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Statistical analysis of the plasmoid evolution 
with Geotail observations 
A. leda,1 S. Machida,1 T. Mukai,2 Y. Saito,2 T. Yamamoto,2 

A. Nishida,2 T. Terasawa,3 and S. Kokubun4 

Abstract. Plasmoids in the Earth's magnetotail were studied statistically, using 
low energy pc1,rticle (LEP) and magnetic field (MGF) data from the Geotail 
spacecraft. Their evolution along the tail axis from XasM' = -16 to -210 RE 
was investigated with 824 plasmoid events. Their dependence on YasM' was 
studied as well to derive the three-dimensional struct11re of the plasmoids. (The 
coordinates are aberrated to remove the average effects of the orbital velocity of 
the Earth about the Sun.) We defined a plasmoid as a structure with rotating 
magnetic fields and enhanced total pressure. In the near tail (XasM' -50 Re), 
there was a tendency for the plasmoids to be observed in the premidnight sector 
around the tail axis (JYasM' - 3J 10 RE), while they were observed widely 
(JYasM'I 20RE) in the middle tail (-50 > XasM' -lO0RE) and in the distant 
tail (-100 RE > XasM' ). The plasmoids expanded in the ±YasM' direction with 
typical velocities of ±130 ± 100 km/s in the near tail. This strongly supports the 
view that plasmoids are initially formed at the near-Earth neutral line which has 
a limited extent in the YasM' direction. The plasmoids accelerated in the downtail 
direction from 400 ± 200 km/s to 700 ± 300 km/s from the near to the middle tail. 
Then, it is suggested that they decelerated to 600 ± 200 km/s as they traveled to 
the distant tail. The ion temperature inside plasmoids was 4.5 ± 2 ke V in the near 
and middle tail, and then rapidly decreased to 2 ± 1 ke V from the middle to the 
distant tail region. The ion temperature in the distant tail was 2 times higher than 
the values deduced previously. Typical plasmoid dimensions were estimated to be 
10RE(length) x 40Re(width) x lORE(height) in the middle and distant tail. The 
energy carried by each plasmoid was ~ 2 x 1014 J in the middle tail, half of which 
was lost from the middle to the distant tail. Inside plasmoids, the thermal energy 
flux exceeded the bulk energy flux and Poynting flux. The energy released tailward 
in the course of a substorm was estimated to be roughly 1015 J. 

1. Introduction 
Hones [1976] applied the magnetic reconnection the-

ory to magnetic substorm phenomena and proposed the 
"near-Earth neutral line" (NENL) .model, which is now 
widely accepted as one of the most successful candi-
dates to explain the release and transport of stored en-
ergy in the magnetotail [Baker et al., 1996]. The fast 
tailward flow with a developed magnetic loop structure 
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from the NENL is known as a plasmoid [Hones et al., 
1984a, b]. Observations of plasmoids are highly cor-
related with substorm onsets in view of magnetic field 
data observed at ground stations and energetic parti-
cle data from geosynchronous satellites [Moldwin and 
Hughes, 1993; Nagai et al., 1994]. In the tail lobe, a 
traveling compression region (TCR) is often obse;rved 
and is interpreted to be a remote manifestation of a 
plasmoid passage [Maezawa, 1975; Slavin et al., 1993]. 

Previous quantitative studies concluded that (1) ayer-
age electron density and temperature of plasmoids were 
0.16 cm-3 and 0.18 keV [Moldwin and Hughes, 1992a], 
Ion temperature was often deduced to be ~ 1 keV [Sc-
holer et al., 1984; Slavin et al., 1993] . (2) The tailward 
bulk speed of plasmoids was 600-700 km/s [e.g., Scholer 
et al., 1984; Richardson et al., 1987]. (3) Earlier stud-
ies found that plasmoids had a scale length of 50-150 
RE in the XasM direction [e.g., Hones et al., 1984b; 
Richardson et al., 1987]. On the other hand, Moldwin 
and Hughes [1992a] (hereinafter referred to as MH92) 
reported a shorter length of only 17 RE, It is notable 
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that the length of TCR was estimated to be 35 RE by 
Slavin et al. [1993] (hereinafter referred to as S93). This 
value was regarded to represent the length of the bulge 
portion of the fast flow. This difference in lengths is 
primarily due to the variety in the identification of plas-
moids' boundaries. 

The evolution of plasmoids from XGsM -50 to 
~ -240 RE was statistically studied by MH92 with elec-
tron and magnetic field data observed by the ISEE 3 
spacecraft. Moldwin and Hughes [1992b] made a case 
study, in which the same plasmoid was investigated with 
magnetic field data observed by the IMP 8 spacecraft 
at XGsM = -30.4 RE and electron and magnetic field 
data by ISEE 3 at XGsM = -168.2 RE, The two papers 
above concluded that the plasmoids remained relatively 
stable: Their size, velocity, and magnetic field structure 
remained fairly constant as they propagated downtail 
from the near tail to the distant tail. 

Plasmoids are thought to be one of the major con-
stituents of magnetic substorms. Their roles in the en-
ergy transport during substorms must be clarified quan-
titatively to check the NENL model. Pictures of plas-
moids have been restricted to the noon-midnight merid-
ian plane. Dependence on the downtail distances has 
also been less clear due to the lack of high-resolution 
ion thermal data and the small number of plasmoids 
studied . The goals of this paper are to determine tpe 
characteristics and quantities of plasmoids with dis-
tance across and down the tail, to discuss the threes 
dimensional structure of plasmoids and their evolution 
along the tailward direction, and also to estimate the 
dimensions of plasmoids and the energy transported by 
plasmoids in association with substorm energetics. 

2. Instruments and Data Set 
The Geotail spacecraft was planned to conduct an 

extensive survey of the magnetotail beyond the lunar 
orbit as well as in the near-Earth tail region [ Nishida , 
1994] . The early phase of the Geotail mission concen-
trated on the study of the deep tail region down to 
XGsM ,-210RE, since Geotail was launched on July 
24, 1992. From November 1994, the emphasis changed, 
turning Geotail into near-Earth orbits, and this data 
collection was completed in a few months. Since then , 
Geotail has continued the survey of the near-Earth mag-
netotail ( -,-10 > X GSM -30 RE) in the latter phase. 

