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:

—TATTS@QNTSO Q0T

|deal gas equation applied to dry and moist air.

Virtual temperature.

Potential temperature.

Hydrostatic equation.

Increasingly detailed description of the temperature and pressure distribution in the atmosphere.
SkewT logP diagrams.

Relative humidity, absolute humidity.

Dew point temperature.

Wet bulb temperature.

Equivalent potential temperature.

Latent heat release and absorption in condensation and evaporation of water.

. Stability of air parcels.

Indices on soundings. Lapse rate, adiabatic lapse rate, deviations from adiabatic lapse rate,

pseudoadlabats




Equation of State for an Ideal

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

other).
molecular collisions are like hard point like

spheres.

N —

-

V = volume

Most primitive, intuitive form of the
|.G.L. (ideal gas law):
P = pressure PV = NKT

N = # molecules
T = absolute temperature (Kelvin)
k = Boltzmann’ s constant = 1.38 x 1022 Joules / (molecule K)

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



Various Equivalent Forms of the I.G.L.

Start with the primitive form of the I.G.L.: PV = NkT

n= Nﬂ N, =6.022x10% (molecules per mole) or N, = 6.022x10% (molecules per kmole)

m = mass of gas in volume V (kg units). M_ = molecular mass (kg/kmole)
m Joules

N = R*=N k =8314.3 ——— (universal gas constant)
M, @ kmole K
Then
* R* . R*
PV =nRT.Usen PV =m v I'.  Motivates R = Vil gas constant.

Let o = % = specific volume. Let p= “E/l = gas density.

So.. Pa=RT P = pRT

Note the useful bottom line form Pa=RT: We will use this most often.




Partial Pressure and Ideal Gas Mixtures
All Gases

— * — —
PV =nR*T , n=n, +n, +n, +Ng, +n, + .= 2 n

2

All Gases n R*T
P= > P , P =Partial Pressure of ith gas = — .

i=1

Each gas separately obeys the ideal gas law (/.G.L.)

m
n. = # kmoles of component i = M_r

Wi

*

m R
V- M,
1
P,

P T=p RT.

o.

I

So,Pa=RT

EACH GAS SEPARATELY OBEYS THE IDEAL GAS LAW.



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 N,?
What is the partial pressure due to oxygen molecules, O,?

What is the partial pressure due to carbon dioxide molecules, CO,?



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 N,?
860 mb * 0.78 = 670 mb. Airis composed of 78% N, molecules.

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

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

For 10 mb water vapor partial pressure, air is about 1% 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?

The fine print from Wikipedia...

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 Earth’s atmosphere is a dilute gas, so the ideal gas
equation is a reasonable approximation.



Fressure Kinetic Theory of Pressure (Wikipedia...) "
Pressure is explained by kinetic theory as arising from the force exerted by liguid molecules impacting on the walls of the container, which

shows that the maolecules of liquid would need less energy at the surface of the liguid to leave. Consider a gas of N molecules, each of mass m,
enclosed in a cuboidal conlainerlof volume V=1>. When a gas molecule collides with the wall of the container perpendicular to the x coordinate
axis and bounces off in the opposite direction with the same speed (an elastic collision), then the momentum lost by the particle and gained by
the wall is:

.&..U = Pix— I)f"r _ 2??11’.-‘;

where v, is the x-component of the initial velocity of the particle.

The particle impacts one spedfic side wall once every BOX Of SldeS L
2L g
At ==
Uy
(where L is the distance between opposite walls).
The force due to this particle is:

Nature is fair ..

On average, molecules share
the burden of random kinetic
energy, also known as heat.
K.E.=mv?/2. On average,

1‘2 L
P % _ mg'r, molecules with smaller m
The total foree on the wall i move faster than large m
o Nma? molecules.
L
where the bar denotes an average over the N particles. Since the assumption of molecular chaos imposes E = [_2‘,"3, we can rewrite the
force as
P J"»"rri?f.
3L
This force is exerted on an area [°. Therefore the pressure of the gas is
_F _ Nma?
L2 3V

w’mm v=L" is the volume of the box. The fraction n=A{V'is the number density of the gas (the mass density p=nm is less convenient for
jons on atomic level). Using n, we can rewrite the pressure as

ssure in the kinetic theory of gases ...

This is a first non-trivial result of the kinetic theory because it relates pressure, a macroscopic property, to the average (translational) kinetic

3 1

—_ =72
1 T =
energy per molecule oy which is a microscopic property. Equipartition Theorem: >k 2 my



Special Case: Partial Pressure of Water Vapor, e

Colalent Bond

o

R*  8314.3 J/kmole

1p b
- _'.L
Hydrogen _/’_\4 e av -_ RV T y
= Q - Oxygen
Hydrogen
2 23 R = =
.\ WH,0
Colalent Bond

18 kg | kmole

:461L
kg K

Bohr Model of HQD

Aside: Ratio of gas constants for dry air and water vapor.

M

RD B R*/derya’_ B Wi,0 - 18 _ .
R R*IM, M, 29

(£=0.622 . We will use this often.
Note : Ro = 287 L .

kg K




Virtual Temperature T,

same for both
T = temperature
P = pressure

V = volume P=P,+e
N = # molecules Total pressure=

partial pressure
due to dry air + water vapor.

Total pressure=
partial pressure
due to dry air.

pdry air > Pmoist air
TWEAK ... P=pRT
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 |.G.L. for dry or moist air is
written Pa=RpT,.



V|rtual Temperature T, Calculation.
moist a|r

same for both box 2
T = temperature
P = pressure

p=p. T \V = volume Pp=pP+e I

Total pressure=
Total pressure= P = pRT partial pressure

sartifll zresgure due to dry air + water vapor.
ue to dry air.

