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Abstract. The Time History of Events and Macroscale In-
teractions during Substorms (THEMIS) mission investigates
the coupling between the solar wind and Earth’s magneto-
sphere using five identical spinning spacecraft. Each space-
craft rotates at a predefined rate to stabilize it and carries
a suite of instruments, including a fluxgate magnetometer
(FGM) that measures the three-dimensional magnetic field.
Since 24 May 2024, the FGM on board THEMIS E has no
longer recorded the magnetic field component along the spin
axis, while the two components approximately within the
spin plane remain fully available.

We present a method to reconstruct the missing magnetic
field component using data from these two remaining com-
ponents together with the spacecraft spin, yielding full three-
component magnetic field vectors at spin period cadence and
with an effective bandwidth of 1/60Hz. The approach was
validated using original THEMIS E data from 2017 to 2020,
when all three sensor components were available. We fur-
ther estimated the reconstruction noise floor, indicating that
the method is unlikely to be limited by sensor noise. These
results demonstrate that on a spinning spacecraft, two com-
ponents whose sensor axes lie close to, but not exactly in,
the spin plane are sufficient to reconstruct three-dimensional
magnetic field vectors, allowing continued magnetospheric
observations despite the loss of one sensor component.

1 Introduction

Continuous and accurately calibrated magnetic field mea-
surements are essential to study the large-scale interaction
between the solar wind and Earth’s magnetosphere. Mag-

netometers onboard spacecraft provide these observations
and are therefore fundamental for investigating the coupling
between interplanetary and terrestrial magnetic fields (e.g.,
Balogh, 2010).

The Time History of Events and Macroscale Interactions
during Substorms (THEMIS) mission (Angelopoulos, 2008)
is designed to study these large-scale interactions and con-
sists of five identical spacecraft, each equipped with a flux-
gate magnetometer (FGM, Auster et al., 2008). The space-
craft spin at a predefined rate denoted as Tpin (R 3—45s) to
stabilize them. The FGM is designed to measure low mag-
netic fields present in the solar wind as well as the ambi-
ent terrestrial magnetic field in close proximity to Earth in
three dimensions. One of its sensitive axes is approximately
aligned with the spin axis (hereafter referred to as the spin
axis sensor), while the other two are nearly aligned with the
spin plane (hereafter referred to as spin plane sensors), al-
though they deviate slightly from the exact spin plane orien-
tation. The three sensors are nearly, but not perfectly, orthog-
onally aligned. These deviations occur because there are no
instrument alignment requirements for the mission (Auster
et al., 2008), and the spin axis, and thus the spin plane,
changes over the course of the mission.

Careful calibration of the FGM data is required to convert
the raw magnetometer output Bg into physically meaning-
ful magnetic field measurements B (see e.g., Auster et al.,
2008; Friihauff et al., 2017; Plaschke et al., 2019). By is
recorded in the non-orthogonal sensor coordinate system that
co-rotates with the spacecraft. The complete transformation
into B involves several procedures: (1) applying gain factors
that convert the raw instrument output into physical units,
specific to each sensor axis; (2) geometrically transform-
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Figure 1. Sketch of coordinate systems: (a) actual sensor axes (in red), orthogonalized sensor axes (in blue), (b) spin axis (in black) and
rotation angles op_and op, in the sensor package system. Panel (c¢) illustrates the angles agq and gy between the spin axis and the spin
plan sensor S1 and S2. For simplicity, the angle ag3 between the spin axis sensor S3 and the spin axis is not shown. Images adapted and

modified from Plaschke et al. (2019) in courtesy of F. Plaschke.

ing the measurements from the non-orthogonal sensor co-
ordinate system into an orthogonal, spin axis aligned coor-
dinate system; and (3) subtracting offsets, which represent
non-vanishing outputs of the magnetometer in the absence of
ambient fields, originating from the instruments themselves
and from spacecraft-generated stray fields. This transforma-
tion can be expressed as:

B =C-(Bs— 0Oys), ey

where Og denotes the offset vector and C the coupling ma-
trix, which depends on three gain factors and six orientation
angles of the sensor axes. Of these, three describe the internal
sensor geometry, while the remaining three define the align-
ment between the sensor and spacecraft coordinate systems
(for details, see Sect. 2.1).

Recently, the THEMIS E spacecraft (THE) has encoun-
tered some challenges, particularly due to radiation damage
to the instrument’s Analog-to-Digital Converter (ADC). No-
tably, since 24 May 2024, at 22:54:06 UTC, no magnetic field
measurements have been obtained from the spin axis sensor.
In contrast, the two remaining spin plane sensors continue to
operate nominally.

Because the two remaining sensor axes are slightly in-
clined relative to the spin plane, the missing spin axis com-
ponent can be reconstructed from their measurements. In the
non-orthogonal sensor coordinate system, which co-rotates
with the spacecraft, the magnetic field projected onto each
spin plane sensor varies periodically as the spacecraft spins.
A magnetic field component within the spin plane therefore
appears as a sinusoidal signal, while a constant magnetic field
component along the spin axis manifests as a constant con-
tribution in the time series. This projected spin axis contri-
bution Bpsa is indistinguishable from the result of a true in-
strumental offset in the same, co-rotating coordinate system.
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Therefore, accurately determining the spin plane offsets is
crucial for reconstructing the spin axis signal.

Assuming that the spin plane offsets have been accurately
estimated, the magnitude of the magnetic field component
along the spin axis, Bsp, projected onto the axes of sen-
sors S1 and S2, can be expressed as

Bpsa = Bsa - cosa, )

where o (s or agp) is the angle between the axis of the
respective sensor and the spin axis (see Fig. 1c).

In this paper, we present a method to calculate the pro-
jected spin axis contribution and subsequently recover the
missing spin axis magnetic field component. We begin by
formulating the mathematical basis of the problem, followed
by a description of its implementation in the updated cal-
ibration process. Finally, we compare the recovered data
against measurements from 2017 to 2020, when all sensor
axes were fully operational. The three year time span was
chosen as a trade-off between instrument degradation, tem-
poral proximity to the current mission phase, and capturing
variations in the calibration parameters, thereby allowing us
to verify the recovery under different conditions (for details,
see Sect. 2.1). The approach restores the full vector mag-
netic field at spin period resolution and thereby extends the
THEMIS FGM dataset as a continuous resource for magne-
tospheric research.

