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Figure 1 illustrates the three atmospheric layers described in this section, the homosphere, the 
heterosphere, and the exosphere.  A few molecular trajectories are shown in the exosphere. 

 

Figure 1. A cross section through the homosphere, heterosphere, and exosphere.  From Salby 
(1996, p. 13). 

From Fig. 1.5, p. 13 of Salby, 1996.  HomoHeteroExo.tif 

 

Before moving on to other subjects, this is an appropriate place to note two exceptions to 
previous statements.  Already noted is that water vapor is not uniformly mixed in the 
homosphere.  Another gas not uniformly mixed there is ozone, whose formation and destruction 
have to do with sunlight and chemical reactions in the atmosphere between roughly 15- and 50- 
km altitude.  Second, because of energetic radiation from the sun in the high atmosphere, some 
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Diffusion, ballistic trajectories, photoionization, charge exchange, 
radiation pressure, and escape to space… all of these things impact 
the global hydrogen budget…
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emission line, and consistent data analysis, accounting
for differences in viewing geometry. Accurate
calibration and consistent techniques are especially
important for long-term comparisons. We will
briefly outline how we address these criteria in
the sections that follow. The companion paper
(Mierkiewicz et al., 2006) provides more details
concerning Fabry–Perot instrumentation and its im-
plementation for geocoronal studies.

1.1. Instrumentation

The Fabry–Perot interferometer offers the ad-
vantage of simultaneously achieving high through-
put and high resolution. All of the geocoronal
hydrogen observations made by Wisconsin obser-
vers have been made with similarly designed
Fabry–Perot interferometers whose intensity cali-
bration is tied to the same nebular sources. All are
or were ground-based, wide aperture (15 cm),
double etalon-configured instruments. The resolu-
tion of each is sufficient for retrieval of the Balmer a
column emission intensity and for separation of the
geocoronal line from the Doppler-shifted Galactic
line. Each Fabry–Perot was coupled to a pointing
siderostat or situated next to another Fabry–Perot
that was coupled to a pointing siderostat.

A scanning photomultiplier detection system was
used for observations prior to 1994, while later
observations made use of the charge coupled device
(CCD) camera for annular summing detection.
Demonstration observations with the CCD were
made in the early 1990s. Fig. 1 shows a schematic of
the annular summing Wisconsin Ha Mapper
Fabry–Perot currently located at the Kitt Peak,
AZ observatory.

To avoid misinterpretation of small variations in
the signal, it is crucial to be able to distinguish the
emission of interest from background parasitic light
and contributions from other emission lines. In the
case of geocoronal hydrogen, it is necessary to
isolate the Balmer a emission line from the Balmer a
Galactic emission and from ‘‘ghosts’’ of other
emission lines from overlapping Fabry–Perot
orders. Of particular concern in the Balmer a case
is contamination by the OH Meinel emission via
ghost emissions from overlapping interference
orders (Mierkiewicz et al., 2006). Instrumental
features advantageous to isolating the geocoronal
Balmer a emission include the double etalon, a
pointing and tracking sidersostat, and annular
summing using the CCD camera.

There are currently two large aperture (15 cm),
double etalon annular summing Fabry–Perot inter-
ferometers being used by Wisconsin observers for
geocoronal studies. One instrument is located at the
Pine Bluff Observatory (PBO) near Madison, WI.
The PBO Fabry–Perot is of sufficient resolution
(R ¼ l=Dl " 80; 000) to retrieve the geocoronal
Balmer a line profile as well as the column emission
intensity. The Wisconsin Ha Mapper (WHAM)
Fabry–Perot is a second instrument of lower
resolution ðR " 25; 000Þ and is located at the Kitt
Peak Observatory, near Tucson, AZ. WHAM has
sufficient resolution to retrieve the Balmer a column
emission intensity and to separate the geocoronal
line from the Doppler-shifted Galactic line, but does
not have sufficiently high resolution to observe the
Balmer a line profile. WHAM is used primarily for
making astronomical observations of interstellar
medium emissions. Dedicated WHAM geocoronal
observations and the terrestrial emissions present in
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Fig. 1. The Wisconsin Ha Mapper Fabry–Perot is a double-etalon Fabry–Perot spectrometer coupled to a pointing and tracking
siderostat and a charge-coupled device camera. The resolution of the WHAM instrument (about 25,000) is sufficient for retrieval of the
Balmer a column emission intensity and for separation of the geocoronal and Galactic Balmer a emission lines. WHAM is located at the
Kitt Peak Observatory near Tucson, Arizona and is used primarily for astronomical studies and also for aeronomy. (Figure is from
Haffner et al., 2003.)
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latitude rows. This odd spacing achieves nearly full sky
coverage near the Galactic plane by nesting the beams. At
higher latitudes, some ‘‘ slipping ’’ of the rows begins to
occur, and at some latitudes slightly larger gaps of
unsampled sky are left between adjacent latitude rows. Since
the goal was to probe the extended emission of the WIM,
these small gaps have little effect on the completeness of the
survey. To organize these observations, the individual
pointings are grouped into observational ‘‘ blocks.’’ Each
block consists of up to 49 1! pointings, typically in a 7" 7
nested grid. An example of our beam spacing and block
division is presented in Figure 3. Observations begin in one
corner of a block and proceed in a boustrophedonic raster
toward the opposite side, assuring that the sequence of
observations within a block takes small steps in both time
and on the sky. The exposure time for each 1! pointing is
30 s, providing a sensitivity level that is better than 0.15 R
(3 !). These approximately 30 minute blocks then form a
tractable observational unit.

