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ABSTRACT OF THE DISSERTATION 

Statistical Study on  

Two Types Of Flux Transfer Events  

Observed By MMS Spacecraft 

 

by 

 

Cong Zhao 

Doctor of Philosophy in Geophysics and Space Physics 

University of California, Los Angeles, 2019 

Professor Christopher T. Russell, Chair 

 

 

The magnetic and plasma structures on the dayside magnetopause are examined with 

unprecedented detail with the exceptionally high temporal resolution measurements of both 
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magnetic field and plasma properties as well as the capability to disentangle the spatial and 

temporal variations. This capability is enabled by the closely-formed four-spacecraft-tetrahedron 

of the Magnetospheric Multiscale (MMS) mission. With this detailed examination using definitive 

criteria, we have been able to distinguish and identify different current structures in the vicinity of 

magnetopause, namely: the magnetopause current layer, flux transfer events (FTEs), and the 

magnetosheath field enhancement (MFE). The criteria are based on not only the direct measured 

magnetic and plasma parameters, but also the derived quantities including the electric current, 

radius of curvature of the magnetic field and the magnetic and plasma forces. 

 

Furthermore, with observations from MMS, the detailed properties of flux ropes (FRs) are studied 

for their better understanding. The geometric information of the FR such as the radius of the cross-

sectional plane, impact parameter and axial direction are obtained definitively with multi-

spacecraft methods. The core field strength and magnetic flux content are extrapolated based on 

the derived geometric information and magnetic field measurement. The force-freeness and 
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expansion of the FR are also determined with the calculation of velocity of FR motion and the 

calculation of forces. 

 

With above detailed analyses, we then show that there are two types of flux ropes, one with mixed 

plasma originated from two regimes (type A) and the other without the mix of signatures (type B). 

Then the statistical analysis on these two types of FRs shows that they are basically similar, and 

thus are the same phenomena. Both of them are FTEs generated by dayside magnetic reconnection 

and are responsible for the magnetic flux transfer. 
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Chapter 1 Introduction 

Flux transfer events (FTEs) are the main topic of this thesis. This study of FTE is mainly based on 

the data collected in situ by the MMS spacecraft fleet. In this chapter, a brief history of the flux 

transfer events is described. Also included in this chapter is a brief introduction to the MMS 

mission. 

1.1. Flux Transfer Events 

1.1.1. The Discovery of “Flux Transfer Events” 

Flux transfer events were originally discovered by Russell and Elphic [1979] through ISEE 1 and 

2 spacecraft observations. The strange behavior of BM and BN components (M and N are two 

directions in magnetopause boundary normal coordinate system, N is the magnetopause boundary 

normal direction, M is roughly along the east-west direction) indicates that the structure is not a 

partial entry into the magnetosphere even though the L component and magnitude of magnetic 

field look very similar to a partial magnetopause crossing. Specifically speaking, the BM 
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component increases in strength, unlike inside magnetosphere where it is near zero; BN increases 

to large positive values and then decreases to rather large negative values [Russell and Elphic, 

1978]. These two feature of the magnetic field correspond to the axial magnetic field and the 

helical field structure of a flux rope respectively. This phenomena was soon recognized to be 

important to space plasma physics since it is believed to be related to magnetic reconnection 

[Russell and Elphic, 1978]. The FTE erodes magnetic flux from dayside magnetopause and solar 

wind and then transfers it to the magnetotail as in the magnetic reconnection and magnetic flux 

convention picture proposed by Dungey [1961] (Fig 1.1.2). The relationship between magnetic 

reconnection and the FTE was then reinforced by the study of ISEE 1&2 plasma measurements by 

Daly et al. [1981]. They found the plasma originating from both magnetosheath and 

magnetosphere present within the FTE. This is key evidence that the magnetic field lines inside 

FTEs result from the inter-connection between magnetospheric and magnetosheath field lines, 

which is a result of magnetic reconnection.  
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Figure 1.1. 1 The magnetic profile of the flux transfer event observed by Russell and Elphic [1979] with 

ISEE 1&2 data 

Afterwards, multiple studies also found the plasma mixture within FTE by using different 

spacecraft measurements. For example, Thomsen et al. [1987] conclude the plasma distributions 

within FTE are consistent with the superposition of two plasma populations observed by the fast 

plasma experiments (FPE) onboard ISEE 1 and 2; Klumpar et al. [1990] studied data from the 

AMPTE/CCE spacecraft and found the ion composition and distributions within the 0-20keV 

energy range were different from the adjacent magnetosphere; Liu et al. [2008] also reported the 

mixture of plasma population from two regimes from THEMIS data. The mixture of plasma from 
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both sides of the magnetopause not only provides evidence for connection between magnetic 

reconnection and flux transfer events, but also has become a widely accepted necessary condition 

for the identification of flux transfer events.  

 

 

Figure 1.1. 2 Terrestrial magnetic field topology under southward IMF condition. [Kivelson and Russell, 

1995] after [Dungey, 1961] 

 

1.1.2. How much flux is transferred? 

Flux transfer events are the evidence and consequence of transient magnetic reconnection. Then, 

the amount of magnetic flux content contained in each flux transfer events is the key measurement 
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of FTE’s influence on terrestrial magnetosphere. Multiple methods were used to estimate the total 

flux content of the FTE previously. Those previous study found the magnetic flux content within 

the FTE varies from a few hundred kWb to tens of MWb.  

 

Specifically, the total magnetic flux estimate relies on the estimate of the radius of the FTE cross-

section and the magnetic field profile or the core field strength, which can be estimated using in 

situ spacecraft measurement. Russell and Elphic [1979] used the plasma velocity and event 

duration to infer the radius, and found out the two FTEs they observed have a magnetic flux content 

of 29 MWb and 22 MWb respectively. Saunders et al. [1984] used simultaneous observations of 

the same FTE event from ISEE 1&2 spacecraft to find the lower limit of the FTE radius to be the 

separation of ISEE 1&2 spacecraft (1 RE) and the magnetic field strength was observed as 50 nT. 

They estimated the magnetic flux content to be at least 4 MWb. Rijnbeek et al. [1984] used a rough 

estimate of the FTE velocity being 100-200 km/s and the magnetic field strength being 50 nT, and 

calculated that the magnetic flux content is about 3MWb. With four spacecraft measurements from 

the Cluster mission, Hasegawa et al. [2006b] used Grad-Shafranov reconstruction technique to 
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generate a magnetic field map of the FTE cross-section. Using the magnetic field profile in the 

cross-sectional plane, they integrated over the area to get a total magnetic flux content of around 

1MWb, 2MWb, 2MWb and 4 MWb for four FTEs respectively. Similar to Hasegawa et al. [2006a], 

Zhang et al. [2008b] used the Kivelson and Khurana [1995] FTE model to fit the observed FTE 

event and the integrated the fitted FTE magnetic profile to get a magnetic flux content of 0.4 MWb. 

Eastwood et al. [2012] used a force-free model to confirm that the impact parameter of the FTE 

event is small so that the magnetosheath flow speed times the duration of each event results in the 

radius of the cross-section. Then they plug the radius of the cross-section and magnetic field 

maximum into the force-free Bessel function and found that the magnetic flux content for the 

magnetotail FTEs vary from 0.8 to 3 MWb.  

 

Other than the in situ satellite measurements, studies also used aurora and radar observation of the 

footprint of the FTE to estimate the magnetic flux content within the FTE. For example Lockwood 

et al. [1990] used EISCAT radar and estimated the magnetic flux content to be 7-34 MWb. Milan 

et al. [2000] used Polar UVI, CUTLASS, and IMAGE observations and estimated the magnetic 
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flux content to be around 75 MWb. Marchaudon et al. [2004] used superDARN radar observation 

and the Ørsted satellite and found the magnetic flux content to be 1-4 MWb. Oksavik et al. [2005] 

used multiple radars such as EISCAT and superDARN, and found a FTE with at least 1 MWb 

magnetic flux content. Fear et al. [2017] used conjugate Cluster spacecraft and superDARN 

global-scale radar, and found two FTEs with 77 and 46 MWb respectively. 

 

In short, previous studies of FTE using various of method found that the magnetic flux content 

within a FTE range from the scale of 0.1 MWb to 80 MWb. This would be responsible to 0.02% 

to 13% of the total magnetic flux in polar cap (~600 MWb [C S Huang et al., 2009; Milan et al., 

2007]). The core magnetic field strength is about 50nT from the in situ spacecraft measurements. 

 

1.1.3. Different models 

Though it is commonly accepted that flux transfer events are associated with magnetic 

reconnection. The generation mechanism of FTEs is still under debate. Multiple models were 

proposed to explain the cause of FTEs. Russell and Elphic [1978] proposed the elbow-shaped flux 
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rope model that might be produced by patchy and pulsed reconnection. The axial direction of the 

flux rope was along the interplanetary magnetic field (IMF) direction in magnetosheath while 

turning to the earth’s magnetic field direction when reaching the high-latitude terrestrial 

magnetosphere. Lee and Fu [1985] proposed a multiple X line model, in which FTEs are generated 

between two magnetic X lines so that the axial direction lies along the x-line. In addition to these 

two models, there are other, but not widely accepted, models such as the FTE being a surface wave 

from solar wind pressure pulses striking the magnetopause [Sibeck, 1990]; the vortex driven 

magnetic reconnection model [Pu et al., 1990]. Scholer [1995] and Lockwood and Hapgood [1998] 

have reviewed those FTE models in detail.  

 

1.1.4. Axial direction 

The axial direction of the flux transfer event is a key parameter. A more accurate determination of 

the axial orientation would help to better understand the topology, structure and evolution of the 

FTE. A variety of methods have been utilized previously to estimate the axial direction, for 
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example minimum variance analysis (MVA) on the magnetic field, MVA on the current density 

(CMVA), the Grad-Shafranov method and Faraday’s Law method.  

 

Minimum variance analysis applies to the 3-D vector quantity measurement and results in a 

direction that the given quantity has the least variation. A detailed description of this method can 

be found in [B.U.O. Sonnerup and Scheible, 1998]. This method was used in multiple studies to 

derive the axial direction for flux transfer events [e.g. Elphic and Russell, 1983; Elphic et al., 1980; 

Farrugia et al., 1987; Fear et al., 2012; Sibeck and Siscoe, 1984; Slavin et al., 1989; Xiao et al., 

2004].  

 

CMVA is similar to minimum variance analysis. For CMVA, the MVA technique is applied to the 

electric current instead of the magnetic field. This method was proposed by Z Y Huang et al. [2004] 

and was also studied by Xiao et al. [2004]. The problem with these two methods is common, they 

lack a solid physical foundation. The magnetic field and electric current within the flux transfer 
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events are along both the axial and azimuthal directions. Meanwhile their axial and azimuthal 

components both vary as a function of the distance to the center of the flux transfer events. So 

there is no guarantee that the maximum, medium nor minimum variance direction is the axial 

direction of the flux rope. The lack of solid physical foundation leads to the controversy that 

sometimes maximum variance direction on magnetic field are used to acquire the axial direction 

[e.g. Elphic and Russell, 1983; Sibeck and Siscoe, 1984; Zong et al., 1997]. In other studies the 

medium variance direction are used as the axial direction [Xiao et al., 2004].  

 

The Grad-Shafranov reconstruction is a technique to reconstruct the two dimensional magnetic 

field from time series measured by spacecraft. Details about this reconstruction method was 

described by Hau and Sonnerup [1999]. This method was used by Hasegawa et al. [2005] to 

estimate the axial direction of the FTE. There are a few assumptions underneath this method: the 

structure is assumed to be two dimensional; there must be a frame of reference in which the 

structure is stationary; the inertia effects can be neglected.  
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The Faraday’s law method was proposed by B. U. O. Sonnerup and Hasegawa [2005] based on 

the theta component of Faraday’s law equaling zero, i.e. !"#
!$

= 0. It requires relatively accurate 

magnetic and electric measurements as well as the restrictions described in B. U. O. Sonnerup and 

Hasegawa [2005].  

 

1.2. MMS Mission 

1.2.1. Mission overview 

The launch of the MMS mission on March 13, 2015 (Fig. 1.2.1), followed decades of investigation 

of the magnetosphere by missions such as OGO-5, ISEE 1 and 2, GGS/POLAR, Cluster and 

THEMIS. MMS is attempting to build the on results of previous missions by flying in a smaller, 

more accurate tetrahedron, with high data rates, omnidirectional coverage and greater accuracy 

than could be achieved before.  
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Figure 1.2. 1 Launch trajectory of the MMS’s launch vehicle Atlas V 

 

The NASA Magnetospheric Multiscale (MMS) Mission consists of four identical spacecraft (Fig. 

1.2.2), which form a nearly regular tetrahedron [Burch et al., 2015]. The separation of the 

spacecraft can be as close as 10km at apogee during Phase 1 of the prime mission, with a separation 

knowledge of 10m. The four MMS spacecraft carry fluxgate magnetometers, search coil 

magnetometers, triaxial electric field double probes and an electron drift measurement. For plasma 
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measurement, there is a fast plasma investigation (FPI), a hot particle composition analyzer 

(HPCA), and two energetic particle measurements, i.e. energetic ion spectrometer (EIS) and fly 

eye energetical particle spectrometer (FEEPS) [Burch et al., 2015] (Fig. 1.2.3). The magnetic field, 

electric field and plasma instruments onboard each spacecraft are identical and cross-calibrated. 

In the region of interest (greater than 9 Earth radii (RE) away from the Earth) the Fast Plasma 

Instruments (FPI) onboard the satellites operate at an unprecedented rapid cadence. In burst mode, 

the temporal resolution is a sample every 150ms for ions and 30ms for electrons, which is 

comparable to but longer than the 7.8ms burst-mode magnetic field data. These features facilitate 

the joint analysis of plasma and fields measurements to definitely and quantitatively answer 

physical questions related to the magnetic reconnection process by examining the variations of the 

directly measured physical quantities. 
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Figure 1.2. 2 Stack of four identical MMS satellite 
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Figure 1.2. 3 The instrument deck of MMS satellite 
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1.2.2. Orbit 

 

Figure 1.2. 4 Predicted Phase 1a and Phase 1b orbits for MMS [Fuselier et al., 2014].The orbits are 

projected onto the Geocentric Solar Magnetospheric (GSM) X-Y plane and onto the GSM Y -Z plane as 

viewed from the Sun (bottom panel). The black curve indicates the nominal location of Earth’s 

magnetopause. The black oval shows a representative Phase 1a orbit. The green region shows the overlay 
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of all the individual orbits as the orbit apogee passes through the dayside magnetosphere and 

magnetopause from the start of science operations on the dusk side of the Earth. The red dots identify 

predicted magnetopause crossings. 

Phase 1 (1a and 1b) of MMS mission started on Sept. 1st, 2015 and ended on Jan 31st, 2017. During 

this 1 and half year operation, MMS swept through dayside magnetopause twice. During this 

dayside magnetopause phase, the apogee of MMS fleet is 12 RE, between the average 

magnetopause and bow shock locations. The region of interest (ROI) is defined as spacecraft to 

earth distance larger than 9 RE. Inside ROI, the four MMS spacecraft form an approximately 

regular tetrahedron and all the instruments operate in higher data rate mode. The average distance 

between spacecraft has been changed a few times. The separations are: 160km from Sept. 1st, 2015 

to Sept. 16th, 2015; 60km from Sept. 17th, 2015 to Sept. 30th, 2015; 10km from Oct 1st, 2015 to end 

of phase 1a (around March 1st, 2015); 7km from beginning of phase 1b (Sept. 12th, 2016) to the 

end of it (Jan 31st, 2017). During phase 1a MMS mainly operated with a low inclination so that the 

spacecraft fleet mainly passed through the equatorial part of the magnetopause.  
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1.2.3. Fluxgate Magnetometer (FGM) 

The magnetic measurements are made with two fluxgate sensors and a search coil on each of the 

four spacecraft, which enable the usage of the ‘curlometer’ technique. The two fluxgates have 

different designs and different heritage [Russell et al., 2014] and are used to change gain at slightly 

different location to improve accuracy. These have been intercalibrated and calibrated against the 

Earth’s field. An electron gun (Electron Drift Instrument, EDI) obtains an independent estimate of 

the magnetic field that helps maintain absolute accuracy of the zero levels. The absolute accuracy 

of the measurements may be 0.1 nT or better at the present time. The relative offset between 

different spacecraft is also about 0.1 nT. The original data rate for the magnetometer is 128 Hz, 

but due to the limited bandwidth of the spacecraft download telemetry, it was down-sampled most 

of the time and then transferred back to Earth. The low temporal resolution data is called survey 

mode data, the rate of which is 16 Hz inside ROI and 8 Hz outside of ROI. For the time intervals 

of special interest, full 128 Hz resolution data are downloaded and are called burst mode. The 

interval of burst mode is selected by a procedure called scientist in the loop (SITL).  
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Figure 1.2. 5 Photograph of the fluxgate sensor with pigtail [Russell et al., 2014] 

 

1.2.4. Fast plasma investigation (FPI) 

Fast plasma investigation (FPI) onboard MMS spacecraft is capable of measuring the plasma 

moments and 3-D plasma distribution with an unprecedent temporal resolution. In order to achieve 

this, there are four dual ion spectrometers (DIS) and four dual electron spectrometers (DES) 

deployed on each of the four MMS spacecraft. Each DIS or DES has two electrostatic analyzers 

and covers 90 azimuthal degree viewing angle so that the FPI does not depend on the spacecraft 

rotation to complete one all-sky scan (Fig. 1.2.6). This configuration of spectrometers enables an 

extremely high data rate of plasma detection, specifically, it is 150ms for ions and 30ms for 
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electrons. However, also due to the telemetry bandwidth limitation this high temporal resolution 

can only be downloaded from the spacecraft in burst mode period. In other normal operation period 

within ROI, FPI data is only available at 4.5s data rate. 

