey line divides the restratification (isolation) and dissipation periods (see the text for the description of each period). The black thick lines indicate the mixed layer
depth in (a-d) and (f). In (a), the thick and thin white lines are the 19 °C and 17 °C isotherms. In (b), the thick white line is the 36.5 salinity contour. (a and c) are based on

MDATAWSST and the rest of the panels use MDATA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

fit between SST and the shallowest moored temperature record.
This extended time series (MDATAwWSST, hereafter) thus provides
a measure of the temperature of the upper 100 m during the
period of EDW outcrop and will be used to study the evolution
and properties of EDW. Still, salinity data for this layer are not
available. A second time series, MDATAwWML, will be used to
estimate the depth-integrated heat and salt content over the
upper ocean. To generate this time series we make the assump-
tion that for the time period when the mixed layer is deeper than
the shallowest depth of the mooring observation, as diagnosed by
mixed layer properties and no stratification, the temperature and
salinity of the upper 100 m are homogeneous and equal to those
observed by the uppermost instrument. Thus this second record
covers the entire upper part of the water column (0-630 m) only
when the mixed layer was deeper than the uppermost part of the
mooring. To differentiate from the two ‘extrapolated’ time series,
the time series based on the moored data alone is referred to
as MDATA.

Because of the mechanical failures of the profilers in the first
year, we only focus on the period from November 2006 to
November 2007. Periods of blow-down during the second year,
indicated in Figs. 2-4, are omitted from our calculations.

2.2. Air-sea flux fields

The turbulent fluxes used in this study were computed using the
COARE v3.0 algorithm, QuikSCAT wind speeds, the NOAA OISST sea
surface temperature product, and ECMWF analyses for the remainder
of the input variables (details can be found at kkelly.apl.washington.
edu/projects/climode/index.html). The short and long wave radiation
is from the International Satellite Cloud Climatology Project (ISCCP,
isccp.giss.nasa.gov/). Precipitation data comes from Global Precipita-
tion Climatology Project (GPCP, www1.ncdc.noaa.gov/pub/data/gpcp).
The spatial resolution of the radiative heat flux and the precipitation
data is 1° x 1°; while that of the turbulent fluxes and the QuikSCAT
wind speed is 0.5° x 0.5°. The temporal resolution for all the air-sea
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Fig. 3. Same as Fig. 2, for mooring D. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

fluxes is daily. The biases for the above mentioned heat fluxes are
estimated to be —30 (latent), —10 (sensible), 6 (short wave) and
—10 (long wave) W/m?, respectively, when compared with direct
measurements from the CLIMODE surface flux buoy in the upstream
GS front (see The CLIMODE Group (2009) for the buoy location). Here
the positive (negative) bias means that ocean gains (loses) too much
heat compared to the observation. Thus the net heat flux bias is
—44 W/m?. The estimated error in the mean bias is 9 W/m?2, That is,
the real ocean heat loss can be as much as 44 + 9 W/m? less than the
heat flux indicated.

Using the above heat flux fields, the evaporation rate E is
calculated from the latent heat flux data by E=Qyq/L, where Qy; is
the latent heat flux, L is the latent heat of evaporation and has a value
of 2.5 x 10° J/kg. The surface buoyancy flux B, i.e. buoyancy gain by
the ocean from the atmosphere, is obtained by
B=c, 'gaQ,—gpPs(E-P), where c,=4187]Jkg~ 'k~ ! the specific
heat of water, g the acceleration of gravity, &= —p~16p/0T the
thermal expansion coefficient, Q; the net heat gain from atmosphere
to the ocean (ie. downward positive), f=p~16p/6s the haline
contraction coefficient, E and P are the evaporation and precipitation
rates respectively (Gill, 1982). The coefficients « and f§ are calculated
based on McDougall (1987) by employing satellite SST and by
assuming a constant surface salinity value of 36.0, which has a minor

impact considering density is more sensitive to temperature than
salinity changes in this region. The heat and buoyancy fluxes time
series at the two mooring locations are obtained by interpolating the
gridded flux products to mooring locations.

