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Abstract Bursty dayside reconnection plays a proportionally larger role in the driving of Mercury's
magnetosphere than it does at Earth. Individual bursts of reconnection, called flux transfer events (FTEs),
are thought to open up to 5% of Mercury's polar cap; coupled with the much higher repetition rate of FTEs
at Mercury and the short Dungey cycle timescale, this makes FTEs the major driver of Mercury's
magnetosphere. However, comparison between spacecraft and ionospheric observations at Earth suggests
that the terrestrial contribution of FTEs may have been severely underestimated, by making implicit
assumptions about FTE structure. In this study, we consider the implications of removing these
assumptions at Mercury; by considering FTE mechanisms based on longer reconnection lines, we find that
the contribution of FTEs to Mercury's Dungey cycle could be 5 times greater than previously thought and
that FTEs may be able to provide sufficient flux transport to drive Mercury's substorm cycle.

Plain Language Summary Planets with a magnetic field carve out a cavity, or “magnetosphere”
in the solar wind. The magnetosphere of Mercury, like that of Earth, is driven by a process called
“magnetic reconnection”, in which magnetic fields from the Sun and the planet interconnect.
Reconnection at Mercury (and Earth) occurs in bursts called “flux transfer events”, but the contribution

of such events to the global dynamics of the magnetosphere has been debated. Individual bursts of
reconnection are already thought to be much more significant at Mercury than Earth (relative to the sizes
of these two magnetospheres), but we argue that the contribution made by individual events at Mercury
has nonetheless been underestimated, potentially by a factor of 5. At an upper limit, a handful of individual
reconnection events may be capable of entirely refreshing the “open” part of Mercury's magnetosphere, and
bursty reconnection may be capable of providing enough magnetic flux to drive the dynamics of Mercury's
magnetosphere in their entirety.

1. Introduction

Mariner 10 observations established the presence of a magnetosphere at Mercury that is Earth-like in nature,
though much smaller both in absolute terms and in proportion to the size of the planet (Ness et al., 1974,
1975, 1976; Russell et al., 1988; Slavin, 2004). These initial flybys revealed the presence of signatures of bursty
magnetic reconnection between the interplanetary and planetary magnetic fields (Russell and Walker, 1985),
which are called flux transfer events (FTEs) and which had previously been observed at Earth (Russell and
Elphic, 1978; Russell and Elphic, 1979). Subsequently, the Hermean magnetosphere has been extensively
sampled by the National Aeronautics and Space Administration MESSENGER (MErcury Surface, Space
ENvironment, GEochemistry and Ranging) spacecraft, which orbited the planet between 2011 and 2015
(Anderson et al., 2008, 2011), demonstrating in particular that FTEs are commonplace at Mercury (Slavin
et al., 2012).

Flux transfer events give rise to a characteristic bipolar signature in the component of the magnetic field
normal to the local magnetopause surface, By, and an enhancement is observed in the field magnitude, |B|
(Russell and Elphic, 1978; Russell and Elphic, 1979; Elphic, 1995). The occurrence of FTEs at Mercury is
found to exhibit the same interplanetary magnetic field (IMF) control as at Earth, with FTEs being pref-
erentially observed for the southward IMF conditions that favor reconnection with the northward directed
planetary field (Leyser et al., 2017). The high repetition rate and large relative size of FTEs at Mercury, in
terms of magnetic flux content compared with the overall flux contained within the Hermean magneto-
sphere, mean that they are already thought to be the major driver of Mercury's magnetospheric dynamics
(Slavin et al., 2008, 2009, 2010, 2012; Imber et al., 2014). Imber et al. (2014) carried out a survey of large
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Figure 1. A cut-away illustration of the three main FTE mechanisms, reproduced from Fear et al. (2017). The panels
show a view, from normal to the magnetopause plane, of the open field lines in (a) the Russell and Elphic (1978), flux
tube model, (b) the Lee and Fu (1985) multiple X-line model, and (c) the Southwood et al. (1988)/Scholer (1988) single
X-line model. The gray rectangles indicate the surfaces across which the magnetic flux is evaluated in equation (2).

