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Goals, Assumptions, Apologies

This talk offers a taste for the mathematics and physics
encountered when studying ocean circulation:

? A rapid-fire historical introduction to geophysical fluid mechanics.
? Apologies for those who took Keating and Alexander’s course

“Mathematics of Planet Earth”, as there will be some overlap.

With Australia’s finest math/science students in the audience, I
assume you wish to see a few of the details even for this public
lecture.

? Theoretical physical oceanography is a rich sub-discipline of
mathematical & computational physics with sophisticated methods
fostering understanding and improving predictions.

We will encounter animations from state-of-the-science
computational fluid mechanics simulations of ocean flows.

? Eye-candy to illustrate the richness, complexity, and beauty of
ocean flows.

? Animations also offer us a short rest.
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Some maths/physics relevant to ocean circulation

Linear & nonlinear partial differential equations of continuum mechanics;

Geometrical/tensor methods to pose the governing equations on a
rotating and stratified sphere;

Numerical methods for computer models of use as a tool for
experimental investigations;

Geometrical/tensor methods to analyze the space-time properties of
complex and multi-scale flows emerging from the governing equations;

Dynamical systems and stochastic methods to conceptually frame
multi-scale linear, nonlinear, and chaotic behaviour of currents, waves,
instabilities, coherent structures, and turbulence.

Statistical methods for robust analysis and probabilistic methods for
prediction;

Big data science tools to reveal underlying patterns to help diagnose
physical processes from within the huge data streams coming from
satellites and simulations.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Animation: sea surface temperature and currents

Computer model simulation of sea surface temperature from the
NOAA/GFDL/Princeton climate model CM2.6 run on the Gaea

supercomputer of the US Department of Energy.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://vimeo.com/27076776
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Archimedes of Syracuse: buoyancyVERTICAL MIXING, ENERGY, AND THE GENERAL CIRCULATION C-1

Figure 1 Potential density surfaces, σ, in kg/m3 along a section running down the central
Pacific Ocean from Antarctica to the Aleutians (WOCE Section P16). Numerical values are
(σ-1000) × 103. [Technically, these are so-called neutral surfaces (McDougall 1987), which
differ slightly from the conventional density to accommodate problems arising from the
nonlinear equation of the state of sea water. For present purposes, the difference from true
density is immaterial.]

WUNSCH.qxd  12/13/2003  7:40 PM  Page 1

Archimedes (287 - c.212 BC) Pacific buoyancy (Wunsch & Ferrari 2004)

“Eureka Moment”: an understanding of how the buoyancy force
on an object in a liquid equals to the weight of displaced liquid.

Fbuoyancy = ẑ g ρliquid Vdisplace. (1)

Gravity stratifies according to buoyancy: light water above heavy.
Buoyancy is built into the hydrostatic balance: dp/dz = −ρ g:
pressure at a point equals to the weight per area above the point.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Leonardo di ser Piero da Vinci: visualizing fluid flow

Leonardo da Vinci (1452-1519) Flow around obstacles & entering a pool

Leonardo’s observations and visualizations of laminar and
turbulent fluid flows were both insightful and prescient.
Detail in his sketches suggest an understooding of vorticity &
vortex tubes: ω = ∇∧ v.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Newton & LaPlace: mechanics & math physics

Newton (1642-1727) LaPlace (1749-1827)

Foundations for mechanics established by Newton.
Newton’s 2nd Law of Motion: fundamental to all classical
mechanical systems, including fluids

F =
dP
dt

M constant
= M

d2X
dt2 = M A

(
P =

dX
dt

)
. (2)

LaPlace used Newtonian mechanics (with Coriolis force) to
describe ocean tides: LaPlace’s tidal equations.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Coriolis: motion in a rotating reference frame

Low 
pressure

Coriolispressure

2 ρ Ω ̂z ∧ u = − ∇z p

Coriolis (1792-1843) Geostrophic balance around a northern hemisphere low

Motion in a rotating reference frame introduces a non-inertial
force that deflects motion to the right in northern hemisphere and
left in the southern hemisphere

FCoriolis = −2 ρΩ ∧ v. (3)

Allows for steady geostrophic balance between pressure and
Coriolis forces

FCoriolis + Fpressure = 0 =⇒ 2 ρΩ ∧ v = −∇p. (4)
STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Fluid dynamical equations for ocean motion

Navier (1785-1836) Stokes (1819-1903)