3. EDW observed from the mooring

3.1. Definitions of EDW, its outcrop and associated mixed layer
depth

In this paper, EDW is defined as a water mass with temperature
between 17 °C and 19 °C and a weak stratification such that dT/
dz<0.006 °C/m (Kwon and Riser, 2004). (The weakly stratified
layer based on the vertical temperature gradient criterion approxi-
mately corresponds to a layer with potential vorticity (PV) smaller
than 1x 107 m~'s~'.) The outcropping time period of EDW,
defined by the presence of EDW at the surface, is marked by the
dark grey frame in Figs. 2 and 3. During each winter, EDW is
renewed (Worthington, 1972, 1976) and the EDW properties are
modified by the surface flux along its outcrop. The mixed layer
depth (MLD) is defined as the shallowest depth where the vertical
gradient of the density is greater than 0.006 kg/m* (Dong et al.,
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Fig. 4. Properties of EDW: (a) Thickness (m), (b) Mean temperature (°C) and (c) Mean salinity of EDW at C (red line) and D (blue line) from November 2006 to November
2007. Pressure (db) measured by the upper SBE at (d) C and (e) D are also shown. The black dots in (d) and (e) indicate mooring blow-downs in excess of 250 db, and these
periods are shown as light red shaded areas for C. The red (blue) dashed lines mark the EDW outcropping periods at C (D). The grey line divides the restratification
(isolation) and dissipation periods, which occur at approximately the same time for both moorings. (a and b) are calculated based on MDATAwWSST and (c) uses MDATA.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2008; Holte and Talley, 2009). During the time of severe mooring
blow-downs (when the upper floatation was blown down more
than 250 mb; see Figs. 2 and 3g), the MLD is unknown.

3.2. Annual cycle of EDW

EDW is present throughout the observational record at both
mooring sites with the exception of a period in July, at C, when a
cold, fresh eddy transits past the mooring (Figs. 2 and 3a-d). EDW
is a homogenous water mass, with PV values less than
1x 107" m~Ts~! (Figs. 2 and 3d), comparable to those observed
near Bermuda (Talley and Raymer, 1982; Joyce et al., 2000). This
weakly stratified layer is thicker during formation/outcropping
season and thinner during the rest of the year. During outcrop, the
thickness of EDW is as large as 564 m at mooring D (Fig. 4a), a
larger value than that estimated for 1961-2000 using the World
Ocean Database 2001 and from profiling floats in this region
(Kwon and Riser, 2004; Peng et al., 2006).

The annual cycle of the EDW can be described with three distinct
phases: the formation/outcropping (formation, hereafter), restratifi-
cation/isolation (restratification, hereafter), and dissipation, as sug-
gested by Davis et al. (2011) for the North Pacific STMW (Figs. 2-4).
The thickening of the EDW layer in late January is preceded by
several months of buoyancy loss and is accompanied by the out-
cropping of the 19 °C isotherm (Figs. 2 and 3e). The formation period
is followed by rapid restratification near the surface (Figs. 2 and 3a),
during which the outcrop area decreased until it disappeared, and a

fast decline in EDW thickness starting around late April/early May
(Fig. 4a) when the EDW is isolated from the surface. The restratifica-
tion period is characterized by a higher PV, and a warmer and saltier
surface layer compared to the EDW (Figs. 2 and 3a-d). The start of
the restratification coincides with the time when the buoyancy
forcing changes sign from loss to gain (Figs. 2 and 3e). After ~1
month of rapid decrease, the EDW enters the dissipation phase and
its thickness continues to decrease slowly from early June to the end
of the record (Figs. 2 and 3c and 4a). Thus, EDW destruction occurs
during both the restratification and dissipation phases. The different
mechanisms behind the EDW destruction distinguish the two
phases. The EDW destruction during the restratification phase is a
fast process (Fig. 4a), which is dominated by the seasonal restrati-
fication near the surface associated with the air-sea heat exchange.
On the other hand, the EDW destruction during the dissipation
phase is a slow process (Fig. 4a) and EDW loss is mainly due to
oceanic internal mixing in the subsurface. Note that the two isolated
moorings could not capture the whole volume change of EDW and
the horizontal spreading of the EDW could also contribute to the
thickness change of the EDW observed at the mooring sites.

3.3. Outcropping of EDW and its relationship to ML

The measurements show that EDW outcrops at both mooring
sites from late January to early May/late April (Figs. 2 and 3). In late
fall/early winter and prior to the outcropping, EDW, is found below
the ML between 200 and 400 m and is old EDW formed during
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Fig. 5. (A) Net mean heat flux (W m~2) and (B) Mean E-P (m s~ ') between January and April 2007. The green and yellow lines indicate the mean position of the south and
north walls of the Gulf Stream based on satellite SST-based US navy analysis (Joyce, 2011a, 2011b). The T/S properties of EDW are plotted for (C) mooring C and
(D) mooring D from mid-January to end of April, during the outcropping time approximately. The color indicates the time in days starting from January 15th. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

