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Abstract

Magnetic reconnection in the Earth’s magnetosphere is usually manifested as a turbulent state in which the large amplitude

fluctuations disrupt the main reconnection layer, while it occasionally shows a clear structured reconnection layer with weak

fluctuations, i.e., a laminar state. To understand why the fluctuation strength varies significantly among reconnection in the

Earth’s magnetotail, we have examined tens of reconnection events in the Earth’s magnetotail observed by the Magnetospheric

Multi-Scale (MMS) mission. We primarily examine the correlation between fluctuation strength in reconnection, quantified by

dBrec and dErec, and reconnection inflow conditions and upstream solar wind conditions. The fluctuation strength (dBrec,

dErec) for these reconnections ranges from 0.7 to 10 nT and 0.8 to 30 mV/m, respectively. Our analysis unveils significant

correlations between inflow conditions including Alfven speed VA,in, , magnetic disturbances dBin and electric field disturbances

dEin with (dBrec, dErec). Fluctuation strength also shows good correlations with interplanetary magnetic field (IMF) cone

angle and solar wind dynamic pressure, whereas it has an unclear relationship with substorm and storm activities. We suggest

that inflow reconnection conditions act as the principal catalysts for turbulence during reconnection.
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 11 

Abstract 12 

Magnetic reconnection in the Earth’s magnetosphere is usually manifested as a 13 

turbulent state in which the large amplitude fluctuations disrupt the main reconnection 14 

layer, while it occasionally shows a clear structured reconnection layer with weak 15 

fluctuations, i.e., a laminar state. To understand why the fluctuation strength varies 16 

significantly among reconnection in the Earth’s magnetotail, we have examined tens of 17 

reconnection events in the Earth's magnetotail observed by the Magnetospheric Multi-18 

Scale (MMS) mission. We primarily examine the correlation between fluctuation 19 

strength in reconnection, quantified by dBrec and dErec, and reconnection inflow 20 

conditions and upstream solar wind conditions. The fluctuation strength (dBrec, dErec) 21 

for these reconnections ranges from 0.7 to 10 nT and 0.8 to 30 mV/m, respectively. Our 22 

analysis unveils significant correlations between inflow conditions including Alfven 23 

speed VA,in, 𝛽𝛽𝑖𝑖𝑖𝑖, magnetic disturbances dBin and electric field disturbances dEin with 24 

(dBrec, dErec). Fluctuation strength also shows good correlations with interplanetary 25 

magnetic field (IMF) cone angle and solar wind dynamic pressure, whereas it has an 26 

unclear relationship with substorm and storm activities. We suggest that inflow 27 

reconnection conditions act as the principal catalysts for turbulence during reconnection. 28 

mailto:monmentum82@gmail.com


Plain Language Summary 29 

Turbulence and reconnection are closely intertwined phenomena. When turbulence 30 

is present during reconnection, it often manifests as a distinct turbulent state. Strong 31 

turbulent reconnection plays a vital role in energy conversion and particle acceleration. 32 

However, the factors causing significant variations in the fluctuation strength of 33 

reconnection remain unclear. In this study, we conducted a statistical analysis of the 34 

fluctuation strength of 31 reconnection events in the magnetotail. Our findings indicate 35 

that the inflow parameters of reconnection are pivotal in determining fluctuation 36 

strength. Additionally, solar wind dynamic pressure and IMF cone angle also influence 37 

the disturbance amplitude of reconnection. These insights contribute to a deeper 38 

understanding of the mechanisms that drive the evolution of reconnection into 39 

turbulence. 40 

 41 

Key Points: 42 

 Parameters in the reconnection inflow region play a pivotal role in determining 43 

the fluctuation strength in reconnection. 44 

 Reconnection tends to be more turbulent when the IMF is southward and solar 45 

wind pressure is large. 46 

 The strength of fluctuation in reconnection does not directly impact the intensity 47 

of substorm and magnetic storm.  48 

 49 

1. Introduction 50 

Magnetic reconnection is a fundamental plasma phenomenon occurring across 51 

diverse plasma settings, including astrophysical, solar, geophysical, and laboratory 52 

plasmas. This process rapidly converts magnetic energy into kinetic and thermal energy 53 

by altering the magnetic field topology (Parker, 1957; Sonnerup, 1984; Schindler et al., 54 

1988; Zhou et al., 2019a). Within turbulent plasma, such as the magnetosheath 55 

downstream of the bow shock, notable oscillations in both the plasma density and 56 

magnetic field are frequently observed. These oscillations induce thin current sheets, 57 



which in turn serve as a precursor to reconnection processes, leading to turbulent 58 

energization of plasma through energy dissipation (Retinò et al., 2007; Sundkvist et al., 59 

2007). 60 

Reconnection can also drive turbulence and spontaneously evolve into a turbulent 61 

state. 3-D simulations of reconnection show a heightened level of complexity and 62 

turbulence compared to 2-D simulation because the additional degree of freedom in the 63 

third direction facilitates the growth of many instabilities and wave modes. Che et al. 64 

(2010) find that the turbulent evolution of reconnection creates a web of filamentary 65 

currents, disrupting the main reconnecting current sheet. Daughton et al. (2011) 66 

demonstrate that the generation of numerous small-scale magnetic flux ropes, driven 67 

by secondary tearing instabilities, induces strong turbulence within the entire 68 

reconnection layer (Daughton et al., 2011). In addition, lower-hybrid drift instability 69 

(Yin et al., 2008; Divin et al., 2015; Price et al., 2016; 2017; Zhou et al., 2009a, 2009b; 70 

2018) and interchange instability (Lapenta & Bettarini, 2011; Lapenta et al., 2015, 2018, 71 

2020; Pucci et al., 2017) caused by strong density gradient in the outflow region can 72 

produce turbulence in reconnection. Kelvin-Helmholtz instability, driven by either ion 73 

or electron flow shear, can be a potential source for turbulence in reconnection (Zhong 74 

et al., 2018). Kinetic instabilities driven by non-Maxwellian particle velocity 75 

distribution functions also contribute to the development of turbulence in reconnection 76 

(Ergun et al., 2018; Khotyaintsev et al., 2020; Yoon et al., 2005; Zhong et al., 2021). 77 

Turbulent reconnection has been extensively documented through in-situ spacecraft 78 

observations in various regions, including the Earth’s magnetosphere and solar wind 79 

(Eastwood et al., 2009; Chaston et al., 2009; Huang et al., 2010, 2012; Osman et al., 80 

2015; Zhou et al., 2021; Ergun et al., 2020; Li et al., 2022; Vörös et al., 2014; Osman 81 

et al., 2014; Wang et al., 2022). In these observations, turbulent reconnection is 82 

generally identified or characterized by significant disturbances in the electromagnetic 83 

fields and power-law magnetic field spectrum.  84 

More recently, the role of turbulence in magnetic reconnection has been intensively 85 

investigated. It has been illustrated that turbulent reconnection efficiently drives the 86 

conversion of magnetic energy into plasma kinetic energy in an intermittent manner 87 



(Sun et al., 2022; Lu et al., 2023; Jin et al., 2022, 2024; Osman et al., 2015). The 88 

substantial energy dissipation during turbulent reconnection predominantly occurs 89 

within kinetic-scale coherent structures (Fu et al., 2017; Bergstedt et al., 2020; Zhou et 90 

al., 2021; Huang et al., 2021; Jin et al., 2024). Fu et al. (2017) discovered that energy 91 

dissipation in magnetic reconnection primarily occurs at the O-point rather than the X-92 

point, and turbulence can enhance the energy conversion within current sheets. Zhou et 93 

al. (2021) find that electron-scale current sheets are formed in turbulent reconnection 94 

outflow region. Some of the current sheets are reconnecting, which contributes 95 

substantially to the overall energy release during the large-scale reconnection. Ergun et 96 

al. (2020) suggest that the presence of magnetic holes in strong turbulence can 97 

effectively trap particles and lead to significant non-thermal particle acceleration. 98 

Lazarian and Vishniac (1999) propose that turbulent reconnection with stochastic 99 

magnetic field lines can substantially increase the reconnection rate.  100 

On the other hand, waves may be important in the energy budget of turbulent 101 

reconnection. It has been shown that the dominant wave mode in turbulent reconnection 102 

is the fast mode or Alfvén-whistler mode (Eastwood et al., 2009; Huang et al., 2010; 103 

2012). This underscores the pivotal role of waves in the energy cascade and dissipation 104 

in turbulence driven by magnetic reconnection. Whether plasma waves or coherent 105 

structures play the dominant role in energy dissipation in turbulent reconnection is 106 

unclear.  107 

Another interesting question arises from the observational view of point: why do 108 

certain reconnection events manifest as weak fluctuations, indicative of laminar states, 109 

while others show substantial amplitude perturbations? For instance, the reconnection 110 

events studied by Torbert et al. (2018) and Zhou et al. (2019a, b) exhibit relatively small 111 

amplitude fluctuation in the magnetic field, characterized by well-structured 112 

reconnection layers (Torbert et al., 2018; Zhou et al., 2019a, 2019b). Conversely, in 113 

some other reconnection events (Ergun et al., 2018, 2020, 2022; Zhou et al., 2021), both 114 

the magnetic and electric fields exhibit prominent disturbances and rapid fluctuations, 115 

disrupting the structured reconnection layers. In such instances, remarkably large 116 

electric fields, currents, and significant increases in energetic electrons are frequently 117 



observed. Motivated by these observations, this study aims to delve deeper into the 118 

factors determining the fluctuation strength of reconnection. In other words, we attempt 119 

to understand the mechanisms underlying the generation of turbulence during 120 

reconnection. Therefore, we statistically analyze 31 reconnection events in the Earth’s 121 

magnetotail, exploring the relationship between fluctuation strengths and factors such 122 

as reconnection inflow conditions, upstream solar wind conditions, and geomagnetic 123 

activities. 124 

 125 

2. Instrumentation 126 

For this study, we employed a combination of measurements from the MMS satellite, 127 

utilizing instruments such as the Flux Gate Magnetometer (FGM) for magnetic field 128 

measurements (Russell et al., 2016; Ergun et al., 2016), the Electric Double Probes 129 

(EDP) for electric field measurements (Lindqvist et al., 2016; Torbert et al., 2016), and 130 

the Fast Plasma Investigation (FPI) for plasma moments (Pollock et al., 2016). This 131 

work specifically utilized Fast mode data since the high-resolution burst mode data 132 

from the MMS was unnecessary for assessing fluctuation strengths and inflow 133 

conditions in these events. 134 

In the magnetotail, the plasma density is relatively low, particularly in the 135 

reconnection outflow region where the plasma is exhausted. In such an environment, 136 

the corrected phase space density tends to have negative values after eliminating 137 

photoelectrons from the low phase space density measured by FPI (Gershman et al., 138 

2017). This results in abnormally large outliers in electron density (ne) and temperature 139 

(Te). Considering this issue, we utilize partial ion and electron moment data provided 140 

directly by FPI. For electrons, we used partial moment data for energies surpassing 50 141 

eV, which is greater than the energy of photoelectrons generated within the Dual 142 

Electron Spectrometers (DES) by solar extreme ultraviolet (EUV) photons (Gershman 143 

et al., 2017). The presence of these photoelectrons, independent of spacecraft potential, 144 

introduces difficulties in measuring low-energy electrons (< 50 eV). For ions, partial 145 

moment data for energies exceeding 250 eV were used, as penetrating radiation below 146 



