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Abstract22

The plasmasphere is a critical region of the magnetosphere. It is important for the evo-23

lution of Earth’s radiation belts. Waves in the plasmasphere interior (hiss) and vicin-24

ity (EMIC, chorus) help control the acceleration and loss of radiation belt particles. Thus,25

understanding the extent, structure, content, and dynamics of the plasmasphere is cru-26

cial to understanding radiation belt losses. The Van Allen Probes mission uses two meth-27

ods to determine the total plasma density. First, the upper hybrid resonance (UHR) fre-28

quency can provide electron density; this determination is the most accurate and robust.29

However, it requires significant analysis and is challenging during geomagnetically ac-30

tive times: it becomes difficult to interpret the wave spectrum, and the amount of avail-31

able data is severely limited. Second, the spacecraft potential is a proxy for the plasma32

density. These high resolution measurements are available with high duty cycle. How-33

ever, environmental effects can limit the accuracy of this method. The relation between34

spacecraft potential and density is empirical, requiring an independent density measure-35

ment and repeated checks. We perform a quantitative comparison of these two in situ36

techniques during the first 3.5 years of the Van Allen Probes mission. We show how to37

calibrate potential-based density measurements using only publicly available wave-derived38

densities to provide high fidelity results even if upper hybrid measurements are sparse39

or unavailable. We quantify the level of uncertainty to expect from potential-derived den-40

sity data. Our approach can be applied to any in situ spacecraft mission where reliable41

absolute density and spacecraft potential data are available.42

1 Introduction43

1.1 Importance of the Plasmasphere44

The inner magnetosphere comprises several particle regimes, one of which is the45

plasmasphere, a region of cold (few eV) ions surrounding Earth up to a few Earth radii46

(RE) distance. H+ is the major constituent of the plasmasphere, with time-varying amounts47

of He+ and O+ ; the density falls off radially (Craven et al., 1997; Darrouzet, De Keyser,48

& Pierrard, 2009; Horwitz et al., 1990; Lemaire & Gringauz, 1998). Its outer boundary,49

the plasmapause, is highly dynamic, moving inward (outward) in response to enhanced50

(diminished) geomagnetic activity. During active times the outer plasmasphere erodes51

and plumes of cold dense plasma extend to the afternoon sector dayside magnetopause52

(Darrouzet, Gallagher, et al., 2009; Goldstein, Burch, & Sandel, 2005; Moldwin et al.,53

–2–



manuscript submitted to JGR-Space Physics

2016). The plasmasphere is important because it represents a direct-entry pathway of54

mid-latitude ionospheric plasma into the inner magnetosphere, and because of the phys-55

ical processes possible in the overlap region with the radiation belts and ring current.56

The plasmasphere overlaps with the outer radiation belt(s) to a varying degree, oc-57

casionally reaching extreme overlap that can envelope a complete particle belt inside the58

plasmasphere (Baker et al., 2004, 2014; Darrouzet et al., 2013; Goldstein, Kanekal, et59

al., 2005; X. Li et al., 2006; O’Brien et al., 2003). Plasmaspheric drainage plumes also60

cross both the outer belt and the ring current (Borovsky et al., 2014; Goldstein, Sandel,61

et al., 2005). Wave-particle interactions in or near this overlap play an important role62

in radiation belt dynamics. The associated wave growth can cause outer belt electron63

loss (Millan & Thorne, 2007; Thorne & Kennel, 1971).64

The plasmasphere is the host region to plasmaspheric hiss (Bortnik et al., 2008;65

Kim et al., 2015; W. Li et al., 2015; Meredith et al., 2004; Spasojevic et al., 2015; Sum-66

mers et al., 2007; Thorne et al., 1973) and the associated relativistic electron losses (Breneman67

et al., 2015; Goldstein, Kanekal, et al., 2005; Hardman et al., 2015; Jaynes et al., 2014;68

Z. Li et al., 2014; Lyons et al., 1972; Lyons & Thorne, 1973; Ma et al., 2015; Ni et al.,69

2013). Likewise, electromagnetic ion cyclotron (EMIC) wave growth can occur when the70

plasmasphere overlaps with the ring current, again leading to potential relativistic elec-71

tron losses through pitch angle scattering (Denton et al., 2014; Engebretson et al., 2015;72

Fraser et al., 2010; Halford et al., 2010, 2015; Meredith et al., 2014; Yu et al., 2015). Cold,73

dense plasmaspheric plasma can hinder or alter chorus waves that can scatter electrons74

both in pitch angle and energy (i.e., resulting in loss or energization) (Burtis & Helli-75

well, 1969; Horne et al., 2005; Meredith et al., 2001; Sazhin & Hayakawa, 1992; Summers76

et al., 2007). High mass densities inside the plasmasphere control the propagation of ultra-77

low frequency (ULF) waves that can cause energization and radial transport of electrons78

whose drift times are comparable to the ULF periods (Elkington et al., 2003; Hudson79

et al., 2014, 1995; X. Li et al., 1998). The plasmasphere can shield electrons within it80

by damping the ULF waves involved in the outward radial diffusion (Shprits et al., 2006;81

Turner et al., 2014).82

Overall, the plasmasphere is a dynamic region whose extent, content, and dynam-83

ics play an important role especially in the development of the relativistic electron ra-84

diation belt. Understanding cold plasma dynamics (and cold plasma composition) is cru-85
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cial to understanding the spatial and physical relationships between this cold plasma,86

the ring current population, and radiation belt electrons.87

1.2 Techniques to Measure Plasma Density88

To understand the processes occurring in the plasmasphere, we require a quanti-89

tative characterization of the plasmasphere. One major challenge is to measure the plas-90

masphere density accurately. The plasmasphere plasma is cold with temperatures around91

1 eV (Comfort et al., 1985). Sunlit in situ spacecraft typically charge up positively, pre-92

venting cold ions from reaching them. Lacking some means of mitigating this spacecraft93

charging (Andriopoulou et al., 2015; Comfort et al., 1998; Torkar et al., 2016), particle94

counting plasma instruments cannot accurately measure the complete ion population,95

leading to gross underestimates of the true cold plasma density (Genestreti et al., 2017).96

Upper hybrid frequency resonance (UHR) measurements can be an accurate way97

to measure total plasma density. However, the method can involve several complications.98

There is no guarantee that a reliable and accurate wave identification at the upper hy-99

brid frequency is possible. If there is insufficient wave power, or if the spectrum is too100

complex, we can at times use the lower frequency cutoff of trapped continuum radiation101

instead. Details of the technique and the calibration for the Van Allen Probes mission102