 

Figure 1.2. 6 Demonstration of four MMS FPI dual spectrometers.Thirty-two azimuthal fields of view using 

eight spectrometers (four dual spectrometers) are deployed around each MMS observatory perimeter. 

Nominally identical fields of view are provided for electrons and for ions. Eight spectrometers for each 

species, each exercising four deflected fields of view, yields thirty-two azimuth samples for each species 

[Pollock et al., 2016]. 
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Chapter 2 

Methodologies 

Current is an important quantity for space plasma physics. There are multiple ways of measuring 

the current in situ in the space environment, such as calculating current from plasma density and 

velocity of electrons and ions, and deriving the current from the gradient of magnetic field 

measurement, i.e. the curlometer technique.  

 

2.1. Measurement of Current 

2.1.1. Calculating Current from Plasma Velocity and Density 

Calculating current from plasma measurements is relatively direct and straightforward, since the 

electric current is defined as the rate of flow of electric charge (Eq. 2.1.1).  

 𝒋 = 𝑛)𝑞)𝒗) − 𝑛-𝑞-𝒗-   … … Eq. 2.1.1 
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Around the dayside magnetopause, both in the magnetosheath and magnetosphere, the only 

particle carrying negative charge is electrons. Nevertheless, there are multiple species of positively 

charged particles, such as protons (H+), He+, He++ and O+. But the number density of heavy ions 

(heavier than He) is usually much smaller than the proton density. The number density of He++ is 

usually a few percent of that of protons and other species are even less dense (see Fig 2.1.1 for 

example). In terms of bulk velocity, usually the velocities of He+, He++ and O+ are comparable to 

that of protons. As a result, we need only to take into consideration electron and protons moments 

when calculating electric current from the plasma. Eq. 2.1.1 then becomes: 

𝒋 = (𝑛/𝒗/ − 𝑛0𝒗0)𝑒.   … … Eq. 2.1.2 

 

The fast plasma Investigation (FPI) onboard the MMS spacecraft is able to measure plasma 

moments with a very fast cadence, that is 150ms for protons and 30ms for electrons. Theoretically 

and strictly speaking, the highest temporal resolution for current calculated from plasma should be 

150ms/sample. But if the assumption that ions not having high frequency perturbations within 

150ms holds, we can get interpolate the ions moments to the time stamps of electrons and then get 
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the current measurement with a resolution as fast as 30ms/sample, or 33Hz. Another advantage of 

current derived from plasma measured by MMS spacecraft fleet is that we can get four current 

measurement at slightly separated locations for a single event.  

 

Figure 2.1. 1 a 
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Figure 2.1. 1 b 

 

Figure 2.1. 1 c 
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Figure 2.1. 1 d 

Figure 2.1. 1 Positively charged particle number densities measured by Hot Plasma Composition Analyzer 

(HPCA) onboard MMS1 spacecraft around a magnetopause crossing event.The sixteen panels are number 

densities and x, y, z components of bulk flow velocities for H+ (subplot a), He+(subplot b), He++(subplot ) 

and O+ (subplot d) respectively. The spacecraft crossed magnetopause at around 13:41:00 from 

magnetosheath (on the left hand side) to the magnetopause (on the right hand side). 
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2.1.2. Curlometer Technique 

Another way to derive the current from directly measured physics quantities in space is from the 

magnetic field gradient. This method requires at least four points of measurement in a regular 

tetrahedron configuration.  

∇ × 𝐁 = 𝜇7(𝑱 + 𝜀7
!𝑬
!<
) …… Eq. 2.1.3 

The relationship between magnetic field and current is revealed by the Ampère's circuital law in 

Maxwell’s equation set (Eq. 2.1.3). Since in space plasmas, the displacement current is usually so 

small that can be ignored, so that Ampere’s Law can be written as Eq. 2.1.4. The integration 

version of Eq. 2.1.4 is Eq. 2.1.5. With the four spacecraft, Eq. 2.1.5 can be solved with appropriate 

approximations [Robert, 1998]. 

∇ × 𝐁 = 𝜇7𝑱  … … Eq. 2.1.4 

∮ 𝑩 ∙ 𝑑𝒍!B = 𝜇7 ∬ 𝒋 ∙ 𝑑𝒔B   … … Eq. 2.1.5 

As shown in Fig. 2.1.2 three of the MMS spacecraft, i, j and k form a regular triangle. Assume 

within the spacecraft separation, the variation of magnetic field B is linear along the edges. For 
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simplicity, we define: ∆𝑹GH = 𝑹H − 𝑹G, < 𝑩GH >	= (𝑩G + 𝑩H)/2. So, the right-hand side (RHS) 

of Eq. 2.1.5 can be written as:  

∮ 𝑩 ∙ 𝑑𝒍!B   = < 𝑩GH >∙ ∆𝑹GH	+	< 𝑩HN >∙ ∆𝑹HN+	< 𝑩NG >∙ ∆𝑹NG	 … … Eq. 2.1.6 

Note that ∆𝑹GH + ∆𝑹HN + ∆𝑹HG = 0, so Eq. 2.1.6 can be simplified to:  

∮ 𝑩 ∙ 𝑑𝒍!B = ∆𝑹HN ∙ O	< 𝑩HN > −	< 𝑩GH >P + ∆𝑹NG ∙ O	< 𝑩NG > −	< 𝑩GH >P  

∮ 𝑩 ∙ 𝑑𝒍!B = ∆𝑹HN ∙ (	𝑩N − 𝑩G)/2 + ∆𝑹NG ∙ O	𝑩N − 𝑩HP/2  

∮ 𝑩 ∙ 𝑑𝒍!B = ∆𝑹NH ∙
∆𝑩QR
S
− ∆𝑹NG ∙

∆𝑩QT
S

  … … Eq 2.1.7 

Where ∆𝑹NH, ∆𝑩NG can easily be obtained from MMS magnetic field measurement and spacecraft 

position data.  

As for the left-hand side of Eq. 2.1.5, we assume that the current j flowing through the side ijk is 

constant.                

Then, the LHS of Eq. 2.1.5 can be written as Eq. 2.1.8. 

 ∬ 𝒋 ∙ 𝑑𝒔B = 𝐣 ∙ 𝐧S = 𝐣 ∙ ∆𝑹QR×∆𝑹QT
S

= 𝐣 ∙ 𝐧 Y∆𝑹QR×∆𝑹QTY
S

	 … … Eq. 2.1.8 
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Combining Eq. 2.1.7 and Eq 2.1.8, we can get the current calculation formula in terms of the 

magnetic field difference and relative spacecraft position measurement as Eq. 2.1.9. 

So,		𝜇7𝐣 ∙ 𝐧 = 𝜇7O𝑗[𝑛[ + 𝑗\𝑛] + 𝑗\𝑛]P =
∆𝑹QT∙∆𝑩QR-∆𝑹QR∙∆𝑩QT

Y∆𝑹QR×∆𝑹QTY
 … … Eq. 2.1.9 

In Eq. 2.1.9, 𝑛[, 𝑛\	𝑎𝑛𝑑	𝑛] are three components of the normal direction 𝒏 of plane ijk, which 

can be calculated as 
∆𝑹QR×∆𝑹QT
Y∆𝑹QR×∆𝑹QTY

. And the three unknowns 𝑗[, 𝑗\	𝑎𝑛𝑑	𝑗] are the components of 𝒋 

in the same coordinates as 𝑛[, 𝑛\	𝑎𝑛𝑑	𝑛]. 

 

Since there are three unknowns 𝑗[, 𝑗\	𝑎𝑛𝑑	𝑗], we then can calculate Eq. 2.1.9 for 3 out of the 4 

sides on the tetrahedron formed by MMS (Fig. 2.1.3) and obtain a set of three equations. By solving 

this set of equations, we will get 𝑗[, 𝑗\	𝑎𝑛𝑑	𝑗]. Since the divergence of electric current is zero 

(∇ × 𝒋 = 0). The fourth side would be a redundant information under this restriction. Thus, use 

any set of three sides to calculate the current would result in the same current. 
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Figure 2.1. 2 Illustration of the plane formed by spacecraft i, j and k 

 

Figure 2.1. 3 Sketch of the tetrahedron formed by four MMS spacecraft 

There are some restrictions associated with this current calculation method through. The basic 

assumption underneath this calculation is that the magnetic field is linear within the tetrahedron 

formed by four spacecraft and the current is constant. In practice, utilizing this method should 

result in the average current strength within the tetrahedron. It cannot resolve accurately any 
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current with spatial perturbation scale smaller than the spacecraft separation. The advantage of this 

method over simply calculating the electric current from the motions of the electrons and the ions 

is that the derived current may have a much faster temporal resolution since the magnetic field 

measurement is much faster. It can be as fast as 128Hz for burst mode of fluxgate magnetometer 

(FGM) onboard MMS spacecraft, about four times faster than the plasma measurement.  

 

2.1.3. Comparison Between the Current Derived from Plasma Measurements and Magnetic 

Field Gradient 
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Figure 2.1. 4 An example of current calculation for an FTE.The four panels are the x, y, and z components 

as well as the magnitude of derived currents. The black traces in each panel are the currents calculated 

using the curlometer technique, the red traces are the currents derived from plasma moments and the green 

traces are the differences between them. 

Figure 2.1.4 is the comparison between the two current calculation methods for an example flux 

transfer event. The current from plasma moments is interpolated into the same cadence as the 

current from curlometer. Meanwhile, the plasma currents from four MMS spacecraft were 

averaged together. It is evident from this plot that when the current is strong (on the scale of a few 

hundred nA/km), the difference between the currents measured by these two methods are so small 

as to be negligible. The difference is less than 10 percent. Nevertheless, the curlometer current has 

more detailed structures but it is not very obvious. However when the current is small (smaller 

than 100 nA/km), the difference is relatively large though the absolute value remains the same. It 

is worth noting that most of the time, the current n structures of interested around the dayside 

magnetopause is much larger than 100 nA/km. 
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2.2. Gradient Calculation 

 

The gradients of the directly measured physics quantities, such as pressure and magnetic field, are 

also of great importance. The gradients of pressure are needed in order to calculate the momentum 

changes of the plasma. On the other hand, the gradient of magnetic field is required by the Maxwell 

equations for the electromagnetic field variation. With the tetrahedron formed by four MMS 

spacecraft, it would be possible to calculate the gradient for both scalar quantities and vector 

quantities.  

 

The numerical method to calculate the gradient of a vector or scalar field was developed by Harvey 

[1998]. For a scalar field m, assume 𝐤 = ∇m is the gradient tensor of the it. Given 𝑚c and 𝑚d, 

the measurement of m at two locations 𝛼	and 𝛽, as well as 𝒓c and 𝒓d, the vector position of the 

two locations. The first-order Taylor expansion of m is: O𝑚c − 𝑚dP = 𝐤 ∙ O𝒓c − 𝒓dP + O(|𝒓|S). 

If m can be measured at N locations in total, then there will be j(j-k)
S

 Taylor expansions. Define 

the function S to be the summation of the squared residue of the all j(j-k)
S

 1st order Taylor 
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expansion of m measured at N points. S will be calculated as Eq. 2.2.1. 𝒓c in Eq.2.2.1 is the 

location of spacecraft 𝛼 in the mesocenter frame, where the mesocenter is defined as the average 

location of the four spacecraft.  

𝑆 = ∑ ∑ |n𝐤 ∙ O𝒓c − 𝒓dP − O𝑚c −𝑚dPo|Sj
dpk

j
cpk  … … Eq. 2.2.1 

 

In order to obtain the best estimate of 𝐤 = ∇𝑚, we need to minimize the residue, i.e. find the 

solution for q𝑺
qNR

= 0. By solving this set of equations, we obtain: 

𝑘H =
k
jt
[∑ (𝑚c − 𝑚d)(𝑟cN − 𝑟dN)cwd ]𝑅NH-k … … Eq. 2.2.2 

, where 𝑅NH	 = k
j
∑ 𝑟cG𝑟cHj
cpk . 

 

There are three unknowns 𝑘[, 𝑘\ and 𝑘]. With four MMS spacecraft, there are three independent 

Taylor expansions, it is sufficient so solve for the three unknowns. 
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Similarly, for a vector field 𝒃, the gradient tensor 𝐤 for it can be solved as Eq 2.2.3. 

𝑘GH =
k
jt
[∑ (𝑏cG − 𝑏dG)(𝑟cN − 𝑟dN)cwd ]𝑅NH-k … … Eq. 2.2.3 

 

There are 9 unknowns in Eq. 2.2.3, namely 𝑘GH , i = 1, 2, 3 and j = 1, 2, 3. With the three 

dimensional vector measured by four MMS spacecraft, there are three independent sets of vector 

Taylor expansions, so totally there are 9 independent equations. So it is also sufficient to solve Eq. 

2.2.3.  

 

There are also some limitations to the these gradient calculations. Since only the first-order Taylor 

expansion is used, the result would be less accurate if the field within the spacecraft tetrahedron is 

more non-linear. However, with only four spacecraft, it is nearly impossible to examine the spatial 

linearity of the quantities. For three dimensional space, the direct examination of the linearity of 

the field requires at least five points of instantaneous measurements.   
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2.3. Radius of Curvature Calculation 

 

The curvature of magnetic field is another important physical parameter for space plasma physics. 

The measurement of the curvature would help to understand the topology of the magnetic field 

lines, especially for events like magnetic reconnection and flux transfer events. The curvature 

calculation would also enable the estimation of magnetic curvature force imposed onto the plasma.  

   

The calculation function for the curvature of magnetic field is 𝜿 = 𝒃 ∙ ∇𝒃 , where 𝒃  is the 

magnetic field unit vector. In this equation, ∇𝒃 can be calculated the same as the method used in 

section 2.2. The first 𝒃 on the left hand side of the dot product can be used as the average of the 

magnetic field directions measured by four MMS spacecraft. The radius of curvature is the inverse 

of the magnitude of curvature of magnetic field 𝑅} =
𝟏
|𝜿|

. 

 

2.4. The Force Analysis for Space Plasma Structure  



 37 

 

Analyzing the forces exerts on the plasma is important for studying the key elements that control 

the space plasma phenomena and the evolution of them. For the space plasma phenomena that can 

be analyzed by MHD equations, those forces form the MHD momentum equation Eq. 2.4.1. 

Usually, the off-diagonal terms in the pressure tensor measured by the MMS spacecraft during the 

events analyzed in this thesis are so small compared to the diagonal terms (less than 1 percent) that 

they can be ignored. Also in the pressure tensor, the terms perpendicular to the magnetic field are 

usually gyrotropic (the pressure along the two directions perpendicular to the magnetic field are 

the same). So the pressure tensor in Eq. 2.4.1 can be rewrite as 𝑃 = �
𝑝� 0 0
0 𝑝� 0
0 0 𝑝∥

�. After simple 

algebra, this momentum equation can be divided into two parts, one along the magnetic field 

direction (Eq. 2.4.2) and the other perpendicular to the magnetic field direction (Eq. 2.4.3).  

𝜌 �𝒖
�<
= 𝑱 × 𝑩 − ∇ ∙ 𝑃    … … Eq. 2.4.1 

𝜌 ��∥
�<

= 𝒃	{𝒃 ∙ ∇𝑃∥＋(𝑃� − 𝑃�)
(𝒃∙∇)�
�

}  … … Eq. 2.4.2 

𝜌
𝐷𝒖�
𝐷𝑡 = −∇�(𝑃� + 𝑃G� + 𝑃0�) + �2𝑃� + (𝑃G� − 𝑃G∥) + (𝑃0� − 𝑃0∥)�𝜿																																								 
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	= (−∇�𝑃�) + (−∇�𝑃G�) + (−∇�𝑃0�) + 2𝑃�𝜿 + (𝑃G� − 𝑃G∥)𝜿 + (𝑃0� − 𝑃0∥)𝜿 … … Eq. 2.4.3 

where 𝑃� = �t

S�
 is the magnetic pressure and  𝜿 = 𝒃 ∙ ∇𝒃 is the curvature of magnetic field.  

 

Usually the parallel components of the momentum function are very small and can be ignored for 

the structures studied in this paper. The terms in the right hand side of the perpendicular 

momentum equation are the magnetic pressure gradient force −∇�𝑃�, the ion pressure gradient 

force −∇�𝑃G�, the electron pressure gradient force −∇�𝑃0�, the magnetic curvature force 2𝑃�𝜿, 

the curvature force associated with the ion anisotropy (𝑃G� − 𝑃G∥)𝜿, and the curvature force 

associated with the electron anisotropy (𝑃0� − 𝑃0∥)𝜿. 
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Figure 2.4. 1 An example of the force analysis applied to flux transfer events.The four panels are the P, Q 

and R components (which would be explained in following section 2.6) as well as the magnitude of the 

forces. The black trace is the magnetic pressure gradient force, the dark green trace is the magnetic 

curvature force, the light blue trace is the ion pressure gradient force, the red trace is the electron pressure 

gradient force, the dark blue trace is the curvature force associated with the ion anisotropy, the light green 

trace is the curvature forces associated with the electron anisotropy, and the red trace is the summation of 

all terms above. 

