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Dynamics of the …
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surface  
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Dynamic atmosphere: 
Tornadoes

• Photo
• Funnel cloud 

that emerges 
from a 
thunderstorm

• Scale of the 
motion?



Dynamic atmosphere: Dust devils

What are the driving mechanisms? Scales?



Dynamic atmosphere: 
Thunderstorms

• What are the driving mechanisms?
• What are the horizontal and vertical scales?



Dynamic atmosphere: 
Waves in the atmosphere

What makes oscillations (waves) in the atmosphere 
possible? Here they are visible due to the clouds!



Dynamic atmosphere: 
Hurricanes

• Satellite image
• Tropical storm

that originates 
over warm 
ocean water

• Scale of the 
motion?



Dynamic Atmosphere:
Extratropical storm systems

• Satellite image
• Storm system in 

the Gulf of Alaska
• Scale of the 

motion?

• What are the differences/similarities of these
weather systems?



Satellite image: Midlatitudinal cyclones 
(January 2007)

Satellite Terra: Twin cyclones near Iceland and Scotland



Scales



Dynamic Ocean:
wind driven circulation

• Large-scale 
structure of the 
surface and deep 
ocean

• How does 
wind drive 
large scale 
ocean 
circulation?



• Satellite 
measurement of 
West Antarctic 
Ice Sheet flow
• Fast streams 
surrounded by 
slow stable ice
• What controls 
these dynamics?

Dynamic Cryosphere



Dynamic Cryosphere:
glacial flow

How does solid ice flow like a fluid? Time scale?



How do glaciers respond 
to climate variations?

Dynamic Cryosphere:
glacial retreat



Normal El Nino

Dynamic Climate: 
ocean & atmosphere

ENSO is an example of climate variability through
ocean-atmosphere interactions



Cane and Molnar, 2001. Closing of the 
Indonesian seaway as a precursor to east 
African aridification around 3–4 million 
years ago. Nature, 411, 157-162.

equatoral seaway 
was open between 
Africa and S. 
America before 4 
million years ago 
closing => ENSO

Dynamic Climate: 
ocean, atmosphere & solid earth



Dynamic Solid Earth

• solid earth ≈ convecting fluid 
(same microphysics as ice flow)
• plate tectonics re-orders ocean 
& topography
• fluid flow basics and instabilities



Name of Course
• Earth System Dynamics

• What it really is …
– Introduction to Dynamic Meteorology
– Introduction to ocean circulations, the 

dynamics of ice sheets, glaciers and the 
solid Earth

– Fluid dynamics of the neutral atmosphere, 
ocean and ice on a rotating planet



Text Book
• Holton, James R.

An Introduction to Dynamic Meteorology
– Hardcover: 535 pages 
– Publisher: Academic Press; 4th edition (2004) 
– Language: English 
– ISBN: 0123540151 

• Most often: Standard text book for atmospheric 
dynamics, includes CD with Matlab code

• Will be used throughout the ‘Dynamics course 
sequence’ at AOSS, e.g. in AOSS 401 and 
AOSS 451

• 3rd edition also works, library has a few copies



Other recommended books for
atmospheric dynamics

• Martin, Jonathan E.
Mid-Latitude Atmospheric Dynamics
– Paperback: 324 pages 
– Publisher: Wiley; 1st edition (2006) 
– Language: English 
– ISBN: 0470864656 

• Focuses on mid-latitude cyclones with good 
introduction to the principles of atmospheric 
dynamics



Other recommended books for
atmospheric dynamics

• Lynch, Amanda H. and Cassano, John J.
Applied Atmospheric Dynamics
– Paperback: 280 pages 
– Publisher: Wiley; 1st edition (2006) 
– Language: English 
– ISBN: 0470861738

• Example driven dynamics text book with focus 
on weather systems, includes a CD



Other resources
• Wallace, J. M. and Hobbs, P. V

Atmospheric Science
An Introductory Survey
– Hardcover: 483 pages 
– Publisher: Elsevier; 2nd edition (2006) or 1st edition
– Language: English 
– ISBN: 0-12-732951-X

• Very good introduction to the atmosphere 
• Broad coverage of atmospheric science topics, 

both physical and dynamical meteorology
• Book shows equations with examples, 

important for us: Chapters 1-3, 7



Reference Texts for Part 2
• Marshall and Plumb

Atmosphere, Ocean, and Climate Dynamics
– Chapters 9 & 10
– Publisher: Academic Press (2008) 

• Hooke
Principles of Glacier Mechanics
– Parts of Chapters 2-5 & 14
– Publisher: Cambridge; 2nd ed (2005) 

• Turcotte and Schubert
Geodynamics
– Chapter 6
– Publisher: Cambridge Univ. Press; 2nd ed. (2001)



Dynamic meteorology

• “Dynamic meteorology is the study of those 
motions of the atmosphere that are 
associated with weather and climate.”

