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ARTICLE INFO ABSTRACT

The BepiColombo (BC) Mission which will be launched in 2018, will include during its Cruise Phase two flybys of
Venus and five Mercury flybys. It will then enter a one Earth year orbit about Mercury (with a possible one-year
extension) during which two spacecraft, one provided by ESA (MPO) and one provided by JAXA (MMO), will
perform both autonomous and coordinated observations of the Hermean environment at various separations. The
measurements will take place during the minimum of solar cycle 24 and the rise of solar cycle 25. At the start of
the minimum of solar cycle 23, four major flares, each associated with the production of MeV particle radiation
and CME activity occurred. Predictions of the HAFv.2 model of the arrival of particle radiation and a travelling
shock at Venus on 6 December 2006 were verified by in-situ measurements made aboard Venus Express (VEX) by
the ASPERA 4 instrument. Interplanetary scintillation observations, as well as the ENLIL 3-D MHD model when
employed separately or in combination, enable the making of predictions of the solar wind density and speed at
various locations in the inner heliosphere. Both methods, which outdate HAFv.2, are utilized in the present paper
to predict (retrospectively) the arrival of the flare related, interplanetary propagating shock recorded at Venus on
6 December 2006 aboard VEX with a view to putting in place the facility to make very reliable space weather
predictions for BC during both its Cruise Phase and when in the Hermean environment itself. The successful
matching of the December 2006 predictions with in-situ signatures recorded aboard Venus Express provide
confidence that the predictive methodology to be adopted will be appropriate to provide space weather pre-
dictions for BepiColombo during its Venus flybys and throughout the mission.
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1. Introduction Earth at a hyperbolic excess velocity of 3475 km/s, driven by a, low

thrust, solar electric propulsion/ion system that will steadily propel

The European Space Agency/ESA and the Japanese Space Agency/
JAXA have collaborated since the year 2000 to send a space mission to
Mercury, named in honour of the Italian space scientist Giuseppe (Bepi)
Colombo. This mission, which is presently scheduled to be launched in
2018, features three elements namely: a carrier spacecraft (contributed
by ESA) known as the Mercury Transfer Module/MTM; the Mercury
Planetary Orbiter/MPO which is also contributed by ESA and the Mer-
cury Magnetospheric Orbiter/MMO, which is provided by JAXA. The
MTM will supply chemical power to the two hibernating orbiters as well
as power the, on-board, solar electric propulsion system during the Cruise
Phase of the mission.

1.1. The cruise phase

It is planned that the BepiColombo (BC) spacecraft will leave the
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the spacecraft along a series of arcs around the Sun. After two years BC
will return to Earth to perform a gravity assist manoeuvre and be
deflected towards planet Venus. The trajectory of the spacecraft will,
thereafter, be modified through performing two Venus flybys (in 2019
and 2020 respectively) which will result in reducing, with almost no
need for thrust, the pertaining perihelion distance to Mercury.
Thereafter, a series of 5 Mercury flybys will result in lowering the
relative velocity between Mercury and BepiColombo to 1.76 km/s.
Finally, four thrust arcs will further reduce the relative velocity
attained to a point where, on 18 December 2024 (following the jet-
tisoning of the MTM from the spacecraft stack), BepiColombo will be
captured by Mercury's gravity and perform a polar orbit around
the planet.

MPO will next fire chemical propulsion thrusters to lower this orbit.
Finally, MPO and MMO will be deployed into separate orbits (see
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representative Fig. 1), in which they will carry out, at a range of sepa-
rations, a program of closely co-ordinated observations of Mercury and
its environment under the aegis of a collaborative agreement between the
European and Japanese scientific teams.

The autonomous and co-ordinated observations carried out
thereafter at Mercury over 1 Earth year (4 Mercury years), with the
option of a one Earth year extension, will result in the most compre-
hensive investigation of Mercury and its environment hitherto
undertaken (previous missions to Mercury were Mariner 10,
launched in 1973 and Mercury Messenger, launched in 2004). Among
the scientific objectives of the spacecraft of the BepiColombo
mission are: an in-depth investigation of Mercury's exosphere - its
composition and dynamics; a study of Mercury's magnetosphere - its
structure and dynamics; an inspection of Mercury's magnetic field
and observations designed to reveal Mercury's surface composition,
made, in particular, at times when energetic solar particles impact
the planet.

