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A B S T R A C T 

It has previously been suggested that ejection and vaporization of Hermean surface material by meteoroids from comet 2P/Encke 
causes a seasonal enhancement in Mercury’s Ca e xosphere observ ed by the NASA MESSENGER spacecraft in 2011-2015. The 
ESA/JAXA BepiColo en mission, now route ute to Mercury, will likely provide the next set of observational tests of this hypothesis 
after it enters orbit in late 2025. Here we study the Taurid Swarm Complex (IAU Code: STS), a population of cm-sized or larger 
meteoroids from Encke’s comet that encounters the Earth every 3–7 yr. Through analysis of previous observations of the STS 

and many-particle numerical simulations, we study the circumstances of encounters between the STS and Mercury and find that, 
unlike the Earth where STS encounters is observed in some years but not others, each time the STS is at perihelion it encounters 
Mercury on three consecutive planetary orbits. We further predict that the STS will encounter this planet during the early stages 
of BepiColombo ’s orbital mission. The temporal flux profile during each encounter will be broad and possibly double-peaked 

with total number fluence 0.4 ×–1.7 × that of the sporadic fluence for > 1 kg meteoroids on the sub-radiant hemisphere of the 
planet. The meteoroid arri v al direction and sub-radiant point strongly depend on True Anomaly Angle, switching from mainly 

nightside to mainly dayside impacts as Mercury travels from orbital perihelion to aphelion. Our predictions may be used to 

create detailed models of exosphere generation by Encke stream meteoroids. 

Key words: meteorites, meteors, meteoroids – methods: numerical – methods: data analysis – planets and satellites, individual: 
Mercury – comets: individual: 2P/Encke. 
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 I N T RO D U C T I O N  

ince the first close scrutiny by the Mariner 10 spacecraft in the
970s, it has been known that the planet Mercury is host to a
enuous atmosphere, produced by the complex interplay between
rocesses that are generic to atmosphere-less bodies with solid
urfaces (Killen et al. 2007 ; Wurz et al. 2010 ). The MErcury Surface,
pace ENvironment, GEochemistry, and Ranging ( MESSENGER )
pacecraft operated at Mercury orbit from 2011 until 2015, allowing
 close investigation of the Hermean exosphere. Measurements by
he Mercury Atmospheric, and Surface Composition Spectrometer
nstrument characterized the temporal and spatial distribution of
ifferent exospheric species over ∼12 Hermean years, showing in
articular that some species such as Ca follow a seasonal cycle
Burger et al. 2014 ). This was attributed to meteoroid bombardment
nd variations in the sporadic flux, but an additional source was
equired to reproduce the timing of peak Ca emission shortly after
erihelion, at Mercury True Anomaly Angle (TAA) � 25 ◦ (Killen &
ahn 2015 ). A suggested link between this feature and the stream of
 E-mail: apostolos.christou@armagh.ac.uk 

(  

‘  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
eteoroids released by comet 2P/Encke was investigated by Christou
t al. ( 2015 ). This stream is relatively well-characterized due to its
ssociation with a number of distinct meteor showers at the Earth
ollecti vely kno wn as the Taurid Meteoroid Complex (TMC; see e.g.
purn ́y et al. 2017 ; Egal et al. 2022b ). 
By modelling the Encke stream as a function of meteoroid size

nd age, it was found that mm-sized grains ejected from Encke
 − 2 × 10 4 yr ago would intercept Mercury’s orbit at the location of
eak Ca emission. Subsequent modelling of both sporadic (Pokorn ́y
t al. 2017 , 2018 ) and Encke stream flux (Egal et al. 2022b ) on
ercury’s surface have strengthened the case for a link between

ncke and the post-perihelion Ca peak observed by MESSENGER ,
hough the exact mechanism that injects the Ca in the exosphere is
till under debate (Killen 2016 ; Plainaki et al. 2017 ; Moroni et al.
023 ). 
The next phase in the exploration of Mercury begins with the

n route ESA/JAXA mission (Milillo et al. 2010 ) now en route to
he planet where it is expected to arrive in late 2025. BepiColombo
onsists of two separate spacecraft, the Mercury Planetary Orbiter
MPO) and Mercury Magnetospheric Orbiter (MMO; now named
Mio’) that travel to Mercury attached to the Mercury Transfer
© The Author(s) 2023. 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. Geometric representation of the solar elongation of the radiant of 
a meteoroid stream. 
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odule (MTM). According to the mission plan 1 the spacecraft 
ombination will remain within a few million km of Mercury 
ollowing its 4th flyby of the planet in September 2024 until it finally
nters orbit around Mercury at the 7th and final encounter on 2025
ecember 5. MPO and Mio will then separate from the MTM and
repare for their nominal one-Earth-year science mission when each 
pacecraft has reached their operational orbits. 

Utilizing a diverse set of imagers & spectrometers, BepiColombo 
arries the promise of characterizing the Hermean environment & 

xosphere in greater detail than ever before. Of particular interest 
o meteoroid studies will be the SERENA instrument suite on MPO
eaturing the STROFIO mass spectrometry channel (Orsini et al. 
021 ) that should allow, for the first time, in situ detection of
efractory and volatile species within plumes of ejecta generated 
y individual meteoroid impacts (Mangano et al. 2007 ), raising the 
rospect to constrain the large ( � 0.1 m) meteoroid flux at Mercury
rom the BepiColombo observations. 

The present work follows on from the Christou et al. ( 2015 ) study
f the Taurid stream and the Hermean exosphere, focusing on a 
ubpopulation of meteoroids from comet Encke collectively known 
s the Taurid Swarm Complex (TSC for short; Egal et al. 2022b ). A
istinguishing feature of the TSC is a high abundance of centimetre- 
o metre-sized meteoroids (with equi v alent mass of se veral grams
o 1000s of kg) producing episodes of increased fireball flux in the
arth’s atmosphere (Asher & Izumi 1998 ; Dubietis & Arlt 2007 ;
lech et al. 2017 ; Spurn ́y et al. 2017 ). We want to find out if

he TSC is incident at Mercury particularly during BepiColombo’s 
esidence in Hermean space, as this would create an opportunity to 
btain unique measurements of the effect of an already-characterized 
opulation of meteoroids on the planetary environment, on a par 
ith an earlier campaign to monitor the upper atmosphere of Mars
uring the extremely close ( ∼1.5 × 10 5 km) – and extremely rare 
encounter of Oort-cloud comet C/2013 A1 (Siding Spring) with 