250 eV maintains a nearly constant background flux (Gershman et al., 2019). Crucially, 147 

the partial moment data yields a near equality in electron and ion densities. The solar 148 

wind and Interplanetary Magnetic Field (IMF) parameters are derived from the OMNI 149 

database with a time resolution of 1 min 150 

(http://sdaweb.gsfc.nasa.gov/cdaweb/istp_public/). The OMNI solar wind data has 151 

been time-shifted to the Earth’s bow shock nose. The auroral electrojet lower (AL) 152 

index is measured through ground stations within The Time History of Events and 153 

Macroscale Interactions during Substorms (THEMIS) mission network (Angelopoulos, 154 

2008).  155 

 156 

3. Observations of turbulent reconnection: a case study 157 

We present two magnetotail reconnection events observed by MMS, each illustrating 158 

a different strength of turbulence, to elucidate the methods employed in our statistical 159 

analysis. Specifically, we categorize magnetotail reconnection into two types: plasma 160 

sheet reconnection (PSR) and lobe reconnection (LR). Here, we stipulate that the LR 161 

must meet the following conditions: (1) The electron temperature (Te) demonstrates a 162 

pronounced enhancement relative to the neighboring region, with the peak Te exceeding 163 

four times that of the surrounding region; (2) The electron density (ne) drops to a very 164 

low value compared to the adjacent region; (3) A corresponding increase in the Alfvén 165 

speed (VAx). Conditions not meeting the aforementioned criteria are classified as PSR. 166 

3.1 Magnetotail plasma sheet Reconnection: 2017-06-19 event 167 

Figure 1(a1) – (a9) provides an overview of PSR observed by MMS1 from 09:30 to 168 

10:00 UT on June 19, 2017 (reported by Zhou et al., 2019b). During this interval, a bulk 169 

flow reversal is evident, transitioning from negative to positive (Figure 1(a4)) and the 170 

reversal of the magnetic field Bz from negative to positive (Figure 1(a1), suggesting 171 

MMS traversed a tailward-retreating X-line. An ion diffusion region (IDR) is observed 172 

around 09:43:25 UT (Zhou et al., 2019b). The fluctuation level of the magnetic field is 173 

relatively weak. Moreover, there is no significant density decrease and Te remains stable 174 

in the outflow region. VAx is between 500 and 1000 km/s, with a maximum electric 175 

http://sdaweb.gsfc.nasa.gov/cdaweb/istp_public/


field of approximately 40 mV/m, collectively indicating this is a PSR. 176 

A reconnection inflow region was encountered by MMS at ~ 09:41 UT. The inflow 177 

region is manifested as noticeable density decreases, large |Bx| (> 10 nT), absence of 178 

ion outflow, and a sudden decrease in electron flux. Although similar features to the 179 

inflow region were observed around 09:45 UT, a strong electric field indicates that the 180 

satellite was crossing the separatrix region. Hence, we consider the period around 09:41 181 

UT as the inflow region, marked by a black vertical line in Figure 1(a). Our analysis 182 

focuses on the highlighted blue region, from the onset of outflow at ~ 09:35 UT to its 183 

disappearance at ~ 09:51 UT, to compute the fluctuation strength associated with 184 

reconnection. To mitigate any interference from the inflow region that might influence 185 

the fluctuation strength associated with reconnection, we intentionally exclude the 186 

previously defined inflow region. 187 

 188 

3.2 The Transition from Magnetotail Plasma Sheet Reconnection to Lobe 189 

Reconnection: 2019-09-06 event 190 

Figure 1(b1) – (b9) provides an observation of the transition from the magnetotail 191 

PSR to LR observed from 04:20 to 04:50 UT on September 6, 2019. Before 04:35 UT, 192 

the magnetic field disturbance was subdued, and Te remained stable at around 1 keV. 193 

After 04:35 UT, drastic magnetic field variations were observed (see Figure 1(b1)). 194 

During this period, Te rapidly increased from 1 keV to 10 keV (Figure 1(b6)), 195 

accompanied by a notable decrease in density from 0.3 cm-3 to less than 0.1 cm-3, and 196 

the electric field surged to approximately 300 mV/m. These observations suggest that 197 

the reconnection was initially in the plasma sheet, and then developed to involve lobe 198 

field lines. One may note that the ion bulk flow (depicted in Figure 1(b4)) in the LR 199 

does not exhibit a significant enhancement compared to PSR. This is probably due to 200 

that the ion velocity in this LR is underestimated due to a substantial portion of the 201 

high-energy ions were not measured by FPI, as shown in Figure 1(b7). The intervals of 202 

PSR and LR are differentiated by blue and orange shades, respectively.  203 

Inflow regions for PSR and LR are observed at ~ 09:34 UT and ~ 09:42 UT (indicated 204 

in Figure 1b), respectively. Regardless of PSR or LR, the two inflow regions are 205 



identified according to the criteria described in Section 3.1. However, in the LR inflow 206 

region, extremely low plasma density and nearly complete depletion of electron flux 207 

are observed compared to the inflow region of PSR. Here, we selected the interval from 208 

04:21:26 UT (emergence of the outflow) to 04:34:20 UT (onset of Te enhancement) to 209 

calculate the magnetic field fluctuation strength for PSR. The interval for LR spanned 210 

from 04:34:20 UT to 04:44:02 UT, corresponding to the increase and subsequent 211 

stabilization of Te. 212 

 213 

4. Statistical Study 214 

We employed data from the MMS mission, following the outlined approach in 215 

Section 3, to investigate reconnection events in Earth’s magnetotail from the year 2017 216 

to 2020. Our objective is to elucidate the relationship between the fluctuation strength 217 

of these reconnections and various inflow parameters of reconnection, ambient plasma 218 

sheet fluctuation amplitude, upstream solar wind conditions, and geomagnetic activities. 219 

Note that the geomagnetic activities are treated as a consequence of reconnection, while 220 

the other parameters are regarded as causal factors for turbulent reconnection.  221 

 222 

4.1 Criteria for Selecting Magnetotail Turbulent Reconnection Events and 223 

Calculation of Fluctuation Strength in Turbulent Reconnection 224 

All the examined reconnection events are characterized by a tailward-to-earthward 225 

(or earthward-to-tailward) ion bulk flow reversal, concurrent with a corresponding 226 

reversal of Bz from negative to positive (or positive to negative). Interestingly, the 227 

power spectral densities (PSDs) of the magnetic field in all of these reconnections 228 

exhibit a power-law spectrum in the inertial range, which typically corresponds to 229 

frequencies below the ion cyclotron frequency (𝑓𝑓𝑐𝑐𝑖𝑖). The spectral indexes vary between 230 

-2.4 and -1.45, with an average of around -1.68. This is a common property of turbulent 231 

reconnection reported in previous observations (Eastwood et al., 2009; Huang et al., 232 

2012; Ergun et al., 2018; Zhou et al., 2021). Recent numerical simulations find that 233 

magnetic reconnection is intrinsically an energy cascade process (Adhikari et al., 2020, 234 



2021), so whether the formation of the power-law spectrum is a consequence of the 235 

development of turbulence in reconnection, or an intrinsic characteristic of 236 

reconnection is unclear.   237 

We employed the following criteria to select the inflow region:  238 

1. The interval should exhibit a large and stable |𝐵𝐵𝑋𝑋| > 10 nT (Øieroset et al., 2023).  239 

2. Density within this interval should be substantially lower than the surrounding 240 

region, accompanied by a significant reduction in differential energy flux of thermal 241 

electrons, usually above 1 keV. 242 

3. The electric field within this interval should be relatively small (<10 mV/m) to 243 

avoid being in separatrix regions. 244 

4. The period selected for the inflow region must not overlap with any segment of 245 

the outflow. 246 

According to the above criteria, each reconnection event should have a 247 

corresponding inflow region. However, when a reconnection transits from PSR to LR, 248 

as exemplified in Section 3.2, corresponding inflow regions are expected in both types 249 

of reconnections. In fact, for most such events, the inflow region is observed 250 

exclusively in either the PSR or the LR region. Consequently, we select the period for 251 

calculating the fluctuation strength in the reconnection region, encompassing the 252 

outflow region and diffusion region, according to the following criteria: (1) For the PSR, 253 

selecting the time range for calculating fluctuation strengths is rather complex. If the 254 

reconnection event is similar to the one illustrated in Section 3.2 and the inflow region 255 

is found in the PSR, then the time range for calculating fluctuation strengths is chosen 256 

from the onset of the reconnection outflow to the beginning of the enhancement in Te. 257 

If the PSR event is akin to the event presented in Section 3.1, then the time range is 258 

chosen from when the tailward flow (earthward flow) begins to appear until the 259 

earthward flow (tailward flow) nearly disappears. (2) If the inflow region is found in 260 

LR, the period for calculating fluctuation strength spans from the initiation of Te 261 

increase to when Te tends to be stabilized.  262 

In this paper, we employ dBrec and dErec to quantify the fluctuation strength in 263 



reconnection. dBrec and dErec are defined as 𝑑𝑑𝐵𝐵𝑟𝑟𝑟𝑟𝑐𝑐 = �∑ ∫ 𝑃𝑃𝐵𝐵,𝑖𝑖dff𝑚𝑚𝑚𝑚𝑚𝑚
0.05i=x,y,z  264 

and  𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑐𝑐 = �∑ ∫ 𝑃𝑃𝐸𝐸,𝑖𝑖dff𝑚𝑚𝑚𝑚𝑚𝑚
0.05i=x,y,z  , where 𝑃𝑃𝐵𝐵,𝑖𝑖  and 𝑃𝑃𝐸𝐸,𝑖𝑖  are the power spectral 265 

density of the ith component of the magnetic field and electric field, respectively; f𝑚𝑚𝑚𝑚𝑚𝑚 266 

represents the Nyquist frequency of the electromagnetic field data, which is 8 Hz for 267 

magnetic field B and 16 Hz for electric field E. The minimum frequency for integration 268 

is set to 0.05 Hz to eliminate the influence of large-scale current sheet flapping and 269 

coherent structures, such as flux ropes. Furthermore, the period corresponding to the 270 

inflow region is excluded in this calculation to focus on the turbulence in the outflow 271 

and diffusion region. Different from dBrec, which represents electromagnetic 272 

fluctuations, dErec additionally involves electrostatic disturbances. If a certain 273 

parameter exhibits a weak correlation with dBrec but a strong correlation with dErec, it 274 

indicates a possible dependency of that parameter on electrostatic disturbances.  275 

According to the aforementioned criteria, a total of 31 reconnection events were 276 

selected from year 2017 to 2020. Figure 2 illustrates the distribution of these 277 

reconnection events in the X-Y plane of the geocentric solar magnetospheric (GSM) 278 

coordinates. Figure 2a shows that these events are approximately between -30 and -10 279 

Rₑ in the X direction. Furthermore, 80% of events occurred on the dusk side, with only 280 

20% located on the dawn side. This dawn-dusk asymmetric distribution of tail 281 

reconnection has been previously reported (Nagai et al.,2021; Lu et al., 2016) and is 282 

suggested to be caused by the Hall effect in the magnetotail current sheet (Lu et al., 283 

