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The connection of the Ions and 
electrons in the Earth’s central 
plasma sheet to the solar wind

Jose M. Espinoza1 and  Joseph E. Borovsky2*
1Department of Atmospheric and Oceanic Sciences, University of California, Los Angeles, Los Angeles, 
CA, United States, 2Space Science Institute, Boulder, CO, United States

The simple problems of the solar wind number density driving the plasma sheet 
number density and the solar wind speed driving the plasma sheet temperature 
are examined. To ensure that the central plasma sheet is studied, 1017 current 
sheet crossings in the plasma sheet are collected from 10.8 RE to 76.9 RE

downtail, and 3-s resolution ion and electron measurements from THEMIS-B 
and THEMIS-C are compared with time-lagged solar wind number densities 
and speeds. The central plasma sheet measurements are taken from the solar 
minimum years of 2007–2009. Three correlation methods are used: (1) Pearson 
(univariate) linear correlations; (2) multivariate linear correlations; (3) canonical 
correlation analysis. For both ions and electrons, knowing the solar wind speed 
adds insignificant information to the solar wind density versus plasma sheet 
density correlations. Likewise, for both ions and electrons, knowing the solar 
wind density adds insignificant information to the solar wind speed versus 
plasma sheet temperature correlations. The standard two problems (1) the 
density of the solar wind driving the density of the plasma sheet and (2) the 
velocity of the solar wind driving the temperature of the plasma sheet, appear to 
be completely unrelated, even though the solar wind density and the solar wind 
velocity have a strong anticorrelation. Future work is outlined.
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 1 Introduction

Understanding how the solar wind controls the plasma content and energy in the Earth’s 
central plasma sheet (Bame et al., 1966, 1967; Hones et al., 1971) remains a fundamental 
challenge in space-physics research. Despite decades of observations, the precise way 
in which upstream parameters such as solar wind density, velocity, and interplanetary 
magnetic field (IMF) orientation regulate the plasma sheet’s properties is still under active 
investigation. Moreover, the timing and spatial patterns of this coupling remain only 
partially understood.

Numerous studies have demonstrated that solar wind conditions (e.g., density and 
velocity) are strongly coupled with plasma properties in Earth’s central plasma sheet. 
Observationally, slow and dense solar winds under low geomagnetic activity tend to produce 
a colder and denser plasma sheet (Thomsen et al., 2003; Lavraud et al., 2006a; Lavraud et al., 
2006b; Borovsky and Steinberg, 2006), whereas fast and tenuous solar winds lead to a hotter 
and more tenuous plasma sheet. This pattern “slow/dense solar wind yielding cold/dense 
plasma sheet” versus “fast/tenuous solar wind yielding hot/tenuous plasma sheet” was first
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reported in Wind/Geotail studies (Terasawa et al., 1997) 
and later confirmed by additional statistical analyses 
(Borovsky et al., 1998a; Yan et al., 2005).

In particular, Borovsky et al. (1998a) showed that the ion 
density in the central plasma sheet positively correlates with 
the solar wind density, while the temperature in the central 
plasma sheet positively correlates with the solar wind velocity. 
Theoretically, this coupling reflects how solar wind plasma enters the 
magnetosphere. During prolonged northward IMF, cold and dense 
magnetosheath plasma can be transported to the magnetotail via 
Kelvin–Helmholtz instabilities or lobe–lobe reconnection, forming 
the cold dense plasma sheet (CDPS). In contrast, during southward 
IMF and active geomagnetic conditions, tail reconnection injects 
lower-density, higher-energy plasma, yielding a hot and tenuous 
central plasma sheet. This dichotomy has been corroborated by 
observational profiles of the plasma sheet distinguishing northward 
versus southward IMF conditions (Wing and Newell, 2002).

Solar wind plasma can reach the magnetotail plasma sheet 
within only a few hours. Borovsky et al. (1998a) and Denton and 
Borovsky (2009) performed statistical timing analyses and found 
that solar wind particles take on the order of ∼2 h to reach the 
mid-tail plasma sheet (downtail at ∼15–25 RE) and ∼4 h to reach 
the near-Earth plasma sheet in the nightside dipolar region. In 
case studies wherein sudden number density increases in the solar 
wind were timed as they entered the magnetotail and were advected 
Earthward into the nightside dipolar region and then around into the 
dayside magnetosphere (c.f. Figures 5 and 6 of Denton and Borovsky 
(2009)), the event timing agreed with time lags in statistical studies. 
Recent cross-correlation studies confirm similar response lags on the 
order of a few hours. For example, a coordinated MMS–ARTEMIS 
observation found that solar wind density fluctuations take about 
3.7–5.9 h to propagate into the plasma sheet to make the cold dense 
plasma sheet (Yu et al., 2020), consistent with earlier single-satellite 
inferences. These time lags indicate a relatively prompt coupling, on 
the scale of a substorm cycle, between upstream solar wind changes 
and the central plasma sheet’s properties.

