Lecture 2: Global Energy Cycle

 Planetary energy balance
d Greenhouse Effect

 Vertical energy balance




Solar Flux and Flux Density

4 Solar Luminosity (L)
the constant flux of energy put out by the sun

L=39x10% W

d Solar Flux Density (S)

the amount of solar energy per unit area on a
sphere centered at the Sun with a distance d

Sy=L/(4xd?) W/m2
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Solar Flux Density Reaching Earth

 Solar Constant (S)

The solar energy density at the mean distance of
Earth from the sun (1.5 x 10! m)

S=L/(4=d?
=(3.9x10°W) /[4x3.14 x (1.5 x 10 m)?]
= 1370 W/m?
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Solar Energy Incident On the Earth

Shadow Area = 11 r;f

Fig. 2.2 Diagram showing the shadow area of a spherical planet.

 Solar energy incident on the Earth

total amount of solar energy can be absorbed by Earth
(Solar constant) x (Shadow Area)
SX7x RZEarth
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Zenith Angle and Insolation

The same amount of

light is distributed

over a larger area
~inAthaninB

Equinox

(from Meteorology: Understanding the Atmosphere)

O The larger the solar zenith angle, the weaker the insolation,

because the same amount of sunlight has to be spread over a
larger area.
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Solar Energy Absorbed by Earth

= Solar Constant (S)
etecind sumbont = solar flux density reaching the Earth
= 1370 W/m?

Area:

2
mR Earth

= Solar energy incident on the Earth
(T Eﬂ = S x the “flat” area of the Earth
Earth
Recewed solar flux:

=S Xm R2Earth
E rth *
BOXBEE S = Solar energy absorbed by the Earth
The amount of sunlight received by and reflected by Earth, = (received solar flux) — (reflected solar flux)
=Sn R2Earth -Sn RzEarth X A
=Sm RZEarth x (1-A)

A is the planetary albedo of the Earth, which
Is about 0.3.
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Albedo = [Reflected] / [Incoming] Sunlight

Albedo is the percentage of the sunlight that is
reflected back to the space by the planet.
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What Happens After the Earth
Absorbs Solar Energy?

 The Earth warms up and has to emit radiative
energy back to the space to reach a equilibrium
condition.

 The radiation emitted by the Earth is called
“terrestrial radiation” which is assumed to be
like blackbody radiation.
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Blackbody Radiation

 Blackbody

A blackbody Is something that emits (or absorbs)
electromagnetic radiation with 100% efficiency at all
wavelength.

1 Blackbody Radiation

The amount of the radiation emitted by a blackbody
depends on the absolute temperature of the blackbody.
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Stefan-Boltzmann Law

E = radiation emitted in W/m?

E = O'T4 o=5.67 x 108 W/m2 * K *sec

T = temperate (K < Kelvin degree)

[ The single factor that determine how much energy is
emitted by a blackbody is its temperature.

O The intensity of energy radiated by a blackbody
Increases according to the fourth power of its absolute
temperature.

O This relationship is called the Stefan-Boltzmann Law.
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Apply Stefan-Boltzmann Law To Sun and Earth

J Sun
E. = (5.67 x 108 W/m? K#) * (6000K)*
= 73,483,200 W/m?

] Earth
E. = (5.67 x 108 W/m? K#) * (300K)*
= 459 W/m?

1 Sun emits about 160,000 times more radiation per unit
area than the Earth because Sun’s temperature is about 20
times higher than Earth’s temperature.