Tominimize solar features in the background of our spec-
tra, particularly the Fraunhofer H" absorption line, survey
observations were obtained only after astronomical twilight
had ended and when the moon was below the horizon. In
addition, all observations are made below a zenith distance,
z, less than 60! (i.e., at an air mass, Z, less than 2) to avoid
substantial atmospheric extinction corrections (see x 3.5)
and reduce the contamination of atmospheric lines (see
x 3.3.3).

One final constraint attempts to maximize the spectral
velocity separation between the geocoronal H" emission
line (the primary atmospheric contaminant in these spectra,
see x 3.3.2) and the local standard of rest (LSR). Due pri-
marily to the orbital velocity of Earth and the peculiar
velocity of the Sun with respect to the LSR, this separation
depends on both the direction in the sky and the time of the
year. Since the bulk of the Galactic H" emission occurs near
0 km s#1 LSR, we chose to observe blocks when the velocity

Fig. 2.—Etalon transmission functions. These curves depict the
theoretical fraction of light transmitted through the (a) high-resolution and
(b) low-resolution Fabry-Perot etalons used in WHAM. This example
shows the transmission functions for a single incident angle with the etalons
‘‘ tuned ’’ (x 2.1) near H". When used in series, this pair of etalons produces
the composition transmission curve shown in (c). A theoretical filter profile
with FWHM $ 20 Å is shown as the dashed line. (d ) plots the logarithm of
the composite etalon and filter transmission function, showing the detailed
structure of the residuals from the order suppression.

Fig. 3.—Survey beam sample. Each circle represents a 1! pointing of the WHAM survey. Pointings of the same shade of gray belong to the same
observational ‘‘ block ’’ (see x 2.2).
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2, adding emission line components from all seven possible transitions to those produced solely 
by solar Lyman-beta excitation. The net effect of these added components is an enhancement 
of the red wing of the direct Balmer-alpha resonance-fluorescence emission (Nossal et al., 
1998; Meier, 1995; Chamberlain, 1987; Yelle & Roesler, 1985), thereby masking potential kinetic 
signatures associated with the various exospheric particle populations. As such, cascade can 
have a significant impact on the interpretation of Balmer-alpha line profiles. 

Cascade contributions and their variability must be considered if Balmer-alpha line profiles are 
to be used for accurate retrievals of effective temperatures and explored for kinematic line 
profile signatures. For example, multiple-scattering of Lyman-beta excites hydrogen inside the 
earth’s shadow, making a significant contribution to the total emission at high shadow altitudes 

Mierkiewicz! Initiative INSpIRe 8

Figure 3: (upper left) Representative Balmer-alpha intensity (30 s integration) as a function of shadow 
altitude. The observed variations in these intensities are strongest with respect to shadow altitude. 
Smaller variations due to changes in viewing geometry (see e.g., zoom near 700 km) are also readily 
apparent. (upper right) Sample RT model runs using the code of Bishop (1999); note that the RT code is 
able to model small variations in intensity observed by our Fabry-Perot. (bottom left) Balmer-alpha and -
beta intensities vs. time (UTC). The CCD annular summing technique has made this kind of observation 
possible for the first time. Based on these pilot studies, Balmer-alpha intensity observations obtained with 
the annular summing technique have sufficient signal-to-noise to distinguish and rank goodness of fit for 
different model scenarios to within 5%.
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(1) high resolution observations of the geocoronal hydrogen emission line 
profile and its relation to excitation mechanisms, effective temperature, 
and exospheric physics (e.g., Gardner et al., 2016; Mierkiewicz et al., 
2012; Nossal et al., 1998, 1997; Kerr & Hecht, 1996; Kerr et al., 1986; 
Yelle & Roesler, 1985; Meriwether et al., 1980; Atreya et al., 1975)

(2) retrieval of geocoronal hydrogen parameters such as the hydrogen 
column abundance [H], the hydrogen density profile H(z), and the 
photochemically initiated hydrogen flux ɸ(H) (e.g., Bishop et al., 2004; 
He et al., 1993; Kerr & Tepley, 1988)

(3) long term observations of the geocoronal hydrogen column emission 
intensity for the investigation of natural variability, such as diurnal and 
solar cycle trends, and possible longer term secular changes (e.g., 
Nossal et al., 2008; Kerr et al., 2001)

major areas of scientific focus — a ground-based perspective
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2012; Nossal et al., 1998, 1997; Kerr & Hecht, 1996; Kerr et al., 1986; 
Yelle & Roesler, 1985; Meriwether et al., 1980; Atreya et al., 1975)

(2) retrieval of geocoronal hydrogen parameters such as the hydrogen 
column abundance [H], the hydrogen density profile H(z), and the 
photochemically initiated hydrogen flux ɸ(H) (e.g., Bishop et al., 2004; 
He et al., 1993; Kerr & Tepley, 1988)

(3) long term observations of the geocoronal hydrogen column emission 
intensity for the investigation of natural variability, such as diurnal and 
solar cycle trends, and possible longer term secular changes (e.g., 
Nossal et al., 2008; Kerr et al., 2001)

retrieval of geophysical parameters
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retrieval of geophysical parameters

2, adding emission line components from all seven possible transitions to those produced solely 
by solar Lyman-beta excitation. The net effect of these added components is an enhancement 
of the red wing of the direct Balmer-alpha resonance-fluorescence emission (Nossal et al., 
1998; Meier, 1995; Chamberlain, 1987; Yelle & Roesler, 1985), thereby masking potential kinetic 
signatures associated with the various exospheric particle populations. As such, cascade can 
have a significant impact on the interpretation of Balmer-alpha line profiles. 

