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Table 1. Estimates of ion density n, temperature 7, and pressure P for the cusp (C) and equatorial
(E) regions shown in Figs. 3 and 4.

Date H* Na group
(2011) nem®  TMK)  P@Pa)  n(m®  TMK P (nPa)
13 April C 12 1.3 0.22 * * *
14 April C 20 0.79 0.21 * * *
16 April C 40 0.79 0.44 0.5 1 0.008
13 April E 1.5 5.1 0.11 t t t
15 April E 1.6 3.6 0.079 0.2 1-3 0.003—-0.008
21 April E 0.28 7.8 0.030 0.3 3 0.01

*Too few counts.

plasma is expected to be transported preferen-
tially through the magnetically dominated lobe
regions and concentrated in the plasma sheet
at low latitudes. The plasma sheet is threaded
by closed planetary magnetic fields such that its
northward component combined with the dawn-
to-dusk electric field imposed by the global solar
wind interaction result in a sunward magnetic
stress. This stress is balanced by a tailward-directed
gradient in the plasma pressure (i.e., plasma den-
sity and temperature decrease with increasing
downtail distance).

The heavy-ion observations provide impor-
tant constraints for Mercury’s neutral exosphere
and its temporal variability and spatial dis-
tribution. Single-particle calculations indicate
that He" and O ion fluxes could be comparable
if the near-surface density of neutral oxygen does
not exceed 200 atoms cm °, as predicted by exo-

tSubstantial bulk velocity violates assumptions for data inversion.

sphere models (/4, 16). From the observed spa-
tial distributions, the energy of the observed
ions, and comparisons with observations of the
neutral exosphere, we conclude that the plane-
tary ions discussed here are being created by the
ionization of exospheric neutral species. More-
over, MESSENGER observations reveal that Mer-
cury’s cusps act as natural collection points and
conduits for solar wind and planetary ions, such
as the O group, Na group, and other ions, that
are likely to contribute to the neutral exosphere
as they precipitate onto the planetary surface.
There are orbit-to-orbit differences in observa-
tions, which reflect the magnetospheric response
to a highly variable solar wind (/7) and which
are anticipated from the temporal variability of
Earth-based observations of the Na exosphere
(6). Given the high heavy-ion thermal pressures
relative to proton pressures at Mercury reported

REPORTS

here, the role of heavy ions must be included to
properly understand the dynamics of Mercury’s
magnetosphere.
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The MESSENGER spacecraft began detecting energetic electrons with energies greater than

30 kilo—electron volts (keV) shortly after its insertion into orbit about Mercury. In contrast,

no energetic protons were observed. The energetic electrons arrive as bursts lasting from seconds
to hours and are most intense close to the planet, distributed in latitude from the equator to
the north pole, and present at most local times. Energies can exceed 200 keV but often exhibit
cutoffs near 100 keV. Angular distributions of the electrons about the magnetic field suggest
that they do not execute complete drift paths around the planet. This set of characteristics
demonstrates that Mercury’s weak magnetic field does not support Van Allen—type radiation
belts, unlike all other planets in the solar system with internal magnetic fields.

in 1974 and 1975 established that the in-

nermost planet in the solar system hosts a
dominantly dipolar magnetic field (/). No radia-
tion belt similar to Earth’s Van Allen belts was
detected, although bursts of energetic particles
were identified from observations during the first
flyby (2). These observations included four high-

The three flybys of Mercury by Mariner 10

energy particle events, which were identified as
consisting of electrons (with energies >300 keV)
and protons (>550 keV). It was later pointed out
(3) that the responses of the Mariner 10 detec-
tors were consistent with pile-up of lower-energy
(<170-keV) electrons, so energetic protons may
not have been measured. The MESSENGER
spacecraft, inserted into orbit about Mercury on

18 March 2011, carries detectors designed to
provide measurements of the energetic particle
population. In particular, the Energetic Particle
Spectrometer (EPS), one of two sensors on the
Energetic Particle and Plasma Spectrometer in-
strument (4), measures electrons from ~25 keV to
1 MeV and ions from ~25 keV to ~2.75 MeV (5).