hat planet in October 2014 (Tricarico 2015 ). Existing studies of
he Hermean meteoroid environment (Cintala 1992 ; Marchi et al. 
005 ; Killen & Hahn 2015 ; Pokorn ́y et al. 2017 , 2018 ) have focused
n the so-called sporadic population composed of dynamically 
volved meteoroids that, in general, approach Mercury from different 
irections and at different speeds. In modelling the effects of a 
eteor stream such as the Taurids or the TSC on the exosphere of
ercury, we wish to highlight some important differences between 

poradic and stream meteoroids. Specifically, the sporadic meteoroid 
adiants – the direction they would appear to arrive as seen from an
bserver at Mercury – are distributed over the entire sky (though not 
ecessarily isotropically). In contrast, meteoroids in streams follow 

ear-parallel paths and appear to arrive from a common radiant 
irection. The angle between the common stream radiant and the 
olar direction as seen from the planet is the solar elongation angle
SEA) that determines the relative number of impacts on the dayside 
nd nightside (Fig. 1 ). The projections of this angle on the planetary
rbital plane and on the orbit normal determine the sub-radiant 
atitude and Local Solar Time (LST) on Mercury. Since many of the
andidate mechanisms that control the production and detectability 
f exospheric species depend on the presence of sunlight, the analysis 
resented in this work includes these important parameters and their 
ime variation to inform future modelling of exosphere production. 
 BepiColombo fact sheet: https://www.esa.int/Science 
xploration/Space Science/BepiColombo/BepiColombo 
actsheet . Published 2017-07-06. Retrieved 2023-07-27. 
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This paper is organized as follows: in the further section we re vie w
vailable information on the TSC component of the Encke stream 

omplex and its pertinent characteristics. In Section 3 , we introduce
 simple geometrical model of the TSC and address its intermittent
ature, where a historically successful approach in predicting TSC 

ncounters with the Earth is adapted to predicting the times of
ercury encounters. The geometric model is expanded upon in 

ection 4 , aided by analysis of precisely measured TSC fireball
rbits and by many-particle numerical simulations, to characterize 
he TSC structure and verify its gross features at Mercury. Section 5
s devoted to estimating the particle fluence and comparing it to
ther populations of Mercury-impacting meteoroids while Section 6 
resents our detailed predictions for the next TSC encounter in 2025–
6. Finally, in Section 7 we list our main conclusions. 

 T H E  TAU R ID  SWARM  (STS)  

ot to be confused with the TMC, the TSC is a subpopulation of
eteoroids associated with comet 2P/Encke in an orbit similar to 

he comet’s but with a slightly higher semimajor axis. An orbital
esonance between the meteoroids and Jupiter acts to azimuthally 
onfine the material within an arc of some ∼80 ◦ in mean anomaly,
o that the Earth may encounter the TSC on some years but not others
Asher & Clube 1993 ; Asher & Izumi 1998 ; Dubietis & Arlt 2007 ;
gal et al. 2022b , see also Appendix A of this work). The mode
nd timing of TSC formation are uncertain but may be linked to
ragmentation events of one or more progenitor bodies 5–7 kyr ago
njecting some tens of 0.1–1 km NEAs in Enck e-lik e, Earth-crossing
rbits (Asher et al. 1993 ; Egal et al. 2021 ; Egal et al. 2022b ). 
Apart from its intermittent appearance, two other defining charac- 

eristics of the TSC are (i) an enhancement, by a factor or 2.4 − 4.6 ×,
n the rate of bright fireballs from cm-sized and larger meteoroids at
he Earth (Dubietis & Arlt 2007 ) thought to arise from the azimuthal
onfinement of material in the resonance with Jupiter, and (ii) the
ack of smaller grains (Egal et al. 2022a ) caused by gradual, size-
ependent loss of material by radiation forces (Asher 1991 ). Due to
he low, ∼5 ◦ orbital inclination, the TSC encounters the Earth on both
he inbound (October–No v ember) and outbound (June–July) le gs of
ts orbital path around the sun. Autumn branch meteoroids arrive at
arth from the antisolar direction, therefore most optical observations 
oncern this night-time branch. Observational characterization of 
he Summer branch is generally hindered by the small SEA of the
SC radiant and by the lack of small meteoroids that radar surv e ys
re more sensitive to. Specifically for the CMOR radar, o v erdense
choes are deliberately remo v ed (Egal et al. 2022a ) meaning Taurid
MNRAS 527, 4834–4846 (2024) 
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M

Figure 2. Orbits of the Earth, Mercury, and the s-Taurids referred to the 
ecliptic plane ( top ) and to the plane normal to the ecliptic X axis (bottom). 
Also included are the STA and ZPE showers. Orbit arcs below the ecliptic 
plane are shown with a lighter colour. The open symbol indicates the 
No v ember STS crossing of Earth’s orbit while the solid red points represent 
minima of the Mercury-STS distance (equation 1 ). 
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Table 1. Orbital elements of the STS from Devillepoix et al. 
( 2021 ) and of the principal TMC meteor showers and parent comet 
from Egal et al. ( 2022a ). 

Object id a (au) e I ( ◦) � ( ◦) � ( ◦) 

STS 2.237 0.847 5.45 158.4 42.72 
SSO 

† 2.256 0.847 11.9 160.2 334.2 
2P/Encke 2.215 0.848 11.78 161.1 334.6 
NTA 2.180 0.825 2.9 158.4 227.5 
BTA 1.910 0.812 2.9 159.1 275.4 
STA 1.820 0.813 5.0 142.4 24.5 
ZPE 1.610 0.804 5.4 130.3 73.5 

Note. † Orbit of STS ‘Source Object’ from Asher & Clube ( 1993 ). 
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reballs should not be present in the data at all. The Summer branch
s also believed responsible for an unusually high rate of kg-class
r larger meteoroids impacting the Moon in June 1975 (Duennebier
t al. 1976 ). The TSC was recently introduced to the IAU Meteor
ata Centre Working list of meteor showers as the s-Taurids (Shower
628; IAU 3-letter code: STS; Jenniskens, N ́enon et al. 2016 ). Precise
bservations of STS fireballs recorded during the 2015 return (Olech,
oladec et al. 2017 ; Spurn ́y et al. 2017 ; Devillepoix et al. 2021 )
llowed to verify the STS location in the 7:2 resonance with Jupiter
nd to estimate the mass flux of STS meteoroids in the centimetre-
o-metre range. 

