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Abstract44

During BepiColombo second Mercury’s flyby on 23 June 2022, a ground-based45

campaign with the THEMIS solar telescope provided simultaneous observations46

of the sodium (Na) exosphere while Bepicolombo measured interplanetary and47

magnetospheric conditions. Between 8:53 and 9:34 UT, the exospheric Na emis-48

sion abruptly increased in intensity by about 70% across the entire day side,49

followed by a slow recovery to the preceding level over approximately four hours.50

BepiColombo did not register neither relevant perturbations of the solar wind nor51

solar energetic particles during the Na increase. The configuration of Mercury,52

Earth and Solar Orbiter enabled observations of the solar regions facing Mercury53

from both sides. They revealed that an active region facing Mercury, but hid-54

den from Earth, produced a flare and an extreme-ultraviolet (EUV) brightening55

when the Na emission increased, whereas subsequent emissions from post-flare56

loops produced no further increase. While photon-stimulated desorption is one57

of the main mechanisms releasing Na from the surface, short-therm Na variabil-58

ity has so far been attributed mainly to plasma precipitation. Our observations59

suggest that solar flares can trigger rapid Na variability at Mercury, and point60

to a multi-phase release from a finite reservoir of surface sodium, reminiscent61

of the steeper than linear dependence on solar EUV reported for the Moon on62

longer timescales. This result marks a significant step forward in understanding63

the mechanisms governing the interaction of Mercury and the Moon with the64

Sun and it was possible thanks to multi-messenger observations highlighting the65

potential of investigations during BepiColombo nominal mission.66

Keywords: Mercury, exosphere, Mercury-Sun interaction, multi messenger67

observations68
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1 Introduction69

Sodium is a common constituent of rocky planetary surfaces in the Solar System70

and beyond, including moons and asteroids, from which it can be ejected into the71

surrounding exospheres and atmospheres. At airless bodies, sodium release from the72

surface to the exosphere provides a particularly important diagnostic tool, as the73

ejected material is more directly exposed to the external environment. However, its74

release is caused by multiple agents and processes, making the Na exosphere more75

complex to characterize than for other species [1, 2]76

In particular, Mercury’s Na exosphere exhibits seasonal variations on timescales77

of months [e.g. 3, 4] as well as short term variations occurring on timescales rang-78

ing from hours to tens of minutes [e.g. 5, 6]. Different surface release mechanisms of79

Na atoms could be temporarily or locally more efficient depending first on external80

conditions - such as interplanetary magnetic field (IMF), the solar wind, the illumina-81

tion and the micrometeoroid flux - that are highly variable along Mercury’s eccentric82

orbit [1, 2, 7–9], secondly on surface properties such as regolith porosity, composition,83

mineralogy, and temperature [e.g. 10, 11]. Photons in the UV energy range interact84

with the upper surface and subsequently stimulate the desorption of excited compo-85

nent states (Photon Stimulated Desorption process - PSD). Solar wind ions impacting86

the surface produce both particle release by ion-sputtering process and surface alter-87

ation by chemical sputtering and space weathering processes. Although the impinging88

ions have enough energy to break the bonds of Na in the surface minerals, the sputter-89

ing yield is not sufficient to account for the observed intensity of the Na exosphere [12].90

Conversely, UV photons do not have enough energy to liberate Na atoms bound in91

surface minerals (> 5 eV) [10], but efficiently release Na atoms that are only physically92

bound to the surface of the mineral, i.e., atoms already detached from the mineral93

bonds (< 2.7 eV) [10, 13]. The general picture is therefore that on Mercury’s day side,94

intense fluxes of ions and photons can impinge on the same surface cell, producing95

enhanced Na release [14, 15].96

Double mid-latitude enhancements are generally attributed to plasma precipita-97

tion at the footprint of the magnetospheric cusps [e.g. 16–18]) and are expected to98

exhibit short time variability. To robustly establish a link between ion impact and Na99

release, global and local observations of Na exosphere from ground-based telescopes100

and space based instruments would greatly benefit from in-situ information of the101

external conditions. During MErcury Surface, Space ENvironment, GEochemistry,102

and Ranging (MESSENGER) mission (2011-2015 [19]), the few occasions of simul-103

taneous observations with the THEMIS solar telescope allowed joint analysis of Na104

exosphere variability in relation to IMF conditions [18]. One of these was a fortunate105

case when MESSENGER in-situ observations registered two interplanetary Coronal106

Mass Ejections (ICMEs) impinging on Mercury [6]. These authors documented a Na107

exosphere evolving from a distribution with two peaks at mid-latitudes to an inten-108

sification centered close to the equatorial region. Between the two ICMEs a decrease109

of emission was registered, and finally a new intensification was observed during the110

second ICME passage at Mercury. This behavior was attributed to the compression111

of the magnetopause close to the surface due to the enhanced dynamic pressure of the112

ICMEs, allowing their plasma to impact the entire day side.113
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At the Moon, long-term variations of the Na exosphere have been correlated with114

the solar EUV and FUV emission (from 256 to 1405 Å) [20]. Photons above 8.8 eV115

exceed the binding energies of Na in the minerals, and, according the authors, EUV116

and FUV photons are able to produce a non-thermal release process, likely PSD, at117

energies higher (up to 6000 K) than the energies obtained by previous estimations118

(1200 K) [21]. By correlating the Na emission with each solar band separately, that119

study found a steeper than linear increase of the Na abundance with the EUV and120

FUV flux, in contrast with the linear relation derived in the laboratory for photons121

above 4 eV (i.e <3000 Å) [21].122

The role of solar flares in this picture is unexplored. Flares enhance the solar X-ray123

and EUV irradiance within minutes, by factors that grow with photon energy (e.g.,124

[22]), and at Mercury this radiation is much more intense than at Earth. Testing their125

effect on the exosphere is, however, observationally difficult because the irradiance126

reaching Mercury comes from the solar hemisphere facing the planet, which in general127

is only partially visible from Earth.128

The six Mercury Flybys of the ESA-JAXA cornerstone mission BepiColombo [23]129

gave the opportunity to obtain direct measurements of the IMF, solar wind and Mer-130

cury’s magnetosphere. When possible, the Flybys also provided valuable occasions131

to perform simultaneous ground-based observations during dedicated campaigns of132