• Meteorologists generally divide the theory-
based description of their science into two 
major divisions
– Dynamic meteorology
– Physical meteorology



Dynamic meteorology
• Dynamic meteorology is associated with the 

fluid dynamics of the atmosphere.  
– Resolved waves
– Dynamical systems such as hurricanes
– Dissipation of these waves and dynamical 

systems
– General circulation that results from it all …

• Ultimately how does heat transported by 
the atmosphere contribute to the 
maintenance of the global energy balance 



Physical meteorology
• Physical meteorology is associated with 

thermodynamics - radiative transfer, cloud 
physics

• Turbulence, viscosity, unresolved wave 
motions, etc., sit at the interface of dynamic 
and physical meteorology

• Water and the energy associated with phase 
changes of water strongly link dynamical and 
physical meteorology



Why is dynamic meteorology 
important?

• Core element of the scientific investigation of the 
atmosphere – meteorology

• Central to weather and weather forecasting
– Propagation of dynamic systems is at the 

heart of weather forecasting
• Central to distribution and variability of trace 

constituents – chemistry, air quality
• Central to exchange of energy, constituents, 

between atmosphere and land and ocean
• Climate, climate change, impact of climate 

change on ecosystems and human enterprise



Weather and Climate
• What is the difference between weather and 

climate?
• Weather: Weather is the mix of events that 

happen each day in our atmosphere including 
temperature, rainfall and humidity.

• Climate: Climate is the average weather 
pattern in a place over many years. 

• Climate studies often take several 
components of the climate system into 
account, e.g. the atmosphere & ocean. Why?



Web Links
• Weather maps and forecasts: 

http://www.wunderground.com
• The National Center for Atmospheric Research 

(NCAR), Boulder, CO:
http://www.ncar.ucar.edu
http://www.eo.ucar.edu/basics/index.html

• NCAR weather station:
http://www.eol.ucar.edu/cgi-bin/weather.cgi?site=fl

• Wikipedia
http://en.wikipedia.org/wiki/Earth's_atmosphere

• University of Wisconsin, animated learning modules:
Meteorology: Understanding the Atmosphere

http://www.wunderground.com
http://www.ncar.ucar.edu
http://www.eo.ucar.edu/basics/index.html
http://www.eol.ucar.edu/cgi-bin/weather.cgi?site=fl
http://en.wikipedia.org/wiki/Earth's_atmosphere
http://itg1.meteor.wisc.edu/wxwise/AckermanKnox/index.html


Conceptual Ideas

• Weather map 
with isobars: 
Lines 
connecting 
equal pressure 
levels

Weather maps: http://www.wunderground.com

http://www.wunderground.com


Do you see yourself on that list?



Core course in meteorology and 
atmospheric science

• Many people consider dynamic meteorology 
to be hard (you can even see it in the reviews 
of Holton on Amazon!) – why?
– Mathematically based

• Uses calculus (and algebra)
• Uses vectors

– Can you think of math as simplifying?
– Principles of dynamic meteorology are largely 

drawn from fluid dynamics without any previous 
study of fluid dynamics



Core course in meteorology and 
atmospheric science

• Many people consider dynamic meteorology 
to be hard – why?
– We are required to work in a rotating, 

spherical coordinate system
– The concept of scale analysis

• Which you will ultimately use in all aspects 
of your life if you don’t use it already.

– Complexity



But, the physics are simple!

• Conservation principle
– Momentum
– Mass
– Energy

• Newtonian physics, Newton’s laws of motion 
applied to the atmosphere.
– force = mass x acceleration
– acceleration = change of velocity with time
– velocity = change of position with time



But, the physics are simple!
• Newtonian physics, Newton’s laws of motion 

applied to the atmosphere and solid earth

This is at the starting point.  
Are you comfortable with this?