Newton and LaPlace’s calculus and mechanics is the foundation
to the dynamical equation for a continuous fluid media.
Adding Coriolis force yields the ocean dynamical equations

∂v
∂t︸︷︷︸

local acceleration

+ (v · ∇) v︸ ︷︷ ︸
advection by flow

+ 2Ω ∧ v︸ ︷︷ ︸
Coriolis

= −1
ρ
∇p︸ ︷︷ ︸

pressure

+ ρ g ẑ︸︷︷︸
gravity

+∇ · τstress︸ ︷︷ ︸
friction

(5)

This equation is relevant for nearly all observed fluid motions
from galaxies to blood.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Euler and Lagrange: dual views of fluid motion

Euler (1707 - 1783) Lagrange (1736-1813)

Eulerian frame: fluid viewed/measured in a frame fixed in space
(laboratory frame).
Lagrangian frame: fluid viewed/measured in a frame fixed on a
fluid element (material frame).

Spatially fixed volume

Eulerian

Following fluid element

Lagrangian

∂
∂t

+ v ⋅ ∇ =
D
Dt

t

t + δt
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Transport by waves and eddies: Stokes Drift

h

z
y v*

v*
v

Surface Stokes drift Layer thickness transport APE release

Stokes identified how waves can move matter: Stokes drift.
? Think of motion just outside the breaking surf-zone.

Stokes drift leads to the “bolus” transport within buoyancy layers.
? Think of how a snake swallows its meal.

A generalized version of Stokes drift arises as sloping buoyancy
surfaces flatten and release potential energy during baroclinic
instability.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Kelvin and Helmholz: circulation and vorticity
ω = ∇ ∧ v

C = ∮∂S
v ⋅ dr

Kelvin (1824-1907) circulation & vorticity Helmholtz (1821-1894)

Circulation is related to vorticity via Stokes’ Theorem

C =

‰
∂S

v · dr Stokes Thm
=

ˆ
S
(∇∧ v) · n̂ dS =

ˆ
S
ω · n̂ dS. (6)

Kelvin’s Circulation Theorem for inviscid baroclinic flow:

DC
Dt

=

ˆ
S
ρ−2 (∇ρ ∧∇p)︸ ︷︷ ︸

baroclinicity

·n̂ dS. (7)
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Animation: Kelvin-Helmholz instability leading to
turbulent mixing

Computer simulation of Kelvin-Helmholz instability (shear instability)
using code from the Dedalus Project (an open source partial

differential equation solver using spectral methods).

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://vimeo.com/187121815
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Maxwell and Gibbs: Thermodynamics

Maxwell (1831-1879) Maxwell: H2O P-V-T phase diagram Gibbs (1839-1903)

Thermodynamics provides relations between energy, entropy,
enthalpy, heat, work, etc.
Developed a geometric view of thermodynamic phase spaces.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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McDougall: seawater thermodynamics

Quantifying the consequences of the nonlinear equation of state.

A bit of theory on neutral helicity - 
the neutral helix

Neutral Helicity can be written as:

H≈
N 2

g
T b∇ a p×∇ a⋅k with T b= p

McDougall (UNSW professor) Neutral helicity

Applications of thermodynamics to seawater were surprisingly
simplistic until the seminal work of McDougall and colleagues
during 20th and 21st centuries.
Pioneered studies into the geometry and topology of seawater
thermodynamics and ocean mixing.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Bjerknes, Rossby, Charney:
geophysical fluid mechanics

Bjerknes (1862-1951) Rossby (1898-1957) Charney (1917-1981)

Bjerknes: atmospheric motion can be described using laws of
thermodynamics + fluid mechanics.
Rossby: wave patterns seen on weather maps arise from
latitudinal dependence of the Coriolis force found on a spherical
planet: Rossby waves.
Charney (also Eady): baroclinic instability = hydrodynamic
instability feeding off available potential energy of a rotating
stratified fluid: space-time scale for weather patterns; ocean
eddies; macro-turbulence.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Ocean mechanics = thermo-fluid mechanics on a
rotating & gravitating sphere

Ω

𝜆

𝜙

𝑋

𝑌

𝑍

𝝀	(

Equator

North	Pole

South	Pole

𝒓

𝜙8 𝑟̂

Dv
Dt

+ 2Ω ∧ v = −g ẑ− ρ−1∇p + F momentum (dynamics) (8)

Dρ
Dt

= −ρ∇ · v continuity (kinematics) (9)

