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Abstract. The Time History of Events and Macroscale Interactions during Substorms (THEMIS) mission investigates the
coupling between the solar wind and Earth’s magnetosphere using five identical spinning spacecraft. Each spacecraft 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 May 24, 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 components
together with the spacecraft spin, yielding full three-component magnetic field vectors at spin-period resolution. The approach
was validated using original THEMIS E data from 2017, when all three sensor components were available. The width of the
residual distributions between reconstructed and original measurements is approximately 4 nT in the low-field magnetosphere,
12 nT in the high-field magnetosphere, 10 nT near magnetopause crossings, 14 nT in the magnetosheath, 6 nT in the quasi-
parallel solar wind, and 3 nT in the quasi-perpendicular solar wind.

These results demonstrate that on a spinning spacecraft, two components that are almost within but slightly out of the
spin plane are sufficient to reconstruct three-dimensional magnetic field vectors at spin-period resolution, allowing continued

magnetospheric observations despite the loss of one sensor component.

1 Introduction

Continuous and accurately calibrated magnetic field measurements are essential to study the large-scale interaction between
the solar wind and Earth’s magnetosphere. Magnetometers 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 consists of five identical spacecraft, each equipped with a fluxgate mag-
netometer (FGM, Auster et al., 2008). The spacecraft spin at a predefined rate denoted as Tp;y, to stabilize them. The FGM
is designed to measure low magnetic fields present in the solar wind as well as the ambient 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
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sensors), although they deviate slightly from the exact spin-plane orientation. The three sensors are nearly, but not perfectly,
orthogonally aligned.

Careful calibration of the FGM data is required to convert the raw magnetometer output Bg into physically meaningful
magnetic field measurements B (see e.g., Auster et al., 2008; Frithauff et al., 2017; Plaschke et al., 2019). Bg is recorded
in the non-orthogonal sensor coordinate system that co-rotates with the spacecraft. The transformation to B involves several
steps: (1) applying gain factors that convert the raw instrument output into physical units, specific to each sensor axis; (2)
geometrically transforming the measurements from the non-orthogonal sensor coordinate system into an orthogonal, spin-
axis-aligned coordinate 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

transformation can be expressed as:
B=C.(Bs-0s), (1)

where Og denotes the offset vector and C the coupling matrix, which depends on three gain factors and six orientation angles
of the sensor axes.

Recently, the THEMIS E spacecraft (THE) has encountered some challenges, particularly due to radiation damage to the
instruments Analog-to-Digital Converter (ADC). Notably, since May 24, 2024, at 22:54:06 UTC, no magnetic field measure-
ments 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 inclined relative to the spin plane, the missing spin-axis component
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 offset in the time series. In the despun coordinate time series the constant offset is
present as a sinusoidal offset with the spin frequency wg and thus referred to as the spin tone (Bgr). Since this spin tone is
indistinguishable from the result of a true instrumental offset in the same coordinate system, 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 amplitude of this spin tone primarily depends on
the magnetic field component along the spin axis Bga and the angle o between a spin plane sensor and the spin axis (Plaschke

et al., 2019):
BgT = Bga - cosa. ()

In this paper, we present a method to calculate the spin tone 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 calibration process. Finally, we compare the recovered data against measurements from 2017, when all sensor

axes were fully operational. The year 2017 was chosen as a trade-off between instrument degradation and temporal proximity
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Figure 1. Sketch of coordinate systems: (a) actual sensor axes (in red), orthogonalized sensor axes (in blue), (b) spin axis and rotation angles

opx and oy in the sensor package system. Fig. 1 from Plaschke et al. (2019).

to the present mission phase. The approach restores the full vector magnetic field at spin-period resolution and thereby extends

the THEMIS FGM dataset as a continuous resource for magnetospheric research.