2 Mathematical Background

The mathematical approach to the problem consists of two
parts. The first is the geometric transformation of the non-
orthogonal system associated with the instrument into an or-
thogonal system that is related to the reference frame of the
spinning spacecraft. It is realized in several steps, while here
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we are only interested in the directional nature of the mea-
sured output in order to obtain the angles between the sensors
and the spin axis. The second part is devoted to the conver-
sion of the two available sensor outputs into plausible records
of the magnetic field in the respective directions. Taking into
account the fact that the magnetic field oriented along the
spin axis persistently contributes to these results, it is possi-
ble to separate this component and determine it with suffi-
cient accuracy.

The orientation of the three non-orthogonal sensor axes,
S1, S2 and S3, is illustrated in red in Fig. 1a. The raw mag-
netometer output along these axes is transformed into an or-
thogonal spin axis-aligned coordinate system (x,y and z)
with physical meaningful units using the coupling matrix C
(see Eq. 1). The coupling matrix can be expressed as

C=%.X.T. G, 3

where each submatrix accounts for a specific step in the coor-
dinate transformation. We first introduce the coordinate sys-
tems and derive an expression for «, before describing the
determination of Bpsa from the spin plane measurements.

2.1 Coordinate System and Transformation Matrices

To clarify the geometry of the problem, we follow the for-
malism introduced by Plaschke et al. (2019), which builds
on Kepko et al. (1996). We adopt their notation for consis-
tency, while noting that the final implementation of our cou-
pling matrix C differs slightly in form while yielding iden-
tical results. The conversion matrix T’ transforms from the
non-orthogonal sensor axes coordinate system (red axes in
Fig. 1a) into an orthogonal sensor package coordinate sys-
tem (Py, Py and P;), represented by the blue axes in Fig. 1.
With p ; denoting the unit vector along P;, this can be written
as Eqgs. (4)—(6):

S1 =sinbs; p, +cosbsi p,, )
S2 = cos¢si28inbsz P, +singsi2sinbsz p, +cosdsz p, 5)
S3=p,, (6)
and thus
sinfs; 0 cosfs
I' = | cos¢siasinfsy singsipsinfsy  cosfsy . (D
0 0 1

The angles 651, 652, and ¢s12 define the internal geometry of
the sensor axes (see Fig. 1a). The subsequent rotation matrix
¥ aligns the sensor-package system with the spacecraft spin
axis which is represented in black in Fig. 1b:

cosop, 0 —sinop, 1 0 0
Y= 0 1 0 x |0 cosop, —sinop, |,

sinop. 0 cosop 0 sinop, cosop,
X X y y

®
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where op, and op, describe the tilt of the spin axis relative to
the sensor package coordinate system (see Fig. 1b). Finally,
the azimuthal rotation around the spin axis by the angle ¢,
(not shown in Fig. 1) is represented by

cos¢p, —sing, O
®=|sing, cos¢p, O |. ©))
0 0 1

The rotation around the spin axis arises from the mounting
orientation of the FGM on the spacecraft. The angle ¢, is re-
quired to transform the measurements from the sensor coor-
dinate system into a physically meaningful spacecraft-fixed
coordinate system, from which further transformations into
other coordinate systems, such as geocentric systems, can be
performed. Although not required for the subsequent analy-
sis, this rotation is included here to complete the description
of the coordinate transformation. In Fig. 2 we show the evo-
lution of the calibration parameters over the course of the
mission. Whereas I'(6s1, 052, ¢s12) remains nearly constant
throughout the mission for a well-constructed magnetometer
as can be seen in Fig. 2¢, f, and i, X (op, , op,) can vary over
time due to spacecraft maneuvers and gravity gradients that
alter the moment of inertia and thereby the spin axis orienta-
tion. This is present in Fig. 2a and d (for more details on the
coupling matrix see Plaschke et al., 2019).

2.2 Determination of the Sensor-to-Spin-Axis Angles

The angles as1, as2, and ag3 (see Fig. 1c) can be obtained
from the projection of the spin axis onto the sensor axes using
the geometric definition of the scalar product of two vectors,
cos =u-v/(lu|-|v|). In the orthogonal spin axis-aligned
coordinate system, the spin axis unit vector is given by z =
[0,0,1]T. Using the transformation matrices, the calculation
of the angles can be expressed as:

sl 1 1 1 1
as2 =cCcos" (l"_ X0 -z)

as3
sinfs sinop, + cosfs| cosop, cosop,

cos ¢s12sinfsy sinop,
= cos~ ! +sings2sinfsz cosop, sinop, . (10)
+cosflsacosop, cosop,

COsOop, COSOp,

Assuming that 051, 65>, and ¢s12 remain constant (cf. Fig. 2),
the parameters op, and op, can be derived from Eq. (10)
using independently known values of ag;, sz, and ag3 (see
Sect. 3 for details).

2.3 Gain Matrix and Determination of the Projected
Spin Axis Contribution

The gain matrix G applies the sensor-specific conversion fac-
tors into meaningful physical units:

¢Gy, 0 0
G=| 0o Gye o |, (11)
0 0 Ga
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Figure 2. Evolution of calibration parameter: op_, op, , and ¢ are the rotation angles around the orthogonalized sensor axes (c.f. with blue
coordinate system Fig. 1). Gg1, Gsp, and Gg3 are the gains along the sensor axes. 6s1, 52, and ¢g1> are the internal sensor angles.

where g is the ratio of the spin plane gains Gsi/Gsz, and
Gp(=+/Gs1Gs2) and G, are the absolute gains for the spin
plane and the spin axis sensors, respectively (Plaschke et al.,
2019). To determine the projected spin axis contribution
Bpsa from the measurements of the spin plane sensor axes
data Bs; and Bsp, we first subtract the offset vector Og and
converting to physical units by applying the corresponding
gain factors. The conversion to the modified raw data B,y is
calculated by:

Braw,1 = gGp(Bs1 — Os1),

Gp
Braw,2 = ?(Bsz — Os2).