(Mauk et al., 2013) are discussed in Kurth et al. (2015). In either case, reliable identi-103

fication is time and resource intensive. If no useable wave signature is available, i.e., es-104

pecially during geomagnetically disturbed conditions, we cannot determine density us-105

ing this method. This will bias any comparison between both techniques towards less106

disturbed times. Last, the density resolution is dependent on the frequency resolution107

of the wave instrument. In general, however, total plasma density measurements based108

on the upper hybrid frequency provide high accuracy. They typically represent the best,109

most robust measurement of total plasma density. Other wave-related techniques (not110

used here) utilize the Bernstein mode frequencies (Lointier et al., 2013; Trotignon et al.,111

2001) or the lower hybrid resonances (Kougblénou et al., 2011). An active approach based112

on the identification of the electron plasma frequency by analyzing the pattern of res-113

onances actively triggered in the medium by a pulse transmitter is also possible (Décréau114

et al., 2001).115

–4–



manuscript submitted to JGR-Space Physics

A common alternative to wave-based measurements is the derivation of the plasma116

density from spacecraft potential measurements. This approach is easier to implement117

in terms of in situ resources and of the subsequent data analysis. In fact, if calibration118

data are uploaded to the spacecraft, a real-time onboard determination of the total den-119

sity is possible. Another advantage is that, outside eclipses and extreme spacecraft charg-120

ing events (e.g., 10s to 100s keV energetic electrons during substorms (Thomsen et al.,121

2013)), the resulting data are typically continuous. The spacecraft potential �SC is mon-122

itored by measuring the difference between a probe away from the spacecraft’s main body123

and the body itself. There is a well-established double-exponential relationship between124

this potential �SC and the ambient total plasma density n (Escoubet et al., 1997; Ped-125

ersen, 1995; Scudder et al., 2000). Density is derived from the measured potential based126

on an empirical n � �SC calibration. However, many factors can influence spacecraft127

potential even in the presence of a constant ambient plasma density n. For example, the128

plasma temperature, plasma wake effects, shadow effects on the probes, the overall space-129

craft illumination, spacecraft surface charging events (e.g., during substorm injections),130

degradation of the sphere coating changing the work function, or changes in solar UV131

flux all can influence the spacecraft potential without changing the plasma density (Escoubet132

et al., 1997; Lybekk et al., 2012; Pedersen, 1995; Pedersen et al., 2001, 2008; Scudder et133

al., 2000; Wygant et al., 2013). These influences may be difficult to detect and quantify,134

and they increase the uncertainty of the density determination.135

Figure 1 shows two plasmasphere passes by the Van Allen Probes A spacecraft, high-136

lighting possible differences between the two techniques. Both passes show the total plasma137

density measurements based on the upper hybrid resonance (nUHR, green) and based138

on spacecraft potential measurements (nφ, black) in the upper two panels (a, b). Both139

passages show a steady density falloff with distance, and a separation between the high140

density plasmasphere (left) and the low density region outside of the plasmasphere (right).141

The corresponding sections of spacecraft orbits are shown (upper right). Panels (a) and142

(b) indicate that differences between both techniques can occur. In both satellite passes,143

densities based on the upper hybrid resonance are larger than the potential-derived den-144

sities for extended time periods. Differences between these techniques can stem from long-145

term as well as short term effects. In this paper, our intent is to demonstrate how to re-146

move large-scale, long-duration, systematic trends that result in large, systematic errors147

of the EFW potential-based density measurement. However, it is not the intent of this148
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paper to pursue a specific answer for short-term differences. As indicated in the previ-149

ous paragraph, multiple effects besides density influence the spacecraft potential. On short150

time scales (seconds to hours) this can lead to systematic yet temporary (or spatially con-151

fined) differences between the two measurements, as seen in Figure 1.152

The lower panels (e, f) indicate the distribution of proton plasma across the whole153

energy range measured by the Helium, Oxygen, Proton, and Electron (HOPE) instru-154

ment from 1 eV above the spacecraft potential to 50 keV (Funsten et al., 2013), in the155

heart of the ring current. Particle measurements are depicted as number flux. We ob-156

serve the higher energy portion of the plasmasphere particle distribution (below 10 eV)157

that is not rejected by the spacecraft potential. This is clearly the case before 12:00 UT158

on 05/05 and before 07:30 UT on 10/31, when the Electric and Magnetic Field Instru-159

ment Suite and Integrated Science (EMFISIS) instrument (Kletzing et al., 2013) and the160

Electric Field and Waves (EFW) instrument (Wygant et al., 2013) data indicate we are161

in the main plasmasphere. Warmer plasmas above 10 eV (with much lower number fluxes)162

appear near the edge and outside the plasmasphere. In both cases we see that:163

1. Both density values nUHR and nφ track each other well (panel (a)).164

2. Either method may systematically deviate from the other for extended regions.165

An example is the density hump at the edge of the plasmasphere seen only in nUHR166

(panel (b)).167

3. The resolution of nUHR densities is coarser than for nφ densities.168

In summary, densities derived from �SC are typically easier to obtain, spacecraft169

potential measurements are continuous, and have high resolution. However, other phys-170

ical effects aside from density changes can influence the spacecraft potential, causing short-171

and long-term variations that do not reflect density variations and make the measure-172

ment less accurate than UHR-derived densities. The publicly available density product173

provided by EFW frequently contains intermittent gaps because the quality filters au-174

tomatically applied during routine data processing liberally remove much more data than175

necessary.176
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2 Analysis177

In this study we determine how well potential-derived and upper hybrid resonance-178

derived total plasma densities in the plasmasphere compare for the Van Allen Probes179

mission. We describe the post-facto adjustments one can apply to the potential-derived180

densities to remove longer-term trends and provide an accurate and complete density record181

inside the plasmasphere for future studies.182

2.1 Data Description183

2.1.1 Upper Hybrid Resonance — EMFISIS184

Total electron density in a plasma can be derived from the EMFISIS (Kletzing et185

al., 2013) upper hybrid resonance frequency !2
uh = !2

ce+!
2
pe measurements, which de-186

pend on the cyclotron frequency !ce = qB=m and the plasma frequency !pe =
√
nee2=(�0m).187

In terms of real frequencies (in Hz) density is derived as ne = (f2uh�f2ce)=89802 in units188

of particles per cubic centimeter. The upper hybrid method provides an accurate den-189

sity measurement provided that the local magnetic field is known (Kurth et al., 2015).190