Multiple studies report a positive correlation between solar wind 
density (or dynamic pressure) and plasma sheet density. Simply 
put, when the shocked solar wind magnetosheath is denser, more 
plasma leaks into the magnetotail via reconnection or via low-
latitude-boundary-layer processes. Borovsky et al. (1998a), using 
244 encounters of ISEE-2 with the neutral sheet in the magnetotail 
at downtail distances from 17.5 to 22.5 RE, showed that plasma 
sheet pressure (and by implication, particle content) is strongly 
correlated with solar wind ram pressure, with correlation coefficients 
being approximately 0.84. More recently, Yan et al. (2005) analyzed 
Double Star (TC-1) observations at ∼9–13.4 RE and confirmed that 
increases in upstream solar wind density (or solar wind dynamic 
pressure) lead to increased plasma sheet density in the near-
Earth tail (Yan et al., 2005). In fact, those Double Star results 
demonstrated that the solar wind dynamic pressure controls the 
ion thermal pressure in the central plasma sheet as well. Together, 
these findings support a picture in which a denser or more forceful 
solar wind feeds the plasma sheet with additional plasma, raising its 
density and particle pressure.

The solar wind speed also influences the plasma sheet plasma 
energy. Under typical conditions (e.g., southward IMF), faster 
solar wind streams carry more energy into the magnetosphere 

and tend to correlate with higher ion temperatures in the 
plasma sheet. For instance, Borovsky et al. (1998a) found a 
positive (though moderate) correlation between solar wind flow 
speed and plasma sheet ion temperature, consistent with faster 
solar wind flows creating hotter magnetosheath plasma bathing 
the magnetosphere, thereby injecting hotter plasma into the 
magnetosphere. However, the relationship can reverse under 
prolonged northward IMF conditions. During northward IMF, 
the plasma sheet often becomes “cold and dense,” filled by 
magnetosheath-origin plasma without substantial heating upon 
entry (Lavraud et al., 2006a; Lavraud et al., 2006b; Forsyth et al., 
2014). This process is supported by observations of plasma transport 
across the flanks of the magnetopause via Kelvin–Helmholtz 
instabilities and lobe reconnection under northward IMF, as 
reviewed by Walsh et al. (2014). Under northward IMF (and hence 
quiet geomagnetic activity), the entry may be predominantly via 
the low-latitude boundary layer and via magnetic reconnection 
beyond the cusps, which might not yield the higher plasma 
energization as does dayside reconnection. This was shown by the 
statistical maps of Wing and Newell (2002): during northward IMF 
periods, the plasma sheet’s temperature drops even as solar wind 
conditions intensify, whereas during southward IMF, the plasma 
sheet is hotter and more tenuous. Thus, solar wind velocity has a dual 
effect, generally boosting plasma sheet temperature, but only when 
the upstream magnetic configuration allows efficient energization 
(southward IMF); under opposite conditions (northward IMF), 
studies indicate that fast solar wind mainly increases plasma sheet 
density at the expense of temperature.

Beyond simple one-to-one correlations, empirical models have 
quantified how multiple solar wind factors jointly regulate plasma 
sheet properties. Tsyganenko and Mukai (2003) developed an 
analytic model of the central plasma sheet (≈10–50 RE) based on 
Geotail spacecraft data. Their model equations describe plasma sheet 
ion density, temperature, and pressure as functions of location and 
upstream conditions. The results indicated that solar wind drivers, 
such as dynamic pressure and IMF orientation, significantly affect 
plasma sheet pressure and density distributions. In the near-Earth 
plasma sheet (r < ∼15 RE), solar wind ram pressure was found 
to be a primary influence on plasma sheet total pressure, while 
IMF Bz (southward component) influenced plasma sheet thickness 
and density (Walsh et al., 2014).

Dubyagin et al. (2016) created empirical relations for plasma 
sheet electron density and temperature (at 6–11 RE) during 
geomagnetic storms using time-averaged solar wind inputs. 
Their statistical model achieved a very high correlation (∼0.8 
linear correlation) between predicted and observed plasma sheet 
parameters using THEMIS probes. Notably, the plasma sheet density 
was best reproduced using a ∼4-h average of upstream solar wind 
proton density, yielding a correlation of rcorr ≈ 0.82 (Dubyagin et al., 
2016). Meanwhile, the plasma sheet electron temperature was 
predicted most accurately by the solar wind bulk velocity (averaged 
over 4 h) together with IMF factors, achieving a correlation of rcorr ≈ 
0.75. These high correlations underscore that incorporating the solar 
wind’s recent history (several hours of averaging) greatly improves 
the ability to model plasma sheet conditions. Overall, both older 
and more recent empirical studies concur that solar wind inputs 
drive the first-order variations in plasma sheet plasma density and 
energy content.
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Despite these advances, many open questions remain. To what 
extent can canonical correlation analysis (CCA) improve our 
understanding of the solar wind to central plasma sheet coupling 
by incorporating combinations of multiple input and multiple 
output variables simultaneously? What insights can these techniques 
provide into the fundamental physical processes responsible for 
plasma entry and energy transfer from the solar wind into the 
magnetosphere?

