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This course

Course name

AOS 630: Introduction to Atmospheric and Oceanic Physics 

What this course really is

Graduate Level Thermodynamics
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Canvas site 
https://canvas.wisc.edu/courses/264500


• Syllabus

• Lectures

• Homework

• Reference materials and readings

• Instructions for final project


Lecture Tuesdays and Thursdays 2:30-3:45 pm


Canvas and lecture time 
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Useful Books 

There will be no required text for class. However, the following books could 
be useful if you’re not familiar with atmospheric thermodynamics
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Office hours

Which times work best for you all?


My preference:

Tuesdays after class. 


Due to covid, I will restrict the number of students that can be at office hours to 
3 (5 including grader and myself). Please wait outside if you see that the office is 
full.  
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Grader

Stephanie Bradshaw will be the grader for the course.


If she is unavailable to assist during office hours, we will have a special 
hour for questions about grades.


Other questions should be emailed to the instructor or be brought to office 
hours. 
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Weekend Policy 

I will try to be prompt in responding to your emails (likely the same day)


However, I will not respond to emails sent during the weekend until the 
following Monday. 


Your classmates may also follow a similar policy. 


Be mindful of other people’s time. 
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Class Modality
This will be an in-person class, so most classes (>75%) are likely to be held in 
person.


Some lectures may be done remotely if I’m sick or if many students cannot 
attend in person lecture. 


However, the class will be live streamed via Zoom for those that cannot attend. 
Accommodations will be made for class exercises.


Mask wearing is currently mandatory. Improper mask wearing will not be 
tolerated.


Extra masks and hand sanitizer will be available during class. 
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Feeling Sick?

In the case that you feel sick, please stay home. Lectures will be live-
streamed and much of the material will be uploaded to Canvas. 


If your illness compromises your ability to complete homework, let me 
know so I can make proper accommodations. 


You may also choose to attend the class virtually for other reasons. If you 
will attend many of these this way please let me know. 
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Mental Health

Your wellbeing is more important than the course. 


If you are going through difficult times because of the course or other 
circumstances let me know so that you can get professional help. 


The goal of the course is to learn and appreciate. It is not a hazing ritual 
nor a test of endurance. 
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Resources

Please let me know asap if you do not have a laptop and/or smartphone. I 
want everyone to have the resources to do well in this class and do the 
work efficiently. 
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There will be no midterms. 

Instead, much of your grade will be based on 5 homework assignments.

You are encouraged discuss the problems with colleagues but final answers are yours. You may be able to redo these 
problem sets to obtain up to half of your lost credit. 


Class work:   
In-class discussions and think-pair-share exercises will be 5% of the final grade.


Weekly Skew-T  

Final Presentation  

Final Project 

Final Grade



13

Homework

Will be a combination of derivation and application. 


Some HW sets will include the reading and discussion of papers. 
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Weekly Skew-T

Once we begin our discussion on 
Skew-Ts, you will turn in a weekly 
assignment answering a question 
regarding these.


Full credit will be given for 
completing the problem. 
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Useful links
Soundings 
https://www.aos.wisc.edu/weather/wx_obs/
Soundings.html

http://weather.uwyo.edu/upperair/sounding.html


Some Links: 
https://www.star.nesdis.noaa.gov/GOES/

www.windy.com

http://mag.ncep.noaa.gov/

earth.nullschool.net

https://www.tropicaltidbits.com/

http://weather.rap.ucar.edu/

http://rammb-slider.cira.colostate.edu/


Some homework problems 
will require you to look at 
weather maps or satellite 
data 

More links 
afadames.com/links


Links will also be posted on 
Canvas

https://www.aos.wisc.edu/weather/wx_obs/Soundings.html
https://www.aos.wisc.edu/weather/wx_obs/Soundings.html
http://weather.uwyo.edu/upperair/sounding.html
http://www.windy.com
http://mag.ncep.noaa.gov/
http://earth.nullschool.net
https://www.tropicaltidbits.com/
http://weather.rap.ucar.edu/
http://afadames.com/links
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Exams and Homework

Homework: 50% 

Final Presentation: 15% 

Final Project: 20% 

Weekly Skew-T: 10% 

Class discussions: 5% 
Full credit for participation


Final grades will be given based 
on a standard curve:


A:   > 92

AB:  [88-92)

B:     [82-88)

BC:  [78-82)

C:    [70-78)

D:    [60-68)

F:    < 60
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Introduction 
composition of the atmosphere and ocean, hydrostatic balance, equation of state, and applications 


Dry thermodynamics 
The first law of thermodynamics, potential temperature, entropy and the Carnot Cycle 


Moist thermodynamics

Effects of condensation/freezing on the thermodynamics of air, the Clausius-Clapeyron Equation and 
moist adiabatic processes


Stability 
Stability, buoyancy, convective available potential energy and convective inhibition 

Class Topics
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• Have a robust understanding of the basic principles behind atmospheric and 
oceanic thermodynamics.


