
Icarus 226 (2013) 172–185

https://ntrs.nasa.gov/search.jsp?R=20150010997 2019-08-31T08:01:30+00:00Z
Contents lists available at SciVerse ScienceDirect

Icarus

journal homepage: www.elsevier .com/ locate/ icarus
Observation of neutral sodium above Mercury during the transit
of November 8, 2006
0019-1035/$ - see front matter � 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.icarus.2013.05.029

⇑ Corresponding author.
E-mail addresses: apotter@noao.edu (A.E. Potter), rosemary.killen@nasa.gov

(R.M. Killen), kreardon@nso.edu (K.P. Reardon), tbida@lowell.edu (T.A. Bida).
A.E. Potter a,⇑, R.M. Killen b, Kevin P. Reardon c,d, T.A. Bida e

a National Solar Observatory, Tucson, AZ 85719, United States
b NASA Goddard Space Flight Center, Greenbelt, MD 20771, United States
c INAF-Arcetri Astrophysical Observatory, Florence, Italy
d National Solar Observatory, Sunspot, NM 88349, United States
e Lowell Observatory, Flagstaff, AZ 86001, United States
a r t i c l e i n f o

Article history:
Received 1 December 2012
Revised 9 May 2013
Accepted 21 May 2013
Available online 6 June 2013

Keywords:
Mercury, atmosphere
Abundances, atmospheres
Atmospheres structure
a b s t r a c t

We mapped the absorption of sunlight by sodium vapor in the exosphere of Mercury during the transit of
Mercury on November 8, 2006, using the IBIS Interferometric BIdimensional Spectrometer at the Dunn
Solar Telescope operated by the National Solar Observatory at Sunspot, New Mexico. The measurements
were reduced to line-of-sight equivalent widths for absorption at the sodium D2 line around the shadow
of Mercury. The sodium absorption fell off exponentially with altitude up to about 600 km. However
there were regions around north and south polar-regions where relatively uniform sodium absorptions
extended above 1000 km. We corrected the 0–600 km altitude profiles for seeing blur using the measured
point spread function. Analysis of the corrected altitude distributions yielded surface densities, zenith
column densities, temperatures and scale heights for sodium all around the planet. Sodium absorption
on the dawn side equatorial terminator was less than on the dusk side, different from previous observa-
tions of the relative absorption levels. We also determined Earthward velocities for sodium atoms, and
line widths for the absorptions. Earthward velocities resulting from radiation pressure on sodium aver-
aged 0.8 km/s, smaller than a prediction of 1.5 km/s. Most line widths were in the range of 20 mA after
correction for instrumental broadening, corresponding to temperatures in the range of 1000 K.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

In 1985, sodium was discovered in emission in the exosphere of
Mercury by resonance scattering of sunlight from the atoms (Pot-
ter and Morgan, 1985). It was realized that during a transit, the
exospheric sodium should be detectable by absorption of sunlight.
An attempt was made at the Hida Solar Observatory west of Osaka,
Japan, to measure Mercury’s sodium exosphere in absorption while
Mercury transited the Sun’s disk on 6 November, 1993. Observa-
tions were made at very high spectral resolution using a CCD
detector, but no absorption was detected, probably due to seeing
blur (Potter et al., 1994). The first successful observations of Mer-
cury’s sodium exosphere in absorption above the solar disk were
made during the transit of Mercury May 7, 2003 using a 2-dimen-
sional Fabry–Perot spectrograph with adaptive optics at the Vac-
uum Tower Telescope at Izana, Tenerife (Schleicher et al., 2004).
The success of those observations, and availability of new instru-
mentation, prompted us to observe the Mercury sodium exosphere
during the transit of 8 November 2006. We used both the Main
Spectrograph of the McMath–Pierce Solar Telescope at the Kitt
Peak National Observatory, Arizona and the Interferometric BIdi-
mensional Spectrometer (IBIS), a dual Fabry–Perot interferometer,
at the Dunn Solar Telescope, Sunspot, New Mexico. IBIS is a tunable
narrowband filter whose main components are two, air-spaced,
50 mm diameter Fabry–Perot interferometers (Cavallini, 2006;
Cavallini and Reardon, 2006; Reardon and Cavallini, 2008; Righini
et al., 2010). While spectra from the McMath–Pierce Main Spectro-
graph clearly showed absorption around the shadow of Mercury
against the Sun, the data from the IBIS instrument were very supe-
rior, mostly due to the instrument’s capability for short exposure
times and high spectral resolution. Consequently, we report only
the IBIS observations in this report.

Important scientific questions concerning the Mercury sodium
exosphere can be addressed by observation of the transit. The sur-
face density, zenith column density and temperature of exospheric
sodium can be determined from measurements of the tangent
absorption of sodium atoms above the Mercury surface during
the transit. There is no other Earth-based method available to infer
these fundamental properties of the sodium exosphere. Models of
the sodium exosphere predict that the latitudinal variation of
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sodium along the terminator should differ between the dawn and
dusk terminator (Leblanc and Johnson, 2010). The transit observa-
tion is the best way to test directly this prediction, since the entire
terminator circumference is observed simultaneously. The temper-
ature of the exosphere can be mapped in terms of line width, and
used to test models for source processes. Solar radiation pressure
accelerates sodium atoms in the antisunward direction, directly to-
wards Earth during a transit. The predicted velocity achieved by
the atoms is uncertain, since it depends on skip distances, energy
of interaction with the surface, and so on. However, it can be mea-
sured directly during a transit, providing a real number against
which to test theoretical models of the interaction of the sodium
exosphere with solar radiation pressure and the surface.
2. Data acquisition and processing

2.1. Data acquisition

The IBIS instrument was operated during the transit to collect
images of sodium D2 absorption around the Mercury silhouette
during the period 19:26:27 UT to 20:18:33 UT on November 8,
2006 at the Dunn Solar Telescope at the National Solar Observatory
at Sunspot, New Mexico. A total of 46 scans were obtained during
this interval. The adaptive optics (AO) system (Rimmele, 2004) was
utilized during all the observations, with the disk of Mercury itself
serving as the reference target. The AO system and tip-tilt mirror
kept Mercury fixed in the field of view, while the solar scene
scrolled behind.

The observed spectral range from 5888.24 to 5891.13 Å was
sampled with a total of 159 spectral steps. In a 0.3 Å range covering
the red wing of the line profile where the absorption feature from
Mercury was expected, the line was incrementally scanned in
wavelength steps of 0.0087 Å, while in most of the rest of the line,
the sampling was in 0.030 Å steps (the finer sampling was also
used around the 5888.7 Å telluric line). The sampling is illustrated
in Fig. 1.

It took approximately 46 s to perform a single scan of the full
line profile, during which time the disk of Mercury was moving
at a rate of 0.085 arcsec/s relative to the surface of the Sun, shifting
4 arcsec against the background solar features. A total of 45 full
Fig. 1. This plot shows the spectral scan positions (red ticks along the bottom). The
red bisector is the position where the line width was measured and corrected, the
blue band is the interval that was used as the reference for the line depth
normalization, and the orange line is the nominal position of the sodium absorption
feature from the exosphere. The green spectrum at the top is the atmospheric
absorption spectrum from the Kitt Peak atlas. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
spectral scans were obtained. Each raw image was 1024 � 512 pix-
els, with a spatial scale of 0.083 arcsec per pixel.