 

2.5. Timing Method 

 

Measuring the velocity of space plasma structures is essential to understand their evolution. The 

key challenge in determining their velocity is that the spatial and temporal variation of the structure 

would entangle together if only one spacecraft were used. However with multiple spacecraft, the 

spatial variation can be determined definitely, and the velocity of the structures can be calculated. 
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For a structure travelling in three dimensional space, at least four spacecraft are needed in order to 

determine the 3-D velocity vector. The multi-spacecraft timing method [Russell et al., 1983b] 

provides the velocity. 

 

The fundamental assumption adopted by the timing method is that the structure can be viewed as 

a planar structure at the scale of the spacecraft separation. The MMS fleet forms a closely (can be 

as close as ~10km) separated tetrahedron, much smaller than the curvature radius of most 

structures studied in this thesis, such as ion scale FTEs (~100km). We can determine the time 

differences for four spacecraft to pass the same magnetic field strength and their spatial location 

when recording this magnetic field strength (Fig. 2.5.1). Then we can solve for the instantaneous 

normal direction and velocity at this instant V [Russell et al., 1983b]. Let Δ𝑡Sk, Δ𝑡�k	and Δ𝑡�k be 

the time difference when the four spacecraft observe the same signature of the same structure, and 

Δ𝒙Sk, Δ𝒙�k and Δ𝒙�k be vector spatial separation between MMS1 and the other three spacecraft. 

The spatial separations along the normal direction should equal the shock velocity times the 

temporal difference, i.e.,  
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(
Δ𝒙Sk
Δ𝒙�k
Δ𝒙�k

)(
𝑁[
𝑁\
𝑁]
) = 𝑣(

Δ𝑡Sk
Δ𝑡�k
Δ𝑡�k

)  … … Eq. 2.5.1 

Solving this set of equations will result in the normal direction of this structure N (𝑁[,𝑁\,𝑁]) and 

the velocity of the structure 𝑣 along the normal.  

 

Here, we choose the same magnetic field strength as a standard, and calculated the instantaneous 

velocity at the corresponding time. When choosing different magnetic field strength as the standard, 

we will get the varying velocity profile as a function of time (Fig. 2.5.1). If the temporal variation 

is small compare to duration of the structure recorded by the spacecraft, i.e. this steady structure 

convects by the spacecraft, then the temporal varying velocity can then be translated into spatial 

velocity profile.  
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Figure 2.5. 1 An example of a flux rope velocity profile calculation.Red and blue shaded areas are examples of 

velocity calculations at two different times. 

The local planar structure is a limitation to this method. For structures with very small radius of 

curvature or those that are complicated and turbulent, such as shocks and the electron diffusion 

region, the result from the timing method is not very accurate. So comparing the radius of curvature 

analysis result from section 2.3 and the spacecraft separation is a good criterial to validate this 

timing method. 
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2.6. Definition of Flux-Rope Coordinate system (PRQ) 

 

For a flux rope structure, there is a need for a local coordinate system for a better understanding 

of the flux rope properties, for example the bipolar magnetic field signature. Since the flux rope is 

rotationally symmetric with respect to the rope axis, it is necessary to develop a coordinate system 

using the rope axial direction as an axis. Here we call this coordinate system the FTE-PQR 

coordinate system. We use the letter PQR instead of LMN to represent the local coordinates for 

the FTE to eliminate the confusion between this local flux rope coordinate system and the 

magnetopause boundary normal coordinates proposed by Russell and Elphic [1978]. In this flux 

rope coordinate system, R represent the rope axial direction and P and Q are two directions on the 

cross-sectional plane of the FTE.  

 

The axial direction is critical for the flux rope studies, it is previously obtained by utilizing 

minimum variance analysis (MVA) on the magnetic field, for example Eastwood et al. [2012]. 

However, for the flux rope, its magnetic field (blue lines in Fig. 2.6.1) is a function of the distance 
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to the rope axis, i.e., 𝑩 = 𝑩(𝑃,𝑄). The magnetic field has two components, one along the rope 

axial direction (𝐵�) and the other is the azimuthal direction (𝐵�]). The axial magnetic field 

component 𝐵�(𝑃, 𝑄) is non-zero and also varies as a function of the cross-sectional position 

(𝑃, 𝑄). So, when the spacecraft passes through the flux rope and records a time series 𝑩(𝑡), its 

projection along the axial direction 𝐵�(𝑡) = 𝑩(𝑡) ⋅ 𝑹 = 𝐵�(𝑃, 𝑄)  varies. Thus, the axial 

magnetic field component is not the one with minimum variance, i.e. performing MVA on the 

magnetic field will not yield the axial direction of a rope.  

 

However, on the scale of spacecraft separation (around 10km), the magnetic pressure gradient 

force only acts perpendicular to the axis of the flux rope, ∇𝑃� = (∇𝑃�)�𝑷+ (∇𝑃�) 𝑸 + 0𝑹, as 

shown by the green arrows in fig. 2.6.1. So, when the time series ∇𝑃�(𝑡) is calculated using 

measured 𝑩(𝑡) from four spacecraft that form a regular tetrahedron, ∇𝑃�(𝑡) ⋅ 𝑹 would vanish. 

Thus, when minimum variance analysis is performed on ∇𝑃�(𝑡), it will result in the axial direction 

of the flux rope. 
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As for the two directions on the cross-sectional plane, physically, there is no preferred direction if 

the cross-sectional plane is circular. So, we choose the 𝑃-direction to be perpendicular to the 

average transverse moving direction,	𝑷 = 𝑽<£¤¤¤ × 𝑹. The bipolar magnetic field signature will be in 

the P direction. And 𝑸 = 𝑹 × (𝑽<£¤¤¤ × 𝑹) completes the right-hand coordinate system. Where 𝑽<£¤¤¤ 

is the average moving velocity using the multi-spacecraft timing method stated in the previous 

section. 

 

Figure 2.6. 1  Three-D illustration of the flux rope structure; the blue curve is the magnetic field line, green 

arrow is the magnetic pressure gradient force, the varying yellow shades indicate different magnetic pressure 

values. 
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2.7. Calculation of the Impact Parameter and Total Magnetic Flux of FTEs. 

Assume the FTE cross-section to be circular as Fig. 2.6.2. The distance at which the spacecraft cut 

through the FTE (X) can be estimated along with the duration of this FTE and its average velocity, 

𝑋 = |𝑽<¤¤¤|𝑇. The polar angle change, θ, with respect to the center of the FTE is equal to the angular 

variation of the instantaneous normal directions. 

So, the radius of the FTE is 𝑟 = §
S¨©ª	(«/S)

. 

The impact parameter is 𝑑 = §
S¬ª	(«/S)

. 

The total magnetic flux contained in this flux rope is: φ = π𝑟S〈𝐵〉.  

 



 47 

Figure 2.6. 2 The cross-sectional plane of the flux rope. Blue lines are the projected magnetic field line. The red 

dashed line is the trajectory of the spacecraft. The red arrows are the local normal direction. 

 

2.8. Maximum Shear Angle Model 

Finding the location of the magnetic reconnection onset is important for studying the evolution of 

the magnetic reconnection and the phenomena associated with it, such as the flux transfer events. 

The larger the angle between the magnetic fields are on the two sides of the current sheet (magnetic 

field shear angle), the more likely magnetic reconnection can happen [Paschmann et al., 1986; 

Phan et al., 2010]. So, one way to estimate the onset location of magnetic reconnection is to find 

out the place with the largest magnetic field shear angle on the magnetopause. In this thesis we use 

the maximum magnetic shear model developed by Trattner et al. [2007] with some modifications.   

 

In the Trattner et al. [2007] model, the procedure needed to estimate the magnetic shear angle on 

the magnetopause are: estimate the magnetopause location based on solar wind conditions, model 
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the magnetic field on the inner edge of the magnetopause based on both solar wind conditions and 

the geomagnetic activity, and calculate the magnetic field on the outer edge of the magnetopause 

based on the solar wind conditions. 

 

The first step is to find the magnetopause location. Originally, Trattner et al. [2007] fitted the 

surface of magnetopause using the magnetopause model proposed by Sibeck et al. [1991] 

 𝑔 = 𝑅S + 𝐴𝑥S + 𝐵𝑥 + 𝐶, where A, B and C are three parameters controlled by the solar wind 

pressure. However the Tsyganenko T96 model [Tsyganenko and Stern, 1996] will be used later to 

calculate the magnetic field in the magnetosphere just inside the magnetopause. Besides, Sibeck’s 

model does not take in to account the GSM-z component of interplanetary magnetic field (IMF), 

the key parameter that controls magnetic reconnection on the dayside magnetopause, while the 

magnetopause determined by T96 model does. So, in this paper we modified the magnetopause 

location model to be consistent with the T96 model. That is to say the magnetopause location used 

in this paper is the boundary between open magnetic field lines and closed terrestrial magnetic 

field line fitted by the T96 model.  



 49 

 

The second step is to calculate the magnetic field at the inner edge of the magnetopause, i.e. the 

terrestrial magnetic field on the magnetopause boundary. For this purpose, the Tsyganenko T96 

model is appropriate, since it takes into account both the solar wind conditions, including the solar 

wind pressure, IMF Bz and IMF By, and the geomagnetic activities, i.e. the Disturbance Storm-

Time (Dst) index. It well represents the modification of Earth’s intrinsic dipole magnetic field by 

the current system induced by geomagnetic activity.  

 

The last step is calculating the magnetic field on the outer boundary of magnetopause. Here two 

processes need to be considered. The first one is the compression of solar wind by the terrestrial 

bow shock. The standoff distance of the bow shock was calculated by using the analytical solution 

derived by Farris and Russell [1994]. The second one is the propagation of shocked solar wind 

and IMF the from bow shock through the magnetosheath to the magnetopause. Cooling et al. [2001] 

model is employed to solve for the magnetic field on the outer edge of the magnetopause. 
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Figure 2.8.1 is the comparison of the magnetic field shear angle on the magnetopause projected to 

the GSM y-z plane between the original Trattner et al. [2007] model on the left and the modified 

version based on their model on the right hand side. The two plots have exactly the same solar 

wind conditions and geomagnetic field indices input. The results from the orginal model and the 

modified one are similar. There are only subtle differences between them. 

 

Figure 2.8. 1 The comparison between comparison of the magnetic field shear angle on the magnetopause 

projected to the GSM y-z plane between the Trattner et al. [2007]maximum magnetic shear model (left) 

and the modification based on their model. (right) 
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2.9. Estimating the Age of Flux Transfer Events 

 

There are two fundamental assumptions used here. The first one is that the FTE observed by MMS 

spacecraft were generated at the reconnection site, i.e. the maximum magnetic shear region on 

dayside magnetopause that is closest to the FTE location. The second one is that the FTE 

propagates with a constant velocity from its birth place to the location where the spacecraft records 

it. Since the reconnection site can be estimated by the maximum magnetic shear model in section 

2.8 and the velocity of the FTE can be calculated by using the multi-spacecraft timing method in 

section 2.5. The age can then be estimated as the distance (D) from spacecraft to the reconnection 

site by the FTE moving velocity (v), i.e. Eq. 2.8.1.  

𝑇¶·" =
�
¸
 … … Eq. 2.8.1 
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However there is an issue with determining the FTE birth place numerically and routinely. If the 

place where the magnetic shear angle is larger than 170 degrees is selected as the birth place of 

FTE, sometimes a situation like that in Fig. 2.8.2 could happen due to the relatively low magnetic 

shear angle across the magnetopause. In the example shown in Fig. 2.8.2 the maximum shear angle 

throughout the dayside magnetopause is 174 degrees. The red blob below the FTE should be the 

correct birth place of the FTE since the FTE is relatively small (about 400km radius in cross 

sectional plane, or a few ion skin depth). Thus it should not be far away from the reconnection site. 

So we modify the criteria of FTE birth place to be larger than 90% of the maximum magnetic shear 

angle throughout the dayside magnetopause. The result with the new FTE birth place identification 

criterion is shown in Fig. 2.8.3. The blob below the FTE was identified as the FTE birth place.  



 53 

 

Figure 2.8. 2 An example of FTE (the white star) and corresponding magnetic shear angle distribution on 

the magnetopause(color coded by the shear angle values). The white shaded region is the identified birth 

place of the FTE using the criterion that the magnetic shear angle be larger than 170 degrees. 
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Figure 2.8. 3 An example of an FTE (the white star) and the corresponding magnetic shear angle 

distribution on the magnetopause(color coded by the shear angle values). The white shaded region is the 

identified birth place of the FTE by using the criterion that the magnetic shear angle be larger than 90 

percent of the largest shear magnetic angle throughout the dayside magnetopause. 
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Chap. 3 

Current structures on the magnetopause  

There are multiple kinds of current structures in the vicinity of the magnetopause, such as 

magnetopause current sheet, flux ropes and magnetosheath field enhancements. These structures 

are different physical phenomenon but they may share similar observational features. So it is of 

great importance to distinguish FTEs from other current sheets in order to identify them accurately. 

In this chapter, we discuss the properties of each type of structure in detail and summarize their 

differences and similarities. 

 

3.1. Magnetopause Current Layer 

 

The magnetopause is the magnetic barrier that shields the terrestrial magnetic and plasma 

environment against the solar wind energetic plasma and interplanetary magnetic field. In response 

to different solar wind properties, the properties and magnetic topology of magnetopause change. 
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The bourndary shape is controlled by the direction of the interplanetary magnetic field (IMF) 

[Aubry et al., 1970] as well as the solar wind Mach number [Le and Russell, 1994]. The direction 

of the interplanetary magnetic field has a great influence on the structure of the magnetopause 

because a southward IMF favors the occurrence of magnetic reconnection on the dayside 

magnetopause [Dungey, 1961]. This affects the magnetic topology and plasma behavior inside the 

magnetopause. A smaller solar wind fast magnetosonic Mach number correspond to a smaller 

plasma beta in the magnetosheath after the solar wind passes through the terrestrial bow shock. 

We expect the magnetopause current sheet to be quieter under lower solar wind Mach number 

conditions due to the lower plasma beta downstream of the shock. 

 

3.1.1. The Magnetopause under Higher than Average Mach Number Southward IMF 

Fig. 3.1.1 shows a case of a quiet magnetopause when the solar wind Mach number is 5.7 and IMF 

has a southward component (-0.8 nT) as observed by the Wind spacecraft. All the data has been 

transferred into the local magnetopause coordinate system (LMN). However the local magnetic 

field is northward in the magnetosheath, it only rotates 90 degrees across the magnetopause. There 
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is a very small bipolar structure along the normal direction, but there is no other particular signature 

associated with this small structure. The field magnitude increases roughly linearly from the 

magnetosheath side to the magnetosphere side. The total pressure, on the other hand, is nearly 

constant throughout this magnetopause crossing. The force balance for this magnetopause is 

established between the outward magnetic pressure gradient force and the inward ion pressure 

gradient force in three regions inside the magnetopause crossing. The parallel and perpendicular 

currents also have three sub-structures corresponding to the three enhanced forces region. The 

plasma signature was depicted in Figure 3.1.1c. There the electron energy spectrum transforms 

from the magnetosheath plasma, which consists of mainly low energy plasma to the magnetopause 

boundary layer where the low energy plasma flux decreases considerably. The low energy 

electrons were nearly anisotropic. Whereas the mid-energy electrons mainly stream perpendicular 

to the magnetic field in the magnetosheath and along and antiparallel to the magnetic field in the 

magnetopause boundary layer.  
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Fig. 3.1. 1a 
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Fig. 3.1. 1b 

Figure 3.1. 1 An example of magnetopause crossing under higher than average Mach number and 

southward IMF. Subplot 3.1.1a: The first four panels are magnetic field measurements (L, M and N 

components and magnitude) rotated into local magnetopause boundary normal (LMN) coordinate system. 

The traces are color coded by different spacecraft, black, red, green and blue traces represent MMS1, 2, 3 

and 4 respectively. The fifth panel is the scale size information, the black trace is the radius of curvature of 
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magnetic field, green trace is the ion gyro radius and red trace is the spacecraft separation. The sixth panel 

is the total pressure (in red) and the magnetic pressure (in black). The seventh panel is the normal (N) 

component of magnetic pressure gradient force (in black) and ion pressure gradient force (in red). The 

bottom three panels are the current along normal direction, parallel to magnetic field and perpendicular 

to magnetic field respectively. Subplot b: The first panel is the L component of magnetic field for reference. 

The 2nd and 3rd panels are the energy spectra from ions and electrons respectively. The bottom three panels 

are the energy spectrum for ions, pitch-angle distribution for low-energy (2-200 eV) and mid-energy (200-

2000 eV) electrons. 
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Fig. 3.1. 2a 
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Fig. 3.1. 2b 

Figure 3.1. 2 Another example of magnetopause crossing under higher than average Mach number and 

southward IMF. Same format as Fig. 3.1.1. 

