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Surface  temperature:
288  K

Surface  pressure:
1 bar

Composition:
77%  N2
21%  O2
1%  Ar

Conditions:
Winds,  rain  and  snow,  

clouds  of  water

Left:  Northern  lights  in  the  upper  
atmosphere.
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Fig. 4. (a) Calculated global mean neutral, T,•, electron, T•, and ion Ti, temperature profiles and the 
global mean neutral temperature profile obtained from MSIS-90 T,,, (b) neutral gas temperature from the 
model, T,•, and MSIS-90, T,,, in the 30 to 120 km height range, (c) log•0 total and component neutral gas 
heating profiles (K day -•), Qa' is the total, e- i is heating by collisions between thermal electrons, ions, 
and neutrals; Qic is heating from exothermic ion-neutral chemistry; Q,•c is heating from exothermic neutral- 
neutral chemistry; Qj is Joule heating from a superimposed electric field; Qa is heating from auroral particle 
precipitation, O( • D) is heating from quenching of O( • D), SRC and SRB are heating from O2 absorption in 
the Schumann-Runge continuum and bands, respectively; Os is heating from atomic oxygen recombinations; 
O3 is heating from absorption of solar radiation in the Hartley, Huggins, and Chappins bands of ozone; (d) 
log•0 total neutral gas heating rate profile and component neutral gas coohug rate profiles (K day -• ), Qa' is 
the total neutral gas heating rate, /½,,, is the coohug rate by downward molecular thermal conduction; and 
ik'E is the coohug rate by eddy thermal conduction; NO is radiative coohug from the 5.3 •tm emission from 
nitric oxide, C02 is total radiative coohug from carbon dioxide, and 0( 3 P) is coohug from the fine structure 
of atomic oxygen; IR is the sum of radiative coohug terms from 0, NO, and C02. 

Solar  minimum  conditions  from  Roble  (1995).    Tn,  Ti and  Te are  simulated  
global  mean  neutral,  ion  and  electron  temperatures.    Tns is  the  empirical  

MSIS-‐90  model  temperature  profile.
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TABLE 1 b. Implications of Parameters 

Effect Earth Venus Mars 

Scale heights (km) 10-50 4-12 8-22 
Peak EUV heating (km) 250-300 ,,,160 160-180 
(per unit mass) 
Peak F, UV heating (kau) 150-200 ,,,140 120-130 
(per unit volume) broad narrow broad 

Insolation w/ Orbit 
Dissociation (Fl-peak O) 
COd 15-;tm Cooling 

,,,const. ,,,const. 4-20% 
~40% ~10-20% ~1-3% 

100-120 km near peak _<120 km 

Dayside Thermostat winds+conduction COd cooling winds+conduction 
G. Mean Solar Cycle T 737-1255 K 172-248 K 180-290 K 
Auroral/Joule Heating yes no no 

3. COMPARISON OF MODEL RESULTS 

Figures l a, lb, and lc illustrate the Venus, Earth, and 
Mars global mean model temperature profiles calculated for 
solar minimum and maximum conditions. Notice that the 
mesopause altitudes and temperatures differ for the three 
planets' 132 km and ~150 K for Venus, 90 km and 190 K 
for Earth, and 106 km and -, 133 K for Mars. In each case, 
CO2 15-gm cooling to space is the IR radiator that provides 
the sink for the downward conducted heat from the ther- 
mosphere. The magnitude of the IR cooling rate is crucial 
for determining the altitude of the mesopause (minimum 
temperature). This rate is largest for Venus (see Figure 
3a), with its mesopause appearing at the highest altitude 
for the three terrestrial planets. Also, each model shows 
that global mean temperatures below the mesopause do not 
change greatly over the solar cycle. 

Venus global in situ data are limited to solar maximum 
periods and altitudes of >_145 km Iron Zahn et al., 19S3]. 
Therefore, comparison of Pioneer Venus global mean data 
is made with the solar maximum (SMAX) curve of Figure 
la. The calculated 150 km SMAX temperature is ~198 K, 
in rough agreement with the global average value of 187 K 
obtained from the Hedin et al. [1983] empirical model. The 
exospheric temperatures are 247.5 K and ~210 K from the 
Venus SMAX case and the Hedin et al. model, respectively. 