The low energy particle (LEP) instrument on board 
Geotail was designed to carry out three-dimensional 
plasma measurements [Mukai et al., 1994]. The three-
dimensional velocity distribution functions of ions and 
electrons are obtained for each spin ( approximately 3 
s) . In this study, we used 12-s (four-spin period) aver-
ages of the distribution function and velocity moments 
of ions. We calculated ion velocity moments on the 
assumption that all ion species are protons. The cal-
culated densities were routinely (but this was not al-
ways possible) compared with those estimated from the 
plasma wave instrument (PWI) data, that is, the lower 
cutoff frequencies of the continuum radiation . We es-

timate that the ion parameters used in this study are 
accurate within ±10% for density and velocities and 
within 10-20 % for ion temperatures. 

We also used magnetic field data obtained by the 
magnetic field (MGF) experiment, which was described 
in detail by Kokubun et al. [1994] . Measured vector 
magnetic fields were transmitted to the ground at a rate 
of 16 samples per second. We used each-spin-averaged 
data to identify plasmoids and four-spin-averaged data 
( approximately 12-s values) for the statistical study in 
the present analysis. 

3. The Selection Criteria for Plasmoids 
3.1. Definition of Plasmoid 

There seems to be some confusion regarding the term 
"plasmoid" in the magnetotail, and we would like to 
clarify this definition in this paper. One source of con-
fusion is that the term plasmoid has been used both for 
whole fast bulk flow and for an elementary structure. 
We defined plasmoid as the latter. Historically, Hones 
et al. [1984b] found that the fast flow consists of a plas-
moid with a looped magnetic field and the separatrix 
layer with interplanetary field lines. Later, Richardson 
et al. [1987] divided the separatrix layer into two layers 
and called them the postplasmoid plasma sheet (post-
PPS) with high-,8 plasma, and the plasma sheet bound-
ary layer (PSBL) with low-,8 plasma. In addition to 
these elements, there also exists the plasma sheet ahead 
of the plasmoid, activated by an approaching plasmoid 
as shown in Figure 1. We will call this precursor region 
the preplasmoid plasma sheet (pre-PPS), examples of 
which will be presented later. 

More confusion results from the magnetic topology of 
a plasmoid. In earlier works, plasmoids were thought 
to have closed-looped magnetic field lines [e.g., Hones, 

Regions associated with a Plasmoid 

PSBL TCR 
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.. ~ JO Re 

Figure 1. Sketch (noon-midnight cross section) illus-
trating regions associated with a plasmoid event. Plas-
moid events consist of a plasma sheet boundary layer 
(PSBL) , a preplasmoid plasma sheet (pre-PPS), the 
plasmoid itself (PSMD), and a postplasmoid plasma 
sheet (post-PPS). In the tail lobe region , a traveling 
compression region (TCR) is observed as the signature 
of plasmoid passage. Ahead of these regions, there still 
exist a relatively quiet tail lobe (lobe) and plasma sheet 
(PS). The solid lines show the magnetic field lines. 
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Total Pressure distribution 
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Figure 2. Illustration of the equilibrium state and 
the total pressure distribution in (left) the quiet plasma 
sheet and in (right) a plasmoid . Solid lines are the mag-
netic field lines in the noon-midnight meridian plane. 

1976]. It is unlikely, however, that the "legs" of the 
magnetic loop ever interconnect with themselves to 
form a fully detached "magnetic island." Later, it was 
demonstrated that most plasmoids have helical mag-
netic field structures, called "flux ropes" [e.g. , Hughes 
and Sibeck, 1987]. It is likely that magnetic islands 
are relatively rare and are limiting cases of magnetic 
flux ropes. Currently, the term plasmoid is sometimes 
used for a closed magnetic field structure (magnetic is-
land) to emphasize its difference from a helical magnetic 
field structure (flux rope) in some papers, while in some 
cases, plasmoid means both of these. We defined plas-
moid comprehensively as the latter. 

3.2. Total Pressure Enhancement Inside a 
Plasmoid 

We would like to discuss the total pressure inside a 
plasmoid before listing criteria used in this study. The 
total pressure (Pt) is defined as the sum of the thermal 
pressure of the plasma (Pp) and the magnetic pressure 
(Pb), Total pressure distributions inside two typical 
quasi-equilibrium states are schematically illustrated in 
Figure 2, where a quiet plasma sheet in the magneto-
tail is shown on the left. As the magnetic tension force 
(Fmt) is negligible, the total pressure is constant from 
the tail lobe to the center of the plasma sheet. How-
ever, this is not the case for a plasmoid, as shown on the 
right of Figure 2. The total pressure inside the plasmoid 
must be higher than that in the background because 
magnetic tension force acts to compress the plasmoid. 
Therefore a total pressure enhancement (TPE) is a nec-
essary condition for plasmoids. If TPE is mainly due 
to the enhancement of plasma pressure, the plasmoid 
can be categorized to be the magnetic-island type. If 
it is due to the enhancement of magnetic pressure , the 
plasmoid can be categorized to be the flux-rope type. 

Although the plasmoid drawn in Figure 2 is a magnetic-
island type, the discussion above can also be applied to 
a flux-rope-type plasmoid . 

In the tail lobe region , the magnetic field magnitude 
is also expected to be enhanced, mainly by compres-
sion (not by magnetic tension), because a plasmoid is 
thicker than a quiet plasma sheet: S93 used magnetic 
field magnitude enhancement in excess of 1 % of the lobe 
field magnitude for a criterion of TCR. In the case of a 
plasmoid itself, the magnetic tension further enhances 
the total pressure. The increase of the total pressure 
is sometimes comparable to or even slightly larger than 
the baseline value in clear plasmoid events, as shown 
later. However, since it is not usual for a spacecraft 
to pass through the center of a plasmoid, the actual 
observed TPE is often weaker . 

An advantage of using TPE as a criterion in select-
ing plasmoids is that we can then exclude some types 
of nonplasmoid events. It is commonly accepted that a 
north-then-south turning of the magnetic field indicates 
the existence of a plasmoid and supports the NENL 
model. However, there is another possibility that such 
magnetic field variations do not mean plasmoids but 
waves (possibly normal mode waves) [Lee et al., 1988]. 
The existence of plasmoids is supported by the fact 
that the north-then-south turning events are observed 
2.5 times more often than the south-then-north events 
[Tsurutani et al., 1987]. However, it also means that 
about 30% of north-then-south turning events may not 
signify plasmoids but normal mode waves, or even some-
thing else. In normal mode waves, the total pressure at 
the inner region (plasma sheet site) is lower than that 
of the outer region (tail lobe site), as pointed out by 
Slavin et al. [1989] . Therefore we can exclude normal 
mode wave events by adding the TPE criterion . 