Conservation (continuity) principle

• There are certain parameters, for example, 
energy, momentum, mass (air, water, ozone, 
number of atoms, …) that are conserved.  
– “classical” physics, we’re not talking about 

general or special relativity!
– Simple stuff, like billiard balls hitting each 

other, ice melting



Conservation (continuity) principle
• Conserved? That means that in an isolated 

system that the parameter remains constant; 
it’s not created; it’s not destroyed.  

• Isolated system? A collection of things, 
described by the parameter, that might 
interact with each other, but does not interact 
with other things.  Nothing comes into or goes 
out of the system … or, perhaps, nothing 
crosses the boundary that surrounds the 
system.



Conservation (continuity) principle

• There are many other things in the world that 
we can think of as conserved.  For example, 
money.
– We have the money that we have.

• If we don’t spend money or make money then 
the money we have in the future is the same 
as the money we had in the past.

Mfuture = Mpast

That’s not very interesting, or realistic



Conservation (continuity) principle
(with “production” and “loss”)

Mfuture = Mpast + Income - Expense

Let’s get some money and buy stuff.

Income

Expense



Conservation (continuity) principle
(with the notion of time)

Mfuture = Mpast + N(I – E)
Salary

Income per month = I
Rent

Expense per month = E
N = number of months

Income per month

Expense per month 



Some algebra and some thinking
Mfuture = Mpast + N(I – E)

Rewrite the equation to represent the difference in money

(Mfuture - Mpast) = N(I – E)

This difference will get more positive or more negative as time 
goes on: Saving money or going into debt.

Divide both sides by N, to get some notion of how difference 
changes with time.

(Mfuture - Mpast)/N = I – E



Conservation (continuity) principle

• dM/dt = Production – Loss

This is at the starting point.
Are you comfortable with this?



So what is this course (1)?
• Much of the first part of this course (until the end of 

January) is 
– Overview of atmospheric motions and phenomena
– Review of mathematical tools, vector calculus
– Defining the forces that act in the atmosphere and 

solid earth
• Pressure gradient
• Gravity
• Friction
• Apparent forces that come from a rotating 

coordinate system: centrifugal and Coriolis forces
– Describing d( )/dt in a rotating, spherical coordinate 

system.



So what is this course (2)?
• First part is followed by a more detailed discussion of 

atmospheric dynamics (until the winter break)
• Use of scale analysis to look at some particular 

aspects of atmospheric flows
• Goal: 

– Discussion of conservation laws
– Complete derivation of the equations of motion for 

atmospheric circulations
– Simple applications of these equations
– Derive dominant balances and dynamics principles

• Expect to have a test after the winter break 
(Mar/3/2009)



So what is this course (3)?

• In March we are going to look at the dynamics of 
the ocean and the cryosphere
– Wind-driven ocean circulation and Ekman 

layers
– Flow of ice-sheets and glaciers
– Microphysics of ice flow
– Glacial response to climate changes
– Feedback between climate and plate 

tectonics



So what is this course (4)?

• In April, we will examine the physics of the solid 
Earth:
– Thermal convection
– Earth flow and plate tectonics 
– Surface expression of plate tectonics

• Then expect to have a test on the last day of the 
term (April/21/08), no final exam



Schedule
• 1/8 Introduction and logistics – CJ/EH

Introduction to Atmospheric Dynamics (Prof. 
Christiane Jablonowski)

• 1/13 Introduction to the atmosphere (descriptive 
characterization), physical units and scales

• 1/15 Ideal gas law, hydrostatic equation, pressure, 
mass, geopotential, hypsometric equation, review 
of mathematical tools (HW1 out)

• 1/20 Divergence and vorticity, basic kinematics,
gradients, material derivative, advection

• 1/22 Eulerian and Lagrangian view. Fundamental 
forces: Pressure gradient force, viscous force 
(HW 1 due)

• 1/27 Body force: gravitational force. Apparent force 
‘centrifugal force’ and gravity



Schedule
• 1/29 Apparent force: Coriolis force, Momentum 

equations in spherical coordinates (HW 2 due) 
• 2/3   Momentum equations, scale analysis, geostrophic 

and hydrostatic balance, ageostrophic wind 
• 2/5   Mass and energy conservation, continuity & thermo-

dynamic equation, equations of motion (HW 3 due) 
• 2/10 Potential temperature, static stability, Brunt-Väisälä 

frequency, buoyancy oscillations 
• 2/12 Equations of motion in pressure coordinates, 

thermal wind, vertical motions (HW 4 due)
• 2/17 Idealized low pressure systems, climate dynamics, 

