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Modelling the ocean circulation – Motivation

Ocean modelling – the use of numerical simulations of the equations of 
motion as an experimental tool to assess (or predict) the mechanisms 
controlling how the ocean circulates, and how it interacts with the climate 
system.

Course outline and aims Motivation for using ocean models Posing the ocean model problem Some perspectives References and further reading

SST animation from GFDL CM2.6 climate model

Animation 1: Daily SST from the GFDL CM2.6
This coupled climate model uses a 0.1� configuration of MOM5 for the
ocean component, under a 50 km global atmosphere model. It has
been integrated for multiple-centuries in support of climate and ocean
related studies. Available from Vimeo
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Modelling the ocean circulation – Overarching challenge

Direct Numerical Simulation (DNS) of global ocean circulation:

1 mm spacing requires ~104 times Avogadro’s number of grid cells time-
stepped with ~1 s for ~1000 years à Very far from practical!

Vast problem requiring rational parameterisations – encapsulating  
understanding of the effects of unresolved flows onto resolved flows.

Course outline and aims Motivation for using ocean models Posing the ocean model problem Some perspectives References and further reading

Spatial scales for ocean dynamical processes

Spatial	Scales	of	Ocean	Dynamics

HYDROSTATIC

NON-HYDROSTATIC
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~20 m ~100 m

1000 km

Direct	Numerical	Simulation	of	World	Ocean	climate:	
1mm	spacing	requires	roughly10#times	Avogadro	
number	of	grid	cells	time	stepped	with	roughly	
1sec	for	1000	years.	Far	from	practical!	

Huge	problem	requiring	rational	parameterizations.		Developing	
such	parameterizations	remains	a	research	problem.	

Images	courtesy	A.	Adcroft7/25/16 Griffies	talk	to	IITM	in	Pune,	India <#>
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A (very brief) history of ocean modelling
Recent decades of progress in modelling the ocean circulation have 
focused on: (a) achieving gradual increases in resolution



A (very brief) history of ocean modelling
Recent decades of progress in modelling the ocean circulation have 
focused on: (a) achieving gradual increases in resolution

       (b) developing parameterisations of sub-grid-scale processes 
                           – usually evaluated against climatologies. 

Questions/comments

entrainment function F(Ri) similar to Eq. (1) and sup-
pressed entrainment above a critical Ri.
Rotating laboratory experiments carried out by

Cenedese et al. (2004) and Cenedese andAdduce (2008),
suggest that entrainment in dense currents can occur for
subcritical Froude numbers, a fundamental difference
from the Ellison and Turner (1959) parameterization,
herein named the ET59 parameterization. Furthermore,
a dependence of the entrainment on the Reynolds num-
ber was found by Cenedese and Adduce (2008). Wells
andWettlaufer (2005) reproduced the nonrotating results
of Ellison and Turner (1959), and Wells (2007) found
results similar to Ellison and Turner (1959) in rotating
experiments. Nonrotating experiments investigating en-
trainment and detrainment in a dense current flowing
downslope in a stratified fluid were conducted by Baines
(2001, 2002, 2005, 2008) for different slope angles. The
development of a dense current flowing down a slope in
transition from a hydraulically controlled flow and the
associate mixing and entrainment mechanisms have been
investigated in the laboratory by Pawlak andArmi (2000).

