
RO
U

G
H

D
R

AF
T

Draft version March 11, 2026
Typeset using LATEX twocolumn style in AASTeX7

Electron Velocity Moments in the Solar Wind. I. Calibration of the Wind 3DP EESA Low Detector1

Lynn B. Wilson III ,1 Stuart D. Bale ,2, 3, 4 Michael L. Stevens ,5 Bennett A. Maruca ,62

Kristopher G. Klein ,7 Mihailo M. Martinović ,7 and Jason M. TenBarge 8
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ABSTRACT

Calibrated measurements of electron velocity distribution functions (VDFs) are necessary to charac-14

terize fluid and kinetic processes in weakly collisional and nearly collisionless plasmas such as the solar15

wind. Therefore, we analyzed 3,996,051 electron VDFs observed by the Wind 3DP thermal electron16

detector near 1 astronomical unit (au) between January 1, 2005 and November 25, 2017. The data17

were calibrated for each electron VDF to produce accurate velocity moments in the solar wind. This18

is the first full solar cycle coverage electron velocity moment dataset in the near-Earth solar wind.19

Herein (Paper I) we discuss the calibration process/algorithms and the velocity moment constraints,20

uncertainties, and resulting public dataset. In the second paper (Paper II), we statistically analyze the21

electron velocity moment dataset.22

Keywords: plasmas — (Sun:) solar wind23

1. BACKGROUND AND MOTIVATION24

Electron velocity distribution functions (VDFs) in the25

solar wind are a difficult measurement to properly cali-26

brate (e.g., J. Geach et al. 2005; V. Génot & S. Schwartz27

2004; B. Lavraud & D. E. Larson 2016; M. P. Pulupa28

et al. 2014; C. S. Salem et al. 2001, 2003, 2023; E. E.29

Scime et al. 1994; P. Song et al. 1997). As a consequence,30

there are limited electron velocity moments in the near-31

Earth solar wind that have been properly calibrated.32

Note, however, that there are plenty of very accurate33

electron velocity moments in the magnetosheath (e.g.,34

D. J. Gershman et al. 2017, 2019).35

The lack of properly calibrated electron VDFs from36

instruments designed to measure the solar wind in the37

near-Earth space is a major obstacle for furthering our38

understanding of the solar wind’s evolution. There are39
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several primary reasons for this difficulty, the most im-40

portant of which are as follows. First, spacecraft in plas-41

mas will experience a net charging effect as they have42

no connection to ground, called a spacecraft floating po-43

tential, ϕsc (see Appendix A for parameter definitions).44

That is, spacecraft will have ϕsc ̸= 0 (e.g., A. L. Besse45

& A. G. Rubin 1980; H. B. Garrett 1981; J. Geach et al.46

2005; V. Génot & S. Schwartz 2004; R. J. L. Grard 1973;47

R. Grard et al. 1983; S. T. Lai et al. 2017; B. Lavraud &48

D. E. Larson 2016; A. Pedersen 1995; M. P. Pulupa et al.49

2014; C. S. Salem et al. 2001; E. E. Scime et al. 1994;50

J. D. Scudder et al. 2000; E. C. Whipple 1981). The51

kinetic energy of incident electrons in the solar wind is52

much less than ϕsc, thus ϕsc affects the energies of mea-53

sured electrons. Typically spacecraft charge positive in54

the solar wind owing to the dominance of the photo-55

electron currents. Thus, all ambient electrons entering56

a particle detector will have been increased in energy by57

ϕsc. Electrons with energies less than ϕsc are photoelec-58

trons that had insufficient energy to escape the space-59
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craft. Given that the typical values of ϕsc (∼7 eV) are60

comparable to the typical electron temperatures, T e,tot61

(∼13 eV), correcting the measured energies by ϕsc is62

essential for calculating accurate electron velocity mo-63

ments (e.g., J. Geach et al. 2005; V. Génot & S. Schwartz64

2004; B. Lavraud & D. E. Larson 2016; M. P. Pulupa65

et al. 2014; C. S. Salem et al. 2001; E. E. Scime et al.66

1994; P. Song et al. 1997).67

The second difficulty is true of all instrumentation,68

degradation. This challenge is especially true when the69

instrument is constantly exposed to ionizing radiation,70

as it is in a space plasma and exposed to sunlight. Thus,71

it is essential to account for the changes in the detector72

response as time progresses to ensure that the conver-73

sion from raw counts to a physically meaningful unit74

(e.g., phase space density) is accurate. If the conversion75

is incorrect, the errors compound when calculating the76

velocity moments (see Appendix 3 and J. Geach et al.77

2005; V. Génot & S. Schwartz 2004; B. Lavraud & D. E.78

Larson 2016; E. E. Scime et al. 1994; P. Song et al. 1997).79

Without any clear baseline measurement or “known”80

values against which to correct the raw measurements,81

one is left with unknown errors and uncertainties. The82

best method for providing a “standard candle” measure-83

ment against which to calibrate is to derive the total84

electron density from the upper hybrid line (also called85

the plasma line) (e.g., see M. M. Martinović et al. 2020;86

N. Meyer-Vernet & C. Perche 1989). This is the only un-87

ambiguous measure of the total electron density one can88

make with in situ measurements and the uncertainties89

are only limited to the temporal cadence and frequency90

resolution of the receiver.91

Both of the above issues can be very difficult and92

time-consuming to properly handle, which is why there93

are very limited datasets of electron velocity moments94

in the solar wind9. The best available electron veloc-95

ity moment data from Wind were only processed up96

to 2005 (e.g., C. S. Salem et al. 2023; L. B. Wilson97

III et al. 2023c) and those data sets had fewer than98

850,000 moments10. These instruments have a mini-99

mum electron energy of measurement, Emin, that can100

be a commandable value changed by instrument teams.101

The datasets used by C. S. Salem et al. (2023) and L. B.102

Wilson III et al. (2023c) were calculated when Emin >103

9 There are useful tables of references in the appendices of L. B.
Wilson III et al. (2018) and L. B. Wilson III et al. (2019a) that
list several previous works using electron moments in the solar
wind.

10 These data also come from Wind but were measured when
Wind was undergoing multiple perigee passes through the ter-
restrial magnetosphere (e.g., see Figure 1 in L. B. Wilson III
et al. 2021). Thus, the data are not continuous time-wise.