 ME R C U RY-STS  E N C O U N T E R  G E O M E T RY  

ll geometric calculations in this Section use the STS orbit derived
rom analysis of CAMS data (Devillepoix et al. 2021 ). Fig. 2
hows this orbit together with the ζ Perseid (ZPE) and Southern
aurid (STA) orbits determined from Canadian Meteor Orbit Radar
NRAS 527, 4834–4846 (2024) 
CMOR) observations (Egal et al. 2022a , Table 1 ). Note that the
ongitudes of pericentre � of Encke, the β Taurids (BTA) and
orthern Taurids (NTA) are within ∼3 ◦ of each other, while those
f ZPE and STA lag 20 ◦–30 ◦ behind. These two latter showers are
onsidered dynamically older populations within the TMC with the
PE in particular produced no later than 16 kyr ago (Egal et al.
022b ). The Mercury-encountering Encke dust identified in Christou
t al. ( 2015 ) as causing the observed peak in surface Ca vaporization
ate most likely corresponds to these dynamically evolved meteoroids
hat, due to the apsidal lag and smaller semimajor axis, cross

ercury’s orbit closer to its perihelion than other TMC showers
Fig. 2 ). The STS meets the orbit of Mercury abo v e the ecliptic plane
 few days from perihelion. By minimizing the orbit-to-orbit distance
s a function of the respective TAAs: 

 ( f , TAA ) = | r STS ( f ; a, e, I , ω, �) 

− r M 

( TAA ; a M 

, e M 

, I M 

, ω M 

, �M 

) | , (1) 

here the set ( a , e , I , ω, �) denotes the orbital semimajor axis,
ccentricity, inclination, argument of perihelion and longitude of
scending node, r is a position vector, and the ‘ M ’ subscript
efers to Mercury, we identified two local minima (red points) with
 1 = 0.0099 au at TAA = 69 ◦ and � 2 = 0.0063 au at TAA = 140 ◦,

he second minimum being close to the stream’s and to Mercury’s
escending nodes on the ecliptic plane. As the smaller value, � 2 is the
urrent Minimum Orbit Intersection Distance (MOID; eg Carusi &
otto 1996 ) between the orbits. These minima may be thought of as

he counterparts of the Autumn and Summer branches at Earth though
ere they are closer together. At both locations, the planetocentric
peed at encounter is ∼24 km s −1 , some what slo wer than at the Earth
 ∼29 km s −1 ) but also to the Mercury Taurids (Christou et al. 2015 ).
he difference is caused by the gradual shrinking of the orbits of
m-sized non-resonant TMC meteoroids by radiation forces that

hen intersect Mercury’s orbit more transversely than STS. Because
f the near-tangential encounter geometry, STS meteoroids may meet
ercury o v er a wide arc of its orbit with the planet outbound from

erihelion towards aphelion. 
To determine the epochs when Mercury encounters STS we

ollow Asher & Clube ( 1993 ), replacing the position of the Earth
n their model with that of Mercury. The procedure is described in
ppendix A and can be applied to an arbitrary Solar system body
ith a known orbit that intersects the STS orbit. The results are

isted in Table 2 and further discussed in Section 6 where we present
etails of the next encounter between Mercury and STS. A search
or observ ational e vidence of past STS encounters at Mercury in the
bservational record is beyond the scope of the present work but we
ote here that Encounter #10 took place between April and December
012 while MESSENGER was operating in Mercury orbit. 
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Table 2. Epochs given in the format YY/MM/DD between 1980/01/01 and 
2040/01/01 when the STS is near perihelion. The number in brackets is the 
time difference between perihelion passages of Mercury and the STS. 

Mercury 
ID M SC = 0 ◦ M SC = −40 ◦ M SC = + 40 ◦ at perihelion 

1 82-02-17 81-10-02 82-07-04 82-01-23 ( −25d) 
2 85-07-08 85-02-21 85-11-23 85-06-07 ( −31d) 
3 88-11-27 88-07-13 89-04-14 88-10-21 ( −37d) 
4 92-04-18 91-12-02 92-09-02 92-03-05 ( −42d) 
5 95-09-07 95-04-23 96-01-23 95-10-16 ( + 39d) 
6 99-01-27 98-09-12 99-06-14 99-02-28 ( + 32d) 
7 02-06-18 02-01-31 02-11-02 02-07-14 ( + 26d) 
8 05-11-06 05-06-22 06-03-24 05-11-27 ( + 21d) 
9 09-03-28 08-11-10 09-08-12 09-04-11 ( + 14d) 
10 12-08-17 12-04-01 13-01-01 12-08-25 ( + 8d) 
11 16-01-06 15-08-22 16-05-23 16-01-08 ( + 2d) 
12 19-05-28 19-01-10 19-10-12 19-05-24 ( −4d) 
13 22-10-17 22-06-01 23-03-03 22-10-06 ( −11d) 
14 26-03-07 25-10-21 26-07-23 26-02-19 ( −16d) 
15 29-07-27 29-03-11 29-12-11 29-07-05 ( −22d) 
16 32-12-16 32-07-31 33-05-02 32-11-17 ( −29d) 
17 36-05-06 35-12-21 36-09-21 36-04-02 ( −34d) 
18 39-09-26 39-05-11 – 39-08-16 ( −41d) 
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Figure 3. Orbits of STS fireballs from Devillepoix et al. ( 2021 ) (top) and 
from Spurn ́y et al. ( 2017 ) (bottom) projected on the ecliptic plane. Solid red 
points and an open blue symbol are used as in Fig. 2 to indicate the orbital 
locations of minima in the Mercury-STS distance (equation 1 ) and of the 
No v ember STS crossing of the Earth’s orbit, respectively. 
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 DETA ILED  STS  STRUCTURE  AT  M E R C U RY  

hough useful in a pedagogical sense, the concept of the STS as a
D string of meteoroids moving along a common Keplerian orbit 
ntroduced in the previous section is o v ersimplified in its assuming
 vanishingly small stream cross-section. The observational record 
hows that the Earth takes some weeks to cross the STS, an equi v alent
ross-section of ∼0.1 au. The observed lateral extent of STS at the
arth is probably caused by dynamical evolution of the individual 
eteoroid orbits since their ejection. Moreo v er, we calculate here that 
eteoroids on the STS orbit would pass ∼0.08 au below the Earth’s

rbit on the outbound leg, suggesting that STS must also extend by
 similar distance in the direction normal to the ecliptic in order
o account for Summer branch observations such as the 1975 lunar 
mpacts. To capture sufficient complexity in our modelling to allow 

uantitative predictions, we turn to analysis of recently acquired 
reball orbital data and combine it with many-particle numerical 
imulations. 

