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Abstract  Recent estimates of the plasma mass loss rates by the formation and down-tail 27 

propagation of plasmoids observed in the plasma sheet in Jupiter’s and Saturn’s magnetosphere fall 28 

short of inner moon source rates by at least an order of magnitude.  Here we argue that on the time 29 

scale between large-scale disconnection events, ~15 h at Jupiter and ~45 h at Saturn, mass-loaded 30 

closed flux tubes will typically have stretched out a few hundred planetary radii down-tail at speeds 31 

~100-200 km s-1.  Consequently, the “plasmoids” of order ~10 planetary radii in length observed at 32 

closer planetary distances represent only a small planetward portion of the overall structure that is 33 

disconnected and lost down-tail.  Plasmoid mass-loss estimates are then revised upward by around 34 

an order of magnitude, becoming comparable to the moon source values.  Additional “hidden”, e.g., 35 

small scale, mass-loss processes of comparable strength may not then be required.  This physical 36 

picture also provides a simple explanation for the asymmetry in the plasmoid bipolar field signature 37 

observed at both Jupiter and Saturn, and predicts that the apparent plasmoid length will increase 38 

with distance down-tail to a limit beyond a few hundred planetary radii where the full ~100-200 39 

planetary radii structures will be observed. 40 

  41 
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1.  Introduction 42 

A principal feature of the outer environments of Jupiter and Saturn are the sources of gas and 43 

plasma formed by the moons Io and Enceladus, respectively, which orbit deep within the equatorial 44 

quasi-dipolar magnetospheres.  At Jupiter, the neutral gas emitted by the moon Io, orbiting at a 45 

radial distance of ~6 RJ, forms a source of sulfur and oxygen plasma of typical strength 46 

~500-1000 kg s-1 (within a possible range ~250-1500 kg s-1) [Thomas et al., 2004 and references 47 

therein; Bagenal and Delamere, 2011 and references therein].  (RJ is Jupiter’s 1 bar equatorial 48 

radius equal to 71,492 km.)  This plasma is primarily transported outward by centrifugally-driven 49 

flux tube interchange motions [e.g., Krupp et al., 2004 and references therein], and must eventually 50 

be lost to the solar wind through some down-tail transport process.  Vasyliunas [1983] proposed 51 

that closed mass-loaded flux tubes could stretch out down-tail following sub-corotating transport to 52 

the nightside though the dusk sector, and would eventually pinch off via reconnection within the 53 

plasma layer, forming a large-scale tailward-travelling closed-loop plasmoid.  In principle this 54 

process can occur in a steady state as originally envisaged, but more likely proceeds in an episodic 55 

time-dependent manner, either on large spatial scales involving a significant sector cross-tail, or as a 56 

phenomenon operating on smaller length and time scales [Kivelson and Southwood, 2005].  In 57 

either case, this “Vasyliunas cycle” process can occur continuously with on-going “Dungey-cycle” 58 

flow driven by the solar wind [Cowley et al., 2003].  Similarly at Saturn, the gas emitted by the 59 

moon Enceladus, orbiting at a radial distance of ~4 RS, forms a source of water group plasma of 60 

likely strength ~50-150 kg s-1 (within a possible range ~20-300 kg s-1) [Bagenal and 61 

Delamere, 2011 and references therein; Chen et al., 2010; Fleshman et al., 2013; Thomsen et 62 

al., 2014].  (Rs is Saturn’s 1 bar equatorial radius equal to 60,268 km.)  Again, this plasma is 63 

primarily transported outwards by flux tube interchange events [e.g., Hill et al., 2005; Chen and 64 

Hill, 2008; Mauk et al., 2009 and references therein], and must eventually be lost to the solar wind 65 

primarily down Saturn’s magnetospheric tail.  Other sources of plasma within these systems, such 66 
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as the planetary ionosphere and solar wind, are less significant in terms of mass rates by at least an 67 

order of magnitude [e.g., Bagenal and Delamere, 2011], and need not be considered explicitly here. 68 