• Recognize the importance of water vapor in the thermodynamics of the 
atmosphere. 


• Understand the importance of the Clausius-Clapeyron equation in weather 
and climate. 


• Be able to understand and interpret Skew-T diagrams


• Have the fundamental tools to tackle more advanced courses in atmospheric 
and oceanic sciences.


Learning goals
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Let’s Get Started!
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The branch of physical science that deals with the relations 
between heat and other forms of energy … 

Thermodynamics
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The industrial revolution
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Thermodynamics is important for
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What’s your name and preferred pronoun?


What did you major in college?


Are you a Professional M.S., research M.S. or Ph.D. student?


What topic you are specially interested to see covered in class?


Tell me something boring or uninteresting about yourself.

Introduction
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Defining our system 

Concept of a “parcel”: a volume of air 


Large enough to make continuum 
assumptions (length scale large 
compared to the molecular mean free 
path).


Small enough to neglect the effects of  
(and feedback to) dynamics (e.g., 
advection).


For the purposes of thermodynamics, we 
consider this a “closed system” (for now).


O(10 meters) 9

System

Environment
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Defining our system 

Definitions:


Open system: freely exchanges mass and energy with its surroundings


Closed system: freely exchanges energy with surroundings, but does not 
exchange mass


Isolated system: no mass or energy exchange with surroundings
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What are air parcels made of? Atmospheric composition

8 Introduction and Overview

must be expressed in pascals (Pa). Substituting numer-
ical values we obtain

The mass of the atmosphere6 is

Matm ! 4" #
! 4" # (6.37 # 106)2 m2 # 1.004 # 104 kg m$2

! 5.10 # 1014 m2 # 1.004 # 104 kg m$2

! 5.10 # 1018 kg !

1.3.3 Chemical Composition

The atmosphere is composed of a mixture of gases
in the proportions shown in Table 1.1, where frac-
tional concentration by volume is the same as that
based on numbers of molecules, or partial pressures
exerted by the gases, as will be explained more
fully in Section 3.1. The fractional concentration by

mR2
E

m !
985 # 102 Pa!hPa

9.807
! 1.004 # 104 kg m$2

mass of a constituent is computed by weighting its
fractional concentration by volume by its molecular
weight, i.e.,

(1.7)

where mi is the mass, ni the number of molecules, and
Mi the molecular weight of the ith constituent, and
the summations are over all constituents.

Diatomic nitrogen (N2) and oxygen (O2) are the
dominant constituents of the Earth’s atmosphere,
and argon (Ar) is present in much higher concentra-
tions than the other noble gases (neon, helium, kryp-
ton, and xenon). Water vapor, which accounts for
roughly 0.25% of the mass of the atmosphere, is a
highly variable constituent, with concentrations rang-
ing from around 10 parts per million by volume
(ppmv) in the coldest regions of the Earth’s atmos-
phere up to as much as 5% by volume in hot, humid
air masses; a range of more than three orders of mag-
nitude. Because of the large variability of water
vapor concentrations in air, it is customary to list the
percentages of the various constituents in relation to
dry air. Ozone concentrations are also highly vari-
able. Exposure to ozone concentrations >0.1 ppmv is
considered hazardous to human health.

For reasons that will be explained in Section 4.4,
gas molecules with certain structures are highly effect-
ive at trapping outgoing radiation. The most import-
ant of these so-called greenhouse gases are water
vapor, carbon dioxide, and ozone. Trace constituents
CH4, N2O, CO, and chlorofluorocarbons (CFCs) are
also significant contributors to the greenhouse effect.