ϕsc. Thus, the ϕsc values served as a free parameter to104

vary (see Appendix C for further details) until the num-105

ber density velocity moment matched the known value106

from quasi-thermal noise (QTN) spectroscopy (e.g., N.107

Meyer-Vernet & C. Perche 1989; X. Zheng et al. 2026).108

Herein we discuss the calibration of the Wind/3DP109

(R. P. Lin et al. 1995; L. B. Wilson III et al. 2021) ther-110

mal electron detector, EESA Low (EL), and the genera-111

tion of velocity moments for all VDFs between January112

1, 2005 (i.e., after Wind reached L1 and remained there)113

and November 25, 201711. This time frame is also when114

Emin < ϕsc (e.g., L. B. Wilson III et al. 2023a), a prop-115

erty that is essential to properly calibrate and measure116

the entire VDF. This paper serves as Paper I in a two-117

part study. Paper II (L. B. Wilson III et al. 2026) will118

focus on the statistical analysis of the data.119

This paper is outlined as follows: Section 2 introduces120

the datasets and constraints; Section 3 discusses the121

methodology for calibrating the detector; and Section 4122

discusses and summarizes the calibration and resulting123

dataset. Paper II will provide scientific analysis of the124

dataset. Appendices are also included to provide addi-125

tional details of the parameter definitions (Appendix A),126

numerical errors/uncertainties in the velocity moments127

(Appendix B), comparisons to other electron velocity128

moment datasets (Appendix C), and details about the129

public dataset (Appendix D).130

2. DATA SETS AND METHODOLOGY131

All data presented herein were measured by the Wind132

spacecraft (L. B. Wilson III et al. 2021) near 1 au in the133

solar wind. The thermal electron detector from the 3DP134

instrument suite (R. P. Lin et al. 1995) is a spherical135

top-hat, electrostatic analyzer called EESA Low (EL).136

The data are measured in both burst and survey modes,137

which have cadences of ∼3 seconds and ∼24–78 seconds,138

respectively12. The EL data provide a full 4π steradian139

electron velocity distribution function (VDF) from a few140

eV13 to∼1.1 keV. The EL VDFs have 15 energy bins and141

88 solid angle look directions with typical resolutions of142

∆E/E ∼ 20% and ∆ϕ ∼ 5◦–22.5◦, depending on the143

poloidal anode (i.e., the ecliptic plane bins have higher144

angular resolution than the zenith). All EL VDFs have145

11 Time range of available quasi-thermal noise analysis data at
the time of publication.

12 All Wind 3DP data products discussed herein start from the
level zero files found at http://sprg.ssl.berkeley.edu/wind3dp/
data/wi/3dp/lz/.

13 The value of Emin is a ground-commandable variable that has
changed over time. After January 1, 2005, Emin has stayed at
∼5 eV except for two short time intervals where it dropped to
∼3 eV L. B. Wilson III et al. (e.g., discussed in 2023a).

http://sprg.ssl.berkeley.edu/wind3dp/data/wi/3dp/lz/
http://sprg.ssl.berkeley.edu/wind3dp/data/wi/3dp/lz/
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total integration times defined by the spin period of the146

spacecraft, which is ∼3 seconds for entire mission. The147

spacecraft floating potential, ϕsc, was taken from the148

dataset described in L. B. Wilson III et al. (2023a).149

Quasi-static magnetic field vectors (Bo) were mea-150

sured by the Wind/MFI dual, triaxial fluxgate magne-151

tometers (R. P. Lepping et al. 1995) using the three152

second cadence data for each particle distribution. Note153

that the components of some particle moment parame-154

ters are defined with respect to Bo using the subscript155

j. The parallel(perpendicular) component is defined as156

j = ∥(⊥) and is with respect to Bo.157

The upper hybrid frequency, fuh, is determined by158

tracking the so called “plasma line” or “upper hybrid159

line” using a neural network algorithm (e.g., see M. M.160

Martinović et al. 2020) on the Wind/WAVES radio data161

(J.-L. Bougeret et al. 1995) utilizing quasi-thermal noise162

(QTN) spectroscopy (e.g., N. Meyer-Vernet & C. Perche163

1989). Specifically, the data come from the thermal164

noise receiver (TNR), which has up to a ∼4 second ca-165

dence and a frequency resolution of ∼4.3%. We specif-166

ically use the filtered QTN data from NASA’s Space167

Physics Data Facility (SPDF)14.168

The proton velocity moments were taken from the169

Wind/SWE Faraday Cups (FCs) (K. W. Ogilvie et al.170

1995). The SWE nonlinear least-squares fit (J. C.171

Kasper et al. 2006) have a ∼92 second cadence cover-172

ing an energy-per-charge range of ∼150–8000 eV/C with173

a variable energy(speed) resolution of ∼6.5–13%(∼3.3–174

6.5%), depending on energy window.175

There were 3,996,051 electron VDFs examined in this176

study. We interpolate the SWE, WAVES, and MFI data177

to the VDF midpoint times. We found 3,947,607 VDFs178

had finite velocity moments that satisfied the following179

constraints/criteria (see Appendix A for parameter def-180

initions):181

V oe,x < 0 km/s;182

|qe,∥|/qeo < 1;183

T e,j ≥ 1 eV;184

3 eV ≤ ϕsc ≤ 30 eV; and185

ne,int ≥ nmin.186

The above criteria are defined for physically meaningful187

reasons. The requirement that V oe,x < 0 km/s is just188

that the bulk of the electrons should not flow toward the189

Sun in the spacecraft frame. We also know that |qe,∥|/qeo190

< 1 should be satisfied given that a value ≥1 would im-191

ply the entire VDF is drifting away from the Sun (i.e.,192

all electrons would be heat flux-carrying particles). The193

T e,j ≥ 1 eV comes about because the instrument lacks194

14 https://spdf.gsfc.nasa.gov
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Figure 1. Left: A cartoon illustrating the currents respon-
sible for spacecraft charging. Right: An example Wind EL
electron VDF showing both photoelectrons and ambient elec-
trons. The solid black line shows a Maxwellian which well
models the photoelectrons (adapted from Figure 1 in L. B.
Wilson III et al. 2023a). The spacecraft potential is not de-
termined from a modeled Maxwellian, however.

the energy resolution to measure T e,j < 1 eV. The 3 eV195

≤ ϕsc ≤ 30 eV requirement derives from the ϕsc, which196

has no valid values outside this range (L. B. Wilson III197

et al. 2023a). Finally, ne,int ≲ nmin values were ignored198

because the instrument cannot measure such small den-199

sities and if the density is truly smaller than nmin then200

that VDF could not be calibrated (see Section 3.2).201

The 3,947,607 finite velocity moments differ from the202

3,996,051 VDFs by 48,444 because these are the num-203

ber of pre-existing, long-duration15 data gaps in some of204

the original data products. This approach was used to205

reduce numerical artifacts introduced by interpolation206

over large gaps in the WAVES and SWE data.207

Thus, from the 3,996,051 VDFs examined herein,208

there were 3,947,607 finite velocity moments and209

625 non-finite velocity moments.210

3. CALIBRATION METHOD211

In this section, we outline the measurement techniques212

and methods necessary to calibrate the 3DP EL detec-213

tor. This step is necessary because of changes in the214

detector efficiency for each anode due to degradation215

and changes in instrument operational modes (e.g., F.216

Bordoni 1971; C. W. Carlson et al. 1982; C. W. Carl-217

son & J. P. McFadden 1998; G. A. Collinson & D. O.218

Kataria 2010; R. R. Goruganthu & W. G. Wilson 1984;219

J. D. Mackenzie 1977; B. R. Sandel et al. 1977; J. L.220

Wiza 1979). It should also be noted that the spacecraft221

potential, ϕsc, can and does affect the calibration as we222

discuss below.223

15 These are defined as 20 adjacent solutions all having invalid
velocity moments.

https://spdf.gsfc.nasa.gov
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3.1. Spacecraft Potential224

