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Shorting Factor In-Flight Calibration for the Van Allen Probes DC
Electric Field Measurements in the Earth’s Plasmasphere

Soléne Lejosnel and F. S. Mozer?
1Space Sciences Laboratory, University of California, Berkeley, CA, 94720

Abstract

Satellite-based direct electric field measurements deliver crucial information for space science
studies. Yet, they require meticulous design and calibration. In-flight calibration of double-probe
instruments is usually presented in the most common case of tenuous plasmas, where the presence
of an electrostatic structure surrounding the charged spacecraft alters the geophysical electric field
measurements. To account for this effect and the uncertainty in the boom length, the measured
electric field is multiplied by a parameter called the shorting factor (sf ). In the plasmasphere, the
Debye length is very small in comparison with spacecraft dimension and there is no shorting of the
electric field measurements (s¢ = 1). However, the electric field induced by spacecraft motion
greatly exceeds any geophysical electric field of interest in the plasmasphere. Thus, the highest
level of accuracy in calibration is required.

The objective of this work is to discuss the accuracy of the setting S¢ =1 and therefore to examine
the accuracy of Van Allen Probes electric field measurements below L = 2. We introduce a method
to determine the shorting factor near perigee. It relies on the idea that the value of the geophysical
electric field measured in the Earth’s rotating frame of reference is independent of whether the
spacecraft is approaching perigee or past perigee, i.e. it is independent of spacecraft velocity. We
obtain that S¢ =0.994 + 0.001. The resulting margins of errors in individual electric drift
measurements are of the order of + 0.1% of spacecraft velocity (a few meters per second).

Plain Language Summary

Large-scale electric fields are naturally present in space. They are key to understanding plasma
dynamics. Yet, they are notoriously difficult to measure directly. In-situ electric field
measurements are especially challenging very close to Earth, when spacecraft pass through
perigee with maximum velocity in a strong magnetic field. The field instruments onboard the Van
Allen Probes are the first to be accurate enough to measure the geophysical electric field around
magnetic equator, even below 3 Earth radii. In this work, we introduce a method to calibrate the
data and to determine the margins of errors for the Van Allen Probes electric drift measurements in
the Earth’s plasmasphere. The corresponding margins of errors are remarkably small (< 10 m/s for
each individual electric drift measurement). Therefore, this work further demonstrates the ability
of Van Allen Probes instruments to resolve small variations in the geophysical electric drift, even
very close to Earth. It is the first time that the calibration of near perigee DC electric field
measurements is discussed. Such method could potentially be transposed to other missions and
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other sets of satellite-based electric field measurements to further advance our understanding of
transport and energization in space plasmas.

1. Introduction

Double-probe instruments are the most popular way to perform direct measurements of low
frequency and direct-current (DC) electric fields in space plasmas. Double probes have
flown on a number of rockets, balloons and satellites, including the S3-3 satellite (Mozer et
al, 1977), the Combined Release and Radiation Effects Satellite CRRES (Wygant et al.,
1992), the Cluster spacecraft (Gustafsson et al., 1997), the Fast Auroral Snapshot Explorer
(Ergun et al., 2001), the Time History of Events and Macroscale Interactions during
Substorms mission (THEMIS) (Bonnell et al., 2008), the Van Allen Probes (Wygant et al.,
2013), and the Magnetospheric Multiscale Mission MMS (Lindgvist et al., 2016).

The double-probe technique consists of inferring the geophysical electric field by measuring
the potential difference between two separated conductors located at opposite ends of long
wire booms, and dividing the potential difference by the distance between the conductors.
The long wire booms are held straight by the centrifugal forces in the spacecraft spin plane.
The validity and the accuracy of these measurements require meticulous care and sustained
attention during mission design, instrument design, data collection, and data analysis (e.g.,
Mozer, 2016). In-flight calibration of DC and low-frequency electric field measurements is
usually discussed in the case of tenuous plasmas, because spacecraft mostly operate in this
condition. Different problems alter or even completely prevent electric field measurements
in tenuous magnetospheric plasmas, where the electron density can be as low as 10% — 10°
m3 (e.g., Engwall et al., 2006; Mozer, 2016; Pedersen et al., 2013). In particular, the
electrostatic structure associated with the spacecraft and the long wire booms interfere with
the ambient geophysical electric field (Fahleson, 1967; Mozer, 1978). To tackle this
difficulty, electric field measurements are multiplied by a parameter called the shorting
factor (sf). This coefficient depends on a multitude of parameters such as spacecraft boom
length, geometry of the surfaces near the contact sphere, Debye length, etc.