THEMIS solar telescope [24]. In particular, the second Mercury Flyby (MFB2, 23133

June 2022) provided a unique opportunity for joint analysis during an extraordinarily134

variable Na exosphere. Here we report a detailed analysis of the increase of Mercury’s135

Na exosphere observed by THEMIS in the full Earth-facing illuminated portion. We136

give an overview of the plasma conditions at Mercury as observed by BepiColombo.137

Combining observations of the Sun from Earth and from Solar Orbiter, which together138

covered the solar hemisphere facing Mercury, we are able to register the Sun activity139

toward Mercury. All these observations provide important indications for defining the140

release mechanisms that could explain Na dynamics.141

2 Results142

During MFB2 on 23 June 2022, when Mercury was at a true anomaly angle (TAA)143

of 263° (heliocentric distance 0.38 AU), BepiColombo ran inbound from dusk in the144

far tail. The closest approach, 200 km of altitude, was at 9:44 UT in pre-dawn sector.145

The outbound was into the dawn sector of the day side. The trajectory started in the146

southern hemisphere in a nearly equatorial path as shown in Fig. 1. The instruments147

were operational from 22 to 25 June 2022.148

The ground-based campaign from the THEMIS solar telescope took place from149

23 June 2022 at 6:30 until 30 June afternoon [24]. As reported in this paper, the150

Na emission exhibited an interesting variability in both intensity and distribution151

throughout the campaign. The observations on the MFB2 day are listed in 1. Starting152

from a single-peak configuration on 23 June 2022 at 6:30 UT, distributed over the153

whole illuminated day side (Fig. 2), Na emission abruptly increased with its intensity154

almost doubling (+70%) as registered by the image acquired between 8:53 and 9:34155

UT on 23 June 2022. This increase coincided with the time when BepiColombo passed156

4



Fig. 1 BepiColombo second flyby trajectory (blue line) in xMSO-yMSO plane (left) and in xMSO-
zMSO plane (right). The labels along the blue curve report the time in UT of the spacecraft. In the
two plots the red curves show the magnetopause [25] and the black curves show the average bow-shock
of Mercury magnetosphere [26]. The arrows point to the boresight directions of SERENA-PICAM
and -MIPA ion sensors and indicate MPPE look direction

into Mercury’s magnetosphere. The image taken between 9:40 and 10:30 UT suffered157

from bad pointing and cannot be used in the data analysis, but the subsequent images158

taken when BepiColombo was exiting to the upstream solar wind showed a gradual159

decrease in Na emission; at 12:46 UT the emission went back to the initial intensity and160

configuration in full Earth-facing illuminated portion. Along the following days, the161

distribution changed again exhibiting the characteristic double peak distribution [24].162

The obvious and naive interpretation of this abrupt variability is that it could be163

related to the presence of an ICME or another kind of extreme event, similar to164

observations by Orsini et al. [6]. However, in such a case, BepiColombo should have165

registered a clear signature of strong ion precipitation across the entire day side, like166

intense dynamic pressure of the solar wind or detection of planet-ward ion fluxes.167

Fig. 2 Sequence of THEMIS ground-based observations during 23 June 2022, the day of the second
Mercury flyby. The time indicates the start time of the acquisition. The gap between 8:53 and 10:38
UT shows that an image has been disregarded due to bad quality.
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Table 1 List of Na exospheric observations with THEMIS on June 23, 2022. During observations
TAA was 264-266 degrees and Phase Angle 87-86 degrees.

Id. Nr. Time range of observation (UT) Seeing (”) Quality factor (Q)

t005 06:30 - 07:11 1.75 1.0
t007 07:16 - 07:57 2.00 1.0
t011 08:53 - 09:34 1.00 0.9
t016 10:38 - 11:19 1.00 1.0
t022 11:52 - 12:34 1.75 0.3
t024 12:46 - 13:27 2.00 0.5
t026 13:34 - 14:15 2.00 0.3
t028 14:26 - 15:07 2.00 0.5
t035 16:00 - 16:41 1.75 0.3

In Fig. 3, observations of the solar wind and IMF before and after the crossing of168

Mercury’s magnetosphere are shown. The solar wind observed by SERENA-PICAM169

(from now on PICAM) shows a high variability both in energy and intensity. Note170

that the intensity observed by PICAM can vary according to the sensor orientation.171

In fact, PICAM Field of View (FoV) is a wide cone of about 160° with the boresight172

perpendicular to the Sun direction. The solar wind can enter more/less favorably when173

the spacecraft velocity is anti-parallel/parallel to the boresight for aberration effects.174

This means that the long-term variability of the intensity observed by PICAM could175

be due to the spacecraft orientation. In contrast, short-term variations (less than tens176

of minutes) are due to real solar wind fluctuations [27]. According to the MERMAG177

magnetic field data (Fig. 3a), both before and after the flyby, the IMF intensity was178

approximately stable, but the orientation showed some rotation (in y- and z Mercury179

Solar Orbital - MSO components) producing oscillations between positive (North) and180

negative (South) IMF. The solar wind was quite stable with an average velocity slowly181

decreasing in time from about 430 km/s to 370 km/s. The conditions upstream and182

downstream are summarized in Table 2 (updated from Rojo et al. [28], Teubenbacher183

et al. [29]).

Table 2 Downstream and upstream conditions during the BepiColombo MFB2

Averaged parameters inbound outbound unit

IMF magnitude 30 25 nT
Solar wind energy 950 700 eV
Solar wind velocity 430 370 km/s
Solar wind estimated density 35-40 45-50 cm

−3

Solar wind pressure 11 10 nPa
Alfvén velocity 110 80 km/s
Alfvén MA 3.9 4.5

184
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Fig. 3 (a) Magnetic field measurements from MERMAG and coordinates in Mercury Solar Orbit
(MSO) reference frame and (b) Differential energy ion fluxes by PICAM while BepiColombo was
approaching Mercury from downstream (left) and after the spacecraft exited the bow-shock (right).
The arrows above show the periods when THEMIS images have been collected in the two plotted
intervals.

