
Mixing and Water Mass Transformation 
along the Antarctic Continental Slope 

Jess Mead Silvester*1,2, Yueng-Djern Lenn2, Jeff A. Polton1, Helen Phillips3, 
Tom Rippeth1, Miguel Morales-Maquedas4 
 
1National Oceanography Centre, Liverpool 
2School of Ocean Sciences, Bangor University 
3Institute of Marine and Antarctic Studies, Tasmania 
4School of Marine Science and Technology, Newcastle University 



Conclusions	
  

Discussion	
  
mechanism	
  

context	
  

Introduc4on	
  

loca4on	
  

hydrography	
  &	
  
processes	
  

instabili4es	
  

Methods	
  
instrument	
  

calcula4ons	
  

Summary	
  

Water Mass Transformation along the Antarctic Peninsula 

Results	
  

veloci4es	
  

mixing	
  

instabili4es	
  

Navigation 

TIME 

5. Gravitational 
instabilities dominate 
across the top 
boundary 

3. Symmetric 
instabilities develop 

2. Lateral density gradients 
are enhanced 

1. The barotropic tide 
stretches the lens 
vertically, deepening the 
isopycnal that defines the 
bottom boundary 

Warm  
UCDW 

lens 

4. Heat dispersed onto 
the continental slope 

AABW 

LCDW 

UCDW 

AAIW 
diapycnal mixing 

zonal winds 

deep water formation 

continental slope 

Ekman transport 

a) b) 

LCDW 

UCDW 

2-minute madness:    OVERVIEW 

UCDW: Upper Circumpolar Deep Water 
LCDW: Lower CDW 
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slope transect section 

Transect along the continental slope of  the Western Antarctic Peninsula 
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1.  Adiabatic upwelling waters complete global overturning circulation 
2.  Water masses also transform at mid-depths before reaching the surface 
3.  UCDW-core eddies transport warm waters onto the continental slope 
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Energy extracted from instabilities can drive a forward cascade of energy to 
turbulence length-scales 

GRAVITIONAL 
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DENSE  
WATER 

LIGHT 
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PV changes sign 

INSTABILITY: 
 
CONDITION: 

STABLE STRATIFICATION FRONTAL SYSTEM 

Parcel becomes more 
buoyant than surrounding 
water and rises: PE 
becomes KE 

APE extracted from lateral 
shear; smaller vortices bud 
off and expend KE 

APE extracted from 
lateral density gradient 
in overturning KE 
motion  
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EM-Apex float No. 4980a Yo-yo dive pattern 
400 m 

900 m 

12 days (up-down cycle ~ 1 hr 45 mins) 
 
  

onboard 
instrument 

bin size 
(m) 

parameter accuracy 

Pumped SeaBird 
Electronics CTD 

2.2 pressure ±2 dbar 

temperature ± 2 x 10-3 oC 

salinity ± 2 x 10-3 

Electromagnetic 
Subsystem  

3 horizontal velocities 

Surfaces every few days to communicate via iridium link 
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later. Data is sent, and instructions received, via iridium link at the surface. The section under88

discussion runs from 6 -11 December, when the float followed the continental slope eastward,89

before crossing a bathymetric ridge and entering Hesperides Trough. As the EM-APEX float90

profiled, in situ measurements of temperature (± 2 x 10�3 �C ), conductivity (± 2 x 10�3) and91

pressure (± 2 dbar) were recorded by a pumped SeaBird Electronics CTD in 2.2 m vertical bins.92

Horizontal velocities were derived from the onboard electromagnetic subsystem and processed93

onshore into zonal and meridional velocities in 3 m vertical bins. Data was visually checked for94

surface pressure consistency and any bad pressure points, which tended to occur near the top and95

bottom of profiles, were removed. Outlying values of temperature and salinity were flagged using96

T-S diagrams and visually evaluated against density profiles; in rare instances of bad data, points97

were removed and interpolated over.s98

b. Velocities99

The along-slope, U , and cross-slope, V , velocity anomalies are calculated relative to the time-100

mean profile at each depth. Depth-mean along- and cross- slope velocities within the UCDW lens101

are also presented.102

c. Heat Content and Heat fluxes103

The temperature anomaly relative to the time-mean profile within the UCDW lens is compared104

to that between the bottom boundary of the lens and isopycnal 27.78 kg m�3 (Fig.3b); where it is105

not captured, the deepest limit of the profile is used as the lower boundary. The depth-integrated106

heat content is computed as Q =
R

rCpT dz where r is the potential density, Cp is the specific107

heat capacity of seawater and T is the potential temperature. The rate of change in heat content108

equivalent to the heat flux between UCDW and LCDW is computed as Q f lux = rCp
R dT

dt dz where109
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t is time, z is depth and vertical fluxes are down a gradient across the top and bottom boundaries110

of the UCDW lens from the temperature maximum inside to the temperature minimum outside.111