In lieu of the UHR, the lower frequency cutoff of trapped continuum radiation, if present,191

can be used (Kurth et al., 2015). The upper hybrid resonance has to lie within the fre-192

quency range of the wave receiver, and the resonance (or noise cutoff) must be sufficiently193

strong and clear to be identifiable. The resulting density resolution is a direct function194

of the frequency resolution of the wave instrument. For the Van Allen Probes, upper hy-195

brid frequency derived total plasma densities are presently only available for the first �50%196

of the mission (through the beginning of 2016), since the process of creating these den-197

sities is not automated. The time resolution is 6 seconds.198

2.1.2 Spacecraft Potential — EFW199

When electrically conducting spacecraft like the Van Allen Probes are immersed200

in a plasma, the combination of solar UV light and the different mobility of electrons and201

ions will uniformly charge the spacecraft to a potential �SC . The conducting outer sur-202

face prevents any significant differential surface charging (< 1 Volts for Van Allen Probes).203

Absent additional charging mechanisms, the resulting spacecraft potential measured by204

EFW (Wygant et al., 2013) is inversely (but nonlinearly) proportional to the density of205

the plasma. For positive spacecraft charging the total plasma density can be derived from206
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the spacecraft potential. The denser the plasma is, the less a spacecraft will charge. The207

level of surface charging and its sign (positive or negative) depends on a number of fac-208

tors: the total plasma density, the plasma temperatures (which govern the mobility of209

individual particles and thus access to the spacecraft), the intensity of UV light (which210

creates photoelectrons), and the work function of the measurement probes. The dynam-211

ics of the plasma also play a role. For example, during the presence of significant high-212

energy (10s to 100s keV) electron fluxes—typical for substorm injections in the inner mag-213

netosphere—significant spacecraft charging to hundreds or thousands of Volts can oc-214

cur even if the outside of the spacecraft is a conductor. The relationship between space-215

craft surface charging and plasma density becomes more complicated for lower plasma216

densities, limiting the detectable minimum density. Likewise, the relationship breaks down217

once the spacecraft potential becomes zero or turns negative. For the Van Allen Probes,218

EFW provides continuous, high time resolution (62.5 ms) spacecraft potential measure-219

ments that correspond to a density range of approximately 10–3000 cm�3 (Wygant et220

al., 2013)221

For the Van Allen Probes, there exist n��SC calibration curves at several points222

in the mission. Although these curves are not distributed in public release data, they can223

be reconstructed by plotting the EFW reported densities versus the spacecraft poten-224

tial. Figure 2 shows all n��SC calibration curves during 2012–2016, separately for each225

spacecraft. We observe that:226

1. The n��SC-relationship has two distinct sections, steeply falling (at low V) and227

gradual (at high V), with a transition area (“knee”) between 1–3 Volts, or 30–100228

particles/cm3. We locate this transition at lower voltages than for previous mis-229

sions (Escoubet et al., 1997; Nakagawa et al., 2000; Scudder et al., 2000).230

2. The shape of the n��SC-relationship is robust, but the range of values occupied231

by the calibration curves varies throughout the mission by at least a factor of 2.232

3. The location of the “knee” that separates both n� �SC sections varies but ap-233

pears to fall along a diagonal in n� �SC space.234

When we compare a density standard with the simultaneously measured spacecraft235

potential, we can easily calibrate the latter for use as total plasma density equivalent,236

subject to the uncertainties described above. Van Allen Probes potential-derived EFW237

density data have been created in that manner. However, without the possibility to per-238
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form such a calibration routinely, a robust density estimate based on the spacecraft po-239

tential alone can become too unreliable. We see evidence for this scenario in some Van240

Allen Probes data.241

2.2 Data Comparison242

The Van Allen Probes provide public release density data derived from EFW po-243

tential measurements by using the UHR-derived public release densities to calculate n–244

�SC calibration curves. Figure 3 shows the EFW potential-derived densities when com-245

pared to the EMFISIS UHR standard for all mission days when both density products246

are available (this paper uses all presently available EMFISIS data, which limits the anal-247

ysis to times before early 2016; see Sec.2.1.1), expressed as the daily median ratio of EFW248

densities to EMFISIS densities in units of percent. Parity between both techniques equals249

100%. Additional horizontal dashed lines help identify overestimates (> 100%) or un-250

derestimates (< 100%) of EFW densities. We identify the 200%, 50%, and 25% levels251

to mark deviations by factors of 2 or 4, respectively.252

The main observation is that, with an upper hybrid calibration in place, potential-253

derived densities match wave-derived densities well for the public release Van Allen Probes254

EFW data early in the mission, until the end of 2014. This is especially true for space-255

craft A. There are occasional excursions to both over- and underestimates. The pattern256

of short-term excursions repeats in spacecraft B data during that time. This suggests257

common causes for those excursions. Note that spacecraft B EFW densities appear el-258

evated compared to spacecraft A. This trend intensifies in April 2014, when spacecraft259

B densities permanently rise above spacecraft A values, on average by around 50%. This260

separation between the two spacecraft remains even after October 2014, when there is261

a precipitous drop of EFW densities towards a significant underestimation of the total262

densities by a factor of 2 to 4. As discussed later, both the separation of values between263

the spacecraft and the precipitous drop in both spacecraft predominantly stem from a264

problem with the existing calibration and will be addressed by our analysis. This prob-265

lem occurs equally in both spacecraft.266

In Figure 4 we present a more nuanced picture of the “performance” of EFW potential-267

derived densities. Here we display histograms for EFW to EMFISIS point-by-point com-268

parisons by binning in log-space all available density pairs in EFW-EMFISIS density space.269
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We use a color scale to quantify the number of occurrences per bin. There are 100 bins270

per decade of density in either direction. For a perfect match, all results should lie along271

a diagonal (black line), i.e., where nφ = nUHR. We added two blue diagonals above and272

below to mark ratios of 200% and 50%, respectively. We can make several observations:273

