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Corso:	979SM	- FLUIDODINAMICA
Lecturers:	F.	Romanelli,	D.	Giaiotti,	S.	Salon,	R.	Farneti

Scopo:	introduzione	ai	temi	principali	della	Fluidodinamica	Geofisica	(Geophysical
Fluid Dynamics	- GFD)

Syllabus:

• Introduction to	Geophysical FD:	scales of	motion,	rotation/stratification in	atmosphere
and	ocean

• Rotating frame	of	reference:	Coriolis force,	inertial oscillations,	acceleration on	a	3-D	
rotating planet

• Governing equations of	GFD:	momentum,	mass	conservation,	energy,	equation of	state;	
Boussinesq approximation;	scale	analysis and	further simplifications of	governing
equations;	Rossby,	Ekman,	Reynolds	numbers

• Geostrophy:	geostrophic flows;	Taylor-Proudman theorem;	non-geostrophic flows;	
vorticity dynamics

• Friction and	rotation:	Ekman layers
• Barotropic waves:	Kelvin,	Poincarè,	Rossby,	topographic waves and	analogies
• Stratification:	static stability,	Froude number,	combination of	rotation and	stratification
• Mixing	1:	mixing	of	stratified fluids,	Kelvin-Helmoltz instability – Instability of	a	
stratified shear flow

• Mixing	2:	Taylor-Goldstein equation,	Richardson	number;	turbulence in	a	stratified shear
flow
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Vortex street near Canary Islands as seen from the Terra satellite (Image courtesy of MODIS 
Rapid Response Project at NASA/GSFC.)
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Vortex street near Canary Islands as seen from the Terra satellite (Image courtesy of MODIS 
Rapid Response Project at NASA/GSFC.)
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NASA's Juno spacecraft soared 
directly over Jupiter's south pole 
when JunoCam acquired this 
image on February 2, 2017, from 
an altitude of about 101,000 km 
above the cloud tops. 

https://www.jpl.nasa.gov/news/ne
ws.php?feature=6752

GFD
on rotating planets
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Saturn's north polar hexagon basks in the Sun's light now that spring has come to the 
northern hemisphere. Many smaller storms dot the north polar region and Saturn's 
signature rings, which appear to disappear on account of Saturn's shadow, put in an 
appearance in the background.

The image was taken with the Cassini spacecraft's wide-angle camera on Nov. 27, 2012 
using a spectral filter sensitive to wavelengths of near-infrared light centered at 750 
nanometers.

The view was acquired at a distance of approximately 649,000 km from Saturn and at a 
Sun-Saturn-spacecraft, or phase, angle of 21 degrees. Image scale is 35 km per pixel.

Image Credit: NASA/JPL-Caltech/Space Science Institute
Last Updated: Aug. 4, 2017

Full story

https://www.jpl.nasa.gov/spaceimages/details.php?id=PIA17652
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http://ceae.colorado.edu/~crimaldi/teaching.html

W. Turner (1812) 
http://it.wikipedia.org/wiki/Bufera_di_neve:_Annibale_e_il_suo_esercito
_attraversano_le_Alpi

W. Homer (1899)
http://en.wikipedia.org/wiki/The_Gulf_Stream_(painting)



https://www.nasa.gov/image-feature/geocolor-image-of-hurricane-irma (Geocolor image of Hurricane Irma passing the eastern 
end of Cuba at about 8:00 a.m. EDT on Sept. 8, 2017 captured by the NOAA satellite GOES-16)

http://www.spc.noaa.gov/ - http://www.nssl.noaa.gov/ - http://www.nhc.noaa.gov/

https://www.nasa.gov/image-feature/geocolor-image-of-hurricane-irma
http://www.spc.noaa.gov/
http://www.nssl.noaa.gov/
http://www.nhc.noaa.gov/
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The Global 
Wind 
Energy 
Council
is the 
international
trade
association
for the wind
power
industry.

[In 2014 it
was less
than 7%]
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Surface air temperature anomaly for March 2021 relative to the            
March average for the period 1981-2010. Source: ERA5. 