.1 Constraints from the 2015 fireball obser v ations 

purn ́y et al. ( 2017 ) presented a set of orbits for ∼200 multi station
aurids recorded by the European Fireball Network (EFN) during 

he 2015 STS return, of which 113 fireballs were classified as STS
embers. During the same period, 73 STS fireballs were recorded 

y the Australian Desert Fireball Network (ADFN) (Devillepoix et 
l. 2021 ) which we further filtered here to exclude orbits with a < 2 au
r σ a > 0.05 au, leaving 55 entries most likely to be STS members. 
The fireball orbits from these data are plotted in Fig. 3 . The orbits

ncounter the Earth on the ascending node, with the ADFN set
top panel) extending at slightly higher nodal values than the EFN
et (bottom panel). The perihelia of these late-arriving fireballs lie 
utside Mercury’s orbit and would most likely miss the planet. 
The distributions of MOID, speed and solar elongation for the 

DFN and EFN fireballs are shown in Fig. 4 where we denote in
lack those orbits that lie outside that of Mercury. The remaining 
rbits cross Mercury at TAA of 50 ◦−90 ◦ and 120 ◦−170 ◦ and
ith MOID between 0.003 and 0.014 au. Note also there are very
ew fireball orbits approaching Mercury between TAA = 90 ◦ and 
AA = 120 ◦. Since the spatial extent of the STS should be larger
han its Earth-encountering component, it is likely that STS actually 
ncounters Mercury at or near those locations and additionally 
hat those meteoroids have orbits similar to the Earth-crossing 
ounterparts. The encounter speed and radiant SEA of these fireballs 
trongly depend on the TAA. As Mercury travels from perihelion 
TAA = 0 ◦) to aphelion (TAA = 180 ◦), the solar elongation (middle
anels) decreases monotonically from SEA = 180 ◦, that is, particles
rriving from the antisolar direction, to SEA = 0 ◦ where particles
o w arri ve from the solar direction. At the same time, the encounter
peed (bottom panels) decreases from 40 km s −1 near perihelion to
MNRAS 527, 4834–4846 (2024) 
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M

Figure 4. MOID (top), radiant solar elongation (middle), and speed (bottom) of STS fireballs in Fig. 3 at Mercury as functions of the TAA with the ADFN data 
(Devillepoix et al. 2021 ) shown in the left column and EFN data (Spurn ́y et al. 2017 ) in the right column. 
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5 − 20 km s −1 at TAA � 110 ◦, then increasing again to 40 km s −1 

ear aphelion. The strong correlation between arri v al time and orbital
roperties is also a feature of STS at the Earth (Spurn ́y et al. 2017 )
nd, as we shall see in the next section, it is also reproduced by our
umerical simulations. 

.2 Constraints from numerical simulations 

n studying the possible dynamical history of comet 2P/Encke, Egal
t al. ( 2022b ) identified one particular ephemeris of the comet with a
pecific, fixed set of values for the non-gravitational force component
agnitudes – designated ‘clone A4’ – that successfully reproduces
any of the observed characteristics of all four main Taurid complex

howers (NT A, ST A, BT A, and ZPE) simultaneously as the outcome
NRAS 527, 4834–4846 (2024) 
f sublimation-driven meteoroid ejection from a cometary nucleus.
hat model was found to also reproduce the intensity and timing of
TS returns at Earth (Asher & Izumi 1998 ) except that it anticipates
y 4–8d the No v ember arri v al of STS fireballs. A unique property of
lone A4 is its long residence time in the 7:2 resonance with Jupiter,
ith the critical angle 

= 7 λJ − 2 λ − 5 �, (2) 

here λ is the mean longitude and � the longitude of pericentre of
he comet, librating around φ� 0 for ∼25 kyr during the last 30 kyr.
ere we have carried out new simulation runs to explore further the

ink between the residence of the STS parent body in the resonance
nd the observed properties of STS at Earth. These new simulations
re described in Appendix B and show that orbits with similarly
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Figure 5. Top: Number frequency of resonant particles at Mercury ejected 
from 2P/Encke clone A4 before and after 10 000 BCE against the TAA. Middle: 
Solar elongation of the individual particle radiants. A radiant on the day-night 
terminator boundary (horizontal-dashed line; SEA = 90 ◦) implies that 50 
per cent of particles impact on the nightside and the other half on the dayside. 
Bottom: Particle impact speed. These distributions are similar to those of 
recorded STS fireballs (Fig. 4 ). 
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ong residence time in the resonance consistently produce Earth- 
rossing streams with characteristics very much like the observed 
aurids, strengthening the case for a long (10 s of kyr) residence

ime of the STS parent in this resonance. To then determine the
SC encounter circumstances at Mercury, we filter the particle final 
tates from the Egal et al. numerical model to retain only particles
ith D ≥1 cm presently in the 7:2 resonance having a MOID with
ercury below 0.02 au and within ±10 d of Mercury being at the

ongitude of the MOID, thus ensuring that the particles physically 
pproach the planet. 

Fig. 5 shows the present states of STS particles ejected from clone
4 no earlier than 10 000 BCE (Before the Common Era; referred

o years that came before the birth of Jesus Christ) separately from
hose of older particles. We observe that the distribution of these 
wo populations along Mercury’s orbit is generally different. The 
umber frequency of younger particles (black points) is highest at 
AA � 60 ◦ and at � 150 ◦, offset by ∼10 ◦ and 5 ◦, respectively from the
ocal minima calculated using equation ( 1 ) (red-dashed lines). The 
espective distributions of SEA and speed at Mercury are identical 
o those of STS fireballs, including the gap at 90 ◦< TAA < 110 ◦.
lternativ ely, older particles (gre y points) encounter Mercury during 

he entire outbound half of the orbit. The locations of peak number
requency of these older particles are shifted towards the planetary 
pses as their higher dispersion on the STS orbital plane causes them
o meet Mercury near the Mercury-STS nodes at TAA = −11 ◦ &
69 ◦ (blue-dashed lines). A minor increase of the number frequency 
bserved between 90 ◦ and 110 ◦ is most likely caused by the merging
f the two red points in Figs 2 and 3 for particles that evolved to
rbits exactly tangent to that of Mercury. 
As already noted in our analysis of the fireball data, the arri v al

peed and solar elongation of the particles are strongly correlated with
he TAA. The similarity in the frequency distributions for resonant 
nd non-resonant particles (top panel of Fig. 5 and Egal et al. 2022b ,
ig. H.1, respectively) further suggests that these relationships are 
alid for the annual – that is, non-resonant – component of the Taurids
nvestigated in Christou et al. ( 2015 ) and Egal et al. ( 2022b ) as well
s the STS component. Since these parameters enter into model 
alculations of the impact-generated exosphere, we have binned the 
ata every 10 ◦ in TAA and report in Appendix C the statistical means
f the speed, the SEA and its projections both onto and normal to
ercury’s orbit plane for every bin that contains > 100 particles. 