 

Fig. 3.1.2 is another magnetopause crossing event under similar southward IMF with higher than 

average fast magentosonic Mach number. However for this event, the local magnetic field in the 

magnetosheath is anti-parallel to the magnetic field in the magnetosphere. The field drops from 
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about 40nT in the magnetosphere to about zero in the magnetopause region. The curvature of the 

magnetic field also dropped below the ion gyro radius coincidence with the region of low magnetic 

field strength inside the magnetopause current layer. The forces are mainly concentrated in two 

regions, the magnetic pressure gradient force points outward closer to the magnetospheric side and 

turns inward near the magnetosheath side of the magnetopause current layer, which would squeeze 

the magnetopause current layer. On the other hand, the ion pressure gradient force was inward near 

the magnetosphere side and turned outward near the magnetosheath side of the magnetopause 

current layer, so the effect of the ion pressure gradient force is supporting the current layer structure. 

The parallel and perpendicular currents were also consistent with the two regions of forces. The 

current changes from antiparallel to the magnetic field (streaming to the southern polar region) to 

parallel along the magnetic field. The perpendicular current peaked at a higher level (~900 nA/m2) 

near the magnetosphere side of the magnetopause, and decreased to a lower peak value (~600 

nA/m2) near the magnetosheath side of the magnetopause. In terms of plasma, the electrons are 

mainly in the low range with an order of magnitude higher flux than the mid-energy electrons. The 

pitch angle distributions for both low-energy and mid-energy electrons are were isotropic in the 
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regions of small radius of curvature (and low field strength), which marks the entry into electron 

diffusion region. Near the magnetopause, the electrons are streaming along the magnetic field in 

both directions. 
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3.1.2. Magnetopause under Higher than Average Mach Number Northward IMF 

 
Fig. 3.1.3a 
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Fig. 3.1.3b 

Figure 3.1. 3 An example of magnetopause crossing under higher than average Mach number and 

northward IMF. The plot has same format as Fig 3.1.1. 

 

Fig. 3.1.3 is a magnetopause crossing under higher than average Mach number and northward IMF 

condition. The magnetic field in local magnetosheath also has northward component. The radius 
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of curvature of magnetic field does not have much variation inside this magnetopause current layer. 

The forces associated with this northward magnetopause crossing are noisier and it does not have 

apparent sub-structures within the current layer. However, the magnetic pressure gradient force is 

still pointing outward while the ion pressure gradient force is opposing it. The parallel current 

(peak~400 nA/m2) is slightly larger than the perpendicular current (peak~350 nA/m2), but they 

have the same order of magnitude. The electron flux within magnetosheath is concentrated 

between 30 eV to 1000 eV. The low energy electron populations are depleted passing through the 

magnetopause current layer, and the high energy electrons gradually fill in. The pitch angle 

distribution for low-energy electrons and mid-energy electrons are guided by the magnetic field, 

stream both parallel and antiparallel to the field beside one warm spot of 90° pitch angle electrons 

on the magnetosheath side boundary of the magnetopause current layer.  
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3.1.3. Magnetopause under Lower than Average Mach Number Southward IMF 

 
Fig. 3.1.4a 
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Fig. 3.1.4b 

Figure 3.1. 4 An example of a magnetopause crossing under lower than average Mach number and 

southward IMF. Same format as Fig 3.1.1. 
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Fig. 3.1.4 is a 8-minute-long plot of a magnetopause event under lower than average fast 

magnetosonic Mach number and southward IMF condition. The magnetic field turns from being 

mostly in the +y direction with relatively a weak southward component in the magnetosheath to 

field being mainly in northward direction with a very noisy transition, probably due to the 

oscillation of the magnetopause boundary layer. The field strength does not change much during 

this transition, however the total pressure does increase a little. The force only is strong, although 

very noisy, around the oscillation boundary, with the magnetic force and ion pressure force 

opposing each other. The parallel current for this region is much stronger (around 2 times) than 

the perpendicular current. The parallel current is on the order of 500 nA/m2, while the 

perpendicular current is on the oder of 250 nA/m2. Plasma characteristics also change a lot from 

magnetosheath to the magnetopause boundary layer. In the magnetosheath, the major plasma 

populations are ions under 200 eV and electrons under 100 eV, whereas in the boundary layer, 

energy increase of the major ion population is an order and the electron energy increases by a 

factor of two. From the pitch angle distribution point of view, mid-range energy electrons stream 

only along the anti-parallel direction in the magnetosheath and change to streaming along both 
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parallel and anti-parallel directions in the oscillation region and later evolve in to three populations, 

namely the parallel, anti-parallel and perpendicular pitch-angle plasmas inside the magnetopause 

boundary layer; low-range energy electrons are nearly isotropic inside magnetosheath and then 

transform to be streaming along the magnetic field lines. From the plasma perspective, there is 

another boundary between the magnetopause boundary layer and the pure magnetosphere proper, 

where the flux of both ions and electrons deplete dramatically and the mid-range energy electrons 

only have the anti-streaming population left. However, there is no apparent signature of this 

transition from magnetopause current layer to magnetosphere seen in the magnetic field, pressure, 

forces or current properties. 
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Fig. 3.1.5a 
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Fig. 3.1.5b 

Figure 3.1. 5 Zoom-in plot of magnetopause crossing under lower than average Mach number and 

southward IMF as shown in Fig. 3.1.4. The Format is the same as Fig. 3.1.1. 
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Fig. 3.1.5 is a zoom-in plot of the oscillation transition layer from magnetosheath to magnetopause 

boundary layer. There are five magnetopause crossings in this 20-second-long interval. The 

magnetic field is nested due to the back and forth motion of the magnetopause. Also because of 

the back and forth motion, the field along M direction has two unipolar enhancement like structures, 

which is essentially the increase of the field when the magnetosheath partially moves back to the 

spacecraft location and then decreases as the motion of the magnetopause changes direction so that 

the magnetopause boundary layer moves to the spacecraft again. For the same reason, the magnetic 

field along N direction has a bipolar signature. The field strength, on the other hand, is nearly 

constant since the field inside magnetosheath is as strong as the magnetospheric magnetic field. 

There are strong parallel and perpendicular currents only associated with the partial magnetopause 

crossing, and the parallel current is about 3 times larger than the perpendicular current. Plasma 

energy spectrum also changes at those partial magnetopause crossings, especially for ions. Mid-

energy electron pitch angle distributions also show an enhancement in the parallel direction and 

the emergence of an anti-parallel population at the partial crossings. However, the pitch-angle 

distribution is only altered slightly for the low-energy electrons.  
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3.1.4. Magnetopause under Lower than Average Mach Number Northward IMF 

 

Fig. 3.1.6a. 
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Fig. 3.1.6b 

Figure 3.1. 6 An example of magnetopause crossing with fast magnetosonic Mach number being 2.3 and 

northward IMF. The format is the same as Fig. 3.1.1. 
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Fig. 3.1.6 is a magnetopause crossing under lower than average magnetosonic Mach number (2.3) 

and strong northward IMF (9 nT). The magnetic field in the magnetosheath (after 05:27) is very 

strong and similar to the field inside the magnetosphere (before 05:21:10), in the magnetopause 

boundary layer between them, only the field strength along L direction decreases, the field 

direction does not change in this boundary layer. The total pressure stays constant across this 8-

minute-long interval from the magenetosphere to the magnetosheath. The magnetic pressure 

gradient force is outward on the magnetospheric side of the boundary layer whereas mainly being 

inward and about two times stronger. So, the net effect of the magnetic pressure gradient force is 

squeezing the boundary layer. The ion pressure gradient force always behaves opposite to the 

magnetic pressure gradient force. It is mostly inward on the magnetosphere side of the boundary 

layer and mostly inward on the magnetosheath side, though it is much noisier than the magnetic 

pressure gradient force. The current mainly condenses in the regions near the magnetosphere and 

magnetosheath within the magnetopause boundary layer. However, they behave differently on the 

two sides of the boundary layer. Near the magnetosphere, the current inside the magnetopause 

boundary layer is generally perpendicular current (~ 30 nA/m2) except for a very large parallel 
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current peak (~ 80 nA/m2) at the very boundary between the magnetosphere and magnetopause 

boundary layer (at 05:21:15). Near the magnetosheath side within the magnetopause boundary 

layer, both the parallel current (~ 90 nA/m2) and perpendicular current (~ 60 nA/m2) are stronger 

and much noisier than the ones near the magnetosphere side. However, the parallel current is larger 

than the perpendicular current in this region. 

 

The plasma (both ions and electrons) have different composition in different regions. In 

magnetosphere, the majority of ion population falls within 1-10 keV energy range; the majority of 

electron population is below 2 keV, but there is enhancement of electron population with energy 

higher than 2 keV. In the magnetosheath proper, on the opposite side of the magnetopause current 

layer, the plasma tends to have lower energy. Ions inside the magnetosheath mainly consist of 

energy from 100 eV to 1000 eV, and most of the electrons have the energy from tens of eV to a 

few hundred eV. The magnetopause boundary layer in between those two exhibits a mixture of 

both magnetosheath (low energy populations) and magnetospheric (high energy populations). 

However, the high energy particle flux there is even higher than the high energy particle flux inside 
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the magnetosphere. The enhanced high energy plasma flux inside the magnetopause boundary 

layer could be due to the heated plasma jet produced by magnetic reconnection between the tail 

field and the IMF as predicted by Dungey [1963]. The pitch angle distribution for mid-energy 

electrons shows three populations: trapped field-aligned (both parallel and anti-parallel) and 

perpendicular streaming populations, inside the boundary layer. There are no similar plasma 

populations in either the magnetosphere or the magnetosheath. So these mid-energy populations 

should be generated inside the magnetopause current layer, which is consistent with Dungey’s 

model.  

 

3.1.5. Summary of Magnetopause Structures 

Magnetopause properties are controlled by solar wind properties. The magnetic field behavior, 

plasma behavior, as well as the morphology of the magnetopause structure would be different 

under different solar wind drivers. For higher than average Mach number magnetopause, the field 

inside magnetopause is relatively low compared to the magnetic field strength inside the 

magnetosphere. The magnetopause layer is usually thin and both magnetic field strength and 
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direction can change with the transition from magnetosheath to the magnetosphere. If southward 

IMF is associated with higher than average Mach number, the field within magnetopause would 

be highly curved with a magnetic depletion as well as isotropic plasma pitch angle distribution. 

Vice versa, if the northward IMF is associated with higher than average Mach number, the radius 

of curvature of the magnetic field would stay relatively high and the plasma streams along the field 

line. For a lower than average fast magnetosonic Mach number magnetopause, the field inside 

magnetosheath is usually higher and comparable to the field strength inside the magnetosphere. 

There is usually a thick magnetopause boundary layer between magnetosheath proper and the 

magnetosphere proper, where the magnetic field looks more like the magnetospheric field whereas 

the plasma shows a mixed signature of magnetosheath and magnetospheric origin plasma. When 

southward IMF is present together with a lower than average fast magnetosonic Mach number, the 

field direction changes dramatically from magnetosheath to the magnetopause boundary layer and 

the transition is very chaotic. Vice versa, when a northward IMF is associated with a lower than 

average Mach number, the field direction changes only slightly from magnetosheath to 

magnetopause boundary layer. However for both IMF orientations with lower than average fast 
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magnetosonic Mach number, there is an enhancement in mid-energy plasma population inside the 

magnetopause boundary layer with three pitch angle populations: parallel, anti-parallel and 

perpendicular to the magnetic field. Besides those differences, there are also some similarities 

shared by magnetopause under different solar wind conditions. First of all, the total pressure would 

be constant across the magnetopause current layer. Secondly, both magnetic and parallel current 

would presence, parallel currents would be stronger than perpendicular ones in most cases but they 

would have the same order of magnitude. Thirdly, the force balance would be established mainly 

between magnetic pressure gradient force and ion pressure gradient force. Besides, occasionally, 

a bipolar magnetic field signature could be present in the normal component of magnetic field and 

unipolar signature could be present in the M component due to the back and forth motion of the 

magnetopause as well as the variation of local magnetopause normal direction. 
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3.2. Magnetosheath Field Enhancement 

 

Magnetosheath field enhancements (MFEs) bear some similarities to interplanetary field 

enhancement (IFE) events, found in the solar wind, that have been studied extensively.  

3.2.1. Interplanetary Field Enhancement Events 

An IFE is characterized by a cusp-shaped enhancement in the magnetic field with a co-existing 

strong but very localized central current sheets [Russell et al., 1983a]. One theory of IFE 

origination is the dust collision theory [Lai et al., 2013]. This hypothesis states that a collision of 

a small asteroid/meteoroid in the interplanetary environment would produce nanoscale charged 

dust cloud, which then interacts with the solar wind plasma and magnetic field and is accelerated 

by the solar wind. The acceleration of the charged dust cloud decelerates the solar wind and leads 

to the pile up of magnetic flux, i.e. an enhancement of magnetic strength.  
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Figure 3.2. 1 An IFE event studied by Lai [2014]. It exhibits the measurements from the ACE spacecraft 

on August 19, 2007. The first three panels are the R, T, and N components of magnetic field that have been 

rotated into radial tangential normal (RTN) coordinate system. RTN is a spacecraft centered coordinate 

system, the R direction is along the sun to spacecraft vector; T is perpendicular to both Suns’s spin axis 
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and R direction; and N completes the right-handed triad. The fourth panel is the magnitude of the magnetic 

field. The bottom panel is the magnetic pressure. The two horizontal dashed lines mark the maximum of the 

pressure (higher one) and pressure of the ambient environment (lower one). The two vertical lines mark 

the start time and end time of the IFE event and the grey shaded region is the IFE influence region. 

 

Fig. 3.2.1 is an IFE event studied by Lai [2014], showing vector magnetic field measurements as 

well as the magnetic pressure from the ACE spacecraft. The field increases gradually by 3 nT 

(50%) during the interval 13:53:00 to 14:15:00, as does the magnetic pressure. In the center of the 

IFE interval, the field along the T direction changes dramatically within a very short period of time 

(less than 1 minute) that indicates the existence of strong current at the center of the IFE structure.  

3.2.2. Magnetosheath Field Enhancement Events 

Figure 3.2.2 illustrates the magnetosheath field enhancement (MFE) event observed by MMS in 

the terrestrial magnetosheath. The magnetic field behavior is similar to that of IFEs in the solar 

wind. The field strength increases from 60 nT to slightly less than 100 nT (i.e. a 67% increase) in 
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the interval from 01:56:00 to 01:57:20. The GSM-x component of the magnetic field changes sign 

and magnitude from 11:56:48 to 11:56:52 dramatically, associated with a transit dip of the total 

magnetic field strength. As in an IFE event, this magnetic signature indicates the presence of strong 

current. With the help of the MMS spacecraft constellation, this hypothesis can be directly tested 

via the curlometer calculation. The 7th panel is the curlometer result, with the blue trace being 

parallel current and the green trace being perpendicular current, in the narrow interval of the sharp 

magnetic field direction change, there is a strong parallel current peak of 1000 nA/ m2, 10 times 

larger than the ambient current, which is consistent with the field rotation. Meanwhile, the 

perpendicular current is also enhanced by a factor of 5 from the ambient perpendicular current 

(100 nA/m2). There are also some plasma signatures associated with this MFE event. Within the 

thin central current sheet, plasma density increases by a factor of 2 and the parallel electron 

temperature increases by a factor of 3, while the plasma bulk velocity and perpendicular 

temperature do not change. From the energy spectrum perspective, both ions and electrons flux 

are enhanced over an extended energy range. The electron pitch angle distribution demonstrates 

that extra electrons within the current layer are streaming parallel and anti-parallel to the magnetic 
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field. The central current sheet is also like a barrier between two distinct plasma regimes. The 

plasma density is lower on the leading side (～8 /cc) of the MFE than that on the trailing side (～

15 /cc). The plasma bulk velocity is also lower on the leading side (～70 km/s) of the MFE than 

that on the trailing side (～150 km/s). Whereas the parallel temperature is slightly higher on the 

leading side (～60 eV) than the trailing side (～40 eV). The plasma pitch angle distribution also 

changes abruptly crossing through the central current sheet. Mid-range energy electrons tend to 

stream more anti-parallel to the magnetic, and change to stream both parallel and anti-parallel to 

the magnetic field on the trailing side. While for the low energy electrons, although they stream 

both parallel and anti-parallel to the magnetic field, the electrons tend to stream in a narrower loss 

cone along magnetic field line and change to stream in a wider direction range on the trailing side.  
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Figure 3.2. 2 An example of magnetosheath field enhancement recorded by the MMS spacecraft fleet on 

Nov 21, 2015. The first four panels are the magnetic field measurement in GSM coordinate system. With 

the first three panels being the X, Y, and Z components of the magnetic field respectively and the fourth 

panel is the magnitude of magnetic field. The fifth panel is the scale size information, the black trace is the 

radius of curvature of magnetic field, the green trace is the ion gyro radius and the red trace is the 

spacecraft seperation. The sixth panel is the total pressure (in red) and the magnetic pressure (in black). 

The seventh panel is the current information, the red trace is the current along normal direction, the green 

trace is the current along the magnetic field line, and the blue trace is the current perpendicular to the 

magnetic field. The next four panels are the plasma information, plasma density, magnitude of plasma bulk 

velocity, perpendicular electron temperature, and parallel electron temperature. The last four panels give 

the energy spectrum for ions and electrons, pitch-angle distribution for low-energy (2-200 eV) electrons 

and pitch-angle distribution for mid-energy (200-2000 eV) electrons. 

 

The magnetic field features of MFEs looks very similar to those of IFEs, although their sizes are 

of different scale. The scale size of IFEs in the solar wind can be as large as 100 Re, but the scale 
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size of MFEs in the magnetosheath is as small as 1 Re. That magnetic field similarity strongly 

suggests that MFEs and IFEs may originate from the same physical mechanism, i.e. it is very likely 

that the MFE is also generated by charged nanoscale dust from asteroid or meteoroid collisions. 