Among the atmosphere’s trace gaseous con-
stituents are molecules containing carbon, nitrogen,
and sulfur atoms that were formerly incorporated
into the cells of living organisms. These gases enter
the atmosphere through the burning of plant matter
and fossil fuels, emissions from plants, and the decay
of plants and animals. The chemical transformations
that remove these chemicals from the atmosphere
involve oxidation, with the hydroxyl (OH) radical
playing an important role. Some of the nitrogen and
sulfur compounds are converted into particles that
are eventually “scavenged” by raindrops, which con-
tribute to acid deposition at the Earth’s surface.

mi

"mi
!

niMi

"niMi

Table 1.1 Fractional concentrations by volume of the major
gaseous constituents of the Earth’s atmosphere up to an
altitude of 105 km, with respect to dry air

Fractional
Molecular concentration 

Constituenta weight by volume

Nitrogen (N2) 28.013 78.08%

Oxygen (O2) 32.000 20.95%

Argon (Ar) 39.95 0.93%

Water vapor (H2O) 18.02 0–5%

Carbon dioxide (CO2) 44.01 380 ppm

Neon (Ne) 20.18 18 ppm

Helium (He) 4.00 5 ppm

Methane (CH4) 16.04 1.75 ppm

Krypton (Kr) 83.80 1 ppm

Hydrogen (H2) 2.02 0.5 ppm

Nitrous oxide (N2O) 56.03 0.3 ppm

Ozone (O3) 48.00 0–0.1 ppm
a So called greenhouse gases are indicated by bold-faced type. For more detailed
information on minor constituents, see Table 5.1.

6 When the vertical and meridional variations in ! and the meridional variations in the radius of the Earth are accounted for, the mass
per unit area and the total mass of the atmosphere are #0.4% larger than the estimates derived here.

~99% of the atmosphere is 
composed of Nitrogen and Oxygen. 


We will refer to the sum of these two 
as “dry” air.

Wallace & Hobbs (2006)



27

Defining our system: Dry air 

O(10 meters)

~99% of the atmosphere is 
composed of Nitrogen and Oxygen. 


We will refer to the sum of these two 
as “dry” air.

Parcel of dry air
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Atmospheric profile of density and pressure

1.3 A Brief Survey of the Atmosphere 9

Although aerosols and cloud droplets account for
only a minute fraction of the mass of the atmos-
phere, they mediate the condensation of water vapor
in the atmospheric branch of the hydrologic cycle,
they participate in and serve as sites for important
chemical reactions, and they give rise to electrical
charge separation and a variety of atmospheric opti-
cal effects.

1.3.4 Vertical structure

To within a few percent, the density of air at sea level
is 1.25 kg m!3. Pressure p and density " decrease
nearly exponentially with height, i.e.,

(1.8)

where H, the e-folding depth, is referred to as the
scale height and p0 is the pressure at some reference
level, which is usually taken as sea level (z # 0). In
the lowest 100 km of the atmosphere, the scale height
ranges roughly from 7 to 8 km. Dividing Eq. (1.8) by
p0 and taking the natural logarithms yields

(1.9)

This relationship is useful for estimating the height of
various pressure levels in the Earth’s atmosphere.

Exercise 1.2 At approximately what height above
sea level does half the mass of the atmosphere lie
above and the other half lie below? [Hint: Assume
an exponential pressure dependence with H # 8 km
and neglect the small vertical variation of g with
height.]

Solution: Let be the pressure level that half
the mass of the atmosphere lies above and half lies
below. The pressure at the Earth’s surface is equal
to the weight (per unit area) of the overlying col-
umn of air. The same is true of the pressure at
any level in the atmosphere. Hence,
where is the global-mean sea-level pressure.
From Eq. (1.9)

Substituting H # 8 km, we obtain

zm # 8 km $ 0.693 !  5.5 km

zm # !H ln 0.5 # H ln 2

p0

pm # p0 /2

pm

zm

ln 
p
p0

" !
z
H

p " p0e!z#H

Because the pressure at a given height in the
atmosphere is a measure of the mass that lies above
that level, it is sometimes used as a vertical coordi-
nate in lieu of height. In terms of mass, the 500-hPa
level, situated at a height of around 5.5 km above
sea level, is roughly halfway up to the top the
atmosphere. !

Density decreases with height in the same manner
as pressure. These vertical variations in pressure and
density are much larger than the corresponding hori-
zontal and time variations. Hence it is useful to
define a standard atmosphere, which represents the
horizontally and temporally averaged structure of
the atmosphere as a function of height only, as shown
in Fig. 1.8. The nearly exponential height dependence
of pressure and density can be inferred from the fact
that the observed vertical profiles of pressure and
density on these semilog plots closely resemble
straight lines. The reader is invited to verify in
Exercise 1.14 at the end of this chapter that the cor-
responding 10-folding depth for pressure and density
is !17 km.