As a consequence of these expectations, interest has focused on the observation of reconnection-69 

related plasmoid events in the nightside magnetospheres of both Jupiter and Saturn.  These may be 70 

observed either directly within the plasma sheet via a bipolar signature in the transverse field with 71 

tailward flow or by a related perturbation in the tail lobe forming a “traveling compression region” 72 

(TCR), together with related field “dipolarization” events with sunward flow on the planetward side 73 

of the reconnection site.  Such events have been found to be relatively common both at Jupiter 74 

[Woch et al., 2002; Kronberg et al., 2005, 2007, 2008a; Vogt et al., 2010, 2014], and at Saturn 75 

[Bunce et al., 2005; Jackman et al., 2007, 2008, 2011, 2014, 2015; Hill et al., 2008].  At Jupiter, 76 

observation of reconnection-related events is strongly biased toward the post-midnight hours, 77 

~00-04 h local time (LT), with planetward- and tailward-directed events being separated in the 78 

equatorial plane by a line at ~90 RJ radial distance near dawn extending to ~100 RJ near midnight, 79 

thus representing the typical location of the reconnection sites.  Tailward-directed plasmoid 80 

signatures are thus detected principally at and beyond these distances [Vogt et al., 2014].  At Saturn, 81 

reconnection-related events appear to be less biased towards the post-midnight sector, and there is 82 

no clear demarcation line between tailward- and planetward-directed events, with tailward-moving 83 

plasmoids being observed at distances typically beyond ~30-40 RS [Jackman et al., 2014].  The 84 

reconnection sites thus appear to be more variably located in radial distance in this case. 85 

Particular attention in recent studies has been placed on estimating the size, and hence mass, of the 86 

observed plasmoids, and on their frequency of occurrence, and hence the associated mass loss rate.  87 

Such estimates are clearly problematical using the single-spacecraft data presently available, 88 

principally Galileo data at Jupiter and Cassini data at Saturn.  However, as will be discussed in 89 

more detail in section 2, the mass loss rates determined to date generally fall far short of those 90 

implied by the moon sources quoted above.  Thus from an initial study Bagenal [2007] estimated a 91 

plasmoid mass loss rate at Jupiter of ~30 kg s-1, while from a more detailed survey Vogt et 92 
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al. [2014] determined a range ~1-120 kg s-1, compared with the Io plasma source quoted above of 93 

typically ~500-1000 kg s-1.  Similarly, from a detailed plasmoid survey at Saturn, Jackman et 94 

al. [2014] estimate an associated mass loss rate of ~3 kg s-1, compared with a likely Enceladus 95 

plasma source of typically ~50-150 kg s-1.  In both cases, these estimates thus fall short of the total 96 

mass-loss requirements by at least an order of magnitude.  It has thus been suggested on this basis 97 

that some other more significant mass-loss processes is required, involving, e.g., small-scale 98 

structures that are more difficult to detect [Bagenal, 2007; Kivelson and Southwood, 2005; 99 

Delamere and Bagenal, 2010].  Here, however, we suggest that the basis on which the above mass-100 

loss rates were determined may under-estimate the value by a significant factor, such that dominant 101 

alternatives of this nature may not be required.  In the next section we begin by briefly reviewing 102 

the above recent mass loss rate determinations and the assumptions on which they are based. 103 