=>» 20% = 160,000
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Energy Emitted from Earth

= The Stefan-Boltzmann Law

The energy flux emitted by a blackbody
A rder ClIre Is related to the fourth power of the body’s
e T absolute temperature

Planck function
/" F=0oT4 where ¢ is 5.67x10-8 W/m?/K

>
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Energy emitted from the Earth
= (blackbody emission) x (total area of Earth)

Wavelength = (cT¢*) X (41 Rogyyy )

(& | ESS55
S Prof. Jin-Y1 Yu




Planetary Energy Balance

= Energy emitted by Earth = Energy absorbed by Earth
90 Thermosphere

80 4 2 — 2 -
b ol X (A4n R%,,) = SR X (1-A)
60 Mesosphere

50 ol = S/4~*(1-A)

40 -  Stratosphere

0 = 1370/4 W/m2 * (1-A)
20

10

0 i = 342.5 W/m2* (1-A)
180 200 220 240 260
Temperature (K)

Altitude (km)

= 240 W/m?2

(from Global Physical Climatology)
» Earth’s blackbody temperature

Earth’s surface temperature T.=255 K (-18C)
T,=288 K (15C)

greenhouse effect (33C) !! :
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Greenhouse Effect

Greenhouse Atmosphere

/[t'“'t

= allow sunlight to come in J For Earth’s surface:

.. S/4*(1-A) + T, =0ocTH
= trap heat inside the house (1-A) + el = 0Ts

O For the atmosphere:

oT*=20Tp?

>T,=T, = 255K
3T, =2%T,=303K
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Greenhouse Gases

Important Atmospheric Greenhouse Gases

Name and Chemical Concentration
Symbol (ppm by volume)

Water vapor, H,O 0.1 (South Pole)-40,000 (tropics)
Carbon dioxide, CO, 360

Methane, CH, 1.7

Nitrous oxide, N,O 0.3

Ozone, O; 0.01 (at the surface)
Freon-11, CCI;F 0.00026
Freon-12, CCL,F, 0.00047
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Factors Determine Planet Temperature

_1 Distance from the Sun
1 Albedo
1 Greenhouse effect




Mars, Earth, and \VVenus

Planets and atmospheres

Mars

Thin atmosphere

(Almost all COz in ground)
Average temperature : - 50°C

Earth
0,03% of CO2 in the atmosphere
Average temperature : + 15°C

Venus

b Thick atmosphere
:@' containing 86% of COg
: Average temperature : + 420°C

GRIIID {6
Arendal unge
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Sources: Catvin J. Hamikon, Views of the sotar aystem, waw.planetscapes.com: Bl Amatt . The rine planats, 8 mutimedia tour of the solar system, www.seds. opbilfinpinineplanets Ml

Distance to the Planetary Mean Surface
Sun Albedo Temperature

152 AU 3.397 km
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Global Temperature

distance + albedo + greehouse

&=
&

g

!é

g
g
g
E

Distance from the sun

distance only
distance + albedo &  ESS55
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Greenhouse Effects

d On Venus =» 510°K (very large!!)

d On Earth = 33°K
d On Mars =>» 6°K (very small)




Why Large Greenhouse Effect On Venus?

d Venus is very close to the Sun
=» Venus temperature is very high

=>» Very difficult for Venus’s atmosphere to get saturated in water
vapor

=» Evaporation keep on bringing water vapor into Venus’s
atmosphere

=» Greenhouse effect is very large
=> A “run away” greenhouse happened on VVenus
=>» Water vapor is dissociated into hydrogen and oxygen

=» Hydrogen then escaped to space and oxygen reacted with
carbon to form carbon dioxide

=» No liquid water left on Venus
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Saturation Vapor Pressure

O Saturation vapor pressure describes how
much water vapor is needed to make the
air saturated at any given temperature.

L Saturation vapor pressure depends
, primarily on the air temperature in the
e o O following way:

pressure

The
Clausius-Clapeyron
Equation

8
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i
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L Saturation pressure increases
Temperature exponentially with air temperature.
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Why Small Greenhouse Effect on Mars?

1 Mars is too small in size

=>» Mars had no large internal heat

=>» Mars lost all the internal heat quickly
=>» No tectonic activity on Mars

=» Carbon can not be injected back to the
atmosphere

=>» Little greenhouse effect
=> A very cold Mars!!




Two Key Reasons for the Greenhouse Effect

L Solar and terrestrial radiations are emitted at
very different wavelengths.