2 Mathematical Background

We first introduce the coordinate systems and derive an expression for «, before describing the determination of Bgr from the

spin plane measurements.
2.1 Coordinate System and Coupling Matrix

To clarify the geometry of the problem, we follow the formalism introduced by Plaschke et al. (2019), which builds on Kepko
et al. (1996). We adopt their notation for consistency, while noting that the final implementation of our coupling matrix C
differs slightly in form while yielding identical results. The orientation of the three non-orthogonal sensor axes, S1, S2 and
S3, is illustrated in red in Fig. 1a. The raw magnetometer output along these axes is transformed into an orthogonal 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=® -3 TG, 3)

where each submatrix accounts for a specific step in the coordinate transformation. The conversion matrix I' transforms the

raw, non-orthogonal sensor output into an orthogonal sensor package coordinate system (Px, Py and Pz), represented by the
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blue axes in Fig. 1:
-1

sin fgq 0 cosfsy
I'=| cosggiasinfsy singgiasinfss  cosbss . 4)
0 0 1

The angles fg1, fs2, and ¢g12 define the internal geometry of the sensor axes (see Fig. 1a). The subsequent rotation matrix 3

aligns the sensor-package system with the spacecraft spin axis:

cosop, 0 —sinop, 1 0 0
3= 0 1 0 |0 cosop, —sinop, |, (5)
sinop, 0 cosop, 0 sinop, cosop,

where opy and opy describe the tilt of the spin axis relative to the sensor package coordinate system (see Fig. 1b). The
azimuthal rotation around the spin axis by the angle ¢, (not shown in Fig. 1) is represented by
cos¢p, —sing, 0
® = |sing, cosg, O]f-. (6)
0 0 1

Finally, the gain matrix G applies the sensor-specific conversion factors into meaningful physical units:

9Gp 0 0
G=| 0 Gp/g 0 [, )
0 0 G,

where g is the ratio of the spin plane gains Gg1/Gs2, and G, (= VGs1Gso ) and G, are the absolute gains for the spin plane
and the spin axis sensors, respectively (Plaschke et al., 2019).

Whereas I'" remains nearly constant throughout the mission for a well-constructed magnetometer, the elements of 32 can vary
over time due to spacecraft maneuvers that alter the moment of inertia and thereby the spin-axis orientation (for more details

on the coupling matrix see Plaschke et al., 2019).
2.2 Determination of the Sensor-to-Spin-Axis Angles

Using the transformation matrices, the angles ag1, aga, and ags between each sensor axis and unit vector along the spin axis

z (=[0,0,1]", in the orthogonal spin-axis-aligned coordinate system) can be expressed as

as1
ags | =cos™! (1"_1 DOREEY 2 ~z)

sinflg; sinop, + cosfg cosop, cos op,
1 . . . . .
=Cos cos gg128inflsz sinop, +sindsiasinfsz cosop, sinop, + cosflsa cosop, cosop, | - ®)

y

COSOPp, COSOPp,
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Assuming that fg1, 052, and ¢g12 remain constant, the parameters op, and op, can be derived from Eq. 8 using indepen-

dently known values of aig1, age, and aigs (see Sec. 3 for details).
2.3 Determination of the Spin Tone

To determine the spin tone Bgt from the measurements of the spin plane sensor axes data Bg; and Bge, we perform a least-

squares fit after subtracting the offset vector Og and converting to physical units by applying the corresponding gain factors:

Braw,l = ng (BSI - OSI) ) (9)
GP

Braw,? = ? (BS2 - OS2> . (10)

This approach allows us to distinguish between the spin-modulated variation within the spin plane and the slowly varying spin

tone component. The corresponding fitting function with respect to Byaw,1 and B,y 2 1S given by:

Bit(t) = (A+B-1) -cos(ws - (t = 2))+C+ Dt = Bypinptanc(t) + Bst(1). (11)
Bgpinplane Bst

Here, ws = 1/Typin denotes the spin frequency, ¢ is the time, (A+ B-t) represents the time-varying amplitude of the sinusoidal
component of the fit, ¢ is the phase, and C'+ D-t is the residual, time-varying offset. The first term (A + B - t)-cos (w - (t — ¢s))
corresponds to the measurement of the spin plane magnetic field in the direction of the spin plane sensor axis (Bspinplane), While

the second term C' + D - t represents the amplitude of the spin tone (Bgt) in the despun coordinate system.

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. 2, with each step and its derived variables explained in the subsequent
sections.