FTEs observed in Mercury's magnetosheath (requiring the peak value of |B| within the FTE to exceed the
background magnetospheric magnetic field strength at the nearest magnetopause crossing); they estimated
the mean flux content of a “large” FTE to be 0.06 MWb, with an extreme value of 0.22 MWb observed for
one event. Since the size of Mercury's polar cap is estimated to be about 4-6 MWb (Alexeev et al., 2010),
this would suggest that an individual FTE could open flux corresponding to ~1-5% of the open flux con-
tent of Mercury's magnetosphere. This compares with previous estimates, from spacecraft observations, of
individual FTEs opening between 0.1-1% of Earth's polar cap (see summary by Fear et al., 2017). Factoring
in the high repetition rate, Imber et al. (2014) concluded that FTEs could provide at least ~30% of the flux
transport needed to drive Mercury's substorm cycle, compared with less than 2% at Earth.

However, the numbers quoted above all originate from calculations based on spacecraft observations. Stud-
ies using data from ionospheric radars at Earth have suggested that FTE flux content could be up to an order
of magnitude higher than commonly calculated, with individual terrestrial FTEs potentially opening ~10%
of the polar cap (Lockwood et al., 1990; Milan et al., 2000). Fear et al. (2008, 2017) argued that this discrep-
ancy could be due to implicit assumptions that are made when analyzing the spacecraft data. In order to
understand these assumptions, it is necessary to review the three different reconnection-based mechanisms
that have been proposed to explain the observed By and |B| signatures, which are sketched in Figure 1 and
discussed further in section 2 of Fear et al. (2008). In the first, a flux tube forms as a result of a pulse of
reconnection at a longitudinally narrow reconnection site (Russell and Elphic, 1978, 1979); in the second, a
flux rope forms between a pair of (potentially extended) parallel reconnection lines, or X-lines (Lee and Fu,
1985); in the third, the signatures arise as a result of a “bulge” in the magnetopause boundary layer which is
formed by a pulse in the reconnection rate at a single, but also potentially extended, X-line (Southwood et al.,
1988; Scholer, 1988). The normal procedure employed by spacecraft studies is to estimate the cross-sectional
area of the flux rope, and then calculate the total amount of flux mapping through that cross section:

(I)rope = Baxial”r2 (1)

where B,;,; is the component of the magnetic field strength parallel to the axis of the flux rope, and r is the

axial
flux rope radius. Fear et al. (2017) argue that this calculation tacitly assumes the Russell and Elphic (1978,
1979) scenario, as it is only in this mechanism that ®, . is representative of the total amount of magnetic
flux opened in the burst of reconnection. In the Lee and Fu (1985) multiple X-line scenario, it is important to
distinguish between the “flux transfer event” (in the sense of the reconnection burst as a whole) and the flux
rope; the burst of reconnection gives rise to the flux rope observed by the spacecraft, but in doing so opens
a potentially much greater amount of magnetic flux which does not map through the flux rope, but does
map to the ionosphere (see Figure 1b). In the multiple X-line scenario, calculating @, quantifies the open
flux which maps through the flux rope, but neglects the (potentially much greater) amount of magnetic flux
that is opened in the formation of the flux rope. Furthermore, in the Southwood et al. (1988)/Scholer (1988)
single X-line scenario, the structure which gives rise to the in situ signatures is not a flux rope, and hence
calculating @, is not appropriate. Instead, Fear et al. (2017) argue that for either of the latter two (longer

FEAR ET AL.

14,240



) .¥edl!