 STS  FLU ENCE  AT  M E R C U RY  

gnoring the effect of gravitational focusing and acceleration near 
he planet, the respective STS meteoroid fluences at Mercury and the 
arth are related by the expression 

 M 

( . ) = ( R M 

/R E ) 
2 ( � M 

/ � E ) N E ( . ) , (3) 

here R [.] are the planetary radii and � [ . ] the planetocentric speeds. 
evillepoix et al. ( 2021 ) used observations of the 2015 STS return
y the CAMS network to estimate the number fluence N 

∗( > m ) of
TS meteoroids at the top of the atmosphere as 

log 10 N 

∗
TSC ( > m ) = a E − b E log 10 m, (4) 

ith a E = 5.15, b E = 0.94 when m is expressed in grams. To correct
he fluence for gravitational acceleration and focusing, we write 

( . ) = 

[ 

1 + 

(
� esc 

� ∞ 

)2 
] −3 / 2 

N 

∗( . ) , (5) 
here � ∞ 

is the theoretical speed outside the planetary gravity field 
nd � esc the escape velocity. From Section 4 , we have � M, ∞ 

� � E, ∞ 

∼
0 km s −1 so applying equation ( 5 ) with � E, esc = 11 . 2 km s −1 ,
 M, esc = 4 . 3 km s −1 and substituting in equation ( 3 ) with R E =
378 km and R M 

= 2440 km yields 

 

∗
M 

( > m ) � 0 . 12 N 

∗
E ( > m ) (6) 
MNRAS 527, 4834–4846 (2024) 
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M

Figure 6. Number fluence at Mercury for different impactor populations as 
a function of meteoroid mass. 
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llowing to obtain the STS fluence at Mercury in the form of equation
 4 ) with a M 

= 4.22 and b M 

= 0.94. We show this distribution in Fig. 6
ogether with the same distribution for the annual Taurids obtained
rom the STA magnitude distribution reported in Devillepoix et al.
 2021 ) of their Fig. 4 and calibrated to match the STS distribution
t m = 1g. Interestingly, the slopes of these distributions straddle
he value of −1 when mass is distributed evenly among equal
ogarithmic intervals. The steeper STA distribution places most of the
tream mass in the smaller particles (Dohnanyi 1969 ; Pokorn ́y et al.
018 ), consistent with the Ca peak at TAA = 20 ◦–30 ◦ in Mercury’s
xosphere being caused by mm-sized TMC meteoroids (Christou et
l. 2015 ). 

To compare these distributions with the sporadic flux at Mercury
e use the model in Marchi et al. ( 2005 ) of the influx of asteroid belt
ebris expressed in terms of the meteoroid radius r : 

 ( r) = d r −e �( τc ) , (7) 

here h ( r ) is the number of impacts by meteoroids of radius r metres
er year and per unit impactor radius, d and e are constants and
(.) is a numerical factor that depends indirectly on r through

he collisional lifetime τ c . For meteoroid sizes of interest in this
aper, � varies between 0.08 and 0.11; here we fixed its value at
.09. If we then consider that Mercury takes n days to cross the
SC, the equi v alent sporadic fluence by meteoroids with radius > r

s 

 SP ( > r) = d ∗r −e ∗
( n 

365 

)
, (8) 

ith d ∗ = 0.256, e ∗ = 2.7. Evaluating equation ( 8 ) with n = 365 and
 = 1 yields 1.7 impacts yr −1 for radii between 0.5 and 1.5 m, 2.2
mpacts d −1 for r = 0.05–0.15 m and 149 impacts d −1 for r = 0.01–
.02 m, in excellent agreement with the fluxes calculated in Mangano
t al. ( 2007 ). To compare the sporadic with the STS fluence (equation
 ) we convert the radius dependence in the former expression to one
f mass through the relationship 

 = 

[
m/ 

(
4 

3 
πρ

)]1 / 3 

, (9) 

here ρ is the meteoroid bulk density and we have also set n = 20
n equation ( 8 ) for consistency with the 2015 fireball observations. 

Fig. 6 shows sporadic particle fluences at Mercury for different
alues of meteoroid bulk density: ρ = 0.6 g cm 

–3 used to e v aluate
he strength of P–R drag on cometary dust in our new simulations
Appendix B), and ρ = 2.5 g cm 

–3 for so-called ‘astronomical
ilicates’ (Dermott et al. 2001 ) and close to the value of 3.0 g cm 

–3 
NRAS 527, 4834–4846 (2024) 
sed in Mangano et al. ( 2007 ) with the 0.1m- and 1m-radius
mpactors discussed in that work corresponding to masses of 13
nd 1300 kg, respectively. Blue points correspond to the 1975 lunar
eismic detections (Duennebier et al. 1976 ; Oberst & Nakamura
991 ) where the error bars represent 1 σ Poisson counting statistics
nd are comparable to the symbol size. These two data points
orrespond to the same raw data but with different calibrations of the
elationship between seismic amplitude and impactor properties. The
oint closer to the 2015 fireball data was calibrated against fireball
rbital and flux information obtained by the Prairie network and
ORP optical surv e ys (McCrosk y et al. 1978 ; Halliday, Blackwell &
riffin 1984 ; Oberst & Nakamura 1989 ). The 1975 and 2015
TS data (with � M =+ 1 ◦ & −7 ◦, respectively) are in reasonable
greement, providing us with an approximate but otherwise robust
onstraint on few-kg class STS impactors near the centre of the
TS arc where one might expect the highest number density of
aterial. 
The similar slopes of the STS and sporadic distributions can be

nderstood if they both represent collisionally derived populations
Marchi et al. 2005 ; Devillepoix et al. 2021 ) while the STA particles
ere produced by sublimation-driven ejection from a cometary
ucleus (Egal et al. 2022b ). 
Using a meteoroid mass lower limit of 1 kg as a benchmark, we

stimate an STS Mercury number fluence of ∼25 and a sporadic
uence 0.6 ×–2.3 × the TSC fluence depending on the assumed me-