ρ
Dθ
Dt

= −∇ · J(θ) enthalpy (thermodynamics) (10)

ρ
DS
Dt

= −∇ · J(S) salinity (matter) (11)

ρ = ρ(S, θ, p). equation of state (thermodynamics) (12)
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Foundations for general circulation models
Kirk Bryan and Suki Manabe

in the early days

Richardson (1881-1953) von Neuman (1903-1957) Smagorinsky (1924-2005) Lorenz (1917-2008) Bryan (1929-) & Manabe (1931-)

Developed numerical methods to turn the continuum partial
differential equations into discrete algebraic equations suitable
for computer simulations.
Developed filtered equations that target waves and eddying
patterns relevant for weather and general circulation.
Exposed the chaotic nature of weather and macro-turbulence
(chaos theory).
Computer models provide an experimental tool to study the
atmosphere and ocean.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Outline

2 Emergent patterns and fluctuations
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Animation: fluid dynamics in the Southern Ocean

Computer model simulation of flow regimes in the Southern Ocean
from the Australian ACCESS-OM2 0.1 degree ocean/sea-ice model

run on the NCI Raijin supercomputer in Canberra, AUS.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://www.youtube.com/watch?v=8VMSF28J9H4
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There’s a zoo of physical ocean processes

Groeskamp et al (2019)

The ocean is a forced-dissipative system with cascades of
energy across space-time scales.
Enhanced resolution of observations (e.g., satellite) and
simulations generally reveals refined layers of phenomenology.

? The more we look, the more we see!

Direct implications for representation and parameterization of the
ocean’s role in climate and ecosystems.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://www.annualreviews.org/doi/abs/10.1146/annurev-marine-010318-095421
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Space-time diagram of ocean dynamical processes
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Figure 3.  The approximate space and time scales of phenomena of interest that could be investigated from 
altimetric measurements of ocean topography with adequate spatial and temporal resolution.  The dashed lines 
indicate the approximate lower bounds of the space and time scales that can be resolved in SSH fields constructed 
from measurements by a single altimeter in the T/P 10-day repeat orbit configuration.  Processes with spatial scales 
to the left of the vertical dashed line and time scales below the horizontal dashed line require higher resolution 
measurements of ocean topography from a constellation of nadir-looking altimeters or a wide-swath altimeter. 

 

Chelton (2001)

Broad range of space-time
scales.
Absence of a clear spectral
gap a result of nonlinear
cascade of turbulent flows
across scales.

? There is no desert.

The absence of a spectral
gap introduces some difficult
problems to the turbulence
closure problem in
geophysical flows.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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Macro-scale turbulence: mesoscale + submesoscale

Research or Project Scientist Position in Oceanic Modeling

Department of Atmospheric and Oceanic Sciences
University of California, Los Angeles (UCLA)

We are looking for a person who is competent in, and has a passion for, high-performance
scientific computing, in particular for computational fluid dynamics. Knowledge of distributed
parallel computing is essential. The successful candidate will work together with specialists in
oceanic computer modeling to further the development of UCLA Regional Oceanic Modeling System
(ROMS), which is an algorithmically sophisticated, well-developed code that is widely used for high-
resolution, nested-grid, turbulent flows in various geographically accurate configurations, both for
scientific discovery and for simulated reality (e.g., see figure below). He/she will implement new
algorithms into the existing code base to extend the functionality and will be responsible for the
continuing maintenance and evolution of the code, in coordination with other research scientists
in the modeling group. Depending on background and interests, there will be opportunities for
further algorithmic development and implementation of additional physical processes.

The ROMS code is written in Fortran, so a prior knowledge of it is advantageous, but not
required. Desirable skills are proficiency in working in an Linux environment; knowledge of high-
performance scientific computing in either computational fluid mechanics or a related field; ex-
perience with distributed-memory, parallel computing; ability to work with oceanic scientists on
code development; good interpersonal skills; knowledge of other programming languages (e.g., C
or C++, Python, Julia).

The initial appointment is full-time for one year with continuation with satisfactory progress.
The position is available immediately, and applications will be considered until the position is
filled. The University of California is an Equal Opportunity/A�rmative Action Employer. All
qualified applicants will receive consideration for employment without regard to race, color, reli-
gion, sex, sexual orientation, gender identity, national origin, disability, age, or protected veteran
status. Please email a cover letter stating your research accomplishments and interests, a curriculum
vitae, representative publications and/or work products (i.e., code samples), and contact informa-
tion for three references to James C. McWilliams and Jeroen Molemaker (jcm@atmos.ucla.edu,
nmolem@atmos.ucla.edu), Dept. of Atmospheric and Oceanic Sciences, University of California,
Los Angeles, CA 90095-1565.