In this section, we discuss how we determine the space-225

craft floating potential, ϕsc, from the electron VDFs.226

Spacecraft in plasmas will experience a net charging227

effect as they have no connection to ground, correspond-228

ing to ϕsc ̸= 0 (e.g., A. L. Besse & A. G. Rubin 1980;229

M. F. Diaz-Aguado et al. 2021; H. B. Garrett 1981; J.230

Geach et al. 2005; V. Génot & S. Schwartz 2004; R. J. L.231

Grard 1973; R. Grard et al. 1983; S. T. Lai et al. 2017;232

B. Lavraud & D. E. Larson 2016; A. Pedersen 1995;233

M. P. Pulupa et al. 2014; C. S. Salem et al. 2001; E. E.234

Scime et al. 1994; J. D. Scudder et al. 2000; E. C. Whip-235

ple 1981). The current sources causing a non-zero ϕsc236

are thermal and bulk flow currents from the ambient237

plasma, photoelectron currents, and impact ionization238

currents (see Figure 1, left panel, for an illustration).239

On average16, spacecraft with conductive surface mate-240

rials in the solar wind and in sunlight will have ϕsc >241

0.242

One can measure ϕsc using particle VDFs or DC-243

coupled electric field data. Unfortunately Wind does244

not have DC-coupled electric field data. However, when245

Emin < ϕsc is satisfied, one can determine ϕsc from elec-246

tron VDFs. This effect is because any ambient electron247

measured inside the detector will gain an energy equal248

to the potential caused by ϕsc. That is, all electron en-249

ergies measured in the instrument frame of reference are250

larger than their energies at infinity by ϕsc.251

When Emin < ϕsc, the instrument will also measure252

photoelectrons that were not energetic enough to escape,253

and were thus recaptured by the spacecraft. These pho-254

toelectrons contaminate the data17 and appear as a large255

“spike” or abrupt enhancement at low energies in elec-256

tron VDF measurements. It is that abrupt enhancement257

that serves as the feature used to determine ϕsc for this258

study (i.e., dataset described by L. B. Wilson III et al.259

2023a). The dataset herein only uses VDFs from time260

periods when Emin < ϕsc was satisfied.261

Figure 1 (right panel) shows an example electron VDF262

observed by the Wind 3DP EL detector. The VDF is263

plotted in phase space density versus measured energy in264

the instrument frame of reference (i.e., the energy bins265

have not been adjusted for ϕsc). The 88 color-coded266

curves correspond to all the solid angle bins of the EL267

16 Typically, one assumes that these currents balance such that
ϕsc varies slowly, which is true except in large amplitude fluc-
tuating electric fields (e.g., M. H. Boehm et al. 1994). However,
for the sake of the current work, these fluctuations will be av-
eraged out for our comparatively low cadence data.

17 The photoelectron population outnumbers the ambient plasma
electrons by more than an order of magnitude (e.g., R. J. L.
Grard 1973; R. Grard et al. 1983).

detector. The solid black curve shows a model fit to268

the photoelectron population and the solid magenta line269

marks the approximate location of ϕsc for this VDF (i.e.,270

from L. B. Wilson III et al. 2023a).271

The accuracy of ϕsc derived from the approach used272

by L. B. Wilson III et al. (2023a) is entirely dependent273

upon the energy bin width of the bin in which ϕsc falls.274

That is, the Wind 3DP EL detector has logarithmically-275

spaced energy bins so as the energy bin number in-276

creases, ∆E inceases logarithmically. Thus, as ϕsc in-277

creases, the uncertainty in ϕsc increases nonlinearly. We278

discuss this issue in detail in Appendix B.279

3.2. The Plasma Line280

In this section, we discuss how we determine the to-281

tal electron number density so we have a value against282

which to calibrate the particle instrument.283

Figure 2 shows the magnetic field magnitude, its com-284

ponents, and the dynamic radio spectra for roughly a285

week of January 2013. The magenta line on the bot-286

tom panel shows our automated estimate of fuh (shifted287

vertically to lower frequencies so the reader can see the288

fuh emission) (e.g., see M. M. Martinović et al. 2020).289

The technique is called quasi-thermal noise (QTN) spec-290

troscopy (e.g., N. Meyer-Vernet & C. Perche 1989; X.291

Zheng et al. 2026). We have also labeled a few Type III292

solar radio bursts just for reference. This interval illus-293

trates our ability to accurately and automatically find294

fuh from the data.295

We know that ne,WAV ES ∝ fpe
2 and that fuh ∼ fpe296

(i.e., the difference between these two frequencies is less297

than 1% under typical solar wind conditions18) (e.g.,298

L. B. Wilson III et al. 2021). The algorithm that finds299

fuh actually determines the value at the half-frequency300

bin level, thus the ne,WAV ES values derived from fuh are301

accurate to ∼4% (e.g., see M. M. Martinović et al. 2020).302

Thus, the absolute lowest possible uncertainty of any303

ne,int value in this dataset will be ∼4%. However, due304

to the discreteness of the energy bins of the detector and305

the method used to find ϕsc (e.g., again see Appendix306

B), the actual uncertainty19 of most ne,int values will307

exceed 10%.308

The filtered QTN data used herein has a median ca-309

dence of one fuh every ∼4 seconds. Although 3DP in310

burst mode measures a full 3D VDF every ∼3 seconds,311

18 Even though the electron cyclotron frequency, fce, contributes
very little to fuh, we still account for it when calculating fpe.

19 This is not a statement about statistical uncertainties but that
of systematic because the statistical uncertainties are almost
always much smaller. As we state above, the ne,WAV ES values
can be accurate to∼4%. In contrast, ϕsc is never more accurate
than 10%, which directly affects the resultant ne,int.
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Figure 2. Example showing our ability to automatically find fuh during January 2013. The plot shows, from top-to-bottom,
Bo [nT]; GSE components of Bo [nT]; and the WAVES radio dynamic spectra data [dB above background]. A few Type III
radio bursts are labeled for reference. The magenta line in the last panel, marking fuh, has been vertically shifted so the reader
can observe the WAVES feature known as the plasma line.

the majority of the VDFs are ∼24–97 seconds apart de-312

pending upon the instrument mode. In the time range313

relevant to this study, there are 17,681,098 TNR time314

stamps, of which 9,380,158 have finite fuh solutions. Of315

those 9,380,158 finite fuh solutions, 8,336,226(47.15%)316

corresponded to ne,WAV ES ≥ 4 cm−3 (the significance317

of this value is discussed in Section 3.3 below). The318

ne,WAV ES have been interpolated to the 3DP times as319

discussed in Section 2.320

As previously stated, the fuh values are found using an321

automated neural network. The upper hybrid emission322

is not the most intense signal in the radio data. In fact,323

it is often one of the weakest signals compared to ion-324

acoustic wave noise and solar radio bursts (e.g., M. M.325

Martinović et al. 2020; L. B. Wilson III et al. 2007).326

Consequently, fuh values can have several data gaps due327

to incorrect identification. During some of these inter-328

vals, we cannot determine corrections for the 3DP data329

as we have no ne,WAV ES baseline values against which to330

calibrate. Thus, of the 3,996,051 total VDFs examined331

herein, we have 3,947,607 VDFs with valid calibrations.332

3.3. Anode Efficiency Corrections333

In this section, we discuss how we calculate the effi-334

ciency corrections for each of the eight EESA Low (EL)335

anodes that are applied like corrections to the detec-336

tor geometric factor in the unit conversion software (see337

Equations B2a–B2c in Appendix B).338

The EL optical geometric factor is GFopt = 0.0126339

cm2 sr, which was determined from ray tracing simu-340
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lations and testing pre-launch. EL has eight anodes,341

