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Importance of the upper atmosphere

 Things are highly variable!
 Flow dynamics
 Space weather interaction
 Comparative aeronomy
 Evolution



 X-class solar flares
― Strongest flares  
― Brightest EUV emission
― Nightglow 
― Short duration (min - hours)

 Coronal mass ejections (CMEs)
― Plasma ejection
― Aurora 
― 1 - 2 day arrival time

Solar Storms



Ionopause compression

Earth



Aurora
 Particle precipitation magnetic field lines

O2
+ + e → O(1S, 1D) + O(3P)

 Red – 630.0 nm
 Green – 557.7 nm
 Solar storms
 Tracer to space weather 
interactions



Ionopause compression

Venus



Aurora on Venus
 130.0 nm oxygen emission PVO 
 Oxygen 557.7 nm 

 Highly variable
 Solar storms

 Tracer 
 No red line Earth

Venus

Slanger et al. 2001Keck 

Earth
Venus





2013 - Isolated X Flare

2014 – Isolated CME



Isolated CIR



 What's going on?
 Electron precipitation 

vs. dayside flow
 Timing < 24 hr
 SS-AS flow
 No emission after 

isolated X-flare
 Chemistry

Aurora on Venus



Venus Ionosphere
 Venus dayside ionosphere

― V2 layer
 140 km
 O+ + CO2 → O2

+

― V1 layer
 125 km
 O2

+ (soft x-ray ionization)

Patzold et al 2007

 Distinct constant layers

EUV O+

O+ +CO2 →  O2
+

X-ray O2
+

Venus Express



Venus Ionosphere

 Nightside ionosphere 
highly variable

 Ionospheric flow
 Electron precipitation
 V1 source?

0o 180o

Patzold et al 2007
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Green line



October 2013 multiple X flares and CMEs
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Chemical Reactions
 O2

+ + e → O(1S)
 NO+ + e → NO + O (1S)

– Low ionosphere
– Red line quenched
– Requires low  

altitude higher 
energy electrons

Fox 2011 



TRANSCAR Modeling



Ionopause compression

Mars 



Mars Ionosphere
Mars Express  

Peter et al. 2014



Mars Ionosphere 

M1

M2
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Mars Ionosphere Composition

 Measured by MAVEN (Girzazian et al. 2017)
 M1 altitudes not sampled
 NO+ continues to increase with decreasing altitude
 O2

+ contribution?



Conclusions

 Similarity of nightside ionosphere of Venus and Mars
 Aurora present on both planets after solar storms
 Increase in V1 and M1 after solar storms
 Observed immediately after storms
 Electron precipitation (with some flow component?)
 Persists for several days
 NO+ dominate ion?

 Test GCMs with aurora and electron density profiles!
 New Venus neutral atmosphere



Thank You!









Modeling  

Continuity,
Momentum, 

energy, heat flow



What happens to Venus 
when it is hit by a CME?

Compression of magnetic 
field and ionopause









Figure 14.7. Layers in the terrestrial ionosphere (from Bauer and Lammer, 
2004).

Upper Neutral Atmosphere and Ionosphere



From Peter et al 2014

Figure 14.7. Layers in the 
terrestrial ionosphere (from 
Bauer and Lammer, 2004).

Upper Neutral Atmosphere 
and Ionosphere
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