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Chapter 3: Atmospheric Thermodynamics
Objectives:

1. Demonstrate quantities used by Atmospheric Scientists to relate 
properties of air parcels aloft with those at the surface.

2. Develop increasingly more accurate models for the temperature, 
pressure, and density of dry and moist air in the atmosphere. 

3. Lapse rate and the stability of dry and moist air parcels.
4.  Energy and enthalpy applied to the atmosphere. 

Should be familiar with these topics as we cover this chapter:
a. Ideal gas equation applied to dry and moist air. 
b. Virtual temperature.
c. Potential temperature. 
d. Hydrostatic equation.
e. Increasingly detailed description of the temperature and pressure distribution in the atmosphere.
f.  SkewT logP diagrams.
z. Relative humidity, absolute humidity. 
g. Dew point temperature.
h. Wet bulb temperature.
i.  Equivalent potential temperature.
j.  Latent heat release and absorption in condensation and evaporation of water.
k. Stability of air parcels.
l.  Indices on soundings. Lapse rate, adiabatic lapse rate, deviations from adiabatic lapse rate, 
pseudoadiabats.
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Equation of State for an Ideal Gas: Air

V = volume

1. molecule size is ignorable.
2. molecules don’t interact (attract or repel each 

other).
3. molecular collisions are like hard point like 

spheres.

Most primitive, intuitive form of the 
I.G.L. (ideal gas law):
PV = NkT

Now we manipulate to find a satisfying form of the I.G.L for analysis:

P = pressure
N = # molecules
T = absolute temperature (Kelvin)
k = Boltzmann’s constant = 1.38 x 10-23 Joules / (molecule K)
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Various Equivalent Forms of the I.G.L.

Note the useful bottom line form Pα=RT:     We will use this most often.
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Partial Pressure and Ideal Gas Mixtures

EACH GAS SEPARATELY OBEYS THE IDEAL GAS LAW.



Pat Arnott

Applications of Dalton’s Law of Partial Pressures…

What is the total pressure in the room?

What is the partial pressure due to nitrogen molecules N2?

What is the partial pressure due to oxygen molecules, O2?

What is the partial pressure due to carbon dioxide molecules, CO2?
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Applications of Dalton’s Law of Partial Pressures…

What is the total pressure in the room?  860 mb  ish.

What is the partial pressure due to nitrogen molecules N2?  
860 mb * 0.78 = 670 mb.  Air is composed of 78% N2 molecules.

What is the partial pressure due to oxygen molecules, O2?
860 mb * 0.21 = 180 mb.

What is the partial pressure due to carbon dioxide molecules, CO2?
860 mb * 0.000385 = 0.34 mb.

For 10 mb water vapor partial pressure, air is about 1% water vapor.
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Saturation Vapor Pressure for Water Vapor
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Applications of Dalton’s Law of Partial Pressures…

Wait a minute… how can it be that these molecules apply 
pressure according to their number concentration?  They 
don’t all have the same mass… What is going on?

Dalton's law is not exactly followed by real gases. Those deviations are 
considerably large at high pressures. In such conditions, the volume 
occupied by the molecules can become significant compared to the free 
space between them. Moreover, the short average distances between 
molecules raises the intensity of intermolecular forces  between gas 
molecules enough to substantially change the pressure exerted by them. 
Neither of those effects are considered by the ideal gas model.

The fine print from Wikipedia… 

The Earth’s atmosphere is a dilute gas, so the ideal gas 
equation is a reasonable approximation.
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Kinetic Theory of Pressure (Wikipedia…)

Box of sides L

m vx

Nature is fair …
On average, molecules share 
the burden of random kinetic 
energy, also known as heat.  
K.E.=mv2/2.  On average, 
molecules with smaller m 
move faster than large m 
molecules.

Pressure in the kinetic theory of gases …

Equipartition Theorem: 
3
2
𝑘𝑘𝑘𝑘 =

1
2
𝑚𝑚𝜈̅𝜈2
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Special Case: Partial Pressure of Water Vapor, e 
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Virtual Temperature Tv.
dry air moist air

same for both
T = temperature
P = pressure
V = volume
N = # moleculesP = PD

P = PD
’+e

Total pressure=
partial pressure
due to dry air.

