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Abstract

Turbulent mixing in the upper ocean (30-200 m) of the northwestern Weddell Sea is investigated based on profiles
of temperature, salinity and microstructure data obtained during February 2014. Vertical thermohaline structures
are distinct due to geographic features and sea ice distribution, resulting in that turbulent dissipation rates (¢) and
turbulent diffusivity (K) are vertically and spatially non-uniform. On the shelf north of Antarctic Peninsula and
Philip Ridge, with a relatively homogeneous vertical structure of temperature and salinity through the entire water
column in the upper 200 m, both ¢ and K show significantly enhanced values in the order of O(10-7) -O(10-6) W/kg
and O(10-3)-0(10-2) m?/s respectively, about two or three orders of magnitude higher than those in the open
ocean. Mixing intensities tend to be mild due to strong stratification in the Powell Basin and South Orkney
Plateau, where ¢ decreases with depth from O(10-8) to O(10-) W/kg, while K changes vertically in an inverse
direction relative to ¢ from O(10-¢) to O(10-5) m?/s. In the marginal ice zone, K is vertically stable with the order of
10-4 m?/s although both intense dissipation and strong stratification occur at depth of 50-100 m below a cold
freshened mixed layer. Though previous studies indentify wind work and tides as the primary energy sources for
turbulent mixing in coastal regions, our results indicate weak relationship between K and wind stress or tidal
kinetic energy. Instead, intensified mixing occurs with large bottom roughness, demonstrating that only when
internal waves generated by wind and tide impinge on steep topography can the energy dissipate to support
mixing. In addition, geostrophic current flowing out of the Weddell Sea through the gap west of Philip Passage is

another energy source contributing to the local intense mixing.
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1 Introduction

Working as an important process in the bottom water forma-
tion and deep water upwelling in the southern ocean, diapycnal
mixing in the Southern Ocean is a vital controlling factor for the
global meridional overturning circulation and carries a signific-
ant effect on global climate system (Huang, 1999; Zhang et al.,
1999). Bottom water in the overturning circulation stems pre-
dominantly from Antarctic shelf region, including the Weddell
Sea, Ross Sea and polynyas near the Adélie lie Coast, the Cape
Darnley and the Vincennes Bay (Kitade et al., 2014; Ohshima et
al., 2013; Orsi et al., 1993). Diapycnal mixing in these sites de-
termines critically water mass modification, nutrient flux and
concentration of particulate matter in the ocean. Identifying pro-
cesses causing mixing in these marginal seas adjacent to Antarc-
tica can contribute a clear view of the formation of bottom water
and spatial structure of the overturning circulation (Jayne, 2009).

The Weddell Sea is believed to be an important component of
ocean/atmosphere interaction system and one of the origins for
Antarctic Bottom Water (AABW) (Gordon et al., 1993). Circula-
tion in the Weddell Sea is dominated by a cyclonic Weddell Gyre
with a volume transport of 30x10¢ m3/s) (Orsi et al., 1993), ap-
proximate 90% of which is constricted in a boundary current loc-

ated within 500 km of the shelf break (Fahrbach et al., 1994).
Dense water formed in the Weddell Sea results from ocean/at-
mosphere interaction or ocean/ice-shelf heat and salt exchanges
occurring on the broad southern and western continental
shelves. When the dense water reaches the continental shelf
break, it flows downslope in plumes, veers left under the earth’s
rotational influence to an along slope direction and flows north
along the Weddell Sea’s western boundary (Muench and Gor-
don, 1995). In addition to the dense water plume circulating
along the western continental slope of the Weddell Sea, cold
dense shelf water can also be formed on the shelf near the Ant-
arctic Peninsula (Gordon et al., 2001). Production of the dense
water is due to the divergence of sea ice caused by local wind and
topography, which allows the existence of ice free areas in winter
with high rates of ice formation. Water mass modification occurs
as the dense water travels through mixing with local water
masses. Part of modified shelf water flows northward past the
northern tip of the Antarctic Peninsula and contributes to the
ventilation of Bransfield Strait (Gordon et al., 2000). Some other
part flows eastward into the Weddell-Scotia Confluence region
mixed with the intruding Southern Ocean Water. Flowing of the
northward plume and the shelf water formed near the northern
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peninsula is constricted by topography. Weak stratification in this
region indicates that water current is dominated by barotropic
component traveling along the f/H contours due to vorticity con-
servation (Matano et al., 2002).