We calculate the spin tone Bgt from both spin plane sensor components Bg; and Bge independently. Between the two,

we use the result from the sensor whose axis forms the smaller angle with the spin axis, i.e., the one with the larger value of

|90° — arg1,52/, as the influence of the spin-axis component is more pronounced there.

3.1 Determination of the Spin Tone

First, we use B,y as obtained from Eq. 9 and 10 as input data. We utilize the low-telemetry channel of the FGM (FGL, for
details see Auster et al., 2008), which provides data with sampling rates between 4 and 128 Hz. We do not use the high-telemetry
channel (FGH), as it is rarely available, nor the onboard spin-resolution product (FGS) because its resampling removes the spin
modulation required for the fit.

We then apply Eq. 11 to the spin plane sensor components of By, using a sliding window of 2.5 spin periods, shifted by

one spin period between consecutive fits. This procedure yields estimates of the spin tone Bgr in spin resolution (= 3 —4 s).
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Figure 2. 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.

As a measure of the fit uncertainty, we compute the mean squared difference between Bg and Bi..y, for each window:

Biit — Braw)’
Funin = (Bt = Brow)” (12)

n

where n denotes the number of measurement points per window. To suppress the influence of poor fits, we calculate a weighted

moving average with a window length L of 1 minute:

St Bsr(Huw(t)
mea(t) = t+L/2
thL/Z w(t)

with the weight w(t) = A(t)?/ fmin(t). The inclusion of the amplitude term A ensures that intervals with large magnetic field

13)

magnitudes are not systematically down-weighted, since even small relative deviations can yield large absolute errors in these
regions. This relative weighting provides a more consistent quality measure across the entire dynamic range of the observed

magnetic field, which ranges from a few nT in the solar wind to more than 10.000 nT near Earth.
3.2 Recovery of the Spin Axis Component

Having obtained the weighted moving average of the spin tone By, We reconstruct the missing spin-axis measurement B,
by dividing Byma by the factor cosa. This requires accurate knowledge of the angle o between a spin plane sensor and the
spin axis. As discussed in Section 2.2, these angles could in principle be derived from the coupling matrix C (see Eq. 8).
However, due to the loss of the spin-axis measurement, a direct in-flight calibration of C is no longer feasible. This is because

the spin tone minimization used in the regular calibration process can no longer uniquely distinguish whether a residual spin
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tone originates from the true spin-axis signal, from remaining spin-plane offsets, or from inaccuracies in the angular terms of
C.

The orientation of the spin axis changes due to gravity gradient effects and performing orbital maneuvers, and thus the
effective coupling matrix, changes over time, making it necessary to update these parameters continuously. To estimate the
angles ag; and age, we therefore use Eq. 2 in combination with the fitted spin tone Bgt and a modeled magnetic field
approximation for the spin-axis component Bga. The angle determination is restricted to perigee intervals, 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 uncertainties become negligible in comparison. We define the perigee region by a minimum field
strength of 10,000 nT.

As model field 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 magnetic field near perigee (e.g. Alken et al., 2021), while the T89 model provides a
simple and widely used empirical description of the external magnetospheric field, parameterized by the geomagnetic k;, index
(Matzka et al., 2021).

The comparison between Bgt and Bgya yields updated estimates of ag; and age (cf. Eq. 2). These are then used in a
least-squares optimization of the parameters opy and opy, (cf. Eq. 8), ensuring continued calibration of the coupling matrix C
throughout the mission. Since May 2024, the angles between the spin axis and the two sensor axes have been 90.9° and 89.8°
for ag1 and ago, respectively.

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. Therefore,
we consider B, as the final data product used to replace the missing spin axis measurement. It should be noted that devia-
tions between the original measurements and the recovered 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 measure-
ments from THE for year 2017 (when the angles as; and aige were 91.8° and 89.5°, respectively), and with data from THA as

reference spacecraft for periods after the loss of the spin axis sensor component measurements (since May 2024).
4.1 Qualitative Comparison

In Fig. 3 we present two representative qualitative comparisons from 2017: one interval from the magnetosphere from 24 April
(Fig. 3a) and one from the magnetosheath including multiple magnetopause crossings from 29 July (Fig. 3b). In both panels,
the original measurement Brgg, recovered data B, and model field Brgg are shown in black, red, and blue, respectively. In

Fig. 3a the recovered data closely follow the original measurements, with differences primarily arising from the smoothing of
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Figure 3. Comparison between recovered (B, red), original (Bras, black), and model (Brsg, blue) magnetic field data for (a) a magneto-
spheric interval and (b) a magnetosheath interval following multiple magnetopause crossings (vertical gray lines) in 2017. The original data

correspond to calibrated FGS measurements from THE.