A ROMS simulation

of surface vorticity in

an o↵shore sector of

the Gulf Stream. The

patterns indicate the

meandering Stream, its

Rings, and abundant

submesoscale currents.

Phytoplankton bloom from NASA GSFC Simulation (Gula et al 2015) (∆ = 500m)

Satellite measurements reveal the multi-scale structure of ocean
macro-turbulence.
Simulations allow us to study the mechanisms.

? Primary eddy features (“mesoscale eddies”) initiate secondary
“submesocale instabilities” that lead to filaments along the edges of
the eddies.

? Submesoscale eddies and fronts have strong vertical motions that
bring deep nutrients into the upper photic (light) zone.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://oceancolor.gsfc.nasa.gov/gallery/609/
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Coherent structures + turbulent soup = order in chaos
Introduction Model / Heat Budget Wind Warming Conclusions

Adele Morrison (Princeton University) Mechanisms of deep ocean heat uptake

Mechanisms of deep ocean heat uptake:
Insights from eddying climate models

Adele Morrison, Oleg Saenko, Andy Hogg, Steve Gri�esLAVD field from Tarshish et al (2018) Surface current speed (courtesy A. Morrison, ANU)

We see coherent structures within a background turbulent soup.
? Quasi-geostrophic turbulence cascades energy to large scale.
? In some regions the cascade focuses on coherent structures:

Cascade animation from R. Abernathey, Columbia Univ.
? Maximize information entropy while conserving energy.

Non-autonomous dynamical systems methods to objectively
identify coherent structures and measure impacts on transport.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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3 Climate change and sea level
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Earth is warming due to fossil fuel burning (IPCC)

NASA analysis

Consistent pattern of global and regional warming of surface
temperatures.
Each season is warming.
Northern high latitudes are warming the most, reflecting
ice-albedo feedback as a result of melting Arctic sea-ice.
North Atlantic cooling might reflect slow-down of Atlantic
overturning circulation.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://climate.nasa.gov/vital-signs/global-temperature/
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Global warming = ocean warming⇒ sea level rises

264

Chapter 3 Observations:  Ocean

3

Box 3.1 | Change in Global Energy Inventory

The Earth has been in radiative imbalance, with less energy exiting the top of the atmosphere than entering, since at least about 1970 
(Murphy et al., 2009; Church et al., 2011; Levitus et al., 2012). Quantifying this energy gain is essential for understanding the response 
of the climate system to radiative forcing. Small amounts of this excess energy warm the atmosphere and continents, evaporate water 
and melt ice, but the bulk of it warms the ocean (Box 3.1, Figure 1). The ocean dominates the change in energy because of its large 
mass and high heat capacity compared to the atmosphere. In addition, the ocean has a very low albedo and absorbs solar radiation 
much more readily than ice. 

The global atmospheric energy change inventory accounting for specific heating and water evaporation is estimated by combining 
satellite estimates for temperature anomalies in the lower troposphere (Mears and Wentz, 2009a; updated to version 3.3) from 70°S 
to 82.5°N and the lower stratosphere (Mears and Wentz, 2009b; updated to version 3.3) from 82.5°S to 82.5°N weighted by the ratio 
of the portions of atmospheric mass they sample (0.87 and 0.13, respectively). These temperature anomalies are converted to energy 
changes using a total atmospheric mass of 5.14 = 1018 kg, a mean total water vapor mass of 12.7 =�1015 kg (Trenberth and Smith, 2005), 
a heat capacity of 1 J g–1 °C–1, a latent heat of vaporization of 2.464 J kg–1 and a fractional increase of integrated water vapor con-
tent of 0.075 °C–1 (Held and Soden, 2006). Smaller changes in 
potential and kinetic energy are considered negligible. Standard 
deviations for each year of data are used for uncertainties, and 
the time series starts in 1979. The warming trend from a linear fit 
from 1979 to 2010 amounts to 2 TW (1 TW = 1012 watts). 

The global average rate of continental warming and its uncer-
tainty has been estimated from borehole temperature profiles 
from 1500 to 2000 at 50-year intervals (Beltrami et al., 2002). 
The 1950–2000 estimate of land warming, 6 TW, is extended into 
the first decade of the 21st century, although that extrapolation 
is almost certainly an underestimate of the energy absorbed, as 
land surface air temperatures for years since 2000 are some of 
the warmest on record (Section 2.4.1).