1.2. The solar cycle

Samuel Schwabe discovered in 1843 the (approximately) 11-year
cycle of the growth and decay of sunspot numbers, which is generally
recognized to be linked with the level of ongoing solar activity. At-
tempts to predict when the next sunspot cycle might occur and how
strong it would be have, over the years, been made by many. It is
currently recognized that 11-years is an average (some cycles are as
short as 9 years while others are as long as 14 years). Further, the
number of sunspots during a peak year (called sunspot maximum), can
vary from as few as 50 to as many as 260. Further, the speed with which
sunspot numbers rise to a maximum can be as long as 80 months for
weaker sunspot cycles, but as short as 40 months for those that are the
strongest ones. These observed variations, combined with statistical
considerations, have resulted in the construction of several predictive
schemes but all of them fail to produce accurate and detailed forecasts
of the 'next' sunspot cycle.

In the case of the current cycle (Number 24), which spans the years
2008-2019, a study by Pesnell (2016) showed, on the basis of 105
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individual forecasts of how many sunspots would be present during the
peak year, that the predictions varied from as few as 40 to as many as
175, with an average of 106 + 31. The number actually observed to be
present at the 2014 peak was 116. Most of the predictions utilized in the
investigation were based on simple statistical considerations and, what is
rather required although as yet unavailable, are forecasts based on the
physics of sunspot formation (see for instance a review of available dy-
namo models by Charbonneau (2010)).

Through combining helioseismological observations made aboard the
SOHO spacecraft (see an account of the Michelson Doppler Imager uti-
lized in Scherrer et al., 1995) with ground-based observations made by
the Global Oscillations Network Group (GONG), two principal compo-
nents of temporal magnetic field variation that occurred during solar
cycles 21-24 were identified in full disk magnetograms that covered
about 39% of data variance with ¢ = 0.67, (Zharkova et al., 2015). These
components were attributed to two main magnetic waves travelling from
opposite hemispheres with close frequencies and increasing phase shift.
Mathematical analysis of the waves was demonstrated to yield pre-
dictions of solar activity on a millennium basis. These forecasts suggested
that Cycle 25 might continue a trend of polar field decline observed to
already be in progress during the last three sunspot cycles (see Fig. 2) and
thus develop overall to be yet weaker than Cycle 24, with fewer than
100 spots.

Statistically speaking, if the number of spot-free days continues to
increase over the period 2017-2018, it can be expected that the new
sunspots of Cycle 25 will appear sometime in late 2019 when Bepi-
Colombo is scheduled to perform its first Venus flyby. Sunspot
maximum is likely to occur in 2024 when the spacecraft is already
at Mercury.

Further, sunspot magnetic field strengths have been in decline since
2000 and are already close to the threshold required to sustain sunspots
on the solar surface. Some of the current forecasts suggest that solar cycle
25 will be completely absent while others suggest that a sunspot
maximum equal to or greater than that of cycle 24 is still possible. Thus,
the means to provide accurate predictions of future cycles and the cre-
ation of a reliable theory as to why the Sun exhibits cycles at all are
unavailable.

Fig. 1. Representative Orbits of MPO (red) and MMO (green, lower right) at Mercury.
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Cycle 24 Sunspot Number Prediction (2015/08)

Hathaway NASA/ARC

Fig. 2. Counts of sunspots recorded over the past few solar cycles. (Credit, NASA/ARC).

2. Space weather at Venus under conditions of solar cycle
minimum

The arrival at Venus of significant solar disturbances while Bepi-
Colombo is executing flybys of the planet would be expected to pro-
foundly affect certain of the onboard measurements. Given that the
flybys are scheduled to occur at around the time of the minimum of
solar cycle 24 one might intuitively expect that the probability of the
occurrence at this time of a large solar event would be very low. It
should, however, be pointed out that, at the start of the minimum of
previous solar cycle 23, major activity occurred in NOAA Active Re-
gion 0930.