12)
13)

Subsequently, we apply a low-pass Butterworth filter (e.g.
Thompson, 2014) to Braw,1 and Braw 2 in order to suppress
high-frequency variations while preserving the spin modu-
lated signal. The filter is applied twice, once forward and
once backwards, using a second-order filter with a cutoff fre-
quency of feut = 2w, With ws = 277 / Typin denoting the angu-
lar spin frequency. This results in the low-pass filtered data
Bip,1 and By 2. The resulting filter has zero phase and an
effective order of four (e.g. Gustafsson, 1996). The low-pass
filtered data are then fitted independently with a least-squares
fit. The corresponding fitting function is given by:

Bi(t)=(A+B-t)-cos(ws-T—¢)+C+D-1
————

Bspinplanc BPSA

= Bspinplane (T) + Bpsa (7). (14)
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Here, 7 denotes the time within the fitting window. The term
(A + B - 1) represents the linearly time-varying amplitude of
the sinusoidal component of the fit, ¢ is the phase shift due to
the projection of the magnetic field onto the spin plane, and
the term C+ D-7 is the residual, time-varying offset. Accord-
ingly, the first term (A + B - t) - cos(ws - (T — ¢)) corresponds
to the measurement of the spin plane magnetic field in the
direction of the spin plane sensor axis (Bspinplane), Whereas
the second term C + D - T represents the projected spin axis
contribution (Bpsa). The parameters A, B, C, D and ¢ are
free fitting parameters and may differ between the two com-
ponents, while Tgpin, and thus ws, is provided by the state
file of THE and is the same for both fits. This approach al-
lows us to distinguish between the spin-modulated variation
within the spin plane and the slowly varying spin axis contri-
bution.

3 Implementation

In this section, we describe the procedure used to recover the
missing sensor measurement along the spin axis. The overall
workflow is summarized in the flow chart shown in Fig. 3,
with each step and its derived variables explained in the sub-
sequent sections.
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Figure 3. Flow chart illustrating the recovery of the spin axis measurements. The small boxes below each step show which variables are

determined. The details of the individual steps are explained in the text.

3.1 Determination of the Projected Spin Axis
Contribution

We utilize the low-telemetry channel (FGL) of the FGM (for
details on the instrument and data products, see Auster et al.,
2008), which provides vector magnetic field data with sam-
pling rates between 4 and 128 Hz. Since 27 July 2015, the
FGL sampling rate on THE has been frgL = 16Hz. This
sampling rate yields several tens of samples per spin and is
therefore sufficient to resolve the spin modulation required
for our fitting procedure. We do not use the high-telemetry
channel (FGH at 128 Hz), as it is rarely available nor the on-
board spin resolution product (FGS, one vector per spin), be-
cause its resampling removes the spin modulation required
for the fit.

We start with Braw,1 and Bray, 2 as obtained from Egs. (12)
and (13). We then apply the low-pass filter to each compo-
nent, yielding the low-pass filtered data By, 1 and Byp . Fi-
nally, we fit the spin plane sensor components of By, using
Eq. (14) with a sliding window of 2.5 spin periods, shifted
by one spin period between consecutive fits. Accordingly,
7 ranges from 0 to 2.5 Typin. We require the number of sam-
ples per fit window to be between 90 % and 110 % of the ex-
pected number, fgGL - 2.5 - Typin, in order to reject windows af-
fected by data gaps. This results in a slightly variable number
of samples per window. In contrast, using a fixed number of
samples would lead to windows that do not exactly cover the
intended 2.5 spin periods. A comparison of both approaches
(not shown) exhibits only negligible differences in the final
recovered values.

As a measure of the fit uncertainty, we compute the mean
squared difference between By and By for each window:

n

1
foin =~ _(Bi(z}) = Bip(z;)*.

j=1

5)

Here, n denotes the number of measurement points per win-
dow. The quantity fui, contains everything not explained by
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the fit, including remaining higher-frequency contributions,
sensor noise, and low-frequency variations that are not cap-
tured by the model. While the latter is the uncertainty we aim
to quantify, the other contributions also affect the fit quality
and must therefore be taken into account.

Each fit window yields a time-dependent estimate
Bpsa(t). We evaluate Bpsa () at the window center, T =
1.25 - Tgpin, to obtain one estimate Bpsa (fc) per window cen-
tered at time #.. This yields a time series of the projected spin
axis contribution Bpsa at spin resolution (= 3—4s). An ex-
ample of the fitting process for two consecutive fits to By,
is shown in Fig. 4. In Fig. 4a, the fit window is centered at
21:41:46 UTC on 23 July 2017; in Fig. 4b, the window is
shifted by Typin and centered at 21:41:50 UTC.

We calculate the projected spin axis contribution Bpsa in-
dependently for both spin plane component. From these two
estimates, we use the result from the sensor that is more
closely aligned with the spin axis, i.e., the one axis for which
|90° — as1 52| is larger. For this sensor, the projection of the
spin axis component is more pronounced.

To suppress the influence of poor fits, we calculate a
weighted moving average with a window length L of 1 min:

2 jilt;—1<Ly2Bpsa(tj) - w(tj. 1)

Bomat) = 2 gl W (- 1) ’ (10
where the weight is defined as
w(tj, 1) = wa(t;) - wi(t, 1), (17)
with the fitting weight
N (18)
fmin (tj)
and the time-distance weight
tj—t
witj,1) = S i<k (19)
0, otherwise.
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Figure 4. Two consecutive fits applied to THE By, (black) to calculate Bpga on 23 July 2017. The dashed red lines represent the applied fit
Bg¢ and are only shown over the corresponding fit intervals. The fit in panel (b) is shifted by one spin period relative to the fit in panel (a). In
addition, at the bottom of both panels, the corresponding f,in value and fitting parameters for each fit are given.

