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Abstract. Post-launch characterization of the receiver telescope of the laser altimeter is essential for achieving precise georef-
erenced planetary measurements and for radiometric calibration to passively measure surface reflectance. For the Ganymede
Laser Altimeter (GALA) aboard the Jupiter Icy Moons Explorer (Juice), such in-flight calibration was originally planned dur-
ing a lunar flyby but could not be performed due to an unexpected reboot of the instrument. Instead, this study reports a passive
noise measurement acquired during the Earth-farewell campaign on 9 September 2024 as an alternative opportunity for in-flight
calibration. Using temporal variations in the GALA noise level as a proxy for photon flux incident on the GALA detector, we
combine a theoretical noise model with Earth images obtained by the Jovis Amorum ac Natorum Undique Scrutator (JANUS)
imager to constrain the GALA receiver boresight direction. By comparing the timing, magnitude, and temporal pattern of
noise variations between observations and simulations, we find that the pre-launch boresight vector is inconsistent with the
Earth-farewell observations. Our results further suggest that the GALA receiver boresight may have experienced a post-launch
offset over 700 prad, although a definitive conclusion can be drawn only with additional cruise-phase data. The methodology
developed in this study offers a framework for in-flight alignment calibration of GALA during future flybys, which is also
broadly applicable to other planetary laser altimeters. The radiometric calibration performed in study is also prerequisite for

the interpretation of passive albedo measurements of Jupiter and the Galilean moons.



15

20

25

30

35

40

45

https://doi.org/10.5194/egusphere-2026-520
Preprint. Discussion started: 4 February 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

1 Introduction

Laser altimeters have been one of the most commonly-installed instruments on lunar and planetary exploration missions. The
basic functionality of onboard laser altimeters is to measure the range between a spacecraft and planetary surface based on the
travel time of laser pulses. Range data acquired by laser altimeters are used to derive surface topography (e.g., Araki et al.,
2009; Smith et al., 2017), as well as tidal deformations and rotation states (e.g., Stark et al., 2015a, b; Xiao et al., 2025) to gain
insights into planetary interior structure. Also, lateral variations in surface roughness, slope, and albedo can be characterized
to investigate surface geologic processes (e.g., Neumann et al., 2003; Smith et al., 2017; Deutsch et al., 2024; Nishiyama
et al., 2022, Nishiyama et al. under review in PSJ). Laser altimeters also play an important role in spacecraft navigation during
landing operations (e.g., Kikuchi et al., 2021; Mizuno et al., 2017; Daly et al., 2017).

To achieve these scientific objectives and operations, precise determination of the laser altimeter alignment with respect to
spacecraft reference system is essential for the accurate estimation of footprint positions on the surface of a celestial body.
Alignment information is typically determined during pre-launch phase after integration of the laser altimeter into the space-
craft. However, launch-induced vibration and/or difference in thermal conditions in space may cause deviations from the
pre-launch alignment. Therefore, post-launch in-flight calibration of the laser altimeter needs to be performed using several
methods. For example, direct two-way laser ranging between a spacecraft and satellite laser ranging stations on the Earth can
be used to characterize laser alignment as well as laser beam patterns (e.g., Smith et al., 2006, 2017; Barker et al., 2018; Noda
et al., 2017, 2023). In addition, comparisons between laser altimeter profiles and images and/or image-based topography can
be used to determine the alignment of laser altimeters (e.g., Noda et al., 2021).

Such a post-launch calibration has not yet been conducted for the Ganymede Laser altimeter (GALA)(Hussmann et al.,
2025) onboard the Jupiter Icy Moons Explorer (Juice) mission. Similar to previous laser altimeters on planetary exploration
missions, GALA aims to provide surface topography data of icy moons, enabling investigations of geologic processes such as
ice tectonics, cryovolcanism and impact cratering. Moreover, GALA targets measurements of Ganymede’s tidal deformation
induced by Jupiter to gain insights into its interior structure and the possible presence of a subsurface ocean (e.g., Kamata et al.,
2016; Kimura et al., 2019; Hussmann et al., 2019; Enya et al., 2022). In order to accomplish these measurements with accurate
georeferencing, the boresight direction of GALA needs to be characterized after the launch of the Juice spacecraft in April
2023. As the Juice spacecraft is equipped with the Jovis Amorum ac Natorum Undique Scrutator (JANUS) imager (Palumbo
et al., 2025), precise co-registration of GALA’s boresight vector with JANUS images allows us to improve interpretation of the
altimeter data in combination with surface imagery.

