Thermodynamics

Jintal Lin
Teaching materials are from Michael Wallace and Richard Goody
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A Basics

A First law of thermodynamics

A Second law of thermodynamics
A Static instability

A Heat, work and state functions
A Atmospheric energy budgets



Earth x satellite
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A. A small, perfectly black, spherical satellite is in orbit

around the Earth at an altitude of 2000 km. What angle
does the Earth subtend when viewed from the satellite?

. If the Earth radiates as a blackbody at an equivalent
blackbody temperaturde= 255 K, calculate the

radiative equilibrium temperature of the satellite when
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A. Consider two opaque walls facing each other. One of the wall:

Aa | oflFO102Reé | YR [0 fnBepehdeftsS |
of _). The walls are initially at the same temperattivand,

apart from the exchange of radiation between them, they are
thermally insulated from their surroundings| lfand- are the
absorptivity and emissivity of the gray wall, prove that | .

. Consider the situation where two gray walls are facing each
other. One wall has absorptivity and the othert . Prove
that

0 O

| |
where O and O are the flux densities of the radiation emitted
from the two plates. Make sure of the fact that the two plates
are In radiative equilibrium at the same temperature.

Michael Wallace book



ldeal Gas Equation

Temperature
ma;ss / Universal gas constart8.3145 J-Kmol*
Now dYYEYY Foe
/ \
# of moles
Pressure Gas constant

Volume

Specific volume
7

Thus, n "YY f]| Y'Y
A ldeal gas has negligible molecular size and no interactions

except elastic collisions
A Ambient air is close to ideal gas, and is treated as so
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Grammolar mass\:
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1 mole = N molecules

| @2 3| RNP QAa(18K18 gafesd dolainkgithe
same number of molecules occupy the same
volumes at the same temperature and pressure. So:
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John Dalton in 1787:

The total pressure exerted by a mixture of gases that
do not interact chemically is equal to the sum of the
partial pressures of the gases

Partial pressure of a gas is the pressure it would exert
at the same temperature as the mixture if it alone
occupied all of the volume that the mixture occupies



Dry Alr

For dry air: n | Y'Y

ABelow turbopausé> 1M km), R
IS constani(287.0 J k§ K1)

AAbove turbopause, heavier gase
decrease with height faster!

Apparent molar mass:

= 28.97 g mol

Therefore:

Y
Y p R =287.0JKkg?!




Water Vapor

Water vapor: Q Y'Y

Y
Therefore: Y p T THF = 461.51 JKkg?
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Virtual Temperature

Virtual temperature:
The temperature that dry air would need to attain in
order to have the same (mass) density as the moist air
at the same pressure

Density of moist air:

a a
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Virtual Temperature
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Thus: Virtual temperature:
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Water Vapor in the Atmosphere

Mixing ratio:

Specific humidity: .

Water vapor pressure: Q)
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Thus:
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Hydrostatic Equation F
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Hydrostatic Equation

n "Q
()
()
Thus: N(Q) QAQa

Atmospheric massa unit (n¥) of Earth surface
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Geopotentialr W | Geopotential Height W

Geopotential:

o
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Geopotential height:
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At hydrostatic state:
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averaged gravity

QQ O | acceleration at the
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Acceleration of Gravity

Table 3.1 Values of geopotential height (Z) and acceleration
due to gravity (g) at 40° latitude for geometric height (2)

z (km) Z (km) g (m 5_2)
0 0 9.81
1 1.00 9.80
10 9.99 9.77
100 08.47 9.50

500 463.6 8.43
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Geopotential Thickness
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Scale Height

Forisothermal atmospherewith dry air:
w o OlMin)
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A Below turbopausé> 1M km), R is constani287.0 J kg K?2)

A For T =255K, we get H ~ 7.5 km

A Above turbopause, concentrations of heavier gases decrease
with height faster!