Total pressure=
partial pressure
due to dry air + water vapor.

ρdry air >                        ρmoist air 
TWEAK …  
Raise the temperature of the dry air on the left to lower its 
density so that it is the same as the density of the moist air on 
the right.  We have to let some of the molecules out of the box. 

This raised temperature is the virtual temperature by definition.  It 
is a useful construct because the I.G.L. for dry or moist air is 
written     P α = RD Tv .

P = ρRT
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Virtual Temperature Tv Calculation.
dry air moist air

same for both
T = temperature
P = pressure
V = volumeP = PD

P = PD
’+e

Total pressure=
partial pressure
due to dry air.

Total pressure=
partial pressure
due to dry air + water vapor.

Crank up the temperature of box 1, keeping pressure and volume constant (let 
some dry air molecules leak out), until the mass (density) of box 1 is the same as 
that of box 2.

P = ρRT

box 1 box 2

From the I.G.L.

Tv
T

General Note:
Tv>T.
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Virtual Temperature Example

Let 
e=10 mb

P=1000 mb
T=280 K

Remember
ε=0.622

Then Tv ≈ T [1+e(1-ε)/P] = T(1+0.0038) ≈ 281 K

This gives us a rough idea of the temperature increase needed 
to make dry air have the same density as the moist air 
described above.

(binomial expansion was used to show an equivalent form)
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Water Vapor Mixing Ratio w [kg/kg] units
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Which is more dense, dry or moist air, at the 
same temperature and pressure?  Explain.
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Which is more dense, dry or moist air, at the 
same temperature and pressure?  Explain.

https://www.theweatherprediction.com/habyhints/260/

In short, the virtual temperature is greater than the 
air temperature.
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Examples:
• Ocean
• Isothermal Atmosphere
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Variation of g With Altitude
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Geopotential (Potential Energy)
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Thickness of Atmospheric Layers
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Isothermal Atmosphere Approximation
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Layer Thickness From H=29.3<Tv> Idea
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Conceptual Example
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Clash of Warm and Cold Air on a Frontal Zone: 
Idealized example with zonal flow

Adapted from Reiter, Jetstreams

Zonal flow: 
No meander of 
the jet stream.
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Meander of the Jet Stream

Wind flowing from a ridge toward a trough is decreasing in height above the surface. Conversely, 
wind flowing from a trough into a ridge is increasing in height. Where is it cold and warm?
From: https://www.weather.gov/jetstream/verses

https://www.weather.gov/jetstream/verses
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More Comprehensive View

From: http://das.uwyo.edu/~geerts/cwx/notes/chap01/tropo.html
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Geostrophic Wind: Balance between the 
pressure gradient force and the Coriolis force.

Coordinate System and Definition of Ω.



Pat Arnott

Wind is parallel to height contours.
Low height corresponds to low pressure at this level of the 
atmosphere.
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Layer Thickness and Constant Pressure Surfaces

Hurricane

th
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Surface pressure flat
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Hurricanes: Problem 4 in the homework

From: https://gpm.nasa.gov/education/articles/how-do-hurricanes-form
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Let’s Do Problem 3.26

Hurricane

Calculate Z  from the surroundings using the hypsometric equation.
Z remains the same for the hurricane. Calculate T for the hurricane from the 
pressure.  (It may be useful to obtain a general equation for the temperature).
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Problem 3.26: 
Average 

Temperature in 
the Eye
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Hurricane Pressure and Wind Speed
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Hurricane Pressure and Wind Speed: 
Cyclostrophic Flow Approximation: Pressure 
gradient force balanced by centrifugal force
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Problem 4 in Homework: Make a table with 4 columns 
“Category” “Vmax” “∆P” and “∆T”. 
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More On Atmospheric Layer Thickness
(adapted from Petty)
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Low Pressure

High Pressure

Surface warm core cyclone 
becomes an anticyclone aloft

Low Pressure

Tilt of pressure trough to cold air

1000 mb
990
980
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w
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Practice by making sketches of ...
1. A surface warm-core anticyclone strengthens with height
2. A surface cold-core cyclone becomes more intense with height
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Pressure Definitions:
Station and Mean Sea Level Equivalent Pressure

STATION PRESSURE: This is the pressure that is observed at a specific elevation 
and is the true barometric pressure of a location.