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.
From the |.G.L.
BOX 1 density = BOX 2 density
__FP P-e . e
=R T RT RT
Solve for T, . General Note:

T,>T.




Virtual Temperature Example

Let
e=10 mb
P=1000 mb
T=280 K
Remember
£=0.622

Then T, = T [1+e(1-¢)/P] = T(1+0.0038) = 281 K

(binomial expansion was used to show an equivalent form)

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. Can vse  Tvz T(10-61W) where

- ifing Patio o Weter dafor
w = Liater vaper migiag Patio o EK.;LM =
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Which is more dense, dry or moist air, at the
same temperature and pressure? Explain.



Which is more dense, dry or moist air, at the
same temperature and pressure? Explain.

which is more dense, dry or moist air p 4 _!, Q

Q All [*] Videos [1] Images = News [F] Books : More Tools

About 99,300,000 results (0.57 seconds)

When vapor content increases in moist air the amount of Oxygen and Nitrogen are
decreased per unit volume and the density of the mix decreases since the mass is
decreasing. dry air is more dense that humid air!

https://www.engineeringtoolbox.com » density-air-d_680

Moist Air - Density vs. Water Content and Temperature

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

In short, the virtual temperature is greater than the
air temperature.
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Variation of g With Altitude

Let (= R;-l-i, G= 3favn+c+-o.a coasfant
G= b1 10" N
Oy

Defire: mq(2) = Gmem

SO \Cﬂ'onx 10-9”‘5 @ 30
Re [H'-*/RE)I

x 30(1-@

EXQMNQ:
Z=10km ~ '|'l'oﬁopme ‘\eisld'
Rg: 630 km
9o = 9.8 m/s2

Then -
9(2:10km) = 7T m/s2

(only shighily less thaa 90)



Geopotential (Potential Energy)

2+d2
Z 3(2)

o
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st Thickness of Atmospheric Layers /,-/.
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Isothermal Atmosphere Approximation
C (*emperdore +he same +'\ro\|JLou"|" )

F4
__p: Z Z Q S d(’aﬂ' R Ko Ty (~0'\P ] P)
—~a_S
L— o 1P 1p)
P (2) = P(z) erz
Hz Seale l-\e\j'\" of q""‘“P""e
H= &,_'_T: = 1T L 5T
9o RTK as ™
@: 293 'IT,’/-;QTN'-S Use Kely, A u@
Neut 0P

Fiv the isothermal

qssv’ "l’nbl\



Layer Thickness From H=29.3<T > ldea
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Conceptual Example
sl
Determine the Soomb geoPoteatia] height For
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P‘-.- S.r‘au Pr!SSure at ‘Z':O Mg'l'tﬁ,
P,= 500 mb Pressure at Z,=?

La=2Z,+ Ro<To> QalP.
R = a(Pyp )

\::C\' \
AT | kidvde North
1 A P ' "
\ 7— L
K
—— & 1 \
U Latidude N or*i




Clash of Warm and Cold Air on a Frontal Zone:

|dealized example wi;[h zonal flow
ole

Zonal flow:
No meander of
the jet stream.

Adapted from Reiter, Jetstreams



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

Pat Arnott



https://www.weather.gov/jetstream/verses

More Comprehensive View
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sinking .e‘f :‘;‘- Mixing
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Circulation Extratropical cyclones Subtropical Trade  Heat .Equatur
Pole & anticyclones High Winds
N TN . - . T ITCZ
Direct Indirect Ferrel Cell Direct Hadley Cell
Polar Cell

From: http://das.uwyo.edu/~geerts/cwx/notes/chap01/tropo.html



Geostrophic Wind: Balance between the
pressure gradient force and the Coriolis force.
Coordinate System and Definition of 2.
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atmosphere.
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Pat Arnott

Layer Thickness and Constant Pressure Surfaces

1. The air near the center of a hurricane 1s warmer
than its surroundings. Consequently, the intensity
of the storm (as measured by the depression of
the isobaric surfaces) must decrease with height
(Fig. 3.3a). The winds in such warm core lows

Hurricane

——

e
M M

.);

—_Upperlevel
—UpperfeveHow —
—

h

L

—

— S
Surface pressure flat

thicker =
hinner

Fig. 3.3 Cross sections in the longitude-height plane. The
solid lines indicate various constant pressure surfaces. The
sections are drawn such that the thickness between adjacent
pressure surfaces is smaller in the cold (blue) regions and

larger in the warm (red) regions.



Hurricanes: Problem 4 in the homework

B P——

Descending—"
air Warm, moist air

Eyewall ———

Low pressure

If you could slice into a tropical cyclone, it would look something like this. The small red arrows show warm,
moist air rising from the ocean's surface, and forming clouds in bands around the eye. The blue arrows show
how cool, dry air sinks in the eye and between the bands of clouds. The large red arrows show the rotation

of the rising bands of clouds.

From: https://gpm.nasa.gov/education/articles/how-do-hurricanes-form

Pat Arnott



Let’'s Do Problem 3.26

3.26 A hurricane with a central pressure of 940 hPa
1s surrounded by a region with a pressure of
1010 hPa. The storm is located over an ocean
region. At 200 hPa the depression in the
pressure field vanishes (i.e., the 200-hPa
surface is perfectly flat). Estimate the average

temperature difference between the center of
the hurricane and its surroundings in the layer
between the surface and 200 hPa. Assume that
the mean temperature of this layer outside the
hurricane 1s —3 °C and 1gnore the virtual
temperature correction.

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).

Pat Arnott



Problem 3.26:
Average

Temperature in - < > e

the Eye




Hurricane Pressure and Wind Speed
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Hurricane Pressure and Wind Speed:
Cyclostrophic Flow Approximation: Pressure
gradient force balanced by centrifugal force




Problem 4 in Homework: Make a table with 4 columns
“Category” “V, .,  “AP" and “AT".

