
Advancing high-resolution (coupled) modelling 

through targeted observational experiments 



What to expect from increasing ocean resolution 

(and where to expect it) 

The dynamics of the ocean interior away from boundaries are generally 

characterised by small Rossby number (Ro << 1), well approximated by 

QG(-like) dynamics, and well represented in eddy-resolving GCMs. 

 

 

 



What to expect from increasing ocean resolution 

(and where to expect it) 

Near the ocean’s boundaries (land, ice, atmosphere), abrupt variations in 

stratification (triggered by e.g., intensified diabatic and frictional forcing) 

or water column thickness (associated with e.g., rough or steep land and 

ice topography) lead to the emergence of flows with higher-order 

dynamics (Ro ~ O(1)). 
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By necessity, these flows happen in important places, where the ocean 

exchanges heat, freshwater, momentum and gases with the land, ice or 

atmosphere. 

 

 

   Resolving this new dynamics can potentially change the big  

       picture of how the coupled climate system behaves. 

 

 

 

 

 



The role of observations 

The role of observations is to identify and understand high-Ro 

processes that matter for the behaviour of important elements of the 

(global) coupled climate system. 
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Two modes of observational experiment, focussing on: 

 

 

- An extreme event; no significant effort to relate high-Ro processes to 

lower-order (resolved) dynamics or climatic state 

 

 

- Characteristic sequence of events; relating high-Ro processes to 

lower-order (resolved) dynamics or climatic state 



An ‘extreme event’ experiment at the ocean – land boundary 

10 km 



The role of small-scale topography on the dynamical balance of the ACC 

EM-APEX float 
Two EM-APEX floats were deployed together as part of the 

DIMES experiment on 30th Dec 2010 in an ACC jet, and 

profiled continuously (every ~3 h) for ~4 months measuring 

hydrography  and horizontal and vertical velocity.  

 

A large lee wave was observed here, as the ACC jet flowed 

over a steep, ~1500 m tall ridge extending ~20 km  across.  

Cusack et al. (in prep.) 



The role of small-scale topography on the dynamical balance of the ACC 

Large vertical velocities over the ridge indicate the presence of a large lee wave, 

generated as the ACC jet impinges on the ridge.  

 

Horizontal velocity (vector) and rms vertical 

velocity (colour) measured by one of the EM-

APEX floats 
Vertical velocity (colour) measured by 

the EM-APEX floats 



The role of small-scale topography on the dynamical balance of the ACC 

The lee wave is associated with intense turbulent kinetic energy dissipation and 

large drag, which suggest that the ridge plays an important role in the regional 

energy and momentum budgets of the ACC jet.  

 
Turbulent kinetic energy dissipation rate (shading), 

and its vertical integral (lines) quantified from EM-

APEX observations. Cf. wind work on the ACC ~ 

10 mW m-2. 

Lee wave drag quantified from EM-APEX 

observations. Cf. wind stress on the ACC ~ 

0.1 N m-2. 

  



An ‘extreme event’ experiment at the ocean – ice boundary 



Why is meltwater from ice shelves concentrated in the thermocline? 

Dutrieux et al. (2014) 

Meltwater fraction (colour) at the Pine Island 

Ice Shelf (PIIS) calving front in 2010 

Fig.  S4.  Calving  front  observations. Potential  temperature  (A-E)  and  meltwater  fraction  (F-J) 

sections at the PIG ice shelf calving front for individual years of observation (labeled) . Sections are 

drawn from north (left) to south (right), thus facing into the cavity beneath the ice shelf. Note that both  

axes  vary  in  scale  between  years.  In  addition  to  those  situated  at  either  end  of  the  sections,  

hydrographic  profile  positions  are  indicated  by  black  vertical  dashed  lines.  Contours  are  linearly  

interpolated on a grid with 25-m resolution in depth and 1-km in distance. In F-J, the thick dashed black  

line  indicates  the  threshold  depth  above  which  meltwater  fraction  calculations  are  assumed  to  be 

unreliable because of the impact of air-sea exchanges on water properties.
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The meltwater exported from beneath Antarctic ice shelves is regularly concentrated in 

the thermocline, not at the surface. This is important in determining how accelerated 

ice shelf melting will impact the circulation and climate of the Southern Ocean. 



iSTAR expedition (Jan – Mar 2014): 60 fine- and microstructure profiles 

collected along the Pine Island Ice Shelf calving front, at a horizontal 

resolution of < 600 m and a distance of < 1 km from the calving front 
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S-ADCP 0-300 m  

Why is meltwater from ice shelves concentrated in the thermocline? 

Rockland VMP-2000 microstructure 

profiler deployed from the RRS James 

Clark Ross 

Naveira Garabato et al. (in review) 



Observations along the main meltwater outflow from beneath Pine Island Ice Shelf 

(PIIS). The outflow’s ascent is arrested by submesoscale centrifugal instability, 

which triggers intense small-scale turbulence that rapidly dilutes meltwater. 

 

Why is meltwater from ice shelves concentrated in the thermocline? 