1 The greenhouse gases selectively absorb
certain frequencies of radiation.
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Stefan-Boltzmann Law

E = radiation emitted in W/m?

E = O'T4 o=5.67 x 108 W/m2 * K *sec

T = temperate (K < Kelvin degree)

[ The single factor that determine how much energy is
emitted by a blackbody is its temperature.

O The intensity of energy radiated by a blackbody
Increases according to the fourth power of its absolute
temperature.

O This relationship is called the Stefan-Boltzmann Law.
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Wien’s Law

Amax = Wavelength (micrometers)

W = 2897 um K
T = temperate (K)

1 Wien’s law relates an objective’s maximum emitted
wavelength of radiation to the objective’s temperature.

O It states that the wavelength of the maximum emitted
radiation by an object is inversely proportional to the
objective’s absolute temperature.
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Micrometer (um)

1 micrometer (um) = 10°° meter (m)




Apply Wien’s Law To Sun and Earth

J Sun
Aoy = 2898 um K / 6000K

= 0.483 um

max

] Earth
Apay = 2898 um K / 300K
=9.66 um

max

1 Sun radiates its maximum energy within the visible
portion of the radiation spectrum, while Earth radiates its
maximum energy in the infrared portion of the spectrum.
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Spectrum of Radiation

|
0.4 0.5 0.6 0.7
Micrometers (um)

Table 2-1

e

Type of Energy

Wavelength Categorizations

Wavelength (micrometers)

Gamma,

<0.0001

Vislbhﬂ Mlorons

Ultraviolet

X-rays

Gamma rays |

Wavelangth

e~

VAV AV A e

| L | 1 | 1 I 1 | 1 | | l 1 | 1 |
10 10° 107 102 1 100 10,000 1000000 wa 10“

(micrometers)

Size

B Oufs/, /,\l\ RS

Atomic
nucleus

Atom Virus Baclena Dust Pn Fingemnail  Humans Sky\- Mt. Everest

X ray

Ultraviolet

Visible

Near Infrared (NIR)
Thermal Infrared

Microwave

Radio

0.0001 to 0.01

0.01 to 0.4

0.4t00.7

0.7 to 4.0

4 to 100

100 to 1,000,000 (1 meter)
>1,000,000 (1 meter)

(from Understanding Weather & Climate)

1 Radiation energy comes in an infinite number of

wavelengths.

1 We can divide these wavelengths into a few bands.
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Solar and Terrestrial Radiation

(from Understanding Weather & Climate)

1 All objectives radiate
energy, not merely at one
single wavelength but over
a wide range of different
wavelengths.

1 The sun radiates more
energy than the Earth.

1 The greatest intensity of
solar energy Is radiated at a
wavelength much shorter
than that of the greatest
energy emitted by the
Earth.
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Shortwave and Longwave Radiations

d Solar radiation Is often
referred to as
The sun “shortwave radiation”.
s 6000 K
g U Terrestrial radiation Is
hmax 288K referred to as

1© /, (11 = = 77
& longwave radiation”.

04 05 06 07 / o 5 10 15 20
Wavelength (um) (um)

le—— Shortwave radiation ——s k&gg?;lifa-l
(from Meteorology: Understanding the Atmosphere)
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Radiation intensity ————»

Shortwave Longwave
radiation radiation
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radiation window for
infrared radiation

Selective Absorption and Emission

O The atmosphere is not a perfect
blackbody, it absorbs some
wavelength of radiation and is
transparent to others (such as solar
radiation). =» Greenhouse effect.

L Objective that selectively absorbs
radiation usually selectively emit
radiation at the same wavelength.

O For example, water vapor and CO2
are strong absorbers of infrared
radiation and poor absorbers of
visible solar radiation.
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Why Selective Absorption/Emission?

O Radiation energy is absorbed or
emitted to change the energy levels
of atoms or molecular.

L The energy levels of atoms and
molecular are discrete but not
continuous.

L Therefore, atoms and molecular can
absorb or emit certain amounts of
Excited energy that correspond to the
| differences between the differences
of their energy levels.