Hydrographic properties of dense water produced in the
Weddell Sea can be modified through mixing with around water
masses when it flows along f/H contours (Thompson and Hey-
wood, 2008). Dense water circulating along the western slope is
mixed with the intruding Antarctic Circumpolar (ACC) water
when it reaches South Scotia Ridge (SSR) before entering the
world ocean deep circulation (Schodlok et al., 2002). Among this,
deeper dense water contributes to the formation of AABW, while
surface layer interacting with sea ice determines the ultimate
freshwater export from the Weddell Sea under the influence of
wind stress. Diapycnal mixing in the upper ocean plays a key role
in the vertical fluxes of the underling deeper water into the sur-
face layer (Ledwell et al., 2011). Water in the Weddell Gyre loses
significant heat as it travels to the northern tip of peninsula.
Fahrbach et al. (1994) evaluate that the oceanic heat loss is equi-
valent to a heat flux of 19 W/m? from the Weddell Sea to the at-
mosphere. Based on microstructure profiles obtained on an ice
floe in the Weddell Sea, Robertson et al. (1995) estimate the
oceanic heat flux from subsurface warm water to the surface lay-
er over the continental slope of the Weddell Sea and identify that
heat flux through the permanent pycnocline due to diapycnal
mixing reached about 3 W/m?, whereas that from the mixed lay-
er to sea ice is averaged at 1.7 W/m?, both of which are ascribed
predominantly to strong double-diffusion instead of shear in-
stability. Levine et al. (1997) employ two parameterizations mod-
els to estimate vertical heat flux due to mixing in the same pro-
gram and find that stronger tidal currents are responsible for sig-
nificant mixing over the shelf and upper continental slop, which
contributes critically to the modification of dense plume to
AABW. By analyzing CTD and LADCP profiles in the northwest-
ern Weddell Sea, Muench et al. (2002) demonstrate that the local
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mean upper ocean heat flux is in the range of 2-10 W/m?, with
the turbulent diffusivity in an order of 10-* m?/s. Given previous
research, exploring diapycnal mixing incisively in the Weddell
Sea through direct microstructure observations can contribute
profoundly to an insight into the process of water mass modifica-
tion, mechanism of AABW formation and interaction between
ocean and atmosphere.

Our primary goal is to evaluate the vertical structure and the
spatial distributions of dissipation rate (¢) and turbulent diffusiv-
ity (K), and to illustrate controlling factors and energy sources re-
sponsible to local mixing characteristics. The following section
describes observations and data processing methods. Section 3
presents the vertical thermohaline structure, profiles of micro-
structure derived ¢ and K and relationship between mixing and
stratification in the upper ocean. In Section 4, spatial distribu-
tion of mixing in the upper ocean and its energy sources support-
ing local mixing are described. A summary is given in Section 5.