On 5 December 2006 this region transited the solar east limb at 6°
south latitude (S06). Thereafter, over the course of some nine days, it
produced: four X-class flares. These peaked to X9.0 at Earth on 5
December at 10:35UT from SO06E59; to X6.5 on 6 December at
18:47UT from SO5E57; to X3.4 on 13 December at 02:40UT from
S07W22, and to X1.5 on 14 December at 22:15UT from SO6W46. Each
of these events was accompanied by a metric Type II burst, thereby
indicating the propagation through the solar corona on each occasion
of a large shock. Fig. 3 shows the positions of the Earth, Venus and
Mars  http://cdaw.gsfc.nasa.gov/CME list/daily_plots/sephtx/2006_
05/sephtx_20060501.png relative to the Sun on 6 December 2006
when Earth was ~80° to the west and Mars ~125° to the east of the
Sun. Venus and Mars were located at that time in the same general
region of the Parker Spiral.

2.1. Numerical modelling of the arrival at Earth, of disturbances associated
with the December 2006 events

Several numerical models which use solar observations as inputs
to forecast the arrival at Earth of flare-related-shocks were
available for use at the time of the December activity, among them the

Hakamada-Akasofu-Fry version 2/modified HAFv.2 model [Dryer
et al, (2001, 2004); Fry et al., (2001, 2007); Smith et al,
(2003, 2009)].

Application of the HAFv.2 model to the data showed, not illustrated
here but available in McKenna-Lawlor et al. (2008), that during the very
early part of the activity, a shock (designated S2), which was associated
with the event of 6 December, was refracted and expanded to westward
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Fig. 3. Locations of the Earth, Venus and Mars relative to the Sun on 6 December 2006.
The location of the flare on 6 December is indicated by an arrow. Venus was ~80° to the
west and Mars ~125° to the east of the Sun and both of these planets were located on the
same magnetic field line of an ideal Parker Spiral (following Futaana et al., 2008).
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close to the Sun, after which it overtook and merged with a further shock
(designated S1), which had been generated earlier in association with the
flare of 5 December. The HAFv.2 model predicted the arrival at Earth of
the western flank of the merged shock at ~07:00 UT on 8 December. Both
the ACE/MAG (Magnetometer) and SOHO/MTOF (Mass Time Of Flight)
instrument aboard SOHO recorded the arrival at L1 of this composite
shock some 3 h earlier, after a 33 h transit time. HAFv.2 simulations were
also made of the propagation of Shocks 3 and 4 from the site of their
associated flares on December 13 and 14. The arrival of Shock 3 was
recorded at L1 at 13:52 UT on 14 December while Shock 4 arrived at
17:21 UT on 16 December. The corresponding HAFv.2 model predictions
were respectively within 8 min (0 h) and ~5 h of these measured shock
arrivals after their (35 and 43 h) respective transit times from the Sun,
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[McKenna-Lawlor et al., (2008)]. In the parlance of HAFv.2 modelling all
of these correspondences were HITS.

2.2. Numerical modelling of the arrival at Venus and Mars of disturbances
associated with the December 2006 event

Shock/SEP signatures could be recorded at Venus and Mars in the
background counts of the Electron Spectrometer (ELS) and of the Ion Mass
Analyzer (IMA) experiments which form part of the Analyzer of Space
Plasma and Energetic Atoms/ASPERA instrument suites installed aboard
Mars Express (MEX/ASPERA-3/launch 2003) and Venus Express (VEX/
ASPERA-4/launch 2005). Details concerning the MEX and VEX in-
struments are contained in [Barabash et al., (2006, 2007)].
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Fig. 4. (Panel 1, top) An energy-time spectrogram recorded at Mars by ASPERA-3/IMA in the interval 2-12 December 2006; (panel 2) corresponding total count rates in the highest 15
energy steps of ASPERA-3/ELS. (Panels 3-4) Complementary data recorded at Venus by ASPERA-4 IMA and ASPERA-4/ELS. For details see the text. In the bottom panel arrows indicate the

location of a shock signature, McKenna-Lawlor et al. (2008).
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Although neither the ELS nor IMA is designed to detect energetic
protons, both can detect ambient, high-dose radiation (X-rays, y-rays,
MeV ions) through their capability in each case to register a high inci-
dence of uniform background counts. These counts are produced due to
the penetration of energetic particle radiation through the walls of both
instruments where they impact on the micro-channel plates mounted
within. The enhancement of background count levels thus recorded is
independent of the energy steps of both ASPERA-3 and ASPERA-4
[Futaana et al. (2008); McKenna-Lawlor et al., (2008)].