All annual ice melt rates (for glaciers and ice-caps, ice sheets 
and sea ice from Chapter 4) are converted into energy change 
using a heat of fusion (334 = 103 J kg–1) and density (920 kg 
m–3) for freshwater ice. The heat of fusion and density of ice may 
vary, but only slightly among the different ice types, and warm-
ing the ice from sub-freezing temperatures requires much less 
energy than that to melt it, so these second-order contributions 
are neglected here. The linear trend of energy storage from 1971 
to 2010 is 7 TW.

For the oceans, an estimate of global upper (0 to 700 m depth) 
ocean heat content change using ocean statistics to extrapo-
late to sparsely sampled regions and estimate uncertainties 
(Domingues et al., 2008) is used (see Section 3.2), with a linear 
trend from 1971 to 2010 of 137 TW. For the ocean from 700 to 
2000 m, annual 5-year running mean estimates are used from 
1970 to 2009 and annual estimates for 2010–2011 (Levitus et 
al., 2012). For the ocean from 2000 m to bottom, a uniform rate 
of energy gain of 35 [6 to 61] TW from warming rates centred on 
1992–2005 (Purkey and Johnson, 2010) is applied from 1992 to 
2011, with no warming below 2000 m assumed prior to 1992. 
Their 5 to 95% uncertainty estimate may be too small, as it 
(continued on next page)

Box 3.1, Figure 1 |  Plot of energy accumulation in ZJ (1 ZJ = 1021 J) within 
distinct components of the Earth’s climate system relative to 1971 and from 1971 
to 2010 unless otherwise indicated. See text for data sources. Ocean warming 
(heat content change) dominates, with the upper ocean (light blue, above 700 m) 
contributing more than the mid-depth and deep ocean (dark blue, below 700 m; 
including below 2000 m estimates starting from 1992). Ice melt (light grey; for 
glaciers and ice caps, Greenland and Antarctic ice sheet estimates starting from 
1992, and Arctic sea ice estimate from 1979 to 2008); continental (land) warming 
(orange); and atmospheric warming (purple; estimate starting from 1979) make 
smaller contributions. Uncertainty in the ocean estimate also dominates the total 
uncertainty (dot-dashed lines about the error from all five components at 90% 
confidence intervals).
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Sea Level Change Chapter 13

13

Figure 13.3 |  (a) Paleo sea level data for the last 3000 years from Northern and Southern Hemisphere sites. The effects of glacial isostatic adjustment (GIA) have been removed 
from these records. Light green = Iceland (Gehrels et al., 2006), purple = Nova Scotia (Gehrels et al., 2005), bright blue = Connecticut (Donnelly et al., 2004), blue = Nova Scotia 
(Gehrels et al., 2005), red = United Kingdom (Gehrels et al., 2011), green = North Carolina (Kemp et al., 2011), brown = New Zealand (Gehrels et al., 2008), grey = mid-Pacific 
Ocean (Woodroffe et al., 2012). (b) Paleo sea level data from salt marshes since 1700 from Northern and Southern Hemisphere sites compared to sea level reconstruction from 
tide gauges (blue time series with uncertainty) (Jevrejeva et al., 2008). The effects of GIA have been removed from these records by subtracting the long-term trend (Gehrels and 
Woodworth, 2013). Ordinate axis on the left corresponds to the paleo sea level data. Ordinate axis on the right corresponds to tide gauge data. Green and light green = North 
Carolina (Kemp et al., 2011), orange = Iceland (Gehrels et al., 2006), purple = New Zealand (Gehrels et al., 2008), dark green = Tasmania (Gehrels et al., 2012), brown = Nova 
Scotia (Gehrels et al., 2005). (c) Yearly average global mean sea level (GMSL) reconstructed from tide gauges by three different approaches. Orange from Church and White (2011), 
blue from Jevrejeva et al. (2008), green from Ray and Douglas (2011) (see Section 3.7). (d) Altimetry data sets from five groups (University of Colorado (CU), National Oceanic and 
Atmospheric Administration (NOAA), Goddard Space Flight Centre (GSFC), Archiving, Validation and Interpretation of Satellite Oceanographic (AVISO), Commonwealth Scientific 
and Industrial Research Organisation (CSIRO)) with mean of the five shown as bright blue line (see Section 3.7). (e) Comparison of the paleo data from salt marshes (purple 
symbols, from (b)), with tide gauge and altimetry data sets (same line colours as in (c) and (d)). All paleo data were shifted by mean of 1700–1850 derived from the Sand Point, 
North Carolina data. The Jevrejeva et al. (2008) tide gauge data were shifted by their mean for 1700–1850; other two tide gauge data sets were shifted by the same amount. The 
altimeter time series has been shifted vertically upwards so that their mean value over the 1993–2007 period aligns with the mean value of the average of all three tide gauge 
time series over the same period.