Shorting factors ranging from approximately 0.5 to 2 have been derived for different
missions. The estimates were based on numerical simulations (e.g., Cully et al., 2007) and/or
empirical comparisons between direct electric field measurements and theoretical or
experimental estimates (e.g., Califf & Cully, 2016; Khotyaintsev et al., 2014; Pedersen et al.
1984). As plasma density increases and the Debye length decreases, the amplitude of the
shorting factor should approach 1 (sf = 1 if the boom length is accurately known).

The electric field measured by the double-probe instrument is in the reference frame moving
with the spacecraft. However, the electric field induced by spacecraft motion in the ambient
magnetic field is non-interesting in itself. It needs to be subtracted from the raw electric field
measurement to estimate the geophysical electric field in a frame of reference fixed to the
stars. In the case of the Van Allen Probes, the spacecraft velocity is of the order of 8 km/s
around L = 1.4. On the other hand, the geophysical electric drift due to Earth’s corotation is
of the order of 0.6 km/s close to L = 1.4. This means that more than 90% of the electric field
measured is due to spacecraft motion at low L. Most interestingly, the deviations from
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corotation that are naturally occurring at low L values can be of the order of 100 m/s or less
in the Earth’s rotating frame of reference (e.g., Richmond et al., 1980). This means that we
need to achieve the highest level of accuracy in determining the shorting factor in order to
obtain the most accurate in-situ measurements of the geophysical DC electric fields naturally
present in the Earth’s plasmasphere.

The objective of this work is to test the accuracy of the assumption s¢ =1 for the Van Allen
Probes electric field measurements and to quantify the resulting margins of errors. General
results on double-probe DC electric field measurements are introduced Section 2. They show
how inaccurate settings of the shorting factor impact empirical estimates of the geophysical
electric field. The method to determine Van Allen Probes shorting factors s¢ is presented
Section 3, together with a discussion of the results.

2. Theoretical Framework for In-Flight Calibration of Near Perigee DC
Electric Field Measurements

This section introduces two theoretical results regarding DC electric field measurements.
The first result shows how different experimental estimates for the geophysical DC electric
field can be obtained when the experimenter postulates different shorting factors. The
second result emphasizes the difference that exists between the experimental estimate of the
geophysical DC electric field and the true geophysical DC electric field when the shorting
factor is not well calibrated. Both formulas will be applied in Section 3.

2.1. Relationship between measured DC electric field, geophysical DC electric field,
spacecraft motion induced electric field and true shorting factor

The DC electric field measured by a double-probe instrument E, multiplied by the
appropriate value for the shorting factor s ; is the sum of (a) the true geophysical DC electric
field of interest E;, in an inertial frame of reference fixed to the stars, and (b) the electric
field induced by the spacecraft motion in the ambient magnetic field B at velocity V. (given
in the same inertial reference frame):

SpiEm =B+ Ve xB (D)

where s ; indicates the appropriate (ideal) value for the shorting factor s¢. In practice, the
appropriate value for the shorting factor s¢; depends on many parameters. So, s is the
unknown to determine. The spacecraft velocity Vg and the ambient magnetic field B are
assumed to be known exactly.

2.2. The experimental estimate of the geophysical electric field depends on the shorting
factor value postulated by the experimenter

If an experimenter sets a shorting factor value equal to ¢ exp1, the geophysical electric field
estimated by the first experiment Eeyp 1 i:
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E 57 oxplBm — Ve XB (2)

exp,1

If the shorting factor is set to a different value sfexpo ( #Stexp1 ), the electric field obtained in
that case Eexp 2 is also different (Eexp 2 # Eexp,1):

E 57 oxp2Pm — Ve X B (3)

exp, 2 =

Result 1: If Egyp 1 is known for a given shorting factor value st exp1, 0ne can deduce the
experimental value Eeyp » for any other shorting factor value st expp, provided that the
spacecraft velocity V. and the ambient magnetic field B are known.

Proof 1: The relationship between Eeyp 1, Eexp,2 and Ve x B can be found by combining
equations (2) and (3).

S
_ °f,exp2
Eppr =< (Eml +V, X B) ~V,.xB (4
f,expl
Thus:
S S -S
_ Mf,exp2 f, exp2 f,expl
Eexp,2 - S Eexp,l + S Vsc X B (5)
f, expl f,expl

Reformulated in terms of electric drift Vy = (Ey x B)/B2, the equation (5) becomes:

S S —s

__ Mf,exp2 f,expl f, exp2

Vexp,Z - 7S Vexp,l + S Vsc, L (6)
f,expl f,expl

where Vg L = Vge — (Vg B)B/B2 corresponds to the spacecraft velocity perpendicular to the
magnetic field direction.