B, introduced by the recovery process. Figure 3b presents data where THE traversed the magnetopause multiple times between
12:24 UTC 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 magnetic field changes rapidly. Notably, in both examples
B, provides a far better representation of the observed field than the model field Brgg, which remains valid only within the
magnetosphere.

Following the validation with original 2017 measurements, we next evaluate the recovery after the spin axis component
became unavailable in May 2024 by comparing the recovered data B, with simultaneous observations from the nearby reference
spacecraft THA. Two representative intervals are shown in Fig. 4: magnetosheath observations prior to a magnetopause crossing
from 8-9 June 2024 (Fig. 4a) and magnetosphere observations from 28-29 November 2024 (Fig. 4b). In both panels, the
reference measurements from THA Brgsg, By, and Brgg are displayed in black, red, and blue, respectively. The recovered data
generally reproduce the reference measurements in both intervals, although enhanced deviations occur near the magnetopause
and within the turbulent magnetosheath (Fig. 4a). In the magnetosphere interval (Fig. 4b), discrepancies are visible between
02:45-03:30 and 06:00-08:30 UTC, which may reflect spatial 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 recovered

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 depends on the spacecraft’s plasma environment. To quantify this
dependence, we assess the performance of the recovery method in different regions of near-Earth space. Specifically, we divide

the 2017 data set into the following regions: the magnetosphere, the magnetopause, the magnetosheath, and the solar wind.
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Figure 4. Comparison between recovered (B, red), reference spacecraft (Bras, black), and model (Brsg, blue) magnetic field data in (a)
the magnetosheath before a magnetopause crossing at 01:49 UTC (vertical gray line) and (b) the magnetosphere in 2024. The reference data

correspond to calibrated FGS measurements from THA, since spin axis measurements from THE are no longer available.

The solar wind is further subdivided into quasi-parallel and quasi-perpendicular regions upstream of the bow shock. Within
the magnetosphere, we distinguish between low (| Brgs| < 50 nT) and high field (Brgs > 50 nT) intervals. To identify the
different regions, we use the results from Edmond et al. (2024) who applied a combination of unsupervised machine learning
methods to classify THEMIS observations into magnetosphere, magnetosheath, and solar wind observations. We make use
of their publicly available 2017 dataset for THE, in which each data point is assigned to one of these regions. Magnetopause
and bow shock crossings are identified by changes in the region label. In addition, to further divide the data set, we also use
magnetic field data from the FGM (fully operational in 2017) and the omni directional ion energy flux Fq,x (ESA, McFadden
et al., 2008).

Magnetospheric data are separated into low- and high-field intervals to avoid biasing the statistics, as larger absolute devia-
tions 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 50 nT < Brgg
are applicable belong to the high field magnetosphere. Data within £15 min of each magnetopause crossing are attributed
to the magnetopause region. The magnetosheath is defined by the machine learning labels, except for the points near the
magnetopause crossings. The solar wind data set is used as specified by the model and then divided into quasi-parallel and

Lsr~1, respectively. Manual inspection

quasi-perpendicular by having Fg, at 10 keV higher and lower than 20,000 cm~2s~
confirmed the robustness of these assignments, with few outliers that were removed from the subsets.