previous winters (Figs. 2 and 3c). At the first stage of the out-
cropping (from the end of January to early February), the ML
properties tend toward those of newly formed EDW near the
surface. The new surface EDW is separated from the old subsurface
EDW by a highly stratified layer with high PV (Figs. 2 and 3c and d).
This high PV layer is near the base of the ML; thus ML acts as a
divider between the new surface EDW and old subsurface EDW.
These two EDW layers coexist only briefly (~5 days) at C but
longer at D. Shortly thereafter, in the 2nd stage (from early
February to mid-March), the ML exhibits large fluctuations as it
rapidly penetrates into the old subsurface EDW layer and causes
the surface and the subsurface EDWs to mix. MLD fluctuations
persist until mid-March, with larger amplitudes at C (~400 m)
compared to D (~250 m). During this time, the new EDW and old
EDW are not fully mixed yet, EDW is found both above and below
the MLD. The lower boundary of EDW deepens in this stage and
may indicate the local formation of EDW. In the last stage (from
mid-March to early May/end of April), the ML is deep at both
moorings for about 1.5 months and it is filled with homogeneous
EDW. At both locations, the winter ML penetrated beyond the
existing EDW, thus forming a distinct and thicker EDW.

We note that it is not clear from the observed mooring records
alone whether the outcropping of EDW is predominantly due to
local 1-D processes or if the observed EDW is advected laterally
into the mooring locations, especially considering significant
velocities observed (Figs. 2 and 3f). We will further discuss this
issue in the following sections.

3.4. Atmospheric forcing and EDW property variations

The mean properties of EDW such as thickness, temperature and
salinity at each day are calculated (Fig. 4a-c) and the seasonal
evolution of these properties will be discussed together with the
overlying atmospheric forcing. Note that only the EDW properties
during the non-blow-down time period are plotted (Fig. 4d, e, periods
with shading indicate blow-down time spans). The winter atmo-
spheric forcing over this region is characterized by maximum heat

and freshwater loss over the GS and decaying fluxes away from it to
its south, where the moorings were located (Fig. 5A and B). In
particular, evaporation dominates precipitation at both mooring sites
(Fig. 5B). Seasonally, the ocean loses heat (buoyancy) to the atmo-
sphere from late September to late April (Figs. 2 and 3e) and then
gains heat during the rest of the year. In the winter of 2007, the heat
loss and the freshwater loss were both significantly larger than the
mean winter fluxes over previous 19 years (Joyce, 2011a, 2011b).

During outcropping, EDW is exposed to the atmosphere, and the
ocean continues to lose a large amount of heat to the atmosphere
(at times in excess of 1000 W m~2). We note, however, that at both
mooring locations, the outcropped, surface EDW initially warms in
late January (Fig. 4b). This warming is likely a result of lateral input
of warm anomalies, which offsets the large winter heat loss
(assuming that the impact of vertical entrainment from below the
EDW is negligible and, in any case, should have the opposite sign).
After outcropping, the vertically averaged temperature of EDW at
both locations does not follow a monotonic trend (Fig. 4b). For
example, the EDW temperature increased in the middle (end) of
February at mooring C (D). This suggests that relatively warm
waters must be transported to both mooring locations by lateral
advection both during and after the winter outcrop.

The mean evaporation minus precipitation (E— P) during outcrop
is 3.9(2.8)x 10~ 8ms~'at C (D). With atmospheric forcing alone,
EDW should become saltier at both locations. However, a salinity
decrease is observed at both locations, for example, during March at C
(red line in Fig. 4c) and in mid-April at D (blue line in Fig. 4c). During
the dissipation periods, the EDW is isolated from the atmospheric
forcing, but its temperature and salinity still exhibit clear variations
(Figs. 2-4), which is also indicative of lateral oceanic processes.

3.5. Difference of EDW T/S properties between C and D during
winter 2007

We compare the EDW evolution at C and D by considering the
evolution of its T/S properties (Fig. 5C and D) during the outcrop.
These T/S properties show that waters in the EDW range become
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progressively colder and collapse towards a unique EDW type, at
the end of winter, consistent with the large heat loss to the
atmosphere. On the other hand, the salinity range of EDW does
not change much through the course of winter. At D, the salinity
increases slightly (~0.05), consistent with the net evaporation
discussed earlier (Figs. 4c and 5d), while at C it decreases slightly
(Fig. 5¢) even though again we expect evaporation to dominate
(Fig. 5b). We attribute this to the cold, fresh events that occur in
March at C (Fig. 2a and b and red line in 4c) and note that these
may be due to the cross frontal mixing of freshwater found north
of GS described in Joyce, 2011a, 2011b. At both C and D locations,
the standard deviation (STD) of the EDW salinity increase from
January and reaches its maximum in March during the outcrop,
which further indicates the intrusion and mixing of new water.
After the outcrop, especially during the dissipation phase near the
end of the year, the STD is relatively small at both locations.
Compared to location C, the STD of EDW salinity at D is much
smaller even in the outcropping periods, indicating less intrusion
of new water at D.

