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– The first real detection would have to wait until the space age…

The idea of a diffuse hydrogen corona surrounding the
earth (i.e.,the geocorona) -- and its possible thermal escape --

dates back to the mid 19th century
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– early controversy… terrestrial, interplanetary??
– eventually revealed that the emission was due to the resonant scattering of

solar Lyman alpha photons by geocoronal hydrogen

The modern era of geocoronal research began in 1955 with the
detection of intense (hydrogen) Lyman alpha “nightglow” at

altitudes above 75 km by a NRL sounding rocket

The Earthʼs Hydrogen Corona                    Mierkiewicz, CEDAR 2010



– early controversy… terrestrial, interplanetary??
– eventually revealed that the emission was due to the resonant scattering of

solar Lyman alpha photons by geocoronal hydrogen

The modern era of geocoronal research began in 1955 with the
detection of intense (hydrogen) Lyman alpha “nightglow” at

altitudes above 75 km by a NRL sounding rocket

NASA Apollo 16 Archive
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Why is this interesting?
Chemistry
Escape
Evolution
Physics
Global change



1(http://earthobservatory.nasa.gov/Features/BiomassBurning/)
2© Pekka Parviainen (http://lasp.colorado.edu/noctilucent_clouds/)
3Carruthers et. al, 1976

Sources of methane:
wetlands, farming/livestock,
biomass burning, industry

CH4, H2O, H2 chemistry
& photolysis reactions

3

2

1

Atomic hydrogen
increasingly dominant
with altitude
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Strobel, 1972

Φ(CH4), Φ(H2O), Φ(H2)

H escape



Jean-Luc Dauvergne, Francois Colas,
IMCCE/S2P, Obs. Midi-Pyrénées

 Galileo Project, JPL, NASA Apollo 17 Crew, NASA
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Evolution
exospheric physics
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Roble, 2010



• A daughter of H2O and CH4
– distribution in the mesosphere and lower thermosphere is a key

parameter in understanding the chemistry of the upper atmosphere
(MLT photochemistry and dynamics)

• Planetary escape and the distribution of atomic hydrogen out into
the interplanetary medium
– role in planetary evolution and exospheric phenomena

• Inconsistent observational evidence for Hʼs mean state in the
thermosphere and exosphere (e.g., seasonal variability and
response to solar forcing)
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Okay, now take a step back…



Regions 
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Expedition 23 Crew,  NASA



The Earth

homosphere

Regions 
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http://www.windows.ucar.edu/

defined by gradients in temperature

-- ionization & other stuff --



The Earth

homosphere

heterosphere
100 - 500 km

0 - 100 km
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Regions 

turbopause

exosphere

defined by gradients in composition

Whatʼs up with all this H??



• Turbulent mixing and molecular diffusion are competing processes
in the atmosphere
– leads to changes in atmospheric mixing & composition with altitude

• Eddy diffusion dominates below 100 km (K >> Di)
– turbulent well mixed atmosphere
– homosphere

• Molecular diffusion dominates above 100 km (K << Di)
– tends to produce an atmosphere with species-wise density profiles
– heterosphere
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above 100 km below 100 km

Flow 



• Make some assumptions… isothermal, Φ = 0…
– hydrostatic equilibrium

• The quantity H is known as the scale height
– H is an important parameter in any atmosphere
– e-folding distance
– essentially the rate at which pressure (density) changes with altitude
– the smaller the scale height, the faster the decrease
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above 100 km below 100 km

Hydrostatic 



Model assumptions below 100 km:
   - Well mixed with a mean molecular mass M = 28.97 (dry air)
   - Isothermal with T = 250 K
   - g(z) = const. = 9.8 m/s2

   - Results in a constant scale height: H = 7 km
   - U.S. standard atmosphere number density:

nsfc = 2.5 x 1019 cm-3
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A simple two layer hydrostatic model 

Model assumptions above 100 km:
   - Molecular diffusion dominates
   - Isothermal with T = 960 K
   - Each constituent with its own scale height (based on mass)
   - Number densities matched at 100 km
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MSIS
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H2O, CH4, H2

energetic solar 
UV photons
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scale height & T
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Is a Death Metal Band From Holland