The objective is then to find the optimal value for the shorting factor so that the experimental
electric fiel d obtained is the true geophysical electric field of interest: Eexp = E;.

2.3. The difference between the experimental estimate of the geophysical electric field
and the true geophysical electric field depends on the difference between the shorting
factor set by the experimenter and the shorting factor true value

Result 2: The experimental electric field Eex, equals the true geophysical electric field of
interest E; if and only if the shorting factor is equal to its appropriate value (St,exp = Sfi)- The
difference between the experimental electric field Eexp and the true electric field of interest
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E; depends on (a) the difference between the shorting factor set by the experimenter and the
true shorting factor and (b) the amplitude of the spacecraft velocity perpendicular to
magnetic field direction at the time of measurement.

Proof 2: Combining equations (1) and (2), one obtains that:

S S — S,
_ ( f,exp)E. + ( f.exp t,1)VSc <B (7)

ex 1
P St St.i

In terms of electric drift, the equation (7) becomes:

5£.i " Sfiexp
S "~
fri

vV, +

Sf,exp
= ( Vsc, 1 (8)

S¢j

exp

2.4. Conservation by change of reference frame and projection to the magnetic equator

Both results provided equations (6) and (8) can be transposed to the corotating frame of
reference. This is done by subtracting the corotation velocity perpendicular to the magnetic
field direction U to both sides of the equal sign. For instance, with equation (8), we obtain
that:

Se. —§ Se.—S +S
fi f.exp fi f.exp f.exp
)VSC L ( St U ©
i

whereU | = (Qp xr) - ((Q xr)- B)B/B2 is the projection of the corotational motion Qg x r

in a direction perpendicular to the magnetic field B at the location r, and Qg the Earth’s
rotation vector. Thus:

Sf,‘ - Sf,
1 exp)(vsc’ |- UJ_) (10)

_ Sf,exp
(Vexp - UJ_) - (S_f])(Vl - U_L) + S

With wy,= Vy — U the velocities in the corotating frame of reference, we obtain that:

Se:— S
fii “f,exp
" )msc,l (12)

S,
f
:( CXP (l)l-+

S¢ i

D P

This vector relationship can be projected in both radial and azimuthal directions in the plane
perpendicular to the magnetic field direction. These equations can also be projected to the
magnetic equator assuming equipotential field lines. Let us define Wy the electric drift at the
minimum-B locus of the equipotential field line that intersects spacecraft location. In the
following, we show that there is a proportional relationship between Wj and w;. Thus:
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S
_ [ “fexp
Wexp = ( W, +

S

Se.— S
f,i f,exp
- )wsc, L 1

Proof: With wj , and wj 4, the radial and the azimuthal components of the geophysical
electric drift co; at spacecraft location, and W; , and Wi , the radial and the azimuthal
components of the geophysical electric drift projected at the minimum-B locus of the same
equipotential field line Wj, and we have indeed that:

W, ,=Ro,, (13)

Wi, =Fo,

where R and F are amplification factors. These proportional relationships can be derived
applying Faraday’s law on closed infinitesimal loops connecting spacecraft location and
magnetic equator (Lejosne & Mozer, 2016a, 2016b; Mozer, 1970). In the case of a dipole
magnetic field:

[ 2
R = 1+ 3cos“@ (14)

sin’0

where 0 is the magnetic colatitude of the measurement. The amplification factors of F and R
are between 1 and 1.5 for magnetic latitudes between —20° and +20°. In the most general
case, R and F can be computed numerically assuming any numerical magnetic field model.

Thus, equation (12) is obtained by multiplying both sides of the vector relationship equation

(11) by the 2x2 matrix M = [g OF]:

Sf,l Sf,exp )M
St.i

w . ()
exp, i, sc, L,
vl ol p

= (Sf’ﬂ)M w (15)

Se X
fi wl,w

Dexp, ¢ Dge, L,

2.5. First quantification of the margins of error based on Van Allen Probes ephemeris

Figure 1 represents the spacecraft velocity ws, | in the plane perpendicular to the magnetic
field direction in the corotating frame of reference in both () radial and (b) azimuthal
directions near perigee. The radial component of wg¢ | ranges between — 4 km/s and + 4
km/s below L = 2. It is negative during inbound passes and positive during outbound passes.
The azimuthal component of wsc ; is always positive (i.e., eastward) and it is of the order of
5to 10 km/s. This magnitude is about 10 to 100 times greater than the natural deviations
from corotation for the geophysical field of interest c; (typically of the order of 1072 to 1072
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km/s (e.g. Richmond et al., 1980; see also Lejosne & Mozer, 2016a)). Thus, according to
(equation 11), any small inaccuracy in the value set for the shorting factor can lead to
significant inaccuracies in the resulting weyp.