We observe 2,397,045 and 951,265 data points in the low and high field magnetosphere, 246,609 data points around the
magnetopause, and 674,122 in the magnetosheath, respectively. In the solar wind, however, we observe only 80,358 and 30,008
data points in the quasi-parallel and quasi-perpendicular regions, respectively. The large differences in the data quantities can

be attributed to the orbital configuration of the THEMIS mission.
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Figure 5. Histograms of the deviation § B between recovered (B,) and original (Brgs) spin-axis measurements in six different regions: (a)
low-field magnetosphere near perigee, (b) high-field magnetosphere, (c) quasi-parallel solar wind, (d) magnetopause crossings, (e¢) magne-
tosheath, and (f) quasi-perpendicular solar wind. The vertical red dashed lines indicate the median values, and the + values correspond with

the 25th and 75th percentiles.

For each region, we calculate the difference between the recovered B, and the original spin axis measurements Brgs:

6B = B, — Brgs. (14)

The distributions of § B for the different regions are shown in Fig. 5.

Figure 5a shows d B for the low-field magnetosphere. The distribution is nearly centered around zero, with a slight positive
shift and a median value below 1 nT. In the high-field magnetosphere (Fig. 5b), the distribution is broader but still centered
near zero, with a median value below 0.5 nT. Near the magnetopause (Fig. 5d) and in the magnetosheath (Fig. 5e), the dis-
tributions are comparable in shape to the high-field magnetosphere but exhibit higher median values, above 1 nT and above
0.5 nT, respectively. In the solar wind, both the quasi-parallel and quasi-perpendicular cases (Fig. 5c and Fig. 5f) show narrow

distributions centered near zero, with median values below 0.5 nT.

10
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The position of the median reflects the quality of the spin plane offset determination, with correctly chosen offsets resulting 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 indicating poorer performance. Larger deviations between the recovered and original measurements
occur in the high-field magnetosphere, as reflected by the larger interquartile range (> 10 nT). This is expected since absolute
differences become more pronounced at higher field strengths, where small relative calibration errors or filter effects can lead
to larger absolute deviations.

The smallest absolute deviations are observed in the solar wind with interquartile ranges < 6 nT. The slightly larger devia-
tions in the quasi-parallel case can be attributed to the enhanced turbulence and wave activity in the foreshock region, which
complicate the fitting process (see Section 5). The distributions in the magnetosheath and around magnetopause crossing, how-
ever, are markedly broader. Their interquartile ranges are comparable to those of the high-field magnetosphere (> 9 nT), even
though the magnetic fields themselves are much weaker. These two broader distributions can be explained due to faster changes

and higher fluctuation levels in the magnetic field, which likewise complicate the fitting process there.

5 Discussion of Limitations

The accurate determination of the spin plane sensor offsets is essential for deriving reliable spin tone values (Bgt) and,
consequently, for reconstructing the spin axis signal. Errors in the spin plane offsets directly translate into errors in Bg 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 by minimizing Bgt using the information from the spin axis sensor itself
(Plaschke et al., 2019). With the loss of the spin axis measurements, this approach is no longer possible. Likewise, alternative
calibration techniques such as the Hedgecock method (Hedgecock, 1975) cannot be applied in the absence of three fully
operational sensor components. As a result, the spin plane offset calibration must now rely on model magnetic field values as
a proxy for the missing spin axis measurements. This introduces an additional source of uncertainty and makes the recovery
process fundamentally dependent on both the accuracy 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 magnetosphere when the
magnetic field shows no sign of significant wave activity, where the magnetic field is relatively stable and model uncertainties
are minimized. Nevertheless, this limitation should be considered when interpreting the recovered data.

In addition to these model related uncertainties, we observe systematic deviations of the recovered signal compared to the
original measurements after several perigee passages. 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 not originate from the

recovery method itself. As a result, the spin plane offsets can fluctuate, leading to inaccurate spin tone determinations. A

11
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Figure 6. Comparison of fitted and raw spin plane data. In all panels, the raw data are shown in black and the fit as red dashed line. From top
to bottom, we present examples for the magnetosphere (a), magnetosheath (b), and a magnetopause crossing (c). The fmin value in the lower

right corner of each panel quantifies the fit uncertainty (see Eq. 12).

detailed analysis of this effect and attempts to mitigate it are presented in Appendix A. This limitation should be considered
when interpreting the recovered data.