=» Absorb or emit at selective
frequencies.

i i L& | ESS55
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Different Forms of Energy Levels

Vibrations Rotation

G - Q

B 2
@ @ @

£

(from Understanding Weather & Climate)

O The energy of a molecule can be stored in (1) translational
(the gross movement of molecules or atoms through space), (2)
vibrational, (3) rotational, and (4) electronic (energy related to
the orbit) forms.
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Energy Required to Change the Levels

1 The most energetic
photons (with shortest
wavelength) are at the
top of the figure,
toward the bottom,
energy level decreases,
and wavelengths
Increase.

(from Is The Temperature Rising?)

= ESS55
K Prof. Jin-Yi Yu




Vertical Distribution of Energy
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(from Global Physical Climatology)

Incoming solar energy (100)
= 70%
50%
20%

absorbed
by Earth’s surface

by atmosphere

3% In stratosphere
(by ozone and O,)

17% in troposphere
(water vapor & cloud)

reflected/scattered back
by clouds

by the atmosphere

by surface
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Stratosphere

Troposphere

Vertical Distribution of Energy

surface troposphere stratosphere
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(from Global Physical Climatology)

Outgoing radiation (70 units)
= 10 units by the surface
= 60 units by the atmosphere
54 units by troposphere
6 units by stratosphere

= Greenhouse effect (89 units)

from the atmosphere back to
the surface

= Water vapor and cloud
provide 80% of the
greenhouse effect
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How Earth LLoses Radiation to Space?

Lost to space
from atmosphere
66 units

Lost to space
from surface
4 units
Top of atmosphere

LW absorption LW radiation
Atmosphere 100 units 154 units

| l

LW radiation Net LW LW radiation

irfa from surface loss from atmosphere
h 104 units . 16 units - 88 units .
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Global Energy Balance

Input of SW
radiation
= 100 units

SW

Atmosphere absorption
= 25 units

1

SW absorption

. = 45 units

Outgoing radiation
_ = 100 units _ _ _

SW reflection by
atmosphere and surface
= 30 units

Met radiation for
= atmosphere

= 25—54 units

= —29 units

-

MNet

radiation

= 45-=16 units
= 29 units

LW lost to space
= 4 + 66 units
= 70 units

MNet LW loss
= 54 units

Met LW loss
& = 16 units
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Greenhouse Effect and Diurnal Cycle

O The very strong downward emission of terrestrial radiation from
the atmosphere is crucial to main the relatively small diurnal
variation of surface temperature.

O If this large downward radiation is not larger than solar heating
of the surface, the surface temperature would warm rapidly
during the day and cool rapidly at the night.

=» a large diurnal variation of surface temperature.

O The greenhouse effect not only keeps Earth’s surface warm but
also limit the amplitude of the diurnal temperature variation at
the surface.
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Important Roles of Clouds In Global Climate

(a) Low clouds (b) High clouds

Solar Thermal Solar Thermal
High albedo High emission Low albedo Low emission

7~
-~ \\L

stratus

Planetary cooling; Planetary warming:

Figure 11.13 The effects of clouds on the flow of radiation and energy in the
lower atmosphere and at the surface. Two cases are shown: (a) low clouds, with
a high solar albedo and high thermal emission temperature; and (b) high clouds,
with a low solar albedo and low thermal emission temperature. The solar
components are shown as straight arrows, and the infrared components, as
curved arrows. The relative thicknesses of the arrows indicate the relative
radiation intensities. The expected impact on surface temperature in each
situation is noted along the bottom strip.
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Atmospheric Influences on Insolation

J Absorption
- convert insolation to heat the atmosphere

d Reflection / Scattering
- change the direction and intensity of insolation

[ Transmission

- no change on the direction and intensity of
Insolation

{4  ESS55
K Prof. Jin-Yi Yu




Reflection and Scattering

Reflection Scattering

(from The Atmosphere)

O Reflection: light bounces back
from an objective at the same
angle at which it encounters a
surface and with the same
Intensity.

