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chemical composition

II.1 Chemical composition of dry atmosphere

Molecule partial volume/ Molar mass Boiling point
partial pressure [10-3 kg/mole] [°C]
Nitrogen N2 0.7809 28.016 -196
Oxygen 02 0.2095 32.000 -183
Argon Ar 0.0093 39.944 -186
Carbon dioxide CO2 0.0003 44.010 -78

Major components (air) 1.0000 28.966 (-193)
Neon Ne 18 X 106 20.182 -246
Helium He 5.2X 106 4.003 -269
Methane CH4 1-2X 10 16.03 -

Crypton Kr 1.0 X 10 83.8 -153
Hydrogen H2 0.5X10° 2.016 -253
Nitrous oxide N20 0.2-0.6 X 10 44.016 -89
Xenon Xe 0.08 X 10 131.30 -107
Carbon monoxide CO 0.01-0.2 X 106 28.01 -191
Ozone 03 (*) 0.01X10°¢ 48.00 -112

(*) surface value, stratosphere: 2-8 X 10

- other minor components (note: chemical active species are in minority!!)
CH20 (formaldehyde), NO2 (nitric oxide), NH3 (ammonia), SO2(sulfur dioxide), 12 (jodine),
ClI2 (chlorine), Rn (radon)

-> water vapour: very variable 0-4%
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Trace gas amounts

I1.2 Physical units for trace gas amounts

¢ ideal gas law p-V=nRT (Eqg. I1.1)
> p pressure
> 4 volume
>N amount in units of mole
2> R =8.31 J/(mole’K), gas constant
> 7 temperature in K

e trace gas amount:

= 1 mole is the amount of a substance which has the same number of
molecules as 12g of 12C isotope

= 1 mole contains 6.022 x 1023 molecules
- N,=6.022 x 1023 molecules/mole - Avogadro number
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Trace gas amounts

¢ molecular density:

11/5

=>molar density Pro =% = %-T units: mole/m3 (Eq. I1.2)

=>number density p = " N%: > N%.T - %-T units: molec./m3 (Eq. I1.3)

< k=1.38x10-23 J/K Boltzmann constant

> mass density P =" % =M %-T units: kg/m3 (Eq. 11.4)

< m: molar mass in g/mole (air ~29 g/mole)
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Trace gas amounts

pi — pi,mol _\i

p p pmol V
= £, V;: partial pressure and partial volume of i-th trace gas

e volume mixing ratio & of /th trace gas: & =

= p air pressure; p, p,, air density (molar or number density)

=>volume mixing ratio units: volume parts per million=ppmv=10-° or

ppbv=10-
pmzzpi,mszZ,m+p02,m+"' p:Zpi:pN2+p02+”.
p:Zpi =Pn2t Por T Pl :Zpi,mol = Pn2ma T Pozma T

e other units used are ppmm (mass parts per million) or ppbm according
to partial mass density

=>Note: if neither volume or mass units are given, then most likely:
1 ppm=1 ppmv or 1 ppb =1 ppbv
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atmospheric layering

I1.3 Layering of the atmosphere
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(Zahlenangaben fiir ausgesuchte Punkte) sowie Zuordnung der geldufigen Schichtbezeichnungen Temperature (°C)

und einiger bekannter Phinomene (nach Liljequist 1974)

glossary: Luftdruck=pressure, Luftdichte =air density, Ozonschicht=0zone layer, Hohe=height,
Ozonschicht=o0zone layer, B- E-, F-Schicht=B-,E-,F-layer (ionic layers), kosmische Strahlung=(galactic) UNIVERSITET
cosmic ray, Polarlicht=aurora, Meteore=meteorites, leuchtende Nachtwolken=noctilucent clouds, BREMEN
Perimutterwolken=polar stratospheric clouds (mother of pearl clouds)
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atmospheric layering