Saffir-Simpson Hurricane Wind Scale

Climatology | Names | Wind Scale | Extremes | Models | Breakpoints

The Saffir-Simpson Hurricane Wind Scale is a 1 to 5 rating based on a hurricane's sustained wind speed. This scale estimate
reaching Category 3 and higher are considered major hurricanes because of their potential for significant loss of life and dam:
dangerous, however, and require preventative measures. In the western North Pacific, the term "super typhoon" is used for tr

exceeding 150 mph.

Category Sustained Winds

74-95 mph
1 64-82 kt
119-153 km/h

96-110 mph
2 83-95 kt
154-177 km/h

111-129 mph
s 96-112 kt
(major 178-208 km/h

Types of Damage Due to Hurricane W

Very dangerous winds will produce some damage: Well-constructed frame hom
shingles, vinyl siding and gutters. Large branches of trees will snap and shallowly rc
damage to power lines and poles likely will result in power outages that could last a

Extremely dangerous winds will cause extensive damage: Well-constructed frai
siding damage. Many shallowly rooted trees will be snapped or uprooted and block
is expected with outages that could last from several days to weeks.

Devastating damage will occur: Well-built framed homes may incur major damag
ends. Many trees will be snapped or uprooted, blocking numerous roads. Electricity
several days to weeks after the storm passes.



More On Atmospheric Layer Thickness
(adapted from Petty)

High Pressure

- = ~ 970 e yd
o
U

£ S — 980 <z
] . S _ 990 N v /“’/980
___— N 0 — 990
\ 1000 mb - /
/ /1000 mb
Low Pressure Low Pressure

Surface warm core cyclone

Tilt of pressure trough to cold air
becomes an anticyclone aloft

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



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



A Weather Report for Reno: Which pressure is reported
here, Station or Mean Sea Level Equivalent?

Current conditions at

EW6551 Reno (E6551
Lat: 39.546°N Lon: 119.826°W

NA Humidity 29% More Information:

o Wind Speed SW 0 MPH Local Forecast Office
59 F Barometer 30.37 in (1028.45 mb More Local Wx
1 500 Dewpoint 27°F (-3°C) 3 Day History

Visibility NA Mobile Weather
Last update 19 Oct 10:05 AM PDT Hourly Weather Forecast

Extended Forecast for
Reno NV

Today Tonight Thursday Thursday Friday Friday Saturday

Night Night

50%

Mostly Clear

Mostly Clear Sunny Mostly Cloudy Chance Rain
and Breezy

High: 78 °F Low: 45 °F High: 78 °F Low: 44 °F High: 77 °F Low: 46 °F High: 59 °F



UNR Weather Station: Which pressure is this?

Statistics

Begin Date/Tine
Oct. 13, 2022
00 LT
End Date/Tine
Oct. 20, 2022

200 LsT

Baronetric Pressure
mbar

Average
falala)
12 I 12 0 12 0 12 0 12 I 12 0 2 |
Nct  Nct act nct nct nct nct Nt et Nct  Nct act Ot Ot 1
15 14 14 15 15 16 16 17 17 15 15 149 ] I Hl!-l_"
| 860

Time of Day (LST) /Month/Day of Month 2022
Barometric Pressure

Pat Arnott
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Types of Thermodynamic Processes
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1 PA ’f: PA ’fi

Ideal Gas: U depends onlyon T
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Specific Heat Capacity
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-F = #elejrees QF Freee'om ~ Eﬂt'gy P vHhuays for
He air molecyles
Trasshbion (4 ch'l'qﬁoA’.
)’ .3:;:.5 of 3 degrees of {:reee‘om for
/V\oltﬂ)'e Fne““" Hzos 03, Nzo) (3,4
e KE) Hrickomic e lecules pon lincar
Vibnetion o o CO2 (Lner)
":;_. “ frozen ?vf" at o8 Ny O CO
Qufmos Phene "’em’tl'a*ule 7). rotationl JC"CCS of
P( EV;Q T exp (’t'\’,,:; / AT) FreeJam

<< )



C V rf'D m *Ae e,' v ‘.f‘ r * ati‘:ﬂﬂ "A‘Qr’m

Cv\:gﬂ dU-‘-‘L’ CvdT

Example molecvle  +ranslatisa \/:'Lrg'l'ion rotation F Piture
H,Ar‘, He MNongtomig 3 o (o) 3 ®
Ou, Ny, CO | diatemic | 3 afem | 2 (5] e—@
o ’ N .",‘f‘ltﬁ

H.0,03 hf:ﬁﬁ:.- 3 b/ ovt 3 6 A
Tsobaric Process = Constant Prossore [l ¢— Movable
4P=0 —— pisten
Thermometer M= MAsS

daT)p Heat in Changts +emperatunt ( ) .
and doef werk, raises m Meat (A

froof: Use +he T.6.L. and First law of +hermodynanmics,
x
dv +Pd s &= P =RT Pdu+«dP =RdT SO

dy =

dan ClT + RAT &P isobaric  Pax=RdT - <P

~ wWork done  /d For A

w- e gt ()0 0B) (G ope )

+o expand

[o_Ti) = C,- C,+R for tdeal 9as .




Qu}i X
Whick  syshem Cones 4o = bigher emparatore /

g"’ic'l Mb“ﬁL'&
Wm‘ i//Pis‘inﬂzza

(17 (1)

D leat in Q leat 1
(Sockoric = isd bar, e
C‘bdb'l'd-"' cdm.s'hu-t"' pl‘tss\.’ff
\’u'uu&&,

Whiek one s mopre | ke an ot P“r“{?