O Scattering: light is split into a
larger number of rays, traveling
In different directions.

O Although scattering disperses
light both forward and backward
(backscattering), more energy Is
dispersed in the forward

direction.
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air molecule
(Rayleigh)

Scattering by
S '
rd
-
’I ’I
P
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Scattering

o haze (Mie)

] Scattering Is a process
whereby a beam of radiation
IS broken down into many
weaker rays redirected in
other direction.

1 Gases in the atmosphere

effectively scatter radiation.

1 Characteristics of
scattering are dependent upon
the size of the scattering
agents: (1) Rayleigh
Scattering, (2) Mie Scattering,
(3) nonselective Scattering.
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Rayleigh Scattering (Gas Molecules)

d Involves gases, or other scattering
agents that are smaller than the energy
wavelengths.

 Scatter energy forward and backward.

1 Violet and blue are scattered the most,
up to 16 times more than red light.

1 Responsible for (1) blue sky in clear
days, (2) blue tint of the atmosphere
when viewed from space, (3) why
sunsets/sunrises are often yellow,
orange, and red.
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Scattering and Colors

O Short wavelengths (blue and violet)
of visible light are scattered more
effectively than longer wavelengths

(red, orange). Therefore, when the
Sun is overhead, an observer can
look in any direction and see

@& predominantly blue light that was

S selectively scattered by the gases in
e the atmosphere.

| O At sunset, the path of light must take
through the atmosphere is much
longer. Most of the blue light is
scattered before it reaches an
observer. Thus the Sun appears
reddish in color.
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Rayleigh Scattering Causes the redness of sunsets and sunrises
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Mie Scattering (Aerosols)

 Larger scattering agents, such as
suspended aerosols, scatter

air molecules 2+ haze (Mie)

et - AR energy only in a forward manner.

] Larger particles interact with
wavelengths across the visible
spectrum.

1 Produces hazy or grayish skies.

1 Enhances longer wavelengths
during sunrises and sunsets,
Indicative of a rather aerosol
laden atmosphere.
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Nonselective Scattering (Clouds)

J Water droplets in clouds, typically larger than
energy wavelengths, equally scatter wavelengths
along the visible portion of the spectrum.

1 Produces a white or gray appearance.

d No wavelength Is especially affected.
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Lecture 3: Temperature

 Seasonal Cycle
 Latitudinal Variations
 Diurnal Cycle

d Measurements of Temperature




Seasonal and Latitudinal VVariations

O The amount of energy absorbed and emitted by Earth changes
geographically and seasonally.

O Seasonal variations: the angle of inclination is responsible for
the seasonal variation in the amount of solar energy distributed
at the top of the atmosphere.

O Latitudinal variations: the variations of solar energy in latitude
IS caused by changes in:
(a) the angle the sun hits Earth’s surface = solar zenith angle
(b) the number of day light hours
(c) albedo
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Angle of Inclination = the Tilt

South Pole

(from Earth’s Climate: Past and Future)

At present-day, the axis is tilted at an angle of 23.5°, referred to as Earth’s
“obliquity”, or “tilt”.

The Sun moves back and forth through the year between 23.5°N and 23.5°S.

Earth’s 23.5° tilt also defines the 66.5° latitude of the Artic and Antarctic
circles. No sunlight reaches latitudes higher than this in winter day.

- ' ' .
The tilt produces seasons!! @ | ESS55
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Seasons and the Elliptical Orbit

Autumnal

(@
equinox, :
September 22 s /

Winter
solstice,
December 21

Summer
solstice,
June 21

.SUN
\
23%°: ; !