Fig. 4 shows (second panel from the bottom) the energy-time spec-
trogram recorded by ASPERA-4/IMA at Venus from 2-12 December,
2006. In the bottom panel appears the corresponding total count rate
measured in the highest 15 energy steps of ASPERA-3/ELS. Because the
latter energy range is normally free from counts, the data recorded in this
channel can be considered to constitute a proxy for the ambient particle
background. This count rate was uniform in all # x 2z directions and its
uniformity and long duration (3 days) all indicate that the background
enhancement was caused by an SEP event (a solar X-ray or gamma-ray
burst signature would not typically last for 3 days).

Although the exact starting time of the background level increase
cannot be determined due to a data gap, its most likely source was the
X9.0 flare on December 5, 2006, probably supplemented by the X6.5 flare
in the same region on December 6, 2006. There was no other candidate
source on the Sun due to the pertaining solar minimum conditions
[Futaana et al. (2008); McKenna-Lawlor et al., (2008)]. It was predicted
by HAFv.2 that a composite shock, formed through the superposition of
S2 and S1, would arrive at Venus at ~04:00 UT on 8 December 2006 and
the data recorded by ASPERA-4 shows (Fig. 4 bottom panel) the presence
of a shock (signature emphasized by arrows) on 7 December at 09:00 UT
i.e. approximately 19 h ‘early’ (again a HIT).

HAFv.2 further predicted that, beyond Venus, the eastern flank of
composite Shock S1—S2 would decay to an MHD wave. No shock
signature was thus expected to arrive at Mars and, in accord with this
prediction, no shock signature was recorded there (see Fig. 4, panel 2)
although an enhanced particle background was present. (It is noted that
it cannot be excluded, due to gaps in the record, that a shock might have
arrived at Mars that was missed). For S1—S2, utilization of HAFv.2
modelling was one of the best techniques available to provide predictions
at that time (see Section 4).

In the case of the flares of 13-14 December, each of which was
associated with a travelling shock (S3 and S4), HAFv.2 simulations
clearly showed that these events were very weak and had decayed to
MHD waves before they could arrive at Venus. It is thus explicable that,
on this occasion no shock signature was recorded at that planet. The
interaction and superposition of S3 and S4 thereafter was predicted to
build a composite shock that would arrive at Mars at ~00:00 UT on 20
December 2006. McKenna-Lawlor et al. (2008) provided indirect evi-
dence of the arrival of this event at Mars close to the predicted time.

3. Two state-of-the-art solar wind modelling prediction
techniques

At the time of writing the HAFv.2 modelling technique had under-
gone some criticism (McKenna-Lawlor et al., 2012 inter alia) but has
been outdated by the development of a plethora of more sophisticated
models. These different modelling efforts include, in the United States,
three-dimensional magnetohydrodynamic (3-D MHD) modelling such as
1) those from the University of Alabama, Huntsville (UAH) (Kim et al.,
2012, 2014; and Pogorelov et al., 2012) who devised the (MS-FLUKSS)
3-D MHD model; 2) the Naval Research Laboratory group using a model
now termed H3DMHD (Wu et al., 2007); 3) the University of Michigan
group who have developed the BATS-R-US MHD model using the Solar
Corona (SC) and Inner Heliosphere (IH) components of the Space
Weather Modelling Framework (SWMF) (Toth et al., 2012); and 4) ENLIL
(see Odstrcil and Pizzo, 1999a, 1999b). Several other groups around the
world in Europe (EUHFORIA, Poedts, 2017), Japan (REPPU, Tanaka
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et al., 2015) and China (Feng et al., 2010) recently provide their own
versions of 3-D MHD modelling analyses. Two near real time models
currently operate to provide these analyses using IPS data. These models
are from the Institute for Space Earth Environment (ISEE, formerly
STELab) group (Hayashi et al., 2016), and UCSD IPS time-dependent
modelling using the ISEE IPS data (Section 3.1 below).