The fitting weight wg; reduces the influence of poorly fit-
ted windows, whereas the triangular time—distance weight wy
emphasizes samples near the center of the averaging interval.
The weighted moving average Bwma(?) is the final estimate
of the projected spin axis contribution and provides an effec-
tive bandwidth of 1/L = 1/60 Hz.

3.2 Recovery of the Spin Axis Component

Having obtained the weighted moving average of the pro-
jected spin axis contribution Byma, We reconstruct the miss-
ing spin axis measurement B; by dividing Bywma by the factor
cosw. This requires accurate knowledge of the angle o be-
tween a spin plane sensor and the spin axis (see Fig. 1c). As
discussed in Sect. 2.2, these angles could in principle be de-
rived from the coupling matrix C (see Eq. 10). However, due
to the loss of the spin axis measurement, a direct in-flight cal-
ibration of C is no longer feasible. This is because the reg-
ular calibration process can no longer uniquely distinguish
whether a constant offset in the raw data originates from the
true spin axis signal, from remaining spin plane offsets, or
from inaccuracies in the angular terms of C.

To estimate the angles «s; and agp, we therefore use
Eq. (2) in combination with the fitted Bpsa and a modeled
magnetic field approximation for the spin axis component
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Bsa. The angle determination is restricted to perigee in-
tervals, where the high magnetic field strength ensures that
small perturbations have only a minor relative impact on the
derived angles, as any residual sensor offsets and their un-
certainties become negligible in comparison. We define the
perigee region by a minimum field strength of 10000 nT.

As model field Bsa we use the International Geomagnetic
Reference Field (IGRF) superposed with the model field of
Tsyganenko (1989), hereafter referred to as T89. The IGRF,
which represents the internal part of the Earth’s magnetic
field, is a good approximation of the actual terrestrial mag-
netic field near perigee (e.g. Alken et al., 2021), while the
T89 model provides a simple and widely used empirical de-
scription of the external magnetospheric field, parameterized
by the geomagnetic k;, index (Matzka et al., 2021).

Using Eq. (2), the comparison between Bpsa and Bsa
yields updated estimates of «g; and asy. To evaluate the va-
lidity of this approach, we compared the estimated « values
with those from the calibration matrix over a 3-year period
from 2017 to 2020. The angles differ only minimally, with
median deviations of Aas; =0.045° and Aasy =0.058°.

Since May 2024, the angles between the spin axis and the
two sensor axes have been 89.82° for as; and 90.92° for as»;
the corresponding interquartile ranges are 89.81 to 89.84° for
as] and 90.91 to 90.93° for as;. The orientation of the spin

https://doi.org/10.5194/gi-15-273-2026
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axis changes over time due to gravity-gradient effects and
orbital maneuvers. As a result, the effective coupling matrix
also varies with time, making continuous updates of these
parameters necessary. The updated estimates of «g; and asn
are used in a least-squares optimization of the parameters o p,
and op,, ensuring continued calibration of the coupling ma-
trix C throughout the mission. For this purpose, we use the
first two components of Eq. (10) together with the updated
values of ag1 and asy, while treating all calibration file en-
tries other than op_and op, as fixed. Each angle estimate
thus provides two constraints on the two unknown parame-
ters, and all available estimates are combined into an overde-
termined system that is solved by least squares.

As discussed in Appendix A, additional efforts were made
to further refine and improve the recovered spin axis signal.
However, the analysis reveals that such attempts not only
proved challenging but also led to inconsistent results. There-
fore, we consider B; as the final data product used to replace
the missing spin axis measurement. It should be noted that
deviations between the original measurements and the recov-
ered signal remain, which are analyzed and discussed in the
following sections.

4 Comparison of Results

To validate the accuracy of the recovery method, we compare
the recovered magnetic field component with original mea-
surements from THE over a 3-year time span from 2017 to
2020, and with data from THA as reference spacecraft for
periods after the loss of the spin axis sensor component mea-
surements (since May 2024).

4.1 Qualitative Comparison

In Fig. 5 we present two representative qualitative compar-
isons from 2017: one interval in the magnetosphere from
24 April (Fig. 5a), together with a more detailed view from
07:00-08:00 UTC (Fig. 5¢); one interval from 29 July in the
magnetosheath including multiple magnetopause crossings
(Fig. 5b) with a 1 h zoom from 13:30-14:30 UTC (Fig. 5d).
In all panels, the original measurement Brgs, recovered
data B, and model field Btgg are shown in black, red, and
blue, respectively. To ensure a consistent comparison with
B;, we also apply a weighted moving average with time-
distance scaling and a window length of 1 min to Bpgs. In
Fig. 5a, the recovered data closely follow the original mea-
surements, with minor differences arising at the beginning of
the shown interval. Figure 5b presents data where THE tra-
versed the magnetopause multiple times between 12:24 and
15:48 UTC. Magnetopause crossings, identified using the list
from Grimmich et al. (2023), are indicated by vertical gray
lines. The recovered data also generally follow the original
measurements, though larger deviations are observed during
boundary crossings and within the magnetosheath, where the
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magnetic field changes rapidly. In particular, Fig. 5d shows
pronounced over- and undershoots, which likely indicate lim-
itations of the fitting approach under rapidly varying condi-
tions. Notably, in both examples B; provides a far better rep-
resentation of the observed field than the model field Brgog,
which remains valid only within the magnetosphere.

Following the validation with original 2017 measure-
ments, we next evaluate the recovery after the spin axis
component became unavailable in May 2024 by compar-
ing the recovered data B with simultaneous observations
from the nearby reference spacecraft THA. Two represen-
tative intervals are shown in Fig. 6: magnetosheath obser-
vations prior to a magnetopause crossing from 8-9 June
2024 (Fig. 6a) and magnetosphere observations from 28—
29 November 2024 (Fig. 6b). Enlarged views of these inter-
vals are shown in Fig. 6¢ for 01:00-02:00 UTC and in Fig. 6d
for 04:00-05:00 UTC.