MEAN SEA LEVEL EQUIVALENT PRESSURE: This is the pressure reading most 
commonly used by meteorologists to track weather systems at the surface. It is an 
attempt to remove the effects of elevation from pressure readings. This reduction 
estimates the pressure that would exist at sea level at a point directly below the 
station using a temperature profile based on temperatures at the station. In practice 
the temperature used in the reduction is an average temperature for the preceding 
twelve hours. Mean sea level pressure should be used with caution at high elevations 
as temperatures can have a very profound effect on the reduced pressures, 
sometimes giving rise to fictitious pressure patterns and anomalous mean sea level 
pressure values.

https://www.weather.gov/bou/pressure_definitions
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A Weather Report for Reno: Which pressure is reported 
here, Station or Mean Sea Level Equivalent?
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UNR Weather Station: Which pressure is this?



Pat ArnottMay also average T1 from current value and value 12 hrs earlier
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Types of Thermodynamic Processes
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Ideal Gas:  U depends only on T
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Specific Heat Capacity
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Dry Static Energy gz+cpT
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Potential Temperature Derivation
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Adiabatic compressional warming (and cooling by expansion) lends itself to 
predicting large-scale weather patterns, because air motions in large weather 
systems are, for all practical purposes, generally adiabatic in nature.

Potential Temperature
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Significance of Potential Temperature
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Latent (Hidden) Heat And Phase Transformation

gas

Solid

Liquid

Plasma
su
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n deposition

Enthalpy
of

System
Cloud 
Droplet
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Evaporation – Evaporative Cooling – Endothermic Process

Bulk Water
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4.18 Joules/cal

Energy Change On Phase Transformatoin
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Example of Latent Heat Release

Determine the temperature increase of 1 m3 of air at sea level
when the latent heat of formation of 1 kg water is added to it.
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Dew Point Temperature Definition
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Wet Bulb Temperature, Tw

1. Surrounding air cools due to evaporation.
2. Water vapor enters surrounding air.
3. Tw is reached when the surrounding air 
    becomes saturated.

Comparison: Tdew and Tw

Tdew
w=mixing ratio
Cool at constant pressure
until saturation at 
the dew point temperature

Tw 
w’=mixing ratio.
w’=w + evaporated water vapor.
Now cool at constant pressure.
until saturation occurs at Tw.
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Calculation of Tw, the Wet Bulb Temperature

dq=heat required to overcome the H20 liquid state 
potential energy of attraction. dq comes from the 
surrounding air.

falling
raindrop
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Analysis of Tdew
from T and Tw
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Unsaturated air rises and 
cools at the dry adiabatic 
lapse rate

Lifting 
Condensation 
Level (LCL)

Saturated air rises 
inside the cloud and 
the release of latent 
energy during 
condensation causes 
it to cool at the 
saturated adiabatic 
lapse rate

Saturated Adiabatic Lapse Rate
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The Saturated Adiabatic Lapse Rate
The saturated adiabatic lapse rate is always less than the dry 

adiabatic lapse rate because the cooling caused by adiabatic 
expansion is partially offset by the release of latent energy 
during condensation.
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Normand’s Rule

Do an example from room conditions and T, Tw measurements
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0 meters, 1010 mb

T = 26 C, Td = 18 C Air rises and cools at the dry adiabatic lapse rate 
(DALR) to the LCL