2.  Plasmoid Mass-Loss Rate Estimates 104 

Estimates of the mass loss associated with tailward-propagating plasmoid events clearly require a 105 

determination of their size, their frequency of occurrence, and their typical interior plasma 106 

properties.  The size estimate requires a determination of their down-tail length, obtained from their 107 

observed duration and down-tail speed, their thickness taken to be comparable with or a little larger 108 

than the thickness of the plasma sheet, and their cross-tail width, obtained from an interpretation of 109 

the occurrence statistics.  Their frequency of occurrence is similarly obtained from the numbers 110 

observed per unit time spent within some “active region”, corresponding, e.g., to the vicinity of the 111 

plasma sheet in some defined LT sector where plasmoid events are observed.  From single-112 

spacecraft data it is of course impossible to know whether a given event spans the whole of the 113 

latter LT sector or just some fraction f.  However, in the latter case the overall frequency of 114 

occurrence is just related to the observed frequency by the inverse factor 1/f, so that this drops out 115 

in estimates of the mass loss rate.  Here we will assume for simplicity of argument that each 116 

observed event spans the whole LT extent of the “active regions” at Jupiter and Saturn. 117 
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2.1.  Jupiter Plasmoid Estimates 118 

In their study of 43 Jupiter plasmoid events, Vogt et al. [2014] determined a length of ~2.6 RJ based 119 

on a mean duration of ~7 min between extrema in the field component transverse to the plasma 120 

sheet (essentially the spherical polar θ field component Bθ), and a typical tailward speed of 121 

~450 km s-1 [Kronberg et al., 2008a].  They recognize, however, that the distance between the Bθ 122 

extrema represents only a portion of the overall structure, such that, e.g., on the basis of the flux 123 

rope model of Kivelson and Khurana [1995] this may underestimate the true length by factors of up 124 

to ~8.  They thus take a full length range of ~2.6-20 RJ.  Similarly they take the plasmoid thickness 125 

to lie in the range ~2-12 RJ based on the results of Khurana and Schwarzl [2005] and Kronberg et 126 

al. [2008b], while for the cross-tail width they take the range ~45-70 RJ, corresponding to ~2-3 h 127 

LT at a radial distance of ~90 RJ.  Following Kasahara et al. [2013], they further take a particle 128 

number density 0.01 cm-3 of mass 20 ions, though we note that Kronberg et al. [2008b] suggests a 129 

slightly higher value of ~0.025 cm-3 on the basis of the nightside thermal plasma measurements 130 

presented by Frank et al. [2002].  Taking the smaller and then the larger of each spatial dimension 131 

together with a number density 0.01 cm-3 then yields a plasmoid mass in the range 132 

~0.03-2.1×106 kg.  Vogt et al. [2014] also conclude that their occurrence statistics are consistent 133 

with a production rate of ~1 plasmoid per day, though this again could be higher by a factor of up to 134 

~5 if a significant proportion of events are missed when the spacecraft is sufficiently displaced from 135 

the oscillating plasma sheet.  With the above numbers for the mass per plasmoid, the lower 136 

production rate yields a mass loss rate in the range ~0.3-24 kg s-1, while the higher rate yields a 137 

range ~2-120 kg s-1, essentially as reported by Vogt et al. [2014] as quoted in section 1.  If instead 138 

we take likely values from the above ranges of the length ~15 RJ, thickness ~7 RJ, and width ~70 RJ 139 

(in line with the assumption mentioned above), together with a slightly higher number density of 140 

0.02 cm-3 and the above ion mass, we obtain a typical plasmoid mass of ~1.8×106 kg, and with a 141 

typical recurrence time of ~15 h we obtain a typical mass-loss rate of ~30 kg s-1, similar to the 142 
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initial result of Bagenal [2007].  Such rates clearly fall far short of the estimated Io plasma 143 

production rate of ~500-1000 kg s-1, by more than an order of magnitude. 144 

2.2.  Saturn Plasmoid Estimates 145 

Similarly, in their recent study of 99 Saturn plasmoid events, Jackman et al. [2014] estimate a mean 146 

plasmoid length of ~4.3 RS, corresponding to a mean peak-to-peak field duration of ~14 min and a 147 

speed of ~300 km s-1, a thickness of ~2 RS, and the full ~90 RS width of the tail, and combine these 148 

dimensions with an upper limit plasma number density 0.1 cm-3 of mass 16 ions from Thomsen et 149 

al. [2014] to estimate a mean plasmoid mass of ~4.5×105 kg.  Over the full range of events they 150 

study, the masses are found to range from about an order of magnitude smaller to a factor of ~5 151 

larger than this value.  From the number of events observed within an “active region” beyond 152 