eoroid bulk density. Absolute fluence values for > 13 kg meteoroids
imilar to those studied in Mangano et al. are 2.2 (STS) and 1.6–5.8
sporadic), respectively. The fluence at masses �1 kg is less certain
han implied by Fig. 6 due to the generally low number of recorded
vents caused by the most massiv e STS meteoroids. F or instance,
evillepoix et al. ( 2021 ) estimate a fluence of 0.37 meteoroids
 940 kg at the Earth during the 2015 STS which, if extrapolated

t Mercury yields 0.044 impacts by tonne-class meteoroids during
n STS encounter compared to 0.03 − 0.12 impacts by sporadics.
he estimated Earth fluence is consistent with three (3) metre-sized
olides in 2005 and 2015 identified by those authors in archi v al data
ollected by US Go v ernment (USG) satellite sensors in geostationary
rbit as likely STS members. Alternatively, two confirmed s-Taurid
olides of estimated masses of 30 and 1300 kg detected by the EFN
n 2015 (Spurn ́y et al. 2017 ), though statistically consistent with the
SG detections, also allow a much higher (a few 100 ×) fluence of
0 3 kg class STS meteoroids due to the much smaller atmospheric
etection area of the EFN network. 
Additional sources of model uncertainty derive from our assumed

f fecti ve duration of the shower where, for instance, setting n = 10
nstead of n = 20 in equation ( 8 ) ef fecti vely doubles the STS fluence
elative to sporadics. Note also that the actual relative strengths
f the two activity peaks in Fig. 5 may vary from those in our
umerical model, as they depend on the (unknown) activity profile
nd dust productivity of the comet thousands of years ago, on the
ize distribution of ejected grains and on the ejection mechanism
tself. Moreo v er, different geometric constraints apply to sporadic
nd stream meteoroid impacts so that, for instance, parity in the
ux per unit area between sporadics and the STS would double

he number of impacts on the sub-radiant hemisphere of the planet
uring the STS encounter but not affect the anti-radiant hemisphere.
inally, the sporadic flux at Mercury, though not mono-directional
s a cometary stream w ould be, is lik ely f ar from isotropic (Marchi
t al. 2005 ; Pokorn ́y et al. 2017 , 2018 ) making interpretation of
oth flux and fluence measurements of the different meteoroid
opulations at Mercury dependent on the ability to localize those
mpacts. 
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Figure 7. Top: Snapshots from three consecutive encounters between the STS (thick black arc) and the planet Mercury (brown symbol) in December 2025 (top 
left), March 2026 (top centre) and June 2026 (top right). Mercury is physically close to the STS centre (open red symbol) during the 2nd encounter. Middle: 
Daily counts of particles that approached Mercury between September 2024 and May 2027 in our simulations. Bottom: Detail of middle panel (shaded area) 
highlighting the three encounters between STS and Mercury. Times when Mercury is at perihelion (‘P’) or aphelion (‘A’) are indicated by the gre y v ertical lines. 
Tick marks along the horizontal axis correspond to the 1st, 10th and 20th days of each month. 

Table 3. Predicted epochs of peak STS flux at Mercury in 2025–26. 

Encounter #1 Encounter #2 Encounter #3 

Mercury@ � 1 2025 Dec 05 2026 Mar 03 2026 May 30 
Mercury@ � 2 2025 Dec 23 2026 Mar 21 2026 June 17 
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 T H E  2 0 2 5 - 2 6  MERCURY-STS  E N C O U N T E R  

he STS will next pass through perihelion between late 2025 and
id-2026 (Entry #14 in Table 2 ). During that period, Mercury
ill encounter the STS on three consecutive orbits while outbound 

rom perihelion and from No v ember until January (Encounter #1),
ebruary until April (Encounter #2) and May until July (Encounter 
MNRAS 527, 4834–4846 (2024) 
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3) (Fig. 7 , top). At each encounter, our numerical model predicts up
o two separate peaks in STS flux ∼18 d apart with the exact dates
iven in Table 3 . The February-to-April encounter occurs when the
entre of STS (open symbol, top centre panel) is near perihelion
 � M � 0 ◦) and physically close to the planet. Table 2 shows that
uch encounters occur when Mercury reaches perihelion about a
uarter orbit ( ∼22 d) before the STS centre (last column) and this
et of circumstances recurs every 40 yr or so, the last time being
n the 1980s. If we assume that the two peaks in Fig. 5 yield
omparable fluxes of meteoroids, total meteoroid fluence during
he encounter period should be � 2 × that shown in Fig. 6 .
mpacts will initially (TAA ∼ 0 ◦) be incident on the night-time
emisphere and gradually migrate across the afternoon side of the
lanet to yield pre-dominantly daytime impacts when TAA ∼ 180 ◦

Fig. 5 ). Impact speeds at the peak epochs are 25 − 30 km s −1 

nd somewhat higher (35 − 45 km s −1 ) for any STS meteoroids
rriving at Mercury near the orbit apses. The other two encounters
ccur when � M = ±25 ◦, still within the TSC but further from
he centre. The particle fluence on those locations is less well
onstrained by observations and, in the absence of strong evidence
o the contrary, we postulate that it is similar to that at the February–
pril encounter. 
Note that particles in our simulations are also seen approaching
ercury both before and after the three highlighted encounters in

ig. 7 , middle panel. These particles are likely also trapped in the 7:2
esonance with Jupiter but do not correspond to any actual material
long the STS orbit. Indeed, we note that solutions between 0 and 2 π
o the equation φ( M ) = 0 with φ(.) from equation ( 2 ) come in pairs
f angles 180 ◦ apart, ho we ver there is no observ ational e vidence for
aterial 180 ◦ across from the STS location. 
Assuming BepiColombo operations follow the nominal mission

lan, the first STS Encounter will occur near the time of Mer-
ury Orbit Insertion, Encounter #2 as MPO and Mio maneuver
ndependently to reach their operational orbits and Encounter #3
uring the first months of the primary mission phase. As the next
SC crossing after 2026 will occur well after the primary scientific
ission as well as the possible extended mission (Table 2 ), any

cientific observations during these periods and especially Encounter
2 in February–April 2026 when Mercury is physically close to the
TS centre offer a unique opportunity to characterize the STS at a

ocation away from 1 au, its contribution to the large impactor flux
t Mercury as well as the role of meteoritic impact vaporization as
n exosphere source process. STS and the STA/ZPE components
ill generally approach Mercury at different LSTs than the bulk
f sporadic meteoroids (Marchi et al. 2005 ; Pokorn ́y et al. 2017 ,
018 ) with the Encke dust a v oiding the dawn hemisphere of the
lanet (Section 4 & Appendix C). This feature should help to
eparate out their contribution to the exosphere from the Bepi-
olombo measurements while continued observations in subsequent
ermean years when the STS will be absent should allow to isolate

nd characterize the flux of the annually recurring Taurids and
f sporadic meteoroids. Moreo v er, detecting and identifying STS
eteoroid impacts would help constrain the formation age of the
TS as the activity profile is apparently sensitive to this parameter
Section 4.2). 