2. A new parameterization

This study proposes a new parameterization for en-
trainment in dense currents flowing down a sloping
bottom. The new parameterization takes into account
the laboratory findings of Cenedese et al. (2004) and
Cenedese and Adduce (2008). In particular, it assumes
that the amount of entrainment in a dense current de-
scending down a slope depends on both the Froude
number Fr andReynolds numberRe of the flow and that
entrainment occurs for subcritical Fr (,1). The sub-
critical entrainment observed in Cenedese et al. (2004)
and Cenedese and Adduce (2008) has been suggested
(Wåhlin and Cenedese 2006; Hughes and Griffiths 2006;
Lauderdale et al. 2008) to be of fundamental importance
for the water mass characteristics, such as density, of a
dense current descending the continental slope. A weak,
but nonzero, entrainment can change the final density
and, consequently, the depth and location of important
water masses in the open ocean. This is especially true
when the dense current follows a long path over the slope
in a subcritical regime. Lauderdale et al. (2008) found
that moderate mixing rates in the southern Greenland
Deep Western Boundary Current (DWBC) occurring
over a distance of ;1000 km, between Denmark Strait
and Cape Farewell, increase the volume transport of the
dense current as much as the intense entrainment oc-
curring near the sill in the Denmark Strait. Hence, the
proposed new entrainment parameterization allows for
subcritical Fr entrainment and takes into account the ef-
fects of both the Fr and Re on the entrainment dynamics.

Consequently, the proposed parameterization differs
substantially from the ET59 parameterization still widely
used. The term ‘‘entrainment’’ is usually associated with
the vigorous mixing due to Kelvin–Helmholtz instabil-
ities in the shear layer of the dense current, which occurs
typically near the sill, as the current descends a steep
slope. In this study, as discussed in detail below, we use
the term entrainment also to indicate the less energetic
mixing occurring in the dense current as it descends the
continental slope, with the possibility of including ‘‘back-
ground’’ mixing caused by, for example, internal waves
breaking. The importance of subcritical Fr turbulent
mixing in stably stratified flows has also been observed in
data including meteorological observations, large eddy
simulations, and direct numerical simulations. An im-
proved second-order closure model accommodating arbi-
trary Richardson numbers has been proposed by Canuto
et al. (2008).
The new parameterization has been obtained using

a large dataset that includes oceanic and laboratory
data. The oceanic data span five location sites: Medi-
terranean overflow (Baringer and Price 1997), Denmark
Strait (Girton and Sanford 2003), Faroe Bank Channel
(Mauritzen et al. 2005), Baltic Sea (Arneborg et al. 2007),
and Lake Ogawara (Dallimore et al. 2001); while the
laboratory data include both nonrotating (Ellison and
Turner 1959; Alavian 1986) and rotating (Cenedese et al.
2004; Cenedese and Adduce 2008; Wells 2007) experi-
ments on density driven currents descending a slope. For
the majority of the data used, the values of the entrain-
ment parameter, E, Fr, and Re are not ‘‘local’’ and ‘‘in-
stantaneous’’ measurements, but instead are based on
‘‘integral’’ measurements. For example, the value of E is
usually found by amass balance between two consecutive
sections across the dense current, similarly the values of
Fr andRe are cross-sectional averages and/or averaged in
time. Hence, the proposed parameterization should be
used exclusively to predict an average value ofE given the
average values of Fr and Re across a section in the dense
current. This parameterization is notmeant to resolve, for
example, the vertical changes in entrainment velocity due
to vertical changes of the gradient Richardson number.
The mathematical structure of the suggested param-

eterization is similar to that proposed by Ellison and
Turner (1959) and likewise is empirical,
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A (very brief) history of ocean modelling
Not all increases in resolution are the same à Step change in model skill 
when the critical threshold for resolution of largest, energy-containing 
mesoscale eddies reached...

First-baroclinic Rossby radius
N = buoyancy frequency
h = vertical scale of pycnocline
f = inertial frequency

L = N h / f



A (very brief) history of ocean modelling
Not all increases in resolution are the same à Step change in model skill 
when the critical threshold for resolution of largest, energy-containing 
mesoscale eddies reached...

R. Hallberg
(GFDL)



A (very brief) history of ocean modelling
Partial resolution of mesoscale eddies results in fundamental changes in 
model behaviour…

Hallberg & Gnanadesikan (2006)

Drake Passage transport response to wind forcing perturbations
for a range of model resolutions 

Step change in wind forcing



Modelling the ocean circulation – Status

Ocean modelling is presently at a stage in which eddy-permitting / eddy-
resolving models are routine à The role of mesoscale dynamics in 
shaping ocean circulation and climate is becoming reasonably well 
understood.