T = 16 C
LCL

1000 m

Air rises and cools at 
SALR = 5°C/km

3000 mT = 6 C

Air sinks and warms at 
the DALR ≈ 10 C/km

500 m, 950 mb
T = 31 C, Td = 6 C

Air is warm and dry

Windward side Leeward sidewind direction

Flow Over a Mountain: 
100% Precipitation Efficiency
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Problem 3.48 Chinook Winds

Chinook
Winds 
Example
(also 
known as
Föhn)

Tdew=14.5 C.
Ws=6g/kg is water vapor @ 700 mb.
0.2*(10g/kg-6g/kg)=0.8 g/kg is cloud.
Follow moist adiabat down from 
700 mb to evaporate cloud to Ws=6.8g/kg.
Follow the dry adiabat from there to 900 mb. 
The final T is about 20 C.
Ascending patch in black.
Descending path in blue and red.

Additional Questions: 
1. What is Tdew at 900 mb?
2. What would be the 900 mb T if 0% of the
condensed H2O was removed by precip?
3. What would the 900 mb T and Tdew be if 
100% of the condensed H2O was was removed 
by precip?

Final temp.

http://www.patarnott.com/atms411/images/HWsolutions/Problem3_48_skewT.gif
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Stability of an unsaturated air parcel
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Step by Step Discussion of Stability
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Step by Step Discussion of Stability
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Step by Step Discussion of Stability



Pat Arnott

Step by Step Discussion of Stability
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Step by Step Discussion of Stability
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Step by Step Discussion of Stability
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sustainable 
only with 
diabatic 
heating!
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Conditionally Unstable Atmosphere
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Convective Instability
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Stability Analysis: Plot θ and θE as a function of z and 
interpret in terms of stability for this sounding 
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Stability Analysis: Plot θ and θE as a function of z and 
interpret in terms of stability for this sounding 
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Winds on Skew T Log P Charts

wind is 15 knots
coming from the northeast.
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Normand’s Rule



Pat Arnott

LCL: Lifting condensation level.
LFC: Level of free convection.
EL: Equilibrium level.
CAPE: Convective available potential energy.
CIN: Convective inhibition.

Solar heating, surface convergence 
promote parcels to the LFC:  Must 
pass above the inversion in the CIN 
area.

CAPE (J/kg):  0-1000 (small) 1000-2500 (moderate) 
   2500-4000 (large)     > 4000 (extreme).

CIN (J/kg): 0 to -25 (weak) -25 to -50 (moderate)
- 50 to -100 (strong convective inhibition)
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Reno Examples

MORNING
5 a.m. Local Daylight Time
24 Sept 2017

AFTERNOON
5 p.m. Local Daylight Time
24 Sept 2017
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Sounding indices given at 
http://weather.uwyo.edu/upperair/indices.html
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Subsidence Inversion: High pressure and a 100 mb thick 
adiabatically descending layer

Γ < 0
From Petty

𝜞𝜞 = −
𝒅𝒅𝒅𝒅
𝒅𝒅𝒅𝒅
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Air temperature follows the dry adiabat.
Dewpoint temperature follows the constant mixing ratio curve.

TTdew

From Petty

What a well-mixed boundary layer looks like

Constant Mixing Ratio
Curves

Dry adiabats
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Cloud formation as the mixed level increases

From Petty
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Convective Condensation Level Tc

Heat the surface air from T to T’ during the day and get a
cumulus cloud. From Petty.
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Tornadic Supercell Schematic

From Petty
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Dynamic Nature of the Atmosphere
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Curves of constant potential temperature are isentropes,
curves of constant entropy, s.
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Observation Evidence of Mixing Air Masses

Jet Contrail
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Mixing Air Masses: Theory for isobaric mixing