UIZ S
Whick  syshern comes 4o & bighimtthmparfore 7
g'\‘iﬂ'l

I7@1ston | M) ) dv= 0 -PoAV
G.._
=CvdT
(M) 0)
D ledt in Q) leat in
(Sockoric = 1S9 bar, ¢
Constet Consﬁ--‘* pl“tﬁs\.ﬂf

\’u'vm& )
\l\“«;c.l-\ ore 15 Mepre | ke an ot PAFC"-‘ '



Adiabatic (dq=0) Lapse Rate [

z Adiabatic AtmospPhere:
dq= do+ Pelx i \ Ty To -2
) Ve du= CyvdT Tc2)

D Use T.6.L. Px=KT
Pdo + adP= RAT So Pdu = RAT - < AP

3) Use hydrostatic equation s dP=-pgds = -9z < =Vp
Assemble the Fartss
d‘l_"- dv + Pdec = C.dT + ﬁdT-t-gJE, =0

(C. +Q)dT = - qdz

’W
Co= 1R se 4. .9 _.f
P C 2 Q = ="4 ="lp
‘Fol" air ;:f air d? CP

= 9.€misz x 29 Kg/kmle _ Q8K

———

Nwer:u(ly: f: =
V% 8314.3 T/kanoie Kk B

oo



Dry Static Energy gz+c,T
Adidbatic Lapse Rate aned Potential Temperature

must ole work on gnvirenment to €xpand

Z PE + KE = Constunt
g "Er - Glope g% + CpT = Coastunt
( = Dry Sfatic Enery

6z Potential
{ Te;nferd"ﬂre

Pry adia bat.c

ate,
Ti2f = © when Piz)= 1000 mb
Paf'((‘ ! and L Can ke in eetu?l?br?unm.

©= Potential Temperature = Consiatt o= adiabat,

O=T (‘,".%1.‘.‘.‘3)2/7



e

Po tentia \ Teu:hfe.r-:}ure Decrivation @

16t Law oF Theramodynam cs
dcln du + PJK__,
7
Tdeal g4s |aw
P« = RT Se
Pdlr.-l- *dP = RdIT
Pé__ﬂl: RaT — «dP

\

Cm‘:;ﬁ}aa
d¢l= dv +RdT ~xdP

Aside: Let dh=dv+RdT
EMPY -_-i-é‘ln:' Cyﬂ(T"'MT

Adiaketic Process dg = o
d‘]_:O'-'-' CodT —odf

IJ@nl_‘iﬂS_hg
o= RT/P
Se CodT ~ RTdP/p=0
d'l",_r = chPdP/p 0

dh = CpdT
dq':' dh—xdP
dcz = LpdT ~ AP ,
I!“'P:rﬂ""rh;
e 1606 mb
dr - |RdP )
T~ &?:F 2R3
Tc2) (2
Q=T (wo____o_m.h) 7
= P i\




Potential Temperature

Potential Temperature (K)

is the temperature that a parcel The value of this exponent is: 0.286
would have if it were brought /,_

adiabatically to a pressure of
1000 mb. e Specific Heat of Dry Air
\S\ R f l'.'.'. (at constant pressure)
e T 1 O 0 0 value: 1004 J/kg/K

ifi f Al
Temperature(K) _/1 Specific Gas Constant of Dry Air

The parcel’s current . — L
temperature at pressure (P) R,is found by dividing the Universal Gas
Constant (R*) by the molecular weight of

Pressure (mb) the gas (M). For dry air, this gives:

_ R"_ 8.314 J K" mol"
R.= M, 0.02897 kg mol" 287 J K" ko’

-
Temperatuns

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.




Significance of Potential Temperature

= Tw) (Po )“"r QIcp:"h her

aif
&) P,,=woo mb
TP (Known also as
T P PoiSsoq\'s Eq')
|
[ )
y o 11 r c"')llhul Le
(Y\w;d'ain
8 No, 9=Cbn5'\'w\'\' ) iF 19 Just bci..‘,
W dA'-ubAHC«lhl |3ﬂe.\ ovwe -“\g mo\wh{a\,
/| Wid
! " I 'l Nenad'a batic pl'ocessesg
A Y ERYIRSE 0&‘:‘“*“&“3””‘%.
Mevatain 2) Water condeasation of

equotq‘ﬂeA.
9 Contours are 5re¢+ ‘For MAPP-’AJ mouniain Saduced 5!‘«.{1 w«wcs?
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Latent (Hidden) Heat And Phase Transformation

e Plasma
4% Plasma

g as CO/)

sublimation
uonisodap
Z
o
L.
@)
=
Q.

Lu‘\'to\‘\' &'\'

Heat needed or re\t«ko‘{ﬁ‘q?\mzckq&

Ndalgd  Vatorlipd
ﬁoli-:\’u?d Jiquid»Sold

Av\ ae Darce ) with Condensinqg warter [
in 35 heated by latent Fast webipo’

Feleast . ‘ Ve
afie) Q arnf

E..\-H\clh' diffcrence betweea

4he vapo® and liguid Plase
Must be relased from
4he dfODH'\'OSo"w.J.'..%g

Lor e Weder molecule
Yo Shay in He [iquid
Phage =Cordessation.



Evaporation — Evaporative Cooling — Endothermic Process

o
L) s
S:\‘s ‘;’o\!ﬁ\ A
-FqS"’ Mov\43
Molecole 2(025
$he ligud, |m)t
h;l\ J Cbokr

Clows mww’ |.r‘voJ

Bulk Water (
)

N\q ¢ ( \\agc Lackent Hoat ‘/{/,//5

Solid-liguid ~ 334Me* T/
L?(\Iil*\h'ol‘ Z-SXIObJ']ka‘ .S'h § atar UC.




Energy Change On Phase Transformatoin

4.18 Joules/cal

XN melting
I 80 cal/g j C
v J freezing

Liquid

Pat Arnott



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.