Course outline and aims Motivation for using ocean models Posing the ocean model problem Some perspectives References and further reading

Spatial scales for ocean dynamical processes

Spatial	Scales	of	Ocean	Dynamics

HYDROSTATIC

NON-HYDROSTATIC

100 km
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~1 km

~20 m ~100 m

1000 km

Direct	Numerical	Simulation	of	World	Ocean	climate:	
1mm	spacing	requires	roughly10#times	Avogadro	
number	of	grid	cells	time	stepped	with	roughly	
1sec	for	1000	years.	Far	from	practical!	

Huge	problem	requiring	rational	parameterizations.		Developing	
such	parameterizations	remains	a	research	problem.	
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Modelling the ocean circulation – Emerging challenge
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Mixed-layer Rossby radius

Horizontal wavelength of 
internal waves generated 
at boundaries

A. Adcroft (GFDL)

N = buoyancy frequency
hml = mixed layer depth
f = inertial frequency
U = horizontal velocity scale

Lml = N hml / f

Liw ~ 2π U / f



Modelling the ocean circulation – Emerging challenge

In recent years, the resolution of (regional) ocean models has started 
approaching O(1 km), and has uncovered a new zoo of – submesoscale – 
processes with large-scale impacts that are only beginning to be 
investigated…

Course outline and aims Motivation for using ocean models Posing the ocean model problem Some perspectives References and further reading
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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 ~ U / fL << 1), well 
approximated by quasi-geostrophic dynamics, and adequately 
represented in eddy-resolving ocean models.

Course outline and aims Motivation for using ocean models Posing the ocean model problem Some perspectives References and further reading

SST animation from GFDL CM2.6 climate model

Animation 1: Daily SST from the GFDL CM2.6
This coupled climate model uses a 0.1� configuration of MOM5 for the
ocean component, under a 50 km global atmosphere model. It has
been integrated for multiple-centuries in support of climate and ocean
related studies. Available from Vimeo

STEPHEN.GRIFFIES@NOAA.GOV Ocean model lectures: Part I



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)).



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)).

By necessity, these flows happen in important places, where the ocean 
exchanges heat, freshwater, momentum and gases with the land, ice or 
atmosphere.

 è Resolving this new dynamics is thus very likely to change the
                   big picture of how the modelled ocean circulation behaves.



Submesoscale physics at the ocean – atmosphere boundary



Evolution of the upper-ocean mixed layer: theory

•  Classical view of the mixed layer is 1-d



Evolution of the upper-ocean mixed layer: theory

•  Classical view of the mixed layer is 1-d
•  This physics enters climate-scale models of the ocean circulation via 

parameterizations such as KPP (Large et al., 1994)

NEMO ORCA 1/12o



Evolution of the upper-ocean mixed layer: theory

A balanced flow undergoes 
dynamical instability when

with f = Coriolis parameter, q = 
potential vorticity, u = velocity 
and b = buoyancy.

This condition is met when:
N < 0 è gravitational instability
fζ < -f2 è centrifugal instability
|∨hb| > f2N2 è symmetric inst.

 Hoskins (1974)

|

In the presence of lateral density fronts, a very different view of the 
mixed layer emerges in which a range of other (3-d) dynamical 
instabilities are permitted by the equations of motion.



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). 

13 km 

.5 km 

Time series of temperature (top) salinity (middle) and EKE (bottom) at central mooring site.  
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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 
m o o r i n g s , i n c l u d i n g 
instruments for point 
measurements of ε) and 2 
gliders focussing on upper 
500 m, deployed for 1 year 
next to a meteorological 
buoy 
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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.Instances of fq < 0

Ertel Potential Vorticity at the Inner Moorings
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This is the full Ertel PV, q (geostrophic + ageostrophic). 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: de-stratification
The observed significance of symmetric instability in de-stratifying the upper 
ocean is reproduced in a regional model with resolution of < 2 km.