IPCC AR5 NASA analysis

Ocean warming raises sea level (thermosteric + land ice melt);
≈ 30 cm since 1880 and 3.2 mm/yr since 1993 (accelerating).
Regional patterns associated with ocean dynamical processes:
winds, regional heating, changes to circulation.
Since 1970, ocean is heating at a rate equivalent to the power
released by roughly 3 to 6 Hiroshima bombs per second.
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Winds, waves, and warming Antarctic ice shelves

Paolo et al (2015) Spence et al (2017)

Complex array of physical processes at the base of ice shelves.
Broad trends in ice shelf melting over recent 20 years.
Models and theory suggest that winds and waves can act to alter
interior pressure gradients that in certain regions lead to
movement of warm off-shore water towards ice shelves.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

http://science.sciencemag.org/content/348/6232/327
https://www.nature.com/articles/nclimate3335
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Further big questions of ocean climate scienceThe AMOC is a major component of Earth's climate system, 
due to its transport of heat, but its future behavior is uncertain.

PAST, PRESENT, AND FUTURE CHANGES 
IN THE ATLANTIC MERIDIONAL 
OVERTURNING CIRCULATION

BY M. SROKOSZ, M. BARINGER, H. BRYDEN, S. CUNNINGHAM, T. DELWORTH,  
S. LOZIER, J. MAROTZKE, AND R. SUTTON

T he future of the global climate system is  
 uncertain and depends on the anthro- 
 pogenic input of CO2 into the atmosphere 

(Solomon et al. 2007). One of the significant 
areas of uncertainty highlighted in the most 
recent Intergovernmental Panel on Climate 
Change’s (IPCC) report, the Fourth Assess-
ment Report, is the future behavior of the 
Atlantic Ocean’s meridional overturning cir-
culation [MOC 1; see Fig. 10.15 in Solomon et 
al. (2007)]. The Atlantic MOC (AMOC) con-
sists of a near-surface, warm northward flow, 
compensated by a colder southward return 
flow at depth. Heat loss to the atmosphere at 
high latitudes in the North Atlantic makes 
the northward-flowing surface waters denser, 
causing them to sink to considerable depths. 
These waters constitute the deep return flow 
of the overturning circulation (see Fig. 1). The 
AMOC is unusual in the world’s oceans, as it 
transports heat northward across the equa-
tor. The maximum northward oceanic heat 
transport occurs at 24°–26°N and is 1.3 PW FIG. 1. A simplified schematic of the AMOC showing both 

the overturning and gyre recirculation components. Warm 
water flows north in the upper ocean (red), gives up heat to 
the atmosphere (atmospheric flow gaining heat represented 
by the changing color of broad arrows), sinks, and returns 
as a deep cold flow (blue). Latitude of the 26.5°N AMOC 
observations is indicated. Note that the actual flow is more 
complex. For example, see Bower et al. (2009, their Fig. 1) for 
the intermediate depth circulation in the vicinity of the Grand 
Banks and Biastoch et al. (2008, their Fig. 2) for the middepth 
circulation around South Africa, showing the importance of 
eddies in transferring heat and salt from the Indian Ocean to 
the Atlantic Ocean.

1 The MOC has at times been referred to as the ther-
mohaline circulation (THC); that is, that part of the 
ocean circulation determined by changes in tem-
perature and salinity—the two are not synonymous. 
The MOC is what can be determined in practice, as 
a zonal integral of the meridional velocity, whereas 
the THC is not directly measurable but is related to 
one of the mechanisms involved in the overturning 
(see Kuhlbrodt et al. 2007).
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deep water back to the surface. Indeed, measure-
ments using dye tracers suggest that vertical mix -
ing in the upper 2 km of the ocean is an order of
magnitude too small to account for the requisite
warming.2

An alternative theory, which has gained wide
acceptance over the past two decades, is that the pri-
mary return pathway for deep water is in the South-
ern Ocean (see the article by J. Robert Toggweiler,
PHYSICS TODAY, November 1994, page 45). The west-
erly winds in the Southern Hemisphere drive a
strongly divergent surface flow that draws up water
from below in a wide ring circling the Antarctic con-
tinent. Observations indicate that as much as 80% of
deep water resurfaces in the Southern Ocean.2 The
majority of the dense water upwells from a depth of
roughly 2–3 km along sloping density layers with
little heat input or mixing required.3 (Box 1 de-
scribes the circulation through the global overturn-
ing loop.) 