\Oew ‘ o(' water f;’l's l"\
s Volume

(0Cm
10¢an

L =2 'bﬁob-S/bd chkc\'l' ket of Coadensathion

N\CVAT\.TQM}";M Clarge = L * Ky ,
L(.St!ciﬁc heet o Cbl\;ﬂ’q-'l' Volume = 2 K}: =l I/ka L
m-‘asso-f- oif in Imd= 1,28 K |M - I.ZS'

i< 125

= by10® “JL = 290l ,
AT = m% _ 1 bm%,,k& T K|

Thets o lof of condessed Ho0) ot on impresiv AT



S:'Iv”‘*'l' ‘on UﬁPor Pressure. Ss (TJ
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®
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cn

Water T~ ‘ Water T ‘

(a) Unsaturated

Pucdil (b) Saturated

et e ) vﬂvT = P.rt'ssurt o'F watre VaPol".
Rt,\i ) ? L= ladent het of ..

- - |
New idw: €52 6illmb €47 [%(%"’5 '1'*)] il dovepor,
Vo €z emilly | T
Setinalion Arper Pressnt wn ol a : A ofiel K& TFo Yo
OML‘. 1,‘ SV ‘:'.’2-;?3'414'06 T/,Kz,.

RH=z € /¢



Saturation vapor pressure e over pure water (hPa)

e Cr\,g-hl ‘ats waler

60 |-
V,,P,,r ‘From Supu-caoleJ W alef
drapkfs becavse ew‘+"> elce
50 - ( Con essity olo —m:.]
e_e,fT) 6. “mb *
o exp[ & [hs~ 3]
O L g vt e Fopaton £ | ivetsoet /4
drops. [ Photograph courtesy of Richard L. Pitter. | . 3-
4028 Lsv= 2,554 web TL&?
30 ~40.24
e (I')=6.11mb exp L [L—lJ
4020 R\273 T
20 do.16 &
—
-10.12 ma
|
10 -0.08 @
N e -10.04
0 \ ] ] ] 0
-50 40 -30 =20 =10 0 10 20 30 40

Temperature (°C)
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Dew Point Temperagjre Definition
A

Toew)
é;g E (Tdew) w; ( Tdew )
P P

l.': W — Wg (T-Iew)
Wsth  “Ws (T)

No"’Q‘. ‘T:tw f.T

Skew T
I”PT WeCTue) < wlser)
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/ /
/" /
{ ;
—,.L'— 7{__--



Wet Bulb Temperature, T,

Thermameter
Jvicaf o

Magtclith
onr -H\e:::"

111 y
A ,cw‘\ T /
1. Surrounding air cools due to evaporation. CV*I":'_‘:}*Q
2. Water vapor enters surrounding air. Faind

3. T, is reached when the surrounding air
becomes saturated.

Comparison: T,,,and T,

Tdew Tw
w=mixing ratio

w’'=mixing ratio.
Cool at constant pressure w’'=w + evaporated water vapor.
until saturation at

| Now cool at constant pressure.
the dew point temperature  until saturation occurs at Tw.

NO"QS: wJ >w So Tw TW‘ T etlwl Q'l'"'LQ LCL



Calculation of T, the Wet Bulb Temperature
Mustcloth

Jo = dmk;’ ‘4
° knp:ul-uat onr -Irb‘;{m"

Fvicaf o ny e

wer N LA
MiXing rd'oo 4 TTT T
Aif' F‘D'ﬂ) ' Tw
ealli (9‘"" ”/{v © Congtant Pressurt precesg
| falling i i b
@, | raindrop dq=CpaT-%f¥ = 5bav
Alss o S dg=heat required to overcome the H,0 liquid state
evarora*"») potential energy of attraction. dg comes from the

FaindCop surrounding air.

I,\-‘gﬁrf"“‘s) CP(Tw'TO) = —LQV ( W(Tw) “{‘_’0)
So‘\lt ‘:w Tw- B

keu": Ws(-r):ées r) ) es(Te)'-'- C.iZmbexp .4
P

T NS

ComPare:  &,(Tus) = Cotseryed (To) Note:

TJew Solve For Tdew . \t), = E ewp('l'a.u)




Analysis For T, :
: From the first law of thermodynamuics:
Analysis of T4, '
fromTand T,  @wR)-w@R)-3(L-1)

v
General Definition:

W(T :P)= sat v dew

1]

From Bolton,

17.67T

e (T)=e exp|——=—|.e =6.112 mb
.mr( c) L] @[24351-1;]6&
So

T T Pc 17.67T
enTaen) _0(T,) "0 (TG—TW)ER=EXP —

€, €, ce L, 243.5+T,
Solving,

_ 243.51n(R)
™ 17.67-In(R)
where
_el) %Ko

e ce L

Celsius units,

R (,-T,).

=002, ¢ = ]U[ML.
P kgK

L (T) =mm(zsm.s—2.36T+0.0[:15T1 —9.000051*3) T in Celsius.

L
kg



Saturated Adiabatic Lapse Rate

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

Lifting p el <
Condensation

Level (LCL)

Unsaturated air rises and
cools at the dry adiabatic
lapse rate [




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.