each assigned a correction to this optical geometric342

factor (e.g., see instrument description in R. P. Lin343

et al. 1995). The original anode-specifc corrections344

were determined after launch and are given as (e.g., see345

description in public 3DP software in L. B. Wilson III346

2021):347

GFdef = [0.977,1.019,0.990,1.125,1.154,0.998,0.977,1.005].348

The values were determined to ensure that electron349

VDFs remain gyrotropic20 regardless of ϕsc, which350

largely remains true to the present day. Thus, the351

corrections to GFdef , called GFcor, are uniform in-352

creases or decreases in all eight values for this dataset.353

These changes are done in order to match the integrated354

number density to the one determined from the WAVES355

measurements.356

A more typical and less time-intensive approach in-357

volves determining a mean or median value for the time-358

varying GFcor with updates on a cadence of months359

to years (e.g., as is done for the THEMIS ESAs J. P.360

McFadden et al. 2008b,a), depending on the instru-361

ment/mission. This approach is more easily done on362

missions that can directly measure ϕsc using DC-coupled363

electric field probes, such as THEMIS (e.g., J. W. Bon-364

nell et al. 2008). Wind does not have a continuous,365

DC-coupled electric field measurement, so we are left366

with the discrete solutions derived from features in the367

electron VDFs (i.e., L. B. Wilson III et al. 2023a). The368

magnitude of the difference between the true ϕsc and369

the one derived from the electron VDFs depends on the370

energy bin width near the ϕsc solution. The energy bins371

for the 3DP EL detector are logarithmically spaced, so372

the larger ϕsc intervals also have larger uncertainties in373

ϕsc (see Section 3.1 for more details). This uncertainty374

precludes our ability to generate longer term averages375

for GFcor, and we must rely upon new values for GFcor376

for each VDF21. Thus, GFcor serves as both a correction377

to GFdef and ϕsc.378

The steps to calibrate any given electron VDF (see379

also Appendix B for more details) are as follows:380

20 Although it is often assumed that spacecraft have a spherically
symmetric ϕsc monopolar scalar field, this is not true. There
are measureable dipole corrections (e.g., M. P. Pulupa et al.
2014) and asymmetries due to the spacecraft geometry, differ-
ent surface materials, etc. (e.g., E. E. Scime et al. 1994). All
corrections herein assume a spherically symmetric, monopolar
scalar electric potential as these deviations have been shown to
be small.

21 We iteratively change GFcor by no more than 10% for each
iteration and allow for no more than 30 iterations. If a so-
lution is not reached within those 30 iterations, the GFcor is
defined as NaNs and that VDF is ignored. These criteria were
determined empirically.
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Figure 3. Calibrated electron velocity moments for the
same time period as shown in Figure 2. The panels are as fol-
lows: a shows ne,WAV ES (derived from fuh) [cm

−3]; b shows
the zeroth velocity moment, ne,int [cm−3]; c shows the to-
tal electron temperature, T e,tot [eV ]; d shows the electron
temperature anisotropy, Ae [N/A]; and e shows the signed,

normalized parallel electron heat flux,
|qe,∥|
qeo

[%]. The last
panel is shown as a percentage rather than fraction, where
|qe,∥|
qeo

= 0% means no parallel heat flux. The heat flux is
normalized to the free streaming limit (e.g., S. P. Gary et al.
1999) defined in Equation A1j.

Calibration Measurements381

(a) determine ϕsc from the particle VDF22
382

(b) determine the upper hybrid frequency, fuh,383

from the WAVES radio data23384

(c) invert24 fuh to determine fpe, from which385

we can calculate the total electron density,386

ne,WAV ES (e.g., see Equation A1i in Appendix387

A)388

Calibration Process389

(a) for each VDF, f (v), correct the energies for390

ϕsc391

22 The values of ϕsc were taken from database described by L. B.
Wilson III et al. (2023a).

23 The values of fuh were taken from database described by M. M.
Martinović et al. (2020).

24 We do account for fce in the the inversion to find the electron
density.



WIND 3DP CALIBRATION 7

10
2

10
1

10
0

10
2

10
1

10
0

n
e

,i
n

t [
c
m

-3
, 
fr

o
m

 3
D

P
]

ne,WAVES [cm-3, from WAVES]

Integrated Number Density vs Upper Hybrid Density

C
o

lu
m

n
-n

o
rm

a
liz

e
d

 C
o

u
n

ts
[#

 p
e

r 
c
o

lu
m

n
-m

a
x
]

10
+0

10
-1

10
-2

Figure 4. A 2D column-normalized histogram of ne,int

[cm−3] versus ne,WAV ES [cm−3]. The columns are normal-
ized by the maximum number of counts of all the histogram
bins in that column. The diagonal black line shows when
ne,int = ne,WAV ES. Only data with Quality Flag ≤ 7 are
shown (see Appendix D for definitions).

(b) numerically integrate25 f (v) to calculate a392

number density, ne,int393

(c) adjust GFcor accordingly so that ne,int will394

move closer to ne,WAV ES395

(d) re-integrate f (v) to get a new ne,int and ad-396

just GFcor397

(e) repeat as necessary until398

ζ ≡ |ne,int − ne,WAV ES|/ne,WAV ES × 100% ≤399

some user-defined threshold (see discussion400

below and Appendix B)401

Calibrated Velocity Moments402

(a) apply the converged GFcor to each VDF26
403

(b) create two copies of each VDF and redefine404

the data such that:405

i. we add or subtract the Poisson counting406

statistics from the original to get three407

solutions for each VDF: f (v) − δf (v),408

f (v), and f (v) + δf (v)409

ii. convert each to phase space density410

(c) numerically integrate f (v) − δf (v), f (v),411

and f (v) + δf (v) up to third velocity mo-412

ment (i.e., heat flux)413

(d) the velocity moments of f (v) − δf (v) and414

f (v) + δf (v) serve as the worst case statis-415

tical uncertainties of f (v)416

(e) example computions are shown in Figure 3417

25 All numerical integrals used a 3D Simpson’s 1/3 Rule with a
uniform velocity grid constructed with 3D Delaunay tetrahe-
dralization (e.g., see L. B. Wilson III et al. 2019a, 2022).

26 The correction must be applied while the data are still in units
of counts as the conversion to phase space density depends
nonlinearly upon GFcor.