North Pole [\&-_\eslfza (Arctic Circle)
= = Vernal
] \  equinox,

(from Meteorology Today) ! March 20

Earth's orbit

O Solstices: mark the longest and shortest days of the years (June 21 and December 21 in the
northern hemisphere, the reverse in the southern hemisphere)

O Equinoxes: the length of night and day become equal in each hemisphiere. ESsss
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Length of Day

Length of daylight Noontime solar angle g

A
March 21 and equinox,
arc an September 22 s
September 21 19 hr Sun rays :
=~ o 0 S

12 hr-

12 hr y Winter
solstice,
December 21

Summer
solstice,
June 21

\
23k f

North Pole \ . 66Y%° (Arctic Circle)

Earth's orbit

Vernal
equinox,
March 20

June 21 December 21
15 hr, 26 min

= 8 hr, 34 min —

10 hr, 33 min

13 hr, 27 min ‘§

12 hr —¢
12 hr —— |

: | 13 hr, 27 min
10 hr, 33 min — / =
~ b

%= 15 hr, 26 min
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Solar Zenith Angle

1 Solar zenith angle is the angle
Sofar at which the sunlight strikes a

zenith

angle particular location on Earth.

§ Observer A This angle is 0° when the sun
IS directly overhead and
Increase as sun sets and
reaches 90 ° when the sun is
on the horizon.

ESS55
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Zenith Angle and Insolation

The same amount of

light is distributed

over a larger area
~inAthaninB

Equinox

(from Meteorology: Understanding the Atmosphere)

O The larger the solar zenith angle, the weaker the insolation,

because the same amount of sunlight has to be spread over a
larger area.
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Solar Zenith Angle Affects Albedo

Jpper limit of
atmosphere

(from Meteorology Today)

 The larger the solar zenith
angle, the larger the albedo.

d When the zenith angle is large,
sunlight has to pass through a
thicker layer of the atmosphere
before it reaches the surface.

O The thinker the atmospheric
layer, more sunlight can be
reflected or scattered back to
the space.
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What Determine Zenith Angle?

June sun O The solar zenith angle is a
function of time of day, time
of year, and latitude.

December sun

Sunrise

(from Meteorology Today)
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Sun in the Sky

E
(b) Arctic Circle, 66172 N

%
o]
@

(d) Tropic of Cancer, 23'2'N (e) Equator, 0° (f) Tropic of Capricorn, 23'2'S

(from Meteorology Today)
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ength of Day

Length of daylight Noontime solar angle i

A
March 21 and equinox,
arc an September 22 s
September 21 19 hr Sun rays :
=~ o 0 S

12 hr-

S : ) Winter
& solstice,
December 21

Summer
solstice,
June 21

\
o / f

North Pole \ . 66Y%° (Arctic Circle)

Earth's orbit

Vernal
equinox,
March 20

June 21 December 21
15 hr, 26 min

= 8 hr, 34 min —

10 hr, 33 min

13 hr, 27 min N

12hr—4¢g
12 hr — J

; e | 13 hr, 27 min
10 hr, 33 min — ! =
~

® 15 hr, 26 min

24 hr

(from Understanding Weather & Climate and Meteorology Today) @& | ESS55
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Insolation at Top of Atmosphere
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(from Global Physical Climatology)
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Insolation 1n Summer Solstice

E o
Equator

18

L o
30 45
Latitude (°N)

(from Meteorology Today)

75 90
North Pole
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Albedo = [Reflected] / [Incoming] Sunlight

Albedo is the percentage of the sunlight that is
reflected back to the space by the planet.
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Surface Types Affect Albedo

TRBLE 2-1 Average Albedo Range of Earth's
Surfaces

Albedo range
Surface (percent)

Fresh snow or ice 60-90%

Old, melting snow 40-70

Clouds 40-90

Desert sand 30-50

Soil 5-30

Tundra 15-35
Grasslands 18-25

Forest 5-20

Water 5-10

Adapted from W. D. Sellers, Physical Climatology
(Chicago: University of Chicago Press, 1965), and from
R. G. Barry and R. J. Chorley, Atmosphere, Weather,
and Climate, 4th ed. (New York: Methuen, 1982).