Exercise 1.3 Assuming an exponential pressure
and density dependence with H # 7.5 km, estimate
the heights in the atmosphere at which (a) the air
density is equal to 1 kg m!3 and (b) the height at
which the pressure is equal to 1 hPa.
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Fig. 1.8 Vertical profiles of pressure in units of hPa, density
in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.

Wallace & Hobbs (2006)

Density and pressure decrease 
exponentially with height 


(Note the log scale in the figure)
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Layers of the atmosphere

10 Introduction and Overview

Solution: Solving Eq. (1.9), we obtain z ! H ln ( p0!p),
and similarly for density. Hence, the heights are (a)

for the 1-kg m"3 density level and (b)

for the 1-hPa pressure level. Because H varies with
height, geographical location, and time, and the refer-
ence values #0 and p0 also vary, these estimates are
accurate only to within "10%. !

Exercise 1.4 Assuming an exponential pressure
and density dependence, calculate the fraction of the
total mass of the atmosphere that resides between 0
and 1 scale height, 1 and 2 scale heights, 2 and 3 scale
heights, and so on above the surface.

Solution: Proceeding as in Exercise 1.2, the fraction
of the mass of the atmosphere that lies between 0 and
1, 1 and 2, 2 and 3, and so on scale heights above
the Earth’s surface is e"1, e"2, . . . e"N from which it
follows that the fractions of the mass that reside in
the 1st, 2nd . . ., Nth scale height above the surface are
1 " e"1, e"1(1 " e"1), e"2(1 " e"1) . . ., e"N(1 " e"1),
where N is the height of the base of the layer expressed
in scale heights above the surface. The corresponding
numerical values are 0.632, 0.233, 0.086 . . . !

Throughout most of the atmosphere the concen-
trations of N2, O2, Ar, CO2, and other long-lived con-
stituents tend to be quite uniform and largely
independent of height due to mixing by turbulent
fluid motions.7 Above "105 km, where the mean free
path between molecular collisions exceeds 1 m
(Fig. 1.8), individual molecules are sufficiently mobile
that each molecular species behaves as if it alone
were present. Under these conditions, concentrations
of heavier constituents decrease more rapidly with
height than those of lighter constituents: the density
of each constituent drops off exponentially with

7.5 km $ ln #1000
1.00$ ! 52 km

7.5 km $ ln #1.25
1.00$ ! 1.7 km

height, with a scale height inversely proportional to
molecular weight, as explained in Section 3.2.2. The
upper layer of the atmosphere in which the lighter
molecular species become increasingly abundant (in
a relative sense) with increasing height is referred to
as the heterosphere. The upper limit of the lower,
well-mixed regime is referred to as the turbopause,
where turbo refers to turbulent fluid motions and
pause connotes limit of.

The composition of the outermost reaches of the
atmosphere is dominated by the lightest molecular
species (H, H2, and He). During periods when the
sun is active, a very small fraction of the hydrogen
atoms above 500 km acquire velocities high enough
to enable them to escape from the Earth’s gravita-
tional field during the long intervals between molec-
ular collisions. Over the lifetime of the Earth the
leakage of hydrogen atoms has profoundly influ-
enced the chemical makeup of the Earth system, as
discussed in Section 2.4.1.

The vertical distribution of temperature for typi-
cal conditions in the Earth’s atmosphere, shown in
Fig. 1.9, provides a basis for dividing the atmos-
phere into four layers (troposphere, stratosphere,

7 In contrast, water vapor tends to be concentrated within the lowest few kilometers of the atmosphere because it condenses and pre-
cipitates out when air is lifted. Ozone are other highly reactive trace species exhibit heterogeneous distributions because they do not
remain in the atmosphere long enough to become well mixed.
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Fig. 1.9 A typical midlatitude vertical temperature profile,
as represented by the U.S. Standard Atmosphere.

Our atmosphere is divided into layers.


Troposphere: tropos (rotating) and sphere. 
The tropos comes from the rotation from 
overturning circulations and turbulence


Stratosphere: the stratified (layered) sphere


Mesosphere: the middle sphere 

Thermosphere: the “heat” sphere 

Exosphere: the “external” sphere 

Wallace & Hobbs (2006)
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Other important regions of the atmosphere

Planetary boundary layer: Region of 
the atmosphere that is strongly affected by 
surface friction and heat exchange. 