2.2. Data processing

Residual distortions produced by the terrestrial atmosphere
were removed by destretching each image with the subsequent
image in the spectral scan to align the solar structures on
2.5 � 2.5 arcsec subfields (after removing the drift of the solar
structures caused by the telescope tracking of Mercury). To im-
prove the correction near the dark disk of Mercury, a radial gradi-
ent filter was calculated for each image, taking into account the
fact that the observed planetary disk was not perfectly circular
due to the distortions produced by the terrestrial atmosphere.
The destretch vectors were calculated based on these radially fil-
tered images and then applied directly to the original, unfiltered
images. The spectral profile at each position in the field of view
was then interpolated onto a common wavelength grid with
0.0087 Å steps. As part of this interpolation, the radial instrumental
blue shift was also removed. Because the disk of Mercury over-
lapped the optical center of the image, the blue shift was small
near the limb (�1 mÅ) of Mercury. The images were then trimmed
spatially to produce an x,y,k data cube with dimensions of
[800,512,329] pixels.

We selected the 26 spectral scans that showed the best seeing
conditions in the wavelengths expected for the exosphere absorp-
tion signature. These spectral data cubes were summed to produce
a single spectral scan with the magnitude of the intensity fluctua-
tions due to solar structures greatly reduced. However there were
still systematic variations in the depth, width, and intensity of the
solar sodium D2 line at different points in the field due to the nat-
ure of the solar structures sampled at each position. In order to iso-
late the absorption feature produced by the Hermean exosphere, it
was necessary to remove these variations. This is especially critical
because during the transit the absorption feature from the exo-
sphere is shifted approximately 0.1 Å to the red of the solar line
core due to Mercury’s motion relative to the Sun. This shift places
the feature at approximately the wavelength where the intensity
crosstalk produced by inherent Doppler-shifts or line width varia-
tions in the solar line profile will be greatest.

For all points in the field of view the total line depth (between
the line core minimum intensity and the mean intensity in the red
wing of the profile in the range +0.75 to 1.0 Å), the line core posi-
tion, and the line width at 25% of the continuum intensity (approx-
imately ±0.12 Å from the line core) were measured. This intensity
level was chosen for the bisector measurement in order to mini-
mize disturbances from telluric lines present in both the red and
blue wings of the line profile. The normalization to the nearby
red wing intensity also provided a correction for the intensity
changes at points near the limb of Mercury as points were covered
or uncovered during the 20 s it took to scan in wavelength between
the core and red wing.

A reference profile was generated by averaging the line profiles
in an annulus between 4 and 16 arcsec (1960 and 7820 km) above
the limb of Mercury. Prior to averaging, each individual profile was
shifted to align the line position (measured in both the wing and
core) with the average position, the total line depth normalized
to unity, and scaled to have line width equal to the average across
all the profiles. This gave an average profile that was not broadened
by line shifts or width variations.

Then for the spectrum observed at each point in the field of
view, this average profile was shifted in wavelength, and scaled
in intensity and line width to match each observed spectrum.
The observed profile was then divided by the scaled reference pro-
file to remove the solar absorption and derive the profile of the rel-
ative absorption, if present.



Fig. 3. Image of Mercury silhouetted against the Sun at maximum sodium
absorption wavelength. This is an average image from 19 scans, and the reference
spectrum from the Sun has been divided out. The wavelength for this image was
chosen to be near the center of sodium absorption in the exosphere of Mercury, so
that the dark regions near the perimeter of Mercury represent the effect of sodium
absorption. This disk of Mercury appears bright in this image (although in reality it
is dark) as an artifact of the division by the reference solar spectrum at those on-
disk points.
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An example of the comparison of the reference solar signal with
signal in the absorption region as a function of wavelength for one
position in the field of view is shown in Fig. 2.

The Hermean absorption feature as illustrated in Fig. 2 was ana-
lyzed to compute equivalent width, Earthward velocity, and line
width for each location in the instrument field of view. Earthward
velocities for sodium atoms were calculated from the difference
between the centroid wavelength of the absorption line and its
predicted position derived from the Mercury orbital ephemeris
(5890.06 A). The wavelength calibration needed for these calcula-
tions was derived from positions of atomic emission lines from a
standard lamp. The line width was determined by least squares fit-
ting of a Gaussian distribution, (exp � (k � ko)2/2r2), where ko is
the centroid wavelength, and r is the standard deviation, defined
here as width for the absorption line) to the spectral profile of
the absorption line. The data from the spectral-spatial images were
combined to yield equivalent width, velocity, and line width
images of the entire planet.

In order to test the validity of our approach to separating the so-
lar and Hermean absorption features, we also applied an indepen-
dent analysis based on Proper Orthogonal Decomposition (Vecchio
et al., 2005a, 2005b). The normalized, averaged spectra, as de-
scribed above, for the full field of view were broken down into sep-
arate components that were only determined by the algorithm.
This approach separated the background solar spectra from Mer-
cury’s absorption component, which was found only around the
limb of the planet. The distribution and strength and noise charac-
teristics of the resulting absorption profiles were similar to our
previous results, confirming the reliability of our processing
method.

The image cube can be sliced into images having two spatial
dimensions (800 � 512), each one a monochromatic image of Mer-
cury silhouetted against the Sun. There was one such image for
each of the wavelengths (329 total) included in the spectral range
of the scans. An example of one of these images is shown in Fig. 3.

The image in Fig. 3 was chosen for a wavelength near the center
of the Hermean sodium absorption, so as to show dark regions sur-
rounding the disk of Mercury which represent absorption by so-
dium in the Mercury exosphere. The mottled appearance of the
image away from the absorption region is residual noise produced
by uncorrected Doppler shifts and broadening of solar spectral
lines.
Fig. 2. Here is shown spectral profiles for regions with and without sodium
absorption. The green line is the sodium Fraunhofer line spectrum taken from a
point above the north pole of Mercury. The red line is the reference spectrum taken
away from Mercury. The blue line in the bottom half of the figure is the spectral
ratio used to calculate the equivalent width, line width and Doppler shift for sodium
absorption. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
3. Data analysis and discussion

3.1. Equivalent widths around the planet

The equivalent width in units of mA was calculated at each
point in the field of view as described in the previous section. Re-
sults were used to produce an image of the equivalent width distri-
bution around the planet, as is shown in Fig. 4.

The image is oriented as the planet is seen in the sky (north up,
west to the right). West is the dawn terminator, east is the dusk
terminator. Mercury was moving left to right across the Sun at
the time of this observation. Equivalent widths near the planet sur-
face ranged between 2 mA and 18 mA. This image includes regions
far from the planet where there is no sodium absorption, and the
calculated equivalent width values provide an estimate of the
noise resulting from variations of solar intensity. The rms value
of this noise was 1.6 mA.

As seen in the figure, the sodium absorption is greatest over the
north and south poles, with a somewhat wider extent of high
absorption over the south polar regions. Absorption over the dawn
(west) and dusk (east) terminator are only slightly different, with
the dusk terminator signal being a little larger. The irregularities
seen in the distribution of sodium around the planet are believed
to be real effects.