The central plasma sheet acts as the primary plasma and 
energy reservoir within the magnetosphere. It feeds the ring 
current, influences radiation belt dynamics, and modulates auroral 
activity (Kronberg et al., 2014; Borovsky and Valdivia, 2018). 
Understanding how the plasma sheet responds to solar wind 
drivers is therefore critical for modeling energy input into the 
inner magnetosphere and improving space weather forecasting. 
Better empirical understanding of solar wind to central plasma 
sheet coupling supports both fundamental geophysics and practical 
applications, including satellite operation safety and geomagnetic 
storm prediction.

In the present study, 1017 current sheet crossings are identified 
in the Earth’s magnetotail at downtail distances of 10.8 RE to 76.9 
RE. Ion and electron data with 3-s time resolution were used to 
determine the ion and electron temperatures and number densities 
for the current sheet crossings to determine values of temperatures 
and densities in the central plasma sheet at various downtail 
distances (and under various levels of geomagnetic activity). 
Correlations of the central plasma sheet properties with the time-
lagged solar wind speed and number density are performed (1) with 
standard Pearson linear correlations; (2) with multivariate linear 
correlations; (3) with canonical correlation analysis.

This manuscript is organized as follows. In Section 2, both 
the methodology for selecting the 1017 current sheet crossing 
events and the data sets used to measure the plasma sheet and 
solar wind conditions are described. In Section 3, overviews of the 
number densities and temperatures of the central plasma sheet as 
functions of downtail distance and level of geomagnetic activity 
are investigated. In Section 4, correlations between the central 
plasma sheet and the time-lagged solar wind are performed using 
various correlation methodologies. Section 5 contains conclusions, 
discussions, and suggestions for future studies. 

2 Data methodology: current sheet 
crossings and the data analyzed

Using 3-s resolution MAG data (Auster et al., 2008) from 
THEMIS-B and THEMIS-C, 1017 current sheet crossings (or 
current sheet encounters) in the magnetotail plasma sheet were 
identified in 2007–2010 (a solar minimum). Focusing on current 
sheet crossings is desirable to ensure that the data extracted is from 
the central plasma sheet, rather than the outer plasma sheet, and 
to yield the furthest downtail distance of the plasma sheet flux 
tube. The collected events were restricted to |Ygse| < 6 RE and were 
found from X = −10.9 RE to X = −76.8 RE. The positions of the 
1017 current sheet crossings are sketched in Figure 1 along with 
a Fairfield–Greenstadt model of the bow shock position (Fairfield, 
1971; Greenstadt et al., 1990) in blue and a Lin et al. (2010) 
model of the magnetopause location in green. The black points 

FIGURE 1
A sketch of the position of the bow shock (blue), the position of the 
magnetopause (green), and the locations of the 1017 THEMIS current 
sheet crossings in the X-Y plane.

in Figure 1 are the 1017 current sheet crossings, the red points 
indicate crossings that have THEMIS electron data, the blue points 
are crossings that have THEMIS ion data, and the purple points 
are crossings that have both electron and ion data. The crossing 
events all occurred in the hot plasma of the magnetosphere (Ti
> 500 eV) with the encounter or crossing identified as a reversal 
in the direction of Bx, often with a diamagnetic reduction of the 
magnitude of B. For each current sheet crossing (event), localized 
electron data (number density and temperature) were obtained 
from the 3-s reduced THEMIS ESA data (McFadden et al., 2008) 
stored on CDAWeb (https://cdaweb.gsfc.nasa.gov), and the ion data 
(number density and temperature) were obtained from the 3-s 
THEMIS GMOM data set stored on CDAWeb that utilized the 
ESA measurements and the higher-energy SST measurements. Solar 
wind values (number density and speed) at Earth and the Kp index 
were obtained from the 1-hr-averaged OMNI data set (https://
omniweb.gsfc.nasa.gov). The Hp60 geomagnetic index was obtained 
from ftp://ftp.gfz-potsdam.de/pub/home/obs/Hpo.

For the neutral sheet crossings, Figure 2A plots the measured ion 
number density ni as a function of the measured electron number 
density ne, and Figure 2B plots the measured ion temperature Ti as a 
function of the measured electron temperature Te. Linear-regression 
fits are shown as the blue lines. The Pearson linear correlations 
are rcorr = 0.983 for the number densities and rcorr = 0.837 for the 
temperatures.

In the 3-s resolution THEMIS magnetic field data, current sheet 
crossings can be singular and very rapid (seconds), or the spacecraft 
can linger in the vicinity of the current sheet region and make 
multiple crossings. This difference could be due to the presence or 
absence of magnetotail flapping owing to variations in the solar wind 
velocity vector. In the collection of 1017 crossings, the shortest time 
between crossings is 45 s, and the median time between crossings 
is 20.4 min. No distinction was made between the two types of 
crossings. Of the 1017 identified events, 891 had ESA electron data 
temporally close to the crossing times, and 748 had GMOM ion data 
temporally close to the crossing times.
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FIGURE 2
For the current sheet crossings in the central plasma sheet, the measured ion number density is plotted as a function of measured electron density 
(panel (A)), and the measured ion temperature is plotted as a function of the measured electron temperature (panel (B)).