The difference is partially caused by the use of day 79050 
solar EUV fluxes within the Venus model, with a daily F10.7 
of 243. These fluxes exceed the "standard" fluxes assumed 
for the Hedin et al. empirical model (F10.7 = 200). Also, the 
strong CO2 coohng operating in the Venus model is highly 
nonhnear in temperature; i.e., the coohng rates increase by 
as much as a factor of 5 from night to day, while the temper- 
atures increase by only a factor of 2-3 [Bougher ½t al., 1986]. 
Therefore, a more appropriate value for comparison with the 
global mean calculation is obtained by averaging the mean 
dayside (<60 solar zenith angle (SZA)) and nightside (>•20 
SZA) temperatures in the Hedin et al. model at F10.7 = 200. 
This yields a Venus global mean exospheric temperature of 
~220 K. The current Venus model predicts that exospheric 
temperatures change by ~76 K over the solar cycle, a rather 
weak response compared to the mean background temper- 
ature. As we will show later, this relative change is small 
compared to that of Earth and Mars. 

Figure 1 b shows the solar cycle global mean temperature 
variation calculated for the Earth. These profiles were cal- 
culated using solar EUV and UV heating, as well as auroral 
particle precipitation and Joule heating from the dissipa- 
tion of auroral currents [see Roble et al., 1987]. Virtually 
the same auroral and Joule heating rates were used over 
the solar cycle, corresponding to quiet geomagnetic condi- 
tions. This provides a baseline against which varying solar 
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Fig.1. Three planet global mean temperature profiles for solar minimum (SMIN) and maximum (SMAX) con- 
ditions: (a) Venus, (b) Earth, and (c) Mars. 

From  Bougher et  al.  
(1991)



12/21/18, 5:33 PMCCMC ModelWeb model run

Page 1 of 2https://ccmc.gsfc.nasa.gov/cgi-bin/modelweb/models/vitmo_model.cgi

Related Links | Frequently Asked Questions | Community
Feedback | Downloads | Sitemap

IRI ModelWeb Plotting Results

Plot nrlmsise parameters

ModelWeb Curator (please contact me if you are having problems):
Dr. Lutz Rastätter

    About    Models at CCMC  Request A Run  View Results  Instant Run  Metrics and Validation
Education  R2O Support  Mission Support  Community Support  Tools

The  noon  temperature  profile  above  Tucson  on  January  1,  2018.    See:
https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php



12/21/18, 5:40 PMCCMC ModelWeb model run

Page 1 of 2https://ccmc.gsfc.nasa.gov/cgi-bin/modelweb/models/vitmo_model.cgi

Related Links | Frequently Asked Questions | Community
Feedback | Downloads | Sitemap

IRI ModelWeb Plotting Results

Plot nrlmsise parameters

ModelWeb Curator (please contact me if you are having problems):
Dr. Lutz Rastätter

    About    Models at CCMC  Request A Run  View Results  Instant Run  Metrics and Validation
Education  R2O Support  Mission Support  Community Support  Tools

Local  time  variation  for  the  latitude  of  Tucson  on  January  1,  2018.    See:
https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php
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16 MESOSPHERE-THERMOSPHERE ENERGETICS 

N 

4 

2 

0 

-2 

-4 

-6 

-8 

-10 

-12 

-14 

-16 

---__- 350 
- -• 300 

• 250 
--Z 200 

• 150 
N - .'%,• •s 

•S •• •% •2 

/ %%i 
5 6 7 8 9 10 11 12 13 14 15 16 17 

¸ 
100 _%_ 

Loglo (density: cm -3) 5b 

-lO 

-12 

-14 

-16 

2 F "*'% "/.•He 
o 

-2 • ,, -4 Hes •, 
•/ Ar - 

_ 

• _ 

_ _ 

2 4 6 8 10 12 14 

Loglo (density: cm '3) 

35o 
3oo 
25o 
2oo 

150 

100 

5o 

N 

50 

4 

2 

0 

-2 

-4 

-6 

-8 

-10 

-12 

-14 

-16 

• -• 350 
""'-.. 4 • 300 

2OO 

D) .."" 
1 oo 

5o 

z 5 6 7 8 9 

Loglo (density: cm '3) 