Determination of GALA’s boresight vector in conjunction with JANUS images was originally planned to be performed
during the lunar flyby of the Lunar Earth Gravity Assist (LEGA) maneuver, which took place from 19 to 20 August 2024
(Stark et al., 2024). GALA was planned to be switched on prior to the Juice’s closest approach to the Moon and to acquire
topographic profiles of the lunar surface as its first in-cruise opportunity. In addition, JANUS was expected to potentially
detect GALA’s laser pulses reflected from the lunar surface by taking long exposures for lunar nightside images, enabling

more accurate geometric calibration. However, the goal was not achieved during this calibration opportunity. Although JANUS
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was operated successfully during the lunar flyby, GALA failed to fire laser pulses while pointing toward the Moon due to an
unexpected reboot of the instrument.

Instead, GALA had another opportunity for in-flight calibration during the Earth-farewell campaign on 9 September 2025.
In this campaign, Juice observed the Earth from a distance of 5.65 million kilometers. Although the Earth was too far away
for GALA to detect return pulses, GALA was operated in a passive mode. In this mode, GALA functioned as a single-pixel
telescope and recorded a temporal variation in its noise level (Fig. 1a). Because the noise level is dependent on the amount of
light reaching the avalanche photodiode (APD) used in the GALA detector, variations in the GALA noise level are indicative
of changes in brightness within its field of view (FOV). This noise variation, in turn, corresponds to temporal variations in
the spacecraft attitude with respect to the Earth. Simultaneously, JANUS obtained images of the Earth using all of its filters,
enabling a direct comparison between the GALA noise data and the spatial distribution of reflected sunlight on the Earth.
Thanks to the accurate alignment between JANUS and the spacecraft reference frame, through star fields imaging, the boresight
vector of the GALA telescope with respect to spacecraft can be accurately determined through the JANUS-GALA comparison.
While this comparison cannot derive the transmission direction of laser pulses, the line of sight of GALA’s receiver (denoted
as Rx-LoS hereafter) may be inferred to provide insights into the GALA alignment condition.

In this paper, we demonstrate boresight vector calibration using the GALA noise data obtained during the Earth-farewell
campaign. Based on a theoretical prediction of the dependence of the GALA noise level on incoming solar flux, we establish
a method to directly compare the GALA noise level with the JANUS images taken at the same time. Using this method,
we report the implications of the Earth-farewell campaign for the GALA alignment and discuss prospects for future GALA

measurements.

2 Data
2.1 GALA

During the Earth-farewell campaign, GALA was operated in a passive mode for a total of 55 minutes, for which GALA was
capable of detecting variations in incoming light at the 1064-nm wavelength as fluctuations of the noise level. Due to the
discrete nature of photon arrivals and the subsequent stochastic processes of electron-hole pair generation within the APD,
photons incident on GALA introduce additional noise atop of other noise sources, such as dark current. This additional noise is
called solar noise. The magnitude of solar noise is proportional to the square root of the incident photon flux and can dominate
the overall noise level of GALA when its telescope is pointed toward a sufficiently bright body (see details in Sect. 3.2).

The noise level of GALA was observed as the root-mean-square (RMS) of the electrical signals within every range window.
When GALA finds return pulses from electrical signals with a digital matching method (Hussmann et al., 2025), the receiver
chain samples the electrical signal at intervals of 5 ns by combining two Analog-to-Digital Converters (ADCs). All electrical
signals within the full range window of 40.48 s are recorded as range window samples composed of 8192 points in total.

Although the full range window sample data were transmitted to the Earth only at intervals of 3 seconds, the RMS of the
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range window samples was computed onboard and transmitted to the Earth with a observation frequency of 30.3 Hz, enabling
characterization of the the noise level for all observation cycles.

The noise data acquired during the Earth-farewell campaign clearly exhibit solar noise generated by sunlight reflected from
Earth, as seen in Figure la. After the warm-up phase of the instrument, characterized as relatively high noise level at the
beginning, the noise RMS stays at approximately 1.12 mV. Around 09:38:38 (UTC), the noise level began to increase and
remained elevated at 3.0-3.5 mV until it returned back to its original level around 10:08:07 (UTC). This period of increased
noise roughly coincides with the duration when GALA’s FOV was pointed toward the Earth. Figure 1b shows the angular
separation between the centers of the Earth and GALA Rx-LoS. When the angular separation is smaller than the Earth’s
apparent radius, the observed noise was at the increased level, implying contribution from the solar noise. Notably, the noise
RMS also exhibits significant fluctuations while the GALA FOV was pointed at the Earth, reflecting temporal variations in
photon flux collected by the GALA telescope.