The upwelling exerts a huge influence on
Earth’s atmosphere and climate. Because the newly
exposed water is cold, it absorbs a vast amount of
excess heat from the atmosphere. Thanks to the 
decomposition of organic matter that rains into the
oceans, the upwelled water is a rich source of the
nutrients that supply most biological production in
the global ocean. Because the upwelled water 
continually replaces surface water, it absorbs a 

significant amount of excess carbon from the 
atmosphere.

What comes around 
A key driver of the Southern Ocean circulation is the
westerly winds—the strongest mean sea-surface
winds on Earth. Because the planet rotates, momen-
tum transferred from the atmosphere to the upper
hundred meters of the ocean produces a flow not 
in the direction of the winds but to the left of them
(in the Southern Hemisphere). That flow, shown in 
figure 1 and known as the Ekman transport, moves
lighter surface water northward and draws large
quantities of deep, dense water to the surface in the
south.

Simple volume conservation explains why the
upwelling occurs. The strength of the westerly
winds, and therefore the Ekman transport, varies
with latitude—the maximum northward surface
transport occurs at about 50° S and decreases south
of that. Water must be drawn up from below in
order to balance the difference between the larger
northward transport at 50° S, say, compared with
the smaller northward transport at 60° S. The broad
ring of upwelling shown in figure 2a starts close to
the Antarctic continent and extends all the way to
roughly 50° S.

In isolation, the wind-driven flow would even-
tually expel all light water from the Southern Ocean

28 January 2015 Physics Today www.physicstoday.org

Figure 1. Dynamics in the Southern Ocean. The westerly winds combine with the Coriolis force to drive a
northward flow, known as the Ekman transport, at the ocean’s surface. The Ekman transport shifts the light
surface waters northward, thereby tilting the density contours—shown as colors ranging from red (surface
light water) through blue (deep dense water)—up from the horizontal. The latitudinal variation in the westerlies
creates a divergence in the Ekman transport, which causes water to upwell along the sloping density layers
from the deep ocean to the surface. (Eddies and the flow of the strong eastward Antarctic circumpolar current
over topographic ridges also influence the upwelling, as outlined in box 2.) Upon reaching the upper ocean, 
the upwelled waters split into two pathways: Water that reaches the surface close to Antarctica’s sea ice is
cooled, sinks along the continental shelf, and is transformed into dense bottom water; water that surfaces
north of the sea-ice edge is warmed and flows northward with the Ekman layer.4

Southern Ocean
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transport across the equator17,18. The observations show particularly 
strong warming along the Benguela Current and its northward exten-
sion towards the Gulf of Guinea. This is a common response in climate 
models to an AMOC weakening2,19,20, and is related to a reduced cold 

northward flow, but is not seen in the CM2.6 simulations. This omis-
sion might be related to the model’s representation of the AMOC or 
of wind-driven circulation in the South Atlantic, and needs further 
investigation.

atad TSSIdaHledom 6.2MC

Local SST trend normalized to global SST trend
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Fig. 2 | Comparison of normalized SST trends. Left, linear SST trends 
during a CO2-doubling experiment using the GFDL CM2.6 climate 
model. Right, observed trends during 1870–2016 (HadISST data). Both 
sets of data are normalized with the respective global mean SST trends, 
and in both cases we used data from the November–May season. Regions 