~20 RS and the time spent within this region (99 events in ~190 days), they also estimate a 153 

production rate of one plasmoid every ~45 h (~1.9 days), thus yielding a mass loss rate of ~3 kg s-1, 154 

as they report.  We again note, however, that the full length of the plasmoids may be a reasonable 155 

factor larger than the distance between the observed extrema in the Bθ field component employed in 156 

this calculation, and that the plasmoid thickness might similarly be a factor larger than that of the 157 

plasma sheet half thickness employed.  If we take likely values on this basis of a length of ~15 RS, a 158 

thickness ~7 RS, and a width ~60 RS (a reasonable fraction of the tail width), together with a 159 

number density ~0.03 cm-3 not quite at the top of the observed range and the above ion mass, we 160 

find a typical plasmoid mass of ~1.1×106 kg, which with the above recurrence time yields a mass 161 

loss rate of ~7 kg s-1, still falling far short of the Enceladus plasma production rate of 162 

~50-150 kg s-1. 163 

3.  Modified Scenario 164 

The above estimates are based on the assumption that the length of the observed “plasmoid” 165 

structure, determined as some modest factor times the distance between the extrema in the bipolar 166 

Bθ field perturbation, is representative of the whole of the plasma sheet that is detached and 167 
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eventually lost down-tail by a given reconnection event.  The above occurrence statistics strongly 168 

suggest, however, that this is not the case.  Given that the time between individual events may be 169 

~15 h at Jupiter and ~45 h at Saturn, as indicated above in section 2, the mass-loaded flux tubes will 170 

generally have extended to much larger distances down-tail than the spacecraft observation points 171 

prior to disconnection, as we will show below.  When a reconnection event occurs planetward of the 172 

spacecraft, typically located at ~100 RJ at Jupiter and ~50 RS at Saturn, the field and plasma 173 

disturbance that propagates tailward over the latter forming the observed “plasmoid” will then 174 

correspond only to the near-planet end of an overall structure disconnected by the event that extends 175 

to much larger distances down the tail.  In this case, the mass-loss rates discussed in section 2 will 176 

represent significant under-estimates, as we will go on to discuss. 177 

3.1.  Down-Tail Flow of Mass-Loaded Flux Tubes 178 

First, however, we estimate the speed of down-tail flow of mass-loaded flux tubes.  We envisage 179 

flux tubes in the dusk sector in the general subcorotation flow in the outer magnetospheres at Jupiter 180 

and Saturn moving tailward with speed V, and consider the condition under which they will 181 

continue to stretch out down-tail with comparable speed rather than to rotate around the planet via 182 

midnight into the dawn sector.  Assuming that such a down-tail flow becomes established, the 183 

situation is as sketched in Figure 1a, where a near field-aligned down-tail flow of speed V and 184 

number density n stretches out closed flux tubes with lesser down-tail speed VF.  Here we are 185 

assuming that the thermal velocities of the heavy ions in the outer dusk magnetosphere are not large 186 

compared with the bulk velocity V, a condition that should be reasonably satisfied at both Jupiter 187 

and Saturn.  Figure 4 of Bagenal and Delamere [2011]) shows, for example, that the heavy ion 188 

thermal velocities in this regime will generally be ~100 km s-1 or less, while the bulk speeds are 189 

generally larger than this as discussed in section 3.2 below.  In Figure 1a the incident plasma 190 

particles stream into the central current sheet and are reflected from it or transmitted through it with 191 

a lesser speed, the reduced energy principally of the ions being stored in the extending magnetic 192 

structure.  Assuming for simplicity a one-dimensional current sheet with cold field-aligned plasma 193 