For the BepiColombo mission it is intended that we will utilize two
state-of-the-art models to predict the arrival of space weather at the
spacecraft during its Cruise Phase and while orbiting Mercury. These two
models, which are used at the NASA Community Coordinated Modelling
Center (CCMC) and world-wide and have the longest heritage of use, are
ENLIL and the UCSD modelling. Both have been developed to operate
efficiently in near real time on relatively small computer systems, to
provide CME predictions that compare successfully with in-situ mea-
surements, and are continually updated as new data-handling, tech-
niques and modelling innovations become available. The two chosen
models are described below and their fitness tested against the in-situ
measurements recorded at Venus aboard Venus Express (see above) in
early December 2006.

3.1. The Interplanetary Scintillation 3-D reconstruction technique

The Interplanetary Scintillation 3-D reconstruction Technique (IPS
analyses) which was developed in time-dependent form at the University
of California, San Diego, provides precise tomographic 3-D re-
constructions of the, time-varying, global heliosphere. The technique
operates by iteratively fitting IPS observations to a kinematic solar wind
model that conserves mass and mass flux. These analyses of transient
solar wind features can match, as well as provide an extended low-
resolution global view of, the solar wind parameters speed, density and
vector magnetic fields extrapolated from the solar surface which are
usually only measured by in-situ sensors (e.g., Jackson, 2011).

Used with, ISEE, Japan IPS observations (http://stesun5.stelab.
nagoya-u.ac.jp/index-e.html), this technique has already been in opera-
tion since the year 2000 to predict conditions in real time in the inner
heliosphere (see: http://ips.ucsd.edu). Solar data recorded during recent
missions, (e.g., STEREO, SMEI), have significantly improved the possi-
bility to remotely measure detailed aspects of specific solar transient
events near the Sun, including their outflow, and 3-D structure. Such
observations show increased solar wind detail that certifies, and can be
compared with, the results of IPS analyses. Also, a real-time prediction of
conditions at comet 67P/Churyumov-Gerasimenko, updated every 6 h,
was produced and the resulting final predictions of the arrival at the
comet of major solar related disturbances successfully compared with the
corresponding onsets of disturbed magnetic and plasma signatures
recorded in situ aboard the Rosetta spacecraft (McKenna-Lawlor
et al., 2016).

3.2. The ENLIL (mesopotamian god of the wind) modelling tool

ENLIL is a time-dependent 3-D MHD model of the heliosphere which
solves equations for: plasma mass; momentum and energy density; and
magnetic field; using a Flux-Corrected-Transport (FCT) algorithm. Its
inner radial boundary is typically located at 21.5 solar radii and it can
accept boundary condition information from the Wang-Sheely-Arge/
WSA model (Arge and Pizzo, 2000). Its outer radial boundary can be
adjusted to include planets or spacecraft of interest (in the present case
BepiColombo). It covers 60° north to 60° south in latitude and 360° in
azimuth (Odstrcil et al., 1999a, 1999b). Both ENLIL and the kinematic
3-D reconstruction analysis can provide extractions at a point location
over time from the volumetric data set anywhere within the volume.
Under these circumstances it is anticipated that, at particular separations,
it may be possible to differentiate between solar conditions recorded at
MPO and MMO.

The IPS 3-D reconstruction results can also be extracted at any solar
distance as two-dimensional maps over time within the reconstructed


http://stesun5.stelab.nagoya-u.ac.jp/index-e.html
http://stesun5.stelab.nagoya-u.ac.jp/index-e.html
http://ips.ucsd.edu

S. McKenna-Lawlor et al.

volume and may thus be exploited to provide inner boundary values to
drive the ENLIL model either from archival data (Yu et al., 2015) or in
near real time (Jackson et al., 2015).

4. Predictions using the IPS and ENLIL tools to determine the
arrival of solar related disturbances at Venus in December 2006