In all panels, the reference measurements from THA
Brgs, Br, and Brgg are displayed in black, red, and blue,
respectively. For consistency with the temporal resolution
of the recovered data B;, the THA reference measurements
were also smoothed using a weighted moving average with
time-distance scaling and a 1 min window. The recovered
data are generally consistent with the reference measure-
ments in both intervals, although enhanced deviations oc-
cur near the magnetopause and within the turbulent magne-
tosheath (Fig. 6a and c). In particular, Fig. 6¢ again highlights
the larger differences in the magnetosheath. In the magneto-
sphere interval (Fig. 6b), discrepancies are visible between
02:45-03:30 and 06:00-08:30 UTC, which may reflect spa-
tial separation between THE and THA (= 1 Rg). Without the
original spin axis measurements from THE, this cannot be
verified. In both examples, within the magnetosphere the re-
covered data provide a substantially better representation of
the observed reference field than the model Brgg.

4.2 Quantitative Comparison

The examples suggest that the accuracy of the recovery de-
pends on the spacecraft’s plasma environment. To quantify
this dependence, we assess the performance of the recov-
ery method in different regions of near-Earth space. Specif-
ically, we divide the data from 2017 to 2020 into the fol-
lowing regions: the magnetosphere, the magnetopause, the
magnetosheath, and the solar wind. The solar wind is further
subdivided into quasi-parallel and quasi-perpendicular re-
gions upstream of the bow shock. Within the magnetosphere,
we distinguish between low (| Begs| < 50nT) and high field
(Bggs > 50nT) intervals.

To identify the different regions, we use the results from
Edmond et al. (2024) who applied a combination of unsuper-
vised machine learning methods to classify THEMIS obser-
vations into magnetosphere, magnetosheath, and solar wind
observations. We make use of their publicly available dataset
for THE, in which each data point is assigned to one of these
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Figure 5. Comparison between recovered (By, red), original (Bggs., black), and model (Btgg, blue) magnetic field data for (a) a magneto-
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correspond to calibrated FGS measurements from THE; the original data were additionally smoothed using a weighted moving average with
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and 13:30-14:30 UTC from panel (b), respectively.

regions. Magnetopause and bow shock crossings are identi-
fied by changes in the region label. In addition, to further
divide the dataset, we also use magnetic field data from the
FGM (fully operational in 2017 to 2020) and the omni direc-
tional ion energy flux Egyx (ESA, McFadden et al., 2008).
Magnetospheric data are separated into low- and high-field
intervals to avoid biasing the statistics, as larger absolute de-
viations are expected close to perigee where the magnetic
field is strongest. We define the low field magnetosphere
by data points that fulfill | Brgs| <50 nT and are labeled as
magnetosphere. Data points in the magnetosphere for which
50nT < Bggs are applicable belong to the high field magne-
tosphere. Data within & 15 min of each magnetopause cross-
ing are attributed to the magnetopause region. The magne-
tosheath is defined by the machine learning labels, except for
the points near the magnetopause crossings. The solar wind
dataset is used as specified by the model and then divided
into quasi-parallel and quasi-perpendicular by having Eqyx at
10keV higher and lower than 20 000 em2sler 1, respec-
tively. Manual inspection confirmed the robustness of these
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assignments, with few outliers that were removed from the
subsets.

We observe 6 754 802 and 1 994 568 data points in the low
and high field magnetosphere, 641029 data points around
the magnetopause, and 2077719 in the magnetosheath, re-
spectively. In the solar wind, however, we observe 250 187
and 182847 data points in the quasi-parallel and quasi-
perpendicular regions, respectively. The large differences in
the data quantities can be attributed to the orbital configura-
tion of the THEMIS mission. For each region, we calculate
the difference between the recovered B; and the original spin
axis measurements Brgs:

8B = B; — Brcs. (20)

As in the qualitative comparison, Bpgs was additionally
smoothed using time-distance scaling and a 1 min window.
The distributions of § B for the different regions are shown in
Fig. 7.

Figure 7a shows 8 B for the low-field magnetosphere. The
distribution is nearly centered around zero, with a slight
positive shift and a median value below 1nT. In the high-
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field magnetosphere (Fig. 7b), the distribution is broader and
also shifted to positive values, with a median value below
2nT. Near the magnetopause (Fig. 7d) and in the magne-
tosheath (Fig. 7e), the distributions are comparable in shape
to the high-field magnetosphere and exhibit median values,
below 1 nT and below 0.5 nT, respectively. In the solar wind,
both the quasi-parallel and quasi-perpendicular cases (Fig. 7¢
and f) show narrow distributions centered near zero, with me-
dian values below 0.5 nT.

The position of the median reflects the quality of the spin
plane offset determination, with correctly chosen offsets re-
sulting in median values close to zero. The width of the
distributions, in contrast, reflects the quality of the fit and
of the recovery method, with broader distributions indicat-
ing poorer performance. Larger deviations between the re-
covered and original measurements occur in the high-field
magnetosphere, as reflected by the larger interquartile range
(> 10nT). This is expected since absolute differences be-
come more pronounced at higher field strengths, where small
relative calibration errors or filter effects can lead to larger
absolute deviations.

https://doi.org/10.5194/gi-15-273-2026

The smallest absolute deviations are observed in the so-
lar wind with interquartile ranges < 6 nT. The slightly larger
deviations in the quasi-parallel case can be attributed to the
enhanced turbulence and wave activity in the foreshock re-
gion, which complicate the fitting process (see Sect. 5). The
distributions in the magnetosheath and around magnetopause
crossing, however, are markedly broader. Their interquar-
tile ranges are comparable to those of the high-field mag-
netosphere (> 10 nT), even though the magnetic fields them-
selves are much weaker. These two broader distributions can
be explained due to faster changes and higher fluctuation lev-
els in the magnetic field, which likewise complicate the fit-
ting process there.