Criterium term altitude
life forms biosphere 0-20 km
composition homosphere 0-100 km
homopause 100-120 km
heterosphere >120 km
temperature troposphere 0-12 km
tropopause ~12 km
stratosphere 12-50 km
middle stratopause ~50 km
atmosphere mesosphere 50-85 km
at,;op;f;er: mesopause ~85 km
. thermosphere 85-500 km
exosphere >500 km
radio physics ionosphere 50 —600 km
magnetosphere >300 km
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atmospheric layering and temperature
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atmospheric layering

e other criteria:
=> aerodynamical state (planetary boundary layer)
O Prandtl layer 0-50 m
O Ekman layer 50-1000 m
O free atmosphere (above boundary layer > 1000 m)
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The sun and ionosphere

N
[}
ROTATIONSACHSE
SONNENFLECKENGRUPPE ' REGION NUKLEARER
(AKTIVE REGION) S P ENERGETISCHER
Ny et ; REAKTIONEN
"SURGE" H~He
AKTIVE REGION
AM RANDE :
) KONVEKTIONSSCHICHT
"QUIESCENT
PROMINENCE"
WEISSLICHT
(FILAMENT) CORONA
CHROMOSPHARE
MIT SPICULAE
"CORONAL
STREAMER"
~ PHOTOSPHARE
solar surface view (photosphere) cross-section

Abb. 3.3. Erscheinungen auf der Sonne und ihre Bezeichnungen (nach Valley 1965)
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The sun and ionosphere
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Abb. 3.4. Das Magnetfeld der Erde im Sonnenwind. Die Doppellinie markiert die Magnetopause. Die
ungefihre Lage der Van-Allen-Strahlungsgiirtel ist schraffiert gekennzeichnet. Die Anstromrichtung
des Sonnenwindes in bezug auf die erdmagnetische Achse variiert mit der Jahreszeit bzw. im Gefolge
von sikularen Magnetpolwanderungen (nach Dobson 1968)

glossary: Sonne=sun, magnetische Feldlinien=magnetic field lines, Sonnenwind=solar wind,
Magnetschweif der Erde=magnetic tail, shaded area=Van Allen belt (ion plasma)
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The sun and ionosphere

lonosphére

Abb. 3.8. Radiowellenausbreitung und Ionosphire (nach Liljequist 1974): In den elektrisch leitenden
Schichten der Ionosphire werden die Radiowellen abgelenkt, bei entsprechend schrigem Einfall zur
Erdoberfliche zuriickgebrochen. Diese ,, Totalreflexion“ erméglicht die Radiowellenausbreitung iiber
weite Distanzen. Dadurch ist z.B. der Kurzwellen-Radioempfang rund um den Globus méglich. Vor

dem Satellitenzeitalter war das ein wichtiges Element der Radio-Telekommunikation

Abb. 3.9. Schematische Lage Nordpol
der irdischen Ionosphiren- e
schichten, relativ zur Sonnen- F-Schicht —— | cow 775,
position, zur Zeit der Tag- und sporadische )/ e E-Schicht
Nachtgleiche (nach E-Schicht .~ 1""":ag- e
Liljequist 1974). Die Darstellung .
ist nicht maf3stabsgerecht! . i %7 F2-Schicht \‘
E Aquator / ™~ 7
€ = — ()
2 :.f:". \ / ‘ \\\
}52;‘ ,"‘I S Sonne
£ &"ﬂ
"‘::i-.,_',_ .__:.-"i' Tabelle 3.3. Die wesentlichsten zur Bildung der Ionosphire beitragenden photochemischen Prozesse
der Hochatmosphire (hv = Lichtquant, v = Frequenz der Strahlung, h = Planck-Konstante)
P q
Photochemical process ~ wavelength [A] layer
NO + hv —» NO* + e 12157 (Lyman-a) D
- - - - + -
glossary: Nachtseite= night side, sporadische gl * ;” ’ 81 e igif (3:“‘“ 8 ED
E-Schicht=sporadic E-layer, photochemischer S S B
q . - O + hv — 0 + e 910 - 795 F.F,
process=photochemical reaction, Wellenldnge +
N, + hv — N + e 795 - 755 E
=wavelength ’ :
0, + hv — 0] + e 744 - 661 E
N, + hv — N} + e 661 - 585 F
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The sun and ionosphere