3 Overview of the ion and electron 
temperatures and densities in the 
central plasma sheet

In Table 1, Pearson linear correlation coefficients rcorr between 
the central plasma sheet electron and ion number densities ne and ni
and the solar wind number density nsw and the coefficients between 
the solar wind velocity vsw and the central plasma sheet electron and 
ion temperatures Te and Ti are collected, with some restrictions in 
the different rows of the table on the level of geomagnetic activity 
as measured by Hp60 and on the downtail distance X (in RE). The 
numbers in parentheses after each correlation coefficient in Table 1 

are the optimal time lag in hours between the solar wind data at 
Earth and the central plasma sheet data, “optimal” meaning giving 
the largest-magnitude correlation coefficient.

Row 1 of Table 1 displays the Pearson linear correlation 
coefficients rcorr for all of the available current sheet crossing data. 
Scatter plots of Row 1 data appear in the four panels of Figure 3, with 
panels A and B of Figure 3 showing central plasma sheet electrons 
and panels C and D showing central plasma sheet ions (protons). If 
N is the number of data points in the correlation, then correlation 
at the 95% confidence level occurs for a correlation coefficient with 
a magnitude larger than 2/N1/2 (Beyer, 1966; Bendat and Piersol, 
2010). With 891 (electrons) and 748 points (ions) in Row 1, the 
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TABLE 1  The Pearson linear correlations are collected, followed by the optimal time lag in hours in parentheses, followed by the number of data points 
used in the correlation in brackets.

Row Restrictions nsw ↔ ne vsw ↔ Te nsw ↔ ni vsw ↔ Ti

1 All Data 0.542 (3) [887] 0.528 (10) [891] 0.476 (3) [744] 0.527 (9) [748]

2 Hp60 < 1 0.240 (2) [319] 0.225 (7) [319] 0.265 (2) [293] 0.289 (7) [293]

3 1 ≤ Hp60 < 4 0.580 (3) [517] 0.554 (12) [520] 0.521 (3) [417] 0.540 (12) [421]

4 Hp60 ≥ 4 0.835 (3) [51] 0.201 (0) [51] 0.577 (3) [34] 0.161 (10) [34]

5 |X| < 18 0.641 (4) [365] 0.490 (2) [366] 0.509 (1) [322] 0.509 (1) [323]

6 18 < |X| < 23 0.492 (1) [315] 0.606 (0) [315] 0.475 (2) [277] 0.627 (0) [277]

7 |X| > 23 0.554 (3) [207] 0.505 (10) [210] 0.538 (3) [145] 0.336 (11) [148]

values of the correlation coefficients are many times larger than the 
2/N1/2 values of 0.067 and 0.073.

In Rows 2, 3, and 4 of Table 1, the data are restricted to times 
of very low geomagnetic activity (Row 2), to times of medium 
geomagnetic activity (Row 3), and to times of high geomagnetic 
activity (Row 4). At very low geomagnetic activity, the correlations 
between the solar wind density and speed and the plasma sheet 
densities and temperatures are very weak. At medium and high 
geomagnetic activity (Rows 3 and 4), the correlations between the 
solar wind and the plasma sheet are much more robust. However, 
the confidence level of the 0.161 correlation coefficient is very low 
for the vsw to Ti correlation in Row 4 for high activity, which has 
only 34 points to create the correlation, and 2/N1/2 for N = 34 is 
0.340. It is also known that at high levels of geomagnetic activity, 
the ionosphere becomes an important source of plasma sheet plasma 
(Young et al., 1982; Lennartsson and Shelley, 1986). Looking at the 
correlations of solar wind number density and plasma sheet number 
density with information about the plasma sheet composition would 
be desirable but is beyond the capabilities of the present study. Note 
that the correlation study of Borovsky et al. (1998a) was conducted 
during a solar maximum, where the mean value of Kp was 3.0 
for the central plasma sheet events studied, and a high correlation 
between nsw and np of the plasma sheet was still found, where the 
electrostatic analyzer measurements of np could be contaminated 
somewhat by O+.

In Rows 5, 6, and 7 of Table 1, the correlations are performed 
for three isolated distance regions of the magnetotail: near the Earth 
in Row 5, in the middle tail in Row 6, and in the further tail in 
Row 7. In the table, those electron-density correlation coefficients 
range from 0.492 to 0.641, the electron-temperature coefficients 
range from 0.490 to 0.606, the ion-density correlation coefficients 
range from 0.475 to 0.538, and the ion-temperature coefficients 
range from 0.336 to 0.627. The middle range 18 < |X| < 23 was 
chosen to be similar to the range of distances for the “magnetotail 
neutral sheet” correlations of ni and Ti that were performed by 
Borovsky et al. (1998a) for a set of neutral sheet crossings in 1979 
by the ISEE-2 spacecraft with the solar wind measured by the ISEE-
3 spacecraft. The correlation coefficient was higher for the ISEE 
ni measurements (0.74 for ISEE and 0.475 for THEMIS), and the 
correlation coefficient was lower for the ISEE Ti measurements (0.51 

for ISEE and 0.627 for THEMIS. The mean Kp of the ISEE events 
during solar maximum was 3.0, and the mean Kp of the THEMIS 
events during the solar minimum was 1.3. Many things in the 
magnetosphere change with the solar cycle: for example, the level of 
geomagnetic activity (Echera et al., 2004), the rate of occurrence of 
substorms (Borovsky and Yakymenko, 2017), the ion composition 
of the plasma sheet (Young et al., 1982; Lennartsson and Shelley, 
1986), magnetotail current systems (Wing et al., 2014), and the types 
of geomagnetic storms that occur (Borovsky and Denton, 2006). As 
noted in Rows 2, 3, and 4 of Table 1, the correlations for high activity 
are large for ne and ni and low for Te and Ti. 