In Fig. 4 the measurements obtained by BepiColombo during the MFB2 magne-185

tospheric crossing are shown. From the magnetic field intensities obtained by joint186

analysis of the MERMAG magnetometers, the inbound bow shock and magnetopause187

crossing can be identified at 7:50 and 9:10 UT, respectively, in agreement with MPPE-188

MEA (from now on MEA) observations reported in Rojo et al. [28]. These boundaries189

are also supported by the PICAM observations showing a simultaneous decrease in190

energy while entering the magnetosheath and a decrease in ion intensity while entering191

inside the magnetosphere. The signature of an active reconnection region in Mer-192

cury’s magnetotail has been identified by combined analysis of magnetic field, ion and193

electron measurements [30].194

Between 9:35 and 9:50 UT close to the closest approach in the post-midnight/dawn195

region, the ion energies measured by SERENA-MIPA (from now on MIPA) and196

PICAM reached up to 14 keV and electron energy observed by MEA up to 3 keV. These197

high energies are an indication of active magnetosphere, as suggested by Williamson198

et al. [31]. According to these authors, the ions at energy > 1 keV are freshly injected199

particles in the loss cone. This population could be the signature of plasma convected200

and energized from the tail [32]. Because of large artificial disturbances during the201

eclipse complete cleaning of the magnetic field cannot be achieved around the closest202

approach [33] (see Section 5.2.3). Electrons with energies above 100s eV are observed203

by MEA as transient pulses showing energy-time dispersed features supporting the204

interpretation of the occurrence of multiple substorm-related injections, similar to205

those registered during MFB1 [34]. It is difficult to estimate whether these particles206

could precipitate toward the surface of the planet, but it is clear that they cannot207

account for an intense and abrupt ion precipitation across the whole day side [35, 36].208

In the day side, the magnetopause outbound boundary was clearly identifiable209

at 9:52 UT as an increase of the plasma densities [28], and an increase in magnetic210
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Fig. 4 BepiColombo observations during the MFB2. a) and b) Differential energy omnidirectional
ion fluxes by SERENA ion sensors PICAM and MIPA, respectively. c) Electron differential fluxes by
MEA1. d) Magnetic field intensity and MSO components observed by MERMAG. Note that artificial
magnetic disturbances prevent obtaining clean magnetic field measurements during eclipse. e) SIXS-
P electron observation in two energy channels. Magnetopause crossings are shown as dotted red lines,
bow-shock crossings are shown as magenta dotted lines and closest approach is shown as dashed black
line. The arrows above show the THEMIS observation intervals in the plotted period.

field fluctuations. The bow shock crossing was not clearly discernible in either the ion211

or magnetic field data; however, the signature of a dynamic boundary was observed212
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between 09:55 and 09:57 UT. In contrast, the electron data revealed a distinct transi-213

tion at 9:56:42 UT [28]. Upstream of the bow shock, foreshock ions have been observed214

by PICAM and MIPA in agreement with the quasi-parallel IMF configuration [37].215

While BepiColombo was exiting from the planet shadow at 9:46 UT, SIXS observed216

an increase in electron fluxes in the energy range 70-280 keV, but there was no evi-217

dence of energetic protons. This electron event features relatively soft spectra, more218

typical of the magnetospheric population than of energetic particles of solar origin.219

Unfortunately, in situ day side measurements are not available when the exospheric220

emission increase was observed by THEMIS. If an intense electron flux occurred when221

the spacecraft was behind the planet, a possible increase of Na release could be due to222

electron stimulated desorption. However, this process is not expected to be relevant223

with respect to the PSD in the day side [38, 39].224

In summary, despite the quite active magnetosphere during the investigated flyby,225

we cannot identify a specific particle precipitation event simultaneously to the ground-226

based observation enhancement, especially one that could involve the whole day side227

and be so intense that it could produce the doubling of the Na release.228

As mentioned in section 1, Na surface release may be induced not only by particle229

impact onto the surface, but also by UV photons [8, 9, 20]. We therefore examined230

the solar emission directed towards Mercury during MFB2. On 23 June 2022, Mer-231

cury was at Stonyhurst longitude W71 and 0.378 au from the Sun, while Solar Orbiter232

was at W159 (1.006 au), 159° from the Sun–Earth line (Fig. 5a). This configuration233

allowed SDO (Earth view) and Solar Orbiter to observe from opposite sides the solar234

longitudes facing Mercury (Fig. 5b,c respectively; dimmed areas are not visible from235

Mercury). All times are given as observed by each instrument. The increase in Na236

emission therefore started between 07:57 and 08:53 UT, i.e., between the end of expo-237

sure t007 and the start of t011, and the brightest image (t011) covers 08:53–09:34238

Mercury time.239

We identified a brightening of an active region (AR) located at W106S33 (Fig 5a).240

The AR was in full view from Mercury (47° from the sub-Mercury point) and from241

Solar Orbiter, but 14° behind the west limb as seen from Earth. From Earth, therefore,242

only the coronal emission above about 23-Mm was visible, as the off-limb brightening243

in the south-west quadrant of the SDO/AIA images (Fig. 5b). The EUI images show244

the AR on the disk (Fig. 5c), and STIX X-ray imaging places in the same region the245

sources of the peaks observed at 08:13, 09:39, 09:55 and 11:03 UT (Fig. 5f).246
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encloses the AR; cyan symbols are the STIX X-ray sources of 08:13, 09:39 and 09:55 UT. In b) and
c), dimmed areas are not visible from Mercury. d) Percentage change of the full-disk EUV emission:
AIA 94, 335 and 304 Å over the part of the solar disk visible from Mercury, plus the off-limb emission
above the west limb, which includes the coronal emission of the AR behind it. e) Percentage change of
the 304 Å irradiance at Mercury, from AIA and EUI images reprojected onto the view from Mercury
and merged (black); purple and green are the contributions of the parts of the disk taken from EUI
(including the AR) and from AIA, respectively. f) STIX 4–10 keV count rate and GOES-16 XRS-B
0.1–0.8 nm flux, as ratios to their pre-event levels. Grey shading marks the peak Na brightness. g)
Na D2 emission measured by THEMIS in three latitude bands (north, >30°; equatorial, |latitude| ≤
30°; south, < −30°).
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In detail, the activity of the AR developed as follows:247