(from Earth’s Climate: Past and Future)

The brighter a color,
the more 1t reflects
sunlight.
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Global Distribution of Albedo
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(from Global Physical Climatology)
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Latitudinal Variations of Net Energy

Annual average net energy budget

Emission of terrestrial energy
fo space - represents an
energy loss by the planet

Incoming solar energy -
represents an energy gain
60 : for the planet

20 - : ;
F -80 -75 -60 -45 -30 -15 0 15 30 45
Latitude

(from Meteorology: Understanding the Atmosphere)

1 Polarward heat flux Is needed to transport radiation
energy from the tropics to higher latitudes.
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Polarward Energy Transport

Annual-Mean Radiative Energy Polarward Heat Flux

/m2)

@
T
@
e

Latitude

The atmosphere dominates the
Polarward heat flux is needed to polarward heat transport at

transport radiative energy from middle and high latitudes. The
the tropics to higher latitudes ocean dominates the transport at
lower latitudes.

(figures from Global Physical Climatology) (1 petawatts =10% W) ‘.‘_}g_ ESS55
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How Do Atmosphere and Ocean Transport Heat?

Atmospheric Circulation Ocean Circulation

k- 4 Polar frontatsuriace .

- __.:"_ L 3 * - -

sSubtropical
jet stream

Ocean Circulation Conveyor Belt

Sea-to-Air
Heat Transfer

¥ s
Solar Warming
of Ocean Waters _

rculation. This simplified illustration
. Records of past climate suggest
in many climate models, with
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animations

. !adlay Cell

Circulation

Components

Components

Flow

"Cabels On’
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Warm Cold

. . Current Current
Sea-to-air heat transfer causes water — —

to cool, become dense, and sink.

pld & Salty Deep Current Cold & Salty Deep Current

Deep-Ocean Conveyer-Belt Circulation

Hide Deep-Ocean Circulation Labels Off

Warm Shallow Current
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The controls of Temperature

A
=z ==|_] Ocean currents

;:’ T- TER
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Diurnal Temperature Variations

- . mml O T difference between
aily temperature temperature : . :

| the daily maximum and

minimum temperature
2 N Is called the daily (or
aximum incoming - )
Al kv 0 B, LI TR . diurnal) range of
f temperature.

Temperature =————p

Minimum

Maximum outgoing
earth energy

- Minimum outgoing
: earth energy

Energy
deficit

) 2 £
. ®
>
2 §
2 i
w

Energy
. deficit

Sunrise Sunset

(from Meteorology: Understanding the Atmosphere)
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Diurnal Cycle Changes with Altitude

[ The diurnal cycle (the
daily range of
temperature) Is greatest
next to the ground and
becomes progressively
small as we move away

from the surface.

e
w

o
L

]
et

200 —18.5°

Altitude (ft)

d The diurnal cycle is also
much larger on clear
day than on cloudy ones.

Altitude (m)

Daily Dail Daily
maximum (°C) range {°C)  minimum (°C)
(from Meteorology Today) (& | ESS55
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Daytime Warming

Thermometer

Shelter

| Windy afternoon |

Alttude ——————p
Altitude (m)
Altitude (ft)

Air temperature

110 120

Temperature 110

Temperature

O Sunlight warms the ground and the air in contact with the ground by

conduction.
O Airis a poor heat conductor, so this heating is limited to a layer near the

surface. Air temperatures above this layer are cooler.
O Wind stirring can reduce this vertical difference in aluemggrjatgrgs
o In=YI1 Yu




Nighttime Cooling

Thermometer

Shelter

Altitude (ft)

Temperature
(from Meteorology Today)
Temperature

 Both the ground and air above cool by radiating infrared energy, a process
called radiational cooling.
O The ground, being a much better radiator than air, is able to cool more

quickly.

L Shortly after sunset, the earth’s surface is cooler than thezair dirgetly above.
K Prof. Jin-Y1 Yu




e FIGURE 3.17
Orchard heaters circulate the air by setting up convection currents.




How to Measure Temperature

¢ Al , thermograph
(1 The thermometer has to be

mounted 1.52m (5 ft) above the
ground.

[ The door of the instrument shelter
has to face north in Northern
Hemisphere.
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