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The Earth’s Atmosphere

1.0.1 Atmospheric Dissipation
The distribution of speedi(v)for a molecule in thermal equilibrium is
4 m \¥?
f(V) = — |=—| VemM¥/(@sT) gy 1.1
0= (5] -
The most probable speed of a molecwgay is the maximum off (v) and is found

from setting dfdv = 0 to be
2ksT
Vinax = /% (1.2)

2GM
Vesc = m (1-3)

The escape paramet@ss:is the ratio of a molecule’s potential to kinetic energy and
has the value

The escape velocity is
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The number of molecules lost from the exosphere is givemsibort out working
-
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The exobase is that level in the atmosphere above whiclsionlg between molecules
are so infrequent as to be negligible and below which collisiare sfiiciently fre-
guent to maintain a Maxwellian distribution of moleculatogities. Since collisions
are negligible above the exobase, the molecules in thismegalled the exosphere,
move along ballistic trajectories under the action of thetlEs gravitational field.
Some of the upward-moving molecules havdfisient velocities to carry them on
hyperbolic trajectories away from the Earth, into space.

Jean’s escape is a lower limit of atmospheric loss furthecgsses that contribute
include

The evolution of the Sun will place the Earth outside the taihé zone in about 1
billion yearsSchroder and Smitf2008]. This is far sooner than the projected loss
of atmosphere, about 3 years, at is current dissipation rate(see Problem 1.3).
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1.1 Atmospheric Structure
1.1.1 Anldeal Gas

FIGURE 1.1
An ideal gas composed of a set of randomly-moving, pointiglag whose only
interaction is through collision with the container wallsother particles.

In an ideal gas atoms or molecules move independently aedattwith each
other through random collisions. The volume of the atoms olenules is negligi-
ble compared with the volume they occupy. A single cubic icegtre of air con-
tains about 18 molecules. These molecules collide with their neighbolt®bs
of times per second moving on average about 10 ami@0 molecular radii) be-
tween collisions. Therefore a particle-by-particle dggiwn of the evolution of an
air volume would involve a prohibitively large number of wak. Advances in ki-
netic theory in the 18century (ref Blundell & Blundell 2??) allowed the descrapti
of the macroscopic properties of a gas without the need torithesthe motion of the
gas particles themselves. A gas contained within a volimean be described by
two fundamental macroscopic properties: the temperatusehich is proportional
to the kinetic energy, and the presspravhich is the force per unit area exerted on a
surface by the collisions of the gas particles. For a gas cisegbofN particles the
pressure and temperature are related by the ideal gas law

pV = NksT, (1.5)

wherekg is Boltzmann’s constant. The number densitpf a gas is the number
particle per unit volume (i.en = N/V) so that an alternate form of the ideal gas law
is

p=nksT. (1.6)
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The ideal gas law also is expressed using moles of matetial mole is the amount
of substance which contains as many elementary entitiekesis aire atoms in 12
grams of carbon-12, where the carbon-12 atoms are unbotimdstaand in their
ground stateBIPM, 2006]. The number of atoms in a mole is known as the Avo-
gadro constant, and is determined empirically. The cuyemtcepted value is
6.02214179x 10?° [Mohr et al, 2008]. The ideal gas law can be written using
moles as

pV = nhRT .7

whereny, is the number of moles aridlis the universal gas constant.
If the mass of each gas particleng, then the mass densipyof the gas is

p=nNmy (1.8)

Although air is comprised of a number ofidirent gases it is often convenient to treat
it as a homogeneous quantity comprised of ‘air’ moleculessetmass is equivalent
to the weighted average of the composite molecules. Asgatraomprises 80 % of
the atmosphere it is unsurprising that the mean molar maais, &t = 28.97 g mol*
is very close to that of a N(28.01 g mof?). This leads to another form of the ideal
gas law

pVvV = mRT (1.9

wherem is the mass within the volume amRi is a constant found by dividing the
universal gas constant by the molecular weight of the gasmgb®insidered. For dry
arR = 287Jkgik™.

It is also useful to define aair parcel as a hypothetical volume of gas whose
properties can be considered independently from thosedittrounding air parcels.