2 Measurements and data processing

2.1 Measurements

General oceanographic survey in the northwestern Weddell
Sea was carried out during the 30th Chinese National Antarctic
Research Expedition (CHINARE) cruise in February 2014 (Fig. 1).
In this paper, CTD and microstructure data obtained during the
cruise are used to analyze water mass structure and mixing pro-
cesses in the upper ocean. For a station measurement, Vertical
Microstructure Profiler (VMP) was deployed after CTD rosette
was recovered when the observing conditions allowed. CTD data
were collected using SBE911 plus CTD profiler, which samples at
arate of 24 Hz with an accuracy of +0.001°C for temperature and
0.003 mS/cm for conductivity. Before analyzing the CTD data, we
average it initially over 1 m vertical bins. The instrument for mi-
crostructure data collection in the cruise was the VMP-200 man-
ufactured by Rockland Scientific International Inc., Canada. Mi-
crostructure data in the upper 200 m was sampled at a rate of 512
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Fig. 1. Station map in the northwestern Weddell Sea. Color shaded denotes bathymetry, black dots denote stations with CTD de-
ployment, black triangles designate stations with both CTD and VMP deployments. Geographic locations are marked as Antarctic
Peninsula (AP), Bransfield Strait (BS), Elephant Island (EI), South Scotia Ridge (SSR), Philip Ridge (PhR), Powell Basin (PB), Philip
Passage (PP), South Orkney Island (SOI), South Orkney Plateau (SOP), Orkney Trough (OT).
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Hz, with the noise level for ¢ due to instrument vibration contam-
ination to be as low as 10-1! W/kg. VMP-200 is a loosely tethered,
free-falling instrument carrying two shear probes for micro-scale
velocity shear, two high resolution sensors for temperature and
conductivity respectively. In this paper, we focus on the micro-
shear measurements and the resulting estimates of turbulent dis-
sipation rate, while hydrographic properties and stratification in
the upper ocean are analyzed by using CTD data. ETOPO2v2 data
is also used to illustrate the bathymetry and bottom roughness
with a spatial resolution 2'x2’, which is available at http://www.
ngdc.noaa.gov/mgg/global/etopo2.html.

2.2 Data processing

Processed CTD data are firstly used to estimate the buoyancy
frequency squared N?, which indicates the intensity of ocean
stratification:

M

where g is the gravity acceleration and 9p represents the vertical
z
gradient of density. N? indicates stratification of sea water and
will reach the peak value when potential density changes most
fiercely.
Shear probes loaded on the VMP-200 record the time rate-of-
change of turbulent velocity, 9u . The signal can be converted in-

to vertical shear of velocity using “Taylor Frozen Field Hypothes-
is” (Wolk et al., 2002) (Fig. 2a):

where u is the horizontal turbulent velocity and W is the des-
cending velocity of the instrument. Shear power spectra is estim-
ated from 16 s segments (8 192 data points, approximately 10 m
depth segments with a fall rate of 0.65 m/s) of micro-scale velo-
city shear data by block-averaging (1 024 points blocks) Fast
Fourier Transform (FFT) with 50% overlap. Verified to be consist-
ent with Nasmyth’s universal spectrum (Oakey, 1982), the power
spectra ¢(k) for velocity shear are then integrated over wave
number k to obtain ¢ (Wolk et al., 2002):

15 [/ou\? 15 [ 15 [kma
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where v is kinetic molecular viscosity controlled by sea water
temperature, salinity and density. k,_,, is the upper limit for in-
tegration free from instrument vibration noise. VMP-200 is sus-
pected to be tilt at the primary stage of deployment, making the
spectra deviate from Nasmyth'’s universal spectrum, thus micro-
structure data from surface to 30 m is eliminated to get rid of im-
pact of instrument tilt. When the profiler reaches a steady state,
¢(k) in the range below k_,, is found to be consistent well with
the fitted Nasmyth's universal spectrum at distinct depth (Fig.
2b), indicating small systematic error (Wolk et al., 2002). The re-
markable peak value with respect to high wave number (higher
than k,_, ) is due to instrument vibration contaminating shear
probe signals. The estimated values of ¢ from the two independ-
ent shear probes equipped on VMP-200 are generally within a
factor of two (Fig. 2c), an ignorable difference compared to tem-
poral and spatial variability. After removing outliers of ¢ by com-
paring profiles obtained from two shear probes, the two values of
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Fig. 2. Vertical shear of micro-scale velocity (a), shear wave number spectra at different depths (b), showing shear wave number

spectrum (blue line), the Nasmyth'’s universal spectrum (black line) and the upper limits of wave number for integration (green
line); turbulent dissipation rate profile derived from two microstructure shear probes (c).
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¢ are averaged to derive ¢ of each segment. Based on the derived
¢, turbulent diffusivity (K) of the corresponding segment can be
estimated (Osborn, 1980):

K =Te/N? “

where ["is the mixing efficiency assumed to be a constant refer-
ence value, 0.2 (Kunze et al., 2006).