2016). Figures 2b and 2c reveal that there is no clear dependence of dBrec on the spatial 284 

position of these reconnection events. 285 

 286 

4.2 The Influence of Inflow Parameters on Fluctuation Strength of Turbulent 287 

Reconnection 288 

In the paper, we utilize both Spearman correlation coefficients (Scc) and Pearson 289 

correlation coefficient (Pcc) to assess the strength of the correlations between any two 290 

variables. The reason behind employing two different correlation coefficients lies in 291 

two considerations: (1) Pcc can assess the strength and direction of linear relationships 292 



between two variables, while Scc can capture nonlinear monotonic correlations. In the 293 

case of non-perfect linearity, the use of Pcc may miss the monotonic information that 294 

Scc can reveal; (2) Pcc is highly sensitive to outliers, while Scc is less affected by 295 

anomalies, ensuring a more robust measure of correlation strength (Hauke et al., 2011; 296 

Schober et al., 2018). We refer to correlations with Scc or Pcc > 0.6 as good, 0.3< Scc 297 

or Pcc <0.6 as ambiguous, and Scc or Pcc < 0.3 as no correlation, the same definition 298 

as that used in Imada et al (2011).  299 

Before performing statistical analysis, we validate the accuracy of the calculated 300 

inflow plasma parameters. In principle, the reconnection outflow speed increases as the 301 

increment of the inflow Alfvén speed (VA, in) (Wu et al., 2011, 2012). Here we perform 302 

a correlation analysis between the inflow Alfven speed and the convective outflow 303 

speed. The outflow region is defined as the area where |Vi⊥| > 100 km/s and |Bx| < 10 304 

nT. Figure 3b shows the correlation between VA,in, and electron convective outflow 305 

speed Vex⊥. We see that Vex⊥ is linearly correlated with VA,in as Pcc is close to 0.8, 306 

evidencing the reliability of the estimated inflow Alfven speed. Pcc between VA,in, and 307 

ion convective speed Vix⊥ is relatively poor partially because the ion bulk velocity is 308 

underestimated in some reconnection events. For example, the specific points, 309 

deviating from the overall trend, with higher VA, in but lower Vix⊥ are observed in 310 

Figure 3a. We find that ion fluxes in these events typically exceed 10 keV, surpassing 311 

the measurement range of ion instruments (with an upper limit of 30 keV). Therefore, 312 

the main reason for the great difference between Scc ~ 0.8 and Pcc ~ 0.5 is the influence 313 

of these outliers. In conclusion, the good correlation between VA,in, and outflow velocity 314 

validates the accuracy of the obtained inflow parameters. 315 

Figure 4 illustrates the relationship between the fluctuation strength of reconnection 316 

and key inflow parameters VA,in, βin. Here LRs and PSRs are denoted by red and black 317 

squares, respectively. A good and robust correlation is observed between dBrec, dErec, 318 

and VA,in (Scc > 0.6 and Pcc > 0.6). However, the correlation is not strictly linear as 319 

different dBrec and dErec are corresponding to the same VA,in. Notably, the correlation 320 

between dErec and VA,in (Scc ~ 0.75, Pcc ~ 0.79) is stronger than that between dBrec and 321 

VA, in (Scc, Pcc ~ 0.62). 322 



βin exhibits a clear negative exponential correlation with dBrec and dErec as shown in 323 

Figures 4b and 4d. In a logarithmic scale, the perturbation magnitude exhibits an almost 324 

linear relationship with βin, with correlation coefficients of Pcc ~ -0.7 for dBrec and Pcc 325 

~ -0.8 for dErec. These correlation coefficients suggest a good correlation among the 326 

parameters. Similarly, these data points distribute along an exponential function over a 327 

broader range. In other words, under the same inflow parameters, there are additional 328 

factors further driving the evolution of reconnection towards turbulence. Moreover, LR 329 

events (red squares) typically have higher values of VA,in, and lower βin. This suggests 330 

that as reconnection progresses into the lobe region, there is a discernible increase in 331 

the fluctuation amplitude of the electromagnetic field. In contrast, reconnection within 332 

the plasma sheet, constrained by the inflow parameters, may not undergo a highly 333 

turbulent evolution.  334 

We next analyze the influence of the fluctuation amplitude in the inflow region to 335 

dBrec and dErec. There is an obvious positive correlation between the inflow magnetic 336 

(dBin) or electric (dEin) field disturbance and dBrec or dErec (Figures 5a and 5b). The 337 

fluctuation strength in the inflow region could be another crucial factor influencing 338 

turbulent reconnection. As depicted in Figure 5c, the pronounced positive correlation 339 

between dBin and dEin suggests that most fluctuations in the reconnection inflow region 340 

are electromagnetic in nature. Recent MMS observations reveal that the energy 341 

conversion rate J·E within the electron diffusion region (EDR) occasionally shows non-342 

uniformity, featuring significant positive and negative peaks at electron scales (Burch 343 

et al., 2016, 2018; Cassak et al., 2017; Genestreti et al., 2017). Genestreti et al. (2022) 344 

uncover a positive correlation between the inhomogeneity of J·E and the directional 345 

change of the magnetic field in the inflow region, suggesting that the rapid variation of 346 

magnetic field direction in the inflow region may cause spatial non-uniformity at 347 

electron scales in the EDR. Motivated by their analysis, we investigate the relationship 348 

between the directional variations of the magnetic field in the inflow region 349 

〈acos (𝐁𝐁𝐢𝐢𝐢𝐢 · 〈𝐁𝐁𝐢𝐢𝐢𝐢〉)〉 and fluctuation strength in reconnection. The bracket 〈  〉 means 350 

time average, the same as Genestreti et al. (2022). As shown in Figure 5d, both Scc and 351 

Pcc are around -0.1, denoting no correlation. Consequently, the fluctuation strength 352 



shows no dependence on the directional change of the inflow magnetic field. 353 

In the following we examine the relationship between fluctuation strength in the pre-354 

reconnection plasma sheet and that during reconnection to examine the contribution of 355 

the pre-existing fluctuations in the plasma sheet to the turbulence in reconnection. The 356 

pre-reconnection plasma sheet is identified as the region where |Vix|<100 km/s, |Vi|<200 357 

km/s, and Plasma 𝛽𝛽 > 0.5. We see that both Scc and Pcc are less than 0.42 (Figures 5e 358 

and 5f), denoting ambiguous correlation, which implies that the electromagnetic 359 

disturbances in the plasma sheet before reconnection do not directly influence the 360 

fluctuation strength in reconnection. In other words, the observed turbulences during 361 

the reconnection process were primarily driven by reconnection rather than remnants 362 

of the pre-existing fluctuations in the ambient plasma sheet.  363 

 364 

4.3 The Influence of Upstream Solar Wind Conditions on the Fluctuation Strength 365 

of Turbulent Reconnection 366 

Previous studies indicate a time delay between changes in solar wind properties 367 

(including solar wind speed and dynamic pressure) and the interplanetary magnetic 368 

field (IMF), and the onset of a substorm, typically ranging from 20 to 60 minutes 369 

(Gérard et al., 2004; Liou et al., 1999; Meng et al., 1973). In this analysis, we calculate 370 

the average solar wind parameters in 1 hour immediately preceding the onset of 371 

reconnection and compare these parameters with the fluctuation strength of 372 

reconnection. Because unambiguously determining the exact onset time for 373 

reconnection in observation is extremely difficult, we refer to the onset of reconnection 374 

as the onset of reconnection outflow observed by MMS. Figure 6 illustrates that only 375 

the IMF cone angle, defined as cos-1(By/|B|), and solar wind dynamic pressure (Psw) 376 

exhibit a certain correlation with the fluctuation strength. Figure 6b shows that the 377 

magnetic field fluctuation strength increases as the increment of the cone angle. 378 

Moreover, for all the LR events, the corresponding cone angles exceed 60°, and the 379 

corresponding clock angles surpass 120° or fall below -100°, which indicates a 380 

southward tilt of the IMF in LR events. On the other hand, fluctuation strength is not 381 

greater in association with a larger cone angle compared to a small cone angle for the 382 



PSR events. The cone or clock angle corresponding to these PSR events is not 383 

concentrated in a specific angle range; Instead, they are distributed across various 384 

angles. A clear correlation between Psw and dBrec can be seen in Figure 6d. Notably, Pcc 385 

~ 0.73 is much larger than Scc ~ 0.59. This disparity is likely because Pcc is inflated 386 

due to the existence of unusually large dBrec and dynamic pressure events (Hauke et al., 387 

2011; Schober et al., 2018). Anyway, the consistently positive correlation is a notable 388 

and robust observation. The ambiguous relationship between dErec and the cone angle 389 

and Psw in Figures 6f and 6h implies that, unlike electromagnetic disturbances, there is 390 

no obvious dependence of the electrostatic disturbances on IMF cone angle and Psw. In 391 

addition, Figures 6a and 6d demonstrate no dependency between (dBrec, dErec) and the 392 

clock angle, with Scc and Pcc both below 0.2.  393 

The temporal variation of the IMF may also impact the fluctuation strength. To 394 

quantify the temporal variations of the IMF, we assess the sum of variances of the three 395 

IMF components (∑ 𝑉𝑉𝑉𝑉𝑉𝑉(𝐼𝐼𝐼𝐼𝐼𝐼 𝐵𝐵𝑖𝑖)𝑖𝑖=𝑚𝑚,𝑦𝑦,𝑧𝑧 ) within the one hour immediately preceding 396 

the reconnection. Figure 7 illustrates that the temporal variations of the IMF 397 

demonstrate no discernible correlation with electromagnetic disturbances during 398 

reconnection since both Scc and Pcc are less than 0.2.  399 

 400 

4.4 The influence of the fluctuation strength of turbulent reconnection on 401 

geomagnetic activity 402 

Below we analyze the relation between the strength of reconnection-driven 403 

turbulence and the intensity of magnetic storms and substorms. We employed average 404 

AL and SYM-H index during the observed reconnection interval to represent substorm 405 

and magnetic storm intensity for each event. We see that the fluctuation strength in 406 

reconnection does not exhibit a significant correlation with geomagnetic activity and 407 

the majority of reconnection events do not correspond to the occurrence of magnetic 408 

storms since the SYM-H index > -30 nT (Loewe & Prolss, 1997). There is an 409 

ambiguous negative correlation between (dErec, dBrec) and AL index, where Scc ~ -0.5 410 

and Pcc ~ −0.4 (Figure 8a), Scc~ −0.5 and Pcc~ −0.62 (Figure 8c). This suggests 411 

that tail reconnection with stronger electromagnetic fluctuation may contribute to a 412 



larger substorm. 413 

 414 

5. Discussion and Summary 415 

We have investigated 31 reconnection events occurring in the Earth's magnetotail, 416 

corresponding to various inflow Alfvén speeds from 500 to 5000 km/s and β values 417 

ranging from 0.1 to 10. To gain insights into the principal factors that propel the 418 

evolution of reconnection into a turbulent state and the effects of these turbulent 419 

reconnections, we analyze the correlation of the reconnection inflow parameters, solar 420 

wind conditions, and geomagnetic activity with the fluctuation strength in reconnection. 421 

We find a pronounced negative exponential correlation between βin and (dBrec, dErec). 422 

Specifically, as βin decreases, the fluctuation strength increases. The positive correlation 423 

between VA,in and turbulent strength is also evident. Since LR is generally associated 424 

with larger VA,in and lower βin, it is usually characterized by strong turbulence. 425 

Moreover, stronger turbulence can enhance energy conversion during reconnection (Jin 426 

et al., 2024), and may lead to particle heating and acceleration in LR (Oka et al., 2022). 427 