One explanation for the size difference of these two phenomenon is that they may due to the 

different plasma and magnetic environment between unshocked solar wind and magnetosheath. 

The plasma information provided by MMS FPI instrument indicates that MFE has an Oreo-cookie-

like structure with two distinguishable regimes in terms of plasma separated by a very thin central 

current sheet, in which magnetic field is depressed while enhanced plasma flows parallel and anti-

parallel to the magnetic field and the plasma density and parallel temperature increase by a very 

large amount that causes the total pressure to increase too. However, the physics of magnetosheath 

field enhancement is still under debate. The response of MFEs to different solar wind conditions 

is also unclear yet. But these topics are beyond the scope of this chapter.  
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3.3. Flux Transfer Events  

 

Flux transfer events (FTEs) are found in the vicinity of magnetopause, and believed to be the result 

of the magnetic reconnection. The generally accepted picture of FTE is that they are magnetic flux 

ropes. Magnetic field lines drape around a core magnetic field in the center associated with a strong 

parallel electric current along the field. Fig. 3.3.1 is an example of a flux transfer event in a local 

FTE PQR coordinate system, with R roughly along axis of the flux transfer event, P perpendicular 

to the moving direction of FTE in the transverse plane, and Q completing a right-hand coordinate 

system (please refer to chapter 2 for detail explanation of this PRQ coordinate system). The first 

four panels are the magnetic field traces that are used commonly to identify the flux transfer events. 

The field strength has a unipolar signature since the curved magnetic field generates a tension force 

that squeezes the magnetic flux rope, the magnetic pressure is stronger towards the center of the 

rope producing a magnetic pressure gradient force pointing outwards to balance the inward 

magnetic tension force. The field along the R direction, i.e. the axial direction, also has a unipolar 

structure, since the field strength is strongest in the center where the magnetic field tends to be 
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more aligned with the rope axial direction so the R component of magnetic field should decrease 

towards the center of the flux rope. The field along the P direction, i.e. the direction perpendicular 

to the moving direction in the plane transverse to the axial direction, is bipolar since the field on 

the edge of the flux rope is mainly perpendicular to the P direction (it should be exactly 

perpendicular to the P direction if the impact parameter is zero and the cross-sectional plane of the 

flux transfer event is perfectly circular). Both the magnetic pressure and total pressure also have a 

bipolar signature due to the force balance with the magnetic tension force. This is also the reason 

for the formation of unipolar signature of magnetic field strength. The curvature information 

derived from the magnetic field measurement difference between the four MMS spacecraft also is 

evidence that the magnetic field line is curved inside the flux transfer event. The curvature 

magnitude increases when entering the FTE structure since the field starts curve, and then the 

curvature decreases near the center of the FTE structure where the field turns to be more aligned 

with the rope axial direction. Theoretically at the very center of the flux transfer event the curvature 

should be zero since the field line is straight along axial direction there. However, in practice the 

impact parameter for the spacecraft is usually not exactly zero, such as in the example shown in 
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Fig. 3.3.1. This results in a non-vanishing curvature of the magnetic field at the “center” of the 

flux transfer event. And even, for some of the flux transfer event cases that have a relative large 

impact parameter, there may be no decreasing phase of the curvature of the magnetic field since 

the spacecraft does not cross through the part with the largest field curvature. The curvature along 

the P direction has a unipolar signature due to the change of curvature direction along the 

spacecraft trajectory. The curvature would became more aligned with the P direction as the 

spacecraft closer to the impact parameter. The Q component of the curvature of the magnetic field 

demonstrates a bi-polar signature. Since the curvature points along the radial direction of the flux 

rope circle in the cross-sectional plane, the Q component of the curvature should change sign at 

the minimum distance to the rope axis no matter what the impact parameter is. In the example 

shown here, the time at which the Q component of curvature changes sign is not consistent with 

the time that the P component of magnetic field changes sign. It is late by about 10 seconds. But 

the sign change of the Q component of curvature is concurrent with the maximum of magnetic 

field strength. This is probably due to the local small perturbation of the magnetic field line that 

changes the P component of magnetic field. On the edge of the FTE, the Q component of curvature 
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is small since the curvature itself is relatively small there. The current analysis derived from 

curlometer technique also supports the flux rope model. A stronger current than that in the 

surrounding environment is present inside the flux transfer event. The major component of the 

current inside the FTE is the parallel current (~500 nA/m2), which is five times the perpendicular 

current (~100 nA/m2). Since parallel current rotates the magnetic field, so the dominance of the 

parallel current inside flux transfer event is consistent with the idea that the magnetic field line is 

helical around the center axis. The presence of curvature can also be indicated from the forces 

analysis. The dominant forces for the FTE is the magnetic pressure gradient force and magnetic 

curvature force (~5nPa/km). Especially for the Q component of the forces, the magnetic pressure 

gradient is negative at the leading side and the turns to be positive at the trailing side, suggesting 

that the magnetic pressure gradient force is trying to hold together the FTE structure. Since the Q 

component of magnetic curvature force is negative first and then turns to be positive, this force is 

trying to squeeze the FTE. Though much smaller than both magnetic forces, the ion pressure force 

is also non-vanishing for this example but with a very large uncertainty.  
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Figure 3.3. 1 An example of flux transfer event (FTE) recorded by MMS spacecraft fleet on Nov 12, 2015. 

In subplot figure 3.3.1a, The first four panels are magnetic field measurement in FTE-PQR coordinate 
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system. With the first three panels being the P(perpendicular to the FTE moving direction in the transverse 

plane), Q (completes the right-hand triad), and R (along the rope axial direction) components of the 

magnetic field respectively and the fourth panel is the magnitude of magnetic field. The fifth panel is the 

curvature information, the blue, green and black traces are the P, Q components and magnitude (both 

positive and negative) of the curvature respectively. The sixth panel is the total pressure (in red) and the 

magnetic pressure (in black). The seventh panel is the current information, the black trace is the current 

along the magnetic field line, and the red trace is the current perpendicular to the magnetic field. The last 

two panels are the forces along the P and Q directions respectively, the green trace is the magnetic 

curvature force, the red trace is the magnetic pressure gradient force, the blue trace is the ion pressure 

gradient force and the black one is the summation of all three forces . The subplots 3.3.1b and 3.3.1c are 

the ion and electron information, respectively. These two subplots have the same format, with the first panel 

being the plasma density, next four panels being the P, Q, R components and magnitude of ions/electrons 

bulk velocity. The sixth and seventh panels are the perpendicular and parallel pressures respectively. And 

the bottom two panels are the perpendicular and parallel temperature respectively. The last subplot 3.3.1d 

are the distributions for plasma. The first two panels are the energy spectrum for ions and electrons. The 
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bottom three panels are the pitch-angle distribution for low-energy (2-200 eV) electrons, the pitch-angle 

distribution for mid-energy (200-2000 eV) , and the pitch-angle distribution for high-energy (2-30 keV) 

electrons. 

 

Plasma properties inside the flux transfer event are also different from the surrounding 

environment. Figure 3.3.1b is the ion information. Inside the FTE, there are regions of low plasma 

density at the two edges of the flux transfer event, then the density increases towards the center of 

the FTE. Ion bulk velocity shows an enhancement of flow along rope axial direction but the 

magnitude of velocity nearly stays constant. The ion pressures, both parallel and perpendicular 

ones, have the sane variation as the plasma density. They decrease at the edges of the FTE and 

then increase towards the center of the FTE. The parallel and perpendicular temperatures both start 

to increase once the spacecraft enters the flux transfer event, then stays constantly in a slightly 

higher then surrounding level inside the entire FTE structure.   
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Electron behaviors are different from the ion behaviors. The electron bulk velocity along the axial 

direction (R direction) increases slightly when entering the FTE proper from the surrounding 

environment but increases dramatically at the very center of the FTE as recorded by MMS1 and 

MMS2 spacecraft. The magnitude of the bulk velocity of the electrons also increases inside the 

FTE structure. The parallel and perpendicular pressures of the electrons exhibit a similar signature 

to that of the ions. But the perpendicular electron pressure has only a small variation. The 

perpendicular temperature is totally different from ion temperatures, it is relatively constant 

throughout most of the FTE structure. It only has a small enhancement at the inbound edge of the 

FTE, probably due to the local perturbation. The parallel temperature for electrons, on the other 

hand, is very similar to the ion temperatures, with two dips at the two edges and stays relatively 

constant around the center of the FTE.  

 

The decreased density, enhanced streaming along rope axial direction, especially for electrons, and 

the variations of parallel and perpendicular temperature all show that the plasma population inside 



 98 

a FTE is different from that of the surroundings (in case of the example shown in Fig. 3.3.1, the 

magnetosheath).  

 

Although the plasma moments are slightly different from that in the magnetosheath for the 

example shown in Fig. 3.3.1, there is no evidence of the presence of plasma from the 

magnetosphere. The ion and electron energy spectrum only show a slightly modified 

magnetosheath plasma distribution inside the flux rope. No magnetospheric plasma, i.e. ~10 KeV 

ions and keV electrons are presented. The pitch angle distribution for low energy electrons (2-200 

eV) shows that there are strong depletions of electron flux at the two edges of the flux transfer 

event. Around the center of the FTE, electrons are mainly streaming along the magnetic field line, 

in contrast to the magnetosheath, where low energy electrons are streaming both parallel and anti-

parallel to the magnetic field. For the pitch-angle distribution of mid-energy electrons (200-2000 

eV), the flux at 90 degree pitch angle enhances at the two edges of the FTE, however only the 

parallel flux is enhanced around the center, and the anti-parallel flux around the center decreases 

compared to the anti-parallel flux inside magnetosheath. For the high-energy electrons (2-30 keV), 
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only measurement noise is present, whereas there should be some signal if high energy electrons 

from magnetosphere were present here. 

 

 

3.4. Difference Between Magnetopause, MFE and FTE 
 

FR MFE Magnetopause 

Field strength Increase and then decrease Increase and then decrease Only increase or Decrease 

Major field 

direction 

Uni-polar core field Rotates in the thin central 

current sheet 

Field rotates from one 

direction to another 

Field along normal 

direction 

Bi-polar field throughout 

the structure 

Bi-polar field in the very 

center of the structure 

Bi-polar field throughout 

the structure 

Total pressure Increase Increase Constant 
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Current Same order of magnitude 

throughout the structure, 

mainly parallel current 

Localized current at the very 

center, both parallel and 

perpendicular currents are 

important 

Current throughout the 

structure, both parallel and 

perpendicular currents are 

important 

Force Magnetic pressure gradient 

force and magnetic 

curvature force are 

important, ion pressure 

gradient force is significant 

only for non-force-free FTE 

Peaks at the thin central 

current sheet 

Only magnetic pressure 

gradient force and ion 

pressure gradient force are 

important unless at 

reconnection site 

Plasma density Decrease inside the FTE low on one side, relative 

higher on the other side and 

has a sharp peak inside the 

thin current layer 

Decrease from 

magnetosheath to 

magnetosphere 
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Plasma 

temperature 

Slight increase Strong electron heating in the 

parallel direction 

Temperature increase from 

magnetosheath to 

magnetosphere 

Plasma energy 

spectrum 

Slight changes The two sides of the current 

sheet are dramatically 

different 

From cold, dense 

magnetosheath plasma to 

hot and sparse 

magnetosphere plasma 

Table 3.4. 1Summary of the observational difference between FTE, MFE and magnetopause current layer 

 As summarized in table 3.4.1 we can use the following features to identify a FTE event: 

 1, Unipolar core field and bi-polar field along the normal direction 

 2, Field strength peak at the center 

 3, Current throughout the structure and parallel current dominant 

 4, Both magnetic pressure gradient force and magnetic curvature force are important 
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 5, Plasma density decrease and temperature increase slightly relative to the magnetosheath 

proper  
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Chapter 4 

The Detailed Analysis of Flux Transfer Events Properties 

 

In order to better understand the physics of the flux transfer event, the following aspects of it need 

to be analyzed:  

1. Geometric information about the FTE, such as the radius of the cross-sectional plane of the 

FTE, and the impact parameter of the spacecraft with respect to the FTE.  

2. The magnetic profiles of the FTE, including the peak-peak value of the bipolar signature of 

the P component of the magnetic field, the strength of the core field of the FTE, and the total 

magnetic flux inside the FTE.  

3. The other properties such as the moving velocity of the FTE, the force balance/momentum 

variation within the FTE, and the expansion/contraction of the FTE. In this chapter, example 

of these FTE analyses will be performed on individual events. 
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4.1. The Geometric Information of a Flux Transfer Event 

4.1.1. The Radius of Cross-Sectional Plane of a FTE 

The radius of the cross-sectional plane of a FTE is an important parameter, since it will help to 

determine how much magnetic flux would be contained inside the flux rope and estimate the 

evolution stage of the flux transfer events (small ones are in the earlier stage while the large ones 

are in the later stage). In the space environment typically the spacecraft moves with a speed of a 

few km/s, while space plasma structures, such as FTE, usually propagate at the speed of hundreds 

of kilometers per second. So it is legitimate to translate the time series recorded by spacecraft into 

spatial profiles of the structure. The technique detail of the methods to measure the average 

velocity and radius of the cross-sectional plane is described in Section 7 of Chapter 2.  

 

Figure 4.1.1 is a flux transfer event recorded by the MMS spacecraft fleet on Nov 12, 2015 around 

the nose of dayside magnetopause. The first four panels are the magnetic profile rotated into local 

FTE-PRQ coordinate system (Section 6 in Chapter 2). The fifth panel is the size information panel, 
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with the black trace being the radius of curvature of the FTE, red trace being the average separation 

between MMS spacecraft, the green trace is the gyro radius for ions. The curvature radius of the 

FTE structure is much larger (two order of magnitude) than the separation of the spacecraft fleet. 

So the assumption underneath most of the numerical method introduced in Chapter 2, including 

the multi-spacecraft timing for velocity is valid. The bottom panels shows the results from multi-

spacecraft timing method. The velocity profile has certain variation partially since the multi-

spacecraft timing method can only measure the velocity along the instantaneous normal direction, 

i.e. the moving velocity component along radial for a FTE. This is why the P component of the 

measured velocity changes sign after crossing the impact parameter. The radial direction projected 

into P direction changes sign at the impact parameter. Besides, the local small structures and the 

small perturbation of the FTE motion also introduce some perturbations into the measured velocity. 

For this case, the average velocity is about 175 km/s. The duration of this FTE is 3.5 second, so 

the length of spacecraft trajectory inside the FTE is 613km.  
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Figure 4.1. 1 The first four panels are the magnetic profile rotated into local FTE-PRQ coordinate 

system(Section 6 in Chapter 2). The fifth panel is the size information panel, with the back trace being the 

radius of curvature of the FTE, red trace begin the average separation between MMS spacecraft, green 

trace is the gyro radius for ions. The bottom panel is the velocity profile of the FTE from the multi-

spacecraft timing method. 

The bull’s eye plot of the instantaneous direction is shown in Fig 4.1.2. In this plot the triangular 

points represent each timing point and is color coded by time (seconds after entering the FTE 

regime). The radial distance from the each event point to the center of the plot represents the angle 
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between the instantaneous normal direction and the rope axial direction, in this case most points 

fall around the 90 degree circle reinforces the correctness of the axial direction determination since 

for FTE at the scale of the spacecraft separation, the axis is a straightline and the instantaneous 

normal should be perpendicular to it. The polar angle of each point represent the instantaneous 

normal direction projected onto the cross-sectional plane, it varies with time since the 

instantaneous normal for a FTE is along the radial direction, which changes along the spacecraft 

trajectory. So the change of polar angles in Fig. 4.1.2 equals to the polar angle of the spacecraft 

trajectory with respect to the rope axial direction. In this case it is 160°. Then the numerical method 

in Section 7 of Chapter 7 can be used to determine the impact parameter and radius of the cross-

sectional plane, which are 60km and 295km respectively.  
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Figure 4.1. 2 The bull’s eye plot of the instantaneous direction is shown in Fig 4.1.2. In this plot the 

triangular points represent each timing point and is color coded by time (seconds after entering the FTE 

regime). The radial distance from the each event point to the center of the plot represent the angle between 

the instantaneous normal direction and the rope axial direction. The polar angle of each point represent 

the instantaneous normal direction projected onto the cross-sectional plane. 
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4.1.2. The Peak-Peak Value of Bipolar Magnetic Field Signature 

The peak-peak value of the bipolar magnetic profile is an important parameter for the FTE. The 

magnetic field profile demonstrates the bipolar signature since the magnetic field is circular in the 

cross-sectional plane of the FTE, and the azimuthal field strength drops at the exterior part of the 

flux transfer event. The azimuthal magnetic field for the flux transfer event can be modeled as 

𝐵¹(𝜌) = 𝐵7𝑗k(𝑘𝜌), and 𝐵7 and 𝑘 are two scale factors Russell [1990]. Thus, the magnetic field 

along P direction is 𝐵/ = 𝐵¹
º»t-¼t

»
= 𝑗k(𝑘𝑟)

º»t-¼t

»
, where b is the impact parameter of the 

spacecraft. So at the two boundary of the FTE, the 𝐵/  reaches a minimum since 𝐵¹(𝜌) is 

minimized (second last panel in Fig. 4.1.4). Whereas at the impact parameter, i.e. at the center of 

the time series recorded by the spacecraft 𝐵/ should be zero since the distance from spacecraft to 

the axis of the flux rope equals the impact parameter 𝜌 = 𝑏. Besides, the sign of 𝐵/ changes after 

crossing the impact parameter as shown in Fig 4.1.3. The bipolar signature of magnetic field is 

formed due to both the magnetic field topology and spacecraft trajectory.  
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Figure 4.1. 3 Illustration of the cross-sectional projection of the magnetic field topology inside a flux 

transfer event 

The correct presentation of the bipolar signature also depends on the coordinate system used to 

demonstrate the magnetic profile of the flux rope. As shown in Fig 4.1.4, the x component of 

magnetic field has a tendency to have a bipolar signature with the two peaks being -39nT and 16nT 

respectively. So the peak-peak value from the GSM coordinate system is 55nT. In Fig. 4.1.5, the 

magnetic field has been rotated into the local FTE-PQR system so that the P direction is 

perpendicular to the moving direction of the FTE in the cross-sectional plane. As shown in the first 
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panel of Fig. 4.1.5, now the P component of magnetic field shows a much better bipolar signature 

with 𝐵/ vanished when the field strength (bottom panel) maximizes, i.e. the spacecraft crosses 

the impact parameter of the flux transfer event. The two peaks of 𝐵/ are -30nT and 20nT, so the 

accurate peak-peak value is 50nT.  