Cascade contributions and their variability must be considered if Balmer-alpha line profiles are 
to be used for accurate retrievals of effective temperatures and explored for kinematic line 
profile signatures. For example, multiple-scattering of Lyman-beta excites hydrogen inside the 
earth’s shadow, making a significant contribution to the total emission at high shadow altitudes 
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Figure 3: (upper left) Representative Balmer-alpha intensity (30 s integration) as a function of shadow 
altitude. The observed variations in these intensities are strongest with respect to shadow altitude. 
Smaller variations due to changes in viewing geometry (see e.g., zoom near 700 km) are also readily 
apparent. (upper right) Sample RT model runs using the code of Bishop (1999); note that the RT code is 
able to model small variations in intensity observed by our Fabry-Perot. (bottom left) Balmer-alpha and -
beta intensities vs. time (UTC). The CCD annular summing technique has made this kind of observation 
possible for the first time. Based on these pilot studies, Balmer-alpha intensity observations obtained with 
the annular summing technique have sufficient signal-to-noise to distinguish and rank goodness of fit for 
different model scenarios to within 5%.
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retrieval of geophysical parameters
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(Anderson et al., 1987a). The cascade process, however, is expected to contribute primarily to 
the single-scattered portion of the Balmer-alpha emission due to the rarer occurrence of multiple 
scattering of the higher-energy solar Lyman lines (Meier, 1995). Thus, at higher shadow 
altitudes, where a larger fraction of the total Balmer-alpha emission is attributable to multiple 
scattering, the contribution of cascade excitation is expected to be less important than at lower 
shadow altitudes where the dominate emission arises from single scattering.

In contrast, geocoronal Balmer-beta fluorescence is primarily the result of solar Lyman-gamma 
excitation, and as such, the single scattering component (a measure of the true exospheric line 
profile) will be the dominant profile feature at Balmer-beta (i.e., the Balmer-beta profile shape is 
a more direct representation of exospheric kinematic signatures). Furthermore, Lyman-gamma 
(which populates the 3S parent term of Balmer-alpha) is the major contributor to the cascade 
emission seen in Balmer-alpha (see e.g., Meier, 1995). Thus, Balmer-beta intensity 
observations provide a direct measure of the total excitation by Lyman-gamma and therefore a 
direct estimation of the predominate cascade contribution at Balmer-alpha. 

Cascade contributions based on Balmer-beta estimates of Lyman-gamma excitation can be 
compared with measurements of the cascade emission from Balmer-alpha line profile 
observations in which the cascade component is explicitly fit (Roesler, Mierkiewicz & Nossal, 
2013). Is the cascade model the total picture, or are there additional excitation mechanisms or 
undetected spectral contamination? The identification of other excitation mechanisms and 
kinetic signatures is now possible through the presence of line profile perturbations in 
excess of cascade.

Mierkiewicz! Initiative INSpIRe 9
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Figure 4: (left) MSIS [H](z) profile and lyao_rt model parameters. (right) [H](z) profiles retrieved form 
PBO/EURD forward-model runs; gray regions indicate the range of candidate solutions obtained in our 
demonstration search procedure. (upper right) Retrieved thermospheric H density profiles plus an MSIS 
profile (dashed-line) for comparison; (lower right) retrieved H profiles extending out into the geocorona.

[H]c

φ(H)

[H]peak



16

(1) high resolution observations of the geocoronal hydrogen emission line 
profile and its relation to excitation mechanisms, effective temperature, 
and exospheric physics (e.g., Gardner et al., 2016; Mierkiewicz et al., 
2012; Nossal et al., 1998, 1997; Kerr & Hecht, 1996; Kerr et al., 1986; 
Yelle & Roesler, 1985; Meriwether et al., 1980; Atreya et al., 1975)

(2) retrieval of geocoronal hydrogen parameters such as the hydrogen 
column abundance [H], the hydrogen density profile H(z), and the 
photochemically initiated hydrogen flux ɸ(H) (e.g., Bishop et al., 2004; 
He et al., 1993; Kerr & Tepley, 1988)

(3) long term observations of the geocoronal hydrogen column emission 
intensity for the investigation of natural variability, such as diurnal and 
solar cycle trends, and possible longer term secular changes (e.g., 
Nossal et al., 2008; Kerr et al., 2001)

line profiles
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emission line is rather broad (!20 km/s fwhm). This
extended baseline led to our requirement of a VLSR shift of
<"10 km/s or >+35 for cascade studies; see Mierkiewicz
[2002] and Mierkiewicz et al. [2006] for further details.
[67] Note, the observations presented here, and those of

Nossal et al. [1998], were all collected near solar maximum;
Meier’s [1995] and more recent cascade calculations are
based on solar observations conducted near solar minimum.