100

AND SPACE Sl

Geophysical Research Letters 10.1029/2019GL085399

X-line) scenarios, the total amount of magnetic flux opened in a burst of reconnection is more completely
represented by the flux which maps through the gray surfaces in Figure 1, that is,

thotal = BNrL (2)

where By, is, as above, the component of the magnetic field within the FTE that is normal to the magne-
topause, r is again the FTE radius and L is the length of the reconnection line (and hence the FTE) at the
magnetopause. Fear et al. (2017) examined two case studies for which they reported simultaneous observa-
tion of in situ signatures of FTEs at Earth's magnetopause and their ionospheric counterpart in radar data.
They compared the fluxes ®,,,. and @, calculated from equations (1) and (2) with estimates of FTE flux
content inferred directly from the ionospheric signatures. In the first case, the spacecraft was separated by
several hours of magnetic local time from the location at which the ionospheric signatures were observed.
The local time separation between the in situ signatures observed by the spacecraft at the magnetopause and
the ionospheric signatures was used to infer the reconnection line (and FTE) length, L. ®,,,. was found to
be nearly 2 orders of magnitude smaller than the ionospheric estimate, but ®,,,,; and the ionospheric esti-
mate were consistent within error bars. In the second example, the spacecraft and ionospheric observations
were in the same local time sector; this removed information on the X-line length, but a closer one-to-one
mapping was found between the spacecraft and ionospheric signatures. Given the lack of information on
the total extent of the X-line, @, and the ionospheric estimates were evaluated assuming an X-line length
of 2.7 hr of MLT, corresponding to the extent across which the radar signatures were observed. Within this
local time sector, the ionospheric estimate and @,,,; were found to be consistent.

In this paper, we explore the implications for flux transfer by FTEs at Mercury's magnetosphere if longer
X-line mechanisms are explicitly considered. Our purpose in doing so is twofold. First, if the arguments
put forward by Fear et al. (2017) are valid, they apply equally to Mercury and could indicate that the global
contribution of FTEs to Mercury's global convection cycle have been underestimated (even though they are
already thought to dominate). If that is the case, it would then follow that FTEs could provide a higher
proportion of the flux transport needed to drive Mercury's substorm cycle. Second, Mercury provides a useful
test of those arguments; a naive scaling up from the discrepancy at Earth (0.1-1% versus 10% of the polar
cap being opened in one burst) to Mercury (where up to 5% of the polar cap is already thought to be opened
in an individual large burst) could easily lead to FTE sizes that are unfeasibly large. Therefore, quantifying
reasonable upper bounds for @, ., at Mercury provides a useful test of the arguments made by Fear et al.
(2017) at Earth.

total

2. Results

In order to evaluate @, (equation (2)), we need to evaluate the three parameters L, By, and r. We consider
each of these parameters in turn. As discussed below, there are different extents to which we can constrain
upper limits on these three parameters; for example, the typical length of the reconnection line at Mercury
is not well constrained. We therefore aim to place a “sensible” upper limit on @, rather than a hard upper
value.

2.1. X-Line Length L

Fear et al. (2017) determined L by comparison between spacecraft and ionospheric observations. Here, we
are only able to put a sensible upper limit on L, which we do by assuming that, as an upper extreme, recon-
nection may take place across the whole dayside magnetosphere along an X-line stretching from terminator
to terminator (i.e., 12 hr of MLT). It may be that a reconnection line could extend further, by extending onto
the postterminator flank magnetopause as has been observed (rarely) at Earth (Phan et al., 2006). In terms
of inferences from MESSENGER observations, we can draw conflicting conclusions. Leyser et al. (2017)
reported that, despite fairly uniform coverage of magnetopause crossings through dayside magnetic local
times, most FTEs were observed within 3 hr of MLT from noon, which suggests that a maximum typical
X-line length may be <6 hr of MLT. On the other hand, DiBraccio et al. (2013) surveyed magnetopause cross-
ings for rotational discontinuities and found the magnetopause was open on crossings between 8 and 16 hr
local time. While these magnetopause crossings were observed individually across many orbits, the fact that
rotational discontinuities were prevalent suggests that a coherent X-line of 8 hr in MLT or above could be
reasonable. In reality, the instantaneous X-line length is not well constrained; we proceed on the basis of a
sensible upper limit of 12 hr but consider the scaling introduced by smaller values of L later.
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We convert our X-line length, in terms of hours of MLT, into a value of L in kilometers by tracing along the
magnetopause surface in an empirical model of magnetopause location, from 6 to 18 MLT. The model we
choose is the Winslow et al. (2013) model, which follows the same functional form as the Shue et al. (1998)
model used by Fear et al. (2017), but is adapted for Mercury. We assume a subsolar magnetopause stand-off
distance of 1.45 R,, and a flaring parameter « of 0.5, which correspond to the midpoint values from Table
1 of Winslow et al. (2013). Tracing along this model magnetopause, with the reconnection line centered on
the subsolar point, gives an upper limit estimate of L = 13,000 km (5.3 R,).