For scientific studies after the fact, both the ENLIL and the IPS
modelling analyses provide data from an inner boundary that is located
at 0.1 AU and 15 solar radii (0.067 AU) respectively. Lower-resolution
program versions of both the ENLIL and IPS models complete in about
20 min on modest multiple-node processors, and thus both provide
adequate volumes for study within an hour of initiation from well-within
the Mercury orbit. The normal cadence for near real time operation de-
pends on several different factors. ENLIL can be initiated at any time
following an alert of a significant solar event, and application of the
modelling inputs. The IPS analysis depends both on IPS data being
available and analysed at the data-taking site and, for slow CMEs, the
ISEE data latency is only marginally adequate for Mercury near real time
predictions, especially those using the IPS-driven ENLIL modelling.
However, both modelling efforts continue to be updated for use in near-
real-time. ENLIL used with cone model initiation techniques can be
triggered to run automatically with data analysed using coronagraph
observations. A large effort is underway from world IPS groups, a World
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Interplanetary Scintillation Stations network (WIPSS, Bisi et al., 2017), to
combine IPS observations from around the world to help remove the long
latency and low temporal coverage from daily-observed IPS data avail-
able from single IPS radio observatories. The current near-real-time IPS
modelling is able to include these data whenever they become available
in a standard format (Jackson et al., 2016).

Figs. 5-7 show the solar disturbances of 5 and 6 December 2006
modelled using the IPS technique. The analyses from 2006 are low res-
olution and do not show shock extents except by either an abrupt change
in heliospheric density or velocity. Although many different data prod-
ucts are possible (see Jackson et al., 2010a, 2013, 2015) the volumetric
cuts and time series are most often used to show results of these analyses.

In the case of 5 and 6 December 2006 X9.0 and X6.5 flares, there was
preexisting heliospheric dense structure that bounded both the eastern
and western flanks of the flaring region which was seen in particular near
Venus, as shown in Fig. 5.

The large amount of dense material and very fast structure depicted to
the east of the Sun at Earth's orbit is undoubtedly the enhanced plasma
aftermath of these two events that was directed between Earth and
Venus. As explained previously, this event was well-connected by pre-
existing Parker spiral fields depicted in Fig. 3, and a conduit for the high
energy particles of Fig. 4. Although this spiral field is shown by the to-
mography in Fig. 5, there is little evidence of a plasma density or velocity
enhancement at Venus in the low-resolution time series tomographic
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Fig. 5. An IPS-derived density ecliptic cut showing a portion of the plasma enhancement that is present at Venus at 03:00 UT on 7 December 2006, and also a day later on 8 December. Top
panels: Density normalized to values at 1 AU; bottom panels: Radial velocity. The Sun is centred in the image with Earth positioned to the right on its orbit. The location of Venus is

designated by a V.
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Fig. 6. Velocity and Density time series at Venus from 30 November to 12 December.

analysis at Venus, and there is little evidence of the shock that may have
arrived at Venus from the eastern edge of the event as shown in Fig. 6. At
Earth there is a different story. A pre-existing slow CME event has just
passed Earth at 03 UT on 7 December as shown in Fig. 5, and depicted in
the time series shown in Fig. 7. This feature commences at 1 AU prior to
the X9.0 flare present at the solar west limb of the Sun observed from
Earth. It is only by mid-day 8 December that the western flank of the
combined S1—S2 events reaches Earth where it produces a plasma
density enhancement. In the analysis shown in Fig. 7 the comparison
Wind time series has been smoothed by a one-day boxcar average to
make it commensurate with the low-resolution tomography available
during this time period. However, there is little evidence of the S1—S2

800

— WIND/SWE
——~ IPS Tomography

600

400

V(kms')

200+ ;
0 1 1 1 1 1
11/30 12/02 12/04 12/06 12/08 12/10 12/12
start time 2006/11/30
14 INDISWE '

-~ - IPS Tomography

n(cm?)

0 L 1 Al 1 L

11/30 12/02 12/04 12/06 12/08 12/10 12112

start time 2006/11/30

shock velocity increase present in the velocity time series from aboard
Wind, or from any of the other Earth-based monitors that could see this
feature (ACE or CELIAS), even at the highest time resolutions.
Unfortunately, because of an outage following 04:06 UT on 4
December, there is no direct corroborating evidence from the LASCO
coronagraphs of this earlier set of S1—S2 events. The aftermath of a very
large and fast CME to the east and southeast of the Sun observed from
Earth on 6 December was present when images from the C2 coronagraph
resumed at 20:24 UT on 6 December, and this was undoubtedly associ-
ated with the S2 event. These two events have not been well-studied by
using the ENLIL 3-D MHD modelling, primarily because there is no
LASCO data to provide initiation inputs for these two extreme events, and
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Fig. 7. Velocity and Density time series at Earth from 30 November to 12 December. Wind spacecraft in-situ measurements are compared.
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Fig. 8. WSA ENLIL analysis of the X3.4 flare and X1.5 flares and associated halo CMEs initiated on 13 and 14 December. An ecliptic cut of density normalized to values at 1 AU is on the left
with a meridional cut of the same heliospheric structure is on the right. Positions of Earth, Venus, Mars and Messenger are indicated on the ecliptic plot.

thus only the IPS result shown here has been available to support
an analysis.