9.2. Exospheric Effective Temperatures
[68] We have observed a decrease in effective temperature

with increasing LOS shadow altitude for every night in
which a wide range of shadow altitudes were sampled. This

decrease is consistent with observations first made by
Meriwether et al. [1980] and later by Yelle and Roesler
[1985] and Kerr et al. [1986]. The CCD demonstration
observations of Nossal et al. [1997] display smaller decrea-
ses in temperature with altitude, although it should be noted
that altitude coverage was limited.
[69] Assuming a linear decrease in effective temperature

with LOS shadow altitude (see Figure 6), our empirically
determined "20 K per 1000 km gradient in effective tem-
perature is in agreement with the early theoretical work of
Hartle [1973].
[70] The significant line profile perturbations reported by

Kerr et al. [1986] or the Lorentzian-like profiles observed at

Figure 9. Exospheric effective temperatures derived from PBO line width observations obtained for
shadow altitudes below 1500 km. Observations from each series were averaged and plotted on the new
moon day number. Year 2000 observations are indicated by the open diamonds, 2001 observations by
the filled symbols. Solid lines correspond to daily MSIS [Hedin, 1991] exobase temperatures (computed
as discussed in section 8.3), run with daily and average F10.7 flux inputs set to 181 (corresponding to the
2000–2001 F10.7 average) and 75; all magnetic activity parameters (Ap indices) were set to 14. A semi-
annual variation is observed in the column averaged exospheric effective temperature with maxima near
day numbers 100 and 300 and minima near day numbers 1 and 200.

Figure 8. Year 2001 effective temperatures by series number (11–20). The diagonal dotted line is the linear fit obtained
in the fit of the 1404 spectra pm + am combined data set (Figure 6). Shaded regions highlight observations taken below
LOS shadow altitudes of 1500 km (the average of which is used in Figure 9). Plotting symbols: diamonds correspond to
OZA ≤ 15#, squares correspond to 15# < OZA ≤ 30#, and triangles correspond to 30# < OZA ≤ 45#.)

MIERKIEWICZ ET AL.: EXOSPHERIC EFFECTIVE TEMPERATURES A06313A06313
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effective temperature
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2000–2001. Based on our analysis of the observed Balmer a
column emissions, we report the detection of a reproducible
semiannual variation in the near-exobase effective tempera-
ture, with maxima near day numbers 100 and 300 and
minima near day numbers 1 and 200.

9.1. Cascade
[64] We have determined a cascade contribution at Balmer

a of 5 ! 3% of the total intensity, consistent with the
work of R. R. Meier (private communication, 2000) (see
section 3).
[65] Nossal et al. [1998] detected a "10% cascade con-

tribution in their CCD demonstration observations. At the
time, this value appeared to be consistent with, although

slightly higher than, the 7% contribution predicted by Meier
[1995]. Since 1998, revised calculations by R. R. Meier
(private communication, 2000) reduced the predicted cas-
cade contribution to "4%.
[66] Although care was taken in the CCD demonstration

observations by Nossal et al. [1998] to avoid regions of
significant Galactic Balmer a emission, instrumental
vignetting limited their spectral baseline, and it is likely that
small amounts of Galactic contamination went unnoticed.
The extended spectral baseline of the second generation
annular summing spectrometer used in this new study
allowed for a better characterization of the background,
including Galactic contamination; this is especially impor-
tant because the Galactic emission is ubiquitous and the

Figure 6. Balmer a Doppler widths for the entire 2000–2001 PBO data set (1404 spectra) as a function
of LOS shadow altitude (km). (top) Doppler width data separated into pre- and post-midnight sets.
(bottom) Evening and morning Doppler width data combined. A persistent narrowing of the profile with
shadow altitude is apparent in the majority of the PBO data; a decrease of "470 K in terms of effective
temperature from "840 K near 500 km to "370 K near 20,000 km. Solid line is a linear fit to the data.
Plotting symbols: diamonds correspond to OZA ≤ 15#, squares correspond to 15# < OZA ≤ 30#,
and triangles correspond to 30# < OZA ≤ 45#.

Figure 7. Year 2000 effective temperatures by series number (01–10). The diagonal dotted line is the linear fit obtained
in the fit of the 1404 spectra pm + am combined data set (Figure 6). Shaded regions highlight observations taken below
LOS shadow altitudes of 1500 km (the average of which is used in Figure 9). Plotting symbols: diamonds correspond to
OZA ≤ 15#, squares correspond to 15# < OZA ≤ 30#, and triangles correspond to 30# < OZA ≤ 45#.

MIERKIEWICZ ET AL.: EXOSPHERIC EFFECTIVE TEMPERATURES A06313A06313

11 of 16
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(1) high resolution observations of the geocoronal hydrogen emission line 
profile and its relation to excitation mechanisms, effective temperature, 
and exospheric physics (e.g., Gardner et al., 2016; Mierkiewicz et al., 
2012; Nossal et al., 1998, 1997; Kerr & Hecht, 1996; Kerr et al., 1986; 
Yelle & Roesler, 1985; Meriwether et al., 1980; Atreya et al., 1975)

(2) retrieval of geocoronal hydrogen parameters such as the hydrogen 
column abundance [H], the hydrogen density profile H(z), and the 
photochemically initiated hydrogen flux ɸ(H) (e.g., Bishop et al., 2004; 
He et al., 1993; Kerr & Tepley, 1988)

(3) long term observations of the geocoronal hydrogen column emission 
intensity for the investigation of natural variability, such as diurnal and 
solar cycle trends, and possible longer term secular changes (e.g., 
Nossal et al., 2008; Kerr et al., 2001)

natural variability



Solar Cycle Comparison at 2800 km

In
te

ns
ity

 (R
)

21

natural variability



EXOCUBE and ExoDyn, with mass specs capable of 
measuring atomic mass 1!
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the final frontier
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GOLD - Exobase Temperatures

TIMED/GUVI - Lyman-alpha

the final frontier
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Scientific goal: 

The ESCAPE mission will quantitatively estimate the amount (flux) of escape of the major atmospheric 
components (nitrogen N and oxygen O) as neutral and ionised species and at thermal and non-thermal forms, 
escaping from the Earth as a magnetised planet. The goal is to understand the importance of each escape 
mechanism and to infer the history of the Earth's atmosphere over a long (geological scale) time period. The 
spatial distribution and temporal variability of the flux of these elements and their isotopic composition will 
be investigated from the exobase/upper ionosphere (500 km altitude) up to the magnetosphere.  