A somewhat different picture emerges when considering
relative deviations. Using the absolute relative deviation,
|6B|/|Brgs|, we find only small relative errors in the high-
field magnetosphere, with a median value of 5 %. Moderate
relative deviations occur in the low-field magnetosphere and
near magnetopause crossings, both with median values of
about 23 %. In contrast, substantially larger median values
are found in the magnetosheath and the solar wind, where

Geosci. Instrum. Method. Data Syst., 15, 273-289, 2026
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they reach 80 % and 115 %, respectively. This mainly re-
flects the smaller magnetic field strengths in these regions,
for which even small absolute residuals correspond to large
relative deviations; in the magnetosheath, enhanced fluctua-
tions further increase this effect. Consequently, when the re-
covered spin axis field is close to zero in the solar wind, even
its sign should be interpreted with caution.

To place the differences § B in the context of the intrinsic
sensor noise, we estimate a lower bound for the expected re-
construction uncertainty. Following standard random-signal
theory (e.g. Bendat and Piersol, 2010), the variance of fil-
tered stationary noise is given by

i 2
= [ 1P (s3) @
0

where S;/ 2( f) is the amplitude spectral density of the sen-
sor noise and H (f) denotes the effective transfer function of
the reconstruction method. The quantity o corresponds to the
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root-mean-square (RMS) noise amplitude, i.e., the standard
deviation of the noise. In our case, the spin axis field is recon-
structed from its projection onto the spin plane sensor axes,
therefore the sensor noise is amplified by the same geometric
factor as the signal itself.

To obtain a simple estimate, we approximate the relevant
noise level by the sensor amplitude spectral density near the
spin frequency f;, Sllg/ 2( fs) ~10-15 pT/~/Hz (Auster et al.,
2008). We further assume that, within the relevant band-
width, the reconstruction does not strongly attenuate the low-
frequency signals that constitute the final product B;. Under
this approximation, the RMS noise can be estimated by inte-
grating over an effective bandwidth A f, which yields

1/2
(fS)w/ ~ 80 — 120pT.

(22)
| cosc|

B:

Due to the 1 min averaging, we approximate the effective
bandwidth by Af = 1/60Hz. The resulting values provide
an estimate of the minimum residual signal deviation that
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can be expected due solely to sensor noise. Because the sen-
sor noise increases towards lower frequencies, the estimate

based on S;/ 2( fs) should be regarded as an optimistic lower
bound. Since the lower bound remains well below the in-
terquartile ranges obtained from the comparison of B; with
calibrated data Bpgs, sensor noise is unlikely to be the dom-
inant limiting factor in the recovery.

5 Discussion of Limitations

The accurate determination of the spin plane sensor offsets
is essential for deriving reliable estimates of the projected
spin axis contribution (Bpsa) and, consequently, for recon-
structing the spin axis signal. Errors in the spin plane offsets
directly translate into errors in Bpsa and thus into errors in
the recovered spin axis component. This effect is amplified
because the angles between the spin plane sensors and the
spin axis are close to 90°, such that even small offset errors
can lead to large errors in the recovered spin axis magnetic
field.

In the past, spin plane offsets were calibrated using the in-
formation from the spin axis sensor itself (Plaschke et al.,
2019). With the loss of the spin axis measurements, this ap-
proach is no longer possible. Likewise, alternative calibra-
tion techniques such as the Hedgecock method (Hedgecock,
1975) cannot be applied in the absence of three fully oper-
ational sensor components. As a result, the spin plane off-
set calibration must now rely on model magnetic field values
as a proxy for the missing spin axis measurements. This in-
troduces an additional source of uncertainty and makes the
recovery process fundamentally dependent on both the accu-
racy of the magnetic field model and the long-term stability
of the FGM instrument. To mitigate these effects, spin plane
offsets are adjusted only during intervals within the magneto-
sphere when the magnetic field shows no sign of significant
wave activity, where the magnetic field is relatively stable
and model uncertainties are minimized. To demonstrate that
these estimates are reliable, we compared the spin plane off-
sets calculated using the standard calibration procedure with
those calculated using the model field as a spin axis sen-
sor measurement. The median deviations are close to OnT
for both spin plane component offsets. This suggests that the
model based offset estimates remain sufficiently accurate af-
ter the loss of the spin axis measurement. Nevertheless, this
limitation should be considered when interpreting the recov-
ered data.

In addition to these model related uncertainties, we ob-
serve systematic deviations of the recovered signal com-
pared to the original measurements after several perigee pas-
sages. These deviations frequently coincide with spacecraft
eclipse periods when the spacecraft passes through Earth’s
shadow. During these intervals, the spacecraft experiences
strong temperature gradients that affect the offset vector. This
effect has been observed throughout the mission and does
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not originate from the recovery method itself. As a result, the
spin plane offsets can fluctuate, leading to inaccurate pro-
jected spin axis contributions. A detailed analysis of this ef-
fect and attempts to mitigate it are presented in Appendix A.
This limitation should be considered when interpreting the
recovered data.

The influence of uncertainties in the estimated angles ag;
and asy must also be considered. To quantify this effect, we
use again the comparison of our estimated « values using
the model magnetic field with the corresponding angles de-
rived directly from the calibration file during the period from
2017 to 2020, when routine calibration was still possible
(see Sect. 3.2). The median deviations were Aas; =0.045°
and Aagy =0.058° for spin plane sensors S1 and S2, respec-
tively. Since as» is associated with the larger uncertainty, we
use it as the conservative estimation. The corresponding rel-
ative uncertainty of the recovered spin axis field is estimated
as

6B N |cos(a 4+ Aa) — cos(a)|

B |cos(a)| 23)

This yields a relative uncertainty of approximately
8B/B =~ 6 % in the recovered spin axis field.

Another limitation, although less critical than the previ-
ously discussed effects, concerns the quality of the fit and,
consequently, the accuracy of the estimated projected spin
axis contribution. In regions with low turbulence, such as the
inner magnetosphere or the quiet solar wind, the fits repro-
duce the periodic spin modulation accurately. However, in
highly turbulent environments, such as near boundary cross-
ings or within the magnetosheath (e.g. Lucek et al., 2005),
the fit quality degrades. This is reflected in the broader dis-
tributions of § B observed at the magnetopause (Fig. 7d) and
in the magnetosheath regions (Fig. 7e). To illustrate this be-
havior, Fig. 8 shows three representative examples of the fit-
ting performance in different plasma regions: in the magne-
tosphere (Fig. 8a), in the dayside magnetosheath (Fig. 8b)
and at a magnetopause crossing (Fig. 8c).