• 08:06–08:38 UT. This interval falls within the THEMIS data gap during which the248

Na emission starts to increase. A microflare peaks in the STIX 4–10 keV band at249

08:13 UT, at 2.7 times the pre-event count rate (4-s cadence); STIX imaging places250

it at W106 S33, in the AR. The 10–15 keV band peaks at the same time (1.5 times251

the pre-event rate), while no significant emission is detected above 15 keV. The X-252

ray peak is accompanied by a type III radio burst recorded by Solar Orbiter/RPW,253

drifting from ∼2.4 MHz at 08:13 UT to ∼140 kHz at 08:28 UT, which traces electron254

beams escaping from the flare site along open magnetic field lines. The burst is255

not detected by Wind/WAVES or STEREO-A/WAVES (not shown), which are256

separated from the AR by 106◦ and 132◦ in longitude, compared with 53◦ for Solar257

Orbiter, consistent with the directivity of type III emission [e.g. 40]. The coincidence258

of the X-ray peak with the type III burst marks the impulsive phase of the flare in259

the AR. During the impulsive phase, energy deposition by accelerated electrons in260

the chromosphere typically enhances the far- and near-UV emission (UV continuum,261

Lyman-α) at the flare footpoints [e.g. 41, 42]. Such an enhancement, if present, is262

not observable here. As seen from Earth, the AR lies 14.4◦ beyond the west limb,263

so that only structures higher than R⊙(1/ cos 14.4
◦− 1) ≈ 23 Mm are visible above264

the limb, well above the chromosphere and transition region (a few Mm) where the265

impulsive-phase UV emission originates. For this reason, we disregarded 1600 and266

1700 Å AIA passbands. Solar Orbiter, which sees the AR on the disk, has no far-267

or near-UV observations of the source region during the event. The only imager268

observing the AR, EUI/FSI, works in the EUV; its He ii 304 Å channel, formed269

in the upper chromosphere and transition region, is the closest available tracer of270

impulsive-phase footpoint emission, but its 20-min cadence (frames at 08:00 and271

08:20 UT) does not resolve the impulsive phase.272

• 08:53–09:34 UT (Na peak, exposure t011). The STIX 4–10 keV emission rose again,273

with a sub-peak at 09:17 UT (3.4 times the pre-event level). The 304 Å irradiance274

at Mercury, computed from the merged Solar Orbiter/EUI and SDO/AIA images of275

the disk seen from Mercury, increased by 3.7% at 09:00 and 5.5% at 09:20 UT; the276

part of the disk observed by EUI, which contains the AR, increased by ∼9.5% (Fig.277

5e, purple line). From Earth, the off-limb 304 Å emission above the south-west limb278

rose from about 08:55 UT and peaked at about 09:30 UT (Fig. 5d, green curve),279

in coincidence with an erupting prominence. Note that in the mosaic the AIA part280

(Fig. 5e, green curve) is almost flat because only on-disk emission is considered to281

avoid to count twice the emission from the AR that is already taken into account282

by EUI.283

• 09:34–11:20 UT. STIX recorded two peaks from the same AR, at 09:39 and 09:55284

UT, with GOES-equivalent classes C1.5 and C2.1 estimated from STIX. The 4-285

10 keV count rate reached its maximum, 18 times the pre-event level, at about286

09:54 UT. A third peak followed at 11:04 UT. The gradual soft X-ray phase seen287

by GOES-16 XRS-B peaked (×5.5) at about 11:21 UT (Fig. 5f). The AIA 94 Å288

emission integrated over full field of view peaked (+36%) at the same time, mostly289

from post-flare loops rising above the west limb (Fig. 5d). Over this interval, the290

Na emission decreased (exposure t016).291
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• After 11:20 UT. The 304 Å emission of the AR remained about 3–5% above the292

pre-event level until about 14:00 UT, owing to the post-flare loops, and returned293

to close the pre-event level after about 16:00 UT. Na emission returns to its initial294

level earlier, from about 12:46 UT (exposure t024) onward.295

Therefore, the impulsive phase of the AR, marked by the microflare, took place296

in the THEMIS gap during which the Na emission started to increase, and the sub-297

sequent EUV brightening of the AR, seen from Solar Orbiter, was simultaneous with298

the Na peak (Fig. 5e,g). The Na increase involved the whole dayside: the north, equa-299

torial and south bands increased by factors of 1.75, 1.66 and 1.69, respectively, and300

decreased together (Fig. 5g). The decay of the Na emission took place while the X-ray301

emission was reaching its maximum and the post-flare EUV emission of the AR was302

still enhanced.303

3 Discussion304

Considering together all the multi-messenger observations available during MFB2, we305

can state that:306

i) The plasma conditions at Mercury cannot be the primary responsible of the Na307

intensification. In fact, BepiColombo showed that the solar wind energy was nearly308

stable. The upstream magnetic field was fluctuating producing potentially enhanced309

reconnection rate, but we can exclude that the ion or electron precipitation onto Mer-310

cury’s day side surface was the cause of the sudden increase of Na exosphere observed311

between 8:53 and 9:35 on 23 June 2022. BepiColombo/SIXS-P did not record any solar312

energetic particles upstream of the magnetosphere but only a local magnetospheric313

electron signal.314

ii) The Na increase involved the whole day side, with nearly identical relative315

increases in the northern, equatorial and southern bands (factors 1.75, 1.66, 1.69,316

respectively), and the three bands decreased together. A uniform relative response is317

what is expected from a release process driven globally, like solar irradiance.318

iii) A dominant solar activity directed toward Mercury is registered before and319

during the Na intensification. This is surely related to the Na release.320

iv) The solar activity continued also during the Na recovery phase, indicating that321

the surface release process is not just a simple cause-effect relation, but a complex322

mechanism should be considered.323

v) An increase of the g-factor (the efficiency of an atom to emit at the specific324

wavelength [e.g. 43]) is also unlikely; it depends on solar flux at the Na D lines, and325

the white-light continuum does not change appreciably during C-class flares.326

The dominant solar activity directed towards Mercury during the event was that327

of the AR hidden from Earth. Its impulsive phase (08:10–08:30 UT) occurred in the328