3 Results

3.1 Thermohaline structure in the upper ocean

Thermohaline structure in the northwestern Weddell Sea
shows large spatial difference due to local complex topography
and the confluence of ACC and outflow of Weddell Sea waters.
According to the topographic properties and the sea ice distribu-
tion (Fig. 3), thermohaline structure in the upper 300 m was spe-
cified into 3 distinct types: the marginal ice zone (red dots in Fig.
4a), shelf and ridge zone around the northern tip of the Antarctic
Peninsula (green dots in Fig.4a), ice free Weddell Sea (blue dots
in Fig. 4a).
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Fig. 3. Mean sea ice concentration during observation.
Topographic features are denoted by white contours.

In the marginal ice zone, as sea ice melt is still in process (Fig.
3), potential temperature (6) of the mixed layer (ML) is about
-1.5°C, comparable to that of seasonal halocline residing blow
(Fig. 4b). Solar radiation entering the ML is consumed predomin-
antly by sea ice melting instead of heating the ML, resulting in
that temperature of ML is approximately equivalent to that of
summer halocline. Meanwhile, sea ice melt in marginal ice zone
injects significant amount of fresh water into the surface, result-
ing in that the salinity (S) of seasonal halocline ascends rapidly
from 33.5 at the base of surface layer to 34.4 (Fig. 4c). In the ice
free Weddell Sea, a prominent temperature minimum exists in
the upper ocean representing the remnant of cold winter mixed
layer water (WW). When sea ice here melts completely, the ML
becomes warmer and fresher than that in marginal sea ice zone
due to solar heating and ice melt water input. Salinity in the halo-
cline beneath ML occupies larger range from 33.2 to 34.4 relative
to that in marginal ice zone while temperature of the halocline
descends dramatically from 0 to -1.5°C with depth (Figs 4b and
c). Below the halocline in both marginal ice zone and ice free
Weddell Sea, temperature rises drastically under the impact of
the underlying warm deep water (WDW). Thermohaline struc-
ture shows distinct properties in the shelf and ridge zone adja-
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Fig. 4. 6-S diagram (a), potential temperature (b) and sa-
linity (c) profiles for the upper 300 m of all CTD casts.
Three types of thermohaline structure are plotted in red,
blue and green respectively and their stations are marked
with corresponding color in the inserted map. The gray
dashed lines in Fig.4a are contours of potential density (o,
in kg/m?3).

cent to the northern tip of Antarctic Peninsula. The confluence of
ACC water from the open Southern Ocean and outflow of shelf
and slope waters from Weddell Sea brings about salinity higher
than 34 and wide range of temperature variation from -0.8°C to
0.8°C in surface water. For the upper 300 m in the shelf and ridge
region, ranges of vertical variation for temperature and salinity
are narrow, with potential density (o,) increasing from 27.25 to
27.75 kg/m3 with depth, indicating an intense mixing in the up-
per ocean here creating a relative homogeneous thermohaline
structure through the column.

3.2 Stratification and mixing in the upper ocean

Thermohaline structure determines stratification and its im-
pacts on mixing intensity in the upper ocean. Figure 5 presents
profiles of ¢ and K derived from VMP-200 observations and the
corresponding N?, based on which we can illustrate vertical
structure of turbulent mixing in the upper ocean of the north-
western Weddell Sea and the relationship between mixing and
stratification.