The deepening of the ML towards the end of the outcrop
period at both locations (Figs. 2 and 3b) will contribute to mixing
fresher waters from below and drive a decrease in the salinity of
the EDW. At C location, the EDW temperature decrease over the
winter season is more than that at D (Fig. 5c and d). This larger
temperature decrease at C is a likely result of both the larger heat
loss (Fig. 5a) and the cold events during March at this location.

In summary, the EDW near the GS (at mooring C) is fresher and
cooler than that away from the GS (at mooring D) during
outcropping (Fig. 4b and c). Also, the EDW T/S properties at C
exhibit greater variability than at D (Fig. 5c and d) which is likely
due to the proximity of the GS. Indeed, C was within the GS ~30%
of the outcropping time (not shown), while D was south of the GS
always based on the GS position from the satellite SST-based US
navy analysis (Joyce, 2011a, 2011b). As a result, not only is the
atmospheric forcing stronger at mooring C, but the impact of GS
meanders is also stronger.

4. Lateral oceanic processes and their effect on ML and EDW
4.1. High frequency variations and eddy-like features observed

At our mooring sites, eddy-like features are observed in the
form of high frequency variations of velocity and temperature
(Fig. 6a and b). To highlight the eddy activity, the background
current, which is calculated as the 31-day running mean of the
velocity at each depth, was removed from the observed velocity.
The background flow is mostly toward southwest, indicating a
source of warm and salty water from GS to the mooring sites (not
shown). The residual current shows frequent reversals, which are
dominated by mostly barotropic (over the upper 632 m) varia-
bility over periods of O (10 days) (Fig. 6a). We speculate that
these are due to anti-cyclonic or cyclonic eddies (eddies here are
defined as closed circulations), or GS meanders passing by the
mooring location. However, the periods when the mooring C
experienced blow-downs, e.g., late February to early March, from
late May through June and from late July to early August, are
primarily due to the GS meanders according to the satellite SSH
maps. Therefore, the observations are not sufficient to clearly
separate the impact of eddies from that of the meanders at C. And
as discussed below, the results shown favor the dominant role of
eddies as opposed to GS meander. Of course, the mooring D would
not experience the GS meandering. This statement is supported
by considering the temperature anomalies at D at fixed depths,
where the anomaly is defined as the difference between the
original data and a 31-day running mean low-pass filtered time

series at each depth (Fig. 6b), and showing that these temperature
anomalies are associated with reversals in meridional velocity, as
one would expect from a passing eddy (Fig. 6a and b). Similar
events occur at C (not shown).

An in-depth analysis of the eddy characteristics at the two
isolated mooring sites is beyond the scope of this study. However,
we can calculate the eddy characteristic time scale from the
autocorrelation of the temperature and velocity anomalies
(Fig. 6e and f). These results show that eddies are coherent with
depth and have a characteristic time scale of ~10 days at D, i.e. it
takes ~10 days for eddies to pass the mooring site D. At mooring
C, this time scale is a little longer, ~14 days (Figure not shown),
but less robust due to frequent data gaps. These estimates are
consistent with previously reported values for the eddy charac-
teristic time scale in the region of interest (Veneziani et al., 2004).

The eddy kinetic energy (EKE) is also calculated at both
mooring sites (red lines in Fig. 6¢c and g) based on the velocity
anomaly (upper 250 m mean) discussed earlier. Despite the
missing data during blow down time periods at C, it is still clear
that EKE is much larger (as much as 1418 cm?/s?) than that at D
(maximum EKE is 587 cm?/s?). With the use of satellite SSH data,
the geostrophic velocity and EKE is obtained (blue lines in Fig. 6c,
d and g). Compared to the EKE observed by the mooring, the EKE
from satellite data is much smaller at D; At C, the maximum EKE
from satellite occurred during July, when a cold core eddy passing
by (Fig. 6g). At both mooring locations, the EKE from satellite does
not fully resolve the high frequency features as that from mooring
data. A comparison between the full velocities calculated from
SSH (geostrophic, blue line in Fig. 6d) and from mooring observa-
tions (upper 250 m mean, red line in Fig. 6d) reveals a similar low
frequency variability between them, but SSH does not resolved
the high frequency variations recorded by the moorings (Fig. 6d).
As the autocorrelation indicates, eddies take ~10 days to pass the
moorings and these eddies cannot be fully resolved by the
7-day merged satellite product. The spectrum of EKE at D also
exhibits a significant peak at ~10 days.