In contrast, PSR, characterized by smaller VA,in and higher βin, tends to display smaller 428 

fluctuation strength, and end in a predominantly laminar flow state. This implies that, 429 

as reconnection progresses into the lobe region, there is a higher likelihood of driving 430 

large amplitude fluctuation. We should note that VA,in and βin are not independent as 431 

they are connected by the inflow plasma density nin. High VA,in, and low βin generally 432 

correspond to a small nin, which results in a large energy gain per particle during 433 

reconnection (Phan et al., 2013). Accordingly, we suggest that higher-energy particles 434 

tend to excite instabilities with larger fluctuations, which leads to turbulent 435 

reconnection with stronger fluctuations.  436 

One intriguing discovery is that dBin is also correlated with dBrec. It is essential to 437 

recognize that a correlation between dBin and dBrec does not necessarily mean a causal 438 

relationship between dBin and dBrec, as fluctuations in the inflow region may stem from 439 

the outflow region. There are two possible scenarios: (1) VA,in, and dBin may 440 

independently be correlated with dBrec. If this is the case, then we have an explanation 441 



of why reconnection with similar VA,in and βin corresponds to different fluctuation 442 

strengths as shown in Figure 4. This is because the electromagnetic fluctuations in the 443 

inflow region are another crucial factor driving the evolution of reconnection into 444 

turbulence. (2) dBin is affected by dBrec because the outflow fluctuation may somehow 445 

propagate into the inflow region (e.g., Lapenta et al., 2008).  446 

Note that dBrec is independent of 〈acos (𝐁𝐁𝐢𝐢𝐢𝐢 · 〈𝐁𝐁𝐢𝐢𝐢𝐢〉)〉 , which indicates that the 447 

variations of the inflow magnetic field direction do not affect the fluctuation strength 448 

during the reconnection. This result is distinct from the main conclusion of Genestreti 449 

et al. (2022), which shows that the time variability of the inflow magnetic field direction 450 

is best correlated with the standard deviation of the disturbance of energy conversion 451 

within EDR. However, Genestreti et al. (2022) only take into account the variability in 452 

the EDR whereas our study examines a broader reconnection region (including outflow 453 

region and diffusion region). Thus, the triggering factor of fluctuation in different 454 

regions may be distinct.  455 

The correlation between the IMF cone angle and dBrec means that a larger cone angle 456 

corresponds to a stronger fluctuation strength in turbulent reconnection. The clock 457 

angle for these strong turbulent events predominantly centers around ±120°. In other 458 

words, reconnection is more likely to develop into a turbulent state when the IMF is 459 

tilted southward. Scurry et al. (1994) found a positive correlation between the efficiency 460 

of magnetopause reconnection and the cone angle (Scurry et al., 1994). The increased 461 

efficiency of magnetopause reconnection may lead to the accumulation of a large 462 

amount of magnetic energy in the tail-lobe, increasing VA,in, ultimately causing the 463 

reconnection in the magnetotail to evolve into a more turbulent state. In addition, 464 

observations have shown that the enhancement of Psw further compresses the 465 

magnetosphere, leading to explosive reconnection in the magnetotail [Boudouridis et 466 

al., 2007; Connor et al., 2014]. In our statistical results, there is a clear positive 467 

correlation between Psw and dBrec, suggesting that when Psw increases, the Earth's 468 

magnetotail is compressed and |Bx| significantly increases in the lobe. This enhances 469 

the magnetic energy in the inflow region, which produces a larger outflow, finally 470 

promoting reconnection to become more turbulent.  471 



Numerical simulations find that the guide field is probably a key parameter in 472 

controlling the fluctuation level in reconnection (Che et al., 2011; Daughton et al., 2011). 473 

Here we examine the connection between the guide field Bg and (dBrec, dErec). 474 

Determining the magnitude of Bg bears large uncertainty (Borg et al., 2012). The out-475 

of-plane magnetic field (By) in the electron diffusion regions (EDR) is a good measure 476 

of the magnitude of the guide field. This approach is widely adopted in observation to 477 

estimate the guide field strength (Torbert et al., 2018; Chen et al., 2019; Zhou et al., 478 

2019). Three turbulent reconnection events with EDR observed by MMS were 479 

investigated to check whether these events exhibited a discernible relationship between 480 

Bg and dBrec. We divide the average By within the EDR by the inflow magnetic field Bx 481 

to obtain the normalized guide field Bg. Our preliminary analyses find that for smaller 482 

Bg, dBrec does not exhibit a clear correlation with Bg. For instance, in the July 11, 2017 483 

event with Bg ~ 0.04, dBrec is approximately 1.4 nT (Torbert et al., 2018), while in the 484 

August 27, 2018 event with Bg ~ 0.1, dBrec is about 1.2 nT (Tang et al., 2022). However, 485 

a moderately large Bg may bring more intense magnetic field disturbances, as observed 486 

in the event of July 3, 2017, with Bg ~ 0.3 and dBrec of 3.9 nT (Chen et al., 2019). Here 487 

we do not find a clear association between Bg and dBrec because of the scarcity of the 488 

reconnection events in which the guide field strength can be reliably determined.  489 

Previous studies have identified magnetotail reconnection as a primary driver of 490 

magnetospheric storms and substorms (Angelopoulos et al., 2008; Imber et al., 2011; 491 

Nagai & Machida, 1998). However, our results indicate a poor correlation between 492 

fluctuation strength and geomagnetic activity. Note that the SYM-H index is a 493 

manifestation of the ring current strength and the AL index is closely related to the field-494 

aligned current (FAC), whereas reconnection is not directly linked to either of them. It 495 

has been suggested that bursty bulk flows generated by tail reconnection disrupt the 496 

cross-tail current in the flow-braking region around X ~ -10 Re, leading to the formation 497 

of FACs and consequently the creation of a substorm current wedge (Forsyth et al., 498 

2008; Shiokawa et al., 1998; Yu et al., 2017). Moreover, the ring current is mainly 499 

carried by heated particles (Liemohn et al., 2000; Sato & Iijima, 1979). However, Jin 500 

et al. (2024) demonstrate that while stronger turbulence indeed enhances the conversion 501 



of magnetic energy to plasma kinetic energy, it mainly increases the bulk flow energy 502 

while its impact on plasma heating is negligible. Cheng et al. (2013) find that the 503 

occurrence of FACs in the plasma sheet boundary layers increases monotonically with 504 

the IMF cone angle and peaks at clock angles of -90° and +110° (Cheng et al., 2013). 505 

Interestingly, the correlation between FACs and clock angle and cone angle is strikingly 506 

similar to that between (dBrec, dErec) and these angles, which implies an underlying 507 

relationship between fluctuation strength and FAC, as illustrated in Figures 8a and 8c, 508 

with a correlation coefficient of about 0.5 between (dErec, dBrec) and the AL index.  509 

In summary, we have performed a statistical analysis related to the fluctuation 510 

strength (dErec, dBrec) in magnetotail reconnection. Our main results are summarized 511 

below.  512 

(1) There exists a notable positive correlation between the inflow Alfven speed VA,in, 513 

and fluctuation strength of reconnection, while βin displays a distinct negative 514 

exponential correlation with fluctuation strength. We also notice a strong positive 515 

correlation between electromagnetic fluctuations in the inflow region and 516 

fluctuation strength, though the causality remains unclear. Therefore, inflow 517 

parameters are crucial factors influencing the fluctuation strength in reconnection.  518 

(2) Regarding solar wind conditions, both the upstream IMF cone angle and solar 519 

wind dynamic pressure demonstrate a good positive correlation with fluctuation 520 

strength, whereas the IMF clock angle exhibits no correlation with fluctuation 521 

strength. LR events predominantly correspond to IMF clock angle of ± 120°. 522 

This may imply that, under enhanced solar wind pressure and southward IMF 523 

orientation, the heightened energy load in the tail lobe could potentially facilitate 524 

the generation of large-amplitude turbulence during reconnection.  525 

(3) The fluctuation strength has an ambiguous relation with the AL index, while it 526 

has no dependency on the SYM-H index. In other words, the strength of 527 

fluctuation in reconnection does not directly impact the intensity of substorm and 528 

magnetic storm.  529 

The relationship between turbulence and magnetic reconnection is inherently 530 

complex and involves the coupling of multi-scale processes. While this study examines 531 



the primary factors influencing fluctuation strength within reconnection, the 532 

predominant instabilities causing turbulence remain elusive. The intrinsic limitations of 533 

observation prevent us from tracking the temporal evolution of turbulence during the 534 

reconnection process. Therefore, future studies are anticipated to combine in-situ 535 

satellite observations and numerical simulations to perform a deeper analysis of 536 

turbulent reconnection under different inflow conditions.  537 
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 853 

Figure 1. Overview of the turbulent reconnections: 19 June 2017 and 06 September 854 



2019. From the top to bottom are: (a1, b1) three components of the magnetic field; (a2, 855 

b2) the electric field; (a3, b3) electron and ion number density; (a4, b4) three 856 

components of the ion bulk velocity and (a5, b5) electron bulk velocity; (a6, b6) 857 

electron parallel and perpendicular temperature; (a7, b7) ion and (a8, b8) electron 858 

differential energy fluxes; (a9, b9) the x component of the Alfven velocity. Here the 859 

ion and electron moment data are partial moment data with energy greater than 250 eV 860 

for ions and 50 eV for electrons. The PSR and LR regimes are highlighted in blue and 861 

orange, respectively. The black vertical lines indicate the inflow regions. 862 
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 866 

Figure 2. (a) Spatial distribution of turbulent reconnections in the GSM x-y plane; 867 

Distribution of dBrec concerning position (b) Ry and (c) Rx.  868 
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Figure 3 871 

 872 

Figure 3. Correlation between the inflow Alfven speed and (a) the outflow ion 873 

convective speed Vix⊥ and (b) the outflow electrons convective speed Vex⊥. “Scc” and 874 

“Pcc” at the top of each panel represent Spearman and Pearson correlation coefficients, 875 

respectively. 876 
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Figure 4 878 



 879 

Figure 4. Scatter plot of the relationship between fluctuation strength dBrec (a,b), dErec 880 

(c,d) for the turbulent reconnections versus (a, c) inflow Alfven speed VA,in and (b, d) 881 

inflow 𝛽𝛽𝑖𝑖𝑖𝑖. The red squares represent LRs and the black squares represent PSRs.. 882 
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Figure 5 884 



 885 

Figure 5. (a) Correlation between dBrec and dBin, and (b) correlation between dErec and 886 

dEin; (c) dEin VS dBin; (d) correlation between the temporal variations of the magnetic 887 

field in the inflow region 〈acos (𝐁𝐁𝐢𝐢𝐢𝐢 · 〈𝐁𝐁𝐢𝐢𝐢𝐢〉)〉 and dBrec; (e) fluctuation strength in the 888 

plasma sheet region before reconnection dBps VS dBrec; (f) dEps VS dErec. 889 
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 892 

Figure 6. dBrec and dErec for the turbulent reconnections versus solar wind conditions. 893 

(a, d) IMF clock angle, (b, e) IMF cone angle, and (c, f) solar wind dynamic pressure. 894 