(Credit: Copernicus Climate Change Service / ECMWF)

https://climate.copernicus.eu/climate-bulletins

https://climate.copernicus.eu/climate-bulletins
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http://www.thehindu.com/sci-tech/energy-and-environment/rena-sea-
disaster/article2531689.ece



http://www.unep.org/ecosystemmanagement/water/regionalseas40/KeyIssues/MarineLitt
er/tabid/132275/Default.aspx
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https://earth.nullschool.net/CLICK !

http://hpc-asia.com/real-hardware-including-prototype-hpc-server-showed-off-by-open-power/
https://earth.nullschool.net/






IF you like numerical models, you have to consider also some related 
technological challenges: HPC fast development, BigData, energy efficiency

The volume of worldwide climate data is 
expanding rapidly, creating challenges for both 

physical archiving and sharing, as well as for ease 
of access and finding what’s needed, particularly 

if you are not a climate scientist. The figure shows 
the projected increase in global climate data 
holdings for climate models, remotely sensed 

data, and in situ instrumental/proxy data.

J. T. Overpeck et al. Science 2011;331:700-702

• FLOPS vs IOPS = HPC is today compute-
centric à evolution towards data-centric
• scientific computing needs data accessibility 
rather than computing speed + energy 
sustainability
computing 1 calculation
≈ 1 picojoule

moving 1 calculation
≈ 100 picojoule

IDC Direction, 2013

ROADMAP TO EXASCALE



• GEOPHYSICAL: ROTATION AND STRATIFICATION

• FLUID: GAS (ATMOSPHERE) AND LIQUID (OCEAN)

• DYNAMICS: EVOLUTION OF A FLUID UNDER THE INFLUENCE OF 
BODY FORCES (gravity) AND SURFACE FORCES (friction)

• GFD treats the physical aspects of the dynamics of fluids on Earth-like
planets

• only LARGE-SCALE MOTIONS

• SIMILARITY exists among different systems e.g. Great Red Spot

• WHAT does GFD deal with? ATMOSPHERE VARIABILITY (weather
and climate) and OCEAN VARIABILITY (waves, eddies, currents)… but
also: dynamo effects in the Earth interior, vortices on planets, convection
in stars …

• WHY study GFD? Importance for Life, Nature, Economy, Energy… 

• HOW to tackle with GFD? Observations AND mathematical/physical
description of phenomena by means of analytical theory, numerical
models, laboratory experiments à comparison with measurements



• ROTATION AND STRATIFICATION => GFD ≠ FD 

• Rotation introduces 2 acceleration terms acting on fluid parcels: Coriolis & 
centrifugal

• Coriolis will introduce «vertical rigidity» in rapidly rotating homogeneous
fluids

• in Atm/Oc large-scale motions rotation is not fast enough and density is not
uniform to mask other processes BUT motions have a tendency to manifest
columnar behaviour [ex. currents in Western North Atlantic extend over 4000 
m without significant change in amplitude and direction]

• Stratification is due to density variations in fluids

• gravitational force tends to lower the heaviest and raise the lightest

• in equilibrium, fluids are stably stratified = vertically stacked horizontal
layers

• motions disturbances destroy stability and gravity tends to restore
equilibrium

• small perturbations => internal waves (3d analogous of surface waves)

• large perturbations => mixing and convection (ex. general circulation)



• SCALES OF MOTION help to understand whether a physical process is
dynamically important in any particular situation

• SCALES OF MOTION = dimensional quantities expressing the overall
magnitude of the variables under consideration à esitmates or orders of 
magnitude (L, T, U, r0, Dr, H)

• Ex: 
Ø L = 300 km (~3o lat), 

Ø T = 2x105 s (~2 days), 

Ø U = 70 km/h (H5)

• Selecion of T reflects the

particular choice of physical

processes studied in the system

• «Scales selection is

more an art than a science»

• Choose relevant quantities,

simple to establish



• SCALES OF MOTION : 

• L à space

• T à time

• U à velocity

• r0 à average density

• Dr à range of density variations à different role in ATM / OC

• H à height over which Dr occurs

• Usually H ∼ total depth of the fluid, since GFD flows are generally
bounded in the vertical => H chosen as the smaller between the total
depth and height over which Dr occurs