2.2. Normal Flux Perturbation By,

The second parameter that needs to be assessed is the normal perturbation to the magnetic field, By. Fear
et al. (2017) noted that, strictly speaking, the correct value of By to use was the normal component of the
magnetic field observed by a spacecraft that crosses through the center of the FTE, perfectly tangential to the
surrounding magnetopause surface. In reality, most FTE crossings will pass further from the center of the
FTE, as indicated by the impact parameter in force-free fitting (e.g. Slavin et al., 2010); therefore Fear et al.
(2017) used the peak value of |By| observed in each case study. Here, we will do the same, but we will also
consider extreme events in the reported literature. To our knowledge, the largest FTE signatures reported
at Mercury (in terms of By deflection) occurred on 23 November 2011, which corresponded to a period of
extreme solar wind driving due to the passage of a coronal mass ejection (Slavin et al., 2014). Peak-to-peak
By perturbations of ~300 nT were reported, and so we take an upper limit of |By| to be 150 nT. However,
we will also consider the effect of a more ‘typical’ value of 25 nT (e.g. Russell and Walker, 1985; Slavin et al.,
2012) later.

2.3. FTE Radius r

To estimate the flux rope radius r, we return to the survey carried out by Imber et al. (2014), who reported
a mean FTE duration of 2.5 s, with a range of 0-8 s, noting that this range was comparable with typi-
cal FTE durations during MESSENGER's first two Mercury flybys (Slavin et al., 2010). The mean duration
reported by Imber et al. (2014) was slightly higher than the mean of 1.7 s reported from an “FTE shower”
of 163 FTEs observed on one magnetopause crossing (Slavin et al., 2012); Imber et al. (2014) noted that this
difference might be due to their more conservative selection criteria (requiring a peak |B| that exceeded
the nearest-observed magnetospheric value) which may have biased their events toward longer durations.
However, such a bias is compatible with the aims of the present study, to infer an upper limit on @,

In order to convert these FTE durations into a radius r, we need to assume a typical propagation speed for
FTEs at Mercury. The speed of FTEs at Mercury cannot be measured directly, as the Fast Imaging Plasma
Spectrometer sensor of the Energetic Particle and Plasma Spectrometer on MESSENGER has a minimum
integration time of 5 s (Andrews et al., 2007), which is longer than a typical FTE. We therefore follow Imber
et al. (2014) and assume a typical speed of 400 km/s (based on typical magnetosheath Alfvén speeds during
periods surrounding FTEs in their study), noting that Imber et al. (2014) cautioned that this might under-
estimate the actual velocity (and hence flux content). Combining this speed with the mean and upper FTE
durations (2.5 and 8 s) reported by Imber et al. (2014) gives flux rope radii of 500 and 1,600 km (0.2 and
0.65 Ry,).

The aim of this study is to derive a “sensible” upper limit, and we are using upper extremes for both L and B.
It is unlikely that on a given event an FTE will have extreme values for all three parameters L, By, and r, and
so for the purposes of calculating our “sensible upper limit” for ®@,,,; we will use mean value of r = 500 km.
However, we will consider the impact of the upper extreme value of r = 1, 600 km later.