The red and black squares in Figures a,b,d, and f indicate the LRs and PSRs, 895 

respectively. Here, the clock angle is defined as tan-1(By, Bz), cone angle is defined as 896 

cos-1(By/|B|) 897 
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 900 



Figure 7. Scatter plot of dBrec (a) and dErec (b) versus the aggregate of variances within 901 

the components of IMF ∑ 𝑉𝑉𝑉𝑉𝑉𝑉(𝐼𝐼𝐼𝐼𝐼𝐼 𝐵𝐵𝑖𝑖)𝑖𝑖=𝑚𝑚,𝑦𝑦,𝑧𝑧 . 902 
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Figure 8 904 

 905 

Figure 8. Scatter plot of dBrec and dErec for the turbulent reconnections versus the 906 

averaged (a, c) AL index and (b, d) SYM-H index. 907 
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 11 

Abstract 12 

Magnetic reconnection in the Earth’s magnetosphere is usually manifested as a 13 

turbulent state in which the large amplitude fluctuations disrupt the main reconnection 14 

layer, while it occasionally shows a clear structured reconnection layer with weak 15 

fluctuations, i.e., a laminar state. To understand why the fluctuation strength varies 16 

significantly among reconnection in the Earth’s magnetotail, we have examined tens of 17 

reconnection events in the Earth's magnetotail observed by the Magnetospheric Multi-18 

Scale (MMS) mission. We primarily examine the correlation between fluctuation 19 

strength in reconnection, quantified by dBrec and dErec, and reconnection inflow 20 

conditions and upstream solar wind conditions. The fluctuation strength (dBrec, dErec) 21 

for these reconnections ranges from 0.7 to 10 nT and 0.8 to 30 mV/m, respectively. Our 22 

analysis unveils significant correlations between inflow conditions including Alfven 23 

speed VA,in, 𝛽𝛽𝑖𝑖𝑖𝑖, magnetic disturbances dBin and electric field disturbances dEin with 24 

(dBrec, dErec). Fluctuation strength also shows good correlations with interplanetary 25 

magnetic field (IMF) cone angle and solar wind dynamic pressure, whereas it has an 26 

unclear relationship with substorm and storm activities. We suggest that inflow 27 

reconnection conditions act as the principal catalysts for turbulence during reconnection. 28 

mailto:monmentum82@gmail.com


Plain Language Summary 29 

Turbulence and reconnection are closely intertwined phenomena. When turbulence 30 

is present during reconnection, it often manifests as a distinct turbulent state. Strong 31 

turbulent reconnection plays a vital role in energy conversion and particle acceleration. 32 

However, the factors causing significant variations in the fluctuation strength of 33 

reconnection remain unclear. In this study, we conducted a statistical analysis of the 34 

fluctuation strength of 31 reconnection events in the magnetotail. Our findings indicate 35 

that the inflow parameters of reconnection are pivotal in determining fluctuation 36 

strength. Additionally, solar wind dynamic pressure and IMF cone angle also influence 37 

the disturbance amplitude of reconnection. These insights contribute to a deeper 38 

understanding of the mechanisms that drive the evolution of reconnection into 39 

turbulence. 40 

 41 

Key Points: 42 

 Parameters in the reconnection inflow region play a pivotal role in determining 43 

the fluctuation strength in reconnection. 44 

 Reconnection tends to be more turbulent when the IMF is southward and solar 45 

wind pressure is large. 46 

 The strength of fluctuation in reconnection does not directly impact the intensity 47 

of substorm and magnetic storm.  48 

 49 

1. Introduction 50 

Magnetic reconnection is a fundamental plasma phenomenon occurring across 51 

diverse plasma settings, including astrophysical, solar, geophysical, and laboratory 52 

plasmas. This process rapidly converts magnetic energy into kinetic and thermal energy 53 

by altering the magnetic field topology (Parker, 1957; Sonnerup, 1984; Schindler et al., 54 

1988; Zhou et al., 2019a). Within turbulent plasma, such as the magnetosheath 55 

downstream of the bow shock, notable oscillations in both the plasma density and 56 

magnetic field are frequently observed. These oscillations induce thin current sheets, 57 



which in turn serve as a precursor to reconnection processes, leading to turbulent 58 

energization of plasma through energy dissipation (Retinò et al., 2007; Sundkvist et al., 59 

2007). 60 

Reconnection can also drive turbulence and spontaneously evolve into a turbulent 61 

state. 3-D simulations of reconnection show a heightened level of complexity and 62 

turbulence compared to 2-D simulation because the additional degree of freedom in the 63 

third direction facilitates the growth of many instabilities and wave modes. Che et al. 64 

(2010) find that the turbulent evolution of reconnection creates a web of filamentary 65 

currents, disrupting the main reconnecting current sheet. Daughton et al. (2011) 66 

demonstrate that the generation of numerous small-scale magnetic flux ropes, driven 67 

by secondary tearing instabilities, induces strong turbulence within the entire 68 

reconnection layer (Daughton et al., 2011). In addition, lower-hybrid drift instability 69 

(Yin et al., 2008; Divin et al., 2015; Price et al., 2016; 2017; Zhou et al., 2009a, 2009b; 70 

2018) and interchange instability (Lapenta & Bettarini, 2011; Lapenta et al., 2015, 2018, 71 

2020; Pucci et al., 2017) caused by strong density gradient in the outflow region can 72 

produce turbulence in reconnection. Kelvin-Helmholtz instability, driven by either ion 73 

or electron flow shear, can be a potential source for turbulence in reconnection (Zhong 74 

et al., 2018). Kinetic instabilities driven by non-Maxwellian particle velocity 75 

distribution functions also contribute to the development of turbulence in reconnection 76 

(Ergun et al., 2018; Khotyaintsev et al., 2020; Yoon et al., 2005; Zhong et al., 2021). 77 

Turbulent reconnection has been extensively documented through in-situ spacecraft 78 

observations in various regions, including the Earth’s magnetosphere and solar wind 79 

(Eastwood et al., 2009; Chaston et al., 2009; Huang et al., 2010, 2012; Osman et al., 80 

2015; Zhou et al., 2021; Ergun et al., 2020; Li et al., 2022; Vörös et al., 2014; Osman 81 

et al., 2014; Wang et al., 2022). In these observations, turbulent reconnection is 82 

generally identified or characterized by significant disturbances in the electromagnetic 83 

fields and power-law magnetic field spectrum.  84 

More recently, the role of turbulence in magnetic reconnection has been intensively 85 

investigated. It has been illustrated that turbulent reconnection efficiently drives the 86 

conversion of magnetic energy into plasma kinetic energy in an intermittent manner 87 



(Sun et al., 2022; Lu et al., 2023; Jin et al., 2022, 2024; Osman et al., 2015). The 88 

substantial energy dissipation during turbulent reconnection predominantly occurs 89 

within kinetic-scale coherent structures (Fu et al., 2017; Bergstedt et al., 2020; Zhou et 90 

al., 2021; Huang et al., 2021; Jin et al., 2024). Fu et al. (2017) discovered that energy 91 

dissipation in magnetic reconnection primarily occurs at the O-point rather than the X-92 

point, and turbulence can enhance the energy conversion within current sheets. Zhou et 93 

al. (2021) find that electron-scale current sheets are formed in turbulent reconnection 94 

outflow region. Some of the current sheets are reconnecting, which contributes 95 

substantially to the overall energy release during the large-scale reconnection. Ergun et 96 

al. (2020) suggest that the presence of magnetic holes in strong turbulence can 97 

effectively trap particles and lead to significant non-thermal particle acceleration. 98 

Lazarian and Vishniac (1999) propose that turbulent reconnection with stochastic 99 

magnetic field lines can substantially increase the reconnection rate.  100 

On the other hand, waves may be important in the energy budget of turbulent 101 

reconnection. It has been shown that the dominant wave mode in turbulent reconnection 102 

is the fast mode or Alfvén-whistler mode (Eastwood et al., 2009; Huang et al., 2010; 103 

2012). This underscores the pivotal role of waves in the energy cascade and dissipation 104 

in turbulence driven by magnetic reconnection. Whether plasma waves or coherent 105 

structures play the dominant role in energy dissipation in turbulent reconnection is 106 

unclear.  107 

Another interesting question arises from the observational view of point: why do 108 

certain reconnection events manifest as weak fluctuations, indicative of laminar states, 109 

while others show substantial amplitude perturbations? For instance, the reconnection 110 

events studied by Torbert et al. (2018) and Zhou et al. (2019a, b) exhibit relatively small 111 

amplitude fluctuation in the magnetic field, characterized by well-structured 112 

reconnection layers (Torbert et al., 2018; Zhou et al., 2019a, 2019b). Conversely, in 113 

some other reconnection events (Ergun et al., 2018, 2020, 2022; Zhou et al., 2021), both 114 

the magnetic and electric fields exhibit prominent disturbances and rapid fluctuations, 115 

disrupting the structured reconnection layers. In such instances, remarkably large 116 

electric fields, currents, and significant increases in energetic electrons are frequently 117 



observed. Motivated by these observations, this study aims to delve deeper into the 118 

factors determining the fluctuation strength of reconnection. In other words, we attempt 119 

to understand the mechanisms underlying the generation of turbulence during 120 

reconnection. Therefore, we statistically analyze 31 reconnection events in the Earth’s 121 

magnetotail, exploring the relationship between fluctuation strengths and factors such 122 

as reconnection inflow conditions, upstream solar wind conditions, and geomagnetic 123 

activities. 124 

 125 

2. Instrumentation 126 

For this study, we employed a combination of measurements from the MMS satellite, 127 

utilizing instruments such as the Flux Gate Magnetometer (FGM) for magnetic field 128 

measurements (Russell et al., 2016; Ergun et al., 2016), the Electric Double Probes 129 

(EDP) for electric field measurements (Lindqvist et al., 2016; Torbert et al., 2016), and 130 

the Fast Plasma Investigation (FPI) for plasma moments (Pollock et al., 2016). This 131 

work specifically utilized Fast mode data since the high-resolution burst mode data 132 

from the MMS was unnecessary for assessing fluctuation strengths and inflow 133 

conditions in these events. 134 

In the magnetotail, the plasma density is relatively low, particularly in the 135 

reconnection outflow region where the plasma is exhausted. In such an environment, 136 

the corrected phase space density tends to have negative values after eliminating 137 

photoelectrons from the low phase space density measured by FPI (Gershman et al., 138 

2017). This results in abnormally large outliers in electron density (ne) and temperature 139 

(Te). Considering this issue, we utilize partial ion and electron moment data provided 140 

directly by FPI. For electrons, we used partial moment data for energies surpassing 50 141 

eV, which is greater than the energy of photoelectrons generated within the Dual 142 

Electron Spectrometers (DES) by solar extreme ultraviolet (EUV) photons (Gershman 143 

et al., 2017). The presence of these photoelectrons, independent of spacecraft potential, 144 

introduces difficulties in measuring low-energy electrons (< 50 eV). For ions, partial 145 

moment data for energies exceeding 250 eV were used, as penetrating radiation below 146 



250 eV maintains a nearly constant background flux (Gershman et al., 2019). Crucially, 147 

the partial moment data yields a near equality in electron and ion densities. The solar 148 

wind and Interplanetary Magnetic Field (IMF) parameters are derived from the OMNI 149 

database with a time resolution of 1 min 150 

(http://sdaweb.gsfc.nasa.gov/cdaweb/istp_public/). The OMNI solar wind data has 151 

been time-shifted to the Earth’s bow shock nose. The auroral electrojet lower (AL) 152 

index is measured through ground stations within The Time History of Events and 153 

Macroscale Interactions during Substorms (THEMIS) mission network (Angelopoulos, 154 