Shortly after MESSENGER initiated scien-
tific observations from orbit, EPS began record-
ing recurring bursts of energetic electrons (Fig. 1).
The first burst occurred on 27 March, and sub-
sequent bursts were seen during each ~12-hour
orbit on following days. From 26 March to 4 June,
EPS detected more than 90 electron events. Dur-
ing these bursts, the measured electron intensity
at energies less than 100 keV increased by one
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to three orders of magnitude above background
within a few seconds. For several events, the
intensity increases extended to energies as great
as 200 keV, as seen on 28 and 30 March (Fig. 1).
The bursts typically lasted from a few seconds to

to the magnetic field line (Fig. 2B). The event-
integrated electron-flux spectrum j(E) is charac-
terized by a power-law distribution (dj/dE = kE ™,
where E is energy, k is a constant, and y ~ 3)
extending from the lowest-energy channel of

EPS (~30 keV) up to >100 keV, as shown in Fig.
2D for the second group of events on 29 March.
Other instruments on MESSENGER designed to
detect x-rays, neutrons, and gamma-rays for re-
mote sensing of planetary surface chemistry (7, &)

several minutes and often came in groups spread
over time intervals as long as several hours, as
illustrated in Fig. 2A for an event on 29 March.
The main group of electron bursts on that day 200
occurred from ~0200 to 0225 Coordinated Uni-

versal Time (UTC) at local afternoon and mid- < 100
latitudes (Fig. 2C). A second, smaller group was @
detected at ~0230 UTC just after local midnight, =
and a much shorter-duration third group was seen @
at ~0237 UTC. These last two groups were seen :cj

near the magnetic equator, on the basis of analysis
of magnetic field observations (6). Each of these
individual electron bursts exhibited fine structure 20
on time scales comparable to or shorter than the
time resolution of EPS (3 s).

The angle between the observed particle ve-
locity vector and the in situ magnetic field for
most of these particles was ~45° to 135°, indicating
that the electrons gyrate mostly perpendicular

26 Mar

27 Mar

Counts/s

| [ f
! [ll

28 Mar 29 Mar 30 Mar 31 Mar
Time (UTC)

1 Apr

Fig. 1. Energy spectrogram for the electron events, corrected for cosmic-ray background, observed by
EPS from 26 March to 1 April 2011. MESSENGER's orbital period at Mercury is ~12 hours, and the longer
tic marks denote the beginning of the dates indicated.
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Fig. 2. Profiles of (A) intensity versus time, (B) pitch-angle distribution, (C)
spacecraft location, and (D) energy spectrum for the electron bursts observed on
29 March 2011. Locations are shown in Mercury solar orbital (MSO) coordinates,
for which X points sunward, Z northward, and Y duskward. Three groups of bursts
were observed by EPS during the period from 0200 to 0237 UTC [red in (Q)] as
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the spacecraft transited from the equatorial to the polar region of the
planet. The same electron bursts were also detected on MESSENGER’s XRS
[green in (O)] and Neutron Spectrometer [(NS), blue in (Q)]. The electron-flux
spectrum is from a 4-min integration interval during the second group of
electron events observed on 29 March 2011.
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are also sensitive to electrons through energetic-
electron—induced fluorescence and bremsstrahlung
in their detectors, and observations with those
instruments corroborated and enhanced the EPS
measurements (Fig. 2C).

The energetic electron bursts have been seen
over a broad range of northern (10° to 80°N)
latitudes relative to Mercury’s geographic equa-
tor. The most intense events were recorded at
higher northern latitudes when the spacecraft was
near periapsis. Those events recorded by EPS
at southern latitudes, where the spacecraft is at
much higher altitudes, have intensity levels that
are typically an order of magnitude lower than
those of the northern hemisphere events.

