Planet Earth

Physics of the
atmosphere and ocean

Climate is the long-term average of weather:
“Climate is what you expect, weather is what you get!”
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Course Outline
1. Global energy balance
2. Forces on a rotating planet
3. Basic dynamics of the atmosphere and ocean
4. Atmospheric general circulation
5. UK weather
6. Ocean circulation - forcing and large-scale features
7. Ekman currents in the ocean
8. Wind-driven gyres
9. The Atlantic meridional overturning circulation
10. ENSO and tides

Books

Meteorology Today,
Ahrens, West

Introduction to Physical Oceanography,
Stewart, Academic Press
Atmospheric science: an introductory survey
(2nd edition), Wallace and Hobbs
Ocean Circulation, Open University Course
Team, Pergamon Press
Atmosphere, Ocean, and Climate Dynamics,
Marshall and Plumb, Elsevier
Ocean Dynamics and the Carbon Cycle,
Williams and Follows, Cambridge
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Lecture 1

Lecture 1

Global Energy Balance

Energy for the circulation of
the atmosphere and ocean
ultimately comes from the sun
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1.1 Geometry
Earth is close to a sphere with:

mean radius

a = 6370 km

surface gravity field

g = 9.81 ms-2

rotation period

τearth = 24 h

(ang vel Ω = 2π/τearth = 7.29 x 10-5 s-1)
Atmosphere is very thin:
80% of its mass lies below 10km.

Land covers 30% of the Earthʼs
surface. 70% of this land is in
the northern hemisphere.

Topography along Greenwich meridian (0o longitude)

Mountains rarely exceed
2km, while the oceans are
on average 4km deep.

Therefore, air flow
is deflected by
topography but
never completely
blocked, while
oceans sit in deeply
corrugated basins.
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1.2 Atmospheric composition
Nitrogen (N2)
Oxygen (O2)
Argon (Ar)
Carbon dioxide (CO2)
Neon (Ne)
Helium (He)
Methane (CH4)
Krypton (Kr)
Hydrogen (H2)

780,840 ppmv
209,460 ppmv
9,340 ppmv
381 ppmv
18.18 ppmv
5.24 ppmv
1.745 ppmv
1.14 ppmv
0.55 ppmv

(78%)
(20%)
(0.9%)
(0.04%)

Water vapor (H2O)

typically 0.5% (highly variable)

A consequence of the supply of elements from Earthʼs interior and the
presence of life...

Photosynthesis

Nitrogen cycle
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Nitrogen (N2)
Oxygen (O2)
Argon (Ar)
Carbon dioxide (CO2)
Neon (Ne)
Helium (He)
Methane (CH4)
Krypton (Kr)
Hydrogen (H2)

780,840 ppmv
209,460 ppmv
9,340 ppmv
381 ppmv
18.18 ppmv
5.24 ppmv
1.745 ppmv
1.14 ppmv
0.55 ppmv

(78%)
(20%)
(0.9%)
(0.04%)

Water vapor (H2O)

typically 0.5% (highly variable)

Some constituents are present in such small concentrations that they are
sensitive to anthropogenic activity, e.g. CO2
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1.3 Earthʼs radiation budget and the planetary emission temperature
The flux of solar energy arriving at the Earth is called the solar constant:
Q

r

The amount of radiative energy a body emits, and the wavelengths at
which it is emitted, depend on temperature:
Total radiation
emitted

Stefan-Boltzmann constant
5.67 x 10-8 W m-2 K-4

Solar emission spectrum

0oC = 273 K
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Earth must radiate energy away at the same rate it is received.

Incoming shortwave solar radiation
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Incoming shortwave solar radiation

Albedo (α)
= fraction of
incident solar
energy that is
reflected
planetary
albedo = 0.3

Absorbed shortwave radiation

Incoming shortwave solar radiation
Absorbed shortwave radiation
If the Earth emits like a blackbody of uniform temperature Te then:
Emitted radiation per unit area
Total emitted radiation
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Incoming solar radiation
Absorbed solar radiation
If the Earth emits like a blackbody of uniform temperature Te then:
Emitted radiation per unit area
Total emitted radiation
Since absorbed solar radiation = emitted radiation:

Planetary emission
temperature:

Earthʼs emission spectrum

Earth emits in the far
infrared, well outside
the visible range.