2008).  155 

 156 

3. Observations of turbulent reconnection: a case study 157 

We present two magnetotail reconnection events observed by MMS, each illustrating 158 

a different strength of turbulence, to elucidate the methods employed in our statistical 159 

analysis. Specifically, we categorize magnetotail reconnection into two types: plasma 160 

sheet reconnection (PSR) and lobe reconnection (LR). Here, we stipulate that the LR 161 

must meet the following conditions: (1) The electron temperature (Te) demonstrates a 162 

pronounced enhancement relative to the neighboring region, with the peak Te exceeding 163 

four times that of the surrounding region; (2) The electron density (ne) drops to a very 164 

low value compared to the adjacent region; (3) A corresponding increase in the Alfvén 165 

speed (VAx). Conditions not meeting the aforementioned criteria are classified as PSR. 166 

3.1 Magnetotail plasma sheet Reconnection: 2017-06-19 event 167 

Figure 1(a1) – (a9) provides an overview of PSR observed by MMS1 from 09:30 to 168 

10:00 UT on June 19, 2017 (reported by Zhou et al., 2019b). During this interval, a bulk 169 

flow reversal is evident, transitioning from negative to positive (Figure 1(a4)) and the 170 

reversal of the magnetic field Bz from negative to positive (Figure 1(a1), suggesting 171 

MMS traversed a tailward-retreating X-line. An ion diffusion region (IDR) is observed 172 

around 09:43:25 UT (Zhou et al., 2019b). The fluctuation level of the magnetic field is 173 

relatively weak. Moreover, there is no significant density decrease and Te remains stable 174 

in the outflow region. VAx is between 500 and 1000 km/s, with a maximum electric 175 

http://sdaweb.gsfc.nasa.gov/cdaweb/istp_public/


field of approximately 40 mV/m, collectively indicating this is a PSR. 176 

A reconnection inflow region was encountered by MMS at ~ 09:41 UT. The inflow 177 

region is manifested as noticeable density decreases, large |Bx| (> 10 nT), absence of 178 

ion outflow, and a sudden decrease in electron flux. Although similar features to the 179 

inflow region were observed around 09:45 UT, a strong electric field indicates that the 180 

satellite was crossing the separatrix region. Hence, we consider the period around 09:41 181 

UT as the inflow region, marked by a black vertical line in Figure 1(a). Our analysis 182 

focuses on the highlighted blue region, from the onset of outflow at ~ 09:35 UT to its 183 

disappearance at ~ 09:51 UT, to compute the fluctuation strength associated with 184 

reconnection. To mitigate any interference from the inflow region that might influence 185 

the fluctuation strength associated with reconnection, we intentionally exclude the 186 

previously defined inflow region. 187 

 188 

3.2 The Transition from Magnetotail Plasma Sheet Reconnection to Lobe 189 

Reconnection: 2019-09-06 event 190 

Figure 1(b1) – (b9) provides an observation of the transition from the magnetotail 191 

PSR to LR observed from 04:20 to 04:50 UT on September 6, 2019. Before 04:35 UT, 192 

the magnetic field disturbance was subdued, and Te remained stable at around 1 keV. 193 

After 04:35 UT, drastic magnetic field variations were observed (see Figure 1(b1)). 194 

During this period, Te rapidly increased from 1 keV to 10 keV (Figure 1(b6)), 195 

accompanied by a notable decrease in density from 0.3 cm-3 to less than 0.1 cm-3, and 196 

the electric field surged to approximately 300 mV/m. These observations suggest that 197 

the reconnection was initially in the plasma sheet, and then developed to involve lobe 198 

field lines. One may note that the ion bulk flow (depicted in Figure 1(b4)) in the LR 199 

does not exhibit a significant enhancement compared to PSR. This is probably due to 200 

that the ion velocity in this LR is underestimated due to a substantial portion of the 201 

high-energy ions were not measured by FPI, as shown in Figure 1(b7). The intervals of 202 

PSR and LR are differentiated by blue and orange shades, respectively.  203 

Inflow regions for PSR and LR are observed at ~ 09:34 UT and ~ 09:42 UT (indicated 204 

in Figure 1b), respectively. Regardless of PSR or LR, the two inflow regions are 205 



identified according to the criteria described in Section 3.1. However, in the LR inflow 206 

region, extremely low plasma density and nearly complete depletion of electron flux 207 

are observed compared to the inflow region of PSR. Here, we selected the interval from 208 

04:21:26 UT (emergence of the outflow) to 04:34:20 UT (onset of Te enhancement) to 209 

calculate the magnetic field fluctuation strength for PSR. The interval for LR spanned 210 

from 04:34:20 UT to 04:44:02 UT, corresponding to the increase and subsequent 211 

stabilization of Te. 212 

 213 

4. Statistical Study 214 

We employed data from the MMS mission, following the outlined approach in 215 

Section 3, to investigate reconnection events in Earth’s magnetotail from the year 2017 216 

to 2020. Our objective is to elucidate the relationship between the fluctuation strength 217 

of these reconnections and various inflow parameters of reconnection, ambient plasma 218 

sheet fluctuation amplitude, upstream solar wind conditions, and geomagnetic activities. 219 

Note that the geomagnetic activities are treated as a consequence of reconnection, while 220 

the other parameters are regarded as causal factors for turbulent reconnection.  221 

 222 

4.1 Criteria for Selecting Magnetotail Turbulent Reconnection Events and 223 

Calculation of Fluctuation Strength in Turbulent Reconnection 224 

All the examined reconnection events are characterized by a tailward-to-earthward 225 

(or earthward-to-tailward) ion bulk flow reversal, concurrent with a corresponding 226 

reversal of Bz from negative to positive (or positive to negative). Interestingly, the 227 

power spectral densities (PSDs) of the magnetic field in all of these reconnections 228 

exhibit a power-law spectrum in the inertial range, which typically corresponds to 229 

frequencies below the ion cyclotron frequency (𝑓𝑓𝑐𝑐𝑖𝑖). The spectral indexes vary between 230 

-2.4 and -1.45, with an average of around -1.68. This is a common property of turbulent 231 

reconnection reported in previous observations (Eastwood et al., 2009; Huang et al., 232 

2012; Ergun et al., 2018; Zhou et al., 2021). Recent numerical simulations find that 233 

magnetic reconnection is intrinsically an energy cascade process (Adhikari et al., 2020, 234 



2021), so whether the formation of the power-law spectrum is a consequence of the 235 

development of turbulence in reconnection, or an intrinsic characteristic of 236 

reconnection is unclear.   237 

We employed the following criteria to select the inflow region:  238 

1. The interval should exhibit a large and stable |𝐵𝐵𝑋𝑋| > 10 nT (Øieroset et al., 2023).  239 

2. Density within this interval should be substantially lower than the surrounding 240 

region, accompanied by a significant reduction in differential energy flux of thermal 241 

electrons, usually above 1 keV. 242 

3. The electric field within this interval should be relatively small (<10 mV/m) to 243 

avoid being in separatrix regions. 244 

4. The period selected for the inflow region must not overlap with any segment of 245 

the outflow. 246 

According to the above criteria, each reconnection event should have a 247 

corresponding inflow region. However, when a reconnection transits from PSR to LR, 248 

as exemplified in Section 3.2, corresponding inflow regions are expected in both types 249 

of reconnections. In fact, for most such events, the inflow region is observed 250 

exclusively in either the PSR or the LR region. Consequently, we select the period for 251 

calculating the fluctuation strength in the reconnection region, encompassing the 252 

outflow region and diffusion region, according to the following criteria: (1) For the PSR, 253 

selecting the time range for calculating fluctuation strengths is rather complex. If the 254 

reconnection event is similar to the one illustrated in Section 3.2 and the inflow region 255 

is found in the PSR, then the time range for calculating fluctuation strengths is chosen 256 

from the onset of the reconnection outflow to the beginning of the enhancement in Te. 257 

If the PSR event is akin to the event presented in Section 3.1, then the time range is 258 

chosen from when the tailward flow (earthward flow) begins to appear until the 259 

earthward flow (tailward flow) nearly disappears. (2) If the inflow region is found in 260 

LR, the period for calculating fluctuation strength spans from the initiation of Te 261 

increase to when Te tends to be stabilized.  262 

In this paper, we employ dBrec and dErec to quantify the fluctuation strength in 263 



reconnection. dBrec and dErec are defined as 𝑑𝑑𝐵𝐵𝑟𝑟𝑟𝑟𝑐𝑐 = �∑ ∫ 𝑃𝑃𝐵𝐵,𝑖𝑖dff𝑚𝑚𝑚𝑚𝑚𝑚
0.05i=x,y,z  264 

and  𝑑𝑑𝑑𝑑𝑟𝑟𝑟𝑟𝑐𝑐 = �∑ ∫ 𝑃𝑃𝐸𝐸,𝑖𝑖dff𝑚𝑚𝑚𝑚𝑚𝑚
0.05i=x,y,z  , where 𝑃𝑃𝐵𝐵,𝑖𝑖  and 𝑃𝑃𝐸𝐸,𝑖𝑖  are the power spectral 265 

density of the ith component of the magnetic field and electric field, respectively; f𝑚𝑚𝑚𝑚𝑚𝑚 266 

represents the Nyquist frequency of the electromagnetic field data, which is 8 Hz for 267 

magnetic field B and 16 Hz for electric field E. The minimum frequency for integration 268 

is set to 0.05 Hz to eliminate the influence of large-scale current sheet flapping and 269 

coherent structures, such as flux ropes. Furthermore, the period corresponding to the 270 

inflow region is excluded in this calculation to focus on the turbulence in the outflow 271 

and diffusion region. Different from dBrec, which represents electromagnetic 272 

fluctuations, dErec additionally involves electrostatic disturbances. If a certain 273 

parameter exhibits a weak correlation with dBrec but a strong correlation with dErec, it 274 

indicates a possible dependency of that parameter on electrostatic disturbances.  275 

According to the aforementioned criteria, a total of 31 reconnection events were 276 

selected from year 2017 to 2020. Figure 2 illustrates the distribution of these 277 

reconnection events in the X-Y plane of the geocentric solar magnetospheric (GSM) 278 

coordinates. Figure 2a shows that these events are approximately between -30 and -10 279 

Rₑ in the X direction. Furthermore, 80% of events occurred on the dusk side, with only 280 

20% located on the dawn side. This dawn-dusk asymmetric distribution of tail 281 

reconnection has been previously reported (Nagai et al.,2021; Lu et al., 2016) and is 282 

suggested to be caused by the Hall effect in the magnetotail current sheet (Lu et al., 283 

2016). Figures 2b and 2c reveal that there is no clear dependence of dBrec on the spatial 284 

position of these reconnection events. 285 

 286 

4.2 The Influence of Inflow Parameters on Fluctuation Strength of Turbulent 287 

Reconnection 288 

In the paper, we utilize both Spearman correlation coefficients (Scc) and Pearson 289 

correlation coefficient (Pcc) to assess the strength of the correlations between any two 290 

variables. The reason behind employing two different correlation coefficients lies in 291 

two considerations: (1) Pcc can assess the strength and direction of linear relationships 292 



between two variables, while Scc can capture nonlinear monotonic correlations. In the 293 

case of non-perfect linearity, the use of Pcc may miss the monotonic information that 294 

Scc can reveal; (2) Pcc is highly sensitive to outliers, while Scc is less affected by 295 

anomalies, ensuring a more robust measure of correlation strength (Hauke et al., 2011; 296 