Figure 3 shows velocity moments ne,int through418

qe,∥/qeo that were calculated after we applied GFcor for419

each VDF. Panel a shows ne,WAV ES (determined from420

fuh shown in Figure 2) and Panels b–e are numerically421

integrated velocity moments of the EL electron VDFs.422

The color-coded lines illustrate the worst possible sta-423

tistical errors27. These are calculated by adding (blue424

lines, f (v) + δf (v)) and subtracting (red lines, f (v) −425

δf (v)) the Poisson statistics from the the original VDF426

(green lines, f (v)) when in units of counts. The result-427

ing dataset (see Appendix D for more details) from our428

includes these Poisson uncertainties as a baseline error429

estimate. These data in Figure 3 are all consistent with430

typical solar wind values (e.g., C. S. Salem et al. 2023;431

L. B. Wilson III et al. 2019a, 2023c).432

Ideally, one would want ζ, introduced above, to be433

zero, but that is nearly impossible numerically. In fact,434

benchmark testing shows that reducing the value below435

∼6.5% causes the run time for each VDF calibration436

to increase exponentially with decreasing threshold per-437

centages. Thus, we use ζ ≤ 6.5% as the threshold per-438

cent difference. This choice means that the difference439

between ne,int and ne,WAV ES should be ≤ 7% (see Ap-440

pendix B for additional complications), which is com-441

parable to or smaller than the usual uncertainties for442

velocity moments from these types of instruments (e.g.,443

see P. Song et al. 1997; L. B. Wilson III et al. 2022).444

The higher order velocity moments will have larger un-445

certainties, but this is normal and usually results from446

compounding uncertainties due to lower order moment447

inaccuracies.448

Even though the uncertainties computed from per-449

turbing the Poisson counting statistics are the worst-450

case statistical uncertainties (e.g., see D. J. Gershman451

et al. 2015; R. J. Wilson 2015, for analytical statisti-452

cal uncertainty estimates), they are smaller than the453

actual, systematic uncertainties (e.g., see discussions in454

A. Cara et al. 2017; J. De Keyser et al. 2018; R. De455

Marco et al. 2016; P. Song et al. 1997; S. J. Schwartz456

et al. 2022; L. B. Wilson III et al. 2022). Further, more457

recent work has shown that the previously held assump-458

tion of constant gain from a microchannel plate (MCP)459

above a threshold incident particle energy28 is not cor-460

27 The total systematic errors will be larger than these because
3DP has good counting statistics in the solar wind. For VDF
measurements with low counting statistics or low signal-to-
noise ratios, these statistical errors are proportionally much
larger.

28 Early work on MCPs suggested that above some incident
threshold energy, the resultant shower of electrons emitted onto
the exit anode would be roughly constant with increasing en-
ergy (e.g., B. Brehm et al. 1995). This scenario was mostly
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rect (e.g., D. J. Gershman et al. 2016). Unfortunately,461

we do not have access to ground test results as Wind is462

now over 31 years old and such records are not digitally463

stored/archived. Therefore, we are left to use the above464

algorithm as the best we can do.465

Figure 4 shows a 2D column-normalized histogram of466

ne,int versus ne,WAV ES to illustrate where the velocity467

moments can and cannot be trusted. Only data with468

Quality Flag ≤ 7 are shown (see Appendix D for defini-469

tions). The data are consistent with previous efforts to470

calibrate Wind/3DP, but those efforts considered much471

shorter time periods of data (e.g., C. S. Salem et al.472

2001, 2023; L. B. Wilson III et al. 2019b). Note that473

the detector has an ideal operational range of electron474

densities that falls between ∼4 cm−3 and ∼90 cm−3.475

Notice that in Figure 4 as ne,WAV ES goes below ∼7476

cm−3 the spread in the solutions increase. Even so,477

there is very good agreement between the numerically478

integrated VDFs and the QTN number densities.479

Since Wind cannot directly measure ϕsc, the accuracy480

of our ϕsc estimates depend upon the resolution of the481

particle detector energy bins (discussed in Section 3.1482

and in Appendix B). TheWind/3DP detectors have log-483

arithmically spaced energy bins with a nearly constant484

∆E/E. However, this means that as ϕsc increases, it485

falls in ever larger ∆E bins. Thus, as the real ϕsc in-486

creases, the uncertainty of our estimated ϕsc increases487

exponentially. Even without this complication, the EL488

detector has an ideal operational range of electron den-489

sities that falls between ∼4 cm−3 and ∼90 cm−3. It can490

measure densities above or below this range, but the491

uncertainties increase.492

4. SUMMARY AND DISCUSSION493

We have calibrated 3,996,051 electron VDFs observed494

by the Wind/3DP EESA Low detector between January495

1, 2005 and November 25, 2017. The SWE and WAVES496

data were interpolated to the midpoint times of the 3DP497

VDFs. The solutions are assigned an associated qual-498

ity flag (see Appendix D for definitions) for the user’s499

benefit and guidance.500

This dataset represents the first long-duration (i.e.,501

≥12.5 years), properly calibrated electron velocity mo-502

ment dataset in the near-Earth solar wind. The dataset503

will be publicly available and archived at NASA’s Space504

Physics Data Facility (SPDF)29. Electrons represent a505

critical missing piece in our attempt to understand the506

heating and acceleration of the solar wind. In Paper507

II, we present some preliminary analysis of the dataset.508

Future work will involve extending the dataset to the509

present as more measurements of fuh become available.510
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APPENDIX524

A. DEFINITIONS525

In this appendix, the symbols and notation used throughout this manuscript are defined. All direction-dependent526

parameters use the subscript j to represent the direction, where j = tot for the entire distribution, j = ∥ for the527

the parallel direction, and j = ⊥ for the perpendicular direction, where parallel/perpendicular is with respect to the528

quasi-static magnetic field vector, Bo [nT]. Below are the symbol/parameters definitions:529

acronyms, initialisms, and symbols530

– VDF ≡ velocity distribution function531

tested with ions being the incident particles. When electrons
are the incident particle, the gain is not constant with increas-
ing energy (e.g., R. R. Goruganthu & W. G. Wilson 1984), but
it was not thought to be as variable as recent work shows.

29 https://spdf.gsfc.nasa.gov
30 https://github.com/lynnbwilsoniii/wind 3dp pros
31 http://sprg.ssl.berkeley.edu/wind3dp/data/wi/3dp/lz/
32 https://spdf.gsfc.nasa.gov

https://spdf.gsfc.nasa.gov
https://github.com/lynnbwilsoniii/wind_3dp_pros
http://sprg.ssl.berkeley.edu/wind3dp/data/wi/3dp/lz/
https://spdf.gsfc.nasa.gov
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– 3DP ≡ A Three-Dimensional Plasma and Energetic Particle Investigation for the Wind Spacecraft (i.e.,532

instrument paper R. P. Lin et al. 1995)533

– GSE ≡ Geocentric Solar Ecliptic cartesian coordinate basis (e.g., M. Fränz & D. Harper 2002)534

– FAC ≡ field-aligned coordinates, where the components are either (parallel, perpendicular, total) or (per-535

pendicular 1, perpendicular 2, parallel)536

one-variable statistics537

– Xmin ≡ minimum538

– Xmax ≡ maximum539

– X̄ ≡ mean540

– X̃ ≡ median541

– X25% ≡ lower quartile542

– X75% ≡ upper quartile543

– Xy% ≡ yth percentile544

– σ ≡ standard deviation545

– σ2 ≡ variance546

fundamental parameters547

– εo ≡ permittivity of free space [F m−1]548

– µo ≡ permeability of free space [H m−1]549

– c ≡ speed of light in vacuum [km s−1] = (εo µo)
−1/2

550

– kB ≡ the Boltzmann constant [J K−1]551

– e ≡ the fundamental charge [C]552

plasma parameters553

– ns ≡ the number density [cm−3] of species s554

– ms ≡ the mass [kg] of species s555

– Zs ≡ the charge state of species s556

– qs ≡ the charge [C] of species s = Zs e557

– T s,j ≡ the scalar temperature [eV] of the jth component of species s558

– V Ts,j ≡ the most probable thermal speed [km s−1] of a one-dimensional velocity distribution (see Equation559

A1b)560

– Vos ≡ the drift velocity [km s−1] of species s in the plasma relative to a specified rest frame561

– Vsw ≡ bulk flow velocity [km s−1] of the solar wind in the spacecraft frame of reference562

– P Ts = ns kB T s,tot ≡ scalar total thermal pressure [eV cm−3] of species s563

– As =
T s,⊥
T s,∥

≡ temperature anisotropy [N/A] of species s564

– ϕsc ≡ the scalar, quasi-static spacecraft potential [eV] (e.g., M. P. Pulupa et al. 2014; E. E. Scime et al.565