 
Key Measurements/Science objective #1: First-time comprehensive exploration of the entire exosphere 

- Upper exospheric altitude profiles at different solar/magnetospheric activity conditions: What is the 
distribution of the upper exosphere under different conditions? What are the dayside/nightside and the 
latitudinal asymmetries?  

- Temporal variations of major exospheric species: How does the exosphere respond to different 
external conditions? 

- Neutral and ion fluxes: How are exospheric neutrals ionised at different altitudes, at which rates and 
under what conditions?  

- Correlation of neutral and ion fluxes with upper atmosphere parameters: Are there any variations in 
the exospheric parameters that are not determined only by the conditions at the exobase/upper 
thermosphere? 

- Neutral and ion fluxes at different incident energies when particle precipitation is present: How do 
energetic particle precipitation and the associated energy deposition in the upper atmosphere 
contribute to escape? How does this influence the role of the different escape mechanisms?  

Key Measurements/Science objective #2: First-time detailed composition measurements  

- Isotope ratios for both neutrals and ions: Knowing the mass dependence of escape mechanisms, what 
can we learn about the relative importance of the different escape mechanisms? What are the roles of 
solar illumination and of energetic particle precipitation? 

- Correlation between exospheric neutrals and ionospheric ion outflow: What fraction of newly-ionised 
exospheric ions contributes to the ionospheric outflow? 

- Comparison of composition in situ with plasma composition in the magnetosphere: What does this tell 
us about recirculation of outflowing ionospheric species? What fraction of the ionospheric outflow is 
effectively escaping from the magnetosphere?  

- Time dependence of the isotope ratios and the N/O ratio: Which physical mechanisms determine these 
ratios? What is the role of different upper atmosphere conditions and what drives composition 
dynamics at different altitudes, and at different solar zenith angles? 

- Comparison of isotope ratios with those found elsewhere on Earth and in other solar system objects: 
How much can the present-day's isotope ratios or N/O ratio tell us about the escape mechanisms in the 
past (for Earth as compared to other planets)? 
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- Isotope ratios for both neutrals and ions: Knowing the mass dependence of escape mechanisms, what 
can we learn about the relative importance of the different escape mechanisms? What are the roles of 
solar illumination and of energetic particle precipitation? 

- Correlation between exospheric neutrals and ionospheric ion outflow: What fraction of newly-ionised 
exospheric ions contributes to the ionospheric outflow? 

- Comparison of composition in situ with plasma composition in the magnetosphere: What does this tell 
us about recirculation of outflowing ionospheric species? What fraction of the ionospheric outflow is 
effectively escaping from the magnetosphere?  

- Time dependence of the isotope ratios and the N/O ratio: Which physical mechanisms determine these 
ratios? What is the role of different upper atmosphere conditions and what drives composition 
dynamics at different altitudes, and at different solar zenith angles? 
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How much can the present-day's isotope ratios or N/O ratio tell us about the escape mechanisms in the 
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LoI for an ESA M5 mission:  ESCAPE 4 

The technical requirements : They are moderate and fairly easily achievable: 
*  Despun platform or despun mirror on a slowly spinning spacecraft (spin period of 22–26 s). 
*  Nitrogen-free propulsion system for attitude control (cold gas), and if possible also for orbit control.  
*  A conductive surface for the spacecraft body.  
*  Free field-of-view of particle/optical instruments from solar panels and booms.  
*  3D coverage of the tophat type particle instruments every spin. 
*  Moderate magnetic cleanliness (5 nT at magnetometer sensor locations on a boom at 5 m and at 3 m). 
*  Minimum EMC cleanliness (at only 1–10 Hz, and three times easier than Cluster). 
*  1 GByte/day data telemetry with 10 GB onboard memory. 
 

Element   Explanation   
Science #1 *  First-time systematic exploration of the entire exosphere  
Science #2 *  First-time systematic composition measurements including isotope ratios 
Spacecraft - Single slowly spinning spacecraft with a despun platform and/or despun mirrors 

- Cold gas propulsion for attitude control. Ion engine can also be considered 
- Moderate (Cluster level) magnetic cleanness and EMC requirements 

Payload *  Possible payload configuration:  PI,  PI institute,  funding agency 
   - Cold ion and neutral mass spectrometer (M/∆M > 1000): P. Wurz (PI), U. Bern, 

Switzerland. SSO 
    - Light hot ions (M < 20, N/O separation, 10 eV/q – 30 keV/q): I. Dandouras (PI), 

IRAP, Toulouse, France. CNES 
   - Heavy hot ions (M > 10, N/O separation, 10 eV/q – 30 keV/q): M. Wieser (PI), IRF, 

Kiruna, Sweden. SNSB 
   - Energetic ions/electrons (H+, He+, O++, N+, O+, N2

+, 20 – 200 keV): L. Kistler (PI), 
Univ. New Hampshire, Durham, USA. NASA 

   - Electrons (10 eV – 20 keV): A. Fazakerley (PI), UCL/MSSL, London, UK. UKSA 
   - UV spectrometer (85 – 140 nm; optional: 391 nm and 428 nm): I. Yoshikawa (PI), 