2.4. Total Flux @,

Multiplying the three parameters above (L = 13,000 km, r = 500 km, By, = 150 nT) results in an estimate of
@4y Of just under 1 MWb. This compares with estimates of the mean value of @, . for large FTEs at Mercury
of 0.06 MWD, and an extreme example of 0.2 MWb (Imber et al., 2014). It is also of interest to compare
this value of @, with estimates of the polar cap size (i.e., the total amount of open flux in Mercury's
magnetosphere), which is estimated to be 4-6 MWb (Alexeev et al., 2010) based on modeling of Mercury's
magnetosphere fitted with data from Mariner 10 and early MESSENGER flybys. In doing so, we can make
two points. First, our estimates for the upper limit on the total amount of flux opened by a single burst
of magnetic reconnection at Mercury's magnetopause are higher than the previously thought upper limit
(which considers only the magnetic flux mapping through the FTE flux rope, and not the flux opened in the
creation of the rope itself) by a factor of 5. Second, our estimates suggest that a large FTE at Mercury could
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L B e B open approximately 15-25% of the polar cap—or equivalently, 4-6 large
FTEs could cause the polar cap to double in size or (if matched by an
equal amount of nightside reconnection) entirely refresh the polar cap.

3. Discussion

In this study, we have extended previous work (Fear et al., 2017) to consid-
eration of bursty reconnection at Mercury's magnetopause, and evaluated
a sensible upper limit for the contribution that FTEs can make to the
global driving of Mercury's magnetosphere if extended X-line mecha-
nisms for FTE generation are explicitly considered. In doing so, we make
an important distinction between a flux transfer event (which we take
to be a burst of magnetopause reconnection, which gives rise to a flux
rope that can be detected by a spacecraft) and the flux rope itself. By

Figure 2. Dependence of the magnetic flux content ® on various
assumptions. The four curves inclined to the horizontal show the

L (Hours of MLT)

evaluating ®,,,; (equation (2)), we place an approximate upper limit on
the total amount of magnetic flux which an individual burst of magne-
topause reconnection could contribute to Mercury's Dungey cycle, based

dependence of @, on X-line length L for different assumptions about r on previously observed parameters. In doing so, we explicitly assume
and By, as labeled. The two horizontal lines (long-dash and long-dash-dot)  either the generation of FTEs by bursty reconnection at a single X-line
show the extreme and mean values of @, reported by Imber et al. (2014).  (Southwood et al., 1988; Scholer, 1988) or by multiple X-lines (Lee and Fu,

1985), but we do not make an assumption about which of the two applies,
since either mechanism will open the magnetic flux given by @, (Fear
etal., 2017).

Of the three parameters required to evaluate @.;, By is an upper limit in the sense of it being our largest
reported observation to date; L is a reasonable upper limit in that we have assumed the upper limit for the
reconnection line length to be across the entire dayside magnetopause from 6 to 18 MLT (though it could
in principle extend further), and r is a mean value, but one determined from a sample that was predisposed
to larger events. @, scales linearly with all three of these parameters; hence, the total flux opened by an
individual burst of magnetic reconnection could be greater than that calculated in section 2.4 if the radius (r)
of the FTE was at the larger end of the distribution observed by Imber et al. (2014) (assuming the other two
parameters L and By, are as we assumed), or equivalently if the FTE velocity used in this study and by Imber
et al. (2014) is underestimated. Conversely, ®, ., could be considerably smaller if the reconnection line
extent was much smaller. As discussed above, statistics of FTE locations at Mercury are perhaps suggestive
of an upper limit for a coherent X-line being below ~6 hr of MLT (Leyser et al., 2017), though the presence of
rotational discontinuities across a wider local time range might suggest the possibility of a longer coherent
X-line (DiBraccio et al., 2013).

The effects of changing the three parameters L, r, and By are shown in Figure 2, which shows the magnetic
flux content @ as a function of L (in hours of magnetic local time). The four curves inclined to the horizontal
show the dependence of ®, ., (as evaluated from equation (2)) for different assumptions about r and By.
These four curves are not quite straight lines; although ® increases linearly for small values of L due to the
approximately circular shape of the Winslow et al. (2013) model near noon MLT, beyond about L = 8 hr,
the X-line length in kilometers starts to increase at a slightly faster rate in terms of hours of MLT due to the
paraboloid shape of the magnetopause and hence ® also increases slightly more rapidly. (For simplicity, the
X-line is assumed to be centered on the subsolar point in all cases.) The two horizontal lines represent @,
for the mean and extreme values determined by Imber et al. (2014). These values do not depend upon L and
are equivalent to equation (1), but determined from a force-free fit.