Glacially- 

Modified 

Water 

Circumpolar Deep Water 



Observations along the main meltwater outflow from beneath Pine Island Ice Shelf 

(PIIS). The outflow’s ascent is arrested by submesoscale centrifugal instability, 

which triggers intense small-scale turbulence that rapidly dilutes meltwater. 

 

Why is meltwater from ice shelves concentrated in the thermocline? 

Instability type determined as in Thomas et al. (2013): 

GRV = gravitational; SYM = symmetric; CTF = 

centrifugal. 

Glacially- 

Modified 

Water 

Circumpolar Deep Water 



An ‘event sequence’ experiment 

at the ocean – atmosphere boundary 



An annual cycle of the ocean surface boundary layer (OSBL) OSMOSIS
Ocean Surface Mixing and Ocean Submesoscale Interaction Study

2 ocean gliders also sampled the domain in a butterfly-pattern

(see Thompson et al. 2015, forthcoming study)

Time series of temperature (top),salinity (middle) and EKE (bottom) at central mooring site.  

The  OSMOSIS  observation  site  is 

analogous  to  an  open  ocean  region  with 

moderate  mesoscale  eddy  kinetic  energy, 

and  weak  mean  flow.  Temperature  and 

salinity  compensate  each  other  quickly  in 

the upper ocean and water columns are well 

mixed  during  winter.  Although  having 

higher temporal resolution, the variations in 

the  eddy  kinetic  energy  (EKE)  from  the 

mooring measurements, shows a consistent 

trend with the data derived from AVISO sea 

surface height.

Bathymetric map of the Northeast Atlantic showing the OSMOSIS mooring site. The mooring array includes one central 
mooring(blue), four inner moorings (red) and four outer moorings (black). 
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OSMOSIS experiment 

 

 An annual cycle of the 

OSBL’s evolution and its 

underpinning dynamics in 

a typical mid-ocean region, 

with weak mean flow and 

low-to-moderate 

mesoscale eddy activity 

 

 2 nested mooring arrays (9 

moorings, including 

instruments for point 

measurements of e) and 2 

gliders focussing on upper 

500 m, deployed for 1 year 

next to a meteorological 

buoy  
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Engagement with the modelling community 



An annual cycle of the ocean surface boundary layer 

The in situ observations reveal rich flow variability on horizontal and time scales 

shorter than those resolved by altimetry and characteristic of the submesoscale, 

particularly in winter and early spring.   

 



An annual cycle of the ocean surface boundary layer: de-stratification 

As the ocean de-stratifies in the autumn and during the entire period of enhanced 

(sub-)mesoscale eddy variability, areas of near-zero or negative PV appear, 

associated with abrupt changes in mixed layer depth. 

 

Buckingham et al. (in prep.) 



An annual cycle of the ocean surface boundary layer: de-stratification 

Negative fq events are generally triggered by downfront winds and elicit 

intensified upper-ocean turbulent dissipation and mixed layer deepening. 63% of 

these events are associated with symmetric instability.  

 

Instability type determined as in Thomas et al. (2013): 

GI = gravitational; SI = symmetric; CI = centrifugal. 



An annual cycle of the ocean surface boundary layer: re-stratification 

To assess the physical controls on upper-ocean (interior) re-stratification, we 

calculate w from the non-diffusive density conservation equation, applied to both the 

inner and outer mooring arrays. Re-stratification (upward buoyancy flux) is strongest 

between mid winter and late spring, and dominated by submesoscale flows. 

 
w’b’ (inner / submesoscale) w’b’ (outer / mesoscale) 

Yu et al. (in prep.) 



An annual cycle of the ocean surface boundary layer: re-stratification 

Annual-mean re-stratification associated with submesoscale flows is both larger 

and more surface-intensified, and is dominated by a few distinct events occurring 

mainly in mid winter to early spring.  

 

w 'b 't =
1

t
w 'b 'dt

ti

ti+t

ò

t (days) 

Running average of vertical buoyancy flux 

Submesoscale 

(inner array) 

Mesoscale 

(outer array) 

Vertical average 

of w’b’t  
Submesoscale  

Mesoscale 



Why do de- and re-stratification events occur in winter and spring? 

Persistent frontogenesis induced by the mesoscale strain field is common to 

periods of large submesoscale horizontal buoyancy gradient and enhanced re-

stratification in the upper ocean. This suggests that mesoscale frontogenesis is a 

significant precursor of submesoscale instabilities. 
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Submesoscale horizontal buoyancy gradient 



Conclusions 

• The ocean resolves everything: observations have the key role of 

identifying and understanding the ‘high-resolution’ processes that 

matter for important elements of the coupled system. 

 

 

• There is an excessive emphasis on ‘extreme event’ observational 

experiments, because of the expedition-mode culture that is 

engrained in oceanography – now beginning to change thanks to 

advances in autonomous platforms and smart sensors. 

 

 

• The high-resolution modelling community needs to be engaged in 

the design of observational experiments to ensure that these target 

the big picture questions of the coupled system. 

 

 