 

 

Figure 4.1. 4 The magnetic profile of a flux transfer event in GSM coordinates (first four panels) and the 

currents (bottom panel). The magnetic field traces were color coded by different spacecraft, black, red, 

green, and blue color are for MMS 1, 2, 3 and 4 respectively. Traces in the bottom panel is color coded by 
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different type of currents, red trace represents the perpendicular current and black trace is for the parallel 

current. 

 

Figure 4.1. 5 Magnetic field profile of the same FTE as Fig. 4.1.4 that has been rotated into local FTE-

PQR coordinate system. The magnetic field traces are color coded the same way as Fig. 4.1.1 

4.1.3. The Strength of the Core Field and Total Magnetic Flux Content of FTEs 

The challenge in determining the strength of core field is that the spacecraft may not pass through 

exactly the center of the FTE. But B can be modeled as 𝐵](𝜌) = 𝐵7𝑗7(𝑘𝜌), and the spacecraft 

impact parameter as well as the radius of the cross-sectional plane can be determined as in section 

4.1.2. So the magnetic field at the very center of the FTE can be calculated by solve the equations 
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set ½𝐵]
(𝑟) = 𝐵7𝐽7(𝑘𝑟) 

𝐵](𝑏) = 𝐵7𝐽7(𝑘𝑏) 
, where b is the impact parameter and r is the radius of the FTE cross-

sectional plane.The core field for this FTE is 58 nT.  

 

The total magnetic flux content inside the FTE can be obtained by integrating 𝐵(𝜌) over the FTE 

area. Φ = ∫ 2𝜋𝐵7𝑗7(𝑘𝜌)dρ
»Ä
7 . In this case, the total magnetic flux content is 10 kWb, much 

smaller than that of the FTE observed by ISEE 1&2.  

 

4.2. The Force Balance Within a Flux Transfer Event 

Figure 4.2.1a shows an overview of the first event on Oct 16th 2015. This appears to be a partial 

magnetopause crossing. The MMS fleet went from the magnetosphere into the magnetopause 

boundary layer at around 13:04:15 UT and went back into the magnetosphere at around 13:04:52 

UT, and there is no evidence of pure magnetosheath properties recorded by the MMS fleet. Two 

flux transfer events (FTE), or flux ropes, are found in the middle of this partial magnetopause 

crossing. They have been interpreted to be two adjacent islands formed by magnetic reconnection 

[Eastwood et al., 2016]. Fig. 4.2.1b is an overview of another FTE event on Dec 14th 2015. The 
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MMS spacecraft left the magnetopause at around 00:58:00 UT and went partially through the 

magnetopause and back into the magnetosphere at around 00:59:40 UT. The flux rope is embedded 

in the magnetopause layer and encountered the MMS fleet from 00:58:57 UT to 00:59:01 UT. The 

last panels in Fig. 4.2.1a and Figure 4.2.1b contain the current calculated from the curlometer. It 

is clearly demonstrated that the current in the magnetopause is flowing in both the parallel and 

perpendicular directions with comparable strengths, while the current inside the FTEs mainly 

flows along the magnetic field line. The expansion in Fig. 4.2.2a, 4.2.2b and 4.2.2c shows the 

detailed structure of these three FTEs in the local FTE LMN coordinates. In each plot in Fig. 4.2.2, 

lines a and d denote the start and end of each FTE event respectively, while line b denote the time 

of maximum magnetic field strength inside the FTE. 

 

In Fig. 4.2.2a, 4.2.2b and 4.2.2c, the magnetic field profiles exhibit bipolar structure in the N 

component and a unipolar structure in the L component, which is strong evidence for encountering 

a flux transfer event [Russell and Elphic, 1979]. The second event is nearly symmetric with respect 

to line b2, the time when the magnetic field magnitude reaches its maximum. The third event, on 



 115 

the other hand, is asymmetric around the maximum of |B|. The first event exhibits the signature of 

a crater FTE. This topological difference in magnetic profile is evidence that an asymmetry could 

exist in the FTE, i.e. it may not be a perfectly circular flux rope. Using the multi-spacecraft timing 

method, the velocity and direction (in LMN coordinates) of the three events are measured to be 

260km/s [0.44, -0.86, 0.27], 260km/s [0.70, -0.67, -0.22] and 180 km/s [0.70 -0.71, 0.08] 

respectively. The cross section diameter of the three FTEs are 950km, 1050km and 900km 

respectively. 

 

The 6th panel of each event shows the parallel and perpendicular current from the curlometer 

calculation. The parallel component dominates the current flowing through the flux transfer event 

in all three cases with a magnitude of about 500 nA/m2. The current drops to around zero in the 

middle of the three FTEs (marked by lines c1, c2 and c3 respectively), but surprisingly the current 

decrease are not coincident with the maximum of magnetic field strength. The perpendicular 

current is nearly an order of magnitude smaller than the parallel current throughout FTE1 and 

FTE2, which reveals the near force-free property of the flux transfer events, while the magnitude 
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of the perpendicular current is comparable to the parallel current in part of an FTE3 (between line 

d3 and e3). However, there is no absolute threshold of current strength to determine whether the 

structure is magnetically force-free or not. A plausible way to classify force-free and non-force-

free structures would be to find out the relative dominant terms in the momentum equation to check 

whether or not they are purely magnetic terms or not. A FTE where purely magnetic terms 

determine the momentum balance would be a force-free structure. 

This property is examined in more detail in the remaining panels in Fig. 4.2.2. The last four panels 

of each displayed event are the three components as well as the magnitude of the magnetic pressure 

force components (in light red), the magnetic curvature force (in dark green) component of the jxB 

force, the ion pressure gradient (in light blue), as well as the total force exerted on the FTEs (in 

black). These force analyses definitively show that the magnetic curvature force in FTE1 and FTE2 

is always opposite the magnetic pressure force and result in much smaller total magnetic force (i.e. 

jxB force).  But the magnetic pressure and curvature force magnitudes vary considerably in these 

three events. The force magnitudes are 2 pPa/km and 8pPa/km respectively. In each individual 

event, the force profile also demonstrates apparent asymmetry. For example, in FTE2, the normal 
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component of the force is much larger before the maximum of the magnetic field strength intensity 

than thereafter.  

Although FTE3 shares a similar feature with FTE1 and FTE2 (the magnetic curvature force also 

opposes the magnetic pressure force), a significant difference is that the magnetic curvature force 

is much smaller than the magnetic pressure force (especially in the normal direction) and results 

in a non-vanishing magnetic force in case FTE3. Also shown in the second last panel of Fig. 4.2.2c, 

the non-zero jxB force is balanced by the ion pressure gradient force. So FTE3 is not a force-free 

structure but involves force balance between non-zero magnetic and plasma forces. 

 

Figure 4.2. 1 Overview of three flux transfer event embedded between two partial magnetopause crossings, 

[a] the magnetopause crossing on October 16, 2015 and two FTEs; [b] the magnetopause crossing on 
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December 14, 2015 and one FTE contained within it. For both plots, the first four panels are the GSM X, 

Y, Z components and intensity of the magnetic field at the four MMS spacecraft in black (MMS1), light red 

(MMS2), light green (MMS3) and light blue (MMS4), respectively. The last panel shows the current from 

the curlometer, the black trace is the current parallel to the magnetic field and the light red trace is the 

perpendicular current 
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Figure 4.2. 2 a 
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Figure 4.2. 2 b 
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Figure 4.2. 2 c 
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Figure 4.2. 2 Three FTEs observed by MMS spacecraft, the first four panels are the L, M, N components 

and intensity of the magnetic field for the four MMS spacecraft in black (MMS1), light red (MMS2), light 

green (MMS3) and light blue (MMS4), respectively. The fifth panel is the magnetic pressure in red and 

total pressure in black. The sixth panel is the current from the curlometer, the black trace is the current 

parallel to the magnetic field and the light red trace is the perpendicular current. The last four panels are 

the L, M, N direction and total of the force analysis, with the black being the summation of different force 

contributions, the light red being the magnetic pressure gradient force, the light blue being ion pressure 

gradient force and light green being the magnetic curvature force. 

 

4.3. The Contraction and Expansion of Flux Transfer Events 

4.3.1. The Expanding Flux Transfer Events 

Shown in Fig. 4.3.1 are two flux transfer events observed by MMS satellite at (8.33, 7.06, -4.8) Re 

in GSM coordinates, 7 Re away from subsolar point. Accompany with these two flux ropes, a 

southward magnetopausse with no local magnetic reconnection signature was observed 20 seconds 
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earlier. For the magnetopause, we determined the local normal boundary coordinates (LMN) using 

minimum variation of the current [Russell et al., 2017; B.U.O. Sonnerup and Scheible, 1998] from 

the curlometer technique . The rotation matrix from GSM coordinates to magnetopause LMN is 

[[0.26, 0.69, 0.67], [-0.17, -0.66, 0.74], [0.95, -0.31, -0.06]]. The axial direction for the 2nd flux 

rope is also estimated by using minimum variance of the magnetic pressure force [Zhao et al., 

2016], which is [-0.24, 0.90, -0.38] in GSM coordinates. Thus, the rope axial direction is [0.30, -

0.81, -0.48] in magnetopause LMN coordinates, mainly along the M direction in the plane of the 

magnetopause but tilted slightly in the L direction. The fifth panel presents the curvature of the 

magnetic field line (𝜅). For the magnetopause current layer, 𝜅 is around 0.0015 𝑘𝑚-k, whereas 

inside the two flux ropes, generally 𝜅 is around 0.003 𝑘𝑚-k, twice as large as the magnetopause 

𝜅. The Vth demonstrates the parallel and perpendicular current profile. Inside the two flux ropes, 

parallel current is about 297 nA/m2, six times larger than the perpendicular current (~51 nA/m2), 

while in the nearby magnetopause current layer, both the magnitude of perpendicular and parallel 

current are similar, both being around 60 nA/m2. This evidence indicates that the two structures 



 124 

encountered by MMS 20 seconds after the magnetopause crossing are twisted magnetic field, i.e. 

magnetic flux ropes.  

 

 

Figure 4.3. 1 The overview plot with survey mode data (16 samples/s) of a magnetopause current layer (blue shaded 

area) and two flux ropes(yellow shaded area and pink shaded area respectively). The first four panels are the L, M, 

N component and magnitude of magnetic field from four MMS spacecraft (color coded in black, red, green, blue for 

MMS1, 2, 3, 4 respectively). The fifth panel is the parallel current in red and perpendicular current in black. The 

bottom panel is the magnetic field curvature (k) smoothed with a 13-point-long window, the L, M, N and magnitude 

together with the inverse magnitude of k is color coded in blue, green, red and black respectively. 
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To examine the detailed structure of the flux rope, Fig. 4.3.2 is the zoom in plot of the second flux 

rope (shaded in red in Fig. 4.3.2) in the flux rope local PQR coordinates as described in the 

methodology section. The first four panels shows the magnetic profiles. The P component within 

the cross-sectional plane of the flux rope and perpendicular to the moving direction of the flux 

rope displays a bi-polar signature. The R component is the axial field with the unipolar signature. 

Both the inverted plasma beta (in black) and total pressure (in red) are enhanced inside the flux 

rope as shown in V panel. As shown in the VII panel, inside the flux rope, 𝜅 first increases and 

then decreases sharply near the closest approach, which is consistent with the flux rope model that 

the magnetic field line is twisted around a core magnetic field. The Xth panel shows the instant 

velocity measured using the multi-spacecraft timing method, the average velocity of this flux rope 

is 201 km/s. The velocity is apparently faster on the inbound side (before 13:04:34) of the flux 

transfer events, the average velocity during this period is 224 km/s, 23km/s faster than the overall 

average velocity. The velocity drops after passing the closest approach, and the average velocity 

of the outbound period is 169km/s, 32km/s slower than overall average velocity. After transform 
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into the frame of the bulk motion of the flux rope structure, the inbound side and the outbound part 

of the flux rope move in opposite directions, indicating that this flux rope is expanding. The last 

two panels in Fig. 4.3.2 contain the forces in the P and Q directions calculated using the gradient, 

divergence and curl derived from four spacecraft measurements Zhao et al. [2016]. In these two 

panels, the orange trace is the magnetic pressure gradient force, the green line is the magnetic 

curvature force and the blue one is the ion pressure gradient force as well as its error bar. At the 

leading side (from 13:04:32.5 to 33.9), the average magnetic pressure force is [-1.3, 3.3] pPa/km, 

the average magnetic curvature force is [1.8, -3.1] pPa/km, and the average ion pressure force is [-

0.4, -0.7] pPa/km. The magnetic pressure force is pushing outward while the magnetic curvature 

force and ion pressure force are pointing inward to balance it, resulting in a net force of [0.1, -0.5] 

pPa/km, pushing the flux rope back in the moving direction. On the trailing side, the average 

magnetic curvature force is [-1.3, -2.9] pPa/km, the magnetic curvature force is [1.0, 2.6], and the 

average ion pressure force is [0.0, 0.5] pPa/km. So the force balance scenario on the trailing side 

is similar to the leading side, the magnetic pressure force is outward from the center and magnetic 

curvature force and ion pressure force are pushing toward the center, result in a net force of [-0.3, 
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0.2], pushing along the moving direction, opposite to the net force in leading side. For the whole 

flux rope event, the magnetic pressure force is [-1.3, 0.1] pPa/km, magnetic curvature force is [1.4, 

-0.1] pPa/km, and the ion pressure force is [-0.2, -0.1] pPa/km. The net magnetic force (jxB) is 

[0.1, 0.0], i.e. zero along the moving direction and very small in the perpendicular direction. The 

ion pressure force is not zero along the moving direction but within the uncertainty level of the 

plasma instrument, since the statistical error for this average ion force is 0.1pPa/km. So, the force 

along the moving direction is neglectable for the whole flux rope, but the ion pressure force is 

providing the extra inward force to slow down the expansion of the flux rope. 

 

The structure of this flux rope exhibits pronounced asymmetry. As shown in panel VIII and IX of 

Fig. 4.3.2, the asymmetry also exists in the pitch angle distribution of middle and low energy 

electrons, the upper boundary of the middle energy electron pitch angle and lower boundary of the 

low energy electron pitch angle increases linearly as the flux rope passes by the spacecraft, since 

the field inside the flux rope is rotating, this indicates that the electron themselves are streaming 

along the same direction in GSM coordinates. The major electrons population in the center of the 
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flux rope shifts toward the higher energy. Those may be evidence that this flux rope is at the early 

evolving and expanding stage. 