1. Data for both spacecraft follow the diagonals, and the peaks of the distribution274

align well with the diagonal. The bulk of the data falls within a factor of 2 of par-275

ity. This shows a good match.276

2. EFW density determinations for spacecraft B are better than for spacecraft A, ev-277

idenced by the more narrow distribution around the diagonal. However, this may278

be a selection bias, since there are virtually no data for spacecraft B after late 2015,279

during a time of greater average deviation from the EMFISIS standard (see Fig-280

ure 3).281

3. The distribution for spacecraft A is broader than for B, and there is additional282

internal “structure”. Most of this structure appears as elongated secondary peaks283

roughly parallel to but below the parity line, underestimating true (EMFISIS) den-284

sity. This agrees with the time history shown in Figure 3.285

4. There is a tail of data points showing significant overestimation by EFW below286

20 cm�3. This indicates that for a sufficiently tenuous plasma (usually warm to287

hot plasma outside the plasmasphere) EFW measurements plateau and become288

unreliable, likely because of plasma effects. All data points for which the EFW289

density is below 10–20 cm�3 should therefore be excluded from any science anal-290

ysis. This does not necessarily limit our own analysis to the plasmasphere—we291

analyze all data as long as the total plasma density registers above the 10–20 cm�3
292

thereshold, regardless of which plasma region the spacecraft is located in.293

From the data presented so far we see that potential-derived densities are a reli-294

able indicator of total plasma density (compared to the UHR-derived reference value),295

provided that there are sufficient calibrations of the measurements to assure long-term296

fidelity of this approach. To quantify the quality of potential-derived density measure-297

ments we have to address two issues: we need to remove long-term seasonal/orbital ef-298

fects from the data, and we have to determine the magnitude of short-term/temporary299

plasma effects that can alter the density measurement without being caused by density300

changes.301
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2.3 Short-term EFW density uncertainties302

We can estimate the short-term uncertainty of EFW plasma densities by remov-303

ing long-term variations in an ad hoc fashion.304

To remove long-term, multi-day variations from the data set, we have re-binned Van305

Allen Probes data from Figure 4 by adjusting each individual measurement by the ap-306

propriate daily factor from Figure 3. Each data point in Figure 3 represents the daily307

median of the EFW to EMFISIS ratio for that day. We divide each individual EFW mea-308

surement for a given day by the median ratio for that day. This forces the daily median309

of the EFW to EMFISIS ratio to be one while still preserving short-term variations through-310

out the day. We use the median instead of the mean since the median makes no assump-311

tion about the underlying distribution of data and thus can be used for normal distri-312

butions as well as skewed ones. Furthermore, the median is much more robust when out-313

liers are present. This approach creates an ad hoc correction that forcibly removes vari-314

ations with periods longer than one day but preserves any variation on a shorter time315

scale. For reference, the Van Allen Probes orbit period is 9 hours. Our data adjustment316

results in a reduced scatter of the EFW-EMFISIS ratio around the line of parity (Fig-317

ure 5, showing the result of this adjustment in the same format as in Figure 4). Except318

for the lowest-energy tail, where we know EFW becomes unreliable, this daily correc-319

tion has moved virtually all data to within a factor of 2 of the EFW-EMFISIS parity line.320

Very few outliers remain beyond that range. Note that this correction moves some EFW321

data points below 10 cm�3 and above 3000 cm�3.322

From this analysis we conclude that, with long-term variations removed from the323

data, all short-term variations (less than 24 hours) that can impact potential-derived den-324

sity measurements typically fall within a factor of 2 of the true total plasma density ir-325

respective of the geophysical activity conditions, the orbit position, or the total density.326

If an absolute calibration is available, potential-derived densities can be accurate, and327

we can estimate the uncertainty caused by other plasma effects. We caution, however,328

that during geomagnetically disturbed times we may not be able to assess the uncertainty329

of potential-derived densities due to the possible lack of UHR-derived densities caused330

by the geophysical conditions.331

The result in Figure 5 defines the accuracy we should expect for EFW densities if332

we can remove all long-term variations. This result is useful yet not universally practi-333
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cal. We can only perform this operation when EMFISIS densities are available. At times334

they are not. Still, Figure 5 represents the best possible outcome to quantify the effects335

of non-density related temporary variations. To remove long-term variations especially336

when EMFISIS data are not available, we need a different approach.337

2.4 Continuous calibration of potential-derived densities during the mis-338

sion.339

For the Van Allen Probes mission, short-term variations of the potential-derived340

plasma density compared to the upper hybrid-derived reference densities are typically341

less than a factor of 2 for all conditions during the study interval, as long as long-term342

(orbital or seasonal) variations were filtered out. Unfortunately, these reference densi-343

ties are not always available, limiting our ability to perform the ad-hoc adjustments de-344

scribed above. We next show how targeted fitting of the data can circumvent this prob-345

lem. We provide an independent calibration for the potential-derived EFW densities dur-346

ing the mission, as long as there are at least sufficient reference density “anchor points”347

distributed throughout the data set.348

Our calibration improves the calibration done in routine EFW data processing. The349

EFW public release density data are calibrated using a piecewise constant calibration350

by calculating a �SC�nUHR curve with data from eight consecutive orbits of the Van351

Allen Probes every 6–8 weeks. This calibration is then applied unchanged until the next352

calibration exercise is performed. After 2014 this process ceased and the same calibra-353

tion was applied without any further changes. Figure 3 illustrated the shortcomings of354

this process, showing both variations faster than the calibration cadence (e.g., 2013/04,355

2013/10, and 2014/04), and large-scale excursions after 2014 once calibration updates356

were no longer performed. Our own calibration, on the other hand, has two elements:357

a single �SC � nUHR curve that is derived from all available EMFISIS data and then358

applied to the available EFW data, turning spacecraft potential values into densities, and359

a fit to the time history of the resulting EFW to EMFISIS ratio to address the time vari-360

ability of this ratio. This method is easy to implement, delivers better results, and can361

be automated.362

We note that, in principle, it would be possible to remove the long-term differences363

between EFW and EMFISIS observed in Figure 3 by fitting to those data directly. As364
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explained above, publicly available EFW densities are the result of a piecewise constant365

calibration that was not always updated as needed. A fit to these data could address re-366

sulting discrepancies, but we see at least three reasons to instead start with the origi-367

nal voltage-density relationship: (a) Fitting to the density data in Figure 3 directly rather368

than starting with the underlying potential-density relationship solves the stated prob-369

lem at hand, yet obscures the nature and severity of the underlying variability. Rather370

than fix the calibration after the fact we redo it in a better, more consistent way, which371

also better documents the magnitude and nature of the problem. (b) Recalculating den-372

sity from spacecraft potential increases the amount of available EFW density data since373

it circumvents what we identified as an overly aggressive approach to automatically ex-374

cluding data from the analysis (which led to frequent gaps in the original EFW density375

data). (c) Our method can serve as a blueprint for the automated and continuous cal-376

ibration during future missions, or for the reanalysis of existing data sets (MMS, Clus-377

ter, Polar), increasing its usefulness beyond the Van Allen Probes mission.378

To perform the calibration of potential-derived plasma densities from launch through379

early 2016, i.e., when EMFISIS density data are available, we use a four-step process:380