 C O N C L U S I O N S  A N D  DISCUSSION  

his work investigated the incidence at Mercury of STS, a subpopu-
ation of the 2P/Encke stream complex noted for its high abundance
n gram-class or larger particles relative to the annual Taurids and
as moti v ated by the prospect of observing the response of the
NRAS 527, 4834–4846 (2024) 
ermean environment to Taurid meteoroids in situ following the
rri v al of the BepiColombo twin-spacecraft mission to the planet.
ur investigation benefits from new models of the Taurid stream and

ts different components (Egal et al. 2021 ; Egal et al. 2022b ) as well
s analyses of recent high-quality observations of the STS (Spurn ́y
t al. 2017 ; Devillepoix et al. 2021 ; Egal et al. 2022a ). 

Our main conclusions can be summarized in the following state-
ents 

(i) Mercury should encounter the STS just as it does the annual
aurids (Christou et al. 2015 ). 
(ii) Encounters between Mercury and STS do not occur each time

he planet crosses the STS orbit, mimicking in this way the STS
ntermittent appearance at the Earth. Ho we ver, the encounters can
till be predicted through a simple geometrical model similar to the
ne used previously to anticipate Earth-STS encounters (Asher &
lube 1993 ). 
(iii) When STS is near perihelion, Mercury crosses it repeatedly

uring the post-perihelion half of its orbit. During each crossing the
eteoroid flux, arri v al geometry, and impact speed will vary with

AA. 
(iv) The next STS encounter occurs between late 2025 and mid-

026, during the early stages of BepiColombo’s orbital mission at
ercury. 

Measurements by the different instruments onboard Bepi-
olombo’s two component orbiters should provide direct observa-

ional verification of meteoroid models and elucidate the nature of
heir relation to the exosphere. The sporadic meteoroid model used
n Mangano et al. ( 2007 ) and compared here against the annual
nd STS Taurid flux assumes that cm-sized or larger impactors
riginate from the Main asteroid Belt (MB). Recently, Pokorn ́y et
l. ( 2018 ) investigated the sporadic flux at Mercury for particle sizes
maller than a few mm using as starting point the zodiacal cloud
odel of Nesvorn ́y et al. ( 2010 ). The 2018 study found that MB
aterial are a minor contributor to Hermean impactors, with most

f the mass fluence linked to cometary debris. Though the Marchi
t al. ( 2005 ) and Pokorn ́y et al. ( 2018 ) studies investigated different
ize re gimes, the y nev ertheless both predict a collisionally evolv ed
opulation of Mercury impactors with relatively shallow mass/size
istribution slope. Therefore, the mass dependence of the sporadic
ource strength illustrated in Fig. 6 is probably a fair representation
f the truth, at least for < 1 g meteoroids. Ho we ver, a cometary as
pposed to an asteroidal origin would weaken the contribution of
poradics vs the STS & STA sources due to the lower density of
ometary material. This should be observationally verified. 
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PPENDI X  A :  T H E  ASHER  &  C L U B E  � M  

O D E L  APPLIED  TO  M E R C U RY  

he quantity � M in Asher & Clube ( 1993 ), the time difference by
hich the planet misses the STS centre, is formally defined as 

M = M SC − M PE , (A1) 

here M SC is the location of the STS centre, M PE is the location of
he planet at encounter and M PE can be calculated if the STS orbit
nd the planetary orbit are known. To test the sensitivity of M PE 

o the input orbit, we calculated it for the different orbits listed in
able 1 as well as for the ‘source object’ orbit in Asher & Clube
 1993 ) cf their Table V. For the STS orbit in Devillepoix et al.
 2021 ) we obtain M PE =−12 ◦.3 for the Autumn branch crossing
f Earth’s orbit. This number varies by up to 0.3 ◦ if orbits from
able 1 with semimajor axis differing by a few ×10 −2 au are used

nstead, namely that of 2P/Encke and the orbit from Asher & Clube.
or NTA we find −13 ◦.1 and for the remaining orbits (BTA, ZPE,
nd STA) we obtain values between −16 ◦ and −21 ◦. Since the STS
emimajor axis is constrained by the resonant condition to lie between
.23 and 2.28 au, we adopt M PE = −12 ◦ in the calculations that
ollow. 

The mean anomaly of the STS centre may be expressed as 

 SC = M 0 + n SC ∗ ( t − t 0 ) , (A2) 

here n SC = a 
−3 / 2 
SC and t − t 0 is in years. Setting a SC = 2.256 au and

dopting the values of t 0 and M 0 for the year 1988 we are able to
eco v er the model values of � M (Table B1 ; see also Fig. A1 ). To
pply the model to Mercury, we require that STS is at perihelion,
hat is 

 PE = 0 , (A3) 

epresenting the two close approach points in Fig. 2 located at M 1 =
1 ◦ and M 2 = + 3 ◦, respectively. 
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M

Figure A1. Illustration of STS encounters with Earth from Table B1 used to test the � M model with STS shown as a thick black orbital arc. The blue and red 
open symbols indicate Earth’s location on 3 No v ember of each year and the centre of the STS respectively. 
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PPENDIX  B:  N E W  SIMULATIONS  O F  STS  

O R M AT I O N  

o additionally test the robustness of the model predictions, we
enerated a new model of the STS by first back-integrating the
rbit of A4 under the specific non-gravitational force parameters
sed in Egal et al. and the HYBRID symplectic state propagation
NRAS 527, 4834–4846 (2024) 

Table B1. Data from Asher & Clube 
( 1993 ) used to test the retrie v al of 
M SC from equation ( 4 ). Each line 
entry refers to 3 No v ember of the 
corresponding year. 