 

Figure 4.3.3 shows the directional information of flux rope motion. The polar angles spread in a 

fan region of 109 degree, corresponding to a 109 degree polar angle change of the spacecraft 

trajectory with respect to the center of the flux rope. Taken into consideration that the event 

duration is about 2.9 second, thus, the radius of the flux rope is 𝑟 = S7k∗S.È

S¨©ª	(ÉÄÊ°t )
= 358𝑘𝑚, the 

impact parameter is 𝑑 = S7k∗S.È

S¬ª	(ÉÄÊ°t )
= 208𝑘𝑚. And the total flux contained in this flux rope is 

Φ = 358S ∗ 43 = 5.5𝑘𝑊𝑏. 
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Figure 4.3. 2 Zoom in of the second flux rope marked by the pink shaded region in Fig. 4.3.1. All the data shown in 

this figure is in the burst mod, 128 samples/s for magnetic field data, 150 ms/sample for ion data and 30 ms/sample 

for electron data. The first four panels are the L, M, N components and magnitude of magnetic field from four MMS 

spacecraft (color coded in black, red, green, blue for MMS1, 2, 3, 4 respectively). The V panel is the total magnetic 
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pressure in red and 1/b in red. The Vh panel is the parallel current in red and perpendicular current in black. The VII 

panel is the curvature of magnetic field k smoothed with a 13-point-long window, the L, M, N and magnitude together 

with the inverse magnitude of k is color coded in blue, green, red and black respectively. Panel VIII and IX are the 

pitch angle distribution of mid-energy (200-200 eV) and low-energy (2-200 eV) electrons respectively. Panel X is the 

velocity profile of this flux rope measured using multi-spacecraft timing method. The last two panels are the forces in 

along P and Q direction, black line is the magnetic pressure gradient force, red one is the magnetic curvature force 

and green one is the ion pressure gradient force with its error bar. The ion force is interpreted to the same time stamp 

as the magnetic field data. 
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Figure 4.3. 3 The bull’s eye plot of instantaneous normal directions measured by the timing method. The triangles 

are color coded chronologically from black to red. The distance of each triangle to the center represents the angle 

between the velocity and the rope axial direction. The polar angle of each data point represents the instantaneous 

normal direction in PQ plane. 
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4.3.2. The Contracting Flux Transfer Events 

Fig. 4.3.4 is a flux rope as well as the corresponding magnetopause current layer captured by MMS 

spacecraft around subsolar point, the rope axial direction in the local magnetopause LMN 

coordinates is [0.43, -0.84, -0.33]. The first four panels are the magnetic profile, the field changes 

its direction and decreases from 07:04:30 to 07:04:40, the curvature of the field increases by a 

small amount correspondingly. Around 90 seconds after the magnetopause crossing, the flux rope 

was encountered by MMS, four and half times longer than the previous event. As shown in the Vth 

panel, the current for the magnetopause crossing is much weaker (with an average value of 70 

nA/m2) than the flux rope (averagely about 217 nA/m2). The parallel current to perpendicular 

current ratio (around 1.3) is also relatively smaller for the magnetopause than the flux rope (around 

4.0). Fig.4.3.5 is the zoom in plot of the flux rope event rotated into PQR coordinates. The 

magnetic field the field is roughly symmetric in the P direction, i.e. the direction perpendicular to 

the moving direction of the flux rope in the cross-sectional plane. The field along the trajectory 

and axial directions are both unipolar but asymmetrical around the middle point of the event, the 

field ramp on the leading side is slower than the trailing side. As shown in the VI panel, the current 
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is also extremely asymmetric, it increase gradually on the leading side and then drops dramatically 

after passing through the impact parameter, although the average current value is similar on the 

two sides (parallel current is about 227 nA/m2 at the leading side and 210 nA/m2 at the trailing 

side). The magnetic field curvature, as shown in the VII panel, increases steadily towards the 

impact parameter and decreases steadily after passing it. The VIII panel is the velocity measured 

from multi-spacecraft timing method the average velocity is 182km/s. The velocity of the leading 

side of this flux rope is 161 km/s and on trailing side it is 194km/s, i.e. this flux rope is contracting 

with a speed of 17km/s. The next two panels are the forces along the P and Q directions. At the 

leading side, the magnetic pressure force is [1.4, 1.0] pPa/km, and the magnetic curvature force is 

[-1.6, -1.3] pPa/km, opposing the magnetic pressure force. The ion pressure gradient force is also 

pushing along the same direction as the magnetic pressure force with a magnitude of [0.9, 0.4] 

pPa/km, resulting in a [0.6, 0.1] pPa/km net force, which is mainly perpendicular to the rope axial 

direction and pushing outwards. Whereas on the trailing side, the magnetic pressure gradient force 

is [1.2, -1.3] pPa/km, and both the magnetic curvature force ([-1.7, 1.7] pPa/km) and ion pressure 

gradient force ([-0.4, 0.8] pPa/km) are opposing the magnetic gradient force, result in a [-1.0, 1.2] 
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pPa/km net force, trying to contract the flux rope along both directions parallel and perpendicular 

to the flux rope moving direction. However the contracting force along the parallel direction is 

mainly from the ion pressure gradient force whereas the magnetic curvature force is the major 

contribution to the perpendicular contracting force. This contracting flux rope is different from the 

expanding flux rope case where the net force is only perpendicular to the rope axis, and probably 

indicates that the plasma behind the flux rope is pushing the flux rope forward. This is consistent 

with the higher plasma pressure observed after the event (not shown in this chapter). 

 

As demonstrated in Fig. 4.3.6, the instant direction spread in a range around 161°, so MMS 

probably went through the relative center part of the flux rope. Considering this event lasts for 

about 2.6 seconds and the average velocity is 182 km/s, the spacecraft trajectory inside the flux 

rope is about 470km/s. Based on these facts, the radius of this flux rope is 240km while the impact 

factor is only 40km. The total magnetic flux content inside this event is around 5.6 KWb. 
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Figure 4.3. 4 The overview plot with survey mode data (16 samples/s) of a magnetopause current layer (blue shaded 

area) and the flux rope(pink shaded area respectively). The first four panels are the L, M, N component and magnitude 

of magnetic field from four MMS spacecraft (color coded in black, red, green, blue for MMS1, 2, 3, 4 respectively). 

The fifth panel is the parallel current in red and perpendicular current in black. The last panel is the curvature of 

magnetic field k smoothed with a 13-point-long window, the L, M, N and magnitude together with the inverse 

magnitude of k is color coded in blue, green, red and black respectively. 
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Figure 4.3. 5 Zoom in of the flux rope as marked by pink shaded region in Fig. 4.3.4. All the data shown in this figure 

is burst mode data, 128 samples/s for magnetic field data, 150 ms/sample for ion data and 30 ms/sample for electron 

data. The first four panels are the L, M, N components and magnitude of magnetic field from four MMS spacecraft 

(color coded in black, red, green, blue for MMS1, 2, 3, 4 respectively). The V panel is the total magnetic pressure in 
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red and 1/b in red. The VI panel is the parallel current in red and perpendicular current in black. The VII panel is the 

curvature of magnetic field k smoothed with a 13-point-long window, the L, M, N and magnitude together with the 

inverse magnitude of k is color coded in blue, green, red and black respectively. Panel VIII and IX are the pitch angle 

distribution of mid-energy (200-200 eV) and low-energy (2-200 eV) electrons respectively. Panel X is the velocity 

profile of this flux rope measured by using multi-spacecraft timing method. The last two panels are the forces along 

the P and Q direction, black line is the magnetic pressure gradient force, red one is the magnetic curvature force and 

green one is the ion pressure gradient force with its error bar. The ion force is interpreted to the same time stamp as 

the magnetic field data. 
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Figure 4.3. 6 The bull’s eye plot of instantaneous normal directions measured by timing method. The triangles are 

color coded chronologically from black to red. The distance of each triangle to the center represent the angle between 

the velocity and the rope axial direction. The polar angle of each data point represents the instantaneous normal 

direction in PQ plane. 

 

4.4. Summary 

In this chapter, with the data from four MMS spacecraft, we are able to definitively calculate the 

properties of flux transfer events. A local FTE-PQR coordinate system is found by minimum 

variance analysis of the magnetic pressure gradient force and the multi-spacecraft timing 

calculation. The geometric information of the FTE, the radius of the cross-sectional plane of the 

FTE, and the impact parameter of the spacecraft with respect to the FTE are calculated by utilizing 

the multi-spacecraft timing method at different locations within the FTE. With the derived 

geometry information, the magnetic profiles of the FTE, including the peak-peak value of the 

bipolar signature of the P component of the magnetic field, the strength of the core field of the 
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FTE can be extrapolated with the aid of the force-free FTE model. In addition, the total magnetic 

flux inside the FTE is integrated with the force-free FTE magnetic profile and derived FTE radius 

and core field strength. Whether a FTE is force-free or not is determined definitively by using 

direct force balance/momentum variation analysis. Lastly the expansion/contraction of the FTE 

are studied with the velocity profile derived from multi-spacecraft timing method.
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Chapter 5 

Statistical Analysis 

 

From the point of view of the plasma population, there are two types of flux ropes. They may or 

may not be the same phenomena. They may or may not all be responsible for the magnetic flux 

transfer from solar wind into magnetosphere. There are many hypothesis to be tested. Maybe they 

are formed by different physical process (such as magnetic reconnection versus the vorticity), so 

that they may be present at different areas on the magnetopause or they may have different 

preferences on solar wind conditions. Alternatively, maybe they originate from the same 

phenomena but are observed in different evolutionary stages, so their velocity, size, magnetic flux 

content, and distance to the place they are generated would be different. Last but not least, that 

they appears to be different may only be due to a spacecraft trajectory bias. That is to say, the 

spacecraft may have crossed a different part of the same structure, the plasma mixture may only 

happen in the core of the flux transfer event so that only spacecraft trajectories with a relatively 

small impact parameter would record this signature, while the spacecraft that only cross the 

exterior draped magnetic field part of the FTE would observe plasma from only one regime. In 

order to better understand them, it is essential to analysis their properties from the statistical 

perspective. In this chapter, their geometric information, such as spatial distribution, rope axial 

direction, radius of the cross-sectional plane, velocity, formation, and impact parameter; and their 

magnetic properties, such as the peak-peak magnetic field, the core magnetic field strength and the 

total magnetic flux; as well as their correlation with different solar wind conditions are analyzed.  
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5.1. Event Selection 

As shown in the two events in Fig. 5.1.1, flux ropes are characterized by three major features. 

Firstly, a bipolar magnetic field signature transverse to the moving direction of the structure in the 

cross-sectional plane (panel i). Secondly, a unipolar magnetic field along the axial direction (panel 

iii). Lastly,  an enhancement of both magnetic pressure and total pressure, which indicates the 

existence of magnetic curvature force, thus the curvature of magnetic field line itself (panel v). 

The last two characteristics imply that the magnetic field line in the structure is helical. Thus this 

structure is named flux rope (FR). Among the FR events observed by the MMS spacecraft fleet, 

there are mainly two categories. The first category consists of type A FRs such as the example 

exhibited in Fig. 5.1.1a. The major characteristic that defines this category is the existence of a 

low energy electron population originating on the magnetosheath and a high energy electron 

population from the magnetosphere as seen in the bottom panel of Fig. 5.1.1a. The mixture of 

plasma populations from both sides of the magnetopause is the evidence that on end of the flux 

transfer event is connected to the magnetosphere and the other is connected to the shocked 

interplanetary magnetic field, associated with reconnection at the magnetopause. This 

reconnection results in a limited transfer of magnetic flux and plasma from the dayside 

magnetopause to the magnetotail. While the other category, type B FRs only have plasma from 

one side of the magnetopause, i.e. only low energy electrons from magnetosheath exist in the 

example event plotted in Fig. 5.1.1b. Since only one population of plasma exists, there are some 

questions as to whether these type B FRs are connected to both magnetic regimes separated by the 

magnetopause. Thus it is questionable as to whether these type B flux ropes also transport magnetic 

flux from dayside to the magnetotail.  
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Based on the criteria described above, we found 137 FRs during the phase 1a of MMS main 

mission, the first dayside pass of the spacecraft fleet. Among them, 98 events have burst mode 

plasma data measured by fast plasma investigator (FPI) instrument, and 47 out of the 98 events 

are identified as type A FRs and the other 51 events are type B FRs.  
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Figure 5.1. 1 a) an example of type A FR; b) an example of type B FR. The two subplots are in the same 

format. The first four panels are three vector component and total magnetic field in FTE PQR coordinates. 

The fifth panel is the total pressure (red) and magnetic pressure (black). The last two panels are ion energy 

spectrum and electron energy spectrum respectively. 

 

5.2. Peak-Peak Magnetic Field  

Previously, we have shown that the magnetic field signatures for type A and type B flux ropes are 

quite similar by using case studies. It is also worthwhile to confirm the magnetic similarity between 

the two types of FRs from the statistical perspective. One of the most distinguishable 

characteristics of the flux rope is the bipolar signature in one component of the magnetic field. The 

increase to a large positive values, then decrease to rather large negative values and then a return 

to zero of the magnetic field component perpendicular to its direction of motion (P direction in 

FTE-PQR coordinate system) was one of the most distinct features of the flux transfer event since 

it was discovered by Russell and Elphic [1979] (in their case, the bipolar signature was in the 

normal component to the magnetopause).  

 

The statistical result of the peak-peak magnetic field difference of the two types of flux ropes are 

shown in Fig. 5.2.1. For both type A and type B flux ropes, most of the events have the peak-peak 

change in B between 40-60 nT. Though there are subtle differences between the two distributions. 

The peak-peak magnetic field of the type A flux ropes seems to concentrate more between 40 and 

80 nT, whereas the type B flux ropes spread more uniformly. But the differences are comparable 



 144 

to the error bar (the value divided by √𝑛 − 1, where n is the number of events). So the peak-peak 

magnetic field values distributions are the same for both types of FRs, with some statistical errors. 

 

Figure 5.2. 1 The statistics of the peak-peak magnetic field of type A (red) and type B (blue) flux ropes. 

 

5.3. The Core Field Strength 

The strength of the core field is another characteristic of flux ropes. For the flux ropes, the magnetic 

field component along the axial direction is enhanced to create an overpressure to balance the 

magnetic tension force caused by the curved magnetic field. Also the field rotates to be more 

aligned with the axial direction when approaching the center of the flux rope, eventually in the 

very center the magnetic field is purely along the rope axial direction. So the axial field component 
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is strongest in the very center of the flux rope. The core field is also important since it determines 

how much magnetic flux is contained within the flux rope. 

 

The statistical results on the core magnetic field strength of type A and type B flux ropes are shown 

in Fig. 5.3.1. For both types of flux ropes, most of them have a core magnetic field between 40 

and 80 nT. The core field strength rarely went below 40 nT, which is the strength of typical 

magnetic field on dayside magnetopause. As for the distribution of the two types of FRs, they 

nearly have identical distributions. The subtle differences between the two distributions are well 

within the statistical error. However, the difference is similar to the peak-peak distribution, with 

the distribution of type A FRs being slightly more concentrated, whereas the distribution for type 

B FRs is marginally more uniformly distributed.  

 

Figure 5.3. 1 The statistical results on the core magnetic field of type A (red) and type B (blue) flux ropes. 
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5.4. Total Magnetic Flux inside Flux Ropes 

Magnetic flux content is one of the most important parameters of flux transfer events and flux 

ropes, since it determines how much flux this magnetic structure is able to transport. The magnetic 

flux content of the FTEs in previous studies varies by a few orders of magnitude. In the original 

paper by Russell and Elphic [1979], they found FTEs containing 20-30 MWb at around 30° MLAT 

from ISEE 1 and 2 observations. Later Zhang et al. [2008a] reported FTE with much smaller 

magnetic flux content (400 kWb) also at around 20° MLAT from THEMIS observation. Similarly 

relative small FTEs (0.3 – 8 MWb) are also found at the magnetotail magnetopause by Eastwood 

et al. [2012] using THEMIS observations. 

 

However for the FTEs observed by MMS spacecraft, the total magnetic flux is usually small. Fig. 

5.4.1 shows the statistical result of the magnetic flux within type A and type B flux ropes. Evidently, 

most of the events of both types of have a magnetic flux content smaller than 100 kWb, only a few 

type A FRs have a magnetic flux larger than 1 MWb. More small FRs are found in MMS 

observations compared to previous studies probably due to the high temporal resolution of MMS 

instruments that help identify the smaller structures. 

 

In terms of the comparison between the magnetic flux content inside type A and type B, the two 

distributions are the same. The differences are from the statistical errors. The distribution for type 
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A FRs is slightly more uniformly spread out whereas the distribution for type B FRs tends to 

concentrate below 200 kWb. 

 

Figure 5.4. 1 The distribution of magnetic flux content within type A (red) and type B (blue) flux ropes 

 

In a nutshell, the magnetic profiles for type A and type B FRs are nearly identical from both a case 

study stand point and a statistical perspective.  

 

5.5. Location Distributions  

The hypothesis that distinctive features of type A and type B FRs are due to either different 

generation mechanisms or different evolution stages should yield a different spatial distributions 

for these two types of FTE. If the different generation mechanism theory is correct, more FTEs 
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should be found around the subsolar point or the magnetic reconnection site, whereas more type 

B FRs would be found around flank side of the magnetopause. For the different evolution stage 

model, one would expect type A FRs to be around the subsolar point or the magnetic reconnection 

site where the flux ropes are newly generated and the plasma from magnetosphere is leaking into 

the FR for the FRs observed in the magnetosheath. Type B FRs, on the other hand, are in later 

evolution stage and have moved further away from the magnetic reconnection site.  

 

Fig. 5.5.1 is the location distribution of the type A FRs (crosses) and type B FRs (triangles) plotted 

on top of the orbit coverage during MMS phase 1a, the plot shows the accumulated duration of 

MMS spacecraft in each bin of the size of 1RE × 1RE. It seems that both types of events are 

randomly distributed around the average magnetopause location without significant differences, 

this indicates that the origins of the two events could be the same. There are no obvious preferred 

locations for either type of FRs. So the original assumption of the plasma difference within type 

A and type B may have originated from either a different physical mechanism or a different 

evolution stage may not hold true.  
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Figure 5.5. 1 Location of 47 type A FRs (crosses) and 51 type B FRs (triangles)in a) GSM-xy, b) GSM-xz, 

and c) GSM-yz plane respectively. The background color represents MMS orbital coverage, i.e. how long 

the MMS fleet spends in each 1 Re * 1 Re square. 
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5.6. Distance to the Reconnection Site  

 

Although, the spatial distribution of the two types of FRs may provide a good clue to the 

origination of the phenomena or the evolution stages, the spatial distribution is also affected by the 

variation of magnetic reconnection site as a response to the changing solar wind conditions. A 

better way to understand the relationship between different types of FRs and the magnetic 

reconnection would be to evaluate the relative distance from the flux rope events to the magnetic 

reconnection. 