4 I I I I ',• I I I •350 

O (lB) • (3p)! 300 25o 
2oo 

•/0, 2(1Z•j) 150 
- ; 

11oo 
('z½ ! 5o 

2 • 

-8 

-10 

-12 

-14 

-16 

1 2 3 4 5 6 7 8 9 10 11 12 

5d Loglo (density: cm '3) 

Fig. 5. (a) Calculated log,0 O, 02, and N2 number density profiles (cm -3) and similar profiles from MSIS- 
86, logz00,, O2•, and N2, number density profiles (cm-ø), (b) same as (a) except for He and At, (c) 
calculated logz0 N(2D), N(4S), NO, and NO2 (cm -ø) global mean profiles and the N(4S), profile obtained 
from MSIS-86 (d) calculated logz0 O( z D), O( ø P), O2( z 5-:,g), O2( z Ag), and O0 (cm -ø) all for solar minimum, 
quiet geomagnetic conditions. 

Solid  lines  are  
simulated  profiles  
from  Roble  (1995).    
Dashed  lines  show  
MSIS-‐90  profiles.
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Simulated  profiles  
from  Roble  (1995).
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Fig. 4. (a) Calculated global mean neutral, T,•, electron, T•, and ion Ti, temperature profiles and the 
global mean neutral temperature profile obtained from MSIS-90 T,,, (b) neutral gas temperature from the 
model, T,•, and MSIS-90, T,,, in the 30 to 120 km height range, (c) log•0 total and component neutral gas 
heating profiles (K day -•), Qa' is the total, e- i is heating by collisions between thermal electrons, ions, 
and neutrals; Qic is heating from exothermic ion-neutral chemistry; Q,•c is heating from exothermic neutral- 
neutral chemistry; Qj is Joule heating from a superimposed electric field; Qa is heating from auroral particle 
precipitation, O( • D) is heating from quenching of O( • D), SRC and SRB are heating from O2 absorption in 
the Schumann-Runge continuum and bands, respectively; Os is heating from atomic oxygen recombinations; 
O3 is heating from absorption of solar radiation in the Hartley, Huggins, and Chappins bands of ozone; (d) 
log•0 total neutral gas heating rate profile and component neutral gas coohug rate profiles (K day -• ), Qa' is 
the total neutral gas heating rate, /½,,, is the coohug rate by downward molecular thermal conduction; and 
ik'E is the coohug rate by eddy thermal conduction; NO is radiative coohug from the 5.3 •tm emission from 
nitric oxide, C02 is total radiative coohug from carbon dioxide, and 0( 3 P) is coohug from the fine structure 
of atomic oxygen; IR is the sum of radiative coohug terms from 0, NO, and C02. 

Basic  heating  terms  
from  Roble  (1995),  
see  Roble  et  al.  
(1987)  for  the  
thermosphere.
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Fig. 4. (a) Calculated global mean neutral, T,•, electron, T•, and ion Ti, temperature profiles and the 
global mean neutral temperature profile obtained from MSIS-90 T,,, (b) neutral gas temperature from the 
model, T,•, and MSIS-90, T,,, in the 30 to 120 km height range, (c) log•0 total and component neutral gas 
heating profiles (K day -•), Qa' is the total, e- i is heating by collisions between thermal electrons, ions, 
and neutrals; Qic is heating from exothermic ion-neutral chemistry; Q,•c is heating from exothermic neutral- 
neutral chemistry; Qj is Joule heating from a superimposed electric field; Qa is heating from auroral particle 
precipitation, O( • D) is heating from quenching of O( • D), SRC and SRB are heating from O2 absorption in 
the Schumann-Runge continuum and bands, respectively; Os is heating from atomic oxygen recombinations; 
O3 is heating from absorption of solar radiation in the Hartley, Huggins, and Chappins bands of ozone; (d) 
log•0 total neutral gas heating rate profile and component neutral gas coohug rate profiles (K day -• ), Qa' is 
the total neutral gas heating rate, /½,,, is the coohug rate by downward molecular thermal conduction; and 
ik'E is the coohug rate by eddy thermal conduction; NO is radiative coohug from the 5.3 •tm emission from 
nitric oxide, C02 is total radiative coohug from carbon dioxide, and 0( 3 P) is coohug from the fine structure 
of atomic oxygen; IR is the sum of radiative coohug terms from 0, NO, and C02. 