In the marginal ice zone (Sta. D2-10 in Fig. 5), turbulent dis-
sipation rates beneath 100 m are one order lower than those in
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the upper 100 m. Compared with ¢ profiles in the ice free Wed-
dell Sea (stations named in blue in Fig. 5), ¢ higher than 10-8W/kg
can extend downward to as deep as about 100 m, as the broken
ice in the marginal ice zone can amplify sea surface roughness,
enhance wind energy input into the ocean and improve turbu-

=6.0

lent dissipation level (Rainville et al., 2011). Damped by relat-
ively strong stratification in the pycnocline over the depth of 100
m (M2 in the range of O(10-4)-0(10-%) s-2, mixing intensity repres-
ented by K shows a different vertical distribution from ¢, main-
tained at a relative constant order 104 m?/s through the upper
200 m column. In the ice free Weddell Sea, stratification in the
pycnocline is extremely strong with N? generally larger than 104
s72, which is caused by accumulated fresh water import due to
complete sea ice melt. Similar to ¢ profile in the marginal ice
zone, turbulent dissipation rates tend to be diminished with
depth in the ice free Weddell Sea, decreasing by about one or two
order of magnitude through the column 30-200 m. Nonetheless,
extreme stratification in the upper ocean here impedes the oc-
currence of mixing in the pycnocline, creating an inverse vertical
structure of K relative to the corresponding ¢ profile, i.e., turbu-
lent diffusivity in 100-200 m is one order of magnitude higher
than that in the depth range 30-100 m. In the shelf and ridge
zone north of the Antarctic Peninsula (stations named in red in
Fig. 5), a stable stratification is absent with N? maintained at the
order of 10-5 s2 through the column 30-200 m. As a result, wind
and other energy input can induce mixing easily in the upper
ocean due to weak stratification. ¢ in the upper 200 m generally
varies in the range 10-6-10-8 W/kg, while K changes within
10-4-10-2 m?/s, both of which are stronger than those in the mar-
ginal ice zone and ice free Weddell Sea. A unique mixing intens-
ity occurs in Stas D3-02 and D3-03, where diffusivity rates reach
maximum during the observation ranging from 10-2-10-% m?/s
through the column. In addition, mixing tends to be
strengthened at depth around 100 m for Stas D2-03, D2-05,
DA-01 and D3-04, which we presume to be ascribed to the shear
instability caused by intrusion shelf water flow and slope front in
the Weddell Sea, because temperature profiles of these stations
show large gradient at this depth due to interactions between dif-
ferent water masses (Figs 4a, b). For a better understanding of the
relationship between stratification and mixing in the upper
ocean, depth mean values of ¢, K and N? for each station are de-
rived in Fig.6, demonstrating that a strong stratification in the up-
per ocean can hinder the dissipation of kinetic energy and turbu-
lent mixing. For stations with strongest stratification, ¢ and K are
comparable to those in the open ocean, lower than those in the
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most intensified mixing region by two or three orders of mag-
nitude.

4 Discussion

4.1 Spatial distribution of mixing in the upper ocean

In addition to vertically non-uniform distribution, mixing in
the upper ocean also shows significant geographic variability in
the observing region. Figure 7 presents horizontal distribution of
vertical mean ¢ and K for 30-200 m, showing that most intensi-
fied mixing occurs in the western boundary of the gap lying west
of Philip Passage (PP) on the Philip Ridge (PhR) and shelf region
around Elephant Island off the northern tip of the Antarctic Pen-
insula where steep topography exists. Except for Sta. D2-04 on
the eastern end of Bransfield Strait, vertical mean ¢ and K in this
region reach 107 W/kg and 10-3 m?/s respectively. In the Powell
Basin and slope region, vertical mean ¢ and K are in the order of
10-8 W/kg and 10-* m?/s respectively, with higher values on the
slope than those in the smooth deep basin. In the region around
South Orkney Island, mixing tends to be strengthened with ba-
thymetry deepening. On the smooth plateau, vertical mean ¢ and
K are maintained at 4x10-9W/kg and 3x10-5 m?/s, lowest level in
the observing area, but both increase significantly by one order of
magnitude when the observing stations extend from the plateau
to the slope region.