Tokyo University, Japan. JAXA 
   - Spacecraft potential (Langmuir probe): J. De Keyser (PI), BIRA-IASB, Brussels, 

Belgium. BELSPO 
   - Magnetic field (5 nT accuracy): R. Nakamura (PI), IWF, Graz, Austria. ALR/FFG 
   - Aurora/airglow camera (670 nm and 762 nm): T. Sakanoi, Tohoku U., Japan. JAXA 
   - ENA imager (0.5 – 30 keV): A. Milillo (PI), INAF/IAPS, Rome, Italy. ASI 
   - Waves (5 Hz – 20 kHz): B. Grison (PI), ASCR/IAP, Prague. Czechia. PRODEX 
   J.-L. Pinçon (Co-PI), LPC2E, Orléans, France. CNES 
   - Supplemental cold ion/neutral analyser (M/∆M > 50): N. Paschalidis (PI), 

NASA/GSFC, USA. NASA   
*  Mandatory subsystems (by ESA) 
   - Spacecraft DPU,  5 m booms,  Active spacecraft potential control 

Orbit  - elliptic (500 km x 33000 km altitude with ~10 hr orbital period)  
- high-inclination (> 75°) to maximise geomagnetic conjugacy with EISCAT_3D 
- apogee will be either gradually increased or decreased 

Duration *  3 year nominal mission with instrument design good for 5 years 
Radiation *  Shielding is required to keep < 50 KRAD for 3 years 
Resolution *  < 2 minutes  &  100 km in altitude 
Science 
Operations 

- ESA (ESOC/ESAC) is responsible for operation, data collection/archiving/distribution.  
- Real-time detection of the radiation belts (high-penetrating flux regions) to change to a 
reduced operation/observation mode. No other spacecraft-level special mode is planned. 
- Instrument level mode-change will not affect the allocated telemetry. 
- Level 2 (calibrated) data delivery within 6 months. 
- Key parameters or equivalent data (open access) within 12 months. 

Collaborations *  USA (NASA): instrument provision (energetic ions/electrons and cold ions/neutrals)  
*  Japan (JAXA): instrument provision (UV spectrometer and auroral camera) 
*  EISCAT: conjugate ground-based 3-D observations (ions and electrons at > 500 km)  

Cost estimate 500 M€ (250 M€ for spacecraft and ESA-built subsystems, Operations: 80 M€, Launch: 
80 M€, other 90 M€) 

the final frontier
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PREFACE:  
     Night-time geocoronal Balmer-alpha (Ha) line 
profile shapes, obtained by high resolution Fabry 
Perot (FP), indicate a decrease in the cascade-
contribution to the total geocoronal Ha observed 
intensity with viewing geometry (shadow 
altitude). Geocoronal Ha emission is comprised 
of 2 dominant fine structure (FS) transitions, and 
7 FS cascade components (excited by solar Ly-b & 
Ly-g>, respectively). 

A UNIQUE SOLUTION:  
     Direct determination of Ha cascade with coincident Ha and Hb measurements. Based on 
atomic physics, Roesler et al. (2014) theoretically demonstrated the total cascade in geocoronal 
Ha emission to be 0.52 ± 0.03 times geocoronal Hb intensity. Hb/Ha intensity ratios from the 
Wisconsin Ha Mapper FP (Fig. 4) were used to show a significantly narrowed range of uncertainty 
in the Ha cascade could be achieved for shadow altitudes lower than 6000 km. 
     Assuming a simple exponential decrease of log(intensity) with shadow altitude, we can extend 
a cascade parameterization out to 10,000 km shadow altitude. This empirically derived cascade 
function is consistent with previous cascade results determined directly from FP Ha line profile 
measurements. Further, it predicts a Ha cascade peak near 2000 km shadow altitudes, and 
convergence to a constant at higher shadow altitudes. 

CONCLUSIONS:  
     Co-addition of Doppler-shift corrected 
geocoronal Ha line profiles and subsequent re-
fitting to increase SNR does somewhat narrow 
cascade data scatter (shown in the Fig. 1), and the 
predicted cascade peak near 2000 km shadow 
altitude is also suggested (Fig. 6). Obviously, 
however, remaining data scatter and present lack of 
data to higher shadow altitudes precludes definitive 
data/cascade-parameterization comparison at this 
point. 
   In the absence of coincident Hb & Ha intensity 
measurements, we anticipate a cascade function 
parameterization based on Roesler et al. (2014) and 
as shown here, to be useful in constraining cascade 
data fitting of future geocoronal Ha line profile  
observations. Cascade contributions to the 
geocoronal Ha line must be accounted for before 
conclusions of any residual redwing exospheric 
dynamics can be made, and to retrieve accurate 
exospheric temperatures. 

Geocoronal fine-structure cascade excitation constraints for ground-based observations 

Figure 2:  
   Solar-illuminated geocoronal Ha profile models, 
illustrating varying cascade contribution at a constant 
temperature (6km/s, ~850 K a typical 3000 km shadow 
altitude).  
   Inset: systematic errors introduced to temperature 
and line center determination when cascade is ignored 
and fit with a single gaussion profile. 

COULD SCATTER IN FIG.1 BE AN SNR PROBLEM?   
     To test this hypothesis, we co-added the Ha 
spectra by consistent look-direction to increase 
the signal to noise ratio (SNR). This required 
corrections for instrumental drifts, Doppler-shifts 
(shown below), and spectral refitting using 
WHAM derived Galactic Ha background 
parameters, as well as our 7-component 
geocoronal FS cascade model. 