1. We first determine a single �SC�nUHR calibration curve per spacecraft by fit-381

ting to all available �SC � nUHR data points.382

2. Using this calibration curve, we convert all spacecraft potential measurement into383

plasma density values; by doing so we bypass the public release density product384

provided by the EFW instrument.385

3. Potential-derived densities can be subject to systematic long-term and seasonal386

changes, causing the EFW to EMFISIS density ratio to not be unity but to vary387

on timescales of weeks to months. We perform a spline fit to the time history of388

the density ratio to describe these variations.389

4. In a last step we divide each EFW density value by the appropriate spline fit value.390

This has the effect that on average the EFW to EMFISIS data ratio is close to391

unity. We can adjust all EFW density values between launch and early 2016 this392

way since we do not require concurrent EMFISIS densities at all times but only393

a valid spline fit — which allows us to interpolate across EMFISIS data gaps. Since394

there are presently no EMFISIS density data past early 2016 available, the remain-395

der of the mission past early 2016 cannot yet be analyzed.396
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This approach is guided by what we observe in the � -n–diagram in Figure 6. Any397

cut across the distribution (horizontal or vertical) shows a single peak in the cross sec-398

tion. Therefore, we prescribe a single nonlinear function to capture the underlying func-399

tional shape and peak location in � -n-space.400

Based on the functional shape in Figure 6 we choose a dual-exponential as the fit-401

ting function. This does make an explicit assumption about the data. However, we in-402

dependently perform a kernel regression fit that makes no such assumption. Our results403

validate this approach.404

Figure 6 illustrates the first step of calculating a mission-long �SC �nUHR cali-405

bration. Separate for spacecraft A and B we binned all available pairs of nUHR EMFI-406

SIS density values and EFW potentials �SC in log space, with 100 bins per decade, shown407

as color-coded 2D histograms to visualize the distribution of points. For the Van Allen408

Probes, the range of voltages where EFW can provide reliable density measurements lies409

between 0 and +5 Volts. The maximum EMFISIS and EFW density is 3000 cm�3. To-410

gether with a useful minimum EFW density of 10–20 cm�3 this prescribes the param-411

eter range over which we can analyze the data. The binning appears banded in the hor-412

izontal direction because of the finite resolution of the EMFISIS wave measurements. The413

resulting density resolution is coarse enough to become visible when plotting the data.414

However, this effect does not negatively impact our analysis. Additional faint artifacts415

are visible: occasional data points far away from the main voltage-density curve (e.g.,416

vertical extension between 0 and 0.5 V on both spacecraft), and increased scatter for low417

densities below 10 cm�3.418

All these artifacts are limited to low incident rates (few to few 10s of occurrences,419

versus several hundred occurrences per bin near the peak) and play no significant role.420

As expected, the dominant functional relationship between density and potential421

shows two regimes of different slope, connected by a knee region. The existing scatter422

does not destroy this relationship. To quantify the relationship and derive the needed423

n � � calibration curve for the mission we apply two different fits to the data: a pair424

of exponentials, where we assume a known functional dependence between n and �, and425

Kernel Regression, where we make no ad hoc assumption about any functional relation-426

ship.427
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Exponential Fits: Guided by the shape of the distribution of n�� values we fit428

a pair of exponentials n(�) = a exp (�b �) + c exp (�d �) to our data, where a and c429

are in units of density, and b and d in units of 1/Volts. Fits and associated uncertain-430

ties were calculated using the curve �t routine of the SciPy package for Python. This431

routine provides the variance of the parameter estimates. We use these variances to cal-432

culate the standard deviation uncertainties as described in the curve �t documentation.433

We list the numerical results of this fit in Table 1. We plot the fits on top of the scat-434

ter plots in Figure 6 using a red solid line. Dashed red lines show the 200% and 50% level,435

for visual guidance. This fit has high fidelity for high densities (2.9%–4.4% uncertainty),436

while at lower densities of a few 10’s cm�3 the uncertainties increase to 12%–37%. Fig-437

ure 6 supports this, showing a greater deviation between data and fit especially below438

100 cm�3. This provides an appropriate baseline for turning potential values into den-439

sities.440

Kernel Regression: To evaluate the functional assumptions of our exponential fits441

we perform a non-parametric Nadaraya-Watson kernel regression with the data (Nadaraya,442

1964; Watson, 1964), using the KernelReg routine from the Python StatsModels library.443

We show results as solid yellow lines in Figure 6. Kernel regression is a non-parametric444

statistics technique to estimate the conditional expectation of a random variable. The445

aim is to find a non-linear relation between a pair of random variables X and Y such that446

the conditional expectation E of a variable Y with respect to the variable X is written447

as E(Y [X]) = m(X), where m is a non-parametric function introduced by Nadaraya448

(1964) and Watson (1964). The term non-parametric identifies the situation that the pre-449

diction is not based on a predetermined form but is constructed from the data itself. The450

term conditional expectation stems from probability theory and, in its classical defini-451

tion, means the average of X over all possible outcomes of the system. Kernel-regression452

is one possible way of finding a smooth non-linear fit to the data with no preconception453

of the underlying functional relationships. It is an independent check of our dual-exponential454

fit and should perform better if the assumption of two independent exponentials is in-455

correct.456

The results of the kernel regression are plotted in yellow in Figure 6, again with457

dashed lines showing the 50% and 200% level. The difference between kernel regression458

and exponential fits is small. The kernel regression returns slightly larger values for high459

densities above 100 cm�3 and near the low density limit, compared to the exponential460
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fit. We can use either fit to translate EFW potential data into nφ; the dual-exponential461

fit is easier to use and is thus provided.462

Next, we apply the calibration curves from Figure 6 to the EFW spacecraft poten-463

tials of both satellites for times when we have simultaneous EMFISIS measurements. Fig-464

ure 7 shows the result plotted for both spacecraft, i.e., the relationship between EFW465

and EMFISIS measurements with no additional calibration aside from applying a mission-466

long n�� curve with the parameters given in Table 1. This is still an intermediate re-467

sult, it corresponds to having performed steps 1 and 2 from our 4-step recipe in Section 2.4.468

We see that at this stage the EFW densities vary significantly over the mission, devi-469

ating from parity in a structured manner by a factor of 2–4 in both directions. EFW den-470

sities show significant deviations from EMFISIS both on shorter (weeks) and longer (months)471

time scales. In particular, systematic variations with a period of 21-22 months emerge.472

They correlate with a 360� MLT precession of the Van Allen Probe’s apogee around Earth.473