𝑚𝑚 = 𝑚𝑚1 + 𝑚𝑚2

𝑤𝑤 =
𝑚𝑚1𝑤𝑤1 + 𝑚𝑚2𝑤𝑤2
𝑚𝑚1 + 𝑚𝑚2

m=mass
T=temperature
w=water vapor mixing ratio
e=vapor pressure

Mass of mixture

Water vapor mixing ratio of mixture

𝑇𝑇 =
𝑚𝑚1𝑇𝑇1 + 𝑚𝑚2𝑇𝑇2
𝑚𝑚1 + 𝑚𝑚2

𝑤𝑤 ≈
𝜖𝜖 𝑒𝑒
𝑝𝑝

From enthalpy of mixture

2 equations, two unknowns, get rid of m1 and m2

𝑒𝑒 𝑇𝑇 =
𝑇𝑇 − 𝑇𝑇1
𝑇𝑇2 − 𝑇𝑇1

𝑒𝑒2 − 𝑒𝑒1 + 𝑒𝑒1

Compare e(T) with esat(T) to see if condensation happens. From Petty

m1
T1
w1

m
T
w

m2
T2
w2
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Example of Mixing Air Masses

from Petty

Air masses A and C are not saturated. 
Certain combinations of them are super saturated.

T1=0 C
T2=30 C

𝑒𝑒𝑠𝑠 𝑇𝑇 = 611.2 exp 17.67 𝑇𝑇𝑐𝑐
𝑇𝑇𝑐𝑐+243.5

 Pa

𝑒𝑒 𝑇𝑇 =
𝑇𝑇 − 𝑇𝑇1
𝑇𝑇2 − 𝑇𝑇1

𝑒𝑒2 − 𝑒𝑒1 + 𝑒𝑒1
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Moist Adiabats: Trajectories of Saturated Parcels. 
Pseudoadiabats because products of condensation may fall 
out of the parcel as precipitation. Trace a few of them below.  
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The Saturated Adiabatic Lapse Rate
Temperature Changes Inside Clouds

Two processes occur simultaneously inside clouds that affect the 
temperature.

(1) Rising air expands, does work and cools;
(2) Condensation releases latent energy which is then stored as 

internal energy and warms the air inside the cloud.
(3) Normally, the cooling due to the work of expansion is greater than 

the warming associated with the release of latent energy and its 
conversion to internal energy.

Thus, as air rises inside a cloud it still gets colder, but it does so at a 
slower rate than the Dry Adiabatic Lapse rate.

The rate at which rising air inside a cloud cools is called the Saturated 
Adiabatic Lapse Rate (SALR). 
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The Saturated Adiabatic Lapse Rate (SALR)

The derivation of the equation for the SALR begins with a form of 
the First Law of Thermodynamics

   dq = cpdT - αdp

What would we do here to get the dry adiabatic lapse rate?
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The Saturted Adiabatic Lapse Rate (Cont.)

In this case the energy gained, dq, is equal to the latent energy 
released when water vapor condenses inside the cloud.

    dq = -Lvdws

where
Lv is the latent heat of vaporization, and
dws is the change of specific humidity of the air parcel when water 

vapor condenses
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The SALR (Cont.)

Substitute for dq in the First Law of thermodynamics to get

   -Lvdws = cpdT – αdp

Now divide by dz and use the hydrostatic equation to get … 

Aside: Can write the Moist Static Energy 
for a rising air parcel as
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The Saturated Adiabatic Lapse Rate (Cont.)
Substitution results in 

   

Saturated Adiabatic 
Lapse Rate                 =

cooling 
due to 
work of 
expansion

+
warming due to 
latent energy 
released during 
condensation

Γdry

Γs = Γdry + Lv dws
cp dz 
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Summary of Equations for Saturated Adiabatic 
Lapse Rate
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Find the LCL for a surface parcel: find Tw, the wet bulb temperature.
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Evaporative Cooler: Swamp Cooler.
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Summary of Stability at a Given Level
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Downslope Windstorms And Gravity Wave Clouds
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22 April 2017 1:37 LST MODIS Satellite Image
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Google Earth Used to Measure Wavelength
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Afternoon Sounding
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NASA satellite image (MODIS imager on board the Terra satellite) 
of a wave cloud forming off of Amsterdam Island in the far 
southern Indian Ocean. Image taken on December 19, 2005.
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http://www.patarnott.com/atms411/images/HWsolutions/Problem3_48_skewT.gif
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