Schober et al., 2018). We refer to correlations with Scc or Pcc > 0.6 as good, 0.3< Scc 297 

or Pcc <0.6 as ambiguous, and Scc or Pcc < 0.3 as no correlation, the same definition 298 

as that used in Imada et al (2011).  299 

Before performing statistical analysis, we validate the accuracy of the calculated 300 

inflow plasma parameters. In principle, the reconnection outflow speed increases as the 301 

increment of the inflow Alfvén speed (VA, in) (Wu et al., 2011, 2012). Here we perform 302 

a correlation analysis between the inflow Alfven speed and the convective outflow 303 

speed. The outflow region is defined as the area where |Vi⊥| > 100 km/s and |Bx| < 10 304 

nT. Figure 3b shows the correlation between VA,in, and electron convective outflow 305 

speed Vex⊥. We see that Vex⊥ is linearly correlated with VA,in as Pcc is close to 0.8, 306 

evidencing the reliability of the estimated inflow Alfven speed. Pcc between VA,in, and 307 

ion convective speed Vix⊥ is relatively poor partially because the ion bulk velocity is 308 

underestimated in some reconnection events. For example, the specific points, 309 

deviating from the overall trend, with higher VA, in but lower Vix⊥ are observed in 310 

Figure 3a. We find that ion fluxes in these events typically exceed 10 keV, surpassing 311 

the measurement range of ion instruments (with an upper limit of 30 keV). Therefore, 312 

the main reason for the great difference between Scc ~ 0.8 and Pcc ~ 0.5 is the influence 313 

of these outliers. In conclusion, the good correlation between VA,in, and outflow velocity 314 

validates the accuracy of the obtained inflow parameters. 315 

Figure 4 illustrates the relationship between the fluctuation strength of reconnection 316 

and key inflow parameters VA,in, βin. Here LRs and PSRs are denoted by red and black 317 

squares, respectively. A good and robust correlation is observed between dBrec, dErec, 318 

and VA,in (Scc > 0.6 and Pcc > 0.6). However, the correlation is not strictly linear as 319 

different dBrec and dErec are corresponding to the same VA,in. Notably, the correlation 320 

between dErec and VA,in (Scc ~ 0.75, Pcc ~ 0.79) is stronger than that between dBrec and 321 

VA, in (Scc, Pcc ~ 0.62). 322 



βin exhibits a clear negative exponential correlation with dBrec and dErec as shown in 323 

Figures 4b and 4d. In a logarithmic scale, the perturbation magnitude exhibits an almost 324 

linear relationship with βin, with correlation coefficients of Pcc ~ -0.7 for dBrec and Pcc 325 

~ -0.8 for dErec. These correlation coefficients suggest a good correlation among the 326 

parameters. Similarly, these data points distribute along an exponential function over a 327 

broader range. In other words, under the same inflow parameters, there are additional 328 

factors further driving the evolution of reconnection towards turbulence. Moreover, LR 329 

events (red squares) typically have higher values of VA,in, and lower βin. This suggests 330 

that as reconnection progresses into the lobe region, there is a discernible increase in 331 

the fluctuation amplitude of the electromagnetic field. In contrast, reconnection within 332 

the plasma sheet, constrained by the inflow parameters, may not undergo a highly 333 

turbulent evolution.  334 

We next analyze the influence of the fluctuation amplitude in the inflow region to 335 

dBrec and dErec. There is an obvious positive correlation between the inflow magnetic 336 

(dBin) or electric (dEin) field disturbance and dBrec or dErec (Figures 5a and 5b). The 337 

fluctuation strength in the inflow region could be another crucial factor influencing 338 

turbulent reconnection. As depicted in Figure 5c, the pronounced positive correlation 339 

between dBin and dEin suggests that most fluctuations in the reconnection inflow region 340 

are electromagnetic in nature. Recent MMS observations reveal that the energy 341 

conversion rate J·E within the electron diffusion region (EDR) occasionally shows non-342 

uniformity, featuring significant positive and negative peaks at electron scales (Burch 343 

et al., 2016, 2018; Cassak et al., 2017; Genestreti et al., 2017). Genestreti et al. (2022) 344 

uncover a positive correlation between the inhomogeneity of J·E and the directional 345 

change of the magnetic field in the inflow region, suggesting that the rapid variation of 346 

magnetic field direction in the inflow region may cause spatial non-uniformity at 347 

electron scales in the EDR. Motivated by their analysis, we investigate the relationship 348 

between the directional variations of the magnetic field in the inflow region 349 

〈acos (𝐁𝐁𝐢𝐢𝐢𝐢 · 〈𝐁𝐁𝐢𝐢𝐢𝐢〉)〉 and fluctuation strength in reconnection. The bracket 〈  〉 means 350 

time average, the same as Genestreti et al. (2022). As shown in Figure 5d, both Scc and 351 

Pcc are around -0.1, denoting no correlation. Consequently, the fluctuation strength 352 



shows no dependence on the directional change of the inflow magnetic field. 353 

In the following we examine the relationship between fluctuation strength in the pre-354 

reconnection plasma sheet and that during reconnection to examine the contribution of 355 

the pre-existing fluctuations in the plasma sheet to the turbulence in reconnection. The 356 

pre-reconnection plasma sheet is identified as the region where |Vix|<100 km/s, |Vi|<200 357 

km/s, and Plasma 𝛽𝛽 > 0.5. We see that both Scc and Pcc are less than 0.42 (Figures 5e 358 

and 5f), denoting ambiguous correlation, which implies that the electromagnetic 359 

disturbances in the plasma sheet before reconnection do not directly influence the 360 

fluctuation strength in reconnection. In other words, the observed turbulences during 361 

the reconnection process were primarily driven by reconnection rather than remnants 362 

of the pre-existing fluctuations in the ambient plasma sheet.  363 

 364 

4.3 The Influence of Upstream Solar Wind Conditions on the Fluctuation Strength 365 

of Turbulent Reconnection 366 

Previous studies indicate a time delay between changes in solar wind properties 367 

(including solar wind speed and dynamic pressure) and the interplanetary magnetic 368 

field (IMF), and the onset of a substorm, typically ranging from 20 to 60 minutes 369 

(Gérard et al., 2004; Liou et al., 1999; Meng et al., 1973). In this analysis, we calculate 370 

the average solar wind parameters in 1 hour immediately preceding the onset of 371 

reconnection and compare these parameters with the fluctuation strength of 372 

reconnection. Because unambiguously determining the exact onset time for 373 

reconnection in observation is extremely difficult, we refer to the onset of reconnection 374 

as the onset of reconnection outflow observed by MMS. Figure 6 illustrates that only 375 

the IMF cone angle, defined as cos-1(By/|B|), and solar wind dynamic pressure (Psw) 376 

exhibit a certain correlation with the fluctuation strength. Figure 6b shows that the 377 

magnetic field fluctuation strength increases as the increment of the cone angle. 378 

Moreover, for all the LR events, the corresponding cone angles exceed 60°, and the 379 

corresponding clock angles surpass 120° or fall below -100°, which indicates a 380 

southward tilt of the IMF in LR events. On the other hand, fluctuation strength is not 381 

greater in association with a larger cone angle compared to a small cone angle for the 382 



PSR events. The cone or clock angle corresponding to these PSR events is not 383 

concentrated in a specific angle range; Instead, they are distributed across various 384 

angles. A clear correlation between Psw and dBrec can be seen in Figure 6d. Notably, Pcc 385 

~ 0.73 is much larger than Scc ~ 0.59. This disparity is likely because Pcc is inflated 386 

due to the existence of unusually large dBrec and dynamic pressure events (Hauke et al., 387 

2011; Schober et al., 2018). Anyway, the consistently positive correlation is a notable 388 

and robust observation. The ambiguous relationship between dErec and the cone angle 389 

and Psw in Figures 6f and 6h implies that, unlike electromagnetic disturbances, there is 390 

no obvious dependence of the electrostatic disturbances on IMF cone angle and Psw. In 391 

addition, Figures 6a and 6d demonstrate no dependency between (dBrec, dErec) and the 392 

clock angle, with Scc and Pcc both below 0.2.  393 

The temporal variation of the IMF may also impact the fluctuation strength. To 394 

quantify the temporal variations of the IMF, we assess the sum of variances of the three 395 

IMF components (∑ 𝑉𝑉𝑉𝑉𝑉𝑉(𝐼𝐼𝐼𝐼𝐼𝐼 𝐵𝐵𝑖𝑖)𝑖𝑖=𝑚𝑚,𝑦𝑦,𝑧𝑧 ) within the one hour immediately preceding 396 

the reconnection. Figure 7 illustrates that the temporal variations of the IMF 397 

demonstrate no discernible correlation with electromagnetic disturbances during 398 

reconnection since both Scc and Pcc are less than 0.2.  399 

 400 

4.4 The influence of the fluctuation strength of turbulent reconnection on 401 

geomagnetic activity 402 

Below we analyze the relation between the strength of reconnection-driven 403 

turbulence and the intensity of magnetic storms and substorms. We employed average 404 

AL and SYM-H index during the observed reconnection interval to represent substorm 405 

and magnetic storm intensity for each event. We see that the fluctuation strength in 406 

reconnection does not exhibit a significant correlation with geomagnetic activity and 407 

the majority of reconnection events do not correspond to the occurrence of magnetic 408 

storms since the SYM-H index > -30 nT (Loewe & Prolss, 1997). There is an 409 

ambiguous negative correlation between (dErec, dBrec) and AL index, where Scc ~ -0.5 410 

and Pcc ~ −0.4 (Figure 8a), Scc~ −0.5 and Pcc~ −0.62 (Figure 8c). This suggests 411 

that tail reconnection with stronger electromagnetic fluctuation may contribute to a 412 



larger substorm. 413 

 414 

5. Discussion and Summary 415 

We have investigated 31 reconnection events occurring in the Earth's magnetotail, 416 

corresponding to various inflow Alfvén speeds from 500 to 5000 km/s and β values 417 

ranging from 0.1 to 10. To gain insights into the principal factors that propel the 418 

evolution of reconnection into a turbulent state and the effects of these turbulent 419 

reconnections, we analyze the correlation of the reconnection inflow parameters, solar 420 

wind conditions, and geomagnetic activity with the fluctuation strength in reconnection. 421 

We find a pronounced negative exponential correlation between βin and (dBrec, dErec). 422 

Specifically, as βin decreases, the fluctuation strength increases. The positive correlation 423 

between VA,in and turbulent strength is also evident. Since LR is generally associated 424 

with larger VA,in and lower βin, it is usually characterized by strong turbulence. 425 

Moreover, stronger turbulence can enhance energy conversion during reconnection (Jin 426 

et al., 2024), and may lead to particle heating and acceleration in LR (Oka et al., 2022). 427 