COWLEY ET AL.: PLASMOID MASS-LOSS AT JUPITER AND SATURN 
 

9 

beams on either side of the current layer, the momentum balance condition in the field line rest 194 

frame moving down-tail with speed VF is that the field-aligned plasma speed in this frame must 195 

have the value 196 

nm
BVV

io
A m2

* ==   ,     (1) 197 

where the Alfvén speed VA is based on the field strength B outside the current sheet, essentially the 198 

field strength in the tail lobe, and the total plasma density 2n of the inflow and outflow plasmas 199 

combined [e.g., Cowley and Southwood, 1980].  We note that equation (1) expresses the marginal 200 

firehose stability condition under the conditions stated.  In the planetary frame, the field lines are 201 

then stretched out down-tail away from the planet provided the flow speed in the planetary frame 202 

satisfies *VV > , equivalent to AVV > .  If this condition is not met, i.e., if AVV < , such flux tubes 203 

would instead move back towards the planet and continue to participate in the sub-corotation flow 204 

rather than to stretch out down-tail.  For a given value of the tailward flow speed V, essentially the 205 

plasma sub-corotation speed in the outer equatorial dusk sector magnetosphere, the condition 206 

AVV >  for down-tail stretching is equivalent to requiring the plasma number density to satisfy 207 

*nn > , where 208 

2

2
*

2 Vm
Bn

iom
=   .      (2) 209 

In other words, for a given down-tail plasma velocity V, the flux tubes have to be sufficiently mass-210 

loaded, *nn > , for outflow to occur.  Assuming a transverse field Bθ much smaller than the lobe 211 

field B, the speed of the field lines is then given by 212 

AF VVV −≈   ,       (3) 213 

positive down-tail for AVV > , and negative planetward for AVV < .  The down-tail speed of the 214 

plasma that has interacted with the current sheet is then AVVV 2−≈′ , which continues to be 215 

positive, tailward, if AVV 2> , but will take negative, planetward, values for AVV 2< . 216 
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3.2. Consequences for Plasmoid Length at Jupiter and Saturn 217 

At Jupiter, the tail lobe field strength at relevant nightside radial distances ~100 RJ is ~6 nT (see 218 

Figure 10 of Vogt et al. [2014]), and although the plasma speed in the outer dusk sector is not 219 

thoroughly explored to date it seems reasonable to take V ≈ 350 km s-1 [e.g., Kane et al., 1995; 220 

Krupp et al., 2004].  The limiting number density given by equation (2) for mass 20 ions is then 221 

3* cm0035.0 −≈n , such that with typical plasma sheet number densities ~0.01-0.02 cm-3 noted 222 

above the condition that such outer dusk flux tubes will be stretched out down-tail by the plasma 223 

flow should be well satisfied.  The Alfvén speed given by equation (1) is then ~150 km s-1, such 224 

that the down-tail speed of the closed flux tubes given by equation (3) is ~200 km s-1.  Taking an 225 

event recurrence time of ~15 h as in section 2.1 then shows that in the interval between 226 

disconnection events such flux tubes will have extended a down-tail distance of ~150 RJ, while the 227 

subcorotation azimuthal motion of the field line feet in the ionosphere will at least be partially 228 

maintained by the atmospheric torque.  The implication therefore is that the full structures 229 

disconnected in each event will typically be ~150 RJ long, a factor of ten times the ~15 RJ plasmoid 230 

length inferred in section 2.1. 231 

Similarly for Saturn, the tail lobe field strength at relevant radial distances ~50 RJ is ~2 nT (see 232 

Figure 6 of Jackman et al. [2014]), and the plasma speed in the outer dusk sector is V ≈ 150 km s-1 233 

[Thomsen et al., 2014].  The limiting number density given by equation (2) for mass 16 ions is then 234 