Basic  cooling  terms  
from  Roble  (1995).



3.3. ABSORPTION OF IONIZING RADIATION 53

Figure 3.8: Absorption cross sections for N2 (top) and O (bottom) in the wavelength
region from 0 to 100 nm and in values from 10�20 to 10�15 cm2.

Cross  section  from  Roble  
and  Emery  (1983)

See  Verner  et  al.  (1996)  for  analytic  fits  to  photoionization  cross  sections.



3.3. ABSORPTION OF IONIZING RADIATION 53

Figure 3.8: Absorption cross sections for N2 (top) and O (bottom) in the wavelength
region from 0 to 100 nm and in values from 10�20 to 10�15 cm2.

Cross  section  from  Roble  
and  Emery  (1983)

Ionization  potential  
15.58  eV  (79.58  nm)



High  resolution  N2 band  cross  section  compared  with  SOHO/SUMER  spectrum  of  
the  sun  (Lavvas et  al.  2011)



photon energies lead to the production of the N2 ion at excited
states (Fig. 3). The analysis of the emerging photoelectron spectra
shows specific band formation that is correlated with the excitation
of the ions to specific states depending on the energy of the pho-
tons (see Table 1). For wavelengths smaller than 510 Å (24.3 eV)
the excited Nþ2 ions have enough energy to dissociate initiating
the dissociative photoionization. The ionization of the valence
electrons leading to the X, A and B bands leads to the formation
of Nþ2 , while the ionization of the inner-valence electron leads
to production of the C, F, E, G and H bands which are related to
the dissociative photoionization. The total ionization and disso-
ciative ionization cross sections have been measured by Samson
et al. (1987), while the cross sections for the excitation of the
Nþ2 ions at the different bands originating from the inner-valence
electrons have been reported by Krummacher et al. (1980) for the
C, F, E and the combined G + H bands. In the calculations we have

normalized the cross sections of Krummacher et al. (1980) to the
total dissociative ionization cross sections reported by Samson
et al. (1987). The state of the dissociation fragments produced
depends also on the photon energy. This has been investigated
by Nicolas et al. (2003) for the C band and by Aoto et al. (2006)
for higher bands. For the C band, from the dissociation limit up
to 473 Å (26.19 eV) the products are N+(3P) + N(4S), while at
smaller wavelengths until 464.6 Å (26.68 eV) the yield for the last
channel drops to 40% and the rest 60% is in the N+(1D) + N(4S)
channel. The authors also report a narrow region between
26.275 and 26.3 eV where the two channels have equal yields.
At even lower energies the dissociation products are in the
N+(3P) + N(2D) states. For the other bands the measurements of
Aoto et al. (2006) suggest that the emerging dissociation products
can be at different states as the ionization energy increases. In the
calculations we consider production only in the N+(3P) + N(2D)
states.

The cross sections for the photolysis of methane are taken from
different laboratory investigations depending on the wavelength
region investigated (Fig. 4). Photoionization and dissociative pho-
toionization cross sections were measured by Samson et al.
(1989) between 110 and 950 Å and provide yields for all the main
dissociation products. The main ion fragments produced at all
wavelengths are CHþ4 and CHþ3 . CHþ2 production starts at
816.0 Å (15.2 eV) accompanied with a hydrogen molecule. Below
630.3 Å (19.67 eV) the hydrogen molecule can be further dissoci-
ated to atomic hydrogens, but whether this happens or not could
not be retrieved from the observations. In the calculations we as-
sumed that below 630.3 Å we have 50% yield for each of the two
processes. For all the other dissociation ion products we assume

Fig. 3. N2 cross sections for ionization and dissociative ionization. The diamonds correspond to the total ionization cross section, while the rest of the lines present partial
ionization cross sections to different states.

Table 1
Band nomenclature of the N2 ionization emerging photoelectrons and the threshold
energy. Data from Baltzer et al. (1992) and Krummacher et al. (1980).

