MTO 412E Physics of Cloud and
Precipitation Units for Thermodynamic Quantities

@ Heat (Q) and Work (Q) — Units of Energy

Two Important Intensive [
Thermodynamic Properties

Fun facts

 Standard atmosphere
— Very long term average for mid-latitudes

Atmosphere Structure

Fun facts

» Lapse rate (decrease in temperature in the vertical)




Notes on Pressure

Another Question? Pressure

Density Units of Force




Units of Pressure

Force per unit area is called pressure, and its
unit is the Pascal.

Pressure

 The pressure of a gas is equivalent to
thinking about the concentration of a solute

Dalton’s Law of Partial Pressure.

The total pressure of a gaseous system is the
sum of the pressures of each gas in the

Practical Pressure
* The pascal (Pa) is not in common use.
* The unit of atmosphere (atins what is most

1 app= 700 torr= L LYI595 L P

Pressure

» The SI Unit of Pressure is the Pascal (Pa)
— Pressure = Force/Area

Pressure Measurement




Manometers Used to
Measure Gas Pressure The Basic Manometer

Concept of Atmospheric Pressure

bl We are surrounded by atmospheric gas which
exerts a constant force on us due to its

Atmospheric Pressure

Atmospheric Pressure
* Pressure = total weight of air above

* P (atmospheric pressure): measured by the * Air is compressible, so gravity concentrates most




Atmospheric Pressure

« If all the known quantities are substituted in
the equation it is possible to calculate the

Column of Air Lippsif s——

Extending from
Sea Level to the
Upper Atmosphers
TR P —

Pressure and volume

Pressure and terrain

Pressure and volume (cont.)
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Measuring Air Pressure

e How do we measure air (gas) pressure?

Measurement of Atmospheric Pressure

P.:m = pgh (kPa)
At sea level,

L = L= g

Barometer for m:'lﬂ Atmaospheric Pressurg

The torr = Imm Hg

Thermodynamics

SOME DEFINITIONS:

* THERMO - related to heat

*« DYNAMICS - the study of motion
SYSTEM — an object or set of objects
ENVIRONMENT - the rest of the universe
MICROSCOPIC — at an atomic or molecular level
MACROSCOPIC - at a level detectable by our senses




Temperature

Temperature
* is a measure of how hot or cold an object is.
* is measured by a thermometer.

Thermometers are based on physical properties of -

Thermal Expansion

Most materials expand when heated:

» The average distance between atoms increases as
the temperature is raised.

Thermal Stress

« Heat can stress materials if no allowance is
made for thermal expansion:

‘ E = Young’s Modulus
‘ Thermal Expansion

‘ Thermal Stress

* [s it possible for two objects to be in
thermal equilibrium if they are not
touching each other?

Thermal Expansion of Solids and
Liquids
For the same temperature
change, the thermal

Equilibrium

» A system is in equilibrium if its properties



Four types of thermodynamic
equilibrium:

o Thermal equilibrium — temperature does not

Forms of Energy

Forms of Energy Forms of energy

Energy Energy




Thermal Equilibrium Temperature

Example Heat

Energy i
Question
* Energy is the capacity to do work, but work

is a form of energy... You wake up at 6:00 AM on a winter morm:ng,




Measuring Temperature

Most objects change in some way as they get
hotter or colder. Experimentally, some of the

What is temperature?

A mercury thermometer

What is temperature?

Qualitatively: the hot chocolate,
coffee, and thermometer are all

Example: Liquid Thermometers

Alcohol thermometer

What is temperature?

Achieve thermal
equilibrium with

Achieve thermal
equilibrium with

Putting a Number on
Temperature

Alcohol thermometer thermometer
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Putting a Number on
Temperature

Alcohol thermometer

The liquid expands when

Building a Better Thermometer

Sy e — -t
=Lt

‘We can raise and lower
the reservoir (B) to keep
the mercury lev

A constant.

Volume of the gas

Paab ra revmmers
rile mncmmnid

Why This is So Cool

We get (nearly) the same
curve regardless of the kind
of gas used in the constant-

Putting a Number on
Temperature

Alcohol thermometer

The liquid expands when

Using the Thermometer

P=P,  +pgh

Measure /4 to get P, and map P into a temperature reading 7.
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Water/steam

A Fundamental “Zero” for
Temperature

Different initial
pressures.
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Temperature Scales

«Celsius
« Zero defined by an ice-water bath at 1 atm.

