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A bit about me

Ẇ Grew up in Vancouver, BC, Canada 

Ẇ BS: Electrical Engineering, University of Southern 

California

Ẇ MS/PhD: Electrical Engineering, Stanford University

Ẇ Postdoc (< 2 years) at Boston University

Ẇ Research Associate (4 years) back at Stanford

Ẇ Now 11 years at University of Colorado Boulder, 

Aerospace Engineering Sciences

Ẇ Tenured in 2022

Ẇ Sabbatical in 2023: Orléans, France

Ẇ Associate Chair for Graduate Studies: 2023ðpresent
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My Research Group Overview
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CubeSats for Space Science
Modeling, Simulation, 

and Data Analysis
Instrumentation



Magnetosphere -Ionosphere -Thermosphere system



Ionosphere and Thermosphere : Goals

Ẇ Understand basic physics of the Thermosphere

Ẇ Structure, temperature, variations, etc.

Ẇ Understand basic physics of the Earthôs ionosphere

Ẇ Origin, composition, layers

Ẇ Variations: diurnal, seasonal, solar cycle, plus other anomalies

Ẇ Ionosphere ðThermosphere coupling
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Hydrostatic Equilibrium ( Baratropic Law)

Ẇ Consider a volume of gas with cross-section area A and thickness dh
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Hydrostatic Eq. cont.
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Actual Atmosphere Profile

Ẇ In reality, T is not constant, nor is m, nor is the atmosphere truly in hydrostatic equilibrium
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Atmospheric Composition (with altitude)

Ẇ Homosphere : region below 100 km where composition is constant (N2, O2, Ar)

Ẇ H = 8 km

Ẇ Temperature drops exponentially with pressure

Ẇ Heterosphere : region above 100 km where composition changes with altitude (O, then He, then H)

Ẇ Different scale heights

Ẇ Different regions and effects
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Atmosphere by Temperature

Ẇ Troposphere: weather

Ẇ Stratosphere: temperature inversion; layering

Ẇ Mesosphere: middle

Ẇ Thermosphere: hot!

Ẇ Exosphere: uppermost layer

Ẇ Pause: interruption
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Variation with Latitude / Longitude
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Sources and Sinks
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Airglow

Ẇ The mesosphere and thermosphere ñglowò in a number of 

wavelengths

Ẇ Emissions due to a variety of processes: 

Ẇ recombination of atoms which were photoionized by the 

sun during the day 

Ẇ luminescence caused by cosmic rays striking the upper 

atmosphere

Ẇ Chemiluminescence caused mainly by oxygen and 

nitrogen reacting with hydroxyl (OH) ions

Ẇ Green layer at 90 km altitude; Red at 200-400 km 
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Airglow - visible with the naked eye
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Solar -Cycle Variation

Ẇ Increase in solar EUV increases heating in the atmosphere, especially thermosphere;

Ẇ Increased heat => increased ionization (next module!)

Ẇ Increase in temperature => atmosphere rises, higher thermosphere density
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Composition Variation

Ẇ Change in temperature in the 

thermosphere (from 500 to 1500 K) 

affects diffusive equilibrium of 

components

Ẇ Generally, all particles get pushed to 

higher altitudes by higher 

temperatures below

16



GUVI (Global UV Imager) O/N 2 ratio

Ẇ GUVI (on TIMED satellite) measured 

the column density ratio of O to N2; 

used as a proxy for neutral 

composition / heating of the 

atmosphere
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Winds

Ẇ Winds in the upper atmosphere are driven by at least four factors:

Ẇ Pressure gradient, day-to-night

Ẇ Coriolis force

Ẇ Viscosity

Ẇ Ion drag

Ẇ Different effects dominate in different regions of atmosphere 

(altitude, latitude)

Ẇ In Math:
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Tides

Ẇ Periodic oscillations in the atmosphere

Ẇ Caused by :

Ẇ Regular day-night cycle in the Sun's heating of the atmosphere

Ẇ The gravitational pull of the Moon

Ẇ Non-linear interactions between tides and planetary waves

Ẇ Large-scale latent heat release due to deep convection in 

the tropics (thunderstorms)

Ẇ Can be migrating (sun-synchronous) or non-migrating

Ẇ Because atmosphere density falls with altitude, tide amplitude 

increases with altitude ð exponentially!
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Planetary (or Rossby) waves



Atmospheric Models

Ẇ MSIS: mass spectrometer and incoherent scatter radar (horrible name)

Ẇ MSIS-E-90: 

https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.php

Ẇ NRLMSISE00: 

https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php

Ẇ Global, empirical models of atmosphere density, composition, and 

temperature

Ẇ Derived from data: Mass spec, radar, rocket measurements, and 

more

Ẇ Include variations with solar activity, location, and more

Ẇ Other models: US Standard Atmosphere, International Standard 

Atmosphere, Jacchia, others
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US Standard Atmosphere

https://ccmc.gsfc.nasa.gov/modelweb/models/msis_vitmo.php
https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php
https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php
https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php