Still, the satellite SSH data offers a valuable resource for
tracking eddy activities; for example, it can be seen from satellite
image that from July 2nd to July 21st, mooring C was inside a cold
core eddy, which traveled toward southwest first and then back
to northeast (Figure not shown). This cold core eddy has a
diameter of ~170km, carries cold water to the mooring C
location, which corresponds to the cold anomaly observed in
the temperature record during July (Fig. 2a). However, most of the
eddy-like features observed in the mooring locations, especially at
D, cannot be traced in the satellite SSH data. The possible causes
can be that the sizes of the eddy-like features observed are
smaller than the satellite spatial resolution, and/or the short-
time passing, i.e.~10 days, of these eddy-like events are not
resolved by the satellite.

Next we consider the impact of these fluctuations on the upper
ocean temperature (vertically averaged over upper 610 m,
Tiean = (1/610) [$'" T(2)dz, Fig. 7A) at D using MDATAWML (C
exhibits a similar behavior and is not shown here). The upper
ocean cools more than 1°C from November to late January at
mooring D, at which point the ML deepens rapidly and the
temperature remains at ~18 °C with small variations (Fig. 7A).
On daily time scales, however, changes in the upper ocean
temperature exhibit high frequency variations that are associated
with the high-frequency velocity fluctuations (Fig. 7B). The
magnitude of these changes is as much as 0.4 °C over the entire
layer which, in turn, is consistent with those shown in Fig. 6b. If
we estimate the surface heat that would be necessary to account
for these changes, Qg = 610pCp(AT mean/At) (Where At=1 day),
this is on the order of 10* W/m?, i.e. an order of magnitude larger
than the estimated net surface heat flux (Qye:, Figs. 8 and 9B) at
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any given time during winter. This suggests that these high-
frequency variations at both two moorings are likely associated
with lateral advection of colder/warmer waters past the moor-
ings, which could be associated with GS meanders or passing
eddies.

Though it is challenging to diagnose the cause of these
fluctuations using single point measurements, we here make an
attempt to establish the role of these lateral events in the
formation of the EDW. The main questions that interest us are:
(1) What is the relative importance of the lateral fluxes compared
to the atmospheric fluxes in the upper ocean heat/fresh water
content during EDW formation season? (2) Do these lateral
processes facilitate or impede the outcropping (formation) of
the EDW? (3) Can we determine the source of these lateral
anomalies?

4.2. Relative importance of advection compared to atmospheric
forcing: depth-integrated heat and salt budget analysis

As shown above, the high frequency variability of the upper
ocean temperature appears to be dominated by lateral advection. To
examine the relative importance of advection compared to atmo-
spheric forcing during the season when EDW is formed, we compare
the heat content changes observed at the moorings’ locations with
those expected if the surface fluxes were the only driver. To avoid
the large approximately daily fluctuations, we use the cumulative
change from the initial time ty instead, and the heat content is
calculated over the upper 632 m at mooring C (over the upper

610 m at mooring D, (HC);yq1 \to [pCp [ T(2)d2] \EO) (black lines
in Figs. 8 and 9A, based on MDATAwWML). We compare this with the
cumulative surface heat (HC)q \io = ffu Quecdt (blue lines in
Figs. 8 and 9A). Assuming that the vertical entrainment through
the lower boundary at 632 m (610 m) is small, the difference
between these two quantities must be due to lateral advection, i.e.
(HC) gy \io = (HO)sotal \iﬂ—(HC)Qm |f0 (red lines in Figs. 8 and 9A).
The initial time t, is set to be November 29th and December 17th in
2006 at mooring C (D) (before the EDW outcropping and when we
have the 1st mooring measurements after the initialization of the
PWP model, see Section 4.3 and Figs. 11 and 12), the time t is each
day after ty until April 30th, 2007 (near the end of the outcropping
time and buoyancy switched signs). The corresponding air-sea heat
flux Qe and the estimated lateral heat flux Qagy=Q;otai— Qner USING
At=1day are also shown (Figs. 8 and 9B).