3 .3 . Selection Criteria 

We have visually scanned the data plots and identi-
fied plasmoid events using the following criteria, which 
includes a TPE condition unique to our study. 

1. A TPE in excess of 10% of the baseline value was 
required. The smaller values of the total pressure at the 
boundaries of the plasmoids were selected as the base-
lines. The boundary identifications will be described 
later. The contribution of electrons to the thermal pres-
sure was omitted in the calculation of the total pressure. 

2. Only tailward moving plasmoids with a maxi-
mum tailward speed faster than 200 km/s were selected. 
Although we found some events which could be inter-
preted as stagnant or earthward flowing plasmoids , we 
excluded them for simplicity. 

3. The existence of a B z bipolar signature, with a 
peak to peak amplitude greater than 2 nT, was also 
required. Although a small number of plasmoids with 
only a By bipolar signature might exist as a consequence 
of twisting of the magnetotail in some types of solar 
wind conditions, we excluded these for simplicity. The 
reason for the restriction on the amplitude is because a 
weak magnetic field in the neutral sheet is often wavy, 
as pointed out by MH92. This may be coincident with 
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the total pressure enhancement , caused not by the mag-
netic t ension, but rather by the change in solar wind 
conditions . If this kind of total pressure enhancement 
is coincident with the large-amplitude B2 bipolar signa-
tures caused by the flapping motion of the magnetotail 
and with a fast flow in the plasma sheet , they should 
not be excluded in our criteria. However, such cases 
seem rare. 

4. Ni max < 1 cm-3 and min > 0.2 keV were 
required 'to guarantee the regio~ as being inside the 
plasma-sheet-like region . It is not necessary for the 
maximum or minimum value to be coincident with the 
peak of the total pressure. 

5. It sometimes happened that Geotail made short 
excursions from the tail lobe into plasmoids. We ex-
cluded such TCR-like cases by using f3i,x ,ma.x 2'. 1, where 
/3i x inax is the maximum of the ratio of the ion thermal 
pr•e;sure to the X component of the magnetic pressure. 

The boundaries of plasmoids were identified primar-
ily by identifying the start and the end of TPE, because 
the total pressure must be enhanced inside the rotating 
magnetic field structure, as discussed earlier. The cen-
ter of plasmoids was defined as the inflection point in 
the north-then-south variation in B2 • Energy time di-
agrams of ion and electron were often used to identify 
and exclude PSBLs, in which a high-energy component 
and a cold drifting component coexist, as described by 
Machida et al. [1994]. We also defined pre-PPS as a 
constituent of a plasmoid event but excluded it, as well 
as post-PPS, in the calculations of the plasmoid length. 
We only selected plasmoids for which we had both ion 
and magnetic field data without any serious data gaps. 
Although plasmoids often appeared as multiple events, 
possibly due to multiple onset substorms, in this paper 
we did not distinguish between isolated and multiple 
events. 

3.4. Coordinate System 

In this study, the aberrated geocentric solar magne-
tospheric (GSM') coordinate system was used, in which 
the average effects of the orbital velocity of the Earth 
about the Sun were removed: All satellite locations and 
data were aberrated and tilt-corrected with an angle of 
4° (the corresponding solar wind speed is 426 km/s) 
and with a hinging distance of 10 RE. We usually de-
noted these as "XGSM' " or "Vx" , etc., in this paper. We 
defined the region -16 > XGsM' 2'. -50 RE as the near 
tail , -50 > X GSM' 2'. -100 RE as the middle tail, and 
-100 > XGsM' 2'. -210RE as the distant tail. The di-
viding distances were selected on the basis of differences 
of the typical plasmoid quantities, which will be pre-
sented later. We also call the region of IYGSM' I :S 10 RE 
as the central region and IYGSM' I > 10 RE as the flank 
region. 

4. Case Studies 
Figure 3 shows three examples of plasmoids at XGSM' 

= -29 RE (near-tail case), -95 RE (middle-tail case), 
and -199 RE (distant-tail case). Figure 3a shows an 

example of a plasmoid observed in the near tail around 
1826 UT on December 10 , 1994. Thirty minutes of data 
are shown in the GSM' coordinates. The top five panels 
consist of magnetic field data (in nanoteslas) for total 
strength, its components, and root-mean-squares of the 
magnetic field fluctuations . The next panel is ion beta 
(/3i), which is the ratio of ion thermal pressure (P;) to 
magnetic pressure (PB)- In the next panel, PB+ Pi 
is superposed on Pi. Since electron pressure is negli-
gible, {3; and PB + P; are thought to be plasma beta 
and total pressure, respectively. The other five panels 
are ion moments of the density (per cubic centimeter) , 
temperature (keV), and the three components of veloc-
ity in km/s. Universal time and satellite locations are 
shown at the bottom of the figure. The solid vertical 
lines marked S, C, and E at 1826:14 UT, 1826:46 UT, 
and 1827:30 UT are the start, center, and the end of 
the plasmoid, respectively. 

At 1826:14 UT (S), total pressure began to rise and 
reached a peak value at 1826:46 UT (C). This was co-
incident with the turning of B 2 and the peak of By in 
this case, but this is not always the case. Bx was also 
enhanced, indicating that spacecraft passed slightly off 
the center of the plasmoid in terms of ZGsM'. Then to-
tal pressure decreased down to nearly the background 
level at 1827:30 UT (E). The interval from S to E is 
identified as a plasmoid. Inside the plasmoid, Vx was 
-480 km/s and Vy was 329 km/s, on the average. Since 
the satellite was located on the dusk side, the signifi-
cant value of Vy suggests an expansion of the plasmoid 
in the YGsM' direction. One notable point is that inside 
clear flux-rope-type plasmoids, the thermal pressure is 
often nearly constant, as seen in this example. Since 
the gradient of thermal pressure can be negligible, the 
force-free assumption is valid, even when the plasma 
beta is as high as unity, as it was in this case. 