For instance, let us assume 10% of error in the value of the shorting factor: s¢; = 1 while the
experimenter chooses to set s¢ gxp = 1.1. With w;j , = 0.1 km/s, and wsc, 1 o = 5 km/s, one
obtains from equation (11) that weyp = 0.6 km/s, and weyp/wj = 6. Therefore, even a small
error for the shorting factor value has a serious impact on the accuracy of the geophysical
electric field measurements.

3. Method to Determine the Amplitude of the Shorting Factor for the Van

Allen Probes Near Perigee DC Electric Field Measurements

3.1. Database of electric drift measurements 0?

The electric drift database corresponds to spin-averaged (~ 12 s) magnetic (Kletzing et al.,
2013) and electric (Wygant et al., 2013) field measurements collected by Van Allen Probes
A and B between October 1, 2012 and December 31, 2014. This time interval corresponds to
the prime phase of the mission, i.e., a time during which the best quality measurements were
recorded in a sufficient number to carry the proposed analysis. The Van Allen Probes have
an apogee at 5.8 Earth radii, a perigee around 1,000 km, a period of 9 hr and an inclination
of 10°. Spacecraft apogees drift slowly so that it takes a bit less than two years to scan all
local time sectors.

To obtain reliable electric drift measurements, a slight ( < 1°) misalignment in the
magnetometer axes for both spacecraft was corrected (Lejosne & Mozer, 2016a). In
addition, the data from the short-axis electric field antenna was replaced by the assumption
that the parallel electric field is zero, because of the plasma’s high conductivity parallel to
magnetic field lines. Measurements collected during or just after spacecraft maneuvers were
discarded. When processing the database, we assumed that the boom length was accurately
known (St exp = 1).

The different estimates for the geophysical electric field (obtained assuming different values
for the shorting factor sf exp) were deduced from the combination of database values (Sfexp =
1) and spacecraft velocities (following equation 6). In the remainder, the measurements
discussed are in the Earth’s corotating frame of reference, and after projection to the
magnetic equator assuming equipotential field lines.

3.2. lllustration to Introduce the Method for In-flight Calibration of the Shorting Factor
Near Perigee

Figure 2 presents experimental estimations of the natural deviation from corotation, in both
radial (Figure 2a) and azimuthal (Figure 2b) directions, based on Van Allen Probes A DC
electric field measurements. The different estimates are presented for different experimental
values of the shorting factor (st exp = [0.95; 1.00; 1.05]). To reduce the variability of the
quantity estimated (W;), we restricted the database to measurements during quiet
geomagnetic times (Kp < 3), at equinox, around L = 1.5 (+/- 0.1) and MLT = 3h (+/- 0.5).

Earth Space Sci. Author manuscript; available in PMC 2019 May 10.
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For each component and for each shorting factor, a linear least square interpolation was
performed. Each linear fit is represented by a dashed line Figure 2.

For each of the three values assumed for the shorting factor (s exp = [0.95; 1.00; 1.05]), there
is a correlation between the spacecraft velocity W | and the experimental estimates for the
natural deviation from corotation at magnetic equator Weyp. For s exp = 0.95, the correlation
is positive (the slopes of the linear fits are positive for st ex, = 0.95 Figure 2, with a value of
0.0471 +/-0.0003 in the radial direction and 0.026 +/- 0.002 in the azimuthal direction).
For sfexp = 1.00 and s exp = 1.05, the correlation is negative (the slopes of the linear fits are
negative Figure 2. For sgexp = 1.00, they are equal to —0.0030 +/- 0.0003 in the radial
direction and —0.025 +/- 0.002 in the azimuthal direction. For sfexp = 1.05, they are equal to
-0.0532 +/- 0.0003 in the radial direction and —0.077 +/- 0.002 in the azimuthal direction.).
This correlation between Wge | and Weyp provides information on the appropriate value for
the shorting factor sg,j. If sfj << Sfexp, We have indeed that