=1

Tropopavse, [Ty =93 K/km

M\id +ropesphere, [ 2 6 K/km
For \mm‘.ol Qir Neaf ]rouul level,

[52 UK/km

v



Normand’s Rule

Relationship between dew point, wet-

bulb and dry bulb temperatures
NORMAND's RULE

‘%
\%

Do an example from room conditions and T, T,, measurements



Height of Standard Atmosphere (km)
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Flow Over a Mountain:
100% Precipitation Efficiency

Windward side

: Lo Leeward side
wind direction

3000 m

Air rises and cools at

SALR =5" C/km Air sinks and warms at

the DALR =10 C/km

T=16C Air is warm and dry

LCL
T=31C,T,=6C

500 m, 950 mb

Air rises and cools at the dry adiabatic lapse rate
(DALR) to the LCL

T=26C, T,=18C
———

0 meters, 1010 mb



3.48 Air at a temperature of 20 °C and a mixing ratio T4, =14.5 C.

of 10 g kgL is lifted from 1000 to 700 hPa by
moving over a mountain. What 1s the initial dew
point of the air? Determine the temperature of
the air after 1t has descended to 900 hPa on the
other side of the mountain if 80% of the
condensed water vapor is removed by
precipitation during the ascent. (Hint: Use the
skew T — In p chart.)

W.=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 W .=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.

—~114

S agm .

< Additional Questions:

29 1. What is T, at 900 mb?

[%] = .

g o £ a00f 2. What would be the 900 mb T if 0% of the

<< = .

s | S ¢, , condensed H,0 was removed by precip?

g9 g Y 3. What would the 900 mb T and T, be if

‘n &

2 | - X 100% of the condensed H,O was was removed

7 400 s ; 2

= > .

5 ) by precip?

T 6 % p . / N

. 6 500 % ® 7 T / > /
Chinook WA EV TR K
: 4 1% X ey e o
Winds I ONOVAY
Example ° wopE 2% X L
(aISO T sl AV
knownas + < Final temp.
FOhn) ol 1000]" 7§ X
I ) T » R\ . . . R

Temperature (°C)
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P and z

1000 mb

Step by Step Discussion of Stability

=



Step by Step Discussion of Stability

Pand z 7o adiabat
'S
P' -~
1000 mb =+ Q’
| >
' T T(z)



Step by Step Discussion of Stability

P and vd Oﬂl adiabat
kT ( 1
g +
1000 mb -+ gl
—ty >
| T T R
T /1000
O ( P,




Step by Step Discussion of Stability

P and ve Oﬂl adiabat
kT ( 1
g 4
1000 mb <+ g'
—t >
| T T R
T~ /1000
O ( P,




Step by Step Discussion of Stability
P and ve (ﬂr\l QJ&H'Q

T

1000 mb -




Step by Step Discussion of Stability

P and z
)

Stable

ﬂ -

neu-" r-.lfy
<$ablC

Un$+1b|t"
1000 mb =




R More en the  Pobentiel Temperdure
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R More en Yhe  Potembiel Temperature
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Conditionally Unstable Atmosphere
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Convective Instability
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Stability Analysis: Plot 6 and 6¢ as a function of z and
interpret in terms of stability for this sounding
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Stability Analysis: Plot 6 and 6¢ as a function of z and
interpret in terms of stability for this sounding
00Z 15 Aug 2020 Reno Sounding
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Winds on Skew T Log P Charts

Calm

5 Knots

10 Knots

15 Knots

20 Knots

wind is 15 knots
coming from the northeast.

50 Knots

65 Knots
1 Knot = 1.15 Miles Per Hour (MPH)

Department of Atrospheric Sciences
Universzity of Mlincis at Urbana-Charnpaign

1 Knot = 1.9 Kilometers Per Hour (KM/HR)
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Normand’s Rule

Relationship between dew point, wet-

bulb and dry bulb temperatures
NORMAND's RULE

\2.




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

aaa

‘ M - Positive area (CAPE) |/

EL—

o

20

Z/%//Fc

/

QJ/ LCL-
AN

Wi

e

LCL: Lifting condensation level.
LFC: Level of free convection.
EL: Equilibrium level.

CAPE: Convective available potential energy.

CIN: Convective inhibition.

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

Vb

‘ - Negﬁtwe area (CIN) |/
-200 W /
—300 /
AR

j/)ﬂ//m /.
/ />%// AN —LCL'

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

EL—
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Reno Examples

72489 REV Reno
100 14 S0

SLAT 39.56
SLON -119.80
SELY 1516,
SHOW -3333
LIFT 1367
LFTY 1353

200

SWET -99949
KIME  -9999
CTOT -9999
YTOT -9999

200 H O

TOTL -3333
CAPE 000
CaPY 000
CING 000

300 fass

CINY 000

EGLY -99949 300

EQTY -5993
LFCT -9999
LFCY -9999

400

BERCH 000

BRCY 0.00 400

LCLT 2631
LCLP &701

500

MLTH 285.0

500

MLMR 2 BG
THCK 5558,

600

PWAT 660 500

700

700

800

800

|
!
g

900 Hulw

7
(a4 500

1000

1000

-40 -30
12Z 24 Sep 2017

20

University of Wyoming

MORNING

24 Sept 2017

-40 -30
00Z 25 Sep 2017

-20

20

University of Wyoming

AFTERNOON
5 a.m. Local Daylight Time 5 p.m. Local Daylight Time
24 Sept 2017

SLAT 39.56
SLON -119.80
SELY 1516,
SHOW -3333
LIFT 1022
LFTY 1011
SWET -99949
KIME  -9999
CTOT -9999
YTOT -9999
TOTL -3333
CAPE 000
CaPY 000
CING 000
CINY 000
EGLY -99949
EQTY -5993
LFCT -9999
LFCY -9999
BERCH 000
BRCY 0.00
LCLT 2620
LCLP 6155
MLTH 300.9
MLMR 2 BG
THCK 5614,
PWAT B35
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74646 LMN Lamont Oklahoma k-)

100

100

SLAT 36.62
SLON -5748

SELV 3170
SHOW 0.39
LIFT -5.26
LFTY -6.65
SWET 2019
KM za30 200  pHe4s0.m
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-40 -30 -20 -10 0 10 20 30 40 — -40 -30 -20 -10 0 10 20 30 40

University of Wyoming . )
b= \fing

CAJE < Convech ve avalable 'Pbi-ef-:‘-..q( Em:lﬁ'-y "'};’t“é";“
— ' ’ . Lo L K = Level of
Cll_-)\): COAUQL\}'V-E |AL;b,—‘- oA * ‘C_ﬁﬁ'COA%dl-\
Sounding indices given at L:L-= Ew lhbrv~—
http://weather.uwyo.edu/upperair/indices.html \=ve!