This analysis shows that the lateral heat flux convergence is
substantial and, to a large extent, balances the surface heat loss.
The daily lateral heat flux is one order larger than the net air-sea
flux (Figs. 8 and 9B). During winter of 2007, the ocean lost heat to
the atmosphere continuously until late April (blue lines in
Figs. 8 and 9A). This heat loss, however, did not result in a
progressive cooling of the upper ocean (black lines Figs. 8 and 9A)
which means it was continuously balanced by the cumulative
impact of the lateral oceanic convergence of heat, estimated as a
residual (red lines, Figs. 8 and 9A). We note that this is an integral
effect of the lateral fluxes because on short-timescales these
fluctuate rapidly in magnitude and in sign (Figs. 8 and 9B). Yet,
our results show that the net effect of the lateral fluxes is to warm
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Table 2a
Mean heat flux during winter (from November 26 (December 17) at C (D) in 2006
to April 30 in 2007).

Heat flux (W/m?) Qnet Mooring obs. Advection

Mooring C —352.2 4.8 357.0

Mooring D —243.7 —60.0 183.7
Table 2b

Same as Table 2a, except for freshwater flux (where negative advection terms
mean the advection of salty water to moorings C and D).

Fresh water flux ( x 107 m/s) P-E Mooring obs. Advection
Mooring C -0.39 -1.58 -1.19
Mooring D -0.34 —1.46 -1.12

the water column indicating that the oscillations largely cancel
out and that the result is a mean advection of warm waters into the
region. At D, the mean heat flux to the atmosphere during the
winter months, -243.7 W/m?, is almost entirely compensated by
the mean heat flux due to advection, 183.7 W/m? (Table 2a). At C,
the heat loss to the atmosphere is slightly over-compensated by the
convergence of heat due to advection, and both values are larger
than those at D, probably due to its proximity to the GS (Fig. 9,
Table 2a). As described earlier, the upper bound of the heat flux
product error is —44 W/m?, whose magnitude is much smaller than
that of the mean heat flux —352.2 (—243.7) W/m? at C (D). Thus
this error doesn’t change our result qualitatively.

From a similar analysis on the freshwater flux, we found that
the freshwater flux by advection dominates the variability of the
upper ocean freshwater content during winter and that the net
advection of salty water is an order of magnitude larger than that
due to the net evaporation (Table 2b).

4.3. Role of lateral processes in EDW outcropping and properties:
PWP model simulation

The 1-D heat and salt budget analysis revealed the importance
of the lateral processes in setting the upper ocean temperature
and salinity. However, the role of these lateral processes on the
EDW formation/outcrop and properties needs further examina-
tion since the budget analysis cannot single out the EDW layer.
Next, to evaluate the impact of lateral oceanic processes specifi-
cally on the EDW formation and its properties, we ran a one-
dimensional Price-Weller-Pinkel ML model (Price et al., 1986,
hereafter PWP model). We then compare the time of EDW

outcrop and its properties with those observed at C and D.
Similarly to the vertically integrated budgets above, we attribute
the difference between the model and the data to the impact of
lateral processes (primarily advection), which are set to zero in
the PWP model calculation. Though it has been argued the mixing
in PWP doesn’t penetrate as deep as that in the observation in
some cases (Large et al., 1994), we note that the PWP model has
been successfully used in numerous studies to investigate the ML
structure in tropical and subtropical regions (Schudlich and Price,
1992; Plueddemann et al., 1995; Anderson et al., 1996; Ladd and
Thompson, 2000; Qiu et al., 2004; Qiu and Chen, 2006) and, in
particular, mode water regions in the subtropical gyre of North
Pacific (Ladd and Thompson, 2000; Qiu et al., 2004; and Qiu and
Chen, 2006). With the aid of PWP, Ladd and Thompson (2000)
studied the formation mechanism of Central Mode Water and
Eastern Subtropical Mode Water; Qiu et al. (2004) focused on the
analysis of the synoptic atmospheric impact on the upper ocean
thermal structure at a site of STMW formation. Both of the above
mentioned studies ignored advection but indicated that advection
might be important. Qiu and Chen (2006) examined the decadal
variability of North Pacific STMW using 1-D PWP based on
the observation that advection of heat is small during year
1996-2004.

In our simulations, the density and the vertical structure of the
ocean are forced by the atmospheric forcing only. Vertical mixing
occurs when any of the following criteria are met: (1) the upper
ocean has a static instability Ap/Az <0; (2) the ML is unstable,
i.e., the bulk Richardson number R, at the base of the ML is below
the critical value 0.65, where R, = gAph/p,[(Au)® +(Av)?]; or (3)
there is a shear instability, i.e., the gradient Richardson number
Ry = (8Ap/Az/pol(Au/Ap)? +(Av/Ap)?]) <0.25, where h is the
diagnosed ML thickness, Ap, Au,Av are the density and velocity
difference between the ML and the layer right below, and Az is
estimated as the average thickness of the layers above and below.