3.1.1. Altitude variation of equivalent width
In order to quantify the distribution of sodium absorption

around the planet, we analyzed the radial distribution of sodium
absorption above the surface. The image of Fig. 4 was sampled in
15� arcs starting at an arc centered at 0� (N), and proceeding in
15� arcs around the image. Each arc was divided into radial steps,
each increasing by one pixel. Data points in each radial step were
averaged and plotted into a polar coordinate system to yield an im-
age in which the sodium absorption values were radial. In the
course of this averaging, the standard deviation from the mean va-
lue was calculated for each arc. Values ranged from 0.2 to 0.8 mA,
in reasonable agreement with expectations from the rms noise va-
lue in the region outside the Mercury image, considering that each



Fig. 4. Map of the distribution of equivalent width for sodium absorption around
the disk of Mercury. The map shows the noise spectrum outside the region of
sodium absorption that is the result of fluctuations in solar intensity resulting from
turbulence. The rms noise level in this region was 1.6 mA, and this value was chosen
as the threshold for appearance of significant absorption. The general appearance of
the map is similar to that found by Schleicher et al. (2004), in that the strongest
absorptions are seen around the north and south pole. However, there is a
difference in that the absorptions on the dawn (west) terminator are not much
different than on the dusk (east) terminator. Schleicher et al. (2004) found the
absorption over the dusk terminator to be much smaller than over the dawn
terminator.

Fig. 5. Image derived from the map shown in Fig. 4. It shows the radial distribution
of equivalent widths that have been averaged over 15� increments around the disk
of Mercury. Only equivalent widths greater than 1.6 mA, the rms noise level, are
shown.

Fig. 6. This plot is a sample of numerical data from the radial distribution map of
Fig. 5. The equivalent width for sodium absorption from a 15� segment above the
north pole is plotted against altitude above the surface. In this logarithmic plot, the
log of the equivalent width falls off linearly with increasing altitude, thus the
equivalent width falls off exponentially with increasing altitude. The sodium
absorption measured closest to the Mercury shadow was assumed to be at the
surface. The equivalent width at the surface and the slope of the altitude
dependence (the apparent scale height) were calculated for each of the 15�
segments around the circumference of the planet.
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arc near the surface averaged 17–18 points, increasing to 28 points
at 2000 km. Data points for which the average equivalent width
was less than the rms deviation of the noise (1.6 mA) were dis-
carded, and values were calculated up to an altitude of 2000 km.
The image in Fig. 5 shows the result, in which sodium absorption
has been averaged in 15� segments around the planet.

We found that the radial distribution of sodium absorption
could be represented reasonably well by an exponential up to alti-
tudes of about 600 km. An example for the altitude distribution of
sodium absorption is shown in Fig. 6 which is a logarithmic plot of
equivalent width and rms errors per altitude step versus altitude
for the 15� segment over the North Pole. The altitude step for these
data was 39.35 km. At intermediate altitudes, the equivalent width
deviates slightly in a positive direction from the linear fit, and at
the highest altitudes it falls off considerably in a negative direction
from the linear fit. This was a pattern seen for most of the altitude
profiles.

However, for several arcs in the solar polar region (centered at
150�, 165�, 180� and 225�) and for two arcs in the north polar re-
gion (centered at 15� and 45�), sodium absorption continues be-
yond 600 km, on up to altitudes of 1000 km or higher. The high-
altitude sodium displays a cloud-like structure, as shown in
Fig. 7, which is an enlarged cutout of a region in the 225� sector ta-
ken from the un-averaged image in Fig. 4. The appearance of weak
sodium patches at altitudes above the expected range of the exo-
sphere is an unexpected phenomenon. The ‘‘spatial wavelength’’
(peak-to-peak distance) of these patches approximately matches
the ‘‘wavelength’’ of the noise well away from Mercury, suggesting
that this effect is simply a manifestation of stronger patches of
noise close to the limb. However, for some regions at high north
and south latitudes, the high altitude absorption survives averag-
ing over 15� arcs, which suggests that they may be real
phenomena.
The altitude dependence of equivalent widths from the 225� arc
in the averaged image of Fig. 5 is plotted in Fig. 8 up to an altitude
of 1500 km.

Sodium absorption stops decreasing above 800 km, then rises to
a maximum near 1200 km before decreasing again. The high-alti-
tude sodium above 600 km may be from a different source than
the low-altitude sodium. It may represent the small population
of high energy sodium in the sodium tail of Mercury, which Potter
and Killen (2008) showed were generated with energies �3 eV.
Data from the MESSENGER mission have shown that northern
and southern polar-regions are open to direct particle impact by
the solar wind (Anderson et al., 2011; Winslow et al., 2012). The



Fig. 7. A close-up view of one of the high altitude sodium clouds seen in Fig. 4 near
the position angle of 225�. The threshold for useful signal of 1.6 mA is marked on
the color bar.

Fig. 8. This is a plot of equivalent width for the sector at 225�, which includes one of
the sodium clouds, extended up to 1500 km. The log plot is linear up to about
800 km. Sodium absorption continues to higher altitudes, increasing to a maximum
at about 1200 km before falling off.

176 A.E. Potter et al. / Icarus 226 (2013) 172–185
plasma precipitating through the southern cusp may exceed that in
the north by a factor of four as a consequence of the planet’s offset
magnetosphere (Winslow et al., 2012).

Returning to the sodium absorptions seen from the surface up
to 600 km, their altitude distributions can be represented with a
simple exponential, as follows:
I ¼ I0 exp� h
h0

� �
ð1Þ
where I is the observed equivalent width, I0 is the observed equiv-
alent width per altitude step at the surface (zero altitude), h is the
altitude, and h0 the apparent scale height.

We fitted Eq. (1) to the 15� arc observations (including the er-
rors at each radial step) around the planet to yield the tangent sur-
face equivalent widths I0 and apparent scale heights h0, along with
error estimates, as a function of position angle (defined as the an-
gle eastward from north). Results are listed in Table 1.
Equivalent widths are plotted in Fig. 9 as a polar plot of surface
equivalent widths versus position on the planet.

Maximum values are at the poles. At the equator, the surface
absorption was about 30% less at the dawn terminator than at
the dusk terminator. The surface absorption averaged over a 60�
range centered at the equator is about 10% less over the dawn ter-
minator than over the dusk terminator. The difference should not
be overemphasized considering the uncertainties of the
measurement.

Fig. 10 is a polar plot of the apparent scale height around the
circumference of the planet.

The apparent scale heights over polar regions are similar, with
the smallest values offset dawn-ward (W) 15�. Scale heights over
the dawn hemisphere average about 100 km larger than over the
dusk hemisphere.
3.1.2. Effect of atmospheric seeing on the equivalent widths and scale
heights

Terrestrial atmospheric seeing significantly degrades the alti-
tude profile, causing the observed equivalent widths to be less than
the true values, and scale heights to be larger than the true values.
It is possible to make approximate corrections for seeing effects
provided the profile of the seeing blur is known. We determined
the seeing function for this observation by analysis of the profile
of the Mercury shadow at wavelengths away from the absorption
region. The resulting point spread profile is shown in Fig. 11 as
black line plot. The profile was approximated as the sum of two
Gaussians with widths of 0.41 arcsec and 2.3 arcsec, and the first
having three times the magnitude of the second (illustrated as a
red line plot in Fig. 11).