Wep= — (sf, xS, l.)(Wsc’ LWy (sﬂ xS, i)Wsc’ | (equation 12). Thus, Weyp, is
negatively correlated to Wsc | When sg exp is greater than s¢ . Similarly, if s¢j << sfexp,
Wexp~Wsc, L- Wexp is positively correlated to W | when st ey is smaller than sgj. When
St.exp = Sf,i» Wexp = Wi. The variable W;j corresponds to geophysical deviations from
corotation. These deviations are occurring naturally. They do not depend on spacecraft
velocity. In other words, W; and Wy | are statistically independent variables. Therefore,
when sg exp = Sg,j, the covariance (and thus the correlation) between Wey, = Wi and Wy |
should be 0.

With that in mind, we deduce from Figure 2 that:

1. (1) 0.95 < s¢j < 1.00 (because the correlation between Wey, and W | is
positive for sf ey = 0.95, we have 0.95 < s¢j; and because the correlation is
negative for s¢exp = 1.00, we have sgj < 1)

2. (2) st is closer to 1.00 than to 0.95 (because the amplitude of the correlation
between Wey, and W | is greater for sf ey = 0.95 than for st exy = 1.00)

Using the same subset of the database, we computed the covariance between the variables
Wexp and Wy | as a function of the value set by the experimenter for the shorting factor
St.exp- 1he results are presented Figure 3.

Figure 3 extends the results from Figure 2. For s exp = 0.95, the covariance is positive, while
for st exp = 1.00 and sfexp = 1.05 the covariance is negative. In addition, the covariance
cancels in the neighborhood of 1~ (i.e., it is zero for a value that is smaller than 1, but close
to 1.). So, the appropriate setting for the shorting factor is in the neighborhood of 1~. The
covariance cancels for slightly different values when we compare the results in the radial
direction and in the azimuthal direction. Yet, we note that the covariance varies more
dramatically with s¢ ey in the radial direction than in the azimuthal direction. This is because
the spacecraft velocity varies on a wider range in the radial direction than in the azimuthal
direction. (Because the spacecraft crossed the same (L,MLT) bin during both inbound and
outbound passes, the variance for the spacecraft velocity is greater in the radial direction
than in the azimuthal direction. See also Figure 1). Therefore, it is more accurate to analyze
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the covariance between Wey, and Wy, in the radial direction than in the azimuthal
direction to calibrate the shorting factor.

3.3. Results

We extended the method described section 3.2 to a variety of subsets of the database. We
analyzed 400 different (L,MLT) bins, covering the entire region below L=2, for different
levels of magnetic activities (Kp < 3 or Kp =3) and for different seasons. For each subset, we
recorded the value of the shorting factor that cancelled the covariance between Weyp, and
Ws. 1 in the radial direction. For each scenario, we obtained a slightly different value for
sti. (This is because the data have different noise levels, they are measured under different
magnetic activity conditions, etc.) We ordered all the possible values obtained for s¢; and we
generated a cumulative distribution function. The results are presented Figure 4 for both Van
Allen Probes A and B.

The median value for the shorting factor is 0.994 and the standard error of the mean is of
0.001 for both Van Allen Probes. Assuming that s¢; is a constant in the plasmasphere, we
obtain that s¢;j = 0.994 + 0.001. This margin of error corresponds to uncertainties that are
smaller than 10 m/s in the resulting electric drift, according to (equation 12). Because the
spacecraft have higher velocities in the azimuthal direction than in the radial direction
(Figure 1), the margins of errors in individual electric drift measurements are greater in the
azimuthal direction than in the radial direction. The margins of errors are approximately of
the order of = 3 m/s in the radial direction of the electric drift (0.001 x Wy, | = 0.001 x
3km/s) and + 6 m/s in the azimuthal direction at L=1.5.

In an independent analysis, we recorded the values of the shorting factor that would cancel
the covariance between Wey, and W | in the azimuthal direction (rather than in the radial
direction). We obtained the same resulting median value for the shorting factor, but the
resulting standard errors were two times greater. This confirms the idea that the method
proposed is most accurate when the variance of the spacecraft velocity is largest.

4. Conclusion

In this article, we have provided theoretical results in order to assess the effects of shorting
factor uncertainties when measuring geophysical DC electric fields near perigee. We have
developed a method to derive the shorting factor based on the idea that spacecraft velocity
and geophysical electric drift are statistically independent variables. The main advantage of
this approach is that it does not require theoretical preconceptions about the dynamics of the
geophysical electric drift. For Van Allen Probes measurements near perigee, we obtain a
shorting factor that is very close to 1, as expected.