Since both spacecraft have slightly different precession rates, those variations begin to474

diverge visibly towards the end of the data interval presented.475

We can also see that starting in 2015 the large-scale trends of our custom calcu-476

lated density match trends of the public release density data (Figure 3), although the477

absolute levels are different because of different n�� calibrations. Incidentally, we note478

that spacecraft A and B data track each other well until late 2015, and thus track bet-479

ter after 2014 using our calibration than the public release data. Last, we see extended480

time periods with quasi-periodic, shorter-term variations with timescales of a few weeks481

superposed on the data. Prominent examples are May 2013 through May 2014 in both482

spacecraft, and through the remainder of 2014, mostly in spacecraft A. These are likely483

associated with the precise orientation of the Sun-pointing Van Allen Probes spacecraft484

and the fact that the spacecraft are re-oriented every � 3 weeks.485

Even with the sparse data available for spacecraft B, we see EFW densities trend486

up significantly compared to spacecraft A starting late 2015. Since spacecraft B EMFI-487

SIS data are very sparse for this period we cannot determine possible causes of this be-488

havior, nor can we reliably correct for them. We can only suggest to exercise caution when489

using EFW densities from spacecraft B after late 2015 until more EMFISIS data become490

available and this issue can be investigated.491
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2.5 Application492

To achieve high fidelity potential-derived densities, we need to remove the large-493

scale variations in the data. We have chosen straight-forward numerical fitting using basis-494

splines (b-splines) to model these variations. Specifically, we use b-spline basis functions495

of degree 3, i.e., cubic b-splines, with 21 internal equidistant knots, resulting in 23 ba-496

sis functions that fit the data. The resulting fit is provided as electronic supplement. Fig-497

ure 8 shows the resulting spline curve as a linear combination of the cubic B-spline ba-498

sis functions (solid lines) to the data (black and red dots), separately for both spacecraft,499

plotted in the same format as Figures 3 and 7. Increasing the number of basis functions500

leads to an increasingly oscillatory fit after summer 2015 in spacecraft B due to the data501

gap in EMFISIS data. We have included the fit data in an electronic supplement so that502

readers can apply the fit to Van Allen Probes spacecraft potential data as they desire.503

As before, each data point corresponds to the daily median of the density ratio. We use504

the daily median to remove the effects of short-term variations of the local plasma and505

of geospace on the ratio. We remove the systematic long-term variations by dividing the506

raw data by the appropriate B-spline fit value. This is conceptually similar to what we507

did before in Figure 5, when we forced the daily EFW to EMFISIS ratio to one. The im-508

portant difference is that this time we remove long-term many-day variations without509

forcing the EFW/EMFISIS ratio to a value of one each individual day. The obvious con-510

sequence of this approach is that we do not remove shorter-term variations of a few days511

to weeks (all variations over periods longer than one day were removed in Figure 5). It512

is possible, if not even likely, that spacecraft attitude changes relative to the Sun direc-513

tion cause variations remaining in Figure 8 after adjusting with the spline fit (blue and514

orange dots). The Van Allen Probes spacecraft reorient every � 3 weeks to maintain515

optimum illumination of the solar panels. Between these periodic reorientations the Sun516

slowly drifts relative to the spacecraft spin axis, leading to a slowly varying illumination517

of the spacecraft and the electric field probes. UV illumination impacts the spacecraft518

potential, therefore we can expect an effect on the density measurements. Figures 7 and519

8 show patterns we can interpret as signatures of such effects. However, Figure 8 shows520

that any possible effect on density is less than a factor of two, i.e., not larger than other521

effects that impact the interpretation of the spacecraft potential. To evaluate the over-522

all success of the procedure, we compare the results of Figure 8 with Figure 3. As de-523

sired, the fit-adjusted data stay close to EFW-EMFISIS parity for the whole time pe-524
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riod. We have successfully removed the larger deviations starting late 2014. Short-term525

scatter remains, additional fitting could help reduce this scatter.526

We purposefully devised a calibration approach that does not require detailed knowl-527

edge of spacecraft operations. Only potential-derived and upper hybrid resonance-derived528

densities are needed. We accept that possible attitude-driven variations in the EFW/EMFISIS529

ratio are not being removed by our approach. To do so requires short-term fits, taking530

the details of mission operations into account. However, our approach is intended to be531

both straightforward and not mission specific. It can be applied to any in situ mission532

as long as those two data products are available and a comparable behavior is observed.533

Our approach also has the significant advantage that, throughout the mission, we can534

adjust all potential-derived density data even if there are no concurrent wave-derived den-535

sity data available. The spline fit is valid for times when sufficient wave-density data are536

available to provide a credible interpolation. Our fitting indicates that an EMFISIS cal-537

ibration data set covering several orbits within a week every one to two months suffices538

to capture the systematic variations we seek to remove. For the Van Allen Probes this539

becomes an issue in late 2015 and early 2016, when the EMFISIS data for spacecraft B540

become very sporadic. Even worse, the overall spacecraft B EFW density trend deviates541

significantly from spacecraft A. We can still perform a spline fit, but we cannot be cer-542

tain that these data points reflect the overall behavior of spacecraft B data properly.543

In a final step, we revisit the point-by-point comparison of EFW and EMFISIS den-544

sity data, but now after applying our calibration and fitting. Figure 9 shows the results545

separately for spacecraft A and B, using the same format as before. We again use all EFW546

data for which simultaneous EMFISIS data are available. The only selection criterion547

we applied is to restrict the analysis to EFW potentials between 0 and +5 Volts. As dis-548

cussed before, parity between the EFW and EMFISIS densities would show an accurate549

density measurement provided by EFW. Figure 9 shows excellent agreement between both550

density measurements. For all densities, the peak of the distribution closely aligns with551

the parity diagonal. Most data lie within a factor of 2 (i.e., between the 50% and 200%552

level) of the parity line. This is a marked improvement especially for spacecraft A, where553