1994)566

– Ωcs ≡ the angular cyclotron frequency [rad s−1] (see Equation A1c)567

– ωps ≡ the angular plasma frequency [rad s−1] (see Equation A1d)568

– λDe ≡ the electron Debye length [m] (see Equation A1e)569

– ρcs ≡ the thermal gyroradius [km] (see Equation A1f)570

– λs ≡ the inertial length [km] (see Equation A1g)571

– βs,j ≡ the plasma beta [N/A] of the jth component of species s (see Equation A1h)572

– ωuh ≡ the angular upper hybrid resonance frequency [rad s−1] (see Equation A1i)573

– ne,WAV ES ≡ the total electron number density [cm−3] derived from the upper hybrid line measured by the574

WAVES radio detectors575

– ne,int ≡ the zeroth velocity moment of an electron VDF33, i.e., the total electron number density [cm−3]576

– qe ≡ the electron heat flux 3-vector [µW m−2] derived from the third velocity moment of an electron VDF577

(sometimes referred to as the skewness of a distribution)578

– qe,∥ ≡ the parallel (with respect to Bo) projection of qe [µW m−2], also called the parallel electron heat flux579

– qeo ≡ free streaming heat flux limit [µW m−2] (see Equation A1j)580

33 All velocity moments are calculated using a Simpson’s 1
3
Rule algorithm for the numerical integration (e.g., see L. B. Wilson III et al.

2019a, 2022). There are no nonlinear fits done to determine electron moments from the 3DP data herein.
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– ζ = 6.5% ≡ absolute value of the percent difference between ne,int and ne,WAV ES (see Equation A1k)581

– f (v) ≡ three-dimensional velocity distribution function (VDF) [# cm−3 km−3 s+3]582

– δf (v) ≡ Poisson uncertainty of f (v) [# cm−3 km−3 s+3], calculated by taking the square-root of f (v)583

while in units of counts then converting to phase space density584

instrument parameters585

– GFopt = 0.0126 cm2 sr ≡ The optical geometric factor of the 3DP EESA Low thermal electron detector586

– GFdef ≡ The default anode-by-anode correction to GFopt587

– GFcor ≡ The VDF-specific, anode-by-anode correction to GFopt, i.e., the correction to GFdef for each VDF588

– ϕsc ≡ spacecraft floating electric potential [eV]589

– Emin ≡ the minimum energy bin midpoint value [eV] of a particle detector590

– nmin ≡ the minimum number density [cm−3] one can resolve with the Wind/WAVES radio data (∼0.2591

cm−3) due to the lowest frequency of the TNR instrument592

– τ d ≡ the anode-specific deadtime (e.g., see F. Bordoni 1971; R. R. Goruganthu & W. G. Wilson 1984) [s]593

which varies from 1.5×10−7 s to 6×10−7 s for Wind 3DP EL594

– δt ≡ the accumulation time [s] each energy-angle bin (on the order of 10s to 100s of milliseconds for each595

energy-angle bin)596

– Ej ≡ the mid-point energy of the jth energy bin [eV]597

– me,3DP ≡ the electron mass in units of electron volts per speed of light squared, but c is in units of km/s ∼598

5.68563×10−6 eV km−2 s+2
599

– Rc ≡ raw count rates [# s−1] (see Equation B2a)600

– Rs ≡ scaled count rates [N/A] (see Equation B2b)601

– F ≡ conversion factor from raw counts to phase space density for each energy-angle bin [e.g., # cm−3 km−3
602

s+3 sr−1] (see Equation B2c)603

The variables that rely on multiple parameters are given in the following equations:604

T s,tot =
1

3
(T s,∥ + 2 T s,⊥) (A1a)605

V Ts,j =

√
2 kB T s,j

ms

(A1b)606

Ωcs =
qs Bo

ms

(A1c)607

ωps =

√
ns qs

2

εo ms

(A1d)608

λDe =
V Te,tot√
2 ωpe

=

√
εo kB T e,tot

ne e2
(A1e)609

ρcs =
V Ts,tot

Ωcs

(A1f)610

λs =
c

ωps

(A1g)611

βs,j =
2µonskBT s,j

|Bo|2
(A1h)612

ωuh
2 = ωpe

2 +Ωce
2 (A1i)613

qeo =
3

2
√
2
me ne V Te

3 (A1j)614

ζ =
|ne,int − ne,WAV ES|

ne,WAV ES

× 100% (A1k)615

B. SOURCES OF ERROR616

In this appendix, we discuss the complication of relying upon the discrete ϕsc values derived by L. B. Wilson III617

et al. (2023a) as mentioned in Sections 3.1 and 3.3.618
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First we must define how we convert from raw counts to phase space density. The parameters on which the conversion619

factor (e.g., see F. Bordoni 1971; C. W. Carlson et al. 1982; C. W. Carlson & J. P. McFadden 1998; G. A. Collinson620

& D. O. Kataria 2010; R. R. Goruganthu & W. G. Wilson 1984; J. D. Mackenzie 1977; B. R. Sandel et al. 1977; J. L.621

Wiza 1979), F , depends are: deadtime τ d [s], accumulation time δt [s], counts C [#], the anode corrections GFcor, the622

optical goemetric factor GFopt, the mid-point energy of the jth energy bin Ej [eV], and the electron mass me,3DP [eV623

km−2 s+2]. The equations to convert from raw counts to phase space density [e.g., # cm−3 km−3 s+3] are:624

Rc =
C
δt

(B2a)625

Rs = 1−Rc τ d (B2b)626

F =
1

Rs [δt GFopt GFcor Ej
2 (2× 105 me,3DP

−2)]
(B2c)627

The factor of 2 × 105 is a two-part conversion. The two comes from the nonrelativistic kinetic energy (i.e., 2E/m)628

and the 105 is converting kilometers to centimeters. Thus, the units of F for the Wind 3DP EL detector are # cm−3
629

km−3 s+3.630

For each VDF, we numerically integrate f (v) to find the zeroth velocity moment, ne,int. We calculate the percent631

difference between this value and that from the upper hybrid line, ζ = |ne,int − ne,WAV ES|/ne,WAV ES × 100%. If ζ ≤632

6.5%, then the value of ne,int is kept and GFcor is defined. If ζ > 6.5%, then we increase(decrease) GFcor by 10%633

if ne,int is greater(less) than ne,WAV ES. This is done iteratively until ζ ≤ 6.5%. If this does not happen within 30634

iterations, the VDF is not calibrated and that GFcor is set to NaNs and the routine moves on to the next VDF. We635

limited the iterations because after 30 the difference between GFcor and GFdef becomes unrealistically large. We636

also limited the iterations to improve computational efficiency because we found some VDFs going through 1000s of637

iterations without ever converging to ζ ≤ 6.5% (i.e., ne,int would bounce around ne,WAV ES but always stay far enough638

away to preclude convergence)34.639

Given the large number of VDFs examined herein, the most time-effective approach was to determine GFcor for all640

valid VDFs in the given time range first. That is, we went through all VDFs and determined GFcor for each one if ζ641

≤ 6.5% was achieved. This gave us a list of GFcor values. Then we applied these GFcor values to all the VDFs and642

numerically integrated the VDFs to calculate the velocity moments for any with valid GFcor values35. This two-step643

approach is much more feasible, computationally and time-wise, than finding GFcor and then immediately computing644

the velocity moments before iterating to the next VDF36. We used two computers (a 2023 MacBook Pro with Apple645