In principle, we can recover the original altitude profiles by
deconvolving the observed profiles with the seeing profile. How-
ever, this proved to be impractical, as noise is greatly magnified
in the process of deconvolution. We chose to estimate the true alti-
tude profiles, assumed to be exponential, by convolving model alti-
tude profiles with the seeing profile, and varying the model
altitude profile until the result from the convolution matched the
observed profile. The convolution routine was taken from Press
et al. (1992). The seeing profile used for the convolution spanned
4 arcsec, and was normalized to a total of unity before the convo-
lution. An example is illustrated in Fig. 12, where the observed alti-
tude profile is compared with the model profile before and after
convolution with seeing.

The results from this analysis are listed in Table 2 where cor-
rected equivalent widths and scale heights are listed. We assumed
that the error values scaled linearly with the equivalent widths and
scale heights.

A polar plot of the corrected tangent equivalent widths is
shown in Fig. 13.

The corrected surface equivalent widths are in the range 3–15
times larger than the measured surface values, depending on the
apparent scale height. The correction for seeing is not a linear pro-
cess, so that sites with relatively small scale heights display a large
correction, while sites with large scale heights display a smaller
correction. The result is that the polar pattern for corrected equiv-
alent widths looks somewhat different than the uncorrected pat-
tern. The difference between surface equivalent widths at the
dawn and dusk terminators is accentuated relative to the uncor-
rected values, with dawn-side values about half the dusk-side val-
ues. This interesting difference suggests that there is a basic
difference between sodium production at the dawn and dusk ter-
minators. There are prominent peaks 30� dawn-ward at both north
and south poles, suggesting the production of sodium at high lati-
tudes, in general agreement with ground-based observations (Le-
blanc et al., 2009a, 2009b; Mangano et al., 2009).



Table 1
Apparent equivalent widths at the surface and corresponding scale heights.

Position angle (�) Apparent equivalent width (mA) Error, apparent equivalent width Apparent scale height (km) Error, apparent scale height

0N 17.4 0.2 361.2 8.3
15 15.8 0.2 298.0 2.9
30 13.8 0.2 242.7 3.1
45 10.3 0.2 387.4 39.7
60 10.4 0.1 549.5 9.8
75 8.5 0.1 491.1 8.6

90E 9.9 0.1 834.3 65.7
105 10.2 0.1 555.4 91.3
120 13.8 0.1 424.6 12.6
135 15.2 0.2 526.4 21.9
150 15.7 0.1 337.2 5.2
165 16.3 0.1 267.0 3.4

180S 16.3 0.2 460.4 22.3
195 15.2 0.1 396.9 14.7
210 15.6 0.1 355.6 9.8
225 12.6 0.1 401.6 16.2
240 11.48 0.1 315.2 4.2
255 5.8 0.3 287.7 5.6

270W 7.3 0.1 487.1 18.7
285 8.7 0.1 564.6 41.0
300 9.5 0.1 446.2 16.6
315 10.4 0.3 383.0 17.6
330 12.5 0.1 354.2 17.6
345 17.9 0.1 346.5 18.8

Fig. 9. Polar plot of equivalent width at the surface as a function of position angle
around the planet. Maximum absorptions are seen over the polar regions. The dawn
side equivalent width in equatorial regions is somewhat smaller than on the dusk
side. The position angles are measured in the eastward direction from the north
pole. The amplitudes of the surface equivalent widths mirror the intensity
variations seen in Figs. 4 and 5. Values in this plot were taken from Table 1.

Fig. 10. Polar plot of the apparent scale height for sodium absorption around
Mercury as a function of position angle. Dawn-side (W) heights are larger than
dusk-side (E) heights by about a hundred kilometers. Values in this plot were taken
from Table 1.
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A polar plot of the corrected scale height values is shown in
Fig. 14.

The difference between dawn and dusk scale heights increased
from the uncorrected case, in a direction opposite from the surface
equivalent widths. The average scale height on the dawn-side was
about twice the average of the dusk-side values.

The total equivalent width can be found by integrating the alti-
tude distribution of equivalent width. The result of this calculation
is shown in Table 2 and in Fig. 15, where total equivalent width is
plotted as a function of position angle.

The total equivalent width (summed over altitude) is largest
over the poles, and is smaller and approximately equal between
the dawn and dusk equatorial terminators. Since the total sodium
is not much different between dawn and dusk equatorial termina-
tors, we suggest that the difference between surface equivalent
widths between dawn and dusk terminators is the result of gener-
ation of sodium with higher temperatures on the dawn side, result-
ing in higher scale heights, as observed.



Fig. 11. The point spread function for atmospheric seeing during this observation.
The profile was derived from analysis of the edge of the Mercury shadow at a
wavelength where no sodium absorption was present. The black line represents the
measured point spread function, and the red line represents the sum of two
Gaussians, one with a width of 0.41 arcsec and the other 2.3 arcsec, the first having
three times the magnitude of the second. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 12. This plot is an example of the application of the point spread function. It
shows lines for a trial altitude profile before convolution (black line) and after
convolution with the seeing function (red line), plotted over data points for an
observed altitude profile over the north polar region. The decay of the convolved
line into the shadow of Mercury is not plotted. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)
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The high-latitude enhancements illustrated in Figs. 13 and 15
could be associated with either sputtering, ion-enhanced photon-
stimulated desorption (ion-enhanced PSD) (Sarantos et al., 2010),
or electron-stimulated desorption associated with the locus of
open field lines near the poles. We therefore obtained estimates
of the interplanetary magnetic field (IMF) and solar wind ram pres-
sure at Mercury for the month bracketing the observation from the
Community Coordinated Modeling Center (CCMC) at NASA God-
dard Space Flight Center. The ENLIL model was run by the CCMC,
giving modeled IMF values of [Br,B/,Bz] = [�14,12,�0.03]. Both
the solar wind ram pressure (�22 nPa) and the total magnetic field
strength (14 nT) were high on 8 November, 2006, indicating an
open magnetosphere. The negative Bz would be consistent with a
larger cusp in the southern hemisphere as observed by MESSEN-
GER (Winslow et al., 2012). We have evidence for higher densities
near the poles but not for higher temperatures at the same places
where we see enhanced surface densities. Although the southern
cusp is probably larger than the northern cusp at this time, the
northern smooth plains are regions of enhanced Na abundance in
the rock, and probably cover a region a factor of two larger than
the smooth plains in the south (Evans et al., 2013). Radiation pres-
sure accelerates Na atoms antisunward, away from the Sun, but in
this case because Mercury’s heliocentric radial velocity is toward
the Sun, and radiation pressure decreases as the antisunward
velocity of the Na atom increases (Killen et al., 2009). Without a
measurement of the Na tail, that region antisunward of the planet
where the Na atoms have been accelerated by radiation pressure to
escape velocity (e,g Schmidt et al., 2010, 2012; Potter and Killen,
2008; Baumgardner et al., 2008), we cannot conclusively deter-
mine the energy of the source atoms. However, since an ion sputter
source would be hotter than we observe, it is possible that the
enhancements are due to electron sputtering or ion-enhanced pho-
ton stimulated desorption (PSD), which have a source temperature
consistent with that observed. A process in which solar wind pro-
tons liberate the sodium from the rock and those Na atoms are la-
ter released by PSD, called ion-enhanced PSD, was first suggested
by Potter et al. (2000) to explain the behavior of the lunar exo-
sphere during passage through the Earth’s magnetotail. It was sug-
gested to be the process maintaining the Hermean Na exosphere
by Mura et al. (2009) in their analysis of the observations of the
transit of 2003. Electrons have been observed streaming onto the
planet at both high northern latitudes and at the equator (Ho
et al., 2012).