4 Interpreting linear correlations, 
multivariate linear correlations, and 
canonical correlation analysis

The robust (several times 2/N1/2 in magnitude where N is 
the number of data points) positive correlations between (1) the 
number density of the solar wind and the number density of the 
central plasma sheet and (2) the velocity of the solar wind and 
the ion and electron temperatures of the central plasma sheet 
seem like straightforward evidence that the shocked solar wind 
(magnetosheath) feeds plasma density into the central plasma sheet 
and that the temperature of the fed-in plasma is related to the 
conversion by the bow shock of the cold upstream solar wind into 
a hot magnetosheath temperature (Phan et al., 1994; Baumjohann, 
1993). These simple Pearson linear correlations (PLC) are shown 
in Rows 1–4 of Table 2. For the solar wind number density, nsw+3
is taken, which is the solar wind value at Earth 3 h before each 
current sheet crossing, and vsw+4 is taken for the solar wind velocity, 
which is the value at Earth 4 h before each current sheet crossing. 
This yields time lags from the solar wind at Earth to the reactions 
in the Earth’s magnetotail, with the time lag being slightly longer 
for vsw than for nsw. The plasma sheet number density coming 
from the solar wind number density was a strong conclusion of 
Borovsky et al. (1998a) and of Denton and Borovsky (2009), where 
the correlation evidence was supported by multiple events wherein 
observations of sudden increases in the solar wind density at Earth 
were followed in time as sudden plasma sheet density increase in 
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FIGURE 3
Scatter plots of the electron and ion central plasma sheet number densities and temperatures are plotted as functions of the solar wind number density 
and speed at Earth. each plot (Panels A-D) indicates the time lag used between the solar wind data and the plasma sheet data.
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TABLE 2  The correlation coefficients rcorr for PLC, MLC, and CCA analysis of the central plasma sheet number densities and temperatures versus the 
solar wind number densities and speeds (all variables in the formulae are in standardized form).

Row Type Number of 
points

Solar wind 
variables

Central 
plasma 
sheet 
variables

rcorr Maximum 
rcorr of 2 
variables

Difference 
in rcorr

1 PLC 887 nsw+3 ne 0.542

2 PLC 744 nsw+3 ni 0.476

3 PLC 891 vsw+4 Te 0.493

4 PLC 748 vsw+4 Ti 0.504

5 PLC 891 vsw+4 ne −0.235

6 PLC 887 nsw+3 Te −0.260

7 PLC 748 vsw+4 ni −0.178

8 PLC 744 nsw+3 Ti −0.175

9 MLC 887 1.000nsw+3 − 
0.432vsw+4

ne 0.542 0.542 0.000

10 MLC 887 −0.521nsw+3 + 
0.992vsw+4

Te 0.497 0.493 0.004

11 MLC 744 1.000nsw+3 − 
0.359vsw+4

ni 0.476 0.476 0.000

12 MLC 744 −0.282nsw+3 + 
0.998vsw+4

Ti 0.505 0.505 0.000

13 CCA 887 0.911nsw+3 − 
0.412vsw+4

0.885ne − 
0.466Te

0.558 0.542 0.016

14 CCA 744 0.400nsw+3 + 
0.917vsw+4

0.406ni + 0.914Ti 0.511 0.505 0.006

15 CCA 744 0.983nsw+3 + 
0.186vsw+4

0.871ne − 0.492ni 0.510 0.498 0.012

16 CCA 744 −0.031nsw+3 + 
1.000vsw+4

0.466Te + 0.885Ti 0.514 0.505 0.009

the nightside magnetotail, then as sudden increases in the nightside 
dipolar region, and then as increases in the dayside magnetosphere. 
The Borovsky et al. (1998a) study strongly suggested that the proton 
temperature of the plasma sheet was related to the shocking of the 
cold solar wind plasma that would be captured, with the temperature 
of the magnetosheath plasma behind the bow shock being related to 
the speed of the solar wind (Kennel, 1988). The temperature ratio 
Ti/Te of the plasma sheet being similar to the temperature ratio of 
the shocked magnetosheath as the solar wind Mach number varies 
(Lavraud et al., 2009) also supports this picture of conversion of the 
solar wind speed into temperature across the bow shock. Similarly, 
Figure 1D of Wang et al. (2012) also supports this point.