Brannigan et al. (2015)



An annual cycle of the ocean surface boundary layer: de-stratification
The observed significance of symmetric instability in de-stratifying the upper 
ocean is reproduced in a regional model with resolution of < 2 km.

Year 4.74 = Late December



Submesoscale physics 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

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. (2017)
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The Pine Island calving front



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?

Why is Glacially Modified Water mixing so rapidly?

(Contours indicate neutral density)

(Contours indicate meltwater conc.)

CDW

GMW CDW = Circumpolar Deep Water

GMW = Glacially Modified 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?

Why is Glacially Modified Water mixing so rapidly?

(Contours indicate neutral density)

(Contours indicate meltwater conc.)

CDW

GMW

S-ADCP cross-front velocity and vertical velocity. Contours indicate 
potential temperature, with the warmest CDW at depth.

Why is Glacially Modified Water mixing so rapidly?

Into cavity (SE-ward)

Out of cavity (NW-ward)

S-ADCP cross-front velocity and vertical velocity. Contours indicate 
potential temperature, with the warmest CDW at depth.

Why is Glacially Modified Water mixing so rapidly?

Into cavity (SE-ward)

Out of cavity (NW-ward)

S-ADCP cross-front velocity and vertical velocity. Contours indicate 
potential temperature, with the warmest CDW at depth.

Why is Glacially Modified Water mixing so rapidly?

Into cavity (SE-ward)

Out of cavity (NW-ward)



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



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?



An idealised model of an Antarctic ice shelf’s outflow
The simulation displays an ‘outflow plume’ that undergoes centrifugal instability 
with characteristics broadly similar to observations… 

RELATIVE VORTICITY DIVIDED BY f

(MINUS) POTENTIAL VORTICITY (s-3)

ZONAL VELOCITY (m s-1)



Submesoscale physics 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. (2017)



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.
 



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

A regional model (with horizontal resolution of 500 m) reveals vertical flows and 
associated rates of turbulent dissipation and wave drag akin to those measured. 

Mashayek et al. (2017)



Conclusions and outlook
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1990s – 2000s

Submesoscale Revolution
2010s - ?



Conclusions and outlook

Course outline and aims Motivation for using ocean models Posing the ocean model problem Some perspectives References and further reading

Ocean resolution in IPCC-class climate models

Compliments of GFDL
Figure 1: Ocean model resolution of coupled climate models reported by the Intergovern-
mental Panel on Climate Change by year. Also shown are prototype MOLES simulations
for the next round of models (AR6?) by the National Center for Atmospheric Research,
the NOAA Geophysical Fluid Dynamics Laboratory, the Department of Energy, and the
UKMO Hadley Centre. Exponential fits to the median and leading edge models as well as
Moore’s Law of increasing computer power are shown as dashed lines. Good resolution
(based on process models) for mesoscale, submesoscale, and Langmuir-scale phenomena
are shown.

to the planetary thermodynamics (e.g., Danabasoglu and McWilliams, 1995; Gent, 2011).
However, as our demand for these models’ reliability has grown, as has our com-

putational capabilities, so now a new stage is planned or in prototype at a number of
climate modeling centers–mesoscale eddy resolving (or permitting) climate models. It is
hoped that such models will have unprecedented accuracy and allow for a substantially
improved assessment of climate processes and climate sensitivity (McClean et al., 2011;
Delworth et al., 2012).

However, a lesson can be learned from the operational ocean forecast models and
ocean reanalyses, which generally run at higher resolution due to the shorter duration
of the simulation (decades rather than centuries). Even at these higher resolutions, the
choice of a physically-sound and accurate subgrid model remains a challenging and im-
portant characteristic of even Mesoscale Ocean Large Eddy Simulation (MOLES).

Fig. 2, which is described in detail in section 2.3, compares a frontal spin-down under
the effects of eddies with three different eddy-permitting resolutions where the number
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From B. Fox-Kemper, Brown University, USA

The ocean is but one component amongst many within climate
system models.
Resolution refinement is painfully slow!
This diagram is useful to target one’s career choices.
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