However, the S3 and S4 events on 13 and 14 December have been
well-studied by ENLIL 3-D MHD modelling. This is primarily because
there have been LASCO data to provide “cone” inputs (e.g., Luhmann
etal., 2010) to the ambient plasma parameters using WSA magnetic field
analysis, and further because both events occurred near Sun center. Both
X3.4 and X1.5 flares were associated with fast halo CMEs, the former
listed with a speed of 1774 km/s and the latter with a speed of 1042 km/s
in the SOHO/LASCO CME Catalog (Gopalswamy et al., 2009). Figs. 8 and
9 depict these two events in the ENLIL modelling. At the time indicated in
Fig. 8, the CME associated with the X3.4 flare on 13 December at 02:40
UT from SO7W22 has passed Earth, and the CME associated with the X1.5
flare on 14 December at 22:14 UT from S04W46 is just seen beginning its
outward motion. In Fig. 9 the first event in the sequence has passed
almost entirely beyond 2 AU, while the second event in the sequence has
just reached Earth. There is no evidence in this modelling that either
event has extended around to the location of Venus, which is situated
nearly 180° from the location of both of the large flares in this sequence.

2006 - 12

IMF polarity

Ecliptic Plane
- +

90"

5. Modelled data availability

In 2006 [until the newer SWIFT radio array (Kojima et al., 2002;
Tokumaru et al., 2011), a cylindrical parabola oriented north-south and
steered electronically was commissioned in 2010], snow in Japan pred-
icated closure of the large moveable radio arrays used to provide IPS
data. Relative to the events described here, this closure occurred on 9
December 2006. Outward propagation of measurements obtained near
the Sun allowed the analysis from this instrumentation to continue for a
few days beyond that date, as shown in the time series of Figs. 6 and 7.

Since 2010, the UCSD time-dependent tomographic analysis has been
operated year-round at UCSD in real time (see http://ips.ucsd.edu), at
the NASA Goddard Community Coordinated Modelling Center (CCMC),
and since 2014 at the Korean Space Weather Center (KSWC), Jeju, South
Korea. The IPS analyses from ISEE, Japan instruments are best when
events propagate slowly outward, because this allows several days of
observation of them as they cross the line of sight on the way outward to
the inner planets. Current efforts are now underway to incorporate other
Worldwide IPS Stations (WIPSS) using the IPS tomography in a network
to provide better coverage around the clock. In the near future this is

-17 00:04:41

+00° o Earth
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@ Mars

© Messenger

Fig. 9. WSA ENLIL analysis of the X1.5 flare and the associated halo CME initiated on 14 December. An ecliptic cut of density normalized to values at 1 AU is on the left with a meridional
cut of the same heliospheric structure on the right. Positions of Earth, Venus, Mars and Messenger are indicated on the ecliptic plot.
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expected to include IPS data from the Mexican Array Radio Telescope
(MEXART), and the Pushchino, Russia, Big Scanning Array (BSA). When
incorporated into the tomography, this will provide IPS coverage from
different world longitudes as well as greater spatial and temporal volu-
metric resolutions.

Because the tomographic analysis is available at any height above the
Sun, boundary conditions can be obtained for use to drive an ENLIL
model using velocity, density and magnetic fields (Jackson et al., 2010b;
Yu et al., 2015; Jackson et al., 2015; McKenna-Lawlor et al., 2016). This
new technique has also been used to help predict CME outward propa-
gation in real time at the KSWC, and at George Mason University, Vir-
ginia, USA since 2014, and provides some of the same benefits of both the
iterative IPS analysis as well as the ENLIL modelling that can incorporate
cone inputs.