ConcepTest

Three objects are at the same temperature. Each object has its
temperature increased. Object 1 increases by 10 K, Object 2
. o . . o

Zero’th Law of Thermodynamics

Our experience tells us that objects placed in contact
will eventually reach the same temperature. We
say that they are then in thermal equilibrium. This

is the basis for

Converting Between the Scales

From Celsius to Kelvin:

Zeroth Law of Thermodynamics

The zeroth law of thermodynamics states that

| Common Temperature Scales |
Fahrenheit:

» Based on the ability of farm animals to survive
without attention (0 ° F is the coldest and 100 ° F
is the hottest).
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Absolute (Kelvin) Temperature Scale Absolute or Kelvin Temperature Scale

» The absolute or Kelvin scale is the true physical
temperature scale.

The volume occupied by any gas at constant pressure
is a linear function of temperature, which always

This is called

~ We Need to Work With Temperatures Temperature Scales Comparison
¢ oF K R B O T

Boiling point 100 212 373.15 671.67 by ?I'-m 3. T{q.{':'i_i_le] 5

T(R)=T(°F)+459.67

Temperature relationships
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Introduction

First Step: What is the question?

« General weather conditions

Humidity: Measures of
Atmospheric Water Content

* Humidity — an expression of the amount of water
vapor in the air.
* There are several ways to measure humidity:

measures of atmospheric humidity

I.Water vapor pressure

* Molecules in an air parcel all contribute to parcel pressure

 Each subset of molecules (e.g., N,, O,, H,0) exerts a partial
pressure

« The VAPOR PRESSURE, e, is the pressure exerted by water

II. Absolute Humidity

+ symbol: h,
» h, is the density of water vapour in the

14



Absolute Humidity

Calculation of Absolute
Humidity

IV. Mixing Ratio

Formula for Absolute Humidity

can be calculated from the formula

III. Specific Humidity

* Specific Humidity- The mass of water vapor per

V. Relative Humidity

15



Relative Humidity

1.

Relative Humidity

RH= water vapor content x 100

Expressing the water vapor pressure

« Relative Humidity (RH) is ratio of actual vapor pressure to

SATURATION AND SUPER
SATURATION

RELATIVE HUMIDITY

RH CHANGES WITH VOLUME
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Relative Humidity

CHANGES IN AMOUNT OF

WATER VAPOR
NEW RH = 75%

|
]
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VI. Dewpoint Temperature Dew Point Vs. Relative Humidity
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Relative Humidity and Dew Point

Parcel A Parcel B

DEW POINT TEMPERATURE

Pressure at 1000 mb
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DEW & FROST PRECIPITATION

Early morning near minimum temperature time

Nuclei

LAKE EFFECTS LAND & WATER EFFECTS
£

—_—

L Bl 1L

How do we express the amount of water vapor
in an air parcel? Temperature Instruments

* Absolute humidity

— mass of water vapor/volume of air (g/m’) Electrical Thermometers

18



Temperature Instruments

Manual Thermometers and
Thermographs

Humidity Instruments

Manual hygrometers

Field Measurement

Delta-temperature (vertical gradient)

Humidity Instruments

Electrical Hygrometers

Field Measurement

Siting and Instrument Exposure

Field Measurement

Measurement system and data collection

19



Field Checks and Calibrations Calculations

Measure temperature and relative humidity

Calculations Calculate vapor pressure

Calculate saturation vapor pressure from temperature

Calculate dew point from

Calculate dew point from vapor pressure FeLATF i ] Telee Lty (0

20



Calculate dew point from
temperature and relative humidity (2)

Equipment

Relative humidity probe with
built-in temperature sensor

Calculate vapor pressure from
wet-bulb and dry-bulb temperatures

Vapor pressure: e, millibars or hecto-Pascals

The Sling Psychrometer

Measures water vapor content of air

psychrometer

Equipment

21



Equipment Equipment

Properties of Water
« Physical States

— only natural substance that occurs naturally in three
states on the earth’s surface

+ Heat Capacity
— Highest of all common solids and liquids

Properties of Water (cont’) Water -- Funny Stuff

+ Radiative Properties
— transparent to visible wavelengths
— virtually opaque to many infrared wavelengths

e Water has a very high boiling point (100
> C at 1000 mb).

22



Water -- Funny Stuff

» Water exists naturally in all three

phases at the same time.
Vapor

Liquid Water

Liquid water has an unusual
property.

« Water contracts when
heated from 0°C to 4°C,
then expands when heated
from 4 °C to 100 °C.

Density of Water

1

0.99

0.98

0.97

0.96

0.95

0 4 12 20 50 100
Temperature in Celsius

Water -- Funny Stuff

Water: A polar molecule.

Water -- Funny Stuff

+ Density decreases as water freezes.
— Ice floats.