Two PWP model integrations were performed with vertical
resolution of 2 m to depths deeper than 610 m (sufficient to
include the ML throughout the observation period). Each run is
initialized with the observed T(z) and S(z) using CTD profiles in
late fall (November or December) obtained during the CLIMODE
field campaigns (Fig. 10. The CLIMODE Group, 2009) and the
forcing used is the daily atmospheric forcing (heat and fresh-
water) described in Section 2. The model is run from late fall to
end of the April after which the ocean switches from a total heat
loss phase to a gain phase. The model run at mooring C (D) is
referred to as Run C (Run D).

In our 1-D PWP model simulation, EDW outcrops earlier than
what is observed (Figs. 11 and 12a-d). This can be explained by
considering that EDW outcropping is highly sensitive to the
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Fig. 10. Observed Temperature (left panel) and Salinity (right panel) at the mooring locations used to initialize the PWP model integrations.

stratification of the upper ocean. In the ‘real’ ocean, we have
shown that this is strongly influenced by the lateral advection of
warm, salty waters at both locations which increases stratifica-
tion (throughout the upper ~630 m) and delays EDW outcrop-
ping compared to the modeled no-lateral flux scenario. After
outcropping, the temperature of EDW in the model runs is
comparable to that observed for about two weeks (if we take
into account the different outcropping times (Figs.11 and 12f).
Eventually, however, the modeled EDW temperatures drop
rapidly below the observed temperatures (and well below 17 °C
in Run C).

In terms of salinity, the modeled EDW salinity at C is also close
to the observed value shortly after outcropping, but gradually
becomes too fresh (Fig. 11g). In Run D, on the other hand, the
observed salinity is comparable to the modeled salinity (Fig. 12g).
We attribute this to the fact that in Run C, the mixed layer
deepening entrains too much thermocline water into the EDW
layer resulting in a colder and fresher EDW. The thicknesses of the
modeled EDW are initially different from those observed due to
the difference in the outcrop time, but in reasonable agreement
after the outcrop (Figs. 11 and 12e). This indicates that lateral
advection plays an important role in shaping the EDW properties,
and especially its temperature, salinity and timing of the outcrop,
by maintaining the stratification and a direct supply of heat and
salt. The model-observation differences are larger at C than that at
D, which indicates that the role of lateral processes is greater at C
than at D, consistent with the closer proximity to the GS.

5. Summary

Two moorings were deployed near the presumed gate of the
subduction with the original intention to observe the EDW
subduction. However, the mooring record is dominated by high
frequency variations as discussed in Section 4.1. Therefore, we
focus on the EDW formation, evolution and the role of the high
frequency variations in the local heat, salt budget and EDW
properties with this data set. EDW is observed throughout the
year at both mooring locations, with a maximum thickness of

564 m at D. The EDW at C (closer to the GS) is fresher and cooler
than at D. Three distinct phases are observed in the EDW annual
cycle: an outcropping period, followed by restratification period
associated with rapid loss of EDW near the surface, and a
dissipative phase during which EDW loss is mainly through the
slower diffusive processes. Outcropping of EDW at both locations
starts in late January and ends in late April/ early May, with a
slightly earlier start and later ending at C. The beginning of the
outcrop period is preceded by a few months of accumulated
buoyancy loss and accompanied by a gradual deepening of the
ML. The rapid restratification coincides with the time when
the atmospheric forcing shifts from buoyancy loss to gain for
the ocean and is associated with positive temperature and salinity
anomalies near the surface. EDW thickness increases during
outcropping and rapidly decreases during restratification. The
decrease in thickness continues at a slower rate in the
dissipation phase.

Our results suggest that the formation and restratification of
EDW is the result of both local atmospheric forcing and lateral
advection (assuming the mixing and entrainment below ML is
small). The role which the lateral processes play is examined both
in terms of one-dimensional depth-integrated heat and fresh-
water budgets as well as using a one-dimensional model initi-
alized using the observed fall profiles and forced by our best
estimate of the air-sea fluxes. Our results indicate that oceanic
lateral processes converge warm and salty water into both
locations, thus slowing the deepening of the mixed layer and
delaying the outcropping (formation) of EDW in early winter. The
lateral processes also strongly influence the properties of EDW
which, without it, would be much colder and fresher. The
cumulative impact of this lateral heat flux convergence by
the ocean circulation during winter is shown to be of the same
order and of opposite sign of the cumulative surface heat loss.
The convergence of salt by the lateral fluxes greatly exceeds the
freshwater forcing. Closer to the GS, the role lateral fluxes play in
the heat budget can be even larger as revealed by Silverthorne
and Toole (2013), in which they performed a quasi-Lagrangian
study of the upper ocean heat balance during February and March
2007 using CLIMODE float data.
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Several pieces of evidence suggest that these fluxes are due to
eddy fluxes (or/and GS meandering) from the GS into the Sargasso
Sea interior. First, the impact of the lateral fluxes is more
significant close to the GS than farther away. Second, these fluxes
are associated with the convergence of heat and salt and are
therefore consistent with a GS source, since its waters are warmer
and saltier with respect to the region studied here.