6. Venus flyby measurements

On the Mercury Planetary Orbiter (MPO) only those instruments that
are not obstructed by the Mercury Transfer Module (MTM), or not in
need of pointing, can be operated during the Venus flybys. The experi-
ments that will be active include: SERENA/MIPA - which will make
measurements of: solar wind boundary crossings; pickup ions from the
bow shock; ion escape flux and ionosphere composition and SERENA/
PICAM - which will monitor: solar wind pickup ions; ion populations in
the terminator/wake regions and in plasma boundaries (Milillo et al.,
2010). Also, the SIXS spectrometer will be in operation which will
monitor solar X-rays; energetic protons and electrons as well as detect
SEP events (Khalid et al., 2009).

The Mercury Magnetosphere Orbiter (MMO) will be substantially
shielded by a sunshade cone (MOSIF) during the cruise phase. Opera-
tional however will be the Mercury Plasma Particle Experiment MPPE/
ENA instrument - which can detect energetic neutral atoms in the Venus
environment and MPPE/HEP-ele., which can detect electron populations
in selected keV ranges (Yoshiffumi et al., 2015).

During the flybys the above mentioned instrumentation will investi-
gate, overall, details of the plasma structure and dynamic events in the
Venus environment. The tools described in the present paper, with their
capability to provide complementary background space weather infor-
mation, will be essential in elucidating from the onboard measurements
how the planet interacts with the solar wind.

It is noted that the tools described will be equally well suited to
provide space weather observations yet further inside the heliosphere, in
and around Mercury, which may provide an interesting supplement to
comparable studies planned by a parallel ESA mission (Solar Orbiter) and
by NASA's Solar Probe.

7. Discussion

The extrapolation of activities in 2006 to similar activities in 2019 is
arguable since present indications suggest (Section 1.2) that this period
will provide fewer opportunities to witness extreme events than was the
case during solar cycle 23 (e.g., Zharkova et al., 2012, 2015; Shepherd
et al., 2014). However, although various researchers are trying to push
the limits of prediction ever further using statistical and dynamical
models together with some data based intuition, knowledge of the next
solar cycle is presently so limited that what will actually happen remains
a matter for open speculation. In any case, effects of various events will
be observed in the different planetary environments studied by the
BepiColombo spacecraft, and this modelling effort will address the solar
wind in-situ manifestations of the smaller events as well as those that are
more extreme.

8. Conclusions

The BepiColombo/BC spacecraft (to be launched in 2018) will
perform two flybys of Venus during its Cruise Phase to Mercury. At
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Mercury BC will perform 5 flybys of the planet, following which its two
on-board spacecraft MPO and MMO will execute separate trajectories so
that they orbit Mercury at various separations from each other. The fly-
bys of Venus and Mercury will be performed during the minimum of solar
cycle 24 but it cannot be excluded, based on the occurrence of four major
solar events at the minimum of solar cycle 23, that significant solar flares
and CMEs will be generated at this time. Further, significant solar events
may occur during the (1-2 year) planet-orbiting phase of BepiColombo.

IPS modelling can provide low-resolution velocity and density fore-
casts of the arrival at selected heliospheric locations of time-variable
heliospheric structures, as depicted in the examples shown. When data
from the WIPSS network are available in early 2018, they will support
IPS analyses of the fastest CME events, at higher spatial and temporal
resolution.

ENLIL using the cone model and WSA inputs can track travelling CME
driven shocks for even the fastest events. With boundary conditions
provided by the IPS, the advantage of being able to track the fastest CMEs
combined with the iterative capability of the IPS, can be used to refine
the outward motion of these events.

Predictions of the IPS model regarding the arrival at specific helio-
spheric locations of solar disturbances was herein tested by applying this
tool to predict the arrival of the S1 and S2 events at Venus and at Earth
recorded in situ at these locations in early December 2006. The ENLIL
modelling shows in addition that the S3 and S4 events generated in mid-
December which produced no recorded signatures at Venus, could not
have been observed at this time through changing plasma velocity and
density because the planet was too far around the Sun from the flare and
CME location. These predictions are entirely consistent with the results of
earlier HAFv.2 modelling performed by McKenna-Lawlor et al. (2008),
but they lend far more credence to them.

Thus the use of available IPS and ENLIL modelling to predict the
arrival of space weather at the BepiColombo spacecraft is appropriate.
These analyses are expected to increase significantly in accuracy over the
next year.
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