 

Here we use the location of maximum shear angle between magnetic field direction in the 

magnetosphere and that in the magnetosheath to represent the location of magnetic reconnection 

on the dayside magnetopause. The solar wind properties monitored by ACE spacecraft are used 

for the upstream conditions. A detailed description of the magnetic field shear angle calculation 

and magnetic reconnection site prediction is in Section 2.8.  

 

We also statistically examined the distance between the maximum magnetic shear location on the 

magnetopause and flux rope location. Similar to all the other properties of flux ropes, the 

distribution of these two types of FRs are quite similar. The number of events drops as the distance 

increase. The most probable distance is within 2 Re of the mangetopause. However there are some 

small differences between the two distributions. The distribution for type A FRs is negligibly 

uniformly distributed with the main peak below 2 Re and a secondary peak between 8 to 10 Re, 

whereas for type B FRs the distribution is more concentrated and has only one peak below 2Re. 

However, these differences are within the statistical errors. 
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Figure 5.6. 1 The statistics on the distance from FRs to the maximum magnetic shear location on the 

magnetopause. 
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symmetric around zero. Fig. 5.7.1b is the number of type A and type B FR events under different 

solar wind IMF-z conditions normalized by the relative occurrence frequency of the corresponding 

solar wind IMF-z component, it shows that both type A and type B FRs are more likely to happen 

when IMF is southward. Since southward IMF favors magnetic reconnection happening at the 

dayside magnetopause, it indicates that similar to FTEs, which are believed to be produced by 

magnetic reconnection due to the its nature of consisting plasma from both magnetosphere and 

magnetosheath, the type B FRs are also very likely associated with dayside magnetic reconnection. 

Thus type A and type B FRs may be the same type of structure both produced by magnetic 

reconnection. Similar to the format of Fig. 5.7.1, Fig. 5.7.2 shows the statistics of solar wind Mach 

number as well as the normalized distribution of the occurrence rate of both types of events under 

different solar wind Mach number. Solar wind Mach number controls the plasma beta of the 

magnetosheath. The solar wind dynamic energy is converted into magnetosheath thermal energy, 

affecting the possibility of reconnection onset. Lower solar wind Mach number would result in 

lower plasma beta in the magnetosheath, and thus would promote magnetic reconnection 

occurrence [Quest and Coroniti, 1981; Scurry and Russell, 1991]. Conversely, high plasma beta 

will suppress it. In figure 6b, neither type A nor type B FRs demonstrate any preference for low 

solar wind Mach number.  
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Figure 5.7. 1 IMF Bz distribution. a) IMF Bz distribution measured by the Wind satellite and propagated 

to 20 Re in front of the Earth; b) Number of type A (red) and type B (blue) FRs normalized by the occurrence 

rate of different IMF Bz conditions. 

 

 

Figure 5.7. 2 Solar wind Mach number distribution. a) Solar wind Mach number Distribution measured by 

Wind satellite and propagated to 20 Re in front of the Earth; b) Number of type A (red) and type B (blue) 

FRs normalized by the occurrence rate of different solar wind Mach number. 
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events. Fig. 5.8.1 is the distribution of the cross-sectional radius of both type A and type B FRs. 
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have a cross-sectional plane smaller than 500 km, much smaller than the ones discovered 

0 2 4 6 8 10
SW Mach Number

0.00

0.01

0.02

0.03

# o
f F

R 
No

rm
ali

ze
d b

y S
W

 M
ac

h#
 D

ist
rib

uti
on

−−− Type A FR
−−− Type B FR

b) 



 154 

previously [Fear et al., 2007; Russell and Elphic, 1978] which may be as large as a few RE. This 

could also due to bias of MMS mission low orbital inclination, since MMS spent its phase 1a 

mainly in equatorial plane, where flux ropes are newly generated and have not had enough time to 

grow to larger ones. Also as stated in section 2, with the help of the MMS spacecraft, it is possible 

to definitively determine the impact parameter of the spacecraft with respect to the center of the 

flux rope. The impact parameter distribution is also similar for both type A and type B FRs as 

shown in figure 5.8.2a. Most of the events have an impact parameter smaller than 200km. 

Surprisingly, the normalized impact parameter for both types of events are also similar. According 

to figure 5.8.2b, the MMS spacecraft cut through the flux rope structure with a random impact 

parameter, observing type A and type B FRs both in the inner part of the flux rope (small 

normalized impact parameter) and outer part of the flux rope (large normalized impact parameter). 

This observation shows that the hypothesis that type A FRs are the core of the flux rope while type 

B FRs are the draped magnetic field structures around it is not correct. 
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Figure 5.8. 1 Relative occurrence frequency of type A (red) and type B (blue) FRs with different cross-

sectional radii. 

 

Figure 5.8. 2 Impact parameter and relative impact parameter distribution. a) Relative occurrence 

frequency of type A (red) and type B (blue) FRs with different impact parameter; b) Relative occurrence 

frequency of type A (red) and type B (blue) FRs with different impact parameter normalized by cross-

sectional radii. 
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A FRs may be younger and the electrons are still mixed up inside the structure, and vice versa for 

the type B FRs the electrons from magnetosphere have already escaped, leaving only the 

magnetosheath electrons. However, this hypothesis was not favored by the fact that the distance 

from both types of events to the magnetic reconnection site on the quite similar distributions. A 

definite test of this hypothesis would be statistically studying the age of these two FRs types.  

 

Here, the fundamental approximation is that the flux rope moves with a relatively constant velocity 

from its birth place to the spacecraft location when the structure is observed. So the average 

velocity measured by using the multi-spacecraft technique and the distance from the FR to the 

maximum magnetic shear are used to calculate the age of the observed flux rope. 

 

 

Figure 5.9. 1 The statistical results on the ages of type A (red) and type B (blue) flux ropes based on the 

distance from FTE to the maximum magnetic shear location and FTE velocity. 
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Fig. 5.9.1 contains the statistical results on the ages of these two FR types. For both types, the 

distribution is Gaussian-like, with the majority of events being younger than 300s and only few 

events older than 1500s. The distribution for the two types are very similar, the small differences 

between them are within statistical error. Type A FRs are slightly more uniformly distributed, 

whereas the type B FRs are slightly more concentrated at younger than 300s.  

 

The similarity between the age distributions of these two FR types definitively disproves the theory 

that they are different due to being at different evolution stage. 

 

5.10. The Statistics of Rope Axial Direction 

The distributions of their locations and their correlation with solar wind condition suggest both 

type A and type B FRs are associated with magnetic reconnection. However, the physical model 

of flux ropes is still under discussion. The most commonly accepted theories include the elbow 

shape FTE model [Russell and Elphic, 1978], the multiple x-line magnetic reconnection model 

[Lee and Fu, 1985], and the bursty reconnection model [Scholer, 1988; Southwood, 1987]. These 

different models should predict different orientations of the flux rope axial direction. In the elbow 

shape model, the axis of the flux rope would be more parallel to the equatorial plane on the low 

latitude magnetosheath side, while they would tend to be along the north-south direction on the 

high magnetic latitude magnetosphere. In the other two models, the axial direction should not 

change much when the rope is observed at different latitudes. As introduced in section 2, with the 

advantage of the four MMS spacecraft in the formation of a closely separated regular tetrahedron, 

and it is possible to calculate the axial direction of the flux rope relatively accurately. Plotted in 
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Fig. 5.10.1 is the angle between the axis of the flux rope and terrestrial magnetic equator (vertical 

angle) as a function of their GSM-z position for both type A (the left two subplots) and type B (the 

right two subplots) FRs. The upper two subplots are the scatter plots for the events. These plots 

show that the vertical angles for the axes of both events seems to be randomly distributed across 

different GSM-z. But, in the lower two subplots, in which the average vertical angle is calculated 

within bins of width 1RE, there is a subtle tendency at larger the GSM-z positions for the rope axis 

to be more vertical. One thing that should be noted is that the orbital coverage of MMS phase 1a 

is limited to a small range of GSM-z positions (from 0 RE to -9RE). The axial directions of flux 

rope would not have much vertical tilt in the elbow shape model. Based on our analysis, only a 

weakly constrained conclusion can be drawn: that the flux ropes tend to be along north-south 

direction at higher latitude, consists with that the elbow-shape flux rope model.  
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Figure 5.10. 1 The correlation between the GSM-z location and the rope axis vertical angle(angle between 

the rope axis and GSM equatorial plane). a) scatter plot of type A FRs; b) scatter plot of type B FRs; c) the 

average vertical angle of each one-Re-width bin for type A FRs; and d) the average vertical angle of each 

one-Re-width bin for type B FRs. 

 

5.11. Summary 

During phase 1a of the MMS mission, 98 flux rope events with plasma measurements were 

identified by using the criteria that flux ropes should have an enhancement of both total pressure 
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and magnetic pressure towards the center of the structure that indicates magnetic curvature force 

is presented in order to maintain pressure balance. Second, they should have a bipolar magnetic 

field in the transverse direction perpendicular to the spacecraft trajectory, a that indicates the field 

line is curved. Third, they should have a unipolar magnetic field component along the rope axial 

direction indicating a helical field line topology. The measured properties of these ropes were 

studied in the local PQR coordinate system presented in this paper. Here R is the rope axial 

direction determined definitively by using the magnetic pressure gradient measurement by the 

MMS spacecraft fleet; P is perpendicular to the spacecraft trajectory in the cross-sectional plane, 

and Q completes the right hand coordinate system. Among the 98 events, 47 are identified as type 

A FRs due to the existence of both magnetosphere and magnetosheath plasma and hence a 

signature of reconnected magnetosphere and magnetosheath field lines, and the other 51 events as 

type B FRs since only plasma from one regime exists inside them.  

 

The statistical properties for type A and type B FRs were analyzed showing that these two types 

of events are statistically similar in their magnetic profile, the spatial distribution, their correlation 

with solar wind IMF Bz and solar wind Mach number, supported the theory that type A and type 

B FRs are generated by the same physical mechanism. It is also shown that the cross-sectional 

radius, impact parameter and normalized impact parameter are also similar for the two types of 

flux ropes, disproving the model that type A FRs are the center part of the flux transfer events that 

have mixed plasma from two regime while type B FRs are the exterior part of the FTE that only 

have plasma from one regime. Meanwhile, the distance from the events to the reconnection site 

and the ages of the FRs are also quite similar for these two types of FRs from a statistical 

perspective. This disproves the idea that type A FRs are younger so that the electrons are mixed in 
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it while type B FRs are so old that magnetospheric electrons have already escaped for these 

magnetosheath FRs. 

 

These distributions strongly indicate that these two types of events are different aspects of the same 

phenomena. Besides, analysis of the rope axial direction as a function of the GSM-z position are 

consistent with the elbow-shaped flux rope model produced by magnetic reconnection on the 

dayside magnetopause.  

 

So both type A and type B FRs should be flux transfer events, which are responsible for magnetic 

flux transfer on the magnetopause. However the physical reason why type B FRs do not have 

mixed plasma is still unkown. 
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Chapter 6 

Conclusions 

The magnetic and plasma structures around dayside magnetopause have been examined with 

unprecedent detail with the exceptional high temporal resolution measurements of both magnetic 

field and plasma properties as well as the capability to detangle the spatial and temporal variation 

enabled by the closely-formed four-spacecraft-tetrahedron of the MMS mission. With these 

detailed examinations, we have been able to distinguish and identify different current structures in 

the vicinity of magnetopause, namely the magnetopause current layer, flux transfer events (FTE), 

and magnetosheath field enhancements (MFE), with definitive criteria. Furthermore, with the 

observations from MMS, the detailed properties of FTEs are studied for a better understanding of 

them. With these detailed analyses of flux ropes, we then prove that there are two types, one (type 

A) with mixed plasma originated from two regimes (magnetosheath and magnetosphere), and the 

other (type B) without the mix signature; and these two types of FRs are actually the same 
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phenomena, both of them are FTEs generated by dayside magnetic reconnection and are 

responsible for the magnetic flux transfer.  

 

The magnetopause current layer, the MFE and the FTE are distinguished with the following 

definitive evidence. The magnetopause current layers are different from the other two phenomena 

in the following aspects. First of all, the magnetic field and plasma profiles change from one 

configuration to another, both the field direction and field strength usually change (aside from 

some cases under northward IMF conditions when the field inside the magnetosheath and 

magnetosphere looks quite similar). Second, the total pressure of magnetopause current layer stays 

constant throughout the structure. Third, both parallel and perpendicular current are significant 

throughout the current layer. Last but not the least, the force balance within the magnetopause is 

established between magnetic pressure gradient force and plasma pressure gradient force, the 

tension forces are neglectable. 
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An FTE, on the other hand, are a local structures. The magnetic field and plasma profile are 

different from the environment surrounding them, i.e. after transiting the structure, the spacecraft 

returns to the same regime as the one prevailing before the structure encountered. The magnetic 

field profile is characterized by the bipolar signature along the direction perpendicular to the 

moving direction in the transverse plane and the unipolar feature along the axial direction. Note 

that, it is essential to analyze the FTE in the FTE-PQR coordinate system in order to better reveal 

the magnetic field signatures. The total pressure of an FTE is enhanced gradually towards the 

center of the structure, which is different from the magnetopause current layer but similar to the 

MFE. Current and forces are another two properties that separate the FTE from the other two 

phenomena. Within FTE, the currents are strong nearly everywhere, the parallel current is usually 

the one that dominates. In terms of the forces, the magnetic curvature force is not a local force 

either. For the FTE, instead of the ion pressure gradient force, the magnetic curvature force takes 

the major role of balancing the magnetic pressure force.  
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The MFE is another local structure, but the plasma and magnetic environment before and after the 

MFE are not exactly the same. Even more, within the MFE, there is usually another very localized 

structure embedded in the center. So within the MFE there are three magnetic and plasma regimes, 

two large ones separated by the very thin central current sheet. The magnetic and total pressure are 

also enhanced towards the center of the MFE. However at the central current sheet, the behavior 

of magnetic and plasma pressure is very different, in some cases, the magnetic pressure decrease 

while the total pressure has a little peak. The current and force associated with MFE also exhibits 

a very localized substructure at central current sheet. The thin current peak is an order of magnitude 

larger than the current in other parts of the MFE and is mainly parallel current. The force peak is 

also an order of magnitude larger and demonstrates a balance between magnetic pressure gradient 

force and plasma pressure gradient force. 

 

The FTEs identified by using the previous criterion are then analyzed in great detail. First, we 

developed new methods to analysis the FTEs. We determine the rope axial direction with minimum 

analysis on the magnetic pressure gradient force, a much better method that based on solid 
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assumption that the forces are only perpendicular to the rope axis. The axial direction is also 

utilized to develop the FTR-PQR coordinate system that helps to analyze the flux ropes better. 

Second the velocity profile of the FTE is calculated by using the multi-spacecraft timing method. 

The timing result was used to estimate the geometric configuration of the FTE, such as the radius 

of the cross-sectional plane and the impact parameter of the spacecraft. The geometric 

configuration enables we to extrapolate the magnetic field to the core of the FTE so that the core 

field strength and total magnetic flux of the FTE are determined with a better accuracy. This is 

crucial for understanding the impact of FTEs on the geomagnetic environment. The velocity 

profile is also used to determine whether the cross-sectional size of the FTE is expanding or 

contracting. Last but not least, different force terms in the MHD momentum equation are analyzed 

for the FTE in order to determine whether or not the structure is force-free and also to study the 

evolution of the FTE. 

 

Using those analyses of the FTE, we then showed from a statistical perspective that both type A 

flux ropes, the ones with mix of plasma from two regimes, and type B FRs, the ones with only one 
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plasma origin, are flux transfer events and are responsible for the magnetic flux transfer on dayside 

magnetopause. This conclusion is drawn since: first the spatial distribution and relationship to the 

solar wind (prefer southward IMF Bz) is the same for these two types, so that the generation 

mechanisms for them are the same; second that the relative impact parameter distributions for both 

types are similar disprove the hypothesis that type A FRs are the center part the FTE and type B 

FRs are the exterior draped field; last, the statistics on distance from the events to the reconnection 

site and ages of the events are also similar for these two types, this disproves the idea that type A 

FRs are younger but type B FRs are older.  

 

Additionally, the axial direction of the events are also analyzed statistically and reveal weak 

evidence that the axial direction would tilt to be more aligned with south-north direction at higher 

latitude, such suggests the elbow-shape FTE model is more reasonable. 
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However, there are also many more questions regarding FTEs remain to be answered. In this thesis, 

we have shown that the occurrence rate of both type A and type B FRs (or FTEs) are not related 

to the solar wind Mach number, which against the theory that lower solar wind Mach number 

would result in lower beta in the magnetosheath and thus would favor magnetic reconnection. 

However the Mach number around Jupiter and Saturn is higher than the solar wind Mach number 

associated with the FTEs we analyzed. So a study of FTE at Jupiter and Saturn could extend the 

study of relationship between FTE formation and solar wind Mach number. Meanwhile, the FTEs 

found in the MMS-era are usually much smaller than the ones found in ISEE 1&2 observations in 

terms of both size and magnetic flux content. Aside from the low temporal resolution of ISEE data 

that prevent the discovery of small FTEs in that data, there is another possible influence factor in 

that ISEE 1&2 observation and MMS observations are in the different stages of two very different 

solar cycles. A continuous study of the FTE for a whole solar cycle would be helpful to fully 

understand this phenomenon.  
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