An example of a plasmoid observed in the middle tail 
is shown in Figure 3b, in the same format as Figure 3a. 
Geotail was in the magnetotail at GSM' (-94.9, -3.1, 
-1.8) RE at 1150 UT on January 16, 1994. The flow 
was earthward until 1146:57 UT, and then, slow tail-
ward or essentially stagnant until 1148:35 UT (S), and 
finally, tail ward and fast. This sequence is typical in the 
middle tail. It is also sometimes observed in the near 
and even in the distant tail , as shown in the previous 
and in the next examples. The change from a slow to 
fast tailward flow was explained as follows [Nishida et 
al. , 1994] : The burst flow due to the NENL pushes the 
ambient plasma ahead, observed as the slow flow , and 
the following arrival of the burst flow itself is observed 
as the fast flow . The region with this slow flow is called 
pre-PPS in this paper. The prior earthward flow can 
be interpreted to mean that the distant neutral line has 
become activated before a substorm onset [Nishida et 
al. , 1986] . Inside the plasmoid (between S and E), Vx 
was -855 km/s and Vy was 125 km/s, on th.e average. 

Figure 3c presents an example of a plasmoid observed 
in the distant tail, in the sam~ format as Figure 3a. 
Geotail was at GSM' (-198.6, 7.3, 7.4) RE at 0010 UT 
on April 18 , 1994. Inside the plasmoid, Vx was -204 
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(a) near tail (b) middle tail (c) distant tail 
DATE 941210 DATE 94011 6 DATE 940418 GEOTAIL/ LEP & MGF lIT 18·11 · 18·41 DSN GSM' GEOTAIL I LEP & MGF tJ.T 11 :35 • 12:05 DSN , GSM' GEOTAIL/ LEP & MGF lIT OO·OO - 00·30 DSN, GSM' 
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Figure 3. Examples of plasmoids (a) in the near tail , (b) in the middle tail, and (c) in 
the distant tail. Thirty minutes of magnetic field and ion velocity moments are shown in the 
aberrated geocentric solar magnetospheric ( GSM') coordinates. Solid vertical lines mark the start 
(S), center (C), and the end (E) of the plasmoid . The top five panels show 3-s magnetic field data: 
(from top to bottom) strength, the three components, and root-mean-squares of the magnetic 
field fluctuations . The next two panels are 12-s averages of ion beta (ratio of ion thermal pressure 
to magnetic pressure) and pressures (ion pressure and total pressure are superposed). Electron 
thermal pressure is neglected in the calculation of total pressure. The remaining five panels are 
12-s averages of ion velocity moments: ion density (per cubic centimeter), ion temperature (keV), 
and the three components of velocity (km/s) . Also shown on the horizontal scale in the bottom 
are universal time and the positions of the spacecraft in the aberrated GSM coordinates. 

km/s and Vy was -45 km/s. Variations in total and ion 
thermal pressures were similar to those in the preceding 
two cases. After the passage of the plasmoid , another 
Bz bipolar signature was observed around 0016 UT, 
which was not another plasmoid but rather turbulence 
behind the plasmoid, because the total pressure was not 
enhanced inside it. 

5. Geotail Orbit and Occurrence 
Frequencies of Plasmoids 

Xgsm' (Re) 

(c)-50>X>- l00 Re 

In Figure 4a, the Geotail orbits for the time interval 
of this study, from September 14, 1993 , to March 5, 
1996, are displayed in the GSM' XY plane. The Geotail 
orbits are also projected in the GSM' Y Z plane for the 
near tail in Figure 4b, for the middle tail in Figure 
4c, and for the distant tail in Figure 4d. It is seen 
in Figures 4b , 4c, and 4d that the Geotail orbits in 
the magnetotail were basically restricted to the nominal 
equatorial plane. 

i JO · ·--r·; t-- · -1 •·t ; 

t!~Wi~tt ... , .... , ..... , .. , ..... , .. , .. , ..... , ........ , 
Figure 5a shows the locations of 824 plasmoid events 

~onsistent with our selection criteria. Each circle repre-
sents the location of one event . The numbers of these 
events are normalized to the amount of time of Geotail 
observations in IZGsM' I 10 Re . The resultant occur-
rence frequencies per day in each 10 Re x 10 Re mesh 

-.10 50 0 -50 50 --50 
Ygsm' (Re) 

Figure 4. The orbits of the Geotail spacecraft in the 
aberrated GSM coordinates for the period from Septem-
ber 14, 1993, to March 5, 1996. A hinging distance of 
10 Re and an aberration of 4° are assumed. These are 
projected in the XY plane for (a) the whole period. 
These are divided and projected in the Y Z plane for 
(b) the near-tail period, for ( c) the middle-tail period, 
and for ( d) the distant-tail period. 
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(a) Lo<aUons of Plasm olds (824 events) 
--,-..,.....,.--;-,--,-,--.-, 

-100 •ISO -200 
Xgsm'(Re) 

Figure 5. (a) Observed locations of 824 plasmoid 
events identified in this study are plotted in the GSM' 
XY plane for the same interval as Figure 4a. Each 
plasmoid is plotted as a circle. Paired lines A and B are 
drawn as references. (b) Occurrence frequencies of plas-
moid events in each 10 RE x 10 RE mesh are plotted as 
different tones . ( c) Occurrence frequencies of plasmoids 
in the central region of the near tail for a detailed study 
of the XGsM' dependence. {d) Occurrence frequen-
cies (F(Y)) of plasmoids in -25 > XGsM' 2: -50 RE 
against YGsM'. A Gaussian-fitted line is also shown by 
a solid line. 

are plotted as different tones in Figure 5b. The regions 
with the amount of time less than 12 hours are not dis-
played. In Figure 5b as well as in Figure 5a, two kinds 
of paired solid lines A and B are drawn as references. 
Lines A are YGsM' = ±{20 + IXGSM'I sin4°), which 
seems to well ~nvelope most plasmoids in the middle 
and the distant tail. Relatively low occurrence frequen-
cies in the regions between A and B may indicate that 
these plasmoids were observed when the magnetotail 
was flapped by solar wind fluctuations and/or when its 
radius was increased. A flaring of the observable re-
gion as marked by lines A supports the suggestion that 
the tail geometry is undergoing a flapping motion. If 
the contributions of the flapping motions were removed, 
it would be expected that the observable region has a 
width of ~ 40 RE as marked by lines B in the middle 
and the distant tail. This width can be interpreted to 
represent the YGsM' dimension of the plasmoids. 