Another limitation, although less critical than the previously discussed effects, concerns the quality of the fit and, conse-
quently, the accuracy of the estimated spin tone. In regions with low turbulence, such as the inner magnetosphere or the quiet
solar wind, the fits reproduce the periodic spin modulation accurately. However, in highly turbulent environments, such as
near boundary crossings or within the magnetosheath (e.g. Lucek et al., 2005), the fit quality degrades. This is reflected in
the broader distributions of § B observed at the magnetopause (Fig. 5d) and in the magnetosheath regions (Fig. Se). To illus-
trate this behavior, Fig. 6 shows three representative examples of the fitting performance in different plasma regions: in the
magnetosphere Fig. 6a, in the dayside magnetosheath Fig. 6b and at a magnetopause crossing Fig. 6c.

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 fi,i, (see Eq. 12), which quantify the fit uncertainty: from < 0.1

nT? in the magnetosphere to ~ 2 nT? in the magnetosheath and ~ 10 nT? at the magnetopause crossing.
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In addition to the reduced accuracy of the recovered spin axis signal, the recovery process also decreases the temporal
resolution of the data. Even without smoothing, the sampling 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 temporal resolution to half the window length (L = 60 s).

6 Conclusions

After more than 17 years in space, the THEMIS E spacecraft stopped recording magnetic field measurements along its spin
axis since May 24, 2024, at 22:54:06 UTC. We present a method to reconstruct the missing magnetic field component along
this axis. By exploiting the spacecraft’s spin motion, we extract information about the missing spin axis component from the
spin plane sensor measurements. Specifically, we derive the spin tone Bgt by fitting the magnetic field data from the spin plane
sensors. Combined with the angle « 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 evaluate the reconstruction. The comparison demonstrates
that the recovery performs well across different plasma regions. The width of the § B distributions, which reflects the overall
quality of the fit and recovery process, is on the order of a few nT in most regions: approximately 4 nT in the low-field
magnetosphere, 12 nT in the high-field magnetosphere, about 10 nT near magnetopause crossings, and around 14 nT in the
magnetosheath. In the solar wind, the distributions are narrower, with widths of roughly 6 nT in the quasi-parallel and 3 nT in
the quasi-perpendicular case.

Since the loss of the spin axis sensor component in May 2024, reconstructed magnetic field data have been made publicly
available, with a delay to allow for careful processing and calibration. After reconstructing the spin axis component, 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/l11b/). 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 sensor axes from the spin plane would further improve the ability to
recover data in the event of sensor loss. For example, repeating the analysis for the year 2017 after rotating the sensor geometry
to a deviation of about 45° reduces the distribution widths to < 1 nT in the magnetosphere and solar wind and to <3 nT even
near magnetopause crossings and in the magnetosheath. Despite the discussed limitations, we demonstrate that the recovery
of magnetic field measurements is possible. Hence, our approach provides a viable solution for the recovery of spin axis
measurements, supporting the scientific goals of the magnetometer. This is enabled by a slight misalignment 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.

13



295

300

305

310

https://doi.org/10.5194/egusphere-2026-803
Preprint. Discussion started: 25 February 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

140

120

100

804

60

Bsy [nT]

404

204

0

—20+4
20:00:00 2017-03-30 04:00:00

Figure A1. Comparison of recovered and original spin-axis data shortly after a perigee pass. Larger deviations between the two are visible
between 20:20 UTC on April 29 and 03:20 UTC on April 30, 2017, decreasing with increasing distance from perigee as the spacecraft

approaches apogee.

Code and data availability. Data from the THEMIS mission including FGM and ESA data are publicly available from the University of
California, Berkeley, and can be obtained from https://themis.ssl.berkeley.edu/data/themis (THEMIS, 2026). THEMIS data were accessed
using the SPEDAS (Angelopoulos et al., 2019, 2024) and PySPEDAS software (Grimes et al., 2018). The software for the revocery process
can be found at https://doi.org/10.5281/zenodo.18594248] (Poppelwerth, 2026).

Appendix A: Additional Cross Correlation Offset

We frequently observe systematic deviations between recovered and original magnetic field data following perigee passes. As
discussed in Sect. 5, these deviations appear correlated with temperature gradients that affect the offset behavior. A represen-
tative example of the deviations is shown in Fig. Al.