In contrast, PSR, characterized by smaller VA,in and higher βin, tends to display smaller 428 

fluctuation strength, and end in a predominantly laminar flow state. This implies that, 429 

as reconnection progresses into the lobe region, there is a higher likelihood of driving 430 

large amplitude fluctuation. We should note that VA,in and βin are not independent as 431 

they are connected by the inflow plasma density nin. High VA,in, and low βin generally 432 

correspond to a small nin, which results in a large energy gain per particle during 433 

reconnection (Phan et al., 2013). Accordingly, we suggest that higher-energy particles 434 

tend to excite instabilities with larger fluctuations, which leads to turbulent 435 

reconnection with stronger fluctuations.  436 

One intriguing discovery is that dBin is also correlated with dBrec. It is essential to 437 

recognize that a correlation between dBin and dBrec does not necessarily mean a causal 438 

relationship between dBin and dBrec, as fluctuations in the inflow region may stem from 439 

the outflow region. There are two possible scenarios: (1) VA,in, and dBin may 440 

independently be correlated with dBrec. If this is the case, then we have an explanation 441 



of why reconnection with similar VA,in and βin corresponds to different fluctuation 442 

strengths as shown in Figure 4. This is because the electromagnetic fluctuations in the 443 

inflow region are another crucial factor driving the evolution of reconnection into 444 

turbulence. (2) dBin is affected by dBrec because the outflow fluctuation may somehow 445 

propagate into the inflow region (e.g., Lapenta et al., 2008).  446 

Note that dBrec is independent of 〈acos (𝐁𝐁𝐢𝐢𝐢𝐢 · 〈𝐁𝐁𝐢𝐢𝐢𝐢〉)〉 , which indicates that the 447 

variations of the inflow magnetic field direction do not affect the fluctuation strength 448 

during the reconnection. This result is distinct from the main conclusion of Genestreti 449 

et al. (2022), which shows that the time variability of the inflow magnetic field direction 450 

is best correlated with the standard deviation of the disturbance of energy conversion 451 

within EDR. However, Genestreti et al. (2022) only take into account the variability in 452 

the EDR whereas our study examines a broader reconnection region (including outflow 453 

region and diffusion region). Thus, the triggering factor of fluctuation in different 454 

regions may be distinct.  455 

The correlation between the IMF cone angle and dBrec means that a larger cone angle 456 

corresponds to a stronger fluctuation strength in turbulent reconnection. The clock 457 

angle for these strong turbulent events predominantly centers around ±120°. In other 458 

words, reconnection is more likely to develop into a turbulent state when the IMF is 459 

tilted southward. Scurry et al. (1994) found a positive correlation between the efficiency 460 

of magnetopause reconnection and the cone angle (Scurry et al., 1994). The increased 461 

efficiency of magnetopause reconnection may lead to the accumulation of a large 462 

amount of magnetic energy in the tail-lobe, increasing VA,in, ultimately causing the 463 

reconnection in the magnetotail to evolve into a more turbulent state. In addition, 464 

observations have shown that the enhancement of Psw further compresses the 465 

magnetosphere, leading to explosive reconnection in the magnetotail [Boudouridis et 466 

al., 2007; Connor et al., 2014]. In our statistical results, there is a clear positive 467 

correlation between Psw and dBrec, suggesting that when Psw increases, the Earth's 468 

magnetotail is compressed and |Bx| significantly increases in the lobe. This enhances 469 

the magnetic energy in the inflow region, which produces a larger outflow, finally 470 

promoting reconnection to become more turbulent.  471 



Numerical simulations find that the guide field is probably a key parameter in 472 

controlling the fluctuation level in reconnection (Che et al., 2011; Daughton et al., 2011). 473 

Here we examine the connection between the guide field Bg and (dBrec, dErec). 474 

Determining the magnitude of Bg bears large uncertainty (Borg et al., 2012). The out-475 

of-plane magnetic field (By) in the electron diffusion regions (EDR) is a good measure 476 

of the magnitude of the guide field. This approach is widely adopted in observation to 477 

estimate the guide field strength (Torbert et al., 2018; Chen et al., 2019; Zhou et al., 478 

2019). Three turbulent reconnection events with EDR observed by MMS were 479 

investigated to check whether these events exhibited a discernible relationship between 480 

Bg and dBrec. We divide the average By within the EDR by the inflow magnetic field Bx 481 

to obtain the normalized guide field Bg. Our preliminary analyses find that for smaller 482 

Bg, dBrec does not exhibit a clear correlation with Bg. For instance, in the July 11, 2017 483 

event with Bg ~ 0.04, dBrec is approximately 1.4 nT (Torbert et al., 2018), while in the 484 

August 27, 2018 event with Bg ~ 0.1, dBrec is about 1.2 nT (Tang et al., 2022). However, 485 

a moderately large Bg may bring more intense magnetic field disturbances, as observed 486 

in the event of July 3, 2017, with Bg ~ 0.3 and dBrec of 3.9 nT (Chen et al., 2019). Here 487 

we do not find a clear association between Bg and dBrec because of the scarcity of the 488 

reconnection events in which the guide field strength can be reliably determined.  489 

Previous studies have identified magnetotail reconnection as a primary driver of 490 

magnetospheric storms and substorms (Angelopoulos et al., 2008; Imber et al., 2011; 491 

Nagai & Machida, 1998). However, our results indicate a poor correlation between 492 

fluctuation strength and geomagnetic activity. Note that the SYM-H index is a 493 

manifestation of the ring current strength and the AL index is closely related to the field-494 

aligned current (FAC), whereas reconnection is not directly linked to either of them. It 495 

has been suggested that bursty bulk flows generated by tail reconnection disrupt the 496 

cross-tail current in the flow-braking region around X ~ -10 Re, leading to the formation 497 

of FACs and consequently the creation of a substorm current wedge (Forsyth et al., 498 

2008; Shiokawa et al., 1998; Yu et al., 2017). Moreover, the ring current is mainly 499 

carried by heated particles (Liemohn et al., 2000; Sato & Iijima, 1979). However, Jin 500 

et al. (2024) demonstrate that while stronger turbulence indeed enhances the conversion 501 



of magnetic energy to plasma kinetic energy, it mainly increases the bulk flow energy 502 

while its impact on plasma heating is negligible. Cheng et al. (2013) find that the 503 

occurrence of FACs in the plasma sheet boundary layers increases monotonically with 504 

the IMF cone angle and peaks at clock angles of -90° and +110° (Cheng et al., 2013). 505 

Interestingly, the correlation between FACs and clock angle and cone angle is strikingly 506 

similar to that between (dBrec, dErec) and these angles, which implies an underlying 507 

relationship between fluctuation strength and FAC, as illustrated in Figures 8a and 8c, 508 

with a correlation coefficient of about 0.5 between (dErec, dBrec) and the AL index.  509 

In summary, we have performed a statistical analysis related to the fluctuation 510 

strength (dErec, dBrec) in magnetotail reconnection. Our main results are summarized 511 

below.  512 

(1) There exists a notable positive correlation between the inflow Alfven speed VA,in, 513 

and fluctuation strength of reconnection, while βin displays a distinct negative 514 

exponential correlation with fluctuation strength. We also notice a strong positive 515 

correlation between electromagnetic fluctuations in the inflow region and 516 

fluctuation strength, though the causality remains unclear. Therefore, inflow 517 

parameters are crucial factors influencing the fluctuation strength in reconnection.  518 

(2) Regarding solar wind conditions, both the upstream IMF cone angle and solar 519 

wind dynamic pressure demonstrate a good positive correlation with fluctuation 520 

strength, whereas the IMF clock angle exhibits no correlation with fluctuation 521 

strength. LR events predominantly correspond to IMF clock angle of ± 120°. 522 

This may imply that, under enhanced solar wind pressure and southward IMF 523 

orientation, the heightened energy load in the tail lobe could potentially facilitate 524 

the generation of large-amplitude turbulence during reconnection.  525 

(3) The fluctuation strength has an ambiguous relation with the AL index, while it 526 

has no dependency on the SYM-H index. In other words, the strength of 527 

fluctuation in reconnection does not directly impact the intensity of substorm and 528 

magnetic storm.  529 

The relationship between turbulence and magnetic reconnection is inherently 530 

complex and involves the coupling of multi-scale processes. While this study examines 531 



the primary factors influencing fluctuation strength within reconnection, the 532 

predominant instabilities causing turbulence remain elusive. The intrinsic limitations of 533 

observation prevent us from tracking the temporal evolution of turbulence during the 534 

reconnection process. Therefore, future studies are anticipated to combine in-situ 535 

satellite observations and numerical simulations to perform a deeper analysis of 536 

turbulent reconnection under different inflow conditions.  537 
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Figure 1 852 

 853 

Figure 1. Overview of the turbulent reconnections: 19 June 2017 and 06 September 854 



2019. From the top to bottom are: (a1, b1) three components of the magnetic field; (a2, 855 

b2) the electric field; (a3, b3) electron and ion number density; (a4, b4) three 856 

components of the ion bulk velocity and (a5, b5) electron bulk velocity; (a6, b6) 857 

electron parallel and perpendicular temperature; (a7, b7) ion and (a8, b8) electron 858 

differential energy fluxes; (a9, b9) the x component of the Alfven velocity. Here the 859 

ion and electron moment data are partial moment data with energy greater than 250 eV 860 

for ions and 50 eV for electrons. The PSR and LR regimes are highlighted in blue and 861 

orange, respectively. The black vertical lines indicate the inflow regions. 862 
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 866 

Figure 2. (a) Spatial distribution of turbulent reconnections in the GSM x-y plane; 867 

Distribution of dBrec concerning position (b) Ry and (c) Rx.  868 
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Figure 3 871 

 872 

Figure 3. Correlation between the inflow Alfven speed and (a) the outflow ion 873 

convective speed Vix⊥ and (b) the outflow electrons convective speed Vex⊥. “Scc” and 874 

“Pcc” at the top of each panel represent Spearman and Pearson correlation coefficients, 875 

respectively. 876 
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Figure 4 878 



 879 

Figure 4. Scatter plot of the relationship between fluctuation strength dBrec (a,b), dErec 880 

(c,d) for the turbulent reconnections versus (a, c) inflow Alfven speed VA,in and (b, d) 881 

inflow 𝛽𝛽𝑖𝑖𝑖𝑖. The red squares represent LRs and the black squares represent PSRs.. 882 
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Figure 5 884 



 885 

Figure 5. (a) Correlation between dBrec and dBin, and (b) correlation between dErec and 886 

dEin; (c) dEin VS dBin; (d) correlation between the temporal variations of the magnetic 887 

field in the inflow region 〈acos (𝐁𝐁𝐢𝐢𝐢𝐢 · 〈𝐁𝐁𝐢𝐢𝐢𝐢〉)〉 and dBrec; (e) fluctuation strength in the 888 

plasma sheet region before reconnection dBps VS dBrec; (f) dEps VS dErec. 889 
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 892 

Figure 6. dBrec and dErec for the turbulent reconnections versus solar wind conditions. 893 

(a, d) IMF clock angle, (b, e) IMF cone angle, and (c, f) solar wind dynamic pressure. 894 

The red and black squares in Figures a,b,d, and f indicate the LRs and PSRs, 895 

respectively. Here, the clock angle is defined as tan-1(By, Bz), cone angle is defined as 896 

cos-1(By/|B|) 897 
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Figure 7 899 

 900 



Figure 7. Scatter plot of dBrec (a) and dErec (b) versus the aggregate of variances within 901 

the components of IMF ∑ 𝑉𝑉𝑉𝑉𝑉𝑉(𝐼𝐼𝐼𝐼𝐼𝐼 𝐵𝐵𝑖𝑖)𝑖𝑖=𝑚𝑚,𝑦𝑦,𝑧𝑧 . 902 
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Figure 8 904 

 905 

Figure 8. Scatter plot of dBrec and dErec for the turbulent reconnections versus the 906 

averaged (a, c) AL index and (b, d) SYM-H index. 907 
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