In the near tail, occurrence frequencies are much 
lower than those in the middle and the distant tail. The 

region with relatively high occurrence frequency seems 
to become wider from the near tail to the middle tail, as 
marked by lines B. These suggest an expansion of plas-
moids iP the ±YGSM' direction in the near tail, which 
will be demonstrated later from the study of cross-tail 
velocity. Although a small number of plasmoids exist 
in the flank region in the near tail, we rather inter-
pret that plasmoids are localized and that the centers 
of plasmoids and the NENL are sometimes located in 
an off-midnight position. The average occurrence fre-
quencies in -25 > XGsM' 2: -50 RE, in the middle 
tail, and in the distant tail are 2.7, 8.5, and 7.7 (plas-
moids/day) in IYGsM' I :5 10 RE, and 1.2, 3.5, and 3.9 
{plasmoids/day) in 10 < IYGsM'I :5 20RE, respectively. 

To see the details in the near tail, Figure 5c shows 
the occurrence frequencies of plasmoids in the central 
region . The spatial resolution in the XGsM' direction 
is every 2RE in -10 > XGsM' 2: -30RE and every 
10 RE in -30 > X GSM' 2:: -50 RE. The amount of 
observation time is longer than 3 days for each region. 
Inside XGsM' ~ -25 RE, observations of plasmoids are 
relatively rare. Therefore it can be concluded that the 
NENL is usually located earthward of this distance. 

Figure 5d shows the occurrence frequencies of plas-
moids in -25 > XGsM' 2:: -50 RE with average plas-
moid location of X GSM' = -34 RE. The spatial resolu-
tion in the Y GsM' direction is every 2 RE. The amount 
of observation time is longer than 1 day for each region 
except the bin of -30 :5 YGsM' < - 28 RE. It seems 
that the occurrence frequencies are relatively high in 
the finite region around the tail axis with their cen-
ter in the premidnight. A Gaussian-fitted line indi-
cates that the occurrence frequency is relatively high 
in IYGsM' - 31 :5 10 RE. Therefore it can be inter-
preted that plasmoids have a typical width of~ 20 RE 
with their center at YGsM' 3 RE in the near tail. 
The center of the NENL is also likely to be located at 
YGSM1 3RE . 

6. Statistical Study 
In this section, we examine the average properties of 

the plasmoids and compare our results with those found 
in previous studies. For each plasmoid, representative 
quantities are calculated by averaging particle and mag-
netic field data, and then they are averaged in spatially 
separated bins. In the following, plots of plasma mo-
ments and magnetic fields will be shown as functions 
of the downtail distance and the cross-tail distance. In 
some figures, quantities reported by MH92 are super-
posed as the representative result of the ISEE 3 obser-
vations. 

6.1. Flow Characteristics of Plasmoids 

The X GSM' directional velocity (Vx) in plasmoids av-
eraged over every 30-RE bin as a function of the dis-
tance down the tail is shown in Figure 6. The values 
in the central region and those in the flank region are 
presented by solid and dotted lines. Error bars indicate 
the standard deviations. Each plotted X GSM' repre-
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Figure 6. The XasM' directional velocity of plas-
moids (V.,) in the bins of every 30 RE spatial dimen-
sion in XasM'. The solid line represents the V., of plas-
moid observed in the central region (IYasM' I :S 10 RE). 
The dotted line corresponds to V., in the flank region 
(IYasw I > 10 RE). The error bars indicate the stan-
dard deviation for each bin. The result of Moldwin and 
Hughes [1992a] using ISEE 3 thermal electron measure-
ments is also superposed as a broken line. 

sen ts the average location in the corresponding bin. The 
data in the flank region from Xasw = -90 to -120 RE 
are not displayed because of the relatively small number 
of events (11 events). 

It was found that from Xasw -30 RE to the mid-
dle tail, plasmoids rapidly accelerated, typically from 
350 to 700 km/s. In the transition from the middle 
to distant tail, however, they weakly decelerated with 
a typical value of 600 km/s. This contradicts the re-
sults from the previous studies [e.g., Gloeckler et al., 
1984], which showed that plasmoids continue to accel-
erate through the magnetotail. It has been suggested 
that the acceleration of plasmoids is due to magnetic 
draping and dynamic pressure behind a plasmoid [e.g., 
Richardson et al., 1987], while any interaction with the 
plasma and magnetic field ahead of them was essentially 
ignored. We believe that such an interaction is crucial 
to understand the velocity evolution of plasmoids. In 
this paper, such interaction regions are called pre-PPS. 

It is noted that there was a difference of bulk veloc-
ity of typically 100 km/s between the central and flank 
portion in the distant tail. The value may be reduced 
from actual ones because of flapping motions. Since this 
difference continues from XasM' -100 to~ -180 RE, 
plasmoids are expected to deform with a difference of 
location between the central and the flank portion of 
typically 10 RE around X GSM' = -180 RE. 

The results of MH92 are also plotted in Figure 6 as 
a dotted line, which shows values slower than ours. On 
the other hand, most of the ISEE 3 results reported 
in other papers showed results of 600-700 km/s [e.g. , 
Richardson et al., 1987], which agree with our results 
in the middle and the distant tail. The relatively slower 
values reported by MH92 possibly stem from their se-
lection criteria: they set no criterion on the speed of a 

plasmoid. Our result seems consistent with their results 
as seen in Figure 10 of their paper. 

Figure 7 shows the cross-tail velocity of plasmoids 
(Vy) in the near, the middle, and the distant tail as func-
tions of Yasw with a 10-RE bin. Regions with sampling 
numbers smaller than ten are not displayed. Data from 
the near tail show an expansion of plasmoids in Yasw 
direction, as is evident from the sign of Vy, which was 
positive in the dusk and negative in the dawn regions. 
The expansion speed of plasmoids takes a typical value 
of Vy = ± 130 km/s in the flank region. The expansion 
of plasmoids in the near tail is consistent with the lo-
calization presented previously. The primary cause of 
the plasmoid expansion is thought to be the enhanced 
total pressure: Plasmoids are confined by magnetic ten-
sion in the Xasw and ZasM' directions; however, they 
are not restricted in the YasM' direction until expan-
sion reaches the low-latitude boundary layer . A small 
offset exists about 20 km/sin the near-tail data. As we 
have already noted, a plasmoid is preferably located in 
the duskside (YasM' 3 RE), where the actual offset is 
expected to be ~ 60 km/s. The offset may indicate the 
contribution of ions to the diamagnetic current. 