The visual comparison confirms that the fitting procedure
performs best in the magnetosphere and less reliably near
boundary crossings. This is also reflected in the increasing
values of fiin (see Eq. 15), which quantify the fit uncer-
tainty: from < 0.1 nT? in the magnetosphere to ~2nT? in
the magnetosheath and ~ 30 nT? at the magnetopause cross-
ing.

In addition to the reduced accuracy of the recovered spin
axis signal, the recovery process also decreases the tempo-
ral resolution of the data. Even without smoothing, the sam-
pling rate is reduced from 4—128 Hz to maximally one data
point per spin period (approximately 3—4 s). The subsequent
application of a moving average, which effectively acts as a
low-pass filter, further decreases the effective bandwidth to
1/60 Hz.
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tively. The finin value shown in the lower right corner of each panel
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6 Conclusions

After more than 17 years in space, the THEMIS E space-
craft stopped recording magnetic field measurements along
its spin axis since 24 May 2024, at 22:54:06 UTC. We present
a method to reconstruct the missing magnetic field compo-
nent along this axis. By exploiting the spacecraft’s spin mo-
tion, we extract information about the missing spin axis com-
ponent from the spin plane sensor measurements. Specifi-
cally, we derive the projected spin axis contribution Bpsa by
fitting the magnetic field data from the spin plane sensors.
Combined with the angle o between the spin axis and the
spin plane sensor orientations, obtained from comparisons
with the T89 magnetic field model around perigee, we are
able to recover the spin axis signal B;.

We use original measurements and recovered data from
2017 to 2020 to evaluate the reconstruction. The compari-
son demonstrates that the recovery performs well across dif-
ferent plasma regions, although its accuracy depends on the
local environment. The width of the § B distributions, which
reflects the overall quality of the fit and recovery process,
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is on the order of a few nT in most regions: approximately
5nT in the low-field magnetosphere, 12 nT in the high-field
magnetosphere, about 10 nT near magnetopause crossings,
and around 13 nT in the magnetosheath. In the solar wind,
the distributions are narrower, with widths of roughly 5nT in
the quasi-parallel and 3 nT in the quasi-perpendicular case.
In contrast, the relative deviations, which remain small in the
high-field magnetosphere, become much larger in the magne-
tosheath and solar wind. Here, even small absolute residuals
correspond to large relative errors as the field magnitude is
low. We further estimate a lower bound for the sensor-noise
contribution to the recovered spin axis signal of about 80—
120 pT. Since this value lies well below the observed widths
of the § B distributions in all regions, sensor noise is unlikely
to be the dominant limitation of the recovery.

Since the loss of the spin axis sensor component in May
2024, reconstructed magnetic field data have been made pub-
licly available, with a delay to allow for careful processing
and calibration. After reconstructing the spin axis compo-
nent, the data is converted into raw magnetometer output
at spin resolution. The artificially reconstructed raw data is
uploaded as a separate Level 1B product for public access
(https://themis.ssl.berkeley.edu/data/themis/the/11b/, last ac-
cess: 7 October 2026). This data should be interpreted with
caution, ideally taking into account the measurements from
the neighboring THA and THD spacecraft.

For future missions, a larger intentional deviation of sen-
sor axes from the spin plane could further improve the ability
to recover data in the event of sensor loss. For example, re-
peating the analysis for the years 2017 to 2020 after rotating
the sensor geometry to a deviation of about 45° reduces the
distribution widths to < I nT in the magnetosphere and solar
wind and to <3nT even near magnetopause crossings and
in the magnetosheath. The impact of such an intentional tilt
would require detailed analysis though, as it might impact the
sensitivity and errors of calibration during normal operation
scenarios. Despite the discussed limitations, we demonstrate
that the recovery of magnetic field measurements is possible.
Hence, our approach provides a viable solution for the recov-
ery of spin axis measurements, supporting the scientific goals
of the magnetometer. This is enabled by a slight misalign-
ment of the spin plane sensor axes from the actual spin plane.
Consequently, the inherent spinning motion of the spacecraft
proves beneficial not only for routine calibration, but also for
measurement recovery.

Appendix A: Additional Cross Correlation Offset

We frequently observe systematic deviations between re-
covered and original magnetic field data following perigee
passes. As discussed in Sect. 5, these deviations appear cor-
related with temperature gradients that affect the offset be-
havior. A representative example of the deviations is shown
in Fig. Al.
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Figure A1l. Comparison of recovered and original spin axis data from THE shortly after a perigee pass. Larger deviations between the two are
visible between 20:20 UTC on 29 April and 03:20 UTC on 30 April 2017, decreasing with increasing distance from perigee as the spacecraft

approaches apogee.

We tested a cross-calibration approach with the other two
inner THEMIS probes, THA and THD, to correct for these
deviations. Both spacecraft follow orbits that are very sim-
ilar to that of THE, although they may be shifted along the
orbit by a time lag . Because of this orbital similarity, all
three spacecraft should observe comparable magnetic fields,
and consequently also similar deviations between the mea-
surements and the model field.

Based on this idea, we compare the differences between
the model field and the recovered magnetic field for THE
with the corresponding differences between the model and
the measured fields on THA and THD. These differences can
be compared either instantaneously (i.e., at the same time)
or after shifting the THA/THD data by the lag t so that the
spacecraft are compared at approximately the same orbital
position.

Which of the two comparisons is more meaningful de-
pends on the separation between the spacecraft. When they
are close together (e.g., near apogee), temporal variations
dominate, making the instantaneous comparison more appro-
priate. At larger separations, spatial variations become more
important, and comparing the shifted differences is prefer-
able.

Therefore, we construct a distance-dependent linear com-
bination of the instantaneous and the shifted differences. The
method is applied only within the magnetosphere, where the
model field remains valid.