Abb. 3.10. Vertikalverteilung

der Konzentration von Luftmo-

lekiilen insgesamt [Teilchen- 1000
zahl pro cm™3) (rechte Kurve) F
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Abb. 3.11. Schematische Illu-
stration der Schichtenbildung
in der lonosphire als Folge
gegenldufigen Verhaltens mit
der Hohe von spektraler solarer
Strahlungsfluidichte Fj und
Dichte ¢ des bei der entspre-
chenden Wellenlinge ionisier-
baren Gases (nach Fleagle u.
Businger 1980)

Hohe —#»

A <A,

Dichte (o], FluBdichte (Fx] —
a b

glossary: Rontgen=x-ray, weiche Rontgen=
soft x-ray, Dichte=density, FluBdichte=flux
density, Ionenproduktionsrate=ion production
rate
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lonenproduktionsrate —#-

‘018

P

O(p-F)\

P ion production rate
p : density of ionisable trace gases

F,: solar flux density at wavelength A

Tabelle 3.4. Ubersicht (iber den Schichtaufbau der Ionosphire und die in den einzelnen Schichten
vorherrschenden physikalischen Bedingungen

layer altitude radiation ions el.density max e-
[km] [cm3]  [km]
D - 50-85  Lyman-a, Rontgen, NO*, 0% ~10° 80
Kosmische
E 85-150 UV, weiche Rontgen 03, NO*, 1,5 10° 105
=100 A o*
F > 150 untere Region: 2-10° (Fy) 170
- 03, NO*;
uv mittl. Region:  10° (Fy) 320
300-1000 A 0%;
obere Region:
He™ ,H




hydrostatic equation

I1.4 Hydrostatlc equatlon
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hydrostatic equation (cont‘d)

e VYAEOS”WRC GQVA%OU\

e “sg A

- P&&&Suee Nr A:L‘n'rube . IS ?(k)

-ple)
S *P(“') R

pley=o

olf '-7- agm(k 0“1{ .

= p(k) 32 a 3 (h‘)alL'
| | g M

- (Eq. IL.5)

| integration on the left
| from p(h)to p(-)and
P from height 4 to top-of-
"~ | athmosphere (/= )

partial mass density of air
column above height /4 in units
of kg/m?2

that means that the pressure at
altitude £ is proportional to the
weight of air column above that

altitude

< g f 3’».0.?) b " (Eq. IL6)
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hydrostatic equation (cont‘d)

v PUT (DEAL é,{:& LAW MJ‘D Hyozosm-nc &Qu,«r—?-zoq/ le.

E.Cl.ﬂ,q Sm"-‘-“ML P/ET &

| , ol /(ML RNAZ "A/SS oF A“Q -28Q¥““[°_
S E ,,(k q.81 o
: v 6 é L21 g{(wo(e_ K)
- R = Rfme =282 3/(46)
Ace SAS consTAwT ‘

q ' o Now we have separated
N op - ‘ - variables, pressure terms
">_ k= ﬁ-.‘r‘f(k) h °“7“ | (Eq. IL.7) to the left and height
e o b BN \ \ dependent terms to the
- - o | right
o ISOTHERMAL ATHOSPHERE : l(k) = c«:ﬁ >
| Ptk | |
- é—
g
'P(kl) o R , , L‘i i
This is an important | _ :r—_: : __a/RC.T_ lz.g; \

) (Eq. 11.8)

relationship that will

allow us to estimate | g - 'ak P("'z> 'Q"“P(l‘-i)
temperature from | '

geogotential height / veTe , THRE D\FFeRreNCe OF THE TWo Am‘moes
maps at two pressure?” ‘ Betowful TO Two PRESSURE LevedS,
levels ‘
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hydrostatic equation (cont‘d)
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atmospheric scale height
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of the atmosphere’s molecules.