3* cm0026.0 −≈n , such that with plasma sheet number densities ~0.03 cm-3 noted in section 2.2, the 235 

condition that the flux tubes will be stretched out down-tail by the mass-loaded plasma flow will 236 

again be well satisfied.  The Alfvén speed given by equation (1) is then ~50 km s-1, such that the 237 

down-tail speed of the flux tubes given by equation (3) will be ~100 km s-1.  In the ~45 h between 238 

Saturn events such flux tubes will thus have stretched ~250 RS down-tail, so that the full structures 239 

disconnected by the events will be of comparable length, in this case a factor of ~15 longer than the 240 

inferred typical plasmoid length of ~15 RS. 241 
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3.3.  Physical Picture of the Observed Events 242 

The physical picture of the events observed by Galileo at Jupiter and Cassini at Saturn which we 243 

envisage is shown in Figure 1b, where we specifically consider conditions in the central and dawn-244 

sector tail where the down-tail flow V may have ceased or be significantly reduced.  A reconnection 245 

event within the plasma sheet is then taken to disconnect the distended field lines stretching far 246 

down-tail as discussed above, which causes these field lines to contract tailward, accelerating and 247 

heating the plasma sheet plasma as they do so.  Within the simple one-dimensional current sheet 248 

theory presented above, the tailward field line contraction speed tailward of the reconnection site is 249 

VVV AF += , while the accelerated plasma streams tailward out of the current sheet at speed 250 

VVV A +=′ 2 .  The contracted field lines and hot accelerated plasma forms a tailward-propagating 251 

bulge within the plasma sheet which at points lying tailward of the reconnection site is observed as 252 

a tailward-propagating “plasmoid” with its characteristic bipolar Bθ field signature (or TCR).  253 

However, from the above discussion it is evident that this perturbed region represents only a 254 

fraction of the whole structure that is disconnected and will eventually be lost to the system down-255 

tail.  If reconnection continues onto lobe field lines outside the plasma sheet, an extended interval of 256 

tailward-flowing post-plasmoid plasma sheet (PPPS) will also follow the true “plasmoid” interval, 257 

as generally observed at both Jupiter and Saturn [Vogt et al., 2014; Jackman et al., 2014].  In 258 

Figure 1b the red dots represent the pre-existing plasma sheet plasma as shown in Figure 1a, while 259 

the over-lying accelerated lobe plasma forming the PPPS is shown by the green dots.  In general 260 

these plasmas would be expected to have differing compositions, principally planetary for the 261 

“plasmoid” and solar wind for the PPPS. 262 

On the planetward side of the reconnection site a “dipolarization front” is similarly launched 263 

towards the planet, as also shown in Figure 1b.  Within the one-dimensional current sheet theory the 264 

planetward field line contraction speed is VVV AF −= , while the accelerated plasma streams 265 

planetward out of the current sheet with speed VVV A −=′ 2 .  However, both of these quantities 266 
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may take negative values indicating tailward flow if the tailward plasma flow V is sufficiently large.  267 

In this case, however, down-tail stretching of the closed flux tubes would resume, rather than field 268 

dipolarization and planetward field line contraction as illustrated.  In the latter case, the field 269 

structure in the mid-tail regime as depicted is expected to have similar features to that on the 270 

tailward side of the reconnection site, with a bipolar Bθ field perturbation propagating planetward 271 

associated with a hot plasma “bulge”, in which the leading negative Bθ perturbation is less well 272 

developed than the following positive perturbation.  Such perturbations could be interpreted as a 273 

planetward-propagating “plasmoid” despite consisting wholly of perturbed closed field lines.  The 274 

positive Bθ perturbation is then expected to dominate as the contracting flux tubes begin to interact 275 

with the inner sub-corotating plasma-field structures and their inward motion slows. 276 