EFW data often underestimated the actual density (see Figure 4 for comparison). Note554

that applying our calibration results in some density values dropping below 10 cm�3 or555

reaching above 3000 cm�3.556

–18–



manuscript submitted to JGR-Space Physics

The scatter in this final analysis is larger than for the case of our daily ad hoc cor-557

rections (Figure 5). We should expect this for two reasons:558

1. We applied no selection criterion beyond the requirement that the spacecraft po-559

tential should lie between 0 and 5 Volts. EFW public release density data are sub-560

ject to a broader set of selection criteria for spacecraft potential measurements,561

removing more data and resulting in a smaller data set. This results in additional562

data gaps visible when plotting multiple consecutive orbits of EFW data. Our anal-563

ysis in Figure 9 shows that this philosophy is likely too restrictive. There are only564

two areas where our custom density deviates significantly from parity: (1) at den-565

sities below 20 cm�3, where we already know EFW systematically overestimates566

density because of the increasing influence of local plasma effects, and (2) at the567

highest corrected densities, where we see a small cluster of significant density over-568

estimates compared to EMFISIS (spacecraft A only; this occurs at corrected EFW569

densities > 3500 cm�3 that exceed the maximum reported public release EFW570

density of 3000 cm�3). We can easily exclude both cases from any further anal-571

yses by restricting the useable EFW density range to 20 � 3000 cm�3 after our572

calibration, although it is not clear why the high density effect only appears in space-573

craft A. This is possibly an artifact of our correction: we note that the EMFISIS574

density range also stops at 3000 cm�3.575

2. We have not attempted to remove short-term variations. Some patterns visible576

in Figures 7 and 8 likely show the effect of the changing angle with which the Sun577

illuminates the spacecraft and the field probes. In principle we can address this578

effect, especially when considering the details of the spacecraft attitude time his-579

tory. However, we have not done so because (1) these variations are secondary,580

with much smaller amplitudes than the variations caused by orbit precession, (2)581

they have the shape of sawteeth rather than that of smooth changes, thus requir-582

ing a different functional approach to fitting, and (3) we desire a straightforward583

and reproducible approach that does not require special data or knowledge of the584

mission. Also, fitting these secondary variations simultaneously with the primary585

variations risks overfitting, and it is more susceptible to gaps in the EMFISIS data.586

In summary, our straightforward approach to deriving EFW density data through587

a combination of a mission-long voltage-density calibration combined with long-term spline588
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fitting is successful in creating a density data product that varies at most a factor of two589

from the upper hybrid resonance-based reference values.590

3 Summary and Conclusions591

Measuring plasma density especially in the presence of cold (few eV) particles is592

challenging. Total plasma density measurements based on the upper hybrid frequency593

provide high accuracy and sufficient resolution. However, deriving density from these wave594

observations is challenging and resource intensive, and during more geomagnetically ac-595

tive times may become impossible because of changes in the wave environment. The al-596

ternative method of deriving density from spacecraft charging is much simpler, provides597

a higher resolution, and has usually a high duty cycle. However, multiple effects can change598

the spacecraft potential independent of the density, making this measurement inherently599

more uncertain. Also, to convert spacecraft potential into plasma density requires that600

an independent measurement of density is available to calibrate the spacecraft poten-601

tial calculation. In this paper we investigated the amount of variability we should ex-602

pect from spacecraft potential derived densities, followed by applying an alternative method603

to calculate these density values to improve on existing discrepancies of public release604

density data.605

1. We first investigated the relationship between plasma density derived from Van606

Allen Probes EMFISIS upper hybrid resonance wave observations and Van Allen607

Probes EFW measurements of the spacecraft potential. We showed that during608

the early parts of the mission there was good agreement between both methods.609

However, starting in the second half of 2014 EFW densities started to diverge be-610

tween spacecraft, and then diverge from EMFISIS starting in 2015 by dropping611

permanently compared to upper hybrid-derived densities. We note that EFW den-612

sity calculations rely on a set of calibrations performed during the mission. Each613

calibration comprises 8 consecutive orbits (equivalent to three days of data) when614

the EMFISIS density is correlated with the EFW spacecraft potential. The result-615

ing relationship is then carried forward until the next calibration 6–8 weeks away.616

The differences between EFW and EMFISIS are possibly caused primarily by a617

lack of calibration updates after 2014, as evidenced by the similarities of large-amplitude618

variations between Figures 3 and 7 starting in 2015. It is further possible that some619
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degradation within EFW after several years on orbit could explain the differences620

between spacecraft A and B.621

2. We next determined the general uncertainty of the EFW density by forcing the622

daily median of the EFW to EMFISIS ratio to be one. This removes any long-term623

trends and drifts in the data and captures the difference between the two tech-624

niques per 24 hours (the Van Allen Probes spacecraft orbit period is 9 hours). We625

determined that EFW densities deviate less than a factor of two from EMFISIS626

densities in this case. This provides a measure of the combined effect of all short-627

term influences on the spacecraft potential not related to density itself.628

3. We next executed an alternative approach to calculating EFW densities. We re-629

placed the “point-wise” potential–density calibration with a mission-long single630

voltage–density relationship, followed by removing long-term trends in the EFW631

data using spline fits. We executed this approach for each spacecraft separately.632

We provide the numerical fit results in this paper. This approach was chosen be-633

cause it quantifies the long-term variability of the EFW densities prior to calibra-634

tion, it removes data gaps in the public release EFW density data, and it provides635

a method that can be used on other missions.636

4. Applying a mission-long voltage–density calibration only we find that there are637

significant variations of the EFW density (as measured by the daily median of the638

EFW to EMFISIS ratio) that occur as a function of the precession of the Van Allen639

Probes orbit around Earth. The EFW density can differ by up to a factor of 4 from640

the EMFISIS density, which is larger than the intrinsic uncertainty of EFW den-641

sity values.642

5. To remove long-term EFW density variations we apply a B-spline fit to the data643

and correct all EFW data (each individual data point separately). We show that644

the resulting day-to-day variability of EFW (again measured as EFW to EMFI-645

SIS ratio) lies well within a factor of two. We include the results of our B-spline646

fit in an electronic supplement.647

6. We investigate how our alternative approach performs on a point-by-point basis648

compared to the public release EFW density data and the short-term variation649

only data (with forced daily parity between EFW and EMFISIS densities). We650

show that our custom EFW density data follow the EMFISIS densities closely, and651

that the uncertainty is typically less than a factor of two. This is a significant im-652
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provement over public release density data, especially for spacecraft A. We note653

that during geomagnetically active times the amount of UHR-derived densities is654

limited, which makes it difficult to ascertain the uncertainty of the EFW-based655

measurements during those time periods.656

7. We show that there are two density regimes where our approach shows a system-657

atic deviation from true density values: for EFW densities below 20 cm�3 and above658

3000 cm�3. The low density deviation is not unexpected since multiple effects cause659