Figure 3:  
   Geocoronal Ha line profile LOS Doppler-shifts, observed by Fabry Perot from Pine Bluff, WI, plotted as a function of local 
observing hour past 6pm for 14 selected nights. All observations have been corrected for instrumental pressure shifts and 
residual temperature drifts. The absolute ordinate scale, [-1,+1] km/s, is tied to interspersed Thorium Argon lamp (6564 A) 
observations throughout each night. 
  Each 5-10 minute observation was tracked to regions with low (< 2 R) galactic Ha back-ground intensity. Night to night 
variations are on the order of 500 m/s. Dawn-dusk variations each night are on the order of 200 m/s, in line with 
exospheric H-model estimations (personal communication, J. Bishop). 
   Fall and winter observations show a significant average blue-ward bias when compared to the spring observations. This 
limited data set appears to corroborate seasonal exospheric temperature variations first reported by Mierkiewicz at al. 
(2012), pending further investigation here. 

Figure 1:  
   Cascade contribution vs shadow altitude, as 
determined from individual FP geocoronal Ha line profile 
observations [Mierkiewicz at al., 2006]. Only 
observations towards regions of low galactic Ha 
background are plotted. 

Figure 6:  
   (plus symbols) Cascade contribution, as 
determined from co-added and refit FP 
geocoronal Ha line profile observations (shown 
in Fig. 1). Darker colors indicate higher SNR by 
co-addition. Width indicates range of shadow 
altitudes co-added. Overplotted is the Fig. 5 
predicted cascade behavior (& error) as 
determined by WHAM Ha and Hb observations 
(Fig. 4) 

Figure 4:  
   WHAM observations of Ha & Hb intensity, 
log(R) vs shadow altitude, (km). Overplotted 
are the (solid) exponential fits and (dashed) 1-s 
parameter-error bands 

Figure 5:  
   Hb/Ha derived cascade function (see text), and 
associated 1-s parameter-error bands. Over plotted 
(plus symbols) are the unique values from the seven 
intensity ratios in Fig. 4 used for determination. 

References: [1]  Mierkiewicz et al (2006) “Geocoronal hydrogen studies using Fabry-perot interferometers, part 1”  J. Atm. Sol.Ter.Phys. 68, 1520-1552. [2] Mierkiewicz et al 
(2012) “Observed seasonal variations in exospheric effective temperatures” J. Geophysical Res. Vol. 117, A06313. [3] Roesler, F.L., E.J. Mierkiewicz, S.M. Nossal (2014), The 
Geocoronal Ha Cascade Component determined from Geocoronal Hb Intensity Measurements, J. Geophys. Res. Space Physics, 119, 6642-6647. [4] Bishop, J., J.W. Chamberlain 
(1987), Geocoronal structure: 3. Optically thin, Doppler-broadened line profiles, J. Geophys. Res., 92(A11), 12389. 
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LOS Doppler-shifts in the Geocorona 

THE PROBLEM:  
     Accurately accounting for cascade’s redwing 
line-shape contribution is critical to interpreting 
individual line-shape observations for residual 
exospheric dynamic signatures. Poor cascade (or 
Galactic background) model fits can mask sought 
after dynamics, leading to misinterpretation of 
the geocoronal Ha line profile and erroneously 
high effective exospheric temperatures retrieved 
from the data-model fits. 
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background are plotted. 

Figure 6:  
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co-addition. Width indicates range of shadow 
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Figure 4:  
   WHAM observations of Ha & Hb intensity, 
log(R) vs shadow altitude, (km). Overplotted 
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Figure 5:  
   Hb/Ha derived cascade function (see text), and 
associated 1-s parameter-error bands. Over plotted 
(plus symbols) are the unique values from the seven 
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References: [1]  Mierkiewicz et al (2006) “Geocoronal hydrogen studies using Fabry-perot interferometers, part 1”  J. Atm. Sol.Ter.Phys. 68, 1520-1552. [2] Mierkiewicz et al 
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     Accurately accounting for cascade’s redwing 
line-shape contribution is critical to interpreting 
individual line-shape observations for residual 
exospheric dynamic signatures. Poor cascade (or 
Galactic background) model fits can mask sought 
after dynamics, leading to misinterpretation of 
the geocoronal Ha line profile and erroneously 
high effective exospheric temperatures retrieved 
from the data-model fits. 
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discovery science
The small number of determinations of atomic hydrogen density profiles and fluxes 
has hindered the study of upper atmospheric atomic hydrogen distributions, limiting 
the compilation of empirical [H](z) and ɸ(H) models relevant to the testing of MLT 
photochemical models and impacting the prediction of lower exospheric densities 
needed for realistic modeling of geocoronal hydrogen density and ballistic flux 
distributions (Bishop, 2001). 

emission line is rather broad (!20 km/s fwhm). This
extended baseline led to our requirement of a VLSR shift of
<"10 km/s or >+35 for cascade studies; see Mierkiewicz
[2002] and Mierkiewicz et al. [2006] for further details.
[67] Note, the observations presented here, and those of

Nossal et al. [1998], were all collected near solar maximum;
Meier’s [1995] and more recent cascade calculations are
based on solar observations conducted near solar minimum.