The temperature maximum is used to represent the core of the UCDW lens and, for consistency,112

the temperature minima is used as the integral limit in LCDW: since the potential density here is113

dominated by the temperature, it closely follows isopycnal 27.78 kg m�3. Note that the top of the114

lens is only just captured by the float, so that fluxes across the top boundary are less reliable and115

not included.116

d. Dissipation, Diffusivity and the Gradient Richardson Number117

Diffusivity is estimated from heat fluxes across the bottom boundary, again from the maximum118

temperature inside the UCDW lens to the minimum temperature beneath, according to k f lux =119

Q f lux
�rCpdT/dz . For comparison, diffusivity is also estimated from dissipation according to shear-strain120

parameterisation after Meyer et al. (2014) and used to estimate diffusivity according to Osborn’s121

relation (Osborn 1980), kshear�strain = G e
N2 , where e is the dissipation rate and G, the mixing122

efficiency, is 0.2. The gradient Richardson number is Ri = N2/(dU/dz)2 +(dV/dz)2, where N2
123

is the buoyancy frequency and the denominator is the shear-squared.124

e. Ertel’s Potential Vorticity and the balanced Richardson number125

Ertel’s potential vorticity (EPV) is used to identify regions of instability. Since the emphasis of126

analysis here is on the relative spatial distribution of EPV and velocity data is available only in127

the along-slope direction, the two-dimensional potential vorticity is approximated after Thompson128

et al. (2014) as EPV2D = f bz+Vzbx�Vxbz where f= 1.2737⇥10�4 s�1 is the absolute Coriolis pa-129

rameter at this latitude; V is the cross-slope velocity; b is the buoyancy and b =�gr/ro in which130

g = 9.8 m s�2 is the acceleration due to gravity, r is the potential density and ro is the reference131
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density averaged from recorded surface values (not shown in Fig.3b); and subscripts denote partial132

derivatives with z increasing with depth and y increasing southward onto the slope. The relative133

contribution of the planetary term ( f bz) and the shear term (Vzbx �Vxbz) to the resultant EPV2D134

are evaluated, and the balanced Richardson number is computed to diagnose instabilities after135

(Thomas et al. 2013) as RIB = f 2N2

M2 where N2 is the buoyancy frequency and M is the smoothed136

lateral buoyancy gradient, | 5hb |. The rotational sense of shear within the UCDW lens is pre-137

dominantly yet weakly anticyclonic, and is presumed so when analysing the instabilities from the138

balanced Richardson number.139

3. Results140

The continental slope lies approximately in an east-west orientation so that zonal and merid-141

ional velocities translate into the along-slope, U , and cross-slope, V , directions respectively, with142

the dominant eastward flow determining the EM-APEX float’s trajectory (Fig.4a,b). Analyses143

of temperature, salinity and potential vorticity characteristics show two markedly different water144

masses: UCDW and LCDW (Fig.3b). Initially, the float profiles within warm, salty UCDW, until145

an abrupt change in the direction of the EM-APEX float on 12/06 precipitates a transition into146

cooler, fresher LCDW with a distinct, 200 m thick lens of UCDW propagating along the slope147

within it. A semi-diurnal signal dominates the barotropic tide (Fig.3a, TPXO7.2), but is close to148

the inertial frequency at this latitude, and the lower boundary of the UCDW lens appears to be mod-149

ified vertically at a semi-diurnal frequency. Cross-slope velocities throughout the water column150

vary with the diurnal tide (Fig.4b,c), so that the water column is pushed laterally onto the slope151

during high tide, and retreats at low tide: this relationship is clearer within the UCDW lens (Fig.4c,152

e). Analysis of the EM-APEX float velocities do not clearly bear the signature of a submesoscale153

eddy (Fig.4d). This is likely due to the coarse sampling rate since similar onshore-propagating154
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d) 

e) 

•  diurnal variability on cross-slope velocity (V) 
•  semi-diurnal banding  of velocities 

•  no clear eddy rotation  
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UCDW lens loses heat to LCDW beneath as shear instability drives turbulent mixing  
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Eddy-tide interaction enhances submesoscale instabilities 
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•  Mechanism by which UCDW-core 
eddies can disperse heat onto the 
continental slope at mid-depths 
where marine glacier melt is 
sensitive to ocean heat content 

•  Further evidence of mid-
depth watermass 
transformation over the 
Antarctic continental slope 
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1.  A submesoscale lens of UCDW propagates along-slope within 
LCDW; 

2.  is modified semi-diurnally; 
3.  loses heat to LCDW across the bottom boundary; 
4.  where diffusivities are elevated and shear instabilities arise. 
5.  Shear-dominated EPV along the bottom boundary is 

consistent with a gradient flux from UCDW to LCDW; 
6.  and associated with symmetric instabilities forced by the 

barotropic tide. 
 

Shear instabilities drive turbulent mixing across the UCDW-
LCDW boundary. 
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Conclusions 
1.Water masses transform at depth over the Antarctic 
continental slope; 
supports the hypothesis that diabatic processes contribute to 
mid-depth watermass transformation. 
 
2. Eddy-tide interactions can enhance submesoscale 
instabilities, driving turbulent mixing;  
a mechanism by which UCDW-core eddies can disperse heat 
onto the slope and at mid-depths, where the melting of marine 
glaciers is linked to ocean heat content. 