4.2 Energy sources for upper ocean mixing

Previous studies demonstrate that internal tides contribute
predominantly to mixing processes in coastal region (Moum et
al., 2003; Nash et al., 2004). In addition, wind-driven near-iner-

tial wave propagating downward can also lead to strong mixing in
both coastal seas and open ocean (D’Asaro et al., 1995; Gill,
1984). In the following, we will explore the dependence of diffus-
ivity on wind energy input, topography and tides by quantifying
wind stress , bottom roughness (BR) and semidiurnal (M2) tidal
kinetic energy (TKE) (Fig. 8).

Mean wind stress over sea surface during the investigation is
estimated based on daily wind reanalysis data at 10 m produced
by European Centre for Medium-Range Weather Forecasts
(ECMWEF, http://apps.ecmwf.int/datasets/data/interim-full-
daily/), with spatial resolution 0.75°x0.75°. Wind speed over the
northwestern Weddell Sea varies in the range of 10-12 m/s, sup-
plying significant amount of energy to support upper ocean mix-
ing. Figure 8a indicates that most VMP-200 observing stations
reside near the front of wind stress between ACC and marginal
seas surrounding the Antarctic. Wind stress over the observing
region ranges from 0.1 to 0.15 N/m?, which is supposed to im-
port abundant wind kinetic energy into the ocean. However,
Fig.8d shows weak relationship between vertical mean K and the
mean wind stress for 12 hours before each VMP-200 cast. Bot-
tom roughness here is represented by the variance of bottom
depth in m? and is calculated over each (1/3)°x(1/3)°grid. Steep-
est topography occurs on the slope, SSR and PhR region off the
Antarctic Peninsula (Fig. 8b) accompanied generally with intens-
ified mixing in the upper ocean as shown in Fig. 8e. Circum-Ant-
arctic Tidal Simulation Model (CATS02.01) (Padman et al., 2002)
is applied to obtain spatial distribution of the dominant M, tidal
kinetic energy (Fig. 8c). CATS02.01 is a medium-resolution
((1/4)°x(1/12)°, about 10 km) regional model of the entire Ant-
arctic ocean to 58°S, based on the shallow water equations,
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Fig. 7. Spatial distribution of depth-averaged ¢ and K for 30-200 m. A logarithmic scale is used here for ¢ and K.
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forced at the open boundary by tide heights from the global in-
verse model TPX06.2 and by astronomical forcing. Figure 8c
shows that M, tidal kinetic energy is at a significantly high level in
shelf region around the peninsula and the South Orkney Plateau,
whereas those regions are associated with remarkably weak mix-
ing (Fig. 8f), indicating that barotropic tides are not direct energy
sources for mixing in the upper ocean of this region. Positive rela-
tionship between bottom roughness and diffusivity demon-
strates that only when the wind-driven inertial wave and tide in-
duced internal wave impinged on steep topography can the en-
ergy be dissipated to micro-scale to support mixing. Interaction
between internal wave and abrupt topography are crucial for in-
tense turbulent mixing in the ocean.