The coordinate system that best organizes par-
ticle data in a magnetosphere is the |B|,L system
(9), where |B| is the magnetic field strength and
L is the distance (in planetary radii) at which a
dipole field line crosses the magnetic equator (10).

The distribution of energetic events in the |B],L
system on Mercury’s dayside and nightside is
shown in Fig. 3. The most intense events on the
nightside were seen close to the planet and near
the magnetic equator (/7). There were, however,
some events at high latitudes but close to the
planet, such as the one at L = 1.6. At high
latitudes, the magnetic field lines are highly
distorted from those for a dipolar field and are
likely to be open, that is, linked to the solar wind
rather than the opposite hemisphere of the planet.
The large event at L = 3.3 was close to the
nightside equator but could reflect a transient
magnetospheric configuration.

The events on the dayside were mostly away
from the equatorial plane and located at larger
values of L. Given the compression of the mag-
netosphere on the dayside by solar-wind pres-
sure, this distribution is unexpected. Only three
relatively weak events were seen at the magnetic

equator close to the planet. The events at higher
latitudes and larger L values (>2) probably oc-
curred on magnetic field lines that connected
to the distended equatorial plasma sheet on the
nightside.

The energetic particle data accumulated
during MESSENGER’s first Mercury year (88
Earth days) of observations show that the mag-
netosphere of Mercury is in a different class from
those of Earth and the outer planets (/2). At
energies >30 keV, there appear to be no steady-
state particle distributions in any particular lo-
cation. Instead, intensities vary on time scales of
~3 s and perhaps less during events that persist
intermittently for periods ranging from minutes
to hours, close to the planet at high-to-intermediate
northern latitudes but also at the equator, espe-
cially on the nightside. There is no evidence that
the electron population undergoes full 360° drifts
around the planet, although this inference is
somewhat limited by MESSENGER’s near-polar
orbit. Hence, there are no electron radiation belts
surrounding Mercury similar to the Van Allen
belts at Earth. Moreover, no energetic ions with
energy E > 25 keV above the detector intensity
threshold have been identified thus far. Lower-
energy (<10-keV) plasma ions are present through-
out the magnetosphere (/3), but they do not appear
to be energized to the higher energies anticipated
by most acceleration mechanisms, such as be-
tatron or X- and O-type reconnection (/4). One
might have expected that protons would also be
accelerated to similar energies, yet none have
been observed so far. This situation is specific to
Mercury’s magnetosphere and is perhaps a result
of the weakness of the planetary field and the
consequently small magnetosphere dimensions.

The identity, location, and recurrent nature of
these burstlike events suggest that there is an
efficient acceleration mechanism operating with-
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Fig. 3. Locations of the 92 electron events observed by EPS between 27 March and 3 June 2011 are
plotted in IBI,L coordinates (see text) for an offset-dipole representation of Mercury’s magnetic field for
both dayside (right) and nightside (left) events. The event intensity is represented by both the color and
size of the marker, with darker and larger symbols indicating more intense events. The solid black line
shows the magnetic equator at Mercury (6). The shaded areas denote regions of the space defined by this
coordinate system that have been surveyed by MESSENGER.
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in Mercury’s magnetosphere on a regular basis
that produces electrons with energies up to hun-
dreds of kilo—electron volts, or ~10 times higher
than could be imparted by the electric potential
(=30 kV) applied to the system by solar-wind
interaction (/5), on time scales of seconds. Sim-
ilar bursts of energetic electrons, but counter-
streaming with protons, have been observed within
Earth’s magnetosphere (16, /7). Simple scaling
of phenomena from Earth’s magnetosphere, al-
though applicable for some processes (15), does
not apply readily to energetic particle accelera-
tion because Mercury has no trapped energetic
particle population. Acceleration mechanisms
have been proposed to explain the energetic par-
ticle observations made by Mariner 10 (/8-20),
but the limited observations by Mariner 10 did
not strongly constrain any of the suggested mech-
anisms. MESSENGER’s observations of ener-
getic electrons in Mercury’s magnetosphere
provide a different example of rapid accelera-
tion phenomena in a planetary magnetosphere
with a length scale that is very much smaller
than all others and may indicate a mechanism
different from those established at other systems.
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Evidence of Water Vapor in Excess of
Saturation in the Atmosphere of Mars
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The vertical distribution of water vapor is key to the study of Mars’ hydrological cycle. To