Atmosphere-Ocean-Earth-Space interactions
• 2/19 Review for 1st exam (HW 5 due)



Schedule
• 2/24 & 2/26 Winter Break
• 3/3 First exam: Atmospheric dynamics

Introduction to ocean, ice and solid Earth dynamics
(Prof. Eric Hetland):

• 3/05  Introduction to the ocean; wind-driven currents 
• 3/10  Wind-driven currents & Ekman layers
• 3/12  Introduction to glaciology; microphysics of ice flow
• 3/17  Gravitational flow of ice-sheets; horizontal flow in 

valley glaciers
• 3/19  3D flow of glaciers & glacial mass balance
• 3/24  Glacial response to climate changes, mass loss & 

kinematic waves



Schedule
• 3/26  Feedback between climate and tectonics; 

introduction to solid Earth dynamics & Stokes 
flow

• 3/31  Earth response to changes in ice & water 
loading (stream function)

• 4/02  Thermal convection and stability analysis 
• 4/07  Earth flow and plate tectonics (corner, Couette, 

and Poiseuille flows)
• 4/09  Surface expression of plate tectonics; stress 

relaxation in the Earth
• 4/14  Rayleigh-Taylor instabilities
• 4/16  Review for exam 2
• 4/21  Second exam: Ocean, ice, solid Earth dynamics



Homework and Exams

• Homework assignments, approx. weekly
• 1st exam (3/3/09) on atmospheric dynamics
• 2nd exam (4/21/09) on ocean, ice and solid Earth 

dynamics
• Grading policy:

– Homework assignments (33%)
– 1st exam (33%)
– 2nd exam (33%)



Homework
• We will assign problems that investigate concepts 

and techniques.
• We will assign problems that are directly relevant 

to tests. 
• Homework must be turned in individually. But you 

are encouraged to study together and discuss the 
physical concepts in groups.

• No late homeworks (unless arranged 
beforehand).

• Dynamics is not about memorizing facts! It’s 
about learning and applying physical concepts!



Class Business
• 4-credit hour class
• Meeting place and times:

Space Research Building 2238
Tuesdays and Thursdays:10:40am - 12:30pm

• Short break in the middle
• At times, we will use interactive teaching 

elements:
Expect to participate in the lectures

• We are a mixed group of AOSS/Engineering 
students and GEOSCI students: please mingle 
and help each other



Class Business
• Class web site:

https://ctools.umich.edu/portal
• Lectures, assignments and visuals will be posted
• Our grader is Kevin Reed (kareed@umich.edu)
• Text book for atmospheric dynamics: 

Holton (3rd or 4th edition will work), library has copies
• No formal text book for the ocean/ice/solid Earth 

lectures
• Office Hours 

– Easiest: contact us after the lectures
– Prof. Jablonowski, 1541B SRB: Tuesday after class 

12:30-1:30pm, Wednesday 4:30-5:30pm
– Prof. Eric Hetland, 2534 C.C. Little: Tuesday 2-4PM

https://ctools.umich.edu/portal


Preparation for the next lecture 
(1/13/09)

• We will review some basic characteristics of the 
atmosphere
– Temperature structure
– Global circulation
– Wind systems
– Energy balance

• Expect to participate in the discussion
• Check out online resource: 
http://www.atmos.washington.edu/2005Q1/101/CD/MAIN3.swf

http://www.atmos.washington.edu/2005Q1/101/CD/MAIN3.swf


Preparation for 1/13: Review
• Composition of the air, greenhouse gases
• Temperature, atmospheric layers
• Pressure, pressure systems
• Wind
• General circulation of the atmosphere, seasons, ocean 

circulation, albebo, heat & heat transport
• Humidity, clouds, precipitation
• Sun, electromagnetic waves, Earth’s energy balance

We will form groups and discuss the elements, e.g.
• physical characteristics and units, how measured or 

observed, graphical representation, characteristics of 
the global circulation & distribution, typical values



Preparation for 1/15: Review
• Review the ideal gas law and hydrostatic equation

– We will do some in-class exercises with these 
equations

• Review math concepts: vector calculus, integrals, 
derivatives, partial derivatives, analysis