Ozone layer: Region of the stratosphere 
were most of the sun’s UV radiation is 
absorbed. 


Turbopause: Height in which chemicals in 
the atmosphere are no longer well-mixed by 
turbulence. ~ 100 km above sea level. 


Anacoustic zone: Region where air 
density is too small to transmit sound. >160 km 

Wallace & Hobbs (2006)

1.3 A Brief Survey of the Atmosphere 9

Although aerosols and cloud droplets account for
only a minute fraction of the mass of the atmos-
phere, they mediate the condensation of water vapor
in the atmospheric branch of the hydrologic cycle,
they participate in and serve as sites for important
chemical reactions, and they give rise to electrical
charge separation and a variety of atmospheric opti-
cal effects.

1.3.4 Vertical structure

To within a few percent, the density of air at sea level
is 1.25 kg m!3. Pressure p and density " decrease
nearly exponentially with height, i.e.,

(1.8)

where H, the e-folding depth, is referred to as the
scale height and p0 is the pressure at some reference
level, which is usually taken as sea level (z # 0). In
the lowest 100 km of the atmosphere, the scale height
ranges roughly from 7 to 8 km. Dividing Eq. (1.8) by
p0 and taking the natural logarithms yields

(1.9)

This relationship is useful for estimating the height of
various pressure levels in the Earth’s atmosphere.

Exercise 1.2 At approximately what height above
sea level does half the mass of the atmosphere lie
above and the other half lie below? [Hint: Assume
an exponential pressure dependence with H # 8 km
and neglect the small vertical variation of g with
height.]

Solution: Let be the pressure level that half
the mass of the atmosphere lies above and half lies
below. The pressure at the Earth’s surface is equal
to the weight (per unit area) of the overlying col-
umn of air. The same is true of the pressure at
any level in the atmosphere. Hence,
where is the global-mean sea-level pressure.
From Eq. (1.9)

Substituting H # 8 km, we obtain

zm # 8 km $ 0.693 !  5.5 km

zm # !H ln 0.5 # H ln 2

p0

pm # p0 /2

pm

zm

ln 
p
p0

" !
z
H

p " p0e!z#H

Because the pressure at a given height in the
atmosphere is a measure of the mass that lies above
that level, it is sometimes used as a vertical coordi-
nate in lieu of height. In terms of mass, the 500-hPa
level, situated at a height of around 5.5 km above
sea level, is roughly halfway up to the top the
atmosphere. !

Density decreases with height in the same manner
as pressure. These vertical variations in pressure and
density are much larger than the corresponding hori-
zontal and time variations. Hence it is useful to
define a standard atmosphere, which represents the
horizontally and temporally averaged structure of
the atmosphere as a function of height only, as shown
in Fig. 1.8. The nearly exponential height dependence
of pressure and density can be inferred from the fact
that the observed vertical profiles of pressure and
density on these semilog plots closely resemble
straight lines. The reader is invited to verify in
Exercise 1.14 at the end of this chapter that the cor-
responding 10-folding depth for pressure and density
is !17 km.

Exercise 1.3 Assuming an exponential pressure
and density dependence with H # 7.5 km, estimate
the heights in the atmosphere at which (a) the air
density is equal to 1 kg m!3 and (b) the height at
which the pressure is equal to 1 hPa.
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Fig. 1.8 Vertical profiles of pressure in units of hPa, density
in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.
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Thermodynamics is important for

1.3 A Brief Survey of the Atmosphere 9

Although aerosols and cloud droplets account for
only a minute fraction of the mass of the atmos-
phere, they mediate the condensation of water vapor
in the atmospheric branch of the hydrologic cycle,
they participate in and serve as sites for important
chemical reactions, and they give rise to electrical
charge separation and a variety of atmospheric opti-
cal effects.

1.3.4 Vertical structure

To within a few percent, the density of air at sea level
is 1.25 kg m!3. Pressure p and density " decrease
nearly exponentially with height, i.e.,

(1.8)

where H, the e-folding depth, is referred to as the
scale height and p0 is the pressure at some reference
level, which is usually taken as sea level (z # 0). In
the lowest 100 km of the atmosphere, the scale height
ranges roughly from 7 to 8 km. Dividing Eq. (1.8) by
p0 and taking the natural logarithms yields

(1.9)

This relationship is useful for estimating the height of
various pressure levels in the Earth’s atmosphere.

