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Abstract

The Mercury Atmospheric and Surface Composition Spectrometer on the
MESSENGER spacecraft has observed calcium emission in Mercury’s ex-
osphere on a near-daily basis since March 2011. During MESSENGER's
primary and first extended missions (March 2011 — March 2013) the dayside
calcium exosphere was measured over eight Mercury years. We have simu-
lated these data with a Monte Carlo model of exospheric source processes
to show that (a) there is a persistent source of energetic calcium located in
the dawn equatorial region, (b) there is a seasonal dependence in the cal-
cium source rate, and (c) there are no obvious year-to-year variations in

the near-surface dayside calcium exosphere. Although the precise mecha-
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nism responsible for ejecting the calcium has not yet been determined, the
most likely process is the dissociation of Ca-bearing molecules produced in

micrometeoroid impact plumes to form energetic, escaping calcium atoms.
Keywords: Mercury; Mercury, atmosphere; Spectroscopy; Atmospheres,

structure

1. Introduction

Mercury is surrounded by a surface-bounded exosphere (an atmosphere
that is collisionless down to the planet’s surface) known to contain both
volatile and refractory species derived from the regolith, interplanetary dust,
and the solar wind (Killen et al., 2007). The calcium (Ca) component of
Mercury’s exosphere was first detected from the ground (Bida et al., 2000;
Killen et al., 2005), but the MErcury Surface, Space ENvironment, GEo-
chemistry, and Ranging (MESSENGER) spacecraft, in orbit around Mercury
since March 2011, has provided the first opportunity for a detailed study of
the distribution and variability of calcium near Mercury. Exospheric emis-
sions at Mercury are measured by the Ultraviolet and Visible Spectrometer
(UVVS), one component of the Mercury Atmospheric and Surface Compo-
sition Spectrometer (MASCS) (McClintock and Lankton, 2007). Calcium
emissions are observed on a near-daily basis at 422.7 nm wavelength.

Burger et al. (2012) analyzed UVVS observations of exospheric calcium
made prior to orbit insertion and during the first week of science opera-
tions. They concluded that all the calcium detected could be supplied by an
energetic source (characterized by a temperature 7' 220,000 K if the source

flux has a Maxwellian distribution) centered on or near equatorial dawn. The



physical mechanism producing this calcium distribution was not evident, but
Burger et al. (2012) concluded that the distribution did not appear to be re-
lated to either magnetospheric effects or material that had built up on the
nightside and desorbed as it rotated into sunlight. In this study, we extend
the work of Burger et al. (2012) using data from MESSENGER’s primary

and first extended missions spanning eight Mercury years.

2. UVVS observations of dayside calcium

Designed to detect exospheric emission around Mercury, the UVVS feeds
observations from a telescope to a grating monochromator that scans a se-
ries of narrow wavelength ranges centered on the resonance lines of expected
atomic species (McClintock and Lankton, 2007). Each Ca spectral scan is
centered on the Ca emission line center (422.7 nm) and covers a wavelength
range of 421.1-424.4 nm with a 0.2 nm step size. Doppler shifts of the line
center due to different radial velocities of MESSENGER and Mercury are on
the order of 0.017 nm and are negligible with a 0.5 nm instrument passband.
The signal detected by the instrument is a combination of Ca emission, solar
light scattered from Mercury’s dayside surface, and a detector dark offset.
The solar contribution is light reflected from Mercury’s surface that is scat-
tered into the monchromator entrance slit by the telescope mirrors, and a
correction is determined from the observations. The dark offset arises from
thermionic emission within the detector and is a function of instrument tem-
perature. The dark offset is fully characterized through routinely sampled
measurements on the nightside of the planet.