3.1.3. Zenith column densities derived from line-of-sight column
densities

Equivalent width values for the 2006 transit can be converted to
line-of-sight column densities of sodium atoms by multiplying
them by the Doppler-shifted solar flux of 7.8167 � 1012 photons/
cm2/s/A (Chance and Kurucz, 2010) and dividing by the g value
of 14.9 photons/atoms/s appropriate for the Doppler shifted wave-
length of the sodium absorption (Killen et al., 2009), (taking into
account antisunward velocity imparted by solar radiation pres-
sure) to yield a conversion factor of 5.25 � 108 atoms/cm2 mA.
The corrected equivalent widths (units of mÅ) derived from the
absorption profiles can be expressed as tangent or line-of-sight
(LOS) column densities by multiplying by this factor. The LOS col-
umn density is the summation of absorptions over the entire alti-
tude range of the exosphere, as it represents the view along a
straight line tangent to the planetary sphere. However it is possible
to derive a complete characterization of the exosphere—the zenith
column density, surface density, and temperature—from the alti-
tude distribution of LOS column density using the analysis given
by Chamberlain and Hunten (1987), as follows:

The density, n(r), is the product of the barometric density and a
partition function, f, describing how the particles are partitioned
among the various classes of orbits: ballistic, satellite and escaping.
The integrated density along a line of sight at direction h(r1) along a
chord that has its closest approach to the planet at r1 from the pla-
net center is

Nðl1; k1Þ ¼
Z 1

r1

nðrÞsecðhÞdr ð2Þ

where l = cos(h), and the number density n at a radial distance from
the planetary center, r, is

nðrÞ ¼ nceðke�kÞ1ðkÞ

where the subscript c refers to the ‘‘critical level’’, as defined by
Chamberlain and Hunten (1987) in their formulation of this prob-
lem. For the case at hand, it refers to the Mercury surface. The sym-
bol k refers to the gravitational potential energy.With a change
of variables, the integral can be taken over the gravitational
potential k



Table 2
Corrected equivalent widths at the surface and corresponding scale heights.

Position angle
(�)

Equivalent width
(mA)

Error, equivalent
width

Scale height
(km)

Error, scale
height

Total equivalent width
(mA)

Error, total equivalent
width

0N 119.3 2.9 156.6 6.3 18688.0 278.6
15 113.5 6.7 145.3 14.4 16496.3 561.5
30 96.7 3.7 151.3 9.5 14628.6 330.3
45 66.5 2.6 172.9 12.7 11492.7 365.
60 59.7 1.2 217.0 10.8 12947.0 361.4
75 43.6 1.5 286.8 20.2 12506.3 411.8

90E 54.4 0.9 243.0 11.2 13220.5 370.1
105 98.7 3.7 97.4 4.7 9808.7 83.9
120 113.3 2.3 120.3 3.4 13636.1 97.1
135 93.9 3.2 186.4 12.8 17510.8 572.9
150 109.0 3.3 152.4 7.5 16605.7 294.8
165 101.8 2.9 183.1 10.4 18644.3 492.0

180S 92.0 2.2 226.3 14.0 20813.2 751.8
195 175.8 5.5 79.5 3.0 13978.6 62.0
210 115.9 2.3 138.0 4.1 16001.9 145.8
225 66.7 1.2 266.0 12.0 17755.4 478.3
240 68.0 1.3 202.5 8.5 13761.1 302.5
255 29.8 2.5 281.9 43.3 8403.6 480.6

270W 23.2 4.4 382.7 10.1 8890.3 1509.8
285 47.3 0.4 245.4 5.2 11603.2 149.6
300 49.1 0.4 278.8 5.2 13694.0 145.3
315 66.5 5.0 176.2 28.1 11718.9 851.7
330 192.5 8.5 57.9 2.8 11146.8 25.0
345 162.2 2.8 106.1 2.4 17208.5 79.6

Fig. 13. This polar plot shows the corrected line-of-sight equivalent widths at the
surface as a function of position angle around the disk of Mercury. Equivalent
widths on the dawn side are about half the values seen on the dusk side. Peaks in
north and south polar regions are evident, tilted towards the dawn hemisphere.
Values in this plot were taken from Table 2.

Fig. 14. This polar plot shows corrected scale heights in units of kilometers as a
function of position angle around the disk of Mercury. The average scale height on
the dawn hemisphere is about 100 km larger than on the dusk hemisphere. Values
in this plot were taken from Table 2.
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Nðl1; k1Þ ¼ nce�kc k1r1

Z k1

0

ek1ðkÞ
k2lðk; k1Þ

dk ð3Þ

and expressed in terms of the function, K

Nðr1; k1Þ ¼ nðr1ÞH1Kðl1; k1Þ ð4Þ

where
Kðl1; k1Þ ¼
Z k1

0

k2
11ðkÞe�ðk1�kÞdk

k21ðk1Þ 1� 1� l2
1

� �
k2=k2

1

� �1=2 ð5Þ

and H1 ¼ r1
k1
¼ kTc

Mgðr1Þ
, k is the gravitational potential energy in units of

kT, g is the gravitational acceleration at r1, M is the mass of the
atom, and l = cos(h).

A line of sight through the corona from the outside traverses an
integrated density 2N(l = 0,k1).



Fig. 15. Assuming that we have derived the true altitude distribution of equivalent
width, the total sodium absorption can be calculated by integrating equivalent
width as a function of altitude. This figure shows a polar plot of the total equivalent
width as a function of position angle around the planet. Values in this plot were
taken from Table 2.

Fig. 16. Trial-and-error fitting of surface density and temperature to the observa-
tion, denoted by the black line in the figure. The best-fit was a density of
1400 atoms/cm3 and a temperature of 1600 K, which is the red line in the figure.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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This formulation corrects for the barometric law (which is inte-
grated over all momentum coordinates) because at substantial dis-
tances above the exobase the entire range of momenta are not
allowed. However, it does not account for loss mechanisms other
than collisions, such as radiation pressure and ionization. Thus
we find that the actual distribution falls off more steeply with dis-
tance than this formulation, especially above 600 km. The mea-
sured height distributions all curve slightly downward relative to
the Chamberlain formulation but this is expected.

We computed tangent, or line-of-sight, column densities as a
function of altitude from the surface equivalent widths and scale
heights listed in Table 2, using the conversion factor between
equivalent width and column density noted above. We then used
the Chamberlain formulation to compute tangent column densities
as a function of altitude for a series of models specifying only the
surface number density and temperature. The code determines
the best-fit solution by performing a least-squares analysis over
the range of models. We then plotted the data and models in order
to see how well the best-fit solution actually matched the data. In
some cases we had to run more models because the initial guesses
for number density and temperature did not encompass a wide en-
ough range.

An example of the fitting procedure is shown in Fig. 16 for the
sector at 180�, the south polar region.