On the western boundary of the gap lying west of PP, bottom
roughness, wind stress and M, tidal kinetic energy show no dis-
tinct properties compared with other station on the SSR and PhR
but the mixing intensity is extraordinary strong, thus other en-
ergy input is essential to support mixing. Based on CTD section
data along the eastern PhR (stations bounded by red box in the
inserted map in Fig. 4a), temperature and salinity properties are
presented in Fig. 9. In the wide eastern of the section, vertical
structures of temperature and salinity are nearly uniform along

the section, where WW characterized by a temperature minim-
um resides between surface warm water and WDW. By contrast,
temperature and salinity are relatively homogeneous from sur-
face to as deep as 300 m for Sta. DA-01. The cold fresh properties
indicate that the precise position for the outflow in upper ocean
from the Weddell Sea is on the western boundary of the gap lying
west of PP, instead of the previous assumed PP as is depicted by
von Gyldenfeldt et al. (2002). The geostrophic outflow through
the gap west of PP interacts with rough topography transferring
kinetic energy of the current to internal waves which can be dis-
sipated to trigger intensive turbulent mixing (Nikurashin and
Ferrari, 2010; Liang and Thurnherr, 2012). Besides, the conflu-
ence of cold fresh water flowing out of the Weddell Sea and the
intruding southern ocean water will improve local shear instabil-
ity, making it more prone to trigger mixing at an given energy dis-
sipation level.

5 Summary

CTD data obtained during the 30th CHINARE cruise show
three distinct thermohaline structures in the upper ocean of the
northwestern Weddell Sea. In the marginal ice zone, sea ice melt
is still in progress consuming most solar radiation entering mixed
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Fig. 9. Temperature and salinity of the section along PhR for the upper 300 m. Section stations are presented in red box in the inser-

ted map of Fig. 4a.

layer, resulting in that warming in the fresher mixed layer is not
obvious and stratification in pycnocline is significant but not as
strong as that in ice free region. In the ice free Weddell Sea, solar
heating in the mixed layer creates a temperature minimum be-
neath it representing the remnant of WW. Meanwhile, complete
sea ice melt widens the range of salinity variability in halocline
making the stratification extremely strong under mixed layer. In
the shelf and ridge region north of the Antarctic Peninsula, tem-
perature and salinity vary in a narrow range with a homogen-
eous vertical structure.

Distinct thermohaline structures determine the vertical distri-
bution of stratification and mixing structure. In the marginal ice
and ice free Weddell Sea, dissipation rates ¢ tends to descending
with depth by one order of magnitude from 30 to 200 m, from the
order of 10-8W/kg to 10-° W/kg. Impeded by strong stratification
in the pycnocline, turbulent diffusivity K is maintained at 104
m?/s through the column for 30-200 m in the marginal ice zone
while K in the ice free Weddell Sea exhibits an inverse changing
direction relative to ¢ due to extreme strong stratification in the
pycnocline with the value one order larger beneath 100 m than
that in 30-100 m. In the shelf and ridge region, stratification in-
stability enable wind or other energy import drive intensive mix-
ing in the upper ocean, maintaining ¢ and K at the range of
10-6-10-8 W/kg and 10-%-10-2 m?/s, one or two orders of mag-
nitude higher than those in the former described two zones.

Mixing in the upper ocean of the northwestern Weddell Sea
shows significant spatial non-uniform. Most intensive mixing oc-
curs in the western boundary of the gap west of PP on PhR and
shelf region surrounding Elephant Island off the northern tip of
Antarctic Peninsula, with vertical mean ¢ and K reaching 10-7

W/kg and 10-3 m?/s respectively. Slope regions are proved to be
with stronger mixing relative to smooth plateau and basin areas.
Wind energy input and tides are suspected by previous study as
predominant energy sources for mixing, while our results indic-
ate weak relationship between upper ocean mixing and wind
stress or M, tidal kinetic energy. Intense turbulent mixing occurs
generally associated with abrupt topography, proving that only
when wind-driven inertial wave and tide induce internal wave
impinge on steep topography can these energy be dissipated into
micro-scale to support mixing. In addition, abnormally strong
mixing in the western boundary of the gap west of PP is ascribed
to the outflow of the Weddell Sea through the gap. This geo-
strophic flow can be transferred to internal wave through interac-
tion with rough topography inducing mixing, and the confluence
of intruding ACC and outflow of the Weddell Sea water will also
enhance shear instability contributing to intensive mixing.
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