For the latter analysis, we use the RMS of GALA noise data after smoothing out statistical variation. Due to the limited
number of data points in every range window, the RMS values computed onboard are subject to statistical uncertainty, as
seen in Fig. 1a. Therefore, the RMS noise were smoothed out using a moving average with a 0.5-seconds window to enable

comparison with the temporal variation of the incoming photon flux (the black line in Fig. 1a).
2.2 JANUS

To compare the temporal variation of the GALA noise level, we use radiance variations based on JANUS observations with
filter-12. JANUS is equipped with 13 filters, including 12 narrowband filters and one broadband filter, covering a spectral range
from 0.34 to 1.08 pm (Palumbo et al., 2025). These filters enable measurements of spectral characteristics of the surface and
atmosphere of Jupiter and its icy moons (e.g., Tosi et al., 2024; Fletcher et al., 2023). For comparison with the GALA data
obtained at 1064-nm wavelength, images acquired with filter-12 are suitable. The wavelength coverage of filter-12 spans from
949 to 1081 nm, covering the wavelength of GALA (see more details in Sect. 3.1).

During the Earth-farewell campaign, JANUS obtained images using all filters while the GALA FOV overlapped with the
Earth (Fig. 1a and b). In total, 168 images of the Earth were obtained. In this study, we use a filter-12 image taken at 09:57:02
(Fig. 1c) because this image has the highest quality without saturation. This approach implicitly assumes that the spatial
radiance pattern of the Earth remains constant while the GALA FOV overlaps with the Earth. This assumption introduces only
minor errors in the latter analysis because the time offset between the JANUS image acquisition and GALA noise increase is
less than 20 minutes. On the Earth, cloud motion within 20 minutes is smaller than the pixel size of JANUS, which was 42
km at the Earth-Juice distance during this campaign. The Earth’s rotation within 20 minutes corresponds to a longitudinal shift
of at most 5 degree; this effect is explicitly accounted for in the latter analysis by calculating the corresponding latitudes and

longitudes of each pixel on the Earth.
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2.3 Attitude of Juice spacecraft

Another important factor is the temporal resolution of the spacecraft attitude information. The pointing direction of the GALA
FOV can be computed from the spacecraft attitude information using the Spacecraft, Planet, Instrument, C-matrix, Events
(SPICE) Toolkit (Acton et al., 2018; Annex et al., 2020). To correlate the GALA noise data with temporal variation of pointing
direction with respect to the Earth, Juice attitude information sampled at intervals comparable to the timescale of GALA noise
variation is required. However, during the Earth-farewell campaign, the Juice attitude data were acquired only at one-minute
intervals, making it difficult to use the Juice attitude information directly in the analysis.

To compensate for the limited temporal resolution of the Juice attitude data, we interpolated the spacecraft attitude by
employing three interpolation methods: linear interpolation, Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) in-
terpolation (Fritsch and Butland, 1984), and Akima interpolation (Akima, 1970). Both PCHIP and Akima methods fit piecewise
cubic polynomials with different constraints: PCHIP preserves monotonicity while maintaining continuity of the first deriva-
tive, whereas Akima interpolation estimates derivatives locally using a weighted average of slopes from neighboring samples
(see Fritsch and Butland (1984) and Akima (1970) for details). By applying these interpolations to the quaternions that define
the rotation matrix of the spacecraft attitude in the J2000 frame, we modeled high-resolution Juice attitude data. Note that
other spline interpolation methods were found to be unsuitable, as they introduced overshooting between the coarsely sampled

attitude points, resulting in unrealistic variations in the GALA pointing direction.