9.2. Exospheric Effective Temperatures
[68] We have observed a decrease in effective temperature

with increasing LOS shadow altitude for every night in
which a wide range of shadow altitudes were sampled. This

decrease is consistent with observations first made by
Meriwether et al. [1980] and later by Yelle and Roesler
[1985] and Kerr et al. [1986]. The CCD demonstration
observations of Nossal et al. [1997] display smaller decrea-
ses in temperature with altitude, although it should be noted
that altitude coverage was limited.
[69] Assuming a linear decrease in effective temperature

with LOS shadow altitude (see Figure 6), our empirically
determined "20 K per 1000 km gradient in effective tem-
perature is in agreement with the early theoretical work of
Hartle [1973].
[70] The significant line profile perturbations reported by

Kerr et al. [1986] or the Lorentzian-like profiles observed at

Figure 9. Exospheric effective temperatures derived from PBO line width observations obtained for
shadow altitudes below 1500 km. Observations from each series were averaged and plotted on the new
moon day number. Year 2000 observations are indicated by the open diamonds, 2001 observations by
the filled symbols. Solid lines correspond to daily MSIS [Hedin, 1991] exobase temperatures (computed
as discussed in section 8.3), run with daily and average F10.7 flux inputs set to 181 (corresponding to the
2000–2001 F10.7 average) and 75; all magnetic activity parameters (Ap indices) were set to 14. A semi-
annual variation is observed in the column averaged exospheric effective temperature with maxima near
day numbers 100 and 300 and minima near day numbers 1 and 200.

Figure 8. Year 2001 effective temperatures by series number (11–20). The diagonal dotted line is the linear fit obtained
in the fit of the 1404 spectra pm + am combined data set (Figure 6). Shaded regions highlight observations taken below
LOS shadow altitudes of 1500 km (the average of which is used in Figure 9). Plotting symbols: diamonds correspond to
OZA ≤ 15#, squares correspond to 15# < OZA ≤ 30#, and triangles correspond to 30# < OZA ≤ 45#.)
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(Anderson et al., 1987a). The cascade process, however, is expected to contribute primarily to 
the single-scattered portion of the Balmer-alpha emission due to the rarer occurrence of multiple 
scattering of the higher-energy solar Lyman lines (Meier, 1995). Thus, at higher shadow 
altitudes, where a larger fraction of the total Balmer-alpha emission is attributable to multiple 
scattering, the contribution of cascade excitation is expected to be less important than at lower 
shadow altitudes where the dominate emission arises from single scattering.

In contrast, geocoronal Balmer-beta fluorescence is primarily the result of solar Lyman-gamma 
excitation, and as such, the single scattering component (a measure of the true exospheric line 
profile) will be the dominant profile feature at Balmer-beta (i.e., the Balmer-beta profile shape is 
a more direct representation of exospheric kinematic signatures). Furthermore, Lyman-gamma 
(which populates the 3S parent term of Balmer-alpha) is the major contributor to the cascade 
emission seen in Balmer-alpha (see e.g., Meier, 1995). Thus, Balmer-beta intensity 
observations provide a direct measure of the total excitation by Lyman-gamma and therefore a 
direct estimation of the predominate cascade contribution at Balmer-alpha. 

Cascade contributions based on Balmer-beta estimates of Lyman-gamma excitation can be 
compared with measurements of the cascade emission from Balmer-alpha line profile 
observations in which the cascade component is explicitly fit (Roesler, Mierkiewicz & Nossal, 
2013). Is the cascade model the total picture, or are there additional excitation mechanisms or 
undetected spectral contamination? The identification of other excitation mechanisms and 
kinetic signatures is now possible through the presence of line profile perturbations in 
excess of cascade.
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Figure 4: (left) MSIS [H](z) profile and lyao_rt model parameters. (right) [H](z) profiles retrieved form 
PBO/EURD forward-model runs; gray regions indicate the range of candidate solutions obtained in our 
demonstration search procedure. (upper right) Retrieved thermospheric H density profiles plus an MSIS 
profile (dashed-line) for comparison; (lower right) retrieved H profiles extending out into the geocorona.

2, adding emission line components from all seven possible transitions to those produced solely 
by solar Lyman-beta excitation. The net effect of these added components is an enhancement 
of the red wing of the direct Balmer-alpha resonance-fluorescence emission (Nossal et al., 
1998; Meier, 1995; Chamberlain, 1987; Yelle & Roesler, 1985), thereby masking potential kinetic 
signatures associated with the various exospheric particle populations. As such, cascade can 
have a significant impact on the interpretation of Balmer-alpha line profiles. 

Cascade contributions and their variability must be considered if Balmer-alpha line profiles are 
to be used for accurate retrievals of effective temperatures and explored for kinematic line 
profile signatures. For example, multiple-scattering of Lyman-beta excites hydrogen inside the 
earth’s shadow, making a significant contribution to the total emission at high shadow altitudes 
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Figure 3: (upper left) Representative Balmer-alpha intensity (30 s integration) as a function of shadow 
altitude. The observed variations in these intensities are strongest with respect to shadow altitude. 
Smaller variations due to changes in viewing geometry (see e.g., zoom near 700 km) are also readily 
apparent. (upper right) Sample RT model runs using the code of Bishop (1999); note that the RT code is 
able to model small variations in intensity observed by our Fabry-Perot. (bottom left) Balmer-alpha and -
beta intensities vs. time (UTC). The CCD annular summing technique has made this kind of observation 
possible for the first time. Based on these pilot studies, Balmer-alpha intensity observations obtained with 
the annular summing technique have sufficient signal-to-noise to distinguish and rank goodness of fit for 
different model scenarios to within 5%.
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