The Exosphere

or the tenuous uppermost reach of the 
earthʼs neutral atmosphere



• In the barosphere (homosphere & heterosphere) atoms &
molecules interact through frequent collisions
– thermal (Maxwellian) kinetic distributions

• As mean free path is inversely proportional to number density, a
level is eventually reached where mfp > H
– density  mfp  (mfpsfc=10-7 m)
– collisions are less and less likely…
– the atmosphere can no longer be treated as a fluid

• The exobase is defined as the level at which mfp = H
– classical treatment of the exosphere assumes a Maxwell-Boltzman

distribution below rc and a collisionless region above rc
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Exobase 
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• Classical treatment assumes a Maxwellian distribution below rc
(exobase) and a collisionless region above

• Velocity distribution is determined by the free motion of particles in a
gravitational field

– divided into 3 populations based on whether or not their kinetic
energy exceeds the earthʼs gravitational potential and whether or
not their trajectory intersects the exobase
Ballistic, Satellite, & Escape



The Earth

heterosphere
the exobase (~500 km)
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Velocity distribution

exosphere

satellite critical 
level rsc



• Neglecting collisions, a particle moving vertically upward will escape
from the earthʼs gravitational field if its KE > PE:

– solving, ve=10.77 km/s at 500 km
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• For a gas in TE the most probable molecular velocity is:

– If u > ve the gas will flow out like a fluid (e.g., the solar wind)
– for present day exospheric temperatures this rapid escape cannot occur

 

u =
2kT
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Escape
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v > ve



• The maximum thermal production of escaping atoms will occur
near the exobase where the density is high enough to maintain a
significant collision rate, yet small enough (in the vertical) to permit
high velocity atoms to actually escape
– thermal (Jeans) escape flux for H: ~ 7 x 107 atoms cm-2 s-1
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• In order to escape, hydrogen must first get to the exosphere
– flow through the lower atmosphere sets this limit

• Limiting flux concept…
– estimates of the upward flow of H from the lower atmosphere implies

an escape flux of:
 ~3 x 108 atoms cm-2 s-1

– assumed constant over a solar cycle
– this escape flux over geological time scales may be sufficient to

generate the present day O content of the atmosphere
– thermal (Jeans) escape flux is a factor of ~2-3 times too low



Thereʼs more than one way to escape!
charge exchange, polar wind
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Tinsley, 1973 (Cole, 1966)
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Thereʼs more than one way to escape!
total: Jeans + CE

He, BU Thesis (with Kerr), 1995
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Okay, back to 1955
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• AE Satellite Mass Spectrometers
– H derived from in-situ composition measurements of H+, O+ & O
– charge exchange equilibrium -- valid below 400 km
– basis of MSIS H
– e.g., Brinton et al., 1975

• Lyman-alpha (121.6 nm) & Lyman-beta (102.6 nm)
– type of information obtained depends on the orbit
– e.g., Meier and Mange, 1970 OSO4/OGO4

• nc & Tc
• Diurnal variation of nc ~1.8 (max ~0500 hours, min ~ 1600 hours)

– Anderson et al., 1987 (Bush & Chakrabarti, 1995; Bishop, 1999)
• Lyman-alpha limb scans STP 78-1, March 1979
• [H](z)
• gold standard
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Methods

• Balmer-alpha & Balmer-beta
– more on this later

• Abs. cells, etc…
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•Diurnal variation of nc ~1.8 (max ~0500 hours, min ~ 1600 hours)
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At about the same time as the
NRL Lyman alpha (121.6 nm)
detection, ground-based
observers detected Balmer
alpha (656.3 nm) in the night
sky

– Balmer alpha “nightglow”
– the result of solar Lyman

beta scattering
– Balmer alpha fluorescence

~12% of the time
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θ

λ

θ2

θ

δλ

θFPθG

Fabry-Perot, Michelson, SHS 
high throughput interference spectroscopy

• Throughput advantage over grating devices
– ability to pass a large solid angle of light into a small spectral interval

• The crux of the issue:
– Grating: λ α sinθ (∼ θ)
– Fabry-Perot: λ α cosθ (∼ θ2)

• For a given spectral interval δλ a much larger opening angle δθ is
allowed for the Fabry-Perot (Michelson or SHS)
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NASA, Galileo spacecraft 
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Time or shadow altitude