Exercise 1.2 At approximately what height above
sea level does half the mass of the atmosphere lie
above and the other half lie below? [Hint: Assume
an exponential pressure dependence with H # 8 km
and neglect the small vertical variation of g with
height.]

Solution: Let be the pressure level that half
the mass of the atmosphere lies above and half lies
below. The pressure at the Earth’s surface is equal
to the weight (per unit area) of the overlying col-
umn of air. The same is true of the pressure at
any level in the atmosphere. Hence,
where is the global-mean sea-level pressure.
From Eq. (1.9)

Substituting H # 8 km, we obtain

zm # 8 km $ 0.693 !  5.5 km

zm # !H ln 0.5 # H ln 2

p0

pm # p0 /2

pm

zm

ln 
p
p0

" !
z
H

p " p0e!z#H

Because the pressure at a given height in the
atmosphere is a measure of the mass that lies above
that level, it is sometimes used as a vertical coordi-
nate in lieu of height. In terms of mass, the 500-hPa
level, situated at a height of around 5.5 km above
sea level, is roughly halfway up to the top the
atmosphere. !

Density decreases with height in the same manner
as pressure. These vertical variations in pressure and
density are much larger than the corresponding hori-
zontal and time variations. Hence it is useful to
define a standard atmosphere, which represents the
horizontally and temporally averaged structure of
the atmosphere as a function of height only, as shown
in Fig. 1.8. The nearly exponential height dependence
of pressure and density can be inferred from the fact
that the observed vertical profiles of pressure and
density on these semilog plots closely resemble
straight lines. The reader is invited to verify in
Exercise 1.14 at the end of this chapter that the cor-
responding 10-folding depth for pressure and density
is !17 km.

Exercise 1.3 Assuming an exponential pressure
and density dependence with H # 7.5 km, estimate
the heights in the atmosphere at which (a) the air
density is equal to 1 kg m!3 and (b) the height at
which the pressure is equal to 1 hPa.
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Fig. 1.8 Vertical profiles of pressure in units of hPa, density
in units of kg m!3, and mean free path (in meters) for the
U.S. Standard Atmosphere.

Wallace & Hobbs (2006)

O(10 meters) 9

If the parcel must be much larger than 
molecular mean free path, then how big 
must it be in the troposphere? 
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Pressure in the ocean

is usually measured in conjunction with other
seawater properties such as temperature,
salinity, and current speeds. The properties are
often presented as a function of pressure rather
than depth.

Horizontal pressure gradients drive the hori-
zontal flows in the ocean. For large-scale
currents (of horizontal scale greater than a kilo-
meter), the horizontal flows are much stronger
than their associated vertical flows and are
usually geostrophic (Chapter 7). The horizontal
pressure differences that drive the ocean
currents are on the order of one decibar over
hundreds or thousands of kilometers. This is
much smaller than the vertical pressure
gradient, but the latter is balanced by the down-
ward force of gravity and does not drive a flow.
Horizontal variations in mass distribution
create the horizontal variation in pressure in
the ocean. The pressure is greater where the
water column above a given depth is heavier
either because it is higher density or because it
is thicker or both.

Pressure is usually measured with an elec-
tronic instrument called a transducer. The accu-
racy and precision of pressure measurements
is high enough that other properties such as
temperature, salinity, current speeds, and so
forth can be displayed as a function of pressure.
However, the accuracy, about 3 dbar at depth, is
not sufficient to measure the horizontal pressure
gradients. Therefore other methods, such as the
geostrophic method, or direct velocity measure-
ments, must be used to determine the actual
flow. Prior to the 1960s and 1970s, pressure
was measured using a pair of mercury ther-
mometers, one of which was in a vacuum
(“protected” by a glass case) and not affected
by pressure while the other was exposed to the
water (“unprotected”) and affected by pressure,
as described in the following section. More
information about these instruments and
methods is provided in Section S6.3 of the
supplementary materials on the textbook Web
site.