The flux content under the assumptions discussed above (¥ = 500 km, By, = 150 nT) is shown by the solid
line in Figure 2. As noted above, if the X-line extends across the whole dayside face of the magnetopause,
then @, is just under 1 MWb. However, if an X-line length of ~3 hr of MLT is assumed, this would cor-
respond to an FTE size roughly comparable with previous upper estimates (e.g. Imber et al., 2014), and an
X-line length of ~1 hr results in a flux content that is approximately equal to the mean flux rope flux con-
tent from Imber et al. (2014). Although we have regarded the solid line as a “sensible upper limit” based
on the extreme value of By, the effect of using an upper limit value for r (1600 km; based on the upper end
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of the duration range reported by Imber et al., 2014) is indicated by the dotted line. Changing this assump-
tion increases the flux content by a factor of 3.2; a flux content of 1 MWb is obtained for an X-line length of
~4.5 hr of MLT, comparable to the length we might infer from the FTE statistics reported by Leyser et al.
(2017), and values of @, equivalent to the mean and extreme values of ®,,. reported by Imber et al. (2014)
are obtained for X-line lengths of ~0.25 and 1 hr of MLT, respectively.

The fluxes obtained assuming a more moderate and typical By peak perturbation of 25 nT are shown by the
dashed and dash-dottted lines, which assume the mean and extreme flux rope radii of 500 and 1,600 km,
respectively. Assuming the mean flux rope radius, a value of ®,,,; that is larger than the previously-reported
mean value of @, is obtained for X-line lengths that are greater than ~5 hr of MLT. However, the value of
@, Obtained for a moderate By perturbation (25 nT) but an extreme radius (1,600 km) is approximately half
of that for our original parameters (r = 500 km, By = 150 nT—solid line). Therefore, for these parameters,
an X-line length of 12 hr results in just over 0.5 MWb of flux being opened, and any X-line longer than
~5.5 hr results in a flux contribution that is greater than the extreme value of @, calculated by Imber et al.
(2014). When considering the three curves (solid, dotted, and dash-dotted) which represent cases where at
least one of the parameters is at its upper limit, then @, is a distinct underestimate for @, if the X-line
length is above ~1-6 hr of MLT (depending on the parameter combination chosen).

Overall, if reconnection is free on occasion to extend across the full extent of Mercury's dayside magne-
topause, then our results suggest that one large FTE could open magnetic flux equivalent to a sixth to a
quarter of the typical size of Mercury's polar cap, rather than ~5%. In other words, approximately 4-6 large
FTEs could be all that is needed to refresh Mercury's polar cap entirely, if matched by an equivalent amount
of nightside reconnection. This result has interesting implications for the balance of quasi-steady versus
bursty reconnection in Mercury's magnetospheric system. Imber et al. (2014) estimated that FTEs could
provide approximately 30% of the flux transport needed to drive Mercury's substorm cycle, based on the fact
that the loading phase of substorms at Mercury is thought to last ~90 s, and a conservative estimate that
the tail magnetic flux content increases by ~1 MWb in this time. Assuming the average magnetic flux con-
tent of an FTE to be 0.03 MWb (half of their average value for “large” FTEs), Imber et al. (2014) calculated
that at a repetition rate of one FTE every 10 s, FTEs could transport 0.3 MWb during the growth phase of a
substorm. The remaining 70% of the flux transport would therefore arise from quasi-steady reconnection. If
we take our upper estimate for the total magnetic flux opened by an FTE, then FTEs are more than capable
of providing the 1 MWb of flux in 90 s necessary to drive Mercury's substorm cycle. Based on the numbers
above (i.e., the solid line in Figure 2), one large FTE extending across the full dayside magnetopause could
open 1 MWb; perhaps more realistically, the 10 FTEs expected to occur during a typical substorm loading
period could between them provide the 1 MWb necessary if they had the extreme values of By reported by
Slavin et al. (2014), the average r for large FTEs reported by Imber et al. (2014) and if the reconnection site
length L was ~1.5 hr of MLT (solid line in Figure 2). Alternatively, those 10 FTEs could transfer the neces-
sary 1 MWD of flux with a more typical By, perturbation of 25 nT but a large radius of 1,600 km and an X-line
length of 3 hours of MLT (dash-dotted line in Figure 2).