The physical interpretations of the correlations are complicated 
by two factors. (1) The number density of the solar wind, nsw(t), and 
the velocity of the solar wind, vsw(t), have strong anticorrelations 
with each other (Borovsky 2018). The Pearson linear correlation 

coefficient between the nsw+3 and vsw+4 variables of Table 2 is rcorr = 
−0.406. (2) The solar wind speed vsw(t) has a long autocorrelation 
time (approximately 61 h on average, as seen in Figure 6B of 
Borovsky and Denton (2014) or Table 1 of Borovsky and Yakymenko 
(2017b)). Furthermore, the rcorr value between vsw(t) and nsw(t) 
depends on the time shift between the nsw and vsw time series (as 
shown in the black curve at the bottom of Figure 4 and also in 
Figures 1 and 4B of Borovsky (2018)).

In Figure 4, the Pearson linear correlation coefficients between 
the central plasma sheet electron and ion number densities and 
temperatures, and nsw(t) and vsw(t), are plotted versus the time 
lag between the solar wind at Earth and the central plasma sheet 
measurements. The top four curves of Figure 4 demonstrate that vsw
is positively correlated with the ion and electron temperatures of 
the central plasma sheet and that nsw is positively correlated with 
the ion and electron number densities of the central plasma sheet. 
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FIGURE 4
For the central plasma sheet current sheet crossings, the Pearson linear correlations of the plasma sheet densities and temperatures between the solar 
wind speed and number density are plotted as a function of the time lag between the solar wind and the plasma sheet.

The curves also show that the values of the correlation coefficients 
rcorr depend on the time shift between the solar wind data and the 
magnetotail current sheet crossing data. The curves at the bottom of 
Figure 4 demonstrate an opposite, but not as strong, anticorrelation 
between the solar wind velocity and the central plasma sheet number 
densities and between the solar wind number density and the central 
plasma sheet temperatures (See also Rows 5–8 of Table 2). The 
correlation values rcorr also depend on the time shifts between the 
two data sets. The black curve at the bottom of Figure 4 points out the 
robust (time-shifted) anticorrelation between the solar wind number 
density and the solar wind velocity.

The solar wind number density versus the plasma sheet number 
density curves in the top of Figure 4 display a narrow peak in the 
correlation magnitude, an indication of a time-lagged transport 
timescale from the solar wind into the central plasma sheet 
for plasma entry (For more evidence of this, see Figure 16 of 
Borovsky et al. (1998a), Figure 3 of Wing et al. (2006), and Figure 5 
and Figures 6–8 of Denton and Borovsky (2009)). The two solar 
wind velocity versus central plasma sheet temperature curves at 

the top of Figure 4 do not show an identifiable strong peak in the 
correlation magnitude, probably owing to the long autocorrelation 
time of the solar wind velocity.

In addition to regular Pearson linear correlations (PLC) between 
two time-dependent variables, two other correlation methods are 
employed, and the results are posted in Table 2: (1) multivariate 
linear correlations (MLC) between the pair of variables ns+3 and 
vsw+4 and the individual variables ne, Te, ni, and Ti and (2) canonical 
correlation analysis (CCA) between the time-dependent solar wind 
state vector (nsw+3,vsw+4) and the plasma sheet state vectors (ne,Te), 
(ni,Ti) (ne,ni), and (Te,Ti) at the times of the current sheet crossings.

In Rows 1–8 of Table 2, PLC is used to correlate one variable with 
another variable: these rows will be used as baselines for discussion 
about the use of MLC and CCA. Because the number densities and 
temperatures of the central plasma sheet are both correlated with 
the density and speed of the solar wind (e.g., Figures 3, 4), one can 
ask whether both of those solar wind variables contribute unique 
information about the description and prediction of the plasma 
sheet temperatures and densities. Multivariate linear correlation 
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FIGURE 5
For the central plasma sheet current crossings, Panel (A) plots the 
logarithms of the ion temperature (red) and the electron temperature 
(green) as a function of the logarithm of the downtail distance of the 
crossing, and Panel (B) plots the temperature ratio Ti/Te as a function 
of the downtail distance.

(MLC) is utilized for more information. MLC appears in Rows 9–12 
of Table 2. The “Solar wind variables” column for those rows in 
Table 2 contains the optimal formulae for the linear combination 
of the two solar wind variables, where the two variables are in 
standardized form in the formulae. (Standardizing a variable is 
accomplished by subtracting the mean value of the variable and then 
dividing by its standard deviation). The Pearson linear correlation 
between the “Solar wind variables” and the “Central plasma sheet 
variables” appears in the column labeled “rcorr.” To perform the MLC, 
only events that contain data for all of the variables can be used. 
For those same events, the maximum correlation coefficient between 
a single solar wind variable and a single plasma sheet variable 
appears in the column labeled “Maximum rconn of 2 variables.” In 
Row 1 of Table 2,  ne and nsw+3 have a correlation coefficient rcorr
= 0.542. In Row 9, with the addition of the variable vsw+4, the 
correlation remains at 0.542. One could conclude that there is no 
relevant information contained in vsw+4 that adds any information 
to the information already contained in nsw+3 about the behavior 
of ne. Looking at Row 10 of Table 2, it can be seen that adding 
nsw+3 to the vsw+4 versus Te correlation increases rcorr from 0.493 
to 0.497: here, nsw+3 adds new information about the behavior of 