There is a similar Yasw dependence of Vy in the mid-
dle tail, but the magnitude of the velocity in the flank 
region is only ~ 40 km/s, considerably lower than that 
in the near tail. However, there is no expansion in the 
distant tail, which contradicts the results obtained by 
Gloeckler et al. [1984], who suggested that plasmoids 
expanded with speeds of ±100 km/sin the distant tail. 
Although a slight difference of Vy of~ ±20 km/s might 
appear to exist in IYasw I > 20 RE in the distant tail, 
this was interpreted to be due to the unusual directions 
of the tail axis caused by flapping motions of the tail: 
Outside of IYasM' I 20 RE, there would be a tendency 
for plasmoids to be observed in such a condition. Since 
V., in the distant tail is typically -600 km/s, a flapping 
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Figure 7. The YasM' directional velocity of plas-
moids (Vy) in the bins of every 10 RE spatial dimension 
in Yasw. The data sets are also divided into three dif-
ferent regions in terms of XasM' and shown as three 
lines. The error bars indicate the standard deviation 
for each bin. 
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Figure 8. Ion densities of plasmoids against XGsM' 
in the same format as Figure 6. 

motion of the magnetotail with an angle of 4° in the 
YGsM' direction can yield an apparent velocity of ±40 
km/s for Vy. 

The ZGsM' directional velocity (V2 ) was also investi-
gated. Because of the flapping motions of the tail, we 
cannot use ZGsM' directly. If substantial expansion in 
the ZGsM' direction exists, we would expect to find it by 
studying V2 as a function of Bx or fJx (the ratio of the 
plasma pressure to the X GSM' component of magnetic 
pressure). However, there was no relation between V2 

and Bx, and no substantial expansion was found in the 
ZGsM' direction. 

6.2. Other Characteristic Quantities Inside 
Plasmoids 

The density of ions inside plasmoids is shown against 
XGsM' in Figure 8. The format is the same as Fig-
ure 6. In both central and flank regions, ion density 
inside plasmoids rapidly decreased, typically from 0.25 
to 0.1 cm- 3 as Geotail went from XGsM' -30 RE to 
the middle tail. This can be due to the expansion of 
plasmoids in the YGsM' direction between these loca-
tions. The density decrease can also occur because the 
density of the plasma sheet plasma taken into the plas-
moid decreases as the plasmoid propagates farther down 
the tail. After the rapid decrease , the density stayed 
nearly constant in the central region, while in the flank 
region it somewhat increased up to 0.15 cm- 3 in the 
distant tail. This increase is consistent with the results 
by MH92 and suggests a mass flux from outside into 
the flank region, which may be also consistent with the 
relatively slower plasmoids observed in the flank region . 

Figure 9 shows the variation of the ion temperature 
(T,;) of plasmoids against XGsM' in the same format as 
Figure 6. In the central region, the ion temperature 
was essentially constant and typically 4.5 keV in the 
near and the middle tail. It rapidly decreased down to 
2 keV from the middle to distant tail. Then it became 
nearly constant in the distant tail. In the flank region , 
the temperature tended to be somewhat lower. 

The variation of ion temperature observed by ISEE 
3 is also displayed in Figure 9. Since ISEE 3 only 
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Figure 9. Ion temperatures inside plasmoids against 
XGsM' - Ion temperatures derived using the ISEE 3 re-
sults are also superposed. 

measured the electron temperature (Te), we assumed 
T,; = 5Te [Slavin et al., 1985] in producing the plot 
with Te as reported by MH92. Ion temperatures inside 
plasmoids found in this survey were substantially higher 
than the values deduced from the ISEE 3 results by a 
factor of 3 in the middle tail and by a factor of 2 in the 
distant tail. Ion temperature (T,; 2 ke V) observed 
by Geotail and electron temperature (Te 0.2 keV) 
observed by ISEE 3 suggest the ratio of T,; / T. 10 
inside plasmoids observed in the distant tail. The high 
temperature in the middle tail suggests that the NENL 
remains active, while the mechanism for the rapid de-
crease of ion temperature in the transition from the 
middle to distant tail is not yet fully understood. This 
must be a nonadiabatic cooling because the dimensions 
ofplasrnoids do not change significantly, and the density 
is nearly constant (in the central region) or even some-
what increases (in the flank region) in this transition. 
It is notable that the locations of the rapid decreases 
are different for the density and the temperature. 

The absolute values of the magnetic field (IB I) were 
averaged inside plasmoid boundaries and averaged again 
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Figure 10. The magnetic field strength inside plas-
moids against XGsM' · 
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Figure 11. Duration of plasmoids as a function of 
XGSM'· 

in spatially separated bins. As shown in Figure 10, these 
monotonically decreased from 10 to 5 nT from the near 
tail to the distant region, except that there are some 
fluctuations in the central region. The value (JBJ 5 
nT) in the distant tail is consistent with previous stud-
ies. 

Our statistical results on the duration of plasmoids 
ar<:; shown in Figure 11: typically 1 min around XGsM' = 
-30 Re with an increase to 2 min in the middle and dis-
tant tail. The XGsM' dimensions of plasmoids (Lx) are 
shown in Figure 12. Calculations were made with the 
use of the equation 

!tend 

Lx = JVxJdt 
tl!ta.rt 

(1) 

where tstart and tend are the times when the frontside 
and backside boundaries were observed as presented in 
the three examples shown in Figure 3. Lx derived by 
( 1) is 4 Re around X GSM' :::: -30 Re and increases 
to 10 Re in the middle and distant tail, possibly due 
to the pile up of the newly reconnected magnetic field 
lines in the plasma sheet. Although the duration and 
lengths of the plasmoids are shorter when comparison is 
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Figure 12. Length of plasmoids against XGSM'. 

made with those found in previous studies, the values 
seem reasonable: the north-south dimension of plas-
moids ( L z) is thought to be in the range from a few to 
15 Re [e.g., Weiss et al., 1992; S93] and calculated later 
to be ~ 10 Re in the middle and the distant tail. Since 
the magnetic tension force tends to make the cross sec-
tion of a plasmoid circular in the GSM' X Z plane, Lx 
is expected to be nearly the same as Lz. 