Two Ca spectral scans taken on MESSENGER orbit 905, one near the

dawn terminator and one near the dusk terminator, are illustrated in Fig-



ure 1. To retrieve the Ca emission component of the scan, the solar back-
ground must be estimated and removed. The solar scattering component
(red line) is determined by fitting a solar continuum spectrum to the dark-
subtracted spectral scan (black line) using the wavelengths near the ends of
the scans that do not contain exosphere emission (shown in green). Scaling
the solar continuum to the wings of the measured spectral scan maintains the
core-to-wing ratio of the Fraunhofer feature in the solar spectrum (at 422.7
nm) and provides an accurate estimate of the solar background. The dark
and scattered sunlight components of the spectral scans are subtracted from
the measured signal, and the residual is assumed to be Ca emission from the
exosphere. The instrument radiometric sensitivity calibration is applied to
convert from counts per second to radiance (Fig. 1c and 1d), and the five
points around line center are summed to obtain a total Ca radiance value in
kilorayleighs (kR) for each spectral scan. The totals for the given examples
are 13.0 kR and 1.2 kR, respectively.

Observing the Ca emission near Mercury’s surface is a challenge because
there is a large solar scattering component to remove. This challenge is evi-
dent in the difference between the two spectral scans shown in Fig. 1. Both
spectral scans were taken on orbit 905 at a tangent altitude of 220 km, but
at two different local times. The viewing geometry with respect to Mercury’s
surface is very similar in both examples. The scan shown in Fig. 1a was taken
near the dawn terminator where the abundance of Ca is high, and its emis-
sion dominates the solar scattering component. The scan shown in Fig. 1b,
in contrast, was taken near the dusk terminator where the Ca abundance is

much lower and the solar scattering component dominates the signal. Dom-



inance by the solar scattering component increases the uncertainty in the
measurements, shown by the signal-to-noise ratio (SNR) of these two exam-
ples (36 and 4, respectively). This issue is a limiting factor in our ability to
detect Ca when the abundance is small. Only Ca data with a SNR greater
than 2 are used for comparison with model simulations.

For this study we have included UVVS observations of Mercury’s dayside
calcium exosphere from MESSENGER’s primary mission (18 March 2011—
17 March 2012 orbits 1-738) and first extended mission (18 March 2012-17
March 2013, orbits 739-1804). [The MESSENGER orbits are numbered from
apoapsis, with orbit 1 corresponding to the Mercury orbit insertion (MOT)
orbit]. The data cover portions of nine Mercury years. By convention of
the MESSENGER science team, the Mercury year begins at perihelion [true
anomaly angle (TAA) = 0°].

Several observing strategies using UVVS were employed to determine the
exospheric structure. To explore the dayside, spectra were acquired during
a series of limb scans over several dayside local times. Limb scans were gen-
erally obtained when MESSENGER was near apoapsis south of Mercury.
UVVS was pointed northward and scanned radially in altitude over the sur-
face at an approximately fixed local time to produce radial profiles of the
exospheric emission. The azimuthal structure was obtained by performing
multiple limb scans at different local times during a single orbit. The max-
imum number of scans during an orbit was 13, although the number could
be as few as one, depending on the observing circumstances. For the dataset
used in this study, there are 465 orbits with at least one limb scan. Table 1

lists the number of orbits with n limb scans, where n is between 1 and 13.



Each spectrum in a limb scan corresponds to a single UVVS line of sight
(LOS). A LOS is characterized by its tangent point, i.e., the point at which
the line of sight is closest to Mercury’s surface. Mercury is assumed to be
a perfect sphere with radius Ry=2440 km. During these limb scans, each
LOS is directed approximately south to north, although the precise angle it
makes with the equatorial plane depends on the location of the spacecraft
in its orbit. Most of the scans are taken when MESSENGER is between
12,000 km and 6000 km from Mercury, and the slit projection changes from
240 km to 120 km. As shown below, the e-folding distances are >1000 km;
therefore, there is little variation in the radiance of the exosphere across the
slit. Figure 2 shows a typical viewing geometry for dayside limb scans. The
endpoints of each LOS in this depiction are the spacecraft and the tangent
point. The color indicates the observed radiance (47 measured in kR). The
tangent point is uniquely defined by its local time (L) and altitude (A) above
the surface. (Lines of sight however are not uniquely determined by L and
A because the tangent point can be anywhere along the meridian at L and
the angle between the LOS and the equatorial plane can vary.) Limb scans
have been obtained only over the dayside at local times between 6 and 18 h
(dawn and dusk, respectively).