TABLE 3.1 Comparison of Pressure (dbar) and Depth
(m) at Standard Oceanographic Depths
Using the UNESCO (1983) Algorithms

Pressure (dbar) Depth (m) Difference (%)

0 0 0

100 99 1

200 198 1

300 297 1

500 495 1

1000 990 1

1500 1453 1.1

2000 1975 1.3

3000 2956 1.5

4000 3932 1.7

5000 4904 1.9

6000 5872 2.1

Percent difference ¼ (pressure " depth)/pressure # 100%.
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FIGURE 3.2 The relation between depth and pressure,
using a station in the northwest Pacific at 41$ 53’N, 146$

18’W.
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In contrast, ocean pressure increases 
linearly with depth.


Parcels of water can also be defined 
as in air. 

Talley et al. (2008)
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Ocean layers
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masses were in relatively recent contact with the
atmosphere.

By virtue of their distinctive chemical and isotopic
signatures, it is possible to track the flow of water
masses and to infer how long ago water in various
parts of the world’s oceans was in contact with the
atmosphere. Such chemical analyses indicate the
existence of a slow overturning characterized by a
spreading of deep water from the high latitude sink-
ing regions, a resurfacing of the deep water, and a
return flow of surface waters toward the sinking
regions, as illustrated in Fig. 2.6. The timescale in
which a parcel completes a circuit of this so-called
thermohaline circulation is on the order of hundreds
of years.

The resurfacing of deep water in the thermohaline
circulation requires that it be ventilated (i.e., mixed
with and ultimately replaced by less dense water that
has recently been in contact with the ocean surface).
Still at issue is just how this ventilation occurs in the
presence of the pycnocline. One school of thought
attributes the ventilation to mixing along sloping
isopycnal (constant density) surfaces that cut
through the pycnocline. Another school of thought
attributes it to irreversible mixing produced by tidal
motions propagating downward into the deep oceans
along the continental shelves, and yet another to ver-
tical mixing in restricted regions characterized by

strong winds and steeply sloping isopycnal surfaces,
the most important of which coincides with the
Antarctic circumpolar current, which lies beneath the
ring of strong westerly surface winds that encircles
Antarctica.

Although most of the deep and bottom water
masses are formed in the Atlantic sector, the thermo-
haline circulation involves the entire world’s oceans,
as illustrated in Fig. 2.7. Within the Atlantic sector
itself, the thermohaline circulation is comprised of
two different cells: one involving NADW and the
other involving AABW, as illustrated in Fig. 2.8.
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Fig. 2.6 Idealized schematic of the thermohaline circulation
in an equatorially symmetric ocean. The domain extends from
the sea floor to the ocean surface and from equator to pole.
Pink shading indicates warmer water and blue shading indi-
cates colder water. The shaded arrows represent the exchange
of energy at the air–sea interface: pink downward arrows indi-
cate a heating of the ocean mixed layer and blue upward
arrows indicate a cooling. The role of salinity is not specifi-
cally represented in this schematic but it is the rejection of
salt when water freezes along the ice edge that makes the
water dense enough to enable it to sink to the bottom.

Fig. 2.7 Highly simplified schematic of the thermohaline
circulation. Shading denotes regions of downwelling, blue arrows
denote transport of bottom water, and red arrows denote the
return flow of surface water. [Adapted from W. J. Schmitz, Jr.,
“On the interbasin-scale thermohaline circulation,” Rev. Geophys.,
33, p. 166, Copyright 1995 American Geophysical Union.]
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Fig. 2.8 Idealized cross section of the thermohaline circula-
tion in the Atlantic Ocean. In this diagram, Intermediate Water
comprises several different water masses formed at temperate
latitudes. Note the consistency with Fig. 2.3. [Courtesy of
Steve Hovan.]

Important layers of ocean water are:


Surface water 
Intermediate water 
North Atlantic deep water 
Antarctic bottom water 

These layers of the ocean are 
important for the oceanic 
thermohaline circulation. 

Wallace & Hobbs (2006)
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The pycnocline

The dominant source of the salts in the ocean
is river runoff fromweathering of the continents
(see Section 5.2). Weathering occurs very slowly
over millions of years, and so the dissolved
elements become equally distributed in the
ocean as a result of mixing. (The total time for
water to circulate through the oceans is, at
most, thousands of years, which is much shorter
than the geologic weathering time.) However,
there are significant differences in total concen-
tration of the dissolved salts from place to place.
These differences result from evaporation and
from dilution by freshwater from rain and river
runoff. Evaporation and dilution processes
occur only at the sea surface.