October, 1971 January, 1971

High-Resolution/High-Throughput Spectroscopy 
a powerful tool to study the WIM (and the geocorona!)
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Velocity Resolved Hα Emission Lines (Image: G. Madsen)
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line center

line width

area under the line

Line Profile 
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Photo: C. Anderson

PBO and WHαM
for Aeronomy & Astronomy
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PBO and WHαM
for Aeronomy & Astronomy



WHαM PBO

4500-9000 A4500-9000 A

1.5O beam1O beam
3.75 km/s (R~80,000)12 km/s (R~25,000)

75 km/s200 km/s
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PBO and WHαM
for Aeronomy & Astronomy
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In terms of Teff ~500 K decrease from ~850 K @ 500 km to ~350 K @ 20,000 km
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PBO 2000-2001 
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Mierkiewicz et al., in preparation
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• lyao_rt (Bishop, 1999)
– Spherically symmetric non-isothermal atmosphere
– Generates global source functions & ACERs (intensities)

• lyao_rt and H(z)
– Bishopʼs 3-parameter diffusive flow algorithm (Bishop, 2001)
– Exobase density [H]c

• Mesopheric peak density [H]peak
• Photochemically initiated upward flux φ(Η)
• MSIS background atmosphere

– T(z), [O](z), [N2](z) and [O2](z) profiles
• Extension of H to exosphere via analytic geocorona of Bishop (1991)

(Ts and ns)
– or evaporative case
– or Chamberlain model (rc)

Radiative transport code: lyao_rt
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[H]c

φ(H)

Ts and ns

[H]peak
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WHαM data lyao_rt model

Radiative transport code: lyao_rt
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Nossal et al., in preparation
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Nossal et al., in preparation



• lyao_rt (Bishop, 1999)
– Spherically symmetric non-isothermal atmosphere
– Generates global source functions & ACERs (intensities)

• lyao_rt and H(z)
– Bishopʼs 3-parameter diffusive flow algorithm (Bishop, 2001)
– Exobase density [H]c

• Mesopheric peak density [H]peak
• Photochemically initiated upward flux φ(Η)
• MSIS background atmosphere

– T(z), [O](z), [N2](z) and [O2](z) profiles
• Extension of H to exosphere via analytic geocorona of Bishop (1991)

(Ts and ns)
– or evaporative case
– or Chamberlain model (rc)

Radiative transport code: lyao_rt
our goal: map-out atomic hydrogen density distributions
from 100 - 20,000 km (and beyond)

assess the degree to which these
parameters might be constrained
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Parametric model database
PBO/EURD model parameters

f(F10.7)
f(ns)
Ts

[H]peak

φ(H)
[H]c

Parameter

The range of model parameters used in our search

0.85, 1.0, 1.15
0.73, 1.0, 1.36
450, 600, 750, 1100 K
0.3, 1, 3, 9 x 108 cm-3

0.3, 1, 3, 9 x 108 cm-2 s-1

2, 2.8, 4, 5.7, 8, 11.3 x 104 cm-3

Grid

• lyao_rt was run to generate an extensive set of source functions
based on the parameters defined above

• LOS intensities were generated for each PBO/EURD pointing
• Model runs which replicated the variation of both the PBO/EURD data

sets were selected
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Parametric model search
PBO/EURD best fit

• lyao_rt was run to generate an extensive set of source functions
based on the parameters defined above

• LOS intensities were generated for each PBO/EURD pointing
• Model runs which replicated the variation of both the PBO/EURD data

sets were selected
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PBO/WHαM

160 km

102 km

MSIS Thermospheric [H](z) Profile

The Earthʼs Hydrogen Corona                    Mierkiewicz, CEDAR 2010



The Earthʼs Hydrogen Corona                    Mierkiewicz, CEDAR 2010



WHαM Hα/Hβ data (2008)
alternating blocks of Hα (30s) and Hβ (60s)
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state of the art in the early 70s
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PBO/WHαM

GUVI

160 km

102 km
 74 km

MSIS Thermospheric [H](z) Profile
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PBO/WHαM CTIO
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TIMED/GUVI (SABER & SEE)

Multi-line: Lyman α, Lyman β (Hα), Lyman γ (Hβ) 

TIME-GCM

EXO
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