THEMIS data gap within which the Na emission started to rise, and the EUV bright-329

ening of the AR seen by Solar Orbiter was simultaneously with the Na peak. The later330

(09:39–11:04 UT) and stronger X-ray flares of the same AR, and the 304 Å EUV emis-331

sion due to post-flare loops, occurred while the Na emission was already decreasing. If332

PSD is the dominant release process, the photons involved are mainly in the 4–10 eV333

range (1250–3000 Å) [8], for which no observations of the source region are available334
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because the source is located 14° behind the limb (so that the transition region and335

the chromosphere are not visible) with respect to SDO/AIA, while Solar Orbiter does336

not provide observations in the UV range during this event. The relative change of the337

Na emission exceeds the measured change of the EUV irradiance at Mercury (+6%338

at 304 Å) by about an order of magnitude; this would require either a larger relative339

change in the unobserved FUV–NUV range, or a release efficiency increasing faster340

than linearly with the photon flux, as suggested by lunar observations [20]. However,341

PSD depends on the integral of the solar spectrum ϕph(λ):342

ϕNa =
1

4
NNa

∫
ϕph(λ)σ(λ)dλ, (1)

where ϕNa and ϕph(λ) are the Na released flux and the impinging photon flux at343

λ wavelength, respectively, NNa is the Na concentration onto the surface and σ(λ)344

is the wavelength-dependent cross section of the process. From such an analysis the345

nonlinearity of the efficiency for EUV-PSD process cannot be proved, which in contrast346

can simply be an indirect relation due to the fact that the EUV, especially at 304Å347

(which tracks the upper chromosphere and transition region emission, so that it is the348

closest available tracer of impulsive-phase footpoint emission), covaries with potential349

UV bands enhancement. Nevertheless, a full-disk variability of FUV–NUV fluxes is350

not expected to be greater than a few percent.351

To explain a Na response much larger than the relative change of EUV irradiance,352

a more complex mechanism should be invoked, as in the case of chemical sputtering353

that enhances the PSD efficiency [14]. Considering the infrequent high-energy (EUV)354

photons arriving at the surface with respect to UV and white-light continuum, a multi-355

phase process could be hypothesized, which is sketched in Fig. 6. Before the flare356

(Fig. 6a), the exosphere is sustained by steady release processes, mainly near-UV PSD357

acting on the Na adsorbed on the grain surfaces, while the grains contain a pool of Na358

that is bound in the mineral and cannot be desorbed directly. In a first phase (Fig.359

6b), the EUV photons of the flare, which penetrate the uppermost tens of nanometres360

of the grains, break the bonds in the mineral and make part of this pool available361

on the grain surfaces. The released atoms do not need to be desorbed by the EUV362

photons themselves, i.e., once on the surface, they are desorbed by far more numerous363

NUV photons, whose flux at Mercury makes the residence time of an adsorbed atom364

of the order of an hour at the subsolar point [8]. In this picture, the scarcity of EUV365

photons limits the activation of the pool, not the release into the exosphere, and the366

exospheric response can be delayed with respect to the EUV enhancement by up to367

about the residence time of the adsorbed atoms. This is consistent with the observed368

sequence, i.e., the impulsive phase of the AR occurred in the THEMIS gap within369

which the Na emission started to increase, and the Na emission peaked during the370

EUV brightening of the AR seen from Solar Orbiter. The atoms falling back to the371

surface remain available for subsequent releases until they migrate to the night side,372

are photo-ionized, or are lost from the exosphere via Jeans escape. Since the atom373

detachment depends mainly on the irradiance, the relative enhancement is expected374

to be similar across the day side, as observed in the three latitude bands. Possible375

local variations in mineralogy cannot be excluded, but cannot be identified at the376

THEMIS image resolution.377
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Before the event

detachable Na intact at all depths;
exosphere from the steady source

a Forcing 1 (EUV +)

EUV detaches Na in the uppermost layer,
near-UV desorbs it into the exosphere

b

near-UV photons (desorb)
EUV photons (detach)

detachable Na
adsorbed / released Na

background Na
slow resupply from deeper layers

EUV penetration depth

Forcing 2 (EUV ++)

uppermost layer depleted, deeper Na intact:
weaker or no Na enhancement

c

Fig. 6 Schematic of the proposed scenario. a, Before the event, the exosphere is sustained
by the steady source (light symbols) and the pool of mineral-bound Na (open circles) is intact and
present at all depth. b, During a flare, EUV photons penetrate the grains (above the dashed line)
and turn bounded Na into adsorbed Na on the grain surfaces (filled circles), which the UV photons
desorb into the exosphere; deeper layers are not affected. c, The uppermost layer is depleted and only
slowly resupplied from the deeper layers, so a later and stronger EUV brightening produces a weaker
or no Na enhancement.