Imber et al. (2014) compared their substorm flux transport estimate with Earth, where based on a growth
phase of 48 min (Partamies et al., 2013), 1 MWb FTEs occurring with a mean inter-event period of 8 min
(Lockwood and Wild, 1993) could open ~6 MWD of flux, corresponding to 2% of the 0.3 GWb of magnetic
flux that is closed in a typical substorm (Milan et al., 2007), whereas based on ionospheric observations at
Earth, Lockwood et al. (1990) and Milan et al. (2000) have estimated that individual, large FTEs can provide
30-100% of the total transpolar voltage. Based on the total flux contents of ~45-75 MWb estimated from
both spacecraft and ionospheric observations by Fear et al. (2017), FTEs occurring at the same rate could
be expected to open ~270-450 MWb during a growth phase, which is comparable with the amount of flux
closed in a terrestrial substorm (Milan et al., 2007). Therefore, it appears that at both Mercury and Earth,
FTEs may be capable of providing enough flux transport to drive the Dungey cycle both in its steady and
time-varying states (i.e., the substorm cycle).

Recently, Slavin et al. (2019) reported four “Disappearing Dayside Magnetosphere” events, in which the
MESSENGER spacecraft did not encounter the dayside magnetopause until it was at extremely high lati-
tudes, despite the fact that the spacecraft reached altitudes below 300 km. These events were characterized
by extremely high solar wind dynamic pressure, and intense southward IMF. The authors concluded that
the disappearance of the dayside magnetosphere was due to solar wind compression and/or erosion of the

FEAR ET AL.

14,244



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2019GL085399

Acknowledgments

This work was primarily funded by the
UK's Science and Technology Facilities
Council (STFC) Ernest Rutherford
Fellowship ST/K004298/2 (R. C. F.).
R.C.F.andJ. C. C. were also
supported by STFC Consolidated
Grant ST/R000719/1, and C. M. J. was
supported by STFC Ernest Rutherford
Fellowship ST/L004399/1. The data
used in this study consist of numerical
values quoted in the manuscript and
from integrating along a path given by
equation (2) of Winslow et al. (2013).

magnetosphere due to a high rate of dayside reconnection, though it was difficult to determine the relative
contribution of these two effects. If the reconnection line is free, under extreme conditions, to extend over
a significant part of Mercury's dayside magnetopause, then our results imply that FTEs could sometimes
cause the disappearance of Mercury's dayside magnetosphere.

Finally, we note that of the three parameters in equation (2), the X-line length L is currently the least
well constrained. The two-spacecraft BepiColombo mission will hopefully help to constrain this param-
eter further, both for regular Hermean conditions and extreme events such as those reported by Slavin
et al. (2019).

4. Conclusions

We have applied arguments from a recent study into the flux content of flux transfer events at Earth (Fear
et al., 2017) to Mercury's magnetosphere. Using a statistically-determined mean flux rope radius for “large”
Hermean FTEs (Imber et al., 2014), upper values for the magnetic perturbation due to the passage of the
FTE flux rope as reported during a period of extreme solar wind driving at Mercury (Slavin et al., 2014) and
making the assumption that, at its largest extent, the reconnection process could occur coherently along a
single reconnection line across the entire dayside magnetosphere (12 hr in magnetic local time), we place a
sensible upper limit for the total flux content of a large flux transfer event at Mercury to be ~1 MWb. This
value accounts for all of the magnetic flux that is opened in the burst of reconnection that results in the char-
acteristic By, signature observed by a spacecraft, not just the subset of flux which maps through the flux rope.
This estimate is a factor of 5 greater than previous upper estimates of the flux content of FTEs at Mercury,
which consider only the flux which maps through the flux rope itself (Imber et al., 2014). We emphasize that
this is an upper limit, based largely on extreme values, but consideration of more moderate permutations
results in flux estimates that are larger than previous upper limits. Furthermore, our calculations suggest
that FTEs could be capable of providing enough flux transport to drive the substorm cycle at Mercury.
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