200

PAEF FIEA

300

400

N4
8

4

500 /

[~
W

o]

ool
o)
“‘*&v

<]




Subsidence Inversion: High pressure and a 100 mb thick
adiabatically descending layer

100 110 -100 -90
r dT
dz
wy
200 G
o0
W
5 =
951 300 7.
© B
2 m
D
& 400
500 /
600
700
800 /
900 ~_ l ' < 0
1000 <

Temperature [°C]

From Petty



Pressure (hPa)

100~
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200
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300
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400
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-40

What a well-mixed boundary

-30 20 Temperature [€C]

Air temperature follows the dry adiabat.
Dewpoint temperature follows the constant mixing ratio curve.

ayer looks like

Dry adiabats
/
/
/
> 4 / ,"{ : ¥ /’ — /'/ A //
\/( 7 / / X g A | ; /
ko A y X' J A / \ AN }L G ,f> . ,
NSNS PR Vs A y
ATV =N SV &~ ;
// fl f / \ /VK]’,JI//?! ’! /I
: SN Well Mixed (L 77
. 7 ; 4 / . l < W ! ’/ /l
. < 7 o’ / / > ,
/ / y . 7 ‘ | i ,
0 0 05 30 40

Constant Mixing Ratio
Curves

From Petty



Cloud formation as the mixed level increases

T, L

N —>

a) D
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— e g ———
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—— S =]

mixed

From Petty



Convective Condensation Level T,

Yisik
\\
“""Equilibrium level
W :
\\ \\ I For surface temp =T
Vo Cumulus cloud base

Pressure

Temperature

Heat the surface air from T to T’ during the day and get a
cumulus cloud. From Petty.
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£+ ar parcel From LFC to
z1 e

Afternoon Sounding:
Surface warmed by sun.
Less convective inhibition (CIN).
FC More CAPE.
','_u_ Large thunderstorm can develop.

L'cﬂ' ot Pal‘te‘ FMM S vrfaca +o LCL.

LCL=Lifting Condensation Level.
LFC=Level of Free Convection.
EL=Equilibrium Level.



Precipitable Water Vapor
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Tornadic Supercell Schematic

h .
Anvil Overshooting top

Mammatus

e

@uma uonendidaid l

Shelf cloud

__. Wall cloud —¥ ﬁ I i i i

From Petty
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Dynamic Nature of the Atmosphere
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s=c, In( &)+ constant

6

B7> gl

When isentropes are loosely packed,
the absolute value of AO/Ap is small.

&ﬂ 9_2-85
ﬂ-? PP+

When isentropes are tightly packed,
the absolute value of AB/Ap is large.

AQ|_| 0,6,

*'ﬂ‘p P2-P:

Since the pressure difference is fixed,

0,-0, 0,-0

PP, PP,
because...

| 046, | < | 0,-6,

Curves of constant potential temperature are isentropes,

curves of constant entropy, s.



Observation Evidence of Mixing Air Masses

Steam Fog

Cooler air

Jet Contrail

Warmer water

.
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Mixing Air Masses: Theory for isobaric mixing

-
# -

‘‘‘‘‘‘

Air Mass 1

Air Mass 2

m=mq +m,

miwq; + mow,

w
m; +m,

m,T; + m,T
T — 111 212

m; +m,

Mass of mixture

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

€e

p

~y
~y

w

Water vapor mixing ratio of mixture

From enthalpy of mixture

2 equations, two unknowns get rid of m, and m,

e(T) =

_Tl

( —e) te

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

From Petty
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Vapor Pressure (Pa)
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1000 |

0

Example of Mixing Air Masses

Isobaric Mixing

A:50% RHat O° C
B: 50% RH at 30° C
C: 80% RH at 30° C

|eS(T) = 611.2 exp (

17.67 T, )
T,.+243.5

e

T,=0C
T,=30 C

=T

(e; —eq) + e

T (Celsius)

-20 -10 0 10 20 30 40

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



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 =c,dT - adp

What would we do here to get the dry adiabatic lapse rate?



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 = -L,dw,
where
L, is the latent heat of vaporization, and

dw, is the change of specific humidity of the air parcel when water
vapor condenses



The SALR (Cont.)

Substitute for dq in the First Law of thermodynamics to get
-L,dw, = c,dT — adp
Now divide by dz and use the hydrostatic equation to get ...

Aside: Can write the Moist Static Energy
for a rising air parcel as

MSE = cpT +gz+ L w, =~ constant



The Saturated Adiabatic Lapse Rate (Cont.)

Substitution results in m

dr g_I_Lv aw,

= FS
dz c¢ c dz
4 4
cooling warming due to
Saturated Adiabatic due to latent energy
Lapse Rate = work of + released during
expansion condensation

Fs = rdry + I—V dWs Use chain rule: aw, = aw, dT+dWs P
— dz dI dz dP dz

c, dz W e
P Can show: aw, :—dwsl“ +—2T
dz dT 5 R T

dry




Summary of Equations for Saturated Adiabatic
Lapse Rate

I'= —? Is the environmental lapse rate in general.
Z

I = 9 . 10£ Is the dry adiabatic lapse rate.

ary C, km
L L
1+R"Tws 1+R"Tws
_ D ~ D _ = :
—— . T oaw I . o = moist adiabat
1+ YL d—Ts 1+ —
C, RDcpT
where
e (T
w_= 5#, £=0.622




72489 REY Reno Find the LCL for a surface parcel: find Tw, the wet bulb temperature.
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Evaporative Cooler: Swamp Cooler.