3 Method

A direct comparison between GALA and JANUS data is not straightforward because of differences in both wavelength cover-
age and observation data type. First, GALA detects photons within a narrow wavelength range of approximately 3-nm around
1064 nm, while filter-12 of JANUS collects photons over a broader spectral range. Second, the GALA observation in the pas-
sive mode consists of electrical noise signals whose amplitude needs to be quantitatively related to the photon flux incident
on the APD. In this study, we convert radiance observed by JANUS into photon flux reaching the GALA APD by considering
differences in spectral sensitivity between GALA and JANUS. We then apply a theoretical relationship between solar noise

and the incoming photon flux to compare the observed and predicted noise levels.
3.1 Conversion from JANUS radiance data to photon flux incident on GALA APD

Accounting for the difference in spectral sensitivity is essential for cross-calibration between measurements acquired by dif-
ferent instruments, as demonstrated in numerous previous studies (e.g., Pieters et al., 2013; Besse et al., 2013; Ohtake et al.,
2013; Yumoto et al., 2024; Nishiyama et al., 2025). In this study, by incorporating the transmittance of the GALA bandpass
filter, we compute the ratio of radiance collected by GALA to that measured by JANUS as

. _ JRed
7T [ RydA

= 0.0326, (1)
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where R is the transmittance of the GALA bandpass filter from Enya et al. (2022), and R is the wavelength coverage of
JANUS’s filter-12 from Palumbo et al. (2025). Because the JANUS image used in this study is calibrated as total radiance
integrated over the filter coverage, R ; is approximated as a uniform rectangular response spanning wavelengths from 949 to
1081 nm.

Using this conversion ratio, the optical power of the photon flux reaching the GALA APD is calculated as

Pe =eeorgiEsArovirov, (2)

where ¢; is the optical transmission efficiency of the GALA telescope, ¢, is the optical efficiency of the GALA back-end
optics, Fy is the radiance measured by JANUS and averaged over the GALA FOV, Aroy is the area of the GALA FOV at
the Earth-Juice distance, and Qpoy is the solid angle of GALA’s telescope aperture seen from the Earth. Due to degradation
possibly caused by contamination and/or particles, ¢; and €, are expected to potentially decrease from 0.95 to 0.83 and from
0.875 to 0.8, respectively, over the entire mission (Hussmann et al., 2025). As GALA components are expected to experience
minimal degradation shortly after the launch, we adopt the upper-end values for both €; and ,,.

Arov and Qpoy are expressed as

Apov = 0%0y Dharin, 3)
2
Qroy =7 [arctan (TFOV>:| , 4)
Earth

where Or oy is the angular radius of the telescope FOV, Dy, is the distance between the Earth and Juice spacecraft, and

rrov 1s the telescope radius. All parameters used in the calculation are summarized in Table 1.

Table 1. Parameters used in the calculation of GALA noise.

Parameter Symbol | Value Unit
Optical transmittance of telescope €t 0.95 -
Optical efficiency of back-end optics €o 0.875 -
APD quantum efficiency €q 0.41 -
GALA wavelength e 1064 nm
Amplification gain Gamp 5.45 -
APD multiplication gain M 94.9 -
Noise excess factor x 0.25 -
APD bandwidth By 100 MHz
APD transimpedance R; 33 k2
Telescope FOV radius Orov 225 prad
Telescope radius TFOV 12.5 cm
Earth-Juice distance DEgartn | 5.65 | Million km
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It should be noted that this calculation implicitly assumes a flat spectral radiance over the wavelength coverage of the JANUS
filter-12. However, artifacts due to different shape of the spectral radiance of the Earth are expected to be limited. For example,
when non-flat spectra representative of continent, seawater, and clouds on the Earth based on calculation with Planetary Spectral
Generator (PSG; Villanueva et al., 2018) are incorporated, ¢ /J results in 0.0306, 0.0332, 0.0290, respectively. Note that the
PSG calculation assumed spectral properties of continent, seawater, and clouds based on spectral catalogs from Madden and
Kaltenegger (2018), Clark et al. (2007), and Bohren and Huffman (1998), respectively. Thus, potential systematic errors due
to spectral shape difference is limited to 9 % at most. This level of uncertainty is sufficiently small compared to variations in
absolute reflectance among different area types of the Earth; for instance, the cloud reflectance can be an order of magnitude
larger than that of seawater. Therefore, we adopt rg, 7 of 0.0326 based on the flat-spectrum assumption uniformly in the latter

analysis.
3.2 Theoretical relationship between incoming photon flux and GALA noise

In general, the noise level of a laser altimeter in a passive mode can be expressed as (e.g, Steinbriigge et al., 2018)

Ntotul: \/N33+Nd2b+Ns2n7 (5)

where Ny, is the APD surface dark current noise, Ny, is the APD bulk dark current, noise and N, is the noise component
induced by reflected sunlight incident on the APD. Note that the shot noise and electromagnetic compatibility noise are omitted
from Equation 5 because GALA does not fire any laser pulses in the passive observation.