18



Thickness of Height of Constant Pressure Surfac

Height (km)
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Warm core lows

—Constant pressure surface—

Cold core + warm core
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First Law of Thermodynamics

Unless otherwise stated, we only discuss the case in the

absence of changes muclear energyinternal inter-
molecular potential energy, and macroscopic kinetic enefgy

Qo0 1n 10 for a unit of mass

g: heat (interaction,not transported
w: work (interaction,not transported)
u: internal kinetic energy (function of state)
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Specific Heats

Closed system (no phase change) for dry air:

At constant 3 n o 06
volume: ) — — —
1Y 1Y QY
At constant n
pressure: 0 i o Y
(=

Ingeneral: 14 Q6 AR wQ'Y| QN
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Enthalpy
Q o N
QQ Q6 A ) OQ'Y
Enthalpy Is a state function, like u, p, v, T

Therefore, under hydrostatic balance:
T AQ % QAo°Y %9

K b:XYry static energy
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Air Parcel Z

Assuming that a parcel of air Is

V Thermally insulated from its environment so that
Its temperature changes adiabatically as it rises
or sinks

V Always remaining at exactly the same pressure as
the environmental air at the same level, which is
assumed to be in hydrostatic equilibrium

V Moving slowing enough that the macroscopic
kinetic energy of the air parcel is a negligible
fraction of its total energy



Dry Adiabatic Process
(Vertical Movement with No Phase Change)

: ST C
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Thus, dry adiabatic lapse rate: Volume

I W
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Potential Temperature

Potential temperature of an air parcel:

The temperaturé that the parcel of air would have
If it were expanded or compressedry) adiabatically
from its existing pressure and temperature to a
standard pressure jdgenerally taken as 100(Pg
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Equilibrium (Saturation) Vapor Pressure

e, Saturation vapor pressurart a plane
surface of pure wateat T
e, Saturation vapor pressurart a plane
surface of pureice at T
K
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Saturation Mixing Ratio
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Relative Humidity
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T,: Dew point temperature
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Latent Heat for Phase Change

Latent heat of vaporization or evaporation :
The heat that has to be given to a unit of mass
of material to convert it from the liquid to the
vapor phase without a change in temperature

0 = 2.5x 10J kd! for water at 1latm and 10&C

L is weakly dependenton T

1Re 0 Q) fora unit mass of moist air (dry +®)
Q) >0 1 | dg<0
Q) <06 | dg>0
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Saturated Adiabatic & Pseudoadiabatic Processes

As the air moves upwards, its water vapor becomes saturated
and starts to condense to liquid water or deposit to ice

U Saturated adiabatic process: the condensed/deposited watel
stays in the air parcel, thus the process is adiabatic (no heat
Interactions with environment) and is reversible

V For example, cloud formation without precipitation

U Pseudoadiabatic process: the condensed/deposited water
falls out of the air parcel immediately, thus the process is
Irreversible

V For example, precipitation formation

U In both cases, the mass and energy associated with the pha
change is small compared to those of the air parcel



Saturated Adiabatic & Pseudoadiabatic Processes
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Saturated Adiabatic & Pseudoadiabatic Processes

T 0 10
&> B\

Thus, noist adiabatic lapse rate:
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Saturated Adiabatic & Pseudoadiabatic Processes
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Thus,equivalent potential temperature r
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Pressure (hPa)
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Instablility of Unsaturated AilNot In Hydrostatic Equilibrium
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The net upward force acting on a unit of volume of the parcel is:
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Instablility of Unsaturated Air: Not In Hydrostatic Equilibriu

If the air parcelis displacedupward, from its equilibrium level
at | €0 with the ambient temperature T,, by a distancel @ a
new levelwhere the ambienttemperatureisT,

YUY 34 YUY 6

Y 'Y (3 3)a

Thus: % —%3 3)
’,QQ—SL?(:] M €= 0 [%3 3)]j

N is Brumtvaisalafrequency F I €
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Buoyancy Oscillation

%T“ sa oo [ae 3)]j

Stably stratified atmosphere: N> 0, ory¢1>0

Alir parcel executes a buoyancy oscillation

a OATU 60RO

39



Buoyancy Oscillation over Indian Ocean




Static Instability For Unsaturated Air

Stable: m<m (l.e.,” Increases with height)
Neutral: m=m (l.e.,” Increases with height)
Unstable:m>m (l.e.,” Iincreases with height)
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Static Instablility For Saturated Air

Stable: m<nmg 3 _ 3

Neutral: m=ng _Q_C' U )
Unstable:m>ng P Yy
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Conditional and Convective Instabllity
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