Band Threshold energy (eV) Products

X2Rþg 15.58 Nþ2
A2Pu 16.926 Nþ2
B2Rþu 18.751 Nþ2
C2Rþu 25.514 See text

F2Rþg 28.8 N+(3P) + N(2D)

E2Rþg 33.6 N+(3P) + N(2D)

G + H 36.8 N+(3P) + N(2D)

236 P. Lavvas et al. / Icarus 213 (2011) 233–251

From  Lavvas et  al.(2011)

The  dissociation  and  ionization  thresholds  are  9.8  eV  (126.5  nm)  
and  15.58  eV  (79.58  nm),  respectively.
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Figure 8.12 Absorption cross section as a function of wavelength for molecular oxygen. After 
Brasseur and Solomon (1986). Reprinted by permission of Kluwer Academic Publishers. 

of 03, whereas photodissociation of 02 dominates at shorter wavelengths. Ow- 
ing to the inverse relationship between wavelength and penetration altitude 
(Fig. 8.3), these bands influence different levels. Absorption by 03 in the 
Hartley and Huggins bands at A > 200 nm dominates in the stratosphere and 
mesosphere, where it provides the primary source of heating. Ozone absorp- 
tion in the Chappuis band at A > 400 nm becomes important below 25 km. 
On the other hand, absorption by 02 at A < 200 nm prevails only only above 
60 km. Despite its-secondary contribution to absorption, photodissociation of 
02 plays a key role in the energetics of the stratosphere and mesosphere be- 
cause it produces atomic oxygen, which supports ozone formation (1.27). In 
addition to molecular oxygen and ozone, water vapor, methane, nitrous oxide, 
and CFCs also absorb in the UV through photodissociation. 

8.3.2 Line Broadening 

Absorption lines in Figs. 8.11 and 8.13 are not truly discrete; rather, they 
occupy finite bands of wavelength due to practical considerations surrounding 
molecular absorption and emission. The spectral width of an absorbing line is 
described in terms of a shape factor. The absorption cross section at frequency 
~, is expressed 

O'a,, - -  S f ( v -  v0), (8.30.1) 

From  Salby (1996)

See  Heays et  al.  (2017)  for  a  compilation  of  cross  section  references.
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Figure 3.11: The altitude of unit optical depth calculated for zero zenith angle.
Ionization threshold wavelengths for several molecules and atoms are marked by
arrows (as well as the Ly-↵ wavelength).

so that well above the maximum the ionization rate profile decays with height in
the same way as the atmospheric density. This holds for h > 2, i.e. at distances
more than two scale heights above zm,0. This relation arises because at those heights
the intensity of the radiation is only weakly reduced, and the rate of production is
essentially proportional to the gas density.

Eq. (3.68) can be used to show that at the altitude of maximum ionization rate
zm, the optical depth ⌧m = 1. At the very same height the intensity of radiation
has a value Im = I1/e according to eq. (3.59). Figure 3.11 shows the altitude of
unit optical depth at wavelengths below 300 nm. Some spectral wavelengths are
absorbed very strongly, but the hydrogen Lyman-↵ at 121.5 nm penetrates to the
D region, where it ionizes NO.

The calculation of ion production rate in a real atmosphere with an incident
solar illumination with its true spectrum is complicated. The upper atmosphere
is composed of di↵erent gases with di↵erent scale heights and the solar radiation
spectrum consists of a myriad of lines and bands with di↵erent intensities (which
vary with solar activity). The di↵erent constituents in the atmosphere have di↵erent
ionization and dissociation threshold energies. Table 3.1 displays these energies in
eV for some of the most common neutral particles and the corresponding wavelength
(Vp = h⌫ = hc/�) which fall mostly in the EUV regime. Photons with energies larger
than Vp or wavelengths shorter than � can ionize or dissociate the given species.
Dissociative ionization threshold wavelengths for O2 and N2 are 662 Å and 510 Å,
respectively (not shown in Table 3.1).

Altitude  of  unit  optical  depth  calculated  at  zero  zenith  angle.    
Ionization  thresholds  are  marked  by  arrows.

O3 Hartley  
continuum