Since Ny, and Ny, are constant, (i.e., independent of the incident photon flux), the background noise level of 1.12 mV

observed before and after the Earth overlap corresponds to /N2, + NZ,. The other component of noise, Ny, is expressed as

P
I, = Lo 626 hGAG, ©6)
C

Nsn = Gamp \/2qunM2+IBORi27 (7)

where ¢ is the elemental charge, ¢, is the APD quantum efficiency, Ag is the GALA wavelength, & is the Plank constant, ¢
is the speed of light, G, is the GALA receiver amplification gain, M is the APD multiplication gain, x is the noise excess
factor, By is the APD band width, and R; is the APD transimpedance. All values used in our calculation are summarized in

Table 1.

4 Results

Comparison between the observation and simulations can be performed using two observables. First, the timings at which the
observed noise level began to increase and subsequently returned to the background level may be used, as these transitions are
clear indicators of onset and termination of the Earth-FOV overlap. Second, the absolute magnitude and temporal variation of
the GALA noise can be used for a direct quantitative comparisons between the observation and simulations. Since the noise

increase induced by photon flux reaching the GALA APD can be computed using the formulations in Sect. 3, the magnitude
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and variability of the reflected sunlight can be directly compared with the observed noise data by taking the JANUS-based
radiance averaged within the GALA FOV as a function of time. In this section, we present comparisons between simulations

and observations from both perspectives.
4.1 Start and end of the noise increase

Figure 2 presents the observed noise RMS zoomed in around the onset and termination of the noise increase, along with
schematic illustrations of the relative position of the GALA FOV with respect to the Earth at those times. Since the duration of
the noise increase corresponds to period during which the GALA FOV overlaps with the Earth, the onset of the rapid rise in the
RMS value (red arrow in Fig. 2a) indicates the moment when the Earth started to enter the GALA FOV. Conversely, the time
at which the noise RMS dropped to the background level (red arrow in Fig. 2b) indicates when the Earth completely exited the
GALA FOV.

The observed timings of the onset and termination of the noise increase do not agree with simulations assuming that the pre-
launch boresight vector of the GALA Rx-LoS remains unchanged during cruise. Figure 2 also shows the simulated start and
end timings of the noise increase based on the SPICE-based simulations of the GALA FOV intersecting the Earth. Although
the simulated timings depend on the different interpolation methods used to increase the temporal resolution of the Juice
attitude information, none of the simulated results are consistent with the observations. At the start of the overlap, the linear
interpolation predicts a later onset of the overlap, whereas the PCHIP and Akima interpolation predict earlier onsets. At the
end of the overlap, all the interpolation methods predict an earlier decrease of the noise level, with discrepancies exceeding 13
seconds. These results suggest that the observations cannot be reproduced with the pre-launch boresight vector.

It should be noted that such timing discrepancies cannot be explained by the Earth’s atmosphere. For example, images taken
by Earth-observing satellites like Himawari-8/9 (e.g., Okuyama et al., 2018) show a bright atmospheric halo of the Earth with
a thickness of approximately 30 km. However, its effect on the overlap timings is less than 0.3 seconds (colored bands in Fig.
2) and is negligible compared to the discrepancies between the observation and simulations.

A possible reason that may explain the timing gaps is an offset of the boresight vector of the GALA Rx-LoS after the launch,
as any deviation from the true boresight vector introduces systematic differences between the simulated and observed overlap
timings. To investigate such a post-launch offset, we repeated the comparisons shown in Fig. 2, changing the assumed GALA
boresight vector of the GALA FOV. For each assumed boresight direction, the start and end times of the noise increase were
simulated using different interpolation methods of the Juice attitude and compared with the observations.

Figure 3 shows maps of the timing discrepancies as a function of the assumed boresight vector direction in the spacecraft
reference frame. For the start of the overlap, the boresight vectors consistent with the observation differ among the assumed
interpolation methods. The linear interpolation yields a crescent-shaped region located to the right of the pre-launch boresight
vector, whereas the corresponding regions obtained with PCHIP and Akima interpolations are located rather to the left of the
pre-launch value (Fig. 3a, d, and g). Note that the crescent shape reflects the shape of the Earth’s limb. In contrast, for the end

of the overlap, the crescent-shaped parameter regions are consistently located to the right of the pre-launch boresight vector
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(Fig. 3b, e, and h) because the simulated end of the overlap needs to be delayed from the predictions assuming the pre-launch
boresight vector (Fig. 2).