Two simple corollaries follow from the above physical picture.  First, this scenario provides a 277 

natural explanation for the asymmetry generally observed in the bipolar Bθ field perturbation 278 

transverse to the plasma sheet.  For a fully-formed closed-loop plasmoid the positive and negative 279 

perturbations should on average be near-symmetric, though variable from case to case depending on 280 

the detailed trajectory of the spacecraft through the structure.  However, at both Jupiter and Saturn 281 

the leading positive perturbation is usually weaker than the trailing negative perturbation, such that 282 

in superposed-epoch studies the former is much attenuated relative to the latter in the Jupiter events 283 

studied by Vogt et al. [2014], and disappears altogether in the Saturn events studied by Jackman et 284 

al. [2014].  For the picture shown in Figure 1b, however, there is no requirement of approximate 285 

symmetry, but rather the positive perturbation in the leading part of the plasma sheet bulge will 286 

generally be less developed than the trailing negative perturbation, as observed.  This asymmetry 287 

would be expected to gradually disappear with distance down-tail, however, with the magnetic 288 

structures becoming on average symmetric at down-tail distances beyond a few hundred planetary 289 

radii where the full plasmoid structure is observed.  This regime has not been explored to date by 290 

any spacecraft equipped with a magnetic field experiment. 291 
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Second, it is predicted that the apparent length of the plasmoid structure will increase with down-292 

tail distance from the reconnection site, corresponding in general to some reasonable fraction of the 293 

latter distance, up to the point where the full structure is observed at distances beyond a few 294 

hundred planetary radii.  Given the expected natural variability in position of the reconnection site, 295 

however, observations over a significant range of distances comparable to the latter will probably 296 

be required to reveal this dependence.  Beyond such distances full plasmoids of ~100 RJ length 297 

travelling down Jupiter’s tail at ~400 km s-1, say, would produce ~5 h bursts of plasma that might 298 

account for some of the plasma structures reported in the New Horizons spacecraft ion data at 299 

distances of ~500-1500 RJ [McComas et al., 2007].  Of course, lacking magnetic measurements, it 300 

is impossible to be clear about the true nature of these events.  Plasmoid structures ~150-200 RS 301 

long travelling down Saturn’s far tail at ~300 km s-1 would similarly produce plasma bursts of 302 

~10 h duration. 303 

The most important point here, however, is that if the plasma conditions in the extended 304 

disconnected structure are similar to those observed within the near-planet “plasmoid”, the total 305 

plasmoid mass and mass-loss rates discussed in section 2 will represent under-estimates typically by 306 

an order of magnitude or more.  Thus a typical mass loss rate of ~30 kg s-1 estimated for the Jupiter 307 

system in section 2.1 becomes ~300 kg s-1, now of similar order to the Io plasma production rate of 308 

~500-1000 kg s-1, while similarly a typical mass loss rate of ~7 kg s-1 estimated for Saturn in 309 

section 2.2 becomes at least ~70 kg s-1, now well within the range of the estimated Enceladus 310 

plasma production rates of ~50-150 kg s-1.  We thus conclude that on the picture presented here, the 311 

observed plasmoid occurrence rates in the Jupiter and Saturn systems may be fully capable of 312 

removing internally-generated plasma mass at rates comparable to the estimated moon production 313 

rates, such that there may not be need of any “hidden”, e.g., small scale, processes that operate at 314 

competitive rates. 315 

  316 
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4.  Summary and Conclusions 317 

In this paper we have considered estimates of the mass-loss rates due to plasmoids propagating 318 

down-tail in Jupiter’s and Saturn’s magnetospheres based on the plasmoid properties and 319 

occurrence statistics discussed by Vogt et al. [2014] for Jupiter and Jackman et al. [2014] for 320 