The earth
255 K
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1.4 The atmospheric absorption spectrum

Fraction of
radiation at each
wavelength that
is absorbed on a
single vertical
path through the
atmosphere.

Notice that the atmosphere:
• is transparent in the visible, at the peak of the solar spectrum.
• is very opaque in the UV.
• has variable opacity across the IR spectrum (it is completely opaque
at some wavelengths, yet completely transparent at others).
Also note that the:
• dominant components of the atmosphere are incredibly transparent
across the important spectral range! Nitrogen doesnʼt absorb at all and
oxygen absorbs only in the far UV (where thereʼs little solar flux).
• absorption of terrestrial radiation is dominated by triatomic molecules
(O3, H2O, CO2) which have rotational and vibrational modes that can
be easily excited by infrared radiation. These are present in tiny
concentrations but play a key role. They are called greenhouse gases.
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1.5 The greenhouse effect
Global average surface temperature = 288K
Why is this different from the emission temperature of Earth (255K)?

Much of the radiation emanating
from the Earthʼs surface is
absorbed by the atmosphere,
and then re-emitted.

The Earthʼs surface receives net
solar radiation AND infrared
radiation emitted by the
atmosphere, so is warmer than it
would otherwise be.

The greenhouse effect

visible light penetrates the glass

infrared radiation trapped by the glass
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A simple “leaky” greenhouse model

Average incoming solar
energy per unit area =

(1 - ε)σTs4
S0/4

Ta

εσTa4

atmosphere

Absorptivity (ε)
εσTa4

= fraction of longwave
radiation absorbed.
αS0/4
Emissivity (ε)

Ts

σTs4

surface

= fraction of blackbody
radiation emitted

(1 - ε)σTs4
To maintain an equilibrium
the net radiative flux at both
the top of the atmosphere
and the ground must vanish:

S0/4

Ta

εσTa4

atmosphere

εσTa4
αS0/4
Ts

σTs4

surface

Top of the atm:
Ground:
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Mean surface temperature:

Mean atmospheric temperature:

If the average emissivity ε = 0.8 then Ts = 290K and Ta = 244K.
This is close to the global mean surface temperature of 288K.

1.6 Atmospheric layers

Typical vertical
temperature profile
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Thermosphere
• Temperature high and variable.
• Short wavelength UV radiation
absorbed by oxygen.
• Atmosphere is ionized.
Stratopause
• Temperature maximum due to
ozone absorption of medium
wavelength UV
Stratosphere
• Ozone produced by photodissociation of molecular
oxygen: O2 + light  O + O
O + O2  O3
• Highly stratified with little
mixing and long residence times.
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Troposphere
• Temperature increases
downwards.
• Contains 85% of the
atmosphereʼs mass,
almost all its water
vapour, and almost
everything we classify
as weather.

1.7 Latitudinal dependence of incoming and outgoing radiation

The Tropics receive more incoming solar radiation per unit area than
the poles.
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Earthʼs Radiation Budget
Experiment (ERBE)

Outgoing longwave
radiation varies less
strongly with
latitude.

Earthʼs Radiation Budget
Experiment (ERBE)
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Earthʼs Radiation Budget
Experiment (ERBE)

Energy must be transported from the tropics (which have a surplus) to
the polar regions (which have a deficit) by the atmosphere and ocean.
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Atmosphere and ocean heat transport

Trenberth and Caron (2001)

1 PW = 1015W

Summary of key points
• The atmosphere (and ocean) are thin films of fluid on a spherical Earth
under the influence of gravity, rotation, and differential heating by solar
radiation.
• The sun emits shortwave radiation in the visible, ultraviolet and near
infrared. The Earth emits longwave radiation in the infrared.
• The atmosphere absorbs strongly in the infrared due to the presence of
trace gases with triatomic molecules - principally H2O and CO2.
• This raises the surface temperature above that of the planetary
emission temperature, a mechanism that has become known as the
greenhouse effect.
• The vertical temperature profile of the atmosphere has three distinct
temperature maxima, which divide the atmosphere up into layers.
• The atmosphere and ocean move heat from the tropics towards the
poles to balance a local imbalance in the radiation budget.
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