As arepresentative measure of the total misfit between the observation and simulations, we computed the RMS of the timing
gaps at both the start and the end of the overlap (Fig. 3c, f, and i). The total misfit maps suggest a potential offset of the GALA

boresight vector in the positive x direction of the spacecraft reference frame.
4.2 Direct comparison in noise magnitude and pattern

A discrepancy between the observed and simulated increase of the noise level assuming the pre-launch boresight vector is also
evident in the absolute noise magnitude of GALA. Figure 4 presents a direct comparison between the observed GALA noise
and the JANUS-based simulations during the period when the GALA FOV overlaps with the Earth. Based on Equations (1)—(6),
a simulation assuming the pre-launch boresight vector predicts systematically higher noise levels, indicating an inconsistency
with the pre-launch boresight assumption.

This inconsistency is also apparent in the temporal pattern of the GALA noise. For example, the observations exhibit local
noise maxima at 09:39-09:40 and 09:42—-09:43, whereas a simulation using the pre-launch boresight vector rather predicts local
minima at these times. In addition, the observed noise shows a clear gradual increase after 09:47, while the simulated noise
remains comparatively flat or even slightly decreases. Aside from a noise drop around 09:59, the overall temporal behavior
of the observed noise supports the possible presence of a systematic offset in the GALA Rx-LoS alignment. Thus, both the
absolute noise magnitude and its temporal pattern indicate the need to adjust the boresight direction.

The noise magnitude and temporal pattern can also be exploited for in-flight calibration of the GALA Rx-LoS alignment.
Following the approach described in section 4.1, we repeated the comparison shown in Fig. 4 while varying the assumed GALA
Rx-LoS. After converting the JANUS-measured radiance averaged within the GALA FOV into GALA noise levels (see Sect.
3), discrepancies between the observation and simulations were evaluated in two ways. First, the mean difference between
the observed and simulated noise levels was computed as a measure of agreement in absolute noise magnitude. Second, the
correlation coefficient of the temporal noise variations was calculated to quantify how well the simulations reproduce the
observed temporal variability. In both analyses, we use only data acquired during the period of increased noise, namely the
duration between the first and last Juice attitude acquisitions while the elevated noise level was observed (indicated by the two
vertical extended gray lines in Fig. 4).

Two approaches were adopted regarding the temporal resolution of the comparison. In the first approach, all observations
were compared with simulations based on interpolated Juice attitude information. This approach provides higher temporal res-
olution but introduces uncertainty associated with attitude interpolation between discrete measurements. Note that we present
results obtained with the linear interpolation hereafter, because only negligible differences were found among the three inter-
polation methods. In the second approach, only data points corresponding to the actual Juice attitude acquisition times were
used. Although this approach reduces the number of used data points, it eliminates uncertainties introduced by interpolations.

While the final results obtained using these two approaches are broadly consistent, the differences are not entirely negligible.
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Optimization of the GALA Rx-LoS alignment based on noise magnitude reveals two candidate regions of boresight vectors
that yield simulations consistent with the observations. In Fig. 5a and b, two irregular ring-shaped regions indicate where the
mean simulated noise magnitude matches the observed values well. Both regions partially overlap with the region where the
total RMS residual of the start and end times of the noise increase is less than 15 seconds. This overlap suggests that the
true GALA Rx-LoS may lie within either of these two areas. In contrast, the simulation using the pre-launch boresight vector
predicts noise magnitude levels approximately 0.1 mV higher than the observation, as depicted in Fig. 4.

The temporal correlation of the noise pattern also provides additional constraints on the GALA boresight vector. Figure
5c and d show the distributions of correlation coefficients for different boresight directions. In both temporal-resolution ap-
proaches, the pre-launch boresight vector yields a negative correlation coefficient, reflecting discrepancies in temporal features
such as the initial noise maximum (Fig. 4). The highest correlation coefficients are instead obtained for boresight vectors
shifted by approximately 700 prad from the pre-launch direction (white triangles in Fig. 5). Although the precise locations of
maximum correlation differ slightly between the two temporal-resolution methods, the overall distributions are qualitatively
similar.