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 similar to that of THE, although they may be shifted along the orbit by a
time lag 7. Because of this orbital similarity, all three spacecraft should observe comparable magnetic fields, and consequently
also similar deviations between the measurements 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 7 so that the spacecraft are
compared at approximately the same orbital position.

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

Therefore, we construct a distance-dependent linear combination of the instantaneous and the shifted differences. The

method is applied only within the magnetosphere, where the model field remains valid.
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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 Brgg a, B1sg,p, and Brgg g for THA, THD, and THE,
respectively. Likewise, the measured magnetic field vectors from THA and THD (Brgs,a, Bras,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, /p| and |rg| for time lags between -3 h and +3 h. The time lag corresponding to the maximum cross-correlation
defines the orbital shift 7. 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 instantaneous

difference A B; and shifted difference A Bq:

ABS(t) :Bpgs(th) 7BT89(257T), (Al)
ABy(t) =Brgs(t) — Brso(t). (A2)

To combine these contributions depending on spacecraft separation, we introduce a weighting factor

1 d—dy\ 1
6—2tanh( - >+2, (A3)

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 I 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)-ABt7A(t)+€A-ABS7A(t), (A4)
ABD(t) :(1 —ED) 'ABt,D(t) +ép 'AB&D(t), (AS)

and the deviation between recovered and model magnetic field for THE is given by
ABg(t) = B,(t) — Brso g(t). (A6)

All deviations ABy /p /g are subsequently smoothed using a one-hour running average to suppress short-term fluctuations. The
cross-calibration offset in spin-axis direction is then defined as

 ABa(t) + ABp(t)
. .

doft (t) = ABg(t) (A7)

If only one reference spacecraft (THA or THD) satisfies the correlation threshold (r > 0.8), then only that spacecraft is used in
Eq. A7. Subtracting 6, 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 identify
suitable values, we performed a parameter study across a two-dimensional grid of parameter pairs: dg varied from 1,000 to
50,000 km in steps of 500 km, and W from 250 to 25,000 km in steps of 250 km. For each parameter combination, we

computed the cross-calibration offset d.g and evaluated the resulting residual magnetic field difference for THE
Rgp(t) = B (t) — ot (t) — BFGS,E(t)- (A8)
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Figure A2. Color-coded representation of the absolute median residual Rp for January (a) to December (1) 2017 as a function of the

parameters do and W.

We then calculated the median of the absolute residual |Rg(t)| over an entire month, denoted by med(|Rg|), yielding 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.

During April, May, November, and December 2017, the cross-correlation between THE and the reference spacecraft did not
exceed the required threshold, and no cross-calibration offset was computed for these months. The remaining months exhibit
different dependencies of the median residuals on the parameters dy and W. January, February, March, August, and September
display broadly similar patterns, whereas June, July, and October show strong deviations. However, applying this approach
after the spin axis measurements became unavailable would require a stable parameter 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 Brgg (i.e., the baseline residual without cross-

calibration)

RB,base(t) = Br<t) - BFGS,E(t)7 (A9)

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

comparison we subtract med(|Rp bage|) from med(|Rg|) for each month and value pair:

AR =med(|Rg|) — med(|RB base|)- (A10)
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Figure A3. Color-coded representation of the absolute median residual Rp subtracted by the absolute median difference between B, and

Bras for for January (a) to December (1) 2017 as a function of the parameters dp and W.

The results are displayed in Fig. A3. The color scale indicates the difference between the residuals obtained with and
without applying d.¢. Negative values (blue) correspond to an improvement due to cross-calibration, whereas positive values
(red) indicate a degradation. As seen in Fig. A3, improvements 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 deviations 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 comparable at similar orbital locations.

Figure A2 further shows that the optimal parameter combination 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 A4. (a): Comparison of original (BTug,rcL, black), model (Brsg, green) and recovered (B;, blue) magnetic field data for THE.
(b): Comparison of original (Brug,rarL, black), model (Brsg, green) and recovered magnetic field data with the cross calibration offset

(Br — dos, blue) for THE. (c): Comparison of (Btua,ras, black) and model (Brsg, green) magnetic field data for THA.
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