6.3. Energy Flux Inside Plasmoids 

Figure 13 shows the XGSM' component of the total 
and the three components of the energy flux as a func-
tion of the downtail distance. The components are ther-
mal ( (5/2)P; Vx ), kinetic ( (l/2)pV2Vx ), and electro-
magnetic or Poynting (Ex B/µoJx ), where P; is the 
ion thermal pressure, p is the mass density of plasma, 
V is the speed of the plasma, E is the electric field 
calculated from the velocity and magnetic field with 
the MHD assumption, and B is the magnetic field. 
Electron thermal pressure was neglected in the calcu-
lation of the thermal component. As can be seen in 
Figure 13a, the total energy flux in the central region 

Energy F lux, X-comp . (109 W/Re2) 
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Figure 13. The XGsM' component of the energy flux 
of plasmoids against X GSM' . Figure 13a is the total 
energy flux inside a plasmoid . Figures 13b, 13c, and 
13d are the thermal, kinetic, and Poynting components, 
respectively. Electron thermal pressure is neglected in 
the calculation of the thermal component. 
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decreased from 7 x 109 W / R1 down to 2 x 109 W / R1 
from XGsM' :::::: -30 RE to the distant tail. (The nega-
tive values in Figure 13 mean that the flux is tailward) . 
The difference of total energy flux was not very large 
between the central and the flank region. 

From Figures 13b, 13c, and 13d, it is seen that the ra-
tios of the three components of energy fluxes were ( ther-
mal :kinetic:Poynting) ~ 20:3:3 in the near tail, 12:4:3 in 
the middle tail, and 5:3: 1 in the distant tail. There-
fore the decrease of the energy flux is due to that of its 
thermal component, which is dominant throughout the 
magnetotail. The decrease of thermal energy flux in the 
near tail was mainly due to the decrease in the number 
density of plasma, while the decrease in the transition 
from the middle to distant tail was due to the decrease 
of iori temperature. 

The dominance of the thermal component found above 
contradicts previous studies [e.g., Scholer et al., 1984], 
in which the kinetic component was the dominant term. 
This difference is primarily due to the higher temper-
ature found in this study . . Note also that in previous 
studies, energy densities of plasmoids, not the energy 
flux, were used in the discussion of energy transport by 
plasmoids. The difference is that the factor of the ther-
mal component was not 5/2 (thermal energy flux) but 
rather 3/2 (thermal energy density) , and the Poyntirig 
component was described as B 2 /2 µ0 (magnetic energy 
density) in that case. Since one of our goals was to dis-
cuss substorm energetics, the energy flux of plasmoids , 
not energy density, was considered in this paper. 

7. Discussion 
In this section, we first discuss and estimate the di-

mensions of plasmoids in the middle and distant tail. 
Then the energy transported by plasmoids in the mid-
dle tail will be estimated, and its implication for the 
substorm energetics will be discussed. 

7.1. Plasmoid Dimensions 

The YGSM' and ZGsM' dimensions of each plasmoid 
cannot be estimated from single satellite observations. 
Dimensions of plasmoids were remotely inferred by S93 
from ISEE 3 observations of TCRs. They suggested 
that the typical size of a plasmoid was 35 Re (length) x 
15 Re (width) x 15 RE (height) in the middle and dis-
tant tail. The size of ~ 15 Re in the dawn-to-dusk di-
rection was derived by S93 from the result that most 
TCRs were observed over a region 10-20 Re wide. On 
the other hand, our results, as well as MH92 , show that 
plasmoids are observed everywhere in the middle and 
distant tail. In this study, the YGsM' dimensions of plas-
moids (Ly) were statistically estimated to be ~ 20 RE 
in the near tail and ~ 40 RE in the middle and distant 
tail. One possible interpretation for this discrepancy is 
that in the flank region the plasmoids are thin, so that 
TCRs are not clearly identified. An alternative inter-
pretation is that in the flank region ISEE 3 was located 
in the region where plasmoids rather than TCRs were 
favorably observed. 

We estimated plasmoid thickness in the ZGsM' direc-
tion (Lz) by the method proposed by S93. Conservation 
of total magnetic flux in the tail lobe for the quiet time 
and during the passage of a plasmoid is described as 

(2) 
where BL and BTcR are absolute values of the magnetic 
field of the quiet lobe and cif the peak of a TCR. S is 
the quiet-time area of the tail lobe in the Y Z plane, 
which is 1rR2 - 2RH. (R is the radius of the magne-
totail and H is the quiet-time thickness of the plasma 
sheet). Ly is the width of the plasmoid. AH is an in-
crease in the thickness from the quiet-time plasma sheet 
to the plasmoid. Equation (2) yields AH :::::: 110/ Ly , us~ 
ing R :::::: 24 RE and H :::::: 2 x 3.4 Re as determined by 
Fairfield [1992], and (BTcR-:- BL)/ BL :::::: 8% by S93. 
Our result of Ly :::::: 40 RE .in the middle and distant tail 
yields Lz = H +AH:::::: 10 RE, which is comparable to 
L., presented before. 

7.2. Energies Transported by a Plasmoid 

We estimated the energy transported by a plasmoid 
using the energy flux and the dimensions of plasmoids 
obtained earlier. First ; by calculating the product of 
the average energy flux and the duration of events, the 
energy transported by plasmoids through the unit area 
ofYGSM' x ZGsM' can be obtained and is shown in Figure 
14. In the central region, the transported energy was 
nearly constant (5 x 1011 J / R};) in the near and middle 
tail. It decreased from the middle tail to the distant 
tail to 2 x 1011 J / R1 and then was nearly constant in 
the distant tail. In the flank region, the energy was 
slightly smaller ( 4 x 1011 J / R1) in the near and middle 
tail but slightly higher (2.5 x 1011 J / R1) in the distant 
tail, compared With the central region. 

Furthermore, to discuss the variations of energy car-
ried by plasmoids; the variation of the cross section of 
plasmoids in the GSM' Y Z plane must be considered. 
The cross sections of plasmoids increase from the near 
to middle tail because the widths of plasmoids increase. 
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Figure 14. The XGsM' component of the energy 
transported by plasmoids through an unit cross section. 
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Therefore the net energy transported by plasmoids in-
creases with downtail distance from the near tail to the 
middle tail , possibly due to the energy supply from the 
NENL. The cross section seemed to be nearly constant 
from the middle tail to the distant tail. Therefore en-
ergy transported by plasmoids decreases and half is lost 
during the passage to the distant tail, possibly due to 
interactions with the surrounding medium. 