Saturn.  Typical values are estimated as ~30 kg s-1 for Jupiter based on large-scale structures that 321 

recur on time scales of ~15 h, and ~7 kg s-1 for Saturn based similarly on large-scale structures that 322 

recur on time scales of ~45 h.  In both cases these values fall short of moon plasma production 323 

sources by around an order of magnitude, estimated as typically ~500-1000 kg s-1 for Io at Jupiter 324 

and ~50-150 kg s-1 for Enceladus at Saturn.  We point out, however, that on the above recurrence 325 

time-scales the outflow of mass-loaded closed flux tubes into the tail should reach down-tail 326 

distances far exceeding those corresponding to the distances where the above plasmoids signatures 327 

were observed.  Specifically, from outflow speeds based on plasma observations in the outer dusk 328 

sectors of these magnetospheres we estimate that at Jupiter mass-loaded flux tubes will reach 329 

~250 RJ down-tail on ~15 h recurrence time scales, compared with ~100 RJ observation distances 330 

for the Galileo measurements reported by Vogt et al. [2014], the latter typically being within a few 331 

tens of RJ of the reconnection site.  Similarly at Saturn we estimate that such flux tubes will reach 332 

~300 RS down-tail on the ~45 h recurrence time scale, compared with ~30-65 RS radial distances for 333 

the Cassini measurements reported by Jackman et al. [2014], again at most a few tens of RS from 334 

the reconnection site.  In such cases the “plasmoid” structures observed, of order ~10 planetary radii 335 

long, represent only the tailward-contracting near-planet portions of the overall distended structures 336 

that are disconnected by these reconnection events.  On the above estimates the overall structures 337 

are at least an order of magnitude longer, with a consequent overall mass-loss which is an order of 338 

magnitude larger than those based on the observed perturbed structures.  The above values of the 339 

plasmoid mass-loss rates then transform to ~300 kg s-1 for Jupiter and ~70 kg s-1 for Saturn, now 340 

comparable with the above moon sources.  On this basis the observed plasmoid events may be fully 341 

capable of removing the bulk of the moon-injected plasma, such that there is no requirement for 342 
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“hidden” small-scale processes of comparable efficacy, such a “micro-plasmoids” or transmission 343 

through the magnetopause by some, e.g., finite-gyroradius, process. 344 

We further point out that the picture presented provides a natural explanation for the observed 345 

asymmetry in the bipolar perturbation field transverse to the plasma sheet in the observed 346 

“plasmoids”, in which the leading positive deflection is generally and on average considerably 347 

weaker than the following negative deflection.  It also predicts that the apparent plasmoid lengths 348 

observed in these systems will grow with distance down-tail from the reconnection sites to a full 349 

size of ~100-200 planetary radii at distances exceeding ~300 planetary radii down-tail, though 350 

given the likely natural variability in location of the reconnection sites, observations over a 351 

substantial fraction of such distances will be required to confirm this effect.  Such structures 352 

propagating down-tail at a few hundred km s-1 would give rise to several-hour bursts of plasma at 353 

larger distances, possibly related to the ion bursts observed by New Horizons at distances of 354 

~500-1500 RJ down the Jovian tail. 355 
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Figure Caption 460 

Figure 1.  Sketches illustrating the plasma sheet states discussed.  (a) Down-tail stretching of the 461 

plasma sheet field lines at speed VF by a down-tail plasma flow of speed V, related by equation (3).  462 

The plasma sheet region is indicated by the red dots, surrounded on either side by the tail lobes.  (b) 463 

Effect of a reconnection event within the plasma sheet in a region of reduced down-tail flow, 464 

showing planetward propagation of the field lines on the planetary side of the reconnection site 465 

forming a “dipolarization front”, and tailward propagation of contracted field lines on the other side 466 

forming a tailward-propagating “plasmoid” head magnetically connected to a structure that extends 467 

far down-tail.  The red dotted region shows the plasma originating in the pre-existing plasma sheet 468 

as in panel (a), while the green dotted region represents accelerated tail lobe plasma that overlays 469 

this structure if reconnection continues onto lobe field lines, forming a plasma sheet boundary layer 470 

on the planetward side of the reconnection site and the PPPS on the tailward side.  The speed of the 471 

accelerated plasma V ′  is as given in section 3.3. 472 