that show cooling or below-average warming are shown in blue; regions 
that show above-average warming are in red. Owing to the much greater 
climate change in the CO2-doubling experiment, the signal-to-noise ratio 
for the modelled SST trends is better than that for the observations.
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Fig. 3 | Comparison of time series of SST anomalies and the strength 
of the overturning circulation in the CM2.6 model. The graph shows 
time series of SST anomalies (relative to global mean SSTs) in the subpolar 
gyre (sg; dark blue) and Gulf Stream (gs; red) regions in the CO2-doubling 
run relative to the control run, as predicted by the CM2.6 model. These 
two regions are defined as shown in the inset (see Methods). The anomaly 
of the actual AMOC overturning rate relative to the control run is also 
shown (light blue). Thin lines show individual years (November to May 
for SSTs), and thick lines show 20-year locally weighted scatterplot 
smoothing (LOWESS) filtered data. Using the CMIP5 ensemble, we 
independently determined a conversion factor of 3.8 Sv K−1 between the 
SST anomaly and the AMOC anomaly.
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Fig. 4 | Seasonal variation in SSTs in the subpolar gyre region. We show 
here the seasonal cycle in the normalized SST trend in the subpolar gyre 
(sg) region for the CM2.6 model (light blue) and HadISST data (dark 
blue). A value of 1 represents annual-mean, global-mean warming. In 
addition, we show the seasonal cycle of the normalized global-mean SST 
trend for the model (light green) and observations (dark green). The 
SST trends in the subpolar gyre region are well below the global-mean 
warming year-round (differences are given in numbers along the x axis 
for the CM2.6 model (light grey) and the HadISST data (dark grey) and 
highlighted by arrows), yet are smallest during the cold part of the year for 
both observations and model.

1 2  A P R I L  2 0 1 8  |  V O L  5 5 6  |  N A T U R E  |  1 9 3
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Srokosz (2012) Caesar et al (2018) Morrison et al (2015) Encyclopaedia Britannica

Slowdown of Atlantic overturning circulation, with impacts on
poleward/vertical heat and carbon transport, European climate,
and North American east coast sea level;
Southern Ocean ventilation of heat and carbon with possible
changes due to changing winds, precipitation, and heating;
Ocean heat waves, acidification, and impacts on marine life.
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https://journals.ametsoc.org/doi/10.1175/BAMS-D-11-00151.1
https://www.nature.com/articles/s41586-018-0006-5?WT.feed_name=subjects_climate-and-earth-system-modelling
https://physicstoday.scitation.org/doi/10.1063/PT.3.2654
https://www.britannica.com/science/ocean-acidification


Building the math/physics framework Emergent patterns and fluctuations Climate change and sea level Closing comments

Outline

4 Closing comments

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation



Building the math/physics framework Emergent patterns and fluctuations Climate change and sea level Closing comments

Summary

Ocean circulation emerges from the underlying
thermo/mechanical equations for a fluid on a gravitating and
rotating sphere.
Ocean circulation studies involve a synergy between
observations (remote and in situ), theory (maths, physics), and
simulations (numerics, computer science).
Simulations provide an experimental tool to reveal a mechanistic
understanding of the complex multi-scale fluid flow.
Civilization is presenting the earth with a (relatively new)
geophysical force whose impacts are felt by the ocean and
atmosphere:

? The “great carbon burning experiment”
? Humanity does not control climate but we do affect it.
? Unraveling the mechanisms for both natural and anthropogenic

fluctuations in the ocean/atmosphere climate system is
fundamental to 21st century earth science.

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation
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A suite of further cutting-edge animations

? Process studies using Dedalus
? Multi-scale flows from J. Gula using ROMS
? Atlantic simulations from NEMO at < 2km grid spacing
? NASA global surface circulation using MITgcm

STEPHEN.M.GRIFFIES@GMAIL.COM Ocean circulation

https://vimeo.com/dedalus
http://stockage.univ-brest.fr/~gula/movies.html
https://vimeo.com/oceannext
https://www.youtube.com/watch?v=CCmTY0PKGDs
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Some words for the aspiring mathematical scientist

Einstein (1879-1955) Fuller (1895-1983) Buddha (c. 500BCE) Ginsburg (1933-)

? ALBERT EINSTEIN: The important thing is not to stop questioning.
Curiosity has its own reason for existence.

? R. BUCKMINSTER FULLER: You never change things by fighting the
existing reality. To change something, build a new model that makes the
existing model obsolete.

? GAUTAMA BUDDHA: Do not believe in anything simply because you have
heard it. Do not believe in anything merely on the authority of your
teachers and elders. But after observation and analysis, when you find
that anything agrees with reason and is conducive to the good and
benefit of one and all, then accept it and live up to it.

? R.B. GINSBURG: Fight for the things that you care about, but do it in a
way that will lead others to join you.
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Many thanks for your time and attention

It has been an honour and pleasure to present this lecture.

From the Weddell Sea and Scotia Sea, autumn 2017 on the RRS James Clark Ross
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