The shorting factor is composed of two components: (1) the shorting of the electric field by
the conductors in the medium, and (2) uncertainty in the length of the antenna. Below L = 2,
the resultant measurement reflects more the uncertainty in the boom length than that it
represents some phenomena in the plasma (because the debye length is short enough that
item 1 is 1 at any low L value). The uncertainty in the boom length due to the stretching of
the wire by the centrifugal force, the uncertainty in the amount deployed, etc. easily
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accounts for the fact that the shorting factor differs from 1. This uncertainty does not depend
on changes in the ambient environment. That is why a constant value is assumed for the
shorting factor below L=2.

The margin of uncertainty around the shorting factor value provides an estimate for the
corresponding margin of error of the individual DC electric drift measurements. Due to the
higher spacecraft velocity in the azimuthal direction, the margin of error for the individual
DC electric drift measurements is about 2 times greater in the azimuthal direction than in the
radial direction. Assuming that the only possible source of error for the electric drift
measurements is an error in the value of the shorting factor, the amplitude of the margin of
error obtained is remarkably small: of the order of a few meters per second only. A more
detailed error budget requires the quantification of other factors of uncertainty in electric
drift measurements (such as the uncertainty introduced by the assumption that the parallel
electric field is zero, uncertainties in spacecraft velocity, uncertainties in magnetic field
direction, etc.).
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. Electric field experiments require calibration of the shorting factor, a

. We present a method to determine the shorting factors of the Van Allen

. Uncertainty in individual electric drift measurements due to uncertainty in the

Key points

parameter that converts measurements into actual electric field.

Probes double-probe electric field instruments near perigee.

value of the shorting factor is smaller than 10 m/s.
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Figure 1:
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b) AZIMUTHAL
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Van Allen Probe A velocity wgc | between October 2012 and December 2014, in both (a)

radial and (b) azimuthal directions, as a function of spacecraft location (r =\/x2 +y2 + 2%,
where (X, y, 2) corresponds to GSE coordinates in units of Earth radii (Re)).

Earth Space Sci. Author manuscript; available in PMC 2019 May 10.



1duosnue Joyiny VSN 1duosnuey Joyiny YSYN

1duosnue Joyiny VSN

Lejosne and Mozer

Page 14

a) RADIAL b) AZIMUTHAL
.......... kil N i e, Bt e s o
Steqp =0-95 Step =1-00 Stexp = 1.05 St =0.95 Stexp =1-00 Stexp = 1.05
0.5 0.5
T""! —"-“.
é 0.0 §, 0.0
= =
-0.5F 1 -0.5
| RB A, L =15 MLT = 3, Kp < 3, Equinox RB A, L = 15 MLT = 3, Kp < 3, Equinox
I S S A S S N AN T ST T TN N T A T T S N T T T AR S T ST U (T Y N I ) N (N A SO O G |
-6 —4 =2 0 2 4 6 0 2 4 6 8 10
wsc..(km'sll) Wult(km‘s“)
Figure 2:

(a) Radial and (b) azimuthal components of the experimental estimates for the natural
deviation from corotation at magnetic equator Wey, for a shorting factor set to 0.95 (black),
1.00 (blue) and 1.05 (red) based on Van Allen Probes A DC electric field measurements. The
data is represented as a function of spacecraft velocity W | . To reduce the natural
variations of the quantity estimated (W;), the database is restricted to measurements during
equinox and quiet times (Kp < 3), at a given location: L =1.5 (+/- 0.1) and MLT = 3h (+/

- 0.5). The dashes lines represent the results of the least squares linear regression performed
for each component and each shorting factor value.
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Figure 3:
Covariance between the empirical estimates for the geophysical electric drift Weyp, and the

spacecraft velocities Wy |, computed independently in both radial (purple) and azimuthal
(pink) directions, as a function of the value set by the experimenter for the shorting factor
Sfexp- The dataset used for this plot is the same as Figure 2 (i.e., Van Allen Probes A
measurements during equinox and quiet times (Kp <3), around a fixed L and MLT: L =1.5
(+/-0.1) and MLT = 3h (+/- 0.5))
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Figure 4:
Cumulative distribution function (CDF) for the appropriate value of the shorting factor s

for Van Allen Probes A (RB A, in purple) and Van Allen Probes B (RB B, in pink). The
median value for s¢ is 0.994, and the standard error of the mean is of 0.001.
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