The pool of detachable Na is finite and replenished slowly (Fig. 6c). Once it is378

exhausted, further EUV enhancements (such as in the case of post-flare loops) and379

later flares find few Na to detach and produce a weaker or negligible enhancement380

of the exosphere, until the pool is replenished, e.g., by diffusion or resurfacing. The381

response of the exosphere is therefore not a function of the instantaneous solar irra-382

diance but depends on its recent history, and a flare occurring within a few hours of383

a previous one is expected to produce a weaker effect. The replenishment time must384

be at least of the order of the duration of the event, i.e., few hours, for the later flares385

of the same AR not to produce a visible or weaker response. The pool cannot coin-386

cide with the whole Na content of the uppermost layer, which is far larger than the387

amount released during the event, and should rather consist of Na in weakly bound388

or defect sites, such as those produced by space weathering.389

Two conditions must be met for this scenario to account for the observations. First,390

the activation must be driven by the flare component of the spectrum rather than by391

the total EUV flux. Radiation that is weak in the quiet Sun and strongly enhanced392

in flares, such as soft X-rays and the EUV lines, or a process with a threshold in the393

irradiance, would satisfy this condition. Second, the pool must be large enough to394

supply the additional Na released during the event, and small enough to be exhausted395

by a single event. Repeated observations of the exosphere during sequences of flares396

from the same active region would test the predicted refractory behavior.397

While the EUV emission of the AR seen from Mercury peaked at about 09:20398

UT, decreased within the following hour and remained 3–5% above its pre-event level399

between about 11:00 and 14:00 UT due to post-flare loops, the Na exosphere recovery400

was much faster, reaching the initial values at about 12:46 UT, about 4 hours after the401

onset of the increase. The proposed scenario is compatible with the observed recovery402
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phases of the driver and of the Na exosphere. After a prompt increase in the free403

Na atoms on the surface, the pool of detached Na in the uppermost layer becomes404

depleted (Fig. 6c); therefore, in the second phase, the exospheric Na circulation is405

the leading process that defines the recovery time. According to this scenario, the406

later EUV enhancement (post flare loops) is no longer able to release additional Na,407

because the detached pool is replenished only slowly.408

This behavior is compatible with a Na exosphere with a sticking probability below409

1, i.e. the capacity of the released atom to rebound to the surface, producing bouncing410

of Na atoms once emitted the first time up to the night side where the atoms rest [44].411

A similar effect is obtained considering a sticking probability of 1, but with a low412

binding energy, resulting in a quick re-emission due to UV radiation [45, 46]. As413

mentioned above, the gradual decrease of the Na exosphere is then mostly due to the414

depletion of the detached Na atoms in the upper surface, due to Na segregation on415

the nightside, to radiation pressure and to loss due to photo-ionization [47].416

Fig. 7 BepiColombo MSA ToF spectral analysis integrated between 9:33 and 9:49 UT inside Mer-
cury’s magnetosphere during MFB2. Black lines show the calibration curves for different species.
Linear electric field (LEF) ions induce secondary electrons which signature is observed between the
two red dashed lines.

We note that while radiation pressure is proportional to the photons in the vis-417

ible range (i.e. at the D1 and D2 Na emission lines), the photo-ionization is due to418

UV photons below 241 nm, partly overlapping with the range of the PSD process.419

Therefore, the enhanced Na exosphere implies a proportionally enhanced generation420

of planetary ions by photo-ionization, thus the presence of Na ions circulating in Mer-421

cury’s magnetosphere is expected. During MFB2, BepiColombo MPPE-MSA mass422

spectrometer measured protons, He++, He+ and traces of heavier ions. The integrated423
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Time of Flight (ToF) distribution in the time interval between 9:33 and 9:49 UT at424

CA (Fig. 7) shows that calibration curves match with a Na+ peak (at 2 keV) and sec-425

ondary O+ and K+ peaks, which supports the Na enhancement during this period.426

The expected energies of the newly ionized atoms are lower, but the ions may soon427

begin to circulate and become energized in the magnetosphere [48, 49]. These energies,428

observed about one hour after the onset of the event, could indicate an acceleration429

towards the dawn side of the photo-ionized ions on the day side. The data also show430

an increase in low-energy heavy ions, but these are mostly He+ and O+.431

4 Conclusion432

This study reports the first observation of a transient enhancement of Mercury’s Na433

exosphere coincident with a solar flare directed towards the planet. The PSD process434

has been considered one of the major causes of Na exosphere generation at Mercury [8,435

9, 20], but its short-term variability has never before been associated with solar flare436

emission. During MFB2, no evidence was found for enhanced particle precipitation;437

the global day-side-wide character of the enhancement points to a driver acting on the438

whole illuminated hemisphere. In this case study, a flare, and the subsequent EUV439

brightening of an active region facing Mercury coincided with a strong, day-side-wide440

effect on the Na exosphere, whereas later and stronger emissions due to post-flare441

loops (especially in the X-band) produced no further Na increase. The response of the442

exosphere is therefore not expected to scale simply with the flare magnitude, but to443

depend also on the time elapsed since previous events. A statistical study of the Na444

exosphere ground-based images obtained in the past THEMIS observation campaigns445

in relation to solar flare occurrence will test this prediction.446

The amplitude of the response (∼ 70 %), much larger than the relative change of447

the EUV irradiance measured at Mercury (∼ 5.7 %), is reminiscent of the steeper than448

linear correlation of the lunar Na exosphere on solar EUV reported by Devaraj et al.449

[20]. Here, we propose a two-phase process (Fig. 6). First, the high energy photons of450

the flare break the Na bonds in the minerals and make a finite pool of Na available451

on the grain surfaces; then the far more intense UV-photon flux desorbes these newly452

adsorbed atoms into the exosphere. The detachable pool of uppermost surface Na453

atoms is exhausted within the first hour of the event and replenished only slowly.454

After this first phase, only the Na atoms already circulating between the surface and455

the exosphere remain available.456

This multi-instrument and multi-point observation study is a clear example of the457

potential of BepiColombo when it will start the nominal mission phase with two space-458

craft observing Mercury’s environment [50], with the possibility of adding observations459

from Earth and from other missions in the inner heliosphere. Simultaneous measure-460

ments of the X-ray, EUV and UV irradiance of the solar regions facing Mercury would461

directly identify the radiation driving the release. This study is relevant not only for462

understanding the interaction of the Sun with Mercury, but also for investigating the463

effects of solar flare radiation on other airless bodies such as the Moon.464
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5 Data and Methods465

5.1 THEMIS observations466

Earth-based data are obtained using the THEMIS solar telescope [51] located in Tener-467

ife (Canaries, Spain). THEMIS is a Ritchey-Chretien telescope with a 15.04 m focal468

and a 0.9 m primary mirror that is long used during the daylight to image Mercury469

Na exosphere above the disk, and can operate continuously for several hours per day.470