Heat insulation

Cool humid air EVap Ol‘a'[lVe COOlEl‘

Uses Heat of vaporization: 2257 KJ/kg of water

Air duct to home

Cooling = 2140 BTU/kg evaporated water
Vibration absorber -

Blower motor

i
e

Blower

Hot Dry Outdoor Air Hot Dry Outdoor Air

Wood wool evaporative pads ) @

[ 2
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SN rrr7r77s
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5
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Overflow tube ——— Wood wool evaporative pads

7777

Recirculating water pump

Ball float valve
to Tap water

Water pump screen
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Summary of Stability at a Given Level

height

Stable Unstable

Temperature Temperature

Conditionally unstable

Dry adiabat
Moist adiabat
---------------------------- Environmental lapse rate




Downslope Windstorms And Gravity Wave Clouds
Downslope Windstorms

11 January 1972 6 (K)

200 b 327.5
mb 325 325

250 [~

317.5
300 =

3/O- 315

400 =

500 = 310 —~ 310

600 |~

700 [~

800 =

t t
900 |- Boulder Jefferson  Stapleton
1000 E west — 100 KM e— Co. Airport Ai?port east

Figure 12.9 Analysis of potential temperatures (blue contours; K) from aircraft flight data (aircraft flight tracks are
indicated with dashed lines) and rawinsondes on 11 January 1972 during a downslope windstorm near Boulder, CO. The
heavy dashed line separates data taken by the Queen Air at lower levels before 2200 UTC from that taken by the Sabreliner
aircraft in the middle and upper troposphere after 0000 GMT (12 January). The aircraft flight tracks were made along an
approximate 130" -310" azimuth, but the distances shown are along the east-west projection of these tracks. (Adapted
from Lilly [1978].)
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Measure the distance between two points on the ground
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Ground Length: 1.83
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Afternoon Sounding
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ERCH 0.00
ERCY 0.00
LCLT £B5.9
LCLF EBZ0.5
FLTH 304.3
PMLME 362
THCK, 5630
FWwaT §.562
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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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Exercises

3.18 Answer or explain the following in light of the
principles discussed in this chapter.

(a) To carry a given payload, a hot air balloon
cruising at a high altitude needs to be bigger
or hotter than a balloon cruising at a lower
altitude.

(b) More fuel is required to lift a hot air balloon
through an inversion than to lift it through a
layer of the same depth that exhibits a steep
temperature lapse rate. Other conditions
being the same, more fuel is required to
operate a hot air balloon on a hot day than
on a cold day.

(c) Runways are longer at high altitude airports
such as Denver and stricter weight limits are
imposed on aircraft taking off on hot
summer days.

(d) The gas constant for moist air is greater
than that for dry air.

(e) Pressure in the atmosphere increases
approximately exponentially with depth,
whereas the pressure in the ocean increases
approximately linearly with depth.

(f) Describe a procedure for converting station
pressure to sea-level pressure.

(g) Under what condition(s) does the
hypsometric equation predict an exponential
decrease of pressure with height?

(h) If a low pressure system is colder than its
surroundings, the amplitude of the
depression in the geopotential height field
increases with height.

(i) On some occasions low surface
temperatures are recorded when the 1000-
to 500-hPa thickness is well above normal.
Explain this apparent paradox.

(j) Air released from a tire is cooler than its
surroundings.

(k) Under what conditions can an ideal gas
undergo a change of state without doing
external work?

(1) A parcel of air cools when it is lifted. Dry
parcels cool more rapidly than moist
parcels.

(m) If a layer of the atmosphere is well mixed in
the vertical, how would you expect the

potential temperature within it to change
with height?

(n) In cold climates the air indoors tends to be
extremely dry.

(0) Summertime dew points tend to be higher
over eastern Asia and the eastern United
States than over Europe and the western
United States.

(p) If someone claims to have experienced hot,
humid weather with a temperature in excess
of 90 °F and a relative humidity of 90%. it is
likely that he/she is exaggerating or
inadvertently juxtaposing an afternoon
temperature with an early morning relative
humidity.

(q) Hot weather causes more human discomfort
when the air is humid than when it is dry.

(r) Which of the following pairs of quantities
are conserved when unsaturated air is lifted:
potential temperature and mixing ratio,
potential temperature and saturation mixing
ratio, equivalent potential temperature and
saturation mixing ratio?

(s) Which of the following quantities are
conserved during the lifting of saturated air:
potential temperature, equivalent potential
temperature, mixing ratio, saturation mixing
ratio?

(t) The frost point temperature is higher than
the dew point temperature.

(u) You are climbing in the mountains and
come across a very cold spring of water. If
you had a glass tumbler and a thermometer,
how might you determine the dew point of
the air?

(v) Leaving the door of a refrigerator open
warms the kitchen. (How would the
refrigerator need to be reconfigured to
make it have the reverse effect?)

(w) A liquid boils when its saturation vapor
pressure is equal to the atmospheric
pressure.

3.19 Determine the apparent molecular weight of
the Venusian atmosphere, assuming that it
consists of 95% of CO; and 5% N3 by volume.
What is the gas constant for 1 kg of such an
atmosphere? (Atomic weights of C,0,and N
are 12, 16, and 14, respectively.)
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3.48 Air at a temperature of 20 °C and a mixing ratio
of 10 g kg~ is lifted from 1000 to 700 hPa by
moving over a mountain. What is the initial dew
point of the air? Determine the temperature of
the air after it has descended to 900 hPa on the
other side of the mountain if 80% of the
condensed water vapor 1s removed by
precipitation during the ascent. (Hint: Use the

skew T — In p chart.)
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