1.1.2 Pressure & Density

The dominating change with in the atmosphere is that of gbimarsc pressure which
covers over five ordes of magitude between the surface ama spae variation of
atmospheric pressure and density with altitude can be foyrdnsidering a column
of gas subdivided into layers between heiglandz + dz If each gas molecule has
massmy, and the density of moleculesighen the layer exerts a force per unit area
(i.e. a pressure) that is the sum of the weights of the modscsb that the change in
pressurapoverdzis

dp=-(mng) x (nd3 (1.10)
(change in pressure weight of a moleculex molecules per unit ar¢a

The negative accounts for the fact that pressure scale nuile iopposite sense to
the height scale i.e. pressure reduceg agreases. Substituting in Equation 1.8
(0 = nmy) gives the hydrostatic equation

dp=-pgdz (1.112)
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which is extremely useful as it forms the basic relation lestwheight and pressure.
Using the ideal gas law in the form= nkgT we can write

_ Mygn
dn= - dz (1.12)

which is integrated to give the change in molecular density

n(z) = n(0)e"™97keT (1.13)

Alternatively we can use the ideal gas law in the fggh= n,RT and the hydrostatic
equation to determine the variation of pressure with agtu

p(2) = p(0)e™Mo/RT (1.14)

The vertical change in pressure is approximately logaiitiand can be re-expressed
as

p(2) = p(0)e " (1.15)

whereH = RT/Mg is called the scale height of the atmosphere. Assumingran a
erage atmospheric temperature of 240 K gives the scale thafighe Earth’s atmo-
sphere as about 7 km. The thickness of the atmosphere iskabiasmall compared
to the size of the Earth — equivalently thinner than the th&ds of the peel of an

apple.

1.1.3 Temperature

Atmospheric temperature is much less variable than pressia function of height
however it is still a function of altitude as shown in Figur2.1The naming conven-
tions for the various atmospheric layers relates to tentperas follows:

e The troposphere is the lowest layer of the atmosphere ragaati the surface
going up to between 8-9 km at the poles and 15-16 km at the Bguaen-
erally temperature decreases with height in the tropogpWéh a region of
temperature increase called a temperature inversion.ropedphere contains
80 % of the Earth’s atmosphere and is characterised by stenigal mixing.
This is driven by surface solar heating which warms the aar riee surface
giving it buoyancy.

e The stratosphere starts above the troposphere and extealdsuit 50 km. It is
the region where shortwave solar radiation is absorbedgi&ctive chemical
processes including the formation of ozone. Temperatuneases with alti-
tude so that there is weak vertical mixing and long resideimes for gases
and particles.

e The mesosphere extends from about 50 km to 80—-85 km whereetampes
again decrease with height.
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e The thermosphere extends from 80—-85 km to about 500 km, acdldaisc-
terized by high temperatures as a result of the absorptishat wavelength
radiation by nitrogen and oxygen. Temperature increastshgight although
at these altitudes the air is very tenuous.

e The exosphere refers to altitudes above about 500 km wheratthosphere
thins out into space. In this region it is possible for engoggas molecules to
escape the Earth’s gravitational attraction.

Atmospheric regions are also named in other ways:

e The upper troposphere - lower stratosphere (UTLS) is apprately that part
of the atmosphere between 5 and 20 km. It is a transition zebeden
the convectively dominated and therefore unstable trdpergpand the sta-
ble, stratified stratosphere. The UTLS contains strongignésiin many trace
constituents of tropospheric or stratospheric origin lisa€ water vapour and
ozone).

e The ozone layer or ozonosphere, approximately 10-50 knmendteatospheric
ozone is found. Note that even within this region, ozone isreontonstituent
by volume.

e The ionosphere the region containing ions: approximatedyupper meso-
sphere and thermosphere.

e The magnetosphere the region where the Earth’s magnetdritelracts with
the solar wind from the Sun as shown in Figure 1.1.3. It exdeodtens of
thousands of kilometres, with a long tail away from the Sun.

mm Redrawobtain figurcmm = horizontal variation of pressure and temperature
[ |

1.2 Composition

1.2.1 Terms Used to Describe Amounts of a Gas

There are several ways of describing the amount of trace gaayX in an air parcel:
e The partial pressure of the gag.
e The gas density which comes in three forms:

— The number density or molecules per unit volume, typicallyenoles
per cubic centimetre, which is denoted gy

— The moles per unit volume which is denotgd
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FIGURE 1.3
The magnetosphere where the solar wind interacts with thia'Eanagnet field.

— The mass per unit volume which is denotsd
These terms are all interrelated through
Nx = Acx = Apx/Mx (1.16)
where A is Avogadros constant and(N& the molar mass of X.

e The volume mixing ratio (VMRXx which is the ratio of the number density
of X to the total number density of molecules in an air parcel,

Xy = X (1.17)
Ntotal
The VMR is a useful quantity as it is conserved as an airmassgds temper-
ature or pressure. The VMR is usually small so it is often ipligtd by 1,
10° or 10* to give parts per million by volume (ppmv), parts per billibg
volume (ppbv) or parts per trillion by volume (pptv).

e The mass mixing ratiowy, which is the ratio of the mass of gas X to the
remaining mass in the air parcel.