To implement this approach, we first compute, for each
spacecraft, the component of the model magnetic field
(IGRF+T89) in the direction of the spin axis of THE.
These quantities are denoted as Btgg 4, BTtso, p, and Brsg £
for THA, THD, and THE, respectively. Likewise, the mea-
sured magnetic field vectors from THA and THD (Brgs, 4,
Brgs, p) are projected onto the same direction. To determine
the relative orbital shift between the spacecraft, we compute
the cross-correlation between the radial distances |r 4/p| and
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|rg| for time lags between —3 and +3 h. The time lag cor-
responding to the maximum cross-correlation defines the or-
bital shift r. Their orbits are considered sufficiently similar
if the maximum cross-correlation coefficient r exceeds 0.8.

Using this lag 7, we compute the two types of deviations
between the measurements and the model field: the instanta-
neous difference A B; and shifted difference A By:

AB(t) = Brgs(t — t) — Brgo(t — 1), (A1)
AB(t) = Brgs(t) — Brgy (). (A2)

To combine these contributions depending on spacecraft sep-
aration, we introduce a weighting factor

Danh (4240 ;1 (A3)
& = —tan -,
2 W 2

where d is the instantaneous separation between THE and
the reference spacecraft, dy denotes the transition between
close proximity and larger separation between the spacecraft,
and W controls the width of this transition. The distance-
dependent deviation between measurement and model for
each reference spacecraft is then given by

ABa(t) =(1 —€a) - ABa(t) + €4 - ABs a(1), (A4)
ABp(1) = (1 —€p)-ABp(t) +ep - ABs p(t), (A5)

and the deviation between recovered and model magnetic
field for THE is given by

ABg(1) = Bi(1) — Brgo,£ (7). (A6)

All deviations AB4,/p, are subsequently smoothed using a
1 h running average to suppress short-term fluctuations. The
cross-calibration offset in spin axis direction is then defined
as

ABA(t) + ABp(t)

Sotf(t) = ABE(t) — >

(AT)
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If only one reference spacecraft (THA or THD) satisfies the
correlation threshold (r > 0.8), then only that spacecraft is
used in Eq. (A7). Thus, the average of the two reference
spacecraft deviations is replaced by AB4 if r < 0.8 for THD,
or by ABp if r < 0.8 for THA, respectively. Subtracting dof¢
from the recovered spin axis signal B; should, in principle,
mitigate the systematic deviations.

The parameters dyp and W of the weighting factor ¢ are
not predefined and must be determined empirically. To iden-
tify suitable values, we performed a parameter study across
a two-dimensional grid of parameter pairs: dy varied from
1000 to 50000km in steps of 500km, and W from 250 to
25000 km in steps of 250 km. For each parameter combina-
tion, we computed the cross-calibration offset §qr and evalu-
ated the resulting residual magnetic field difference for THE

Rp (1) = B:(t) — Sofr(t) — Brgs,E(1). (A8)

We then calculated the median of the absolute residual
|Rp(?)| over an entire month, denoted by med(|Rg|), yield-
ing one representative value per parameter combination and
month. Only data points classified as magnetosphere by the
list of Edmond et al. (2024) were used, since the T89 model
field is valid only in that region. Figure A2 summarizes the
results for all months of 2017.
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2017-05-01
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2017-09-01 2017-10-01

5000 10000 15000 20000 25000
w [km]

5000 10000 15000 20000 25000
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Figure A2. Color-coded representation of the absolute median residual med(| Rg|) for January (a) to December (1) 2017 as a function of the

parameters dy and W.
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During April, May, November, and December 2017, the

cross-correlation between THE and the reference space-

craft did not exceed the required threshold, and no cross-
calibration offset was computed for these months. The re-

maining months exhibit different dependencies of the me-
dian residuals on the parameters dy and W. January, Febru-

ary, March, August, and September display broadly similar
patterns, whereas June, July, and October show strong de-
viations. However, applying this approach after the spin axis

measurements became unavailable would require a stable pa-
rameter choice.

To assess whether the additional cross-calibration offset
improved the reconstruction, we need to compare the results
without the cross calibration applied. Therefore, we calculate
difference between B; and Bpgs (i.e., the baseline residual

without cross-calibration)

RB base () = Bi(t) — Brgs, (1),

and calculate the median of the absolute residuals | R pase ()|
over an entire month, denoted by med(|Rp, pase|). For the

comparison we subtract med(| R pase|) from med(|Rg|) for

each month and value pair:

AR = med(|Rg|) — med(|RB,base|)-
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The results are displayed in Fig. A3. The color scale indi-
cates the difference between the residuals obtained with and
without applying .. Negative values (blue) correspond to
an improvement due to cross-calibration, whereas positive
values (red) indicate a degradation. As seen in Fig. A3, im-
provements occur mainly in January, February, March, and
June 2017, while no improvement is found in the remaining
months.

The underlying reason is illustrated in Fig. A4. The devia-
tions between the measured and modeled magnetic fields are
not consistent between THE and the other spacecraft (shown
here for THA). This violates the core assumption of the cross
calibration approach, that the deviations should be compara-
ble at similar orbital locations.

Figure A2 further shows that the optimal parameter com-
bination is not stable over time. Given this inconsistency and
the fact that such a parameter study cannot be performed
once the spin axis measurements became unavailable, we
chose the simpler and more robust approach: omitting the
cross-calibration offset entirely and instead advising users to
treat the post-perigee deviations with appropriate caution.
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Figure A3. Color-coded representation of the absolute median residual med(| Rg|) subtracted by the absolute median difference between By
and Brgg for January (a) to December (1) 2017 as a function of the parameters dy and W.
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Figure A4. (a) Comparison of original (BTHE FGL. black), model (Btgg, green) and recovered (Br, blue) magnetic field data for THE.
(b) Comparison of original (BTHE,FGL. black), model (Brgg, green) and recovered magnetic field data with the cross calibration offset
(Br — Soff» red) for THE. (¢) Comparison of (BTHa FGs. black) and model (Btgg, green) magnetic field data for THA.
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