THEMIS is equipped with MTR, the MulTiRaies spectrometer in multiline mode [52]471

that is able to observe at the same time with two different cameras the Na D1 (589.6472

nm) and D2 (589.0 nm) lines. More details of the telescope characteristics, config-473

uration and capabilities are widely described in previous papers based on the same474

dataset [5, 18, 53]. The single full-disk Na image requires about 41 minutes to be475

completed: each North-South strip of pixels is obtained in a total of 200 s integration476

time; then the spectrograph slit is shifted in the East-West direction until the end of477

the scan to cover the full illuminated disk of Mercury.478

In this study, we used the D2 emission images obtained on 23 June 2022 between479

06:30 and about 16:40 UT where one image (at 9:41) has been excluded for prob-480

lems in the pointing. The observation campaign continued after MFB2 until 30 June481

2022 [24]. To remove background noise, we have considered only the daylight region482

of the planetary disk within 1.3 RM . We have removed spikes, defined as pixels whose483

signal exceeds 3 times the standard deviation relative to their nearest neighboring484

pixels. The resulting images are reported in Fig. 2. The error (E ) of intensity (I ) has485

been considered and calculated as:486

E = sqrt(I ∗ S)/Q (2)

487

where S is the seeing and Q is a quality factor evaluated according to weather488

conditions during observations as listed in Table 1. To evaluate exospheric distribu-489

tions and asymmetries, we considered the emission in three different latitudinal (L)490

regions: the equatorial region (abs(L) ≤ asin(0.4) and the northern/southern regions491

(L > asin(0.4)/L < −asin(0.4)), as reported in Fig. 5.492

5.2 BepiColombo Observations493

During the BC cruise phase, the SERENA ion sensors (PICAM and MIPA) boresights494

are oriented in a direction perpendicular to the spacecraft-Sun line. MPPE sensors495

pointed also perpendicularly to the Sun in a direction perpendicular to the SERENA496

ion sensors boresights. MOSIF partially obstructs the FoV of the Mio instruments,497

thus the effective FoV is about 45◦ . During the planet magnetospheric crossing SER-498

ENA ion sensors boresights pointed Northwards, while MPPE FoV pointed Duskwards499

(Fig. 1).500
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5.2.1 SERENA-PICAM501

Planetary Ion Camera (PICAM) is the ion mass spectrometer of Search for Exospheric502

Refilling and Emitted Natural Abundances (SERENA) [54]. The PICAM energy range503

is from a few electronvolts to ∼ 3 keV, a mass range extending up to ∼ 132 amu, and504

an instantaneous field of view (FoV) of approximately half sky (> 1.65π sr).505

During the observations outside Mercury’s magnetosphere it was operated in solar506

wind mode, i.e. without mass resolution and in the energy range of 500–3000 eV (Fig.507

3). Given that the boresight is oriented perpendicularly to the Sun, the solar wind can508

only partially enter the detector, depending on the aberration due to the spacecraft509

velocity, VSC . The solar wind energy values reported in Table 2 have been obtained510

averaging the PICAM peak energies in the inbound and outbound periods shown in511

Fig. 3.512

During the magnetospheric interval of MFB2, PICAM operated in full energy513

range in image mode, i.e. no mass resolution (Fig. 4a).514

5.2.2 SERENA-MIPA515

Miniature Ion Plasma Analyser (MIPA) is the ion analyser of SERENA [54]. It is a516

small, configurable plasma analyzer [55] with an approximately 1.9π hemispherical517

FoV and an energy range of 30 eV–14 keV. The number of pixels and energy bins518

are configurable onboard the instrument, resulting in varying resolutions with a time519

of 20 s to scan all possible combinations with an electrostatic deflection system and520

cylindrical electrostatic analyzer. MIPA is optimized for measurements of very high521

fluxes of penetrating solar wind in Mercury’s magnetosphere, thus the counts in the522

solar wind (pixels on the edge of the FoV) and in the magnetotail are low.523

At MFB2, MIPA was operated with 16 energy bins and 48 pixels [31] (Fig. 4b).524

5.2.3 MERMAG525

Magnetic field measurements are collected during the cruise phase by the three-axial526

fluxgate magnetometers onboard the MPO (MPO-MAG) [56] and the Mio spacecraft527

(Mio-MGF) [57]. Each of the two instruments consists of two identical boom-mounted528

fluxgates. The MPO-MAG boom was deployed soon after launch, enabling dual-sensor529

measurements. The Mio-MGF boom will be deployed after the Mio separation. During530

cruise, the Mio-MGF sensors are stored close to each other and register nearly identical531

magnetic fields.532

During the Mercury’s flybys, the measurements of both instruments suffered from533

artificial magnetic disturbances due to the spacecraft operations and temperature gra-534

dients. During MFB2, the AC error increases significantly during the eclipse phase535

(09:27-09:45) and decreases to similar values after the eclipse, while the DC error536

increases after the start of the eclipse. The MERMAG data is the cleaned magnetic537

field obtained after an extended joint analysis of both MPO-MAG and Mio-MGF mea-538

surements [33]. Near the closest approach, artificial disturbances cannot be completely539

removed, resulting in a gap in the plotted data (Fig. 4d).540
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The resulting IMF measurements are shown in Fig. 3. The IMF magnitude val-541

ues reported in Table 2 have been obtained averaging the data in the inbound and542

outbound periods shown in the same figure.543

5.2.4 MPPE-MEA544

The Mercury Plasma Particle Experiment (MPPE) [58] onboard Mio includes, among545

other sensors, the Mercury Electron Analyser (MEA) and the Mass Spectrum Ana-546

lyzer (MSA). MEA is composed by two analyzers, MEA1 and MEA2, but only MEA1547

data are used in this study. During MFB2 MEA1 measured electrons in the energy548

range from 3 eV to 3 keV, with 16 energy bins, and a time resolution of 4 s. The data549

have been cleaned in the low energy range following the Rojo et al. [28] method. The550

measurements obtained during MFB2 are shown in Fig. 4c.551

5.2.5 MPPE-MSA552

MSA is an ion mass spectrum analyzer. It scans 64 energy bins from 1 eV/q to 38553

keV/q every 66 s. Here, MSA energy spectra correspond to all particle masses. During554

the cruise phase, MSA FoV is reduced by the sun-shield from 4 π sr to 0.1 π sr. The555

observations obtained inside the magnetosphere by MSA and integrated between 9:33556

and 9:49 UT during MFB2 are shown in Fig. 7. The data presented in Fig. 7 were557

treated to remove the noise from accidental counts caused by the saturation of MSA558

by the intense proton flux. Linear electric field (LEF) ions induce secondary electrons559

which signature is observed between the two red vertical dashed lines in Fig. 7 [59].560