Combinations of surface density and temperature are used to
calculate the altitude profile, and then varied until a best-fit with
the observed profile is reached. This procedure does not lend itself
to straightforward calculation of errors. However, a reasonable er-
ror estimate would be ±100� for temperature and ±200 km for
altitude.

The fitting procedure described above yielded the surface den-
sity and the temperature for each sector around the planet. We cal-
culated the scale height and zenith column density from these two
factors assuming the barometric formula to hold. Table 3 lists the
results.
The average surface concentration of sodium atoms was about
2700 atoms/cm3, but high northern (330–15�) and southern lati-
tudes (195–210�) were much denser. The average vertical column
density was 2.7 � 1010 atoms/cm2, and the average scale height
was 133 km. The average temperature was about 1600 K on the
dawn side, and about 1300 K on the dusk side. Killen et al.
(1999) did a careful analysis of high-resolution sodium D2 emission
line shapes, and reported sodium temperatures of 750 K at the
poles and 1100 K at the equator, which are lower than our transit
values. However, these observations are for an area of surface, not
the terminator. Because of radiation pressure the scale height
would increase toward the terminators observed in the transit
data.

Fig. 17 shows a polar plot of the zenith column density around
the circumference of the planet.

The column density reaches minima at the equatorial dusk and
dawn terminators, with the dusk terminator column density larger
than the dawn terminator column density. Maxima are reached in
high-latitude polar regions.

A polar plot of temperatures against position angle is shown in
Fig. 18.

Temperatures reach maxima across the equatorial regions, and
minima in the polar regions. The average temperature on the dawn
hemisphere is about 1600 K, while the dusk hemisphere tempera-
tures average smaller values, in the range of 1300 K.
3.1.4. Comparison with previous results
The 2003 transit was observed by Schleicher et al. (2004), using

instrumentation similar to that employed for this research. The
general appearance of our equivalent width map is similar to that
reported by Schleicher et al. (2004), who reported values ranging
from 1 mA to 15 mA for the 2003 transit, similar to the values re-
ported here, which ranged from 2 to 18 mA.

Schleicher et al. (2004) found the sodium density near the equa-
tor at the dusk terminator to be at the noise level of their measure-
ment, much smaller than the sodium density at the dawn
terminator. However, we found a different result, in that the dusk
terminator sodium density was slightly larger than the dawn ter-
minator sodium. The average difference over a 60� arc centered
on the equator was about 10%. It would appear that the direction



Table 3
Surface densities, temperatures, scale heights and zenith column densities for the Mercury exosphere derived from corrected line-of-sight column densities.

Position angle (�) Surface density number (cm3) Temperature (K) Scale height (km) Zenith column density number (cm2)

0N 3200 1200 114.1 3.7E+10
15 5100 1000 95.1 4.9E+10
30 2500 1200 114.1 2.9E+10
45 1600 1300 123.6 2.0E+10
60 900 1600 152.2 1.4E+10
75 600 1800 171.2 1.0E+10

90E 600 1800 171.2 1.0E+10
105 5800 900 85.6 5.0E+10
120 5000 1100 104.6 5.2E+10
135 1800 1400 133.1 2.4E+10
150 2800 1200 114.1 3.2E+10
165 1800 1400 133.1 2.4E+10

180S 1400 1600 152.2 2.1E+10
195 4700 800 76.1 3.6E+10
210 3500 1100 104.6 3.7E+10
225 700 1900 180.7 1.3E+10
240 1100 1500 142.6 1.6E+10
255 300 2000 190.1 5.7E+09

270W 100 3000 285.3 2.9E+09
285 500 1800 171.2 8.6E+09
300 600 1800 171.2 1.0E+10
315 1100 1400 133.1 1.5E+10
330 10000 500 47.5 4.8E+10
345 9500 900 85.6 8.1E+10

Fig. 17. The zenith column density in units of 1010 atoms/cm2 is plotted against
position angle around Mercury. The average column density on the dawn side was
about 0.9 � 1010 atoms/cm2 and about 1.1 � 1010 atoms/cm2 on the dusk side.
Values in this plot were taken from Table 3.

Fig. 18. Temperatures in units of degrees Kelvin are plotted against position angles
around the planet. The average temperature on the dawn side was about 1600 K,
and on the dusk side was about 1300 K. Values in this plot were taken from Table 3.
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of the dawn to dusk terminator ratio observed by Schleicher et al.
(2004) is consistent with the observations of Hunten and Sprague
(2002), who found that sodium densities towards the dusk termi-
nator were less than towards the dawn terminator, at least for the
range of true anomaly angles that they explored.

However, Potter et al. (2006) measured terminator brightening
over a near-complete range of true anomaly angles, comparing so-
dium densities for the terminator half of the illuminated planet
with densities for the limb half. They found that the terminator
to limb ratio was large only in regions with high radiation pressure,
primarily on the ‘‘out’’ leg of the orbit.

Large values of radiation pressure readily move sodium across
the Mercury surface towards the terminators (Potter et al., 2009).
There will be a tendency to accumulate sodium towards the termi-
nator. At the dawn terminator, sodium will condense and then
evaporate, returning to the exosphere as the planet rotates, result-
ing in terminator brightening. The opposite is true at the dusk ter-
minator, where sodium will condense beyond the terminator, but
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will not return to the exosphere as the planet rotates, resulting in
terminator dimming.

Radiation pressure at the time of the 2003 transit was about
14% of surface gravity, well into the region where radiation pres-
sure is shown in Fig. 19 to have little or no effect on limb brighten-
ing. Consequently, the result of Schleicher et al. (2004) is not
consistent with the terminator brightening observations of Potter
et al. (2006).

The 2006 transit occurred at a time when Mercury was moving
in towards the Sun. Then, solar radiation pressure is less effective
than on the ‘‘out’’ leg of the orbit, since the pressure decreases as
the atom velocity increases, rather than increasing, as happens
on the ‘‘out’’ leg. The data in Fig. 19 are sparse on the ‘‘in’’ leg of
the orbit, but terminator brightening is weak or non-existent over
most of the ‘‘in’’ leg of the orbit. Radiation pressure at the time of
the 2006 transit was 27% of surface gravity at about 30� from aph-
elion on the ‘‘in’’ leg of the orbit. There is not much evidence for
terminator brightening in that region. It appears that the near-
equality of the dusk and dawn terminators observed for the 2006
transit is consistent with the observations of Potter et al. (2006).

There must be some other explanation for the terminator
brightening observed by Schleicher et al. (2004). If there is a reser-
voir of condensed sodium on the night side, rotation of the dark
cold surface into sunlight would produce a local enhancement
even in the absence of any accumulation from radiation pressure.
Consequently, we do expect some enhancement of sodium at the
dawn terminator from this source as the Sun rises. If this effect
covers only a narrow region near the terminator, the procedure
used to calculate the ratios shown in Fig. 19 might not reveal its
existence at a level exceeding the measurement error. The model
of Mercury’s exosphere for the 2003 transit developed by Mura
et al. (2009) showed a small, narrow enhancement above the dawn
terminator, which probably would not have been detected by the
observations of Potter et al. (2006). (Effects of radiation pressure
on sodium distribution were not included in the model.)