Water -- Funny Stuff
The three atoms share
electrons. This is the “glue”

/ 105° \
that holds the molecule

together. V——~{ ) Hydrogen

Water -- Hydrogen Bonding

U +
Water molecules, in liquid, can get together and share

electrons between molecules. This is a form of bonding of
molecules together called hydrogen bonding.

Water: A polar molecule.

Electrons are
shared here.
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Water -- Hydrogen Bonding

* Hydrogen bonds are not permanent.

— Some groups of water molecules have
more energy than others and can move
more freely about the liquid.

— Some of these molecules have so much
energy that they can escape the liquid and
become vapor.

Phase Change
\lhe tea is too hot to drink!
dd an ice cube to cool the tea down.
The melting of the ice requires energy.
Need to break up the lattice.

The molecules acquire more kinetic
energy.

Salt on the Highways

« If all water freezes at 0 °C, why do we
salt the roads in the winter?

* Not all water freezes at 0 °C, so 0 -C
is the melting point for pure water.

Phase Change

Since it takes energy to melt ice, energy is released when
liquid water freezes.

Conservation of Energy
Energy can neither be created nor destroyed.

Ideally, the same amount of heat is released during
freezing as was used to melt the same amount
of water.

Melting

NN

~_

Save Our Strawberries!!!

» Plant damage occurs at about -3 °C.

» Temperature sensors are placed near
the plants.

« If the temperature is too low, a fine mist
of water is sprayed on the plants.
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Save Our Strawberries!!!

» The water freezes, releasing latent heat,
keeping the plants’ temperature above
the critical level.

« After the water freezes, the

lants’

Phase Change 3

Dew

The temperature of the objects cool to or slightly below the
dew point -- no longer an equilibrium situation.

Water molecules leave the vapor phase and condense on
objects near the ground. This condensation is dew and

Phase Change 2

It takes much more energy to break the hydrogen bonds in
liquid water in order for molecules to escape into vapor. This
energy is called the Latent Heat of Vaporization = 579 cal g

) 579 cal g!
80cal g || jquig H,0 ‘; ?
= >

Upon condensing, heat is released: This energy is called the
Latent Heat of Condensation = 579 cal g-'.
Associated with local warming in clouds.
Transport of heat: Condensation is usually far from the
source of evaporation.

Low Level Saturation Processes

We have seen that when the temperature falls to the dew point,
the vapor pressure is the same as the saturation vapor pressure.
At saturation, the net number of water vapor molecules enter
the air as leave it.

Frost

* Ice that has been deposited from
atmosphgric water vapor on a




Frost Under Your Tree?

Sometimes frost will not form underneath a tree.

Which environment has higher water vapor content?

Water vapor is distributed

Fresh vs. salt wat
throughout the atmosphere festivs, saft watet

¢ Generally largest amounts are found close

The Earth’s Hydrologic Cycle Why is the southwest coast of the
; US hot and dry while the Gulf
coast is hot and moist?
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Can we explain the hot dry southern California
climate based upon the proximity of a cold ocean?

The cold water temperatures typically found off the west coast of continents
are a result of oceanic upwelling which ocean currents typically cause in
these locations

3. The amount of water vapor in the air is
largely determined by the of the air.
a. temperature

b. pressure
c. densi

7.The surface temperature-dew point spread is
useful for predicting
a. sky condition
b. snow
c. rain

REVIEW QUESTIONS

1. Water, in the form of a gas, is called
a. air
b. nitrogen

5. Virtually all of the atmospheric water vapor
exists below the
a. lonosphere
b. Thermosphere
c. Tropopause

9. Fog, rain and snow are usually heavier on the
side of a water body.
a. colder
b. leeward
€. warmer

27



11. The conversion of ice directly into water vapor.
a. Releases thermal energy
b. Requires thermal energy
c. Is known as sublimation
d. Is not physically possible without first

15. Which requires more energy to complete the
stated phase transition?
a. Ice to liquid water
b. Ice to water vapor
c. Liquid water to water vapor
d. Liquid water to ice

19. The saturation vapor pressure depends
primarily upon temperature.

a. True
b. False

13. Suppose two columns of air have identical
depth. The column of air having a greater density
will a. Have a higher surface pressure
b. Have a higher surface temperature
c. Have more air molecules per cubic
centimeter

17. Which of the following is/are independent of
air parcel volume
a. Relative humidity
b. Mixing ratio
c. Dew point
d. Specific humidity

Explain Dew on Your Window

Why does dew (or frost) form in winter on the inside of windows
in your house?

Inside

dew < / glaSS

-~ Outside

28



Explain: Why Ice Cubes Shrink in the Freezer?

Usually an important guest is visiting
when you discover that the ice cubes are

rattling around in the bottom of their trays
like contact lenses...
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