date, it has been explored mainly through global climate models because of a lack of direct
measurements. However, these models assume the absence of supersaturation in the atmosphere
of Mars. Here, we report observations made using the SPICAM (Spectroscopy for the Investigation
of the Characteristics of the Atmosphere of Mars) instrument onboard Mars Express that provide
evidence of the frequent presence of water vapor in excess of saturation, by an amount far
surpassing that encountered in Earth’s atmosphere. This result contradicts the widespread
assumption that atmospheric water on Mars cannot exist in a supersaturated state, directly
affecting our long-term representation of water transport, accumulation, escape, and chemistry

on a global scale.

he atmosphere of Mars holds 10,000

I times less water vapor than that of Earth.

If precipitated at the surface, the martian
atmospheric water would form a layer only 10 um
thick on average. However, water vapor on Mars
is a very dynamic trace gas and is one of the most
variable atmospheric constituents. The charac-
terization of the seasonal and latitudinal varia-
tions of water vapor is based on 40 years of
dedicated observations of its integrated column
abundance (/-5), whereas water vapor vertical
distribution has been only sparsely observed up
to now. The latter is nevertheless a unique indi-
cator of those vertical transport processes that
control the hydrological activity of the planet (6).
The first direct observations, obtained with the
Auguste spectrometer on the Russian Phobos-2
spacecraft, revealed a sharp decline around 25
km (the hygropause level) connecting two layers
of nearly constant concentration (7). The decline
was interpreted to be the result of the conversion
of water vapor into ice because a discrete cloud
layer was observed in the altitude range of the
vapor depletion zone. However, the Auguste data
set covers a narrow equatorial strip and encom-
passes less than a martian month. Because of the
lack of subsequent comparable measurements,
our understanding of the vertical structure of wa-
ter on Mars has been built on indirect observa-
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tions (8—10) and theoretical studies of the martian
climate by using general circulation models
(GCMs). Near the surface, the vertical distri-
bution is expected to be dominated by surface-
atmosphere interactions (convection and frost
sublimation and deposition), whereas at altitudes
above 10 km the role of water ice clouds, which
are nearly ubiquitous on Mars, should become
dominant (11, 12).

Martian climate models commonly assume
that water vapor supersaturation cannot exist in

the atmosphere: Any amount of water exceeding
the equilibrium vapor pressure is immediately
converted into ice (/7). This hypothesis requires
the existence of a condensation mechanism that
acts instantaneously and ubiquitously. For this
reason, the partial pressure of water vapor above
the hygropause is expected to fall rapidly toward
negligible values, establishing the perception of a
martian water vapor profile resembling a two-
step function, with water vapor well-mixed be-
low the hygropause and sharply declining above.
However, detailed microphysical models reveal
that interactions between airborne particles and
water vapor can affect the vertical confinement of
water below the condensation level and its pos-
sible presence at higher altitudes (/3). When con-
densation nuclei (assumed to be dust aerosols on
Mars) are too rare, condensation is impeded and
is thus unable to maintain water vapor at satu-
ration level, leaving substantial amounts of ex-
cess vapor. Lack of condensation occurs frequently
in the Earth’s upper troposphere, where super-
saturation levels as high as 50% with respect to
ice have been reported (/4).

The water vapor profile data set presented
here was extracted from the SPICAM (Spectros-
copy for the Investigation of the Characteristics
of the Atmosphere of Mars) solar occultation
observations. The SPICAM instrument onboard
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Fig. 1. SPICAM solar occultation positions shown by red dots as a function of L and latitude. TES water
vapor column density retrievals (19) have been superimposed to indicate the corresponding activity of
water vapor for the season during which the SPICAM measurements were taken.
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