Salinity was originally defined as the mass in
grams of solid material in a kilogram of
seawater after evaporating the water away;
this is the absolute salinity as described in
Millero et al. (2008). For example, the average

salinity of ocean water is about 35 grams of salts
per kilogram of seawater (g/kg), written as
“S ¼ 35 &” or as “S ¼ 35 ppt” and read as
“thirty-five parts per thousand.” Because evap-
oration measurements are cumbersome, this
definition was quickly superseded in practice.
In the late 1800s, Forch, Knudsen, and Sorensen
(1902) introduced a more chemically based defi-
nition: “Salinity is the total amount of solid
materials in grams contained in one kilogram
of seawater when all the carbonate has been
converted to oxide, the bromine and iodine
replaced by chlorine, and all organic matter
completely oxidized.”

This chemical determination of salinity was
also difficult to carry out routinely. The method
used throughout most of the twentieth century
was to determine the amount of chlorine ion
(plus the chlorine equivalent of the bromine
and iodine) referred to as chlorinity, by titration
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FIGURE 3.3 (a) Potential temperature (q) and temperature (T) ("C), (b) conductivity (mmho), and (c) salinity in the
northeastern North Pacific (36" 30’N, 135"W).
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masses were in relatively recent contact with the
atmosphere.

By virtue of their distinctive chemical and isotopic
signatures, it is possible to track the flow of water
masses and to infer how long ago water in various
parts of the world’s oceans was in contact with the
atmosphere. Such chemical analyses indicate the
existence of a slow overturning characterized by a
spreading of deep water from the high latitude sink-
ing regions, a resurfacing of the deep water, and a
return flow of surface waters toward the sinking
regions, as illustrated in Fig. 2.6. The timescale in
which a parcel completes a circuit of this so-called
thermohaline circulation is on the order of hundreds
of years.

The resurfacing of deep water in the thermohaline
circulation requires that it be ventilated (i.e., mixed
with and ultimately replaced by less dense water that
has recently been in contact with the ocean surface).
Still at issue is just how this ventilation occurs in the
presence of the pycnocline. One school of thought
attributes the ventilation to mixing along sloping
isopycnal (constant density) surfaces that cut
through the pycnocline. Another school of thought
attributes it to irreversible mixing produced by tidal
motions propagating downward into the deep oceans
along the continental shelves, and yet another to ver-
tical mixing in restricted regions characterized by

strong winds and steeply sloping isopycnal surfaces,
the most important of which coincides with the
Antarctic circumpolar current, which lies beneath the
ring of strong westerly surface winds that encircles
Antarctica.

Although most of the deep and bottom water
masses are formed in the Atlantic sector, the thermo-
haline circulation involves the entire world’s oceans,
as illustrated in Fig. 2.7. Within the Atlantic sector
itself, the thermohaline circulation is comprised of
two different cells: one involving NADW and the
other involving AABW, as illustrated in Fig. 2.8.
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Fig. 2.6 Idealized schematic of the thermohaline circulation
in an equatorially symmetric ocean. The domain extends from
the sea floor to the ocean surface and from equator to pole.
Pink shading indicates warmer water and blue shading indi-
cates colder water. The shaded arrows represent the exchange
of energy at the air–sea interface: pink downward arrows indi-
cate a heating of the ocean mixed layer and blue upward
arrows indicate a cooling. The role of salinity is not specifi-
cally represented in this schematic but it is the rejection of
salt when water freezes along the ice edge that makes the
water dense enough to enable it to sink to the bottom.

Fig. 2.7 Highly simplified schematic of the thermohaline
circulation. Shading denotes regions of downwelling, blue arrows
denote transport of bottom water, and red arrows denote the
return flow of surface water. [Adapted from W. J. Schmitz, Jr.,
“On the interbasin-scale thermohaline circulation,” Rev. Geophys.,
33, p. 166, Copyright 1995 American Geophysical Union.]
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Fig. 2.8 Idealized cross section of the thermohaline circula-
tion in the Atlantic Ocean. In this diagram, Intermediate Water
comprises several different water masses formed at temperate
latitudes. Note the consistency with Fig. 2.3. [Courtesy of
Steve Hovan.]

Over the ocean, the pycnocline (a region of significant 
vertical change in density) separates ocean layers. 


The pycnocline is a combination of:

• a thermocline (temperature change)

• a halocline (salinity change)

• The former dominates in the tropics and the 

latter in the polar regions. 

Wallace & 
Hobbs (2006)
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See you next class