M2 Max and a 2025 Mac Studio with Apple M3 Ultra) to reduce the human time commitment37, but it still required646

>5 weeks (∼8-10 hour days, 5 days a week) to calibrate and integrate the 3,996,051 VDFs in the dataset.647

During the numerical integration, we performed a 3D Delaunay tetrahedralization to put the VDF data on a uniform,648

linear velocity grid. To avoid colinear data point errors, we introduce a small, random jitter to the velocity data prior649

to the regridding38. The process for finding GFcor for each VDF explained above uses one set of jitter values for each650

VDF (i.e., each iteration to reduce ζ uses the same jitter). We go through to calculate the velocity moments after651

applying the converged GFcor for each VDF, a new jitter is calculated because the routine uses a random number652

generator. Given the small magnitude of the jitter values (i.e., >108 orders of magnitude smaller than any velocity),653

we initially assumed that the difference in the jitter values between the first and second step in our process would not654

affect ne,int. However, we discovered that this was not so for ∼5500 VDFs in the final dataset (e.g., VDFs with ζ >655

6.5%).656

The source of the deviation is a a combination of uncertainties. We recall that the location of a velocity point657

relative to the speed equivalent of ϕsc matters greatly in the accuracy of the subsequent velocity moments, as shown658

by L. B. Wilson III et al. (2022). However, unlike in the example calculations done by L. B. Wilson III et al. (2022),659

34 Note that almost all of these specific choices in the methodology came about empirically from trial-and-error on 1000s of VDFs.
35 Note that a lack of ne,WAV ES or phisc would result in null GFcor values as well.
36 That is, the calculation of GFcor is easily parallelized but would become a serial process if we computed the velocity moments directly

after finding GFcor. Initial benchmark testing showed the two-step process to be much faster.
37 There was no fitting or manual intervention here. Rather, the process required the user to input time ranges and run commands to

initiate the software to either calibrate or calculate velocity moments. Then the results were examined superficially for glaring errors
prior to the generation of temporary save files. After all VDFs were calibrated and moments calculated, a combined file was generated

38 The magnitude of these jitters are at the floating point accuracy level or ∼10−6 km/s. They are determined using a random number
generator with a random seed (i.e., the jitter values change for each VDF and between the first and second step in our two-step
methodology).



12 Wilson III et al.

we do not know the exact value of ϕsc. We also must contend with signal-to-noise ratio limitations in real data. The660

combination of these two effects likely resulted in final velocity moments satisfying ζ > 6.5%.661

Of the 3,947,607 finite velocity moments in the dataset (see Section 2), we found that 750,650(18.79%) satisfied ζ ≤662

1% and 3,914,646(97.98%) satisfied ζ ≤ 10%.663

C. CONTRAST WITH OTHER ELECTRON DATASETS664

In this appendix, we explain how the methodology for generating the data presented herein is different from other665

recent electron velocity moment datasets. Three of the four most recent electron velocity moment datasets are outlined666

in L. B. Wilson III et al. (2018) and L. B. Wilson III et al. (2023c) (called Set I39), C. S. Salem et al. (2023) (called667

Set II40), and S. D. Bale et al. (2013) (called Set IV41). The fourth examines electron velocity moments for a 50 day668

period in 1995, described in A. V. Eyelade et al. (2025) (called Set III42). Sets I and II use the Wind/3DP instrument669

while Set III relies on the SWE/VEIS instrument (K. W. Ogilvie et al. 1995). However, there are several important670

differences which we discuss below.671

All of the data in Set I was taken prior to January 1, 2005. All of the data in Set II was taken prior to January672

1, 1999. All of the data in Set III was taken in mid-1995. All of the data in Set IV was taken prior to 2003. This673

is important because for most of the VDFs in these datasets, Emin > ϕsc. The reason being that Wind was passing674

through the terrestrial magnetosphere consistently, where T e,j is typically much larger than in the near-Earth solar675

wind. Thus, the 3DP instrument team set Emin to values ranging from 5.2 eV to 13.6 eV. The 3DP team reduced Emin676

to the 5.2 eV value after ∼February 1999 (i.e., after all of Set I). The Emin for SWE-VEIS for Set III was 13.9 eV, but677

that study ignored the first two energy bins. Therefore, a different method was devised to provide calibrated velocity678

moments that used ϕsc as a free parameter but did not directly calculate GFcor (e.g., see C. S. Salem et al. 2001,679

2023, for details). That is, they iteratively adjusted ϕsc until ζ was below some threshold and did not alter GFdef .680

We cannot directly reproduce datasets I, II, or IV as they rely upon completely different algorithms and assumptions.681

Thus, we cannot directly compare the data from those intervals to that data generated for this two-part study. We682

can, and do, indirectly compare the results in a statistical manner in Paper II.683

A second important distinction is that Set I and II both incorporated the EESA High detector (part of 3DP) to684

help constrain and improve the third velocity moment (i.e., heat flux). Both Set I and II derive the velocity moments685

from fits, which required a slightly larger energy range to constrain the heat flux-carrying electron population. Our686

estimates for ϕsc are much better constrained because Emin < ϕsc, which allowed us to estimate GFcor. Thus, we did687

not need to incorporate EESA High data to calculate the electron heat flux tensor.688

The third important distinction is that Sets I–IV all start from nonlinear least-squares fits of the electron VDF, and689

those fits are integrated43 to determine total electron moments. Sets I, II, and IV fit to 1D cuts of the electron VDF,690

starting with the cut perpendicular to Bo. The results from this fit are used to constrain the parallel cut fit and the691

combination of these results are compiled to construct a total fit for the entire VDF. It is worth noting that both the692

bi-Maxwellian and bi-kappa model functions used in the fitting process are not separable functions. Thus, the creators693

of Sets I, II, and IV imposed strict constraints on some fit parameters (e.g., ne,int = ne,WAV ES). They fit to 1D cuts of694

the VDF because the algorithm is more numerically stable as there are fewer free parameters and fewer data points.695

Set III fits to the 1D reduced VDFs rather than 1D cuts of the VDFs like in Sets I and II. Set III also imposes a696

zero net current constraint in the fitting process, which was not used for the velocity moments in this study.697

In contrast, the velocity moments calculated herein are determined by performing a proper numerical integration698

scheme (i.e., three-dimensional Simpson’s 1/3 Rule) on the calibrated 3D VDFs in units of phase space density. We699

do this in several steps. First we convert from raw counts to phase space density, as detailed in Appendix B. We700

then adjust the energies by ϕsc. The energy adjustment is done after unit conversion because phase space density is a701

Lorentz invariant (e.g., N. G. Van Kampen 1969). Then we integrate f (v) in the standard velocity moment approach702

but we use a three-dimensional Simpson’s 1/3 Rule for the numerical integration. The choice of method is actually703

very important. For instance, the Trapezoid Rule approach yields significantly less accurate moment results (e.g.,704

L. B. Wilson III et al. 2022). The software is publicly available and open source (L. B. Wilson III 2021).705

39 There were ∼820,000 velocity moments between January 1, 1995 and December 31, 2004.
40 There were ∼280,000 velocity moments between January 1, 1995 and December 31, 1998.
41 There were ∼155,182 velocity moments in two, two-year intervals: 1995–1997 and 2001–2002.
42 There were ∼65,850 SWE/VEIS velocity moments between May 15, 1995 and July 3, 1995.
43 Note they also use a different numerical integration scheme than the Simpson’s 1/3 Rule approach used herein. None of the 3DP velocity

moments from the data herein depended upon any type of fitting function or process.
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Despite the different algorithms, time ranges, and limitations in each approach, we do find consistency with the706

previous electron moment results (e.g., see S. D. Bale et al. 2013; C. S. Salem et al. 2023; L. B. Wilson III et al. 2018,707