Ahrens 1999

=>if our atmosphere is compressed to normal sea level pressure the atmosphere
would be 8 km thick

=>at about 5.5 km altitude the pressure is half the value at sea level (~500 hPa)
=>air number density and pressure decrease exponentially with altitude
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atmospheric scale height

3 bepuun—lalv OF TOTHL COL_UH.K/ AR
Q is called the air vertical

| D&NS 1‘7 |
(total) column density \ ke

usually given in molec./cm?

j(ﬁ)ﬂa-@rob‘t/w)

Yo cowmqu Jg(k on( /égoHe\‘p(}
(o i) ¢ H

- ﬁ*” (Eq. I1.10)

o

Ahrens 1999
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FIGURE 1.7
| |/ 20 Both air pressure and air density decrease with increasing altitude.
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trace gas column density

W AN ANALOSOUS MALVER TOTAC CoLumn/§ oF
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=>global ozone total column average about 300 DU

>o0zone ,layer" is extremely thin (3 mm) but still very important since O; is a
very strong absorber (per molecule) of UV radiation
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ozone

Seinfeld 1986
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->global ozone total column average about 300 DU )

>o0zone ,layer" is extremely thin (3 mm) but still very important since O; is a BREMEN
oo very strong absorber (per molecule) of UV radiation @



geopotential height

e geopotential ¢ at any point of the atmosphere is defined as the work to be
done to bring a 1 kg mass against gravity to that point from sea level

m
[¢] —=M-— energy per unit mass=path-acceleration
S

h

d¢=g-dnh > ¢(h)= [ g(h)dn' (Eq.111)

h'=0

e gis not constant and its value depends on latitude and height

‘g‘ (¢, h) =9.8065 [1- 2.6373x10° - cos(2¢) — 5.9x10°° - cos? (2¢)]
x[1-3.14x107" - h]

Boguer formula with /4in meter and g in m/s?

N W

glm/s?] | ¢=0° | ¢=45°| ¢=90°
= | | A=0km | 9.780 | 9.807 | 9.832
Ry et RADYS L A=30km | 9.689 | 9.715 | 9.742 | guEeEy

¢ LATTTUDE :
11/23 W MfeapveoaTy @




geopotential height

e Definition of geopotential height z (GPH):

h
Z=l J. g(gp,h')dh'E@ (Eq. I1.12)
g h'=0 0
g,=98m/s’
dg=9g-dh=g, -dz
p=45°: h=5km —m 27=4.996 km

h=50 kN = 7=49.607 km
h=500 km == 7=463.597 km

=> at lower altitudes geopotential height zis almost identical to geometric height /.
=> at surfaces of equal geopotential heights the gravity force remains the same.

=>» this is important for energy considerations in large-scale motion (see atmospheric
dynamics)
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geopotential height

hypsometric equation is an important tool for weather charts:
=>» starting from Eq. I1.8

? = - l'l.z“ Ltg_
& b plh) — Fu pUh)

= -&:ﬂ.Ak -

)

—

_1 > 1
Alﬂ=le-l'l4_ RL. Coona. P‘hi\- IM.P(A';) ] T
| Ap=g-Ah=g, Az

Re Imp (24)- S P (22) This is the hypsometric
OR equation
T= Qo .o (Bam2y)

R (9‘* Pa- ‘e“Pz.)

= difference in geoptential heights (z,-z,) from two pressure levels (p, and p,) is
called relative topography and is proportional to the mean temperature between
these two layers
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relative topography: cold droplet
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relative topography: cold droplet
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Ziirich WeiBenburg UNIVERSITAT
BREMEN
Abb. 7.22. Vertikalschnitt der relativen Feuchte durch einen Kaltlufttropfen (7. Juni 1973) @

11/27