It is reasonable to expect that the size of the sodium cloud pro-
duced by solely by evaporation with little influence of radiation
pressure would depend on the rate of exposure of fresh cold sur-
face to dawn sunlight. There is a major difference between the
2003 and 2006 transits in the rate of advance of surface material
at the terminator line into sunlight. This is a consequence of the
Fig. 19. Published data for terminator-to-limb brightness ratios as a function of
true anomaly angle (from Potter et al. (2006). The dawn terminator-to-limb ratio is
a maximum and the dusk terminator-to-limb ratio is a minimum near the point of
maximum radiation pressure. In regions of low radiation pressure, the terminator-
to-limb ratios are all near unity within scatter of the data. The true anomaly points
for the 2003 transit (149�) and the 2006 transit (328�) are marked by vertical blue
lines. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
highly elliptic orbit of Mercury, as the result of which, there is a
period near perihelion where the Sun moves retrograde across
the Mercury sky. At the time of the 2003 transit, cold surface ro-
tated into sunlight at the rate of 3.27� (138.3 km) per Earth day,
near the maximum value of 3.4� per Earth day at aphelion. Any
dawn enhancement due to evaporation of night-side sodium
would be near to a maximum. Sodium at the dusk terminator
would be lost by condensation.

For the transit in 2006, the true anomaly angle midway through
the transit was 329.3�, and the rate of advance of surface into sun-
shine at the dawn terminator was just 0.13� (5.5 km) per Earth day.
Any dawn enhancement due to evaporation of night-side sodium
would be near to a minimum and any dusk terminator loss would
also be near a minimum. This is consistent with the model of the
sodium exosphere developed by Leblanc and Johnson (2003),
who showed that the dawn enhancement tended to vanish as peri-
helion was approached.

The difference between terminator effects observed by Schlei-
cher et al. (2004) and those of this research can be reconciled if
the rotation effect dominates conditions at the terminators.

Schleicher et al. (2004) reported the appearance of a streamer-
like feature extending a thousand kilometers above the north polar
region, and a similar but smaller feature above the south polar re-
gion. We found similar features above both the south and north po-
lar regions, with more of them above the south polar regions, as
shown in Figs. 4 and 5. An example of the altitude distribution
for one of these features is shown in Figs. 7 and 8. We suggest that
the sodium seen in these features may be the small population of
high-energy (�3 eV) sodium that can be swept off the planet by so-
lar radiation pressure to generate the Mercury tail, as identified by
Potter and Killen (2008). This sodium may be produced from the
surface by solar particle or electron sputtering. The solar radiation
pressure at the time of the transit was not sufficient to generate an
appreciable tail, so this population of sodium would remain in the
exosphere.

We also consider that these high-altitude features may just be
coincidental alignments of background ‘‘solar noise’’ at suitable
heights above the limb. These high-altitude features could also
be consistent with the magnitude (1.6 mÅ) and spatial structure
of the noise we derived from our data in regions far away from
the planet. While Schleicher et al. (2004) do not provide similar
noise level estimates, their streamer-like features are most likely
also consistent with this same background noise. Atmospheric
smearing of the stronger absorption at the poles could help bring
borderline patches of solar structure in those regions above the de-
fined noise threshold, preferentially enhancing the appearance of
streamer like structures in the polar regions. Future transit exper-
iments should seek to further reduce the effects of this background
solar noise.

Schleicher et al. (2004) derived scale heights, surface number
densities and zenith column densities at the northern and southern
maxima. These are compared with results from this research in
Table 4.

In general, there is fair agreement between the two sets of re-
sults. Effects of planetary rotation on the sodium exosphere at
the terminator that we suggest caused the differences at the equa-
tor should be at a minimum near the poles.

Yoshikawa et al. (2008) observed the 2006 transit, and provided
column density values of 4.1 � 1010 for the ‘‘westside’’ and
6.1 � 1010 atoms/cm2 for the ‘‘eastside’’ without explanation as to
how these values were derived from their observations of equiva-
lent width. No uncertainty bands were provided for these data.
They identified the ‘‘westside’’ as the dusk terminator and the
‘‘eastside’’ as the dawn terminator. This is incorrect if their direc-
tions were for Mercury as seen in the sky. It would be correct if
their directions were for an individual standing on the planet. They



Table 4
Comparison of results from this research with those from Schleicher et al. (2004).

Observer Position Scale height (km) Surface density (103 atoms/cm3) Column density (1010 atoms/cm2)

Schleicher et al. (2004) N 135 ± 30 2.6 3.4
This research N 114 ± 10 3.2 ± 0.3 3.7 ± 0.3

Schleicher et al. (2004) S 130 ± 30 2.9 3.0
This research S 152 ± 10 1.4 ± 0.3 2.1 ± 0.3
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did not specify which situation was valid for their data. In any case,
their results show that the relative dawn and dusk sodium absorp-
tions are within about a 30% range, which is consistent with our
observations, but different from that seen for the 2003 transit,
where the dusk terminator signal was vanishingly small.

Since no conversion factor for equivalent width to column den-
sity was given, and no error bounds were specified, we cannot
determine if our measured equivalent width values are within or
without the margin of error for their values. However, we can
use our conversion factor to find values of equivalent width that
would correspond to the reported column densities, which we as-
sume are tangent column densities. The result was that their mea-
sured equivalent widths would be 78 and 116 mA. These values are
about an order of magnitude larger than those reported here for
the observational data and similarly are much larger than those re-
ported by Schleicher et al. (2004).

3.2. Line widths for sodium absorption

Fig. 20 shows a map of the Gaussian line widths around the cir-
cumference of Mercury.

The most common line width was 24 mA, maximum line width
was 36 mA, and minimum line width was 20 mA. The instrumental
profile was 24 mA, so that the true line widths are smaller, ranging
from about 16 mA to 31 mA.

Below about 200 km, the corrected line widths are in the range
17 to 21 mA, and are fairly uniform around the planet. These
widths represent relatively low temperatures, less than or equal
to about 1000 K, consistent with PSD or ESD (Madey et al., 1998).
These temperatures are close to the 750–1100 K values determined
by Killen et al. (1999) from analysis of emission lines. At higher
Fig. 20. Map of the Gaussian sigma width for the sodium absorption line around the
circumference of the Mercury shadow. The average width was 24 mA. The highest
values of line width are above the south polar region and the dawn terminator.
altitudes, there are patches of broader lines. The regions which dis-
played high velocities above the south pole and dawn terminator
show the widest lines, in the range 30–35 mA. These values repre-
sent temperatures in the range of 2000 K. These regions are
roughly coincident with the clouds illustrated in Fig. 7.

A close-up view of line widths in the sodium cloud above the
surface in sector 225� is shown in Fig. 21.

This is the same cloud for which equivalent widths were shown
in Fig. 7. Line widths, and consequently temperatures, are at max-
imum values in part of the cloud, lending support to the suggestion
that sodium in the cloud is a different population than sodium near
the surface.

Schleicher et al. (2004) and Yoshikawa et al. (2008) observed
line widths for the sodium absorption of 33 mA and 30 mA respec-
tively. After correction for instrumental broadening, their average
line widths were 31 mA and 25 mA respectively. These authors
interpreted their line widths as resulting from intrinsic Doppler
velocities, and obtained sodium temperatures of 3540 K (Schlei-
cher) and 2237 K (Yoshikawa). Assuming a much lower tempera-
ture, as found by Potter and Morgan (1985), Schleicher et al.
(2004) concluded that a non-thermal random velocity component
of about 1 km/s is mainly responsible for the observed line widths.