Averaging over many annual cycles, and assuming steady
state, the convergence of heat and salt during a year is expected
to balance the net heat and freshwater loss to the atmosphere.
Interannually, one does not necessarily expect these two to
balance exactly which, in turn, gives rise to oceanic heat content
variability which is thought to influence climate on longer time
scales. Yet, beyond the interannual changes, these results show

that the atmospheric forcing and the ocean heat/salt convergence
actually balance during winter, i.e. during the time of EDW
formation, thus departing from the traditional paradigm for
intermediate/dense water formation regions where net cooling
of the water column by the atmosphere in winter is balanced by
net warming through the rest of the year (e.g. Straneo, 2006).
More quantitatively, if we consider November 2006 to November
2007, the net surface heat loss from the ocean is 5.84 x 10°
(3.45 x 10%) J/m? and the estimated heat convergence by lateral
fluxes during winter is 4.78 x 10° (2.13 x 10°) J/m? at C (D)—i.e.
80 (60) % of the net annual heat loss is balanced by wintertime
processes alone. Considering the GS region an air-sea coupled
system, the advection of the warm waters into the region during
winter time will increase the air-sea temperature difference and
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Fig. 12. Same as Fig. 11, except for mooring D. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

result in a larger heat flux. Thus, to some extent, the surface fluxes
are large because the waters are warm. We note, also, that the GS
core temperature has a smaller seasonal cycle compared with the
surrounding waters. Thus this larger heat advection in winter is
associated with the larger temperature difference between the GS
core and the surrounding waters.

The one-dimensional nature of the moored data does not allow
us to investigate in depth which lateral processes are responsible
for the advection of heat into this region. While the moored data
shows plentiful evidence of a very energetic eddy field on a
variety of scales (from rings to smaller sub-mesoscale features),

we are unable to determine which scales are actually achieving
the heat transport. The high eddy activity in this region, in
particular, is exemplified in the finding that the day to day
changes in the upper ocean’s heat content exceed the magnitude
of the atmospheric forcing by one order of magnitude. To a large
extent, however, these positive and negative heat anomalies
cancel out and it is the residual lateral flux which balances the
winter time heat loss.

The picture that emerges from the analysis of these two
moored time series is quite different from the classic paradigm
of local EDW formation driven by surface heat loss primarily via
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one-dimensional convective mixing, followed by export of EDW
by mean advection (subduction) into the gyre’s interior. Instead,
these data show evidence that in the vicinity of the GS at the two
mooring sites, which is where EDW outcrops, the formation
process is characterized by vigorous interaction/exchange
between the GS and the ‘interior’ outcropping region. This
exchange tapers rapidly after the buoyancy loss to the atmo-
sphere ceases due to the fast decrease of the outcrop window, but
lasts long enough to account for the rapid restratification. The
barotropic nature of these processes also suggests its close tie to
the GS low PV water. Because these processes have a large impact
on the characteristics of the EDW formed, our results indicate that
accounting for them in models is key to a correct representation
of mode water formation in the subtropical regions.

The estimates of the lateral fluxes in this study are based on
calculating the residual with respect to the surface fluxes and, as
such, must take into account the uncertainties in the surface
fluxes. The bias for the net air-sea heat flux used is estimated to
be —44 + 9 W/m? when compared with the direct measurement
(the negative bias here means that real ocean loses less heat than
that indicated by the air-sea heat flux) from the CLIMODE surface
flux buoy in the upstream of GS front (The CLIMODE Group,
2009), which should be considered as an upper bound for the bias
at moorings C and D in the interior. This bias is significant, while
considerably smaller than the mean Qne —352.2 (—243.7)
W/m?at C (D). The interpolation of the satellite flux product to
the mooring locations also introduces uncertainties in heat and
salt flux. Thus, our evaluation of the lateral advection and its
impact are robust, even though, improved heat flux products may
help enhance the accuracy of our estimate.
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