EFW to overestimate plasma densities in the low density limit. For the highest660

densities this is possibly an artefact of our correction, or it is caused by the fact661

that the EMFISIS maximum density is 3000 cm�3. The number of EFW density662

measurements falling above 3000 cm�3 after our calibration is small, so this is ul-663

timately of no concern.664

8. We also show that special care was unnecessary when selecting data for this ap-665

proach. Aside from restricting the voltages to a range excluding particle-induced666

high charging events and eclipses, no additional filtering of the data was neces-667

sary to keep the uncertainties within a factor of two. We can filter out the edge668

cases of the lowest and highest densities after the fact, as needed.669

9. Our calibration approach is straightforward and can easily be automated. It only670

requires spacecraft potential and reference density measurements. If those mea-671

surements are available (e.g., Polar, Cluster, MMS), an implementation requires672

no special software or special knowledge about a mission or its instruments to ex-673

ecute our approach. Public availability of the data may depend on the data pol-674

icy of each individual mission and funding agency. Although the method itself is675

generic, the spacecraft potential–density relationship and its temporal variations676

need to be established anew for each mission. The analysis results we presented677

here are therefore specific to the Van Allen Probes. Orbit and attitude effects to-678

gether with solar cycle effects and the specifics of the spacecraft (materials, illu-679

minations, geometry etc.) will impact the details of the voltage–density relation-680

ship, making them unique to each mission.681

10. All analyses presented here include all EMFISIS density data available through682

early 2016. However, during geomagnetically disturbed times identification of the683

upper hybrid resonance line or the lower frequency cutoff of trapped continuum684

radiation can become difficult to impossible, significantly limiting the amount of685
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EMFISIS density data during those times. As a result, while we can still calcu-686

late EFW densities during those times (our calibration is smooth and continuous),687

the uncertainties during disturbed times should be expected to be higher. Unfor-688

tunately, whenever we lack EMFISIS data, we cannot provide a measure of un-689

certainty for the EFW data. This does not prevent the analysis of storm-time in-690

tervals, but this limitation should be recognized.691

In summary, we present an easy-to-implement approach of converting spacecraft poten-692

tial measurements into total plasma density measurements such that the remaining un-693

certainties typically do not exceed a factor of two. Our approach requires no special tools694

or knowledge and can be implemented with public data alone. We note that our method695

needs to be applied to the EFW spacecraft potential data, not the EFW density data.696

With this calibration it becomes possible to combine wave- and potential-derived den-697

sities into one combined data product. This also paves the way for including particle-698

based measurements. The Van Allen Probes HOPE plasma instrument (Funsten et al.,699

2013) measures protons, helium and oxygen ions from 1 eV above spacecraft potential700

to 50 keV. A positively charged sunlit spacecraft repels cold ions, so it is usually not pos-701

sible for particle counting instruments to determine the cold plasma density. By com-702

bining our approach presented here with the species-resolved measurements from HOPE703

it will be possible to gain a better understanding of the composition of cold plasma in704

the plasmasphere and adjacent regions.705
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Table 1. Fit coefficients for dual exponential: a exp(�b �) + c exp(�d �)

Spacecraft a (cm�3) b (V�1) c (cm�3) d (V�1)

A 13047 � 521 4:03 � 0:12 399:8 � 88:5 0:85 � 0:10

B 6503 � 212 3:92 � 0:17 312 � 115 0:82 � 0:19
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Figure 1. We show two passes of the Van Allen Probes A spacecraft through the plasmas-

phere and adjacent regions. We display total electron density based on EMFISIS upper hybrid

resonance (nUHR, green) and on EFW spacecraft potential measurements (n�, black), plotted in

(a) and (b). Both passages in May (left) and October (right) 2013 show an exponential density

falloff with distance, and a separation between the high density plasmasphere (left) and the low

density region outside of the plasmasphere (right). The central panels (c, d) show the measured

spacecraft potential, which is inversely (but nonlinearly) proportional to the total density. The

lower panels (e, f) show the distribution of proton plasma across the whole energy range mea-

sured by the HOPE instrument from 1 eV above the spacecraft potential to 50 keV, depicted

as number flux. We observe the higher energy portion of the plasmasphere particle distribution

(below 10 eV) that is not rejected by the spacecraft potential. This is clearly the case before

12:00 UT on 05/05 and before 07:30 UT on 10/31, when the EMFISIS and EFW data indicate

we are in the main plasmasphere. Warmer plasmas above 10 eV (with much lower number fluxes)

appear near the edge and outside of the plasmasphere.
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Figure 2. To determine total plasma (electron) density using the measured spacecraft poten-

tial � SC , we need to establish the quantitative relationship between density and potential. We

do this via a non-linear n{ � SC calibration function derived from absolute density measurements

using the upper hybrid resonance frequency from EMFISIS wave data. During the Van Allen

Probes mission, this relationship is not constant, as seen by the collection of di�erent n{ � SC

calibration curves determined during 2012{2016. Shown are n{ � SC curves every two months (if

EMFISIS data were available), obtained by �tting a dual-exponential to the data in that month

(as described later in the paper). Dates are provided as year-month (i.e., YYYY/MM).
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Figure 3. We show the daily median density ratio of EFW/EMFISIS, separately for both

spacecraft in red (A) and black (B), expressed as the daily median ratio of EFW densities as a

percentage of EMFISIS densities. We mark the 200%, 50%, and 25% levels to mark variations

by a factor of 2 or 4, respectively, showing density overestimates (> 100%) and underestimates

(< 100%) by EFW. Starting in 2015, both spacecraft show a signi�cant and prolonged drop of

potential-derived densities. Displayed are all days of the mission when EMFISIS UHR density

data are presently available.

{27{



manuscript submitted to JGR-Space Physics

Figure 4. Histograms show EFW densities as a function of EMFISIS densities using all avail-

able concurrent EFW{EMFISIS measurements (October 2012 through February 2016), separately

for spacecraft A (left) and B (right). The black dashed diagonal lines marks parity between the

two measurements. We mark the 50% and 200% level, respectively, with blue dashed lines. An

emerging tail of large EFW density overestimates shows that potential-derived densities become

unreliable at low densities (below � 20 cm� 3) because of various plasma e�ects.
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Figure 5. Here we show histograms of EFW densities as a function of EMFISIS densities

in the same format as in Figure 4 (for October 2012 through February 2016), but after having

EFW data corrected such that the daily median of the EFW to EMFISIS ration equates to one.

This tightens the distribution; remaining scatter in the histograms results from plasma e�ects,

short-term variations, and instrumental e�ects (e.g., varying probe and spacecraft illumination;

variations in plasma temperature). These short-term e�ects and instrument uncertainties con-

tribute less than a factor of 2 to the variation of the potential-derived density measurements

when compared to the EMFISIS ground truth.
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