MSA detected an enhancement of O, Na, and K ions with energies of a few keV561

during its closest approach. He+ is the main component of the low-energy heavy ions562

measured during the CA.563

5.2.6 SIXS564

The Solar Intensity X-ray and particle Spectrometer (SIXS) on board MPO measures565

the direct solar X-rays, energetic protons, and electrons [60]. SIXS includes three566

X-ray detectors and a particle detector with five view cones pointing to orthogonal567

directions. The SIXS sensor unit is located at the corner of the MPO radiator side in568

such a way that the SIXS-X visibility to the Sun and the SIXS-P visibility to the full569

sky is good during all the Mercury orbit phases. During the cruise phase, part of the570

sky is obstructed by the sun-shield of Mio. The sun-shield blocks one of the SIXS-P571

view cones entirely and another one partly. In particular, during MFB2 the X-Ray572

sensor toward the Sun was obstructed, thus preventing to observe solar flares.573

SIXS-P detects electrons in the nominal energy range from 50 keV to 3 MeV and574

protons in the range from 1 to 30 MeV. During MFB2, the proton measurements did575

not show any relevant signal, while the electron signal showed a clear increase at the576

exit from the shadow when BepiColombo was in the dawn magnetosphere as shown577

in Fig. 4e.578
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5.3 Solar emission579

5.3.1 Geometry580

The heliocentric positions of Mercury, Earth and Solar Orbiter were taken from the581

JPL Horizons ephemerides. At 09:00 UT, the Stonyhurst longitudes were W70.8 (Mer-582

cury, 0.378 au), W0 (Earth, 1.016 au) and W159.3 (Solar Orbiter, 1.006 au). This583

configuration allowed SDO (Earth view) and Solar Orbiter to observe from opposite584

sides the solar longitudes facing Mercury. All times in this work are given as recorded585

by each instrument, without light-travel-time corrections. BepiColombo times refer586

to the spacecraft at Mercury, THEMIS times to the reception of the Na emission at587

Earth, and SDO, GOES, Solar Orbiter (EUI, STIX, RPW) and Wind times to the588

respective observers. Earth and Solar Orbiter were at nearly the same heliocentric589

distance (1.016 and 1.006 au), so that they record the same solar signal within ∼5 s.590

The solar radiation reached Mercury (robs−rM)/c ≈ 5.2 min before it was recorded at591

1 au, and the Na emission observed by THEMIS left Mercury dME/c ≈ 8.0 min before592

its detection. The net offset between the solar and THEMIS time series is therefore593

≈3 min, negligible with respect to the 41-min THEMIS exposures.594

5.3.2 EUV light curves595

We used all SDO/AIA [61] level-1 images at 94, 335 and 304 Å of 23 June596

2022 (12-s cadence) (http://jsoc.stanford.edu/) and the level-2 304 Å images597

of the Full Sun Imager (FSI) of Solar Orbiter/EUI [62] (20-min cadence)598

(https://sidc.be/EUI/data/L2/). AIA frames with a non-zero quality flag were dis-599

carded, and each frame was divided by its exposure time. No detector-background600

subtraction was applied.601

For Fig. 5d, we summed the AIA signal over the on-disk pixels whose surface602

point lies within 90° of the sub-Mercury point, i.e., the part of the hemisphere facing603

Mercury that is visible from Earth. To this we added all off-limb pixels on the west604

side of the image, i.e., the limb facing Mercury. The off-limb pixels are needed because605

the AR, 14° behind the west limb, is seen from Earth only through its coronal emission606

above the limb. The mask was computed from the image WCS and the ephemerides,607

and updated every 2 h, which is sufficient because the sub-Mercury point moves by608

less than 1° in the instrument frame over the day.609

For Fig. 5e, we computed the 304 Å irradiance at Mercury from simultaneous AIA610

and EUI images. For each EUI frame, we took the AIA frame closest to it in time at611

Mercury (within 3 min). We converted both images into radiance. For AIA, we used612

the wavelength response at 303.8 Å, including the time-dependent degradation and613

the EVE cross-calibration [63, 64]. For EUI, we used a calibration factor obtained by614

cross-calibrating EUI on AIA in the quiet Sun at disk centre. Both radiance maps were615

reprojected onto the view from Mercury, assuming that the emission lies on the solar616

surface, so off-limb structures are not retained. Each point of the hemisphere visible617

from Mercury was taken from the instrument that sees it closer to disk centre (larger618

µ), which avoids double counting. The irradiance at Mercury is the sum of the merged619

radiance times the solid angle of each pixel as seen from Mercury. In Fig. 5e, the EUI620

and AIA contributions are the sums over the points taken from each instrument; the621

20



AR lies in the part taken from EUI. Frames for which the merged map covered less622

than 95% of the visible disk were discarded.623

5.3.3 X-ray and radio observations624

We used the STIX [65] quick-look light curves (4-s cadence) in the 4–10, 10–15 and625

15–25 keV bands, and the GOES-16 XRS-B 1-s fluxes, discarding flagged data. Flare626

times, positions and GOES-equivalent classes estimated from STIX were taken from627

the STIX flare list [66, 67]. Since the AR is behind the limb as seen from Earth, the628

GOES classes measured at Earth do not represent the flare emission. Radio bursts were629

identified in the Solar Orbiter/RPW [68] dynamic spectra (TNR and HFR receivers)630

and searched for in Wind/WAVES and STEREO-A/WAVES. In Fig. 5d–f, all light631

curves are expressed relative to their median over 06:00–07:30 UT.632
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