Origin of the Ionosphere
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Ẇ The Ionosphere is a product of two 

regions: the Sun and the Atmosphere



Ionization thresholds

Ẇ Require a minimum energy to free an electron from an atom or 

molecule

Ẇ Require a photon with at least this minimum energy: ñionizing 

radiation ò or sometimes just ñradiation ò

Ẇ Ionization cross section provides energy-dependent picture of 

ionization probability
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Ionization Energy
Minimum

photon wavelength

H 13.6 eV 91 nm (910 A)

He 24.6 eV 50 nm

O 13.62 eV 91 nm

Ar 15.76 eV 79 nm

N2 15.6 eV 80 nm

O2 12.1 eV 103 nm



Earthôs Ionosphere

Ẇ Right: ionization density changes by 100x day vs night, and 

10x or more with solar cycle
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Ẇ Ionosphere altitudes and layers have a lot to 

do with where solar radiation is absorbed!



Ionosphere Composition and Density
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Why does the Ionosphere have a peak at some 
altitude? 

Ẇ The atmosphere is exponentially increasing all the way to the ground. 

What about the ionosphere? 
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Chapman Layer
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Chapman Layer

Ẇ Production higher, and lower in altitude, for lower zenith angle (i.e. noon)

Ẇ Peak in production is near where intensity is about half the incident value
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Ionospheric Chemistry

Ẇ Ionosphere is in equilibrium when ionization production and loss mechanisms balance

Ẇ Production: photoionization ; energetic particle precipitation; collisions

Ẇ Loss: recombination ; charge exchange; chemistry
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Continuity equation:



Electron Density Profile

Ẇ Balancing production (ionization) with loss 
(recombination), we get an equilibrium electron 
(or ion) density below

Ẇ Higher, less dense for increasing zenith angle

Ẇ Reminder: this is for a single species, 
and single photon wavelength!
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Ionosphere Layers

Ẇ Different wavelengths are absorbed at different altitudes, by 

different species

Ẇ I(z) depends on wavelength-dependent absorption for each 

species

Ẇ P(z) depends on wavelength-dependent ionization cross 

sections for each species

Ẇ Right: top white curve is I(z) decay by e-0.5; 

middle white curve by e-1; 

bottom white curve by e-1.5

Ẇ Red areas: I(z) is basically IÐ
Black areas: I(z) is basically zero
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Primary Production / Loss channels
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E-region
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F-region
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F-region
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D-region

Ẇ D-region is known for low electron densities, light and 

heavy positive and negative ions, and complex chemistry.

Ẇ Production:

Ẇ N2 + ‎ N2
+ + eī

Ẇ O2 + ‎ð> O2
+ + eī

Ẇ NO + ‎ð> NO+ + eī

Ẇ Negative ions formed by attachment processes:

Ẇ O2 + eī+ O2ð> O2
ī+ O2

Ẇ O2 + eīð> O2
ī+ ‎

Ẇ Detachment:

Ẇ O2
ī+ ‎ð> O2 + eī

Ẇ O2
ī+ O2ð> O2 + eī+ O2
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D-region chemistry and ñcluster ions ò

Ẇ D-region also contains heavy water cluster ions of the form (H2O)nH+

Ẇ Requires more complex chemistry models to evaluate ne profiles
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Sodankyla Ion and Neutral Chemistry (SIC) model:



Ionosphere Temperatures

Ẇ Below 110 km, temperatures are made equal by 

collisions

Ẇ Above ~110 km, collisions are rare, so each 

species gets its temperature through different 

heating processes (radiation absorption, 

convection, etc) 

Ẇ Above ~110 km: ions, electrons, and neutrals have 

different temperatures

Ẇ Remember: this simply means they have different 

velocity / energy distributions

37



Transport

Ẇ A variety of processes move plasma in the ionosphere:

Ẇ Winds : neutral winds drag ions along with them, if collision frequency is high enough

Ẇ Drifts : various forces cause plasma to ñdriftò: 

Ẇ electric and magnetic fields; 

Ẇ gravity; 

Ẇ pressure; etc.

Ẇ These contribute to complex spatial and temporal variations in the ionosphere
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New continuity equation:



foF2 and hmF 2

Ẇ We often characterize the ionosphere by its peak 

density, foF2, and the altitude where that occurs, 

hmF2

Ẇ foF2 is a frequency in MHz. related to electron 

density: 

Ẇ hmF2 is simply altitude in km
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Solar Cycle Variation

Ẇ Densities are much higher (order of magnitude) at 

solar maximum compared to solar minimum

Ẇ Higher EUV / X-ray fluxes lead to higher ionization 

rates

40



Lots more to the Ionosphere / Atmosphere system é
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