To estimate the typical energy transported by a plas-
moid, the parameters at XasM' -90 RE were used 
as representative values. This is because plasmoids at 
this position are in a situation just before energy loss 
in the transition from the middle tail to the distant 
tail. We have estimated that plasmoids have dimen-
sions of Lx lORE, Ly~ 40RE , and Lz l0RE , 
Assuming that plasmoids have the form of a cylinder, 
the volume of a plasmoid is 3 x 103 R1, The energy 
transported through the unit cross section was typically 
5 x 1011 J / R1, which was derived averaging the values 
in the central and the flank region with an assumption 
of the ratio of ion temperature to electron temperature 
to be 10. Then the energy transported by a plasmoid 
was calculated to be ~ i 6 x 1013 J. 

7.3. Substorm Energetics 

We estimated the energy transported by each plas-
moid to be ~ 16 x 1013 J. However, this value does not 
represent the whole tailward energy released in a sub-
storm: First , plasmoids often appear as multiple events. 
From a study of TCR by S93, we can deduce that 
roughly 1.8 plasmoids are ejected in a substorm. There-
fore energy transported by plasmoids in a tailward fast 
flow can be ~ 3 x 1014 J . 

Second, other portions of tailward fast flow must be 
included. Since their volume is unknown , their contri-
butions to the energy transport of the whole tailward 
fast flow cannot be directly calculated. Here we will 
roughly estimate them. The energetic contribution by 
PSBL and pre-PPS is likely to be negligible: The ion 
temperature in the PSBL is lower, and the flow speed 
in the pre-PPS is slower than in plasmoids, and the 
volumes of PSBL and pre-PPS may be relatively small. 
However, it is likely that post-PPSs have a significant 
energy contribution to substorms. Richardson et al. 

Table 1. Basic Quantities of Plasmoids 

[1987] reported that post-PPSs had a typical velocity 
of 840 km/s. If the duration is 30 min , the "length" 
of post-PPS can be 240 RE, Assuming that the width 
and the thickness of post-PPS are 10 RE x 5 RE , we 
obtain that a volume of a post-PPS is~ 12 X 103R1, 
Since the energy flux in post-PPSs seems comparable 
to that in plasmoids, each post-PPS may contribute 
another ~ 6 x 1014 J. Therefore energy contribution by 
post-PPSs can be greater than those due to plasmoids. 
As a consequence, the total energy carried by a tailward 
fast flow is roughly ~ 1015 J. 

Kamide and Baumjohann [1993] discussed substorm 
energetics. They suggested rough equipartition of en-
ergy in a substorm among the auroral ionosphere, ring 
current, and plasmoid, with a typical value of 1015 J for 
each region . This value is consistent with our results . 
Therefore it is confirmed that plasmoid-associated tail-
ward fast flow has a significant energetic contribution 
to substorms, which supports the NENL model. 

8. Summary and Conclusions 
We have defined a plasmoid as an individual magnetic 

loop, in which the total pressure enhancerrient (TPE) 
is a necessary condition. After showing three examples 
of plasmoids, we have reported on the qualitative and 
quantitative nature of plasmoids. The energy trans-
ported by plasmoids has been estimated, and further-
more substorm energetics have been briefly discussed. 
Characteristic plasmoid parameters found in this study 
are summarized in Table 1. On the basis of Geotail ob-
servations of plasmoids, t.he three-dimensional picture 
of plasmoids and their evolution along the downtail di-
rection on the equatorial plane are estimated as follows 
and schematically illustrated in the GSM' XY plane in 
Figure 15. 

1. In the near tail, plasmoids rapidly accelerated 
in the downtail direction and expanded in the Yc;sM' 
direction. A drop in ion density and nearly constant 
ion temperatures were found . The XasM' dimension of 
plasmoids is 4 RE around XasM' -30 RE. Plasmoids 
are localized with a width of ~ 20 RE in YasM' . Most 
plasmoids were observed beyond X GSM' - 25 RE . 
The center of plasmoids in the near tail, and possi-

Quantity -16>X2::-30 -30>X2:: - 50 -50>X2::-100 -100 >X2::-210 

Average XGsM' , RE -26 -40 -81 -172 
Number of plasmoids 110 106 157 451 
Vx, km/s -350 ± 150 -470 ±230 -680 ± 270 -590 ±240 
Density, cm - 3 0.25 ± 0.14 0.15 ± 0.10 0.08 ± 0.07 0.11 ± 0.10 
T;, keV 4.4 ± 1.7 4.4 ±2.3 4.8 ± 2.4 2.0 ± 1.3 
IBI, nT 10 ±4 9 ±4 7 ±3 5 ±2 
Duration, min 1.2 ±0.4 1.3 ± 0.5 1.7 ± 0.7 1.8 ±0.7 
Lx , RE 4 ±2 6 ±3 10 ±5 10 ±5 
Energy flux, 109 W / R1; -7 ±5 -6 ±4 -4 ±3 -3 ±2 

Basic quantities of plasmoids and their standard deviations are summarized against X GS M' (RE). 
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Figure 15. Schematic illustration of plasmoid evolu-
tion from the near to the distant tail in the aberrated 
GSM XY . plane. Typical velocities, dimensions, and 
forms in the near, the middle, and the distant tail are 
displayed in the three expanded portions. 

bly that of the NENL, are likely to be located around 
YasM' == 3 RE . In Figure 15, the NENL is shown as a 
cross with its location assumed to be XasM' -21 RE . 

2. In the middle tail, a weak expansion seemed to 
remain. The density was nearly constant and the ion 
temperature was still high, which suggested that the 
NENL was still active. Typical plasmoid dimensions 
were estimated to be 10 RE (length) x 40 RE (width) 
x 10 RE (height). 

3. In the transition from the middle to distant tail, 
plasmoids began to decelerate and the ion temperature 
rapidly decreased. About half of the energy transported 
by plasmoids will be lost in this transition by a nonadi-
abatic mechanism. 

4. In the distant tail , the density was nearly constant 
in the central region and slightly increased in the flank 
region. Typical plasmoid dimensions were estimated to 
be nearly the same as in the middle tail. As a conse-
quence of lower speed in the flank region, it is expected 
that plasmoids are deformed with a typical scale length 
comparable to the length of the plasmoid. 

The energetics of plasmoids were also discussed. The 
thermal component was dominant throughout the mag-
netotail from Xasw = -16 down to -210RE . The 
energy transported by each plasmoid was estimated to 
be ~ 2 x 1014 J in the middle tail. Energy released tail-
ward in a substorm was inferred to be ~ 1015 J, which 
is the same order as the energy released to the auroral 
region and to the ring current in support of the NENL 
model. 
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