- ™
Mparcel — Mx

There additional way of representing the amount of wateougphese are:

Wy (1.18)

¢ The specific humidityg which is the ratio of the mass of water vapour to the
mass of moist air

q=p



8 An Atmospheric Radiative Transfer Primer

e The relative humidityRH which is the ratio of the partial pressure of water
vapour to the partial pressure of water vapour for saturate(expressed in
percent)

RH = 100=
es

Another useful measure of the loading of a gas in the atmaespkehe vertically
integrated amount of a gas called t@umn amountThis too can be expressed in a
number of ways, the principal being

e The molecules per unit arelly, is found by integrating the vertical profile of
volume mixing ratioXxx, to get

1 Po
ON = nﬁrgf(; Xx dp (119)

e The mass per per unit area, which is given by
1 Po
az—f Xx dp (1.20)
gJo

e The Dobson unit is the thickness of a layer formed when a gesngpressed
to standard pressure and temperature.

Po Po
D.U.= 10%sTo xxdp=7.89x10° | xxdp (1.21)
Ir
mhgp Jo 0

The thickness is expressed in units of 1@ so that this unit is sometimes
described as a milli-atmosphere-centimetre.

1.3 Solar Radiation

The Sun is a middle aged star around 4570 million years old.Sun has a radius of
6.96x 10° km much larger than that of the Earth (6356 km) and on avetegedntre
of the Earth and Sun are separated B§96x 10° km. The Sun consists mostly of
hydrogen and helium and these gases becomes denser andakattepth into the
Sun increases. Despite its large size compared to the Earthun the density of the
Sunis 1.4 g cm® compared to that of the Earth which is 5.5 gém

Virtually all the radiant energy generate by the Sun stamtsas gamma rays in
the core. As the gamma rays move out from the solar interist mbthem are ab-
sorbed heating the outer solar layers. The Sun emits radiatimarily from the
outer 500 km of the Sun’s atmosphere - the photosphere. SOrfi¢ &f solar ra-
diative output — that at wavelengths from 275 to 4900 nm — ge®ifrom the
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Solar spectrum at the average Earth-Sun distance [dataThuiitiier et al, 2003].
The smooth curve is that for a black body at a temperature & K7

photosphereHrohlich and Lean2004]. The solar spectrum is shown in Figure 1.4.
The temperature of this layer varies but comparing the sgactrum to the theo-
retical spectrum given by Planck’s Law gives a best matchbatia 5800 K. The
maximum radiance is emitted at about 500 nm in the red podidhe electromag-
netic spectrum. Most solar radiation arises from non-geadttransitions so that
radiation spectrum emitted by the photosphere is contiublowever specific ab-
sorption transitions by gases (H, He, C, N, O, Mg, Al, Si, Cd Ba in various states
of ionization) in the Sun’s outer atmosphere introduce giigm and emission line
structure. Prominent emission and absorption lines at i2amd 656.3 nm, respec-
tively are attributable to hydrogen, while helium produsé®ng line emission at
30.4 nm and 58.4 nm and absorption at 1083 nm.

The integral of the spectral solar irradiance at the top efatmosphere is the
superterrestrial solar irradiance and has an accepted vfll366+ 3 W m2(REF
Lean ???) for an Earth-Sun separation of 1 a.u.
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Problem 1.1 Assuming the surface pressure is 1 atm what is the mass ofrtie a
sphere?

Problem 1.2 What was the mass of GOn the atmosphere in the year 2000 when
its mixing ratio was 370 ppmv? What is the mass of,@®the atmosphere now?

Problem 1.3 Estimate the time for all molecules to escape the Earth'egpinere.

Problem 1.4 How long does sunlight take to travel from the surface of tha &
the surface of the Earth?

Problem 1.5 What would be the thickness of the atmosphere if it were coagae
so that it was entirely at standard temperature and prezdtiteat is the respective
contribution to this thickness of atmosphere oxygen anche2o0

Problem 1.6 Starting from the value of the solar constant calculate tea an the
surface of the Sun that emits radiation with the same powarl&®) MW gas turbine
power plant?

Problem 1.7 Calculate the energy received by the Earth in one day andtisoats
how many cups of tea that could be prepared with this energguse that to make
one cup of tea/4 | of water needs to be heated from 20 to 2a0

Problem 1.8 The worldwide energy consumption of energy is estimatedbB2at
1.3 x 10*® J day®. If this grows at a compound rate of 1.6 % per year, in what year
will the use of energy equate to all available solar energidient on the Earth?

Additional Reading