Te, but what nsw+3 adds is not much more than what vsw+4 already 
contains. The “difference” column in Table 2 is the change in the 
correlation coefficient obtained by adding this new information: for 
Row 10, this difference is 0.004, which is statistically insignificant. 
In Row 11, with the addition of the variable vsw+4, the correlation 
changes to 0.476 from 0.476. The difference in the correlation is 
0.000. Similar to the case of Row 9, one could conclude that there 
is no relevant information contained in vsw+4 that adds to the 
information already contained in nsw+3 about the behavior of ni. 
Looking at Row 12 of Table 2, it is seen that adding nsw+3 to the 
vsw+4 versus Ti correlation does not increase rcorr. Here, nsw+3 does 
not add any information about the behavior of Ti. We know that nsw
describes ne and ni to a good degree and that vsw describes Te and Ti
to a good degree. Two conclusions of the MLC analysis are (1) that 
knowledge of nsw does not improve the description of the plasma 
sheet temperatures and (2) that knowledge of vsw does not improve 
the description of the plasma sheet densities.

As a note, the information added by a new second variable 
to a first variable can act in two manners, “suppression” 
and “confounding” (Conger, 1974; Robins, 1989; Tzelgov and 
Henik, 1991 Frank, 2000), to increase the correlation coefficient with 
a target variable: (1) the new added variable can carry additional 
information about the way the target variable works or (2) the new 
added variable can carry information about noise in the first variable 
and the linear combination can act to counteract some of the noise 
in the original first variable.

Canonical correlation analysis (CCA) appears in Rows 13–16 of 
Table 2. CCA is a method that finds correlation patterns between 
one set of variables and a second set of variables (Muller, 1982; 
Johnson and Wichern, 2007; Gatignon, 2010; Nimon et al., 2010; 
Borovsky, 2014). These sets of variables can be, for instance, a time-
dependent solar wind state vector and a time-dependent central 
plasma sheet state vector. In these time-dependent problems, we 
have referred to the CCA process as “vector–vector correlations” 
(Borovsky, 2014; Borovsky and Denton, 2014, 2018; Borovsky and 
Osmane, 2019; Borovsky and Lao, 2023). The CCA mathematical 
scheme reduces each of the two time-dependent state vectors into 
a time-dependent scalar. Pairs of scalars are produced that are 
guaranteed to have the highest possible Pearson linear correlation 
coefficient, rcorr, between them.

In the present study, very simple state vectors are used in 
Rows 13–16: the solar wind state vector (nsw+3,vsw+4) and the 
plasma sheet state vectors (ne,Te), (ni,Ti), (ne,ni), and (Te,Ti). 
CCA calculates optimal linear combinations of the state vector 
variables in standardized form: those linear combinations appear in 
Rows 13–16 of Table 2. The Pearson linear correlation coefficients 
between the two linear combinations (solar wind versus plasma 
sheet) are listed in the “rcorr” column, and the maximum two-
variable correlation coefficient for the available events that have 
data for all of the variables appears in the next column. As can 
be seen for the four CCA calculations, the differences are not 
statistically significant: the maximum improvement over the two-
variable PLC correlations is an increase of 0.016 in the correlation 
coefficient (Row 13).

When CCA selects the combinations of solar wind variables and 
of plasma sheet variables that have the highest possible correlations 
in the combination of the solar wind-variables (nsw+3,vsw+4) with the 
plasma sheet variables (ne,Te) (Row 13), CCA picks nsw+3 and ne
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with the largest coefficients in the optimal formulae, and they are 
the two variables that have the highest correlation (column labeled 
“Maximum rcorr of 2 variables”). In the combination of the solar 
wind variables (nsw+3,vsw+4) with the plasma sheet variables (ni,Ti) 
(Row 14), CCA selects vsw+4 and Ti with the largest coefficients in 
the optimal formulae and with the largest two-variable correlation. 
For the plasma sheet number density (Row 15) with (nsw+3,vsw+4) 
versus (ne,ni), CCA selects nsw+3 and ne as the two variables with 
the largest coefficients and largest correlation and for plasma sheet 
temperatures (Row 16) with (nsw+3,vsw+4) versus (Te,Ti) CCA picks 
vsw+4 and Ti as the variables with the largest coefficients and the 
largest two-variable correlation.

As was the case for the MLC calculations, applying CCA gives 
the impression that the two problems, (a) nsw driving number 
densities of the plasma sheet and (b) vsw driving the temperatures 
of the plasma sheet, are unrelated to each other. 

5 Conclusions, discussions, and future 
work

In this study, THEMIS-A and THEMIS-B ion and electron 
number densities ni and ne and ion and electron temperatures Ti
and Te measured at current sheet crossings in the Earth’s magnetotail 
from 10.8 RE to 76.9 RE distance downtail were correlated with solar 
wind number densities nsw and speeds vsw at Earth. The current sheet 
crossings were used to ensure that the THEMIS data were taken 
from the central plasma sheet at the furthest distances from Earth 
of closed magnetic flux tubes.