Epoch � M (deg) 

1988 + 5 
1991 −36 
1995 + 29 
1998 −13 
2005 + 11 
2008 −30 
2012 + 35 
2015 −7 
2022 + 17 

Figure B1. Evolution of the critical angle φ (top) and semimajor axis a 
(bottom) for clone A4P1 used in our new STS simulations. Dashed horizontal 
lines are drawn at φ = 0 and a = 2.256 au, respectively. Vertical arrows 
indicate the epochs when particles are ejected from the reference orbit. 
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Table B2. Starting orbits for the simulations of STS formation from clone A4P1. 

Epoch Semimajor Inclination Argument of Longitude of Epoch at 
Designation (JD) axis (au) Eccentricity ( ◦) perihelion ( ◦) ascending node ( ◦) pericentre (JD) 

−25k −6679707.0 2.25650121 0.89336478 15.77491436 351.73509 15.19280 −6679366.422657 
−20k −4853455.0 2.26077878 0.88955223 12.34723485 200.93725 283.76848 −4853049.898871 
−15k −3027207.0 2.25659361 0.88756925 3.86698686 140.69906 280.87069 −3027064.037345 
−10k −1200955.0 2.24756425 0.87871901 16.52104272 355.35969 95.89758 −1200599.789237 
−5k 625293.0 2.27343730 0.86337778 7.23128035 200.63073 283.76848 625489.359431 

Figure B2. Particles ejected from Encke clone A4P1 between 5 and 15 
thousand years ago that encountered Earth in the last 1000 yr. The orange 
and blue boxes correspond to recorded STS encounters with the Earth-Moon 
system in 1975 and 2015 as described in the text. 
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as the reference for our modelling of the STS at Earth. Batches of 
1000 test particles were ejected from the reference orbit at perihelion 
at 5000 yr intervals (Table B2 ) and with speed uniformly sampled 
between 0 and 10 m s −1 both along and against the direction of 
motion. The particle states were propagated forward in time with 
a force model that included Poynting–Robertson (PR) drag and 
radiation pressure (RP) for particle diameters D = 0.1, 1, and 5 cm 

and a density ρ = 0.6 g cm 

−3 , similar to the value of 1.0 g cm 

−3 

used in Egal et al. ( 2022b ) and corresponding to the following values 
for the non-gravitational force parameter β (Dermott et al. 2001 ): 
1.9 × 10 −3 , 1.9 × 10 −4 and 3.8 × 10 −5 . Simulation runs with 
PR & RP switched off ( β = 0) were also carried out to model the 
evolution of larger meteoroids. The thermal Yarko vsk y effect was 
not considered in these simulations. 

Fig. B2 shows solar longitude distributions for particles with 
D > 1 cm in our –5k, –10k, and –15k runs encountering Earth no 
earlier than 1000 yr ago, compared to arri v al times of STS fireballs 
from Devillepoix et al. ( 2021 ) and Spurn ́y et al. ( 2017 ) on the Autumn 
branch as well as the 1975 lunar impact events (Duennebier et al. 
1976 ) on the Summer branch. There is e xcellent o v erall agreement 
between our simulation and the observations. We note that the 2015 
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cheme within the MERCURY 6 package (Chambers 1999 ) with a 
-d time step with a Solar system model comprising the eight 
ajor planets. Initial planetary state vectors were obtained from 

he HORIZONS online ephemeris service (Giorgini et al. 1996 ) 
t the J2000 epoch. We observed that the semimajor axis of A4
ncreased going backwards in time, crossing the location of the 
:2 resonance at t �−6000 yr without being trapped in it. This
s not unexpected as the use of different integrators or planetary 
phemerides may result in a completely different dynamical history 
or this comet (Egal et al. 2022b , A4 ephemeris available online at:
ttps:// data.mendeley.com/ datasets/6rrwfvzbx5/ 2 ). 
By manual inspection, we found that the clone with initial 

emimajor axis differing from A4 by � a =+ 10 −4 au became trapped
nd spent ∼25 kyr in the 7:2 resonance (Fig. B1 ), a finding consistent
ith the reported 1-in-7 upper limit on the relative abundance of
ncke clones in the Egal et al. investigation spending at least a few
illenia in the resonance during the last 30 kyr. This new dynamical

lone of comet Encke, which we refer to here as ‘A4P1’, was selected
MNRAS 527, 4834–4846 (2024) 

reballs (light-blue box) lead the peak flux from our model by a few
ays while a similar offset in the opposite direction is hinted at for
he Summer branch and the lunar data (orange box). Interestingly, 
he former feature resembles the offset noted by Egal et al. ( 2022b )
etween the A4 STS model and the Devillepoix et al. ( 2021 ) fireball
ata. 

PPENDI X  C :  DETA I LED  P R E D I C T I O N S  F RO M  

H E  E G A L  ET  A L  N U M E R I C A L  M O D E L .  

n Table C1 we tabulate statistical means of speed and solar
longation data from the numerical simulations of Egal et al. ( 2022b )
inned every 10 ◦ in TAA. The Hour Angle (HA) quantity is related
o the LST of the sub-radiant point with HA = 0 ◦ placing it at local
oon while HA =±180 ◦ places it at local mid-night. 

https://data.mendeley.com/datasets/6rrwfvzbx5/2
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Table C1. Planetocentric speed, solar elongation, ecliptic latitude, and sun-relative hour 
angle (HA) of the Mercury sub-radiant point for different particle populations in Egal et al. 
( 2022b ). 

Ejected after Ejected between 
10k BCE 10k & 20k BCE 

TAA � SEA Lat. HA � SEA Lat. HA 

( ◦) (km s −1 ) ( ◦) ( ◦) ( ◦) (km s −1 ) ( ◦) ( ◦) ( ◦) 

0 – – – – 45 176 2 −174 
10 – – – – 43 174 4 169 
20 39 170 1 171 40 168 9 172 
30 36 165 5 166 37 159 16 166 
40 33 157 11 161 35 151 23 162 
50 32 145 24 155 32 144 27 155 
60 29 139 29 150 27 138 23 146 
70 27 134 31 144 24 133 15 137 
80 – – – – 22 118 −10 120 
90 – – – – 24 100 −44 104 
100 – – – – 24 93 −50 94 
110 24 85 −50 82 23 78 −40 75 
120 23 69 −42 61 22 55 −26 51 
130 23 54 −33 46 23 41 −13 39 
140 25 41 −24 34 26 31 −12 28 
150 27 32 −18 26 29 25 −13 21 
160 32 19 −9 16 34 18 −13 12 
170 37 9 −3 8 38 11 −8 7 
180 40 5 −2 5 41 4 −2 3 
190 – – – – 47 3 −1 −3 
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