2023c). For instance, Paper II illustrates a remarkable agreement with C. S. Salem et al. (2023) despite the many708

differences in the method for calculating the velocity moments.709

D. PUBLIC DATASET710

In this appendix, we provide details about the public dataset that will result from this two-part study.711

The calibrated electron velocity moments discussed herein will be archived44 with NASA’s Space Physics Data712

Facility (SPDF)45 as common data format (CDF) binary files. The data are at the midpoint times of the 3DP VDFs,713

as is presented in this paper. That is, there will be a total of 3,996,051 unique timestamps in the public dataset, of714

which 3,947,607 have finite velocity moment solutions.715

Below we list the CDF variable names and their definitions. The variables included in each CDF file will include716

(no particular order):717

non-moment parameters718

– ‘EPOCH’ : [N]-element (numeric) array of scalar Epoch (CDF TT2000 format) times719

– ‘QFLAG’ : [N]-element (numeric) array of scalar quality flags defining the reliability of the data (see defi-720

nitions below)721

– ‘B3 GSE’ : [N,3]-element (numeric) array of 3-vector magnetic field data (Bo [nT]) in the GSE coordinate722

basis723

– ‘PHI SC’ : [N]-element (numeric) array of scalar floating electric potentials (ϕsc [eV])724

– ‘GF COR’ : [N,8]-element (numeric) array of anode-specific corrections for the 3DP detector (GFcor [N/A])725

– ‘NE WAV’ : [N]-element (numeric) array of total electron number densities derived from the WAVES upper726

hybrid line (ne,WAV ES [cm−3])727

velocity moments of f (v)728

– ‘NE 3DP’ : [N]-element (numeric) array of scalar total electron number densities (ne,int [cm−3]) from the729

zeroth velocity moment730

– ‘UE 3DP’ : [N,3]-element (numeric) array of 3-vector electron bulk flow velocities (Voe [km s−1]) from the731

first velocity moment732

– ‘PS 3DP’ : [N]-element (numeric) array of scalar total electron thermal pressure (P Te [eV cm−3]) from the733

second velocity moment734

– ‘AE 3DP’ : [N]-element (numeric) array of scalar electron temperature anisotropy (Ae [N/A]) from the735

second velocity moment736

– ‘TE 3DP’ : [N,3]-element (numeric) array of total electron temperature components (T e,j [eV]) from the737

second velocity moment in the FAC coordinate basis (parallel, perpendicular, total)738

– ‘QE 3DP’ : [N,3]-element (numeric) array of electron heat flux (qe [µW m−2]) from the third velocity739

moment in the FAC coordinate basis (perpendicular 1, perpendicular2, parallel)740

– ‘QN 3DP’ : [N,3]-element (numeric) array of normalized electron heat flux (qe/qeo [N/A]) from the third741

velocity moment in the FAC coordinate basis (perpendicular 1, perpendicular2, parallel)742

lower bound values from velocity moments of f (v) − δf (v)743

– ‘DNE3DL’ : [N]-element (numeric) array of scalar total electron number densities (ne,int [cm−3]) from the744

zeroth velocity moment745

– ‘DUE3DL’ : [N,3]-element (numeric) array of 3-vector electron bulk flow velocities (Voe [km s−1]) from the746

first velocity moment747

– ‘DPS3DL’ : [N]-element (numeric) array of scalar total electron thermal pressure (P Te [eV cm−3]) from the748

second velocity moment749

– ‘DAE3DL’ : [N]-element (numeric) array of scalar electron temperature anisotropy (Ae [N/A]) from the750

second velocity moment751

– ‘DTE3DL’ : [N,3]-element (numeric) array of total electron temperature components (T e,j [eV]) from the752

second velocity moment in the FAC coordinate basis (parallel, perpendicular, total)753

44 The data will be released when the papers are accepted.
45 https://spdf.gsfc.nasa.gov

https://spdf.gsfc.nasa.gov
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– ‘DQE3DL’ : [N,3]-element (numeric) array of electron heat flux (qe [µW m−2]) from the third velocity754

moment in the FAC coordinate basis (perpendicular 1, perpendicular2, parallel)755

– ‘DQN3DL’ : [N,3]-element (numeric) array of normalized electron heat flux (qe/qeo [N/A]) from the third756

velocity moment in the FAC coordinate basis (perpendicular 1, perpendicular2, parallel)757

upper bound values from velocity moments of f (v) + δf (v)758

– ‘DNE3DU’ : [N]-element (numeric) array of scalar total electron number densities (ne,int [cm−3]) from the759

zeroth velocity moment760

– ‘DUE3DU’ : [N,3]-element (numeric) array of 3-vector electron bulk flow velocities (Voe [km s−1]) from the761

first velocity moment762

– ‘DPS3DU’ : [N]-element (numeric) array of scalar total electron thermal pressure (P Te [eV cm−3]) from the763

second velocity moment764

– ‘DAE3DU’ : [N]-element (numeric) array of scalar electron temperature anisotropy (Ae [N/A]) from the765

second velocity moment766

– ‘DTE3DU’ : [N,3]-element (numeric) array of total electron temperature components (T e,j [eV]) from the767

second velocity moment in the FAC coordinate basis (parallel, perpendicular, total)768

– ‘DQE3DU’ : [N,3]-element (numeric) array of electron heat flux (qe [µW m−2]) from the third velocity769

moment in the FAC coordinate basis (perpendicular 1, perpendicular2, parallel)770

– ‘DQN3DU’ : [N,3]-element (numeric) array of normalized electron heat flux (qe/qeo [N/A]) from the third771

velocity moment in the FAC coordinate basis (perpendicular 1, perpendicular2, parallel)772

The quality flag values, ’QFLAG’, are determined by the parameter ζ (see Appendix A) and a few other physical773

constraints. We define the value of 1 to be the best and 8 to be the worst. The definitions are as follows:774

B ≡ (V oe,x ≥ −50 km/s) ∨ (|qe,j|/qeo ≥ 1) ∨ (T e,j ≤ 1 eV )775

G ≡ (V oe,x < −50 km/s) ∧ (|qe,j|/qeo < 1) ∧ (T e,j > 1 eV )776

8 ≡ (ζ > 20%) ∨ B777

7 ≡ (10% < ζ ≤ 20%) ∧ G778

6 ≡ (8% < ζ ≤ 10%) ∧ G779

5 ≡ (6% < ζ ≤ 8%) ∧ G780

4 ≡ (5% < ζ ≤ 6%) ∧ G781

3 ≡ (3% < ζ ≤ 5%) ∧ G782

2 ≡ (1% < ζ ≤ 3%) ∧ G783

1 ≡ (0% < ζ ≤ 1%) ∧ G784

The number of values for each quality flag and the respective percentages are shown below:785

8 : 1,021 (0.03%)786

7 : 1,975 (0.05%)787

6 : 2,513 (0.06%)788

5 : 13,134 (0.33%)789

4 : 84,118 (2.11%)790

3 : 1,543,973 (38.64%)791

2 : 1,485,396 (37.18%)792

1 : 742,221 (18.58%)793

Thus, 96.94% of the data have quality flags less than eight.794
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