The nsw versus ne and ni correlations are higher at higher values 
of geomagnetic activity as measured by Hp60, whereas the vsw versus 
Te and Ti correlations are weaker at higher values of Hp60. The nsw
versus ne and ni correlations and the vsw versus Te and Ti correlations 
are all of similar strength, except for the vsw ↔ Ti correlation, which 
is weak but has very few data points to make that judgment.

Various methods of correlations support the view that nsw
controls ni and ne and that vsw controls Ti and Te:

• Multivariate linear correlation indicates that supplying 
information about nsw does not add significant information 
to the vsw ↔ Ti and vsw ↔ Te correlations that the variable vsw
does not already contain.

• Likewise, multivariate linear correlation indicates that 
supplying information about vsw does not add significant 
information to the nsw ↔ ni and nsw ↔ ne correlations that 
the variable nsw does not already contain.

• The interpretation of canonical correlation analysis (CCA) 
is that the nsw →ne problem and the vsw →Te problem are 
independent of each other. Likewise, the interpretation of CCA 
analysis is that the nsw →ni problem and the vsw →Ti problem are 
independent of each other. This is the case even though vsw and 
nsw have strong anticorrelations with each other.

It seems clear that the nsw ↔ ne and nsw ↔ ni correlations 
represent a time-lagged entry of solar wind plasma into the 
magnetosphere (Cf. Wing et al. (2014) for a review of possible entry 
physical mechanisms). These correlation conclusions are backed up 
by the multiple case studies of Borovsky et al. (1998a) and Denton 

and Borovsky (2009). Less clear is the physical interpretation of 
the vsw ↔ Te and vsw ↔ Ti correlations, with no clear maximum 
in the correlation coefficients versus lag time between the solar 
wind and magnetospheric data sets. One problem, of course, is 
the very long autocorrelation time for the solar wind speed vsw. 
However, in some cases, the optimal correlation coefficient has 
Te(t) or Ti(t) leading vsw(t) in time rather than lagging it in time 
(not shown in Tables 1, 2). This is probably caused by adiabatic 
compression of the solar wind as faster solar wind runs into slower 
solar wind to form a heated compression region ahead in time (as 
seen by Earth) of the faster solar wind (cf. Figure 4B of Borovsky 
(2018)). Here, the magnetosheath is hotter before the fast solar wind 
arrives. Other mechanisms associating plasma sheet temperature 
with vsw could be Earthward adiabatic convection of plasma sheet 
material (Borovsky et al., 1998b) and heating during substorms 
(Forsyth et al., 2014). In Figure 5A, the logarithms of the ion and 
electron temperatures of the central plasma sheet for the 1017 
current sheet crossings are plotted as a function of the logarithm 
of the downtail distance |X| in RE. Note that the ion temperature 
Ti and the electron temperature Te have similar downtail profiles, 
indicating perhaps similar adiabatic heating mechanisms during 
transport toward the Earth. Borovsky et al. (1998b) found that 
for ions, the specific entropy was almost conserved in this multi-
hour Earthward transport until the dipolar region is reached, where 
gradient-and-curvature drifts start to move the ion plasma sheet 
toward the duskside magnetopause. Other plasma sheet heating may 
be associated with the temporal pressure increases associated with 
(a) sudden increases in the ram pressure of the solar wind (Borovsky, 
1998a) or pressure increases associated with increasing loading 
of magnetic field into the magnetotail by dayside reconnection 
(Forsyth et al., 2014). In Figure 5B, the ion-to-electron temperature 
ratio Ti/Te in the central plasma sheet is plotted as a function of the 
downtail distance |X|. The linear-regression line in that plot shows 
that the more-distant ratio is about a factor of 2 higher than it is in the 
|X| ∼ 15 RE range. This may be an indication of different evolutions 
for the ion temperature versus electron temperature; however, the 
temperature change with distance in Figure 5A is much greater than 
the Ti/Te change in Figure 5B.

Future studies accounting for the time history of the solar wind 
and the reaction of the plasma sheet are needed. In particular, the use 
of time integrals of the solar wind number densities, plus a temporal 
gap after the time integral to account for transport times, is needed 
for the central plasma sheet number density studies. As noted in 
Borovsky et al. (1998a) and Denton and Borovsky (2009), there are 
significant transport times between the solar wind and the various 
locations in the plasma sheet.

A more extensive CCA analysis of ne, ni, Te, and Ti must be 
performed using a much larger set of solar wind variables beyond nsw
and vsw and using independent time lags for the various solar wind 
variables. With only 1017 current sheet crossings in the magnetotail, 
physical interpretation of this more extensive CCA analysis will be 
difficult, but the analysis should lead to clues about other solar wind 
variables that are important for the densities and temperatures of the 
central plasma sheet.

Finally, the authors plan to perform correlation studies of 
the energetic particle populations of the central plasma sheet 
at the 1017 crossings to discern which properties and which 
particle populations of the solar wind may be driving the plasma
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sheet energetic particle populations. Of particular interest is the 
role of the energetic field-aligned electron strahl in the solar 
wind at Earth (Borovsky and Runov, 2022).
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