Yoshikawa et al. (2008) concluded that thermal desorption is the
main source process for Na in the Hermean exosphere, in spite of
having measured a temperature of 2237 K, over 10 times the surface
temperature at dawn and twice the temperature expected from a
PSD source. Neither the width of the line, the scale height, nor the
abundance is consistent with thermal desorption. The distribution
of Na around the limb is inconsistent with a thermal source. Our de-
rived temperatures, averaging 1600 K on the dawn side, and 1300 K
on the dusk side, are consistent with photon-stimulated desorption
Fig. 21. This image displays the line widths in the sodium cloud displayed in the
close-up view shown in Fig. 7. Line widths, and accordingly temperatures, are a
maximum in the cloud, supporting the view that the sodium in this cloud is a
different population from sodium near the surface.
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and electron-stimulated desorption as the primary source of so-
dium in the Mercury exosphere.
3.3. Earthward velocities of sodium atoms

Sodium atoms move across the surface by series of ballistic
hops, and the atoms are accelerated antisunward by solar radiation
pressure when aloft. For the transit observation, Mercury is ob-
served exactly in front of the Sun, so that the velocity vector of so-
dium accelerated by solar radiation is directed at the Earth. Fig. 22
shows a map of Earthward velocities of the sodium atoms in the
exosphere. Over most of the planet, velocities average 0.8 km/s.

From a study of sodium emission as a function of true anomaly
angle, Potter et al. (2007) estimated that sodium atoms are accel-
erated for an average time of 1700 s (this was based on the differ-
ence in sodium emission intensity between in- and out-legs of the
orbit). At the time of the 2006 transit, the solar radiation pressure
for a sodium atom was 119 cm/s2, which would produce an Earth-
ward velocity of 1.5 km/s for an acceleration period of 1700 s, tak-
ing into account the decreases in radiation pressure that take place
as the antisunward velocity increases. This is about twice the ob-
served average velocity of 0.8 km/s. The effective acceleration time
to produce a velocity of 0.8 km/s would be about 600 s, and this
may represent the average time between hops near the terminator,
assuming a strong interaction of sodium atoms with the surface.

While most velocities were near 0.8 km/s, there were two high
velocity regions, averaging 1.3–1.5 km/s. One is found high over
the South Pole, the other high over the dawn terminator region.
These may represent sodium that has been projected high enough
that surface interactions have not affected the acceleration by solar
pressure. Sodium may be generated with high energies and pro-
jected up into the exosphere at high latitudes by particle or elec-
tron sputtering processes (Vervack et al., 2010; Potter and Killen,
2008), and this may explain the high velocity sodium seen over
the south polar region, although a similar effect is not seen over
the north pole. The equivalent width map shown in Fig. 4 shows
several high altitude regions in south polar regions, and two in
north polar regions. Low-latitude high velocities on the dawn side
may have originated from high-energy sodium produced from
Fig. 22. Map of the Earthward velocities of sodium around the circumference of the
Mercury shadow. The average velocity in this figure is 0.8 km/s towards Earth.
Standard deviation of velocities is 0.25 km/s. The highest velocities are found over
the south pole and the dawn terminator.
night side equatorial region sputtering (Benna et al., 2010). The
highest sodium temperature found from the Chamberlain analysis
was 3000 K over the dawn side.

It should be noted that the radiation pressure at the time of this
observation was insufficient to generate an appreciable sodium
tail, whereby substantial numbers of sodium atoms escape the pla-
net (Potter and Killen, 2008; Schmidt et al., 2012). Potter and Killen
(2008) found that for true anomaly angles greater than 180� (the
‘‘in’’ leg), the tail could no longer be detected at radiation pressures
of 121 cm/s2 or less. Radiation pressure at the time of the transit
was 119 cm/s2 and the true anomaly was 329.3�, so that sodium
in the tail should have been present only in very small amounts.
Had an appreciable tail been present, velocities seen down through
the tail would have been much larger, due to the long times that
escaped sodium atoms are accelerated by solar radiation pressure.

4. Concluding remarks

We measured sodium absorption around the disk of Mercury
during its transit across the Sun on November 6, 2006. We derived
the surface density, temperature, zenith column density and scale
height of exospheric sodium in the altitude range from the surface
up to about 600 km. We have estimated the noise level in our mea-
surement and corrected for the inherent smearing by the Earth’s
atmosphere. The column densities over the dawn equatorial termi-
nator were found to be smaller than over the dusk equatorial ter-
minator, opposite from the difference reported for the transit of
2003 by Schleicher et al. (2004). Assuming these results to be valid,
the difference between the two observations could have resulted
from the slow rate at which the dawn terminator advanced into
sunlight during the 2006 transit relative to the more rapid rate
during the 2003 transit. Comprehensive modeling of the sodium
exosphere at the dusk and dawn terminators over the complete
range of true anomaly angles might provide additional insight.

At altitudes above 600 km, there was small population of ener-
getic sodium in the north and south polar regions, identified as a
population of sodium with sufficient energy to be swept off the
planet into the tail at sufficiently high radiation pressures, evi-
dence of a different source process at the polar regions.

We derived higher temperatures on the dawn-side for the so-
dium exosphere. Although the temperatures are quite different
for Na and Ca, MESSENGER observations of Ca in the Mercury exo-
sphere indicate that high-temperature Ca is produced almost
exclusively over the dawn hemisphere (Burger et al., 2011, 2012).

The circum-Mercury pattern of derived temperatures matched
closely the circum-Mercury pattern of line widths, with high tem-
peratures corresponding to wide lines, and low temperatures cor-
responding to relatively narrow lines. Earthward velocities of the
sodium atoms averaged about 0.8 km/s, about half the predicted
value.

The error budgets listed for the results shown in the tables and
figures were all derived from the noise level in the solar back-
ground on which the Mercury sodium absorption was superim-
posed. There are other potential sources of error that we cannot
account for at the present time. For example, Fig. 6 shows a semi
logarithmic plot of equivalent width against altitude. A straight
line has been fitted to the line, and this line fit is the basis for all
of the analysis that follows. However, the data depart slightly from
the straight line starting around 300 km, rising above it, and drop-
ping below it at higher altitudes. While these deviations are small,
they would be considerably magnified by a true correction for see-
ing blur, suggesting that the altitude distribution is more complex
than assumed for the data analysis.

Another uncertainty has to do with the fact that the observa-
tions are of the terminator region. This is a region of change, where
radiation pressure causes sodium atoms to flow from sunlit regions
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to dark regions where they may condense, and where condensed
sodium atoms may be released into the exosphere as the surface
warms in dawn sunlight. As a consequence, values for atmospheric
parameters derived from the terminator data should not be consid-
ered representative of the whole planet without taking into ac-
count the effect of terminator processes. For example, the large
difference between dawn and dusk terminators observed by
Schleicher et al. (2004) is surely not representative of the whole
planet, but rather, in part, the effect of terminator processes.

Observation of sodium absorption in the exosphere of Mercury
during a solar transit provides unique information about the plan-
etary distribution of sodium and its sources. The next two transits,
in 2016 and 2019, will be visible in Europe, and it is hoped that
similar observations will be possible, perhaps extended to addi-
tional species such as Ca or K in the Mercury exosphere.
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