By combining constraints from the start and end timings of the noise increase, the absolute noise magnitude, and the tem-
poral noise pattern, the most likely boresight solution is found at distinct locations from the pre-launch measurement. Among
boresight vectors for which the RMS of the timing residuals is less than 15 seconds and the absolute mean noise difference
is less than 0.25 mV, the boresight vector yielding the maximum temporal correlation is selected as representative for each
temporal-resolution approach (white stars in Fig. 5). In the spacecraft reference frame, the most-likely boresight directions are
defined as (-315urad, 500urad) and (-585urad, 500urad) when our analyses are performed with and without interpolations, re-
spectively. Simulations using these two most-likely boresight vectors reproduce more consistent behaviour of the GALA noise
level than a simulation using the pre-launch boresight (Fig. 4). For example, the simulated noise exhibits an overall increasing
trend and reproduces the noise drop around 09:59 (UTC). Specifically in the non-interpolated case, the local maximum around
09:39-09:40 is also qualitatively captured because the GALA FOV passes a thick cloud area on the Earth (Fig. 1c). These
results imply a post-launch offset of the GALA Rx-LoS alignment relative to the pre-launch configuration by more than 700
prad, although even these most-likely solutions do not reach perfect matches with the observation, perhaps due to uncertainties

in spacecraft attitude knowledge.

5 Discussion and conclusions

Utilizing the Earth-farewell campaign of Juice as the first opportunity for in-flight calibration of GALA, we conducted a
multifaceted comparison between the observed noise floor and simulations based on JANUS image data. The results imply a
potential offset of the GALA boresight vector from its pre-launch measurement. The absolute offset from the pre-launch phase
may exceed 700 urad. This offset is comparable to that reported for the Lunar Orbiter Laser Altimeter (LOLA) aboard the Lunar
Reconnaissance Orbiter (LRO), where a similar magnitude of boresight variation was observed between dayside and nightside

operations due to thermal distortion (Barker et al., 2018). However, in the case of GALA, such a thermal distortion effect is
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expected to be smaller based on pre-launch characterization of the instrument. Thermal-vacuum cycling tests conducted prior
to launch showed that the boresight offset for operational temperatures between +41°C and - 7°C was less than 100 prad
(Hussmann et al., 2025). In addition, the offset induced by launch vibrations was expected to be smaller than 700 prad by an
order of magnitude. Therefore, no definitive physical cause for the inferred offset can be identified at present. Nevertheless, any
post-launch changes in alignment can only be assessed through in-flight calibration activities such as those presented in this
study. Further calibration campaigns can also be used to infer whether a potential bias in the Juice attitude knowledge could
cause the observed large discrepancies with the pre-launch measurements.

In addition to inferring the boresight alignment, our analysis also provides a radiometric calibration of the GALA receiver,
deriving an empirical relationship between the photon flux incident on the GALA APD and noise RMS. Based on Equations (5)
and (6), this relationship can be expressed by fitting the observed noise RMS, Ny, to the photon flux estimated from the
JANUS image, Pg, using

Nobs:\/Ngg'i_aPGa ®)

where Ny, is the background noise level of 1.12 mV, and « is a conversion coefficient determined by the fitting. Note that
P is dependent on the assumed boresight vector in the calculation; therefore, different boresight assumptions lead to slightly
different calibration lines. Figure 6 shows calibration lines obtained using various assumed GALA Rx-LoS alignments. Al-
though the fitted calibration lines are broadly similar, the calibration line derived under the pre-launch boresight assumption
yields a GALA noise RMS lower than the theoretical prediction at a given photon flux. This behavior is consistent with the
systematically higher simulated noise levels obtained using the pre-launch boresight vector (Fig. 4).

The calibration lines in Fig. 6 suggest that future observations will provide additional opportunities to validate and refine
the GALA FOV boresight alignment using the methodology developed in this study. For example, based on the lunar radiance
measured by JANUS during the Earth-farewell campaign (Fig. 1c), the GALA noise level is expected to increase by more
than 110 % (black vertical line in Fig. 6). Given that the phase angle of the Moon was 70 degrees during this observation, the
photon flux incident on the GALA APD could increase significantly when the Moon is observed with a lower phase angle.
Moreover, observations of the lunar nearside are expected to yield lower noise levels, as the JANUS image acquired during
the Earth-farewell campaign captures the lunar farside with a sub-Juice longitude of 175°E. On the nearside, observations of
lunar maria