The limb scan data support the conclusions of Burger et al. (2012) that
the Ca source peaks in the dawn region. Figure 3 shows interpolated images
of the limb scan data projected onto the equatorial plane. Data from three
epochs during the time period under consideration indicate that this dawn
enhancement is a persistent feature independent of time and Mercury true

anomaly. The images were constructed with a method similar to that used by



McClintock et al. (2008) to make images of the emission from Mercury’s anti-
sunward tail region. We first computed L and A of the LOS tangent point
and interpolated emission measured along these lines of sight onto a regular
grid. We then performed a transformation from the polar (A, L) coordinate
system to a cartesian (x,y, where the z-axis points towards dusk and the y-
axis points away from the Sun) coordinate system to estimate the emission at
all points in the dayside equatorial plane as seen from a vantage point above
Mercury’s north pole. When viewing these reconstructions, it is important
to keep in mind that the radial sampling is much better than the azimuthal
sampling. Therefore radial variations and large-scale azimuthal structure are
real, but small-scale azimuthal structure is an artifact of the relatively poor
sampling in local time. We also note that these images are intended only to
provide a visual sense of the data. In the analysis that follows, we work with
the actual data only and not the interpolated approximations between data
points. It is clear, however, that the dawn enhancement in the emission is
the dominant morphological feature in the Ca data.

The emission data also indicate that the Ca exosphere is stable from one
year to the next. This result was determined by fitting exponential functions

to each radial profile:
AnI(A, L) = Anly(L)e~AH (1)

where 4w1(A, L) is the observed radiance at altitude A and local time L at
each tangent point above Mercury’s surface, 4wly(L) is the radiance at the
surface as a function of local time, and H is the e-folding (e™!) distance. H
differs from a true scale height as defined by Chamberlain (1963) due to the

high ionization rate. The parameters 47ly and H for fits to limb scans at
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dawn are plotted versus Mercury true anomaly in Fig. 4a and 4b. Different
Mercury years are indicated by different colors. Little to no year-to-year
variability is evident in the data. The primary variation in 47l (Fig. 4a)
is due to the changing g-value, the product of the solar flux at the emission
wavelength and the scattering probability per atom. In Fig. 4c we have
approximately removed the effect of g-value by converting to the apparent

illuminated column density at the surface Ny using:

Arl
Ny = 20
g

where 471 has units of kR and g is the g-value for an atom at rest relative to

x 10° (2)

Mercury in units of photons atom™! s71, as computed by Killen et al. (2009).

The approximation used in Equation 2 introduces a systematic error ow-
ing to the assumption that all the atoms are at rest relative to Mercury so
that a constant g-value can be used at each true anomaly. Because exospheric
calcium is mostly escaping, this assumption is not valid — the g-values for
individual atoms are different from Mercury’s g-value. The consequences of
this assumption are greatest at perihelion and aphelion because at these true
anomalies, Mercury’s radial velocity relative to the Sun is zero and its g-value
is minimized. Any radial motion that the Ca atoms experience, whether to-
ward or away from the Sun, increases their g-values relative to Mercury such
that the actual mean g-value for the atoms is greater than that obtained un-
der the assumption of no radial motion. This therefore creates an apparent
peak in Ny at aphelion and exaggerates the peak at perihelion. At other
true anomalies, deviations from Mercury’s radial velocity will cancel out if
equal numbers of atoms are moving toward and away from Mercury. For

Ca, which is ejected energetically and is mostly escaping, the deviations do
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not cancel out. At local times near dawn or dusk, where the Ca is moving
mostly perpendicular to the Sun-Mercury direction, the column density de-
rived from Equation 2 differs from the actual column density by ~ 10%, but
varies with true anomaly. Near the sub-solar point, where the difference in
radial velocity relative to the sun between Mercury and exospheric Ca are
greatest, the errors introduced by use of Equation 2 are larger, approaching
a factor of 2, and have a larger variation over the course of a Mercury year
than near the terminator.

In the next section we quantify the seasonal variability (the variation with
true anomaly) with a Monte Carlo model that takes into account the motion
of atoms relative to Mercury when computing g-values. The above empirical
analysis has been presented primarily to show that (a) there appears to
be a seasonal variation in the Ca source at dawn, and (b) the Ca source
appears to have no year-to-year variability. In our models of the limb scan
data presented below, we take advantage of the annual repeatability of the
exosphere to increase the local time coverage and number of data points
available by binning data from different Mercury years by true anomaly. We
note that the dawn brightness asymmetry seen in Figure 3 is not a result of
the systematic error described above, but can be reproduced with the Monte

Carlo model as demonstrated below and by Burger et al. (2012).

3. Modeling UVVS limb scans

To simulate the UVVS observations of exospheric Ca and determine the
size, source rate, and energy distribution of the Ca source on the surface,
we used the model of Burger et al. (2010). The model is necessary for cor-

rect interpretation of the data because an empirical analysis such as that
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presented above cannot correctly take into account variations in observing
geometry among orbits and the range in radial velocities relative to the Sun
of Ca atoms near Mercury. Descriptions of our model are given by Burger et
al. (2010, 2012). For this work we used a constant step-size integrator rather
than the variable step-size integrator used by Burger et al. (2010, 2012). This
change substantially sped up the simulations with minimal loss of precision
(<50 km over the ionization lifetime of a Ca atom) in the regions of the
exosphere observed by the dayside limb scans.

Because we found no evidence of year-to-year variability in the data, we
grouped the limb scan data into bins of width 5° in Mercury true anomaly.
In general, this binning increased the local time coverage and radial sampling
of the exosphere as orbits from different years obtained limbscans at different
local times and with different radial sampling. The photoionization lifetime
and radial velocity of Mercury relative to the Sun are approximately constant
over the 5° of true anomaly spanned by each bin. Figure 5 summarizes the
number of MESSENGER orbits that contributed data to each bin and the
local time coverage as a function of Mercury true anomaly. The number of
local times sampled was determined by calculating the local time of the tan-
gent point for each spectral scan and rounding to the nearest hour. (Model
simulations used the actual UVVS lines of sight. The rounding was used
only to quantify the coverage). Owing to spacecraft viewing restrictions be-
tween TAA=180° and TAA=205°, it was not possible to sample local times
near noon, and only dawn (6 h local time) and dusk (18 h local time) were
measured during the limb scans. Although this limitation made it difficult to

determine the width of the source during these times, we do have a measure-
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ment of the dawn-to-dusk ratios. “Complete” dayside coverage was achieved
for true anomalies with data at 13 distinct local times.

We used the Monte Carlo model to quantify the variations in source
rate, size, and temperature by performing a grid search over these three
parameters and determining the minimum of the x? statistic. The source
was parameterized in the manner of Burger et al. (2012) as a source centered
at the dawn equatorial point that falls off exponentially with angle with
e-folding width o:

r=(x,y,2) = (cosA\cospu,sinAcos u,sin p) (3)
cos¢p = T-Tg (4)
fOup) = f06—¢>(/\7u)/0 (5)

where A and p are the longitude and latitude relative to the sub-solar point,
f (A, ) is the flux from the surface as a function of longitude and latitude, fy
is the maximum flux, and ¢ is the angle defined by a point on the surface, the
center of Mercury, and the center of the source (ro) which we held fixed at the
dawn equatorial point (A = 270°, u = 0°). o is the angular e-folding width
of the source. We initially used Maxwellian speed distributions. Although
the source may not be thermal, these distributions were indicative of the
mean energy of the source and informed our choices of speed distributions in
subsequent analyses.

With the results of Burger et al. (2012) as a starting point, we chose
temperatures between 2 x 10* K and 7 x 10* K and angular widths between
20° and 80° for our grid search. We also included models with constant Ca

flux over the surface (the “isotropic” case) for comparison. At each grid point,
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we simulated the emission along each line of sight under the assumption of
a nominal source flux from the surface (10** Ca atoms s™!).

To determine the best fit to the data, we computed the standard x?
statistic for the models at each grid point. We then found the minimum yx?
with the fit parameters T, o, and S, where S is the total source rate in units
of 102® atoms s~!. The uncertainties in each fit parameter were determined
by varying each parameter separately from the best-fit values and finding the
point at which Ax* = x2 — X7 ,.;, = 3.53, where x, is the reduced x* (x°
divided by the number of degrees of freedom, i.e., the number of data points
minus the number of fit parameters). Ayx? = 3.53 gives the one-standard
deviation (68.27%) confidence level for a three-parameter fit (Press et al.,
2007, p. 815).

The results from the grid search analysis are presented in Figure 6. The
temperature is not well constrained, although the source is clearly hot, with
a mean temperature ~ (64 1) x 10* K. The upper bound on the temperature
is especially difficult to determine because the e-folding distance changes
slowly with T for these high temperatures. Essentially, a 60,000 K exosphere
looks the same as an 80,000 K exosphere because the calcium is largely
escaping. It is also difficult to constrain the variability in the source width
precisely. However, o is consistently between ~ 40° and 80° and may be
wider near aphelion than perihelion. Unfortunately, near aphelion the local
time coverage was poor, and the data are consistent with both a 60° source
and an isotropic source, implying that we have not constrained o well at these
true anomalies. During true anomalies with better local time coverage, o is

between 40° and 60°. In contrast, we do a much better job of constraining
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the total source rate. The source rate shows an order of magnitude variation
peaking at 3.7 £0.6 x 10%® s~! at 20° true anomaly and falling to 0.4+ 0.3 x
10% s7! at TAA=195°, almost half an orbit away. The small enhancement
in source rate at TAA=165° is associated with an increase in the model
uncertainty such that the enhancement is not statistically significant.

The grid search results in Fig. 6a and 6b suggest that the observed ex-
osphere may be consistent with a constant source size and temperature. A
test of this hypothesis is shown in Fig. 7, which compares the best-fit re-
sults from Fig. 6 with a model in which (7",0)=(70,000 K, 50°) at all true
anomalies. Panel (a) indicates that the total source rate is unaffected by the
use of a constant source. Panel (b) shows the difference in x? between the
models used to make the curves in (a). This comparison indicates that the
constant-source model (i.e., constant in temperature and size on the surface,
but not in strength) provides a slightly worse fit to the data but within 1
standard deviation uncertainty. Therefore, we conclude that we are unable
to identify changes in the temperature and in the size of the Ca source in the
dawn region.

The source rates found here are approximately consistent with those
found by Burger et al. (2012) (shown in red in Fig. 6¢). However, there are
several key differences between the earlier and current results that may make
a direct comparison inappropriate. First, Burger et al. (2012) made only a
limited effort at constraining the temperature; they preferred T=50,000 K
but found that for most of the data T'=20,000 K worked equally well. The
Burger et al. (2012) results shown in Fig. 6 are under the assumption that

T=50,000 K, whereas here we have used temperature as a fit parameter.
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Second, Burger et al. (2012) found a smaller source width; all the data were
well fit with o ~ 25°. This result may be because the data used by Burger et
al. (2012) were largely over Mercury’s nightside, whereas here we have used
only dayside measurements. The discrepancy in source width may indicate
that the source is asymmetric across the terminator. In this work, we have
assumed symmetry (i.e., as much Ca is ejected over the nightside as the day-
side), although the current dataset was not sensitive to emission over the
nightside. Joint analysis of dayside and nightside data is required to under-
stand any asymmetry across the terminator. Simulations of the dayside limb
scans with the nightside Ca source shut off (i.e., no calcium was produced
before local time 6 h or after local time 18 h) do not markedly affect the
quality of the fits. The limb scan data are thus consistent with no calcium
release on the nightside. The data modeled by Burger et al. (2012), however,
did require the ejection of Ca from the nightside.

The preceding analysis was based on the assumption that calcium is
ejected from the surface with a Maxwellian flux distribution. This assump-
tion may not be valid; potential source processes such as ion sputtering or
molecular dissociation can result in non-thermal initial speed distributions.
If atomic Ca is produced from the dissociation of Ca-bearing molecules near
the surface, the initial speed distribution will be approximately Gaussian in
the form:

£, = e wmw)?/2? (6)

where v, is the most probable speed and 7 is the width of the distribution.
To test whether the data are consistent with an initial speed distribution

of this form, we conducted a grid search over the parameters v,, o, and .5,
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holding 7 fixed at 0.2 km s~!. We found that the dayside limb scan data are
consistent with this speed distribution for v, greater than Mercury’s escape
speed (4.1 km s71). It was not possible to constrain better the source speed
using only these data; the shape of the exosphere is insensitive to the initial
speed for escaping atoms. UVVS observations of the nightside or at higher
altitudes on the dayside may help to improve definition of the initial speed,

but the analysis of those data is beyond the scope of this work.

4. Discussion

We have presented models and analysis of MESSENGER UVVS obser-
vations of calcium in Mercury’s dayside exosphere. We have found three

primary characteristics of the Ca distribution:

e There is a persistent source located in the dawn equatorial region that
is approximately constant in size and energy. The source is energetic,
consisting of Ca ejected at speeds greater than Mercury’s escape veloc-

ity. There is no evidence for a colder component to the Ca exosphere.

e There is a clear seasonal variation in the Ca source, with the source
rate peaking at 3.7 x 10%* s7! at ~ 20° true anomaly and reaching a

minimum of 0.4 x 10?3 s~ at ~ 195° true anomaly.

e There is no evidence of year-to-year variability in the near-surface day-

side Ca exosphere.

These results are consistent with ground-based observations indicating high-
temperature calcium (Bida et al., 2000; Killen et al., 2005) as well as previous

results from MESSENGER UVVS observations (Killen et al., 2010; Burger
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et al., 2012) that focused on data over Mercury’s nightside. The amount
of calcium in the exosphere is extremely low (Fig. 8). Over the course of a
Mercury year, the peak density varies from less than 1 cm™3 to ~ 4 cm™3,
and the total Ca mass varies from ~7 kg to 36 kg. Fig. 8a shows the Ca
density in Mercury’s equatorial plane at Mercury true anomaly 20° based on
our best-fit model to the dayside limbscans; Fig. 8b gives the total number
and mass of exospheric Ca atoms. The Ca source rate varies by a factor of
10, whereas the content varies only by a factor of 5 due to the changing Ca
photoionization lifetime (the lifetime varies from 23 minutes at perihelion to
52 minutes at aphelion). Near aphelion where the source rate is the lowest,
the Ca lifetime is greatest so that the Ca residence time in the exosphere is
the longest. The vast majority of the ejected Ca is ionized near Mercury’s
surface: the fraction of Ca that is photoionized varies between ~80% and
95% over the course of a Mercury year. A smaller fraction, between 3% and
15%, escapes beyond 15 Ry, although that Ca is eventually photoionized.
The remainder, ~1-2%, returns to the surface.

Burger et al. (2012) presented several hypotheses for the production of
energetic calcium from the dawn region, but they found none consistent with
the data they presented. Here we discuss these hypotheses and evaluate them
in light of the current results.

Many authors have looked at impact vaporization as a potential exo-
spheric source (e.g., Cintala, 1992; Borin et al., 2009; Grotheer and Livi,
2014). Kameda et al. (2009) and Wang and Ip (2011) argued that the exo-
spheric Na density is correlated with the interplanetary dust (IPD) density at

Mercury. This hypothesis has several features that make it a promising sce-
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nario for explaining the observed Ca source. First, Ca-bearing molecules are
more likely to be produced in impact vapor plumes than Ca atoms (Berezh-
noy and Klumov, 2008). These molecules quickly photodissociate (Berezhnoy
and Klumov, 2008; Berezhnoy, 2013) to release energetic Ca atoms (Killen
et al., 2005). Second, recent observations and models of micrometeoroids at
Earth show that there is a strong dawn enhancement in the impactor flux
(Janches et al., 2006; Pifko et al., 2013).

Although these arguments are suggestive, several questions must be ad-
dressed before we can confidently conclude that micrometeoroid impact va-
porization is the primary exospheric Ca source. For example, it has not been
demonstrated that the results of Janches et al. (2006) and Pifko et al. (2013)
are applicable to Mercury: there are neither measurements nor models of the
impactor flux at Mercury’s surface as a function of local time. A study of
larger meteoroids (radii 2 1 ¢cm) predicted a leading/trailing asymmetry in
the impact flux (Marchi et al., 2005), although that result did not include
radiation forces that are important for determining the motions of microme-
teoroid impactors. Finally, it is not clear that impact followed by molecular
dissociation produces atomic Ca with an effective temperature >50,000 K.
However, the molecular species produced in impact vapor plumes and the
excess energies of these species upon dissociation are not well understood.

Several authors have suggested mechanisms for producing dawn enhance-
ments in the sodium exosphere through enhancements of sodium on the night-
side by enhancing the surface abundance of Na on the nightside by either
implanted magnetospheric Na®™ (Sprague et al., 1997) or by thermally driven
migration of sodium from the dayside to the nightside (Mura et al., 2009;
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Leblanc and Johnson, 2010). We believe it is unlikely that the Ca source
is driven by nightside material moving into sunlight. While the data ana-
lyzed here are not sensitive to a nightside source, those analyzed by Burger
et al. (2012) were. Their results required a Ca source on the nightside of
the terminator, which is inconsistent with mechanisms requiring sunlight. In
addition, between Mercury true anomaly 335° and 25°, inclusive of perihe-
lion, the motion of the Sun in the sky reverses so that new material is not
being brought into sunlight. However, this is when the Ca source rate is
greatest — the peak source rate is at TAA=20°, and the source rate is above
the mean value of 1.6 x 10?3 during this entire period. At this true anomaly,
the regolith near the terminator has already been in sunlight and returned to
the terminator region. If material which had accumulated on the nightside
were being degassed, we one might expect the source rate to be minimized
at this time. However, additional modeling of the state of calcium on the
surface and the physical mechanisms by which it is vaporized or desorbed is
required to determine when the seasonal peak in the calcium source should
occur.

Finally, the interaction between Mercury’s magnetosphere and the solar
wind might contribute to the production of exospheric calcium. Precipitation
of solar wind ions onto the surface is thought to affect the flux of sodium
from the surface due to direct ion sputtering (McGrath et al., 1986), chem-
ical sputtering (Potter, 1995; Mura et al., 2009), or ion-enhanced diffusion
of sodium followed by photon-stimulated desorption (Sarantos et al., 2010;
Burger et al., 2010). Ton precipitation has generally been associated with

spots of high-latitude Na emission seen in ground-based data. We see no
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evidence for similar high-latitude Ca emission, although the limb scan obser-
vations may not be sensitive to the proper regions. Ion precipitation on the
nightside might lead to an enhancement of calcium, but as discussed above
the mechanism does not appear to involve material rotating into sunlight.
There is no evidence of enhanced ion precipitation in the dawn region, so
we conclude that ion precipitation is not related to the Ca production. In
general, magnetospheric interaction effects such as ion sputtering or electron-
stimulated desorption are unlikely to be the primary Ca source mechanism
because of the intrinsic variability of the magnetosphere compared with the
regularly varying Ca source rate.

To summarize, we have used MESSENGER data to identify a seasonal
dependence to the dawn source of Mercury’s dayside exospheric calcium.
The mechanism responsible for ejecting calcium from the surface is not de-
termined, but molecular dissociation of Ca-bearing molecules produced in
micrometeoroid impact vapor appears to be most consistent with these re-
sults. Future work that focuses on joint modeling of dayside and nightside
data to better constrain the size and variability of the source region is war-
ranted as a step toward a better understanding of the physical mechanism

responsible for its production.
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Table 1: Summary of dayside limb scans

Number of
Limb Scans Number of

per Orbit Orbits

1 21
2 98
3 37
4 120
) 71
6 26
7 62
8 16
9 9
10 2
11 1
12 0
13 2

Total 465
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Orbit 36, 5 April 2011
Side View Top View

Fig. 2: Two views of limb scan observations over Mercury’s dayside from 5 April 2011. The
anti-Sunward direction is indicated by Mercury’s shadow (the grey shaded region). The
lines of sight extend from the spacecraft orbit (indicated by the red line) to the line-of-sight
tangent point.
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Fig. 3: Reconstructed images of Ca emission in Mercury’s dayside equatorial plane at
three epochs. The white circles show the projections of the line-of-sight tangent points in
the equatorial plane. The color scale indicates the interpolated radiance. Mercury’s sunlit
hemisphere is shown. The dawn terminator is at the left side of the disk; the sub-solar
point is at the bottom. The lines of sight for the observation in (a) are shown in Fig. 2.
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Fig. 4: (a) Intensity at the surface over Mercury dawn determined from exponential fits to
radial limb scan data. Different Mercury years are indicated by different colors. (b) The
e-folding distance over dawn determined from the exponential fits. (¢) Apparent tangent
column density over dawn. A systematic error that enhances the peak at perihelion and
creates the apparent peak near aphelion has been introduced by the assumption that all
the atoms are at rest relative to Mercury (see text).
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Fig. 5: Number of orbits (red) and number of distinct local times above the surface sampled
(blue) in each 5° true anomaly bin as a function of true anomaly.
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Fig. 6: Best-fit parameters to the dayside limb data under the assumption of a maxwellian
speed distribution and a source region centered on the dawn equatorial point as a function
of true anomaly. The best fits are given by the solid lines with the one standard devi-
ation uncertainties indicated by the shaded region between the broken lines. (a) Fit to
source temperature. The temperature was constrained by the grid search parameters to
be between 20,000 K and 70,000 K. (b) Fit to source width. The width was constrained
between 20° and 80°. (c¢) Fit to source strength. There were no constraints on the source
rate. The source rates determined by Burger et al. (2012) are shown in red.
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Fig. 7: (a) Comparison of the best-fit source rate shown in Fig. 6¢ (red) and the source
rate determined using a source with T=70,000 K and o=50° at all true anomalies. (b)

Difference in x2 between the constant source shown in (a) and the best-fit (i.e., minimum)
value.

30



Equatorial Density, TAA=20°
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Fig. 8: (a) Ca density in Mercury’s equatorial plane at Mercury true anomaly=20° based
on our best-fit model (T=70,000 K, 0=50°, S=3.7 x 10?3 s71). (b) Modeled calcium
content given in terms of total number of Ca atoms in the exosphere and total Ca mass
as a function of Mercury true anomaly. The red line shows the density for our best-fit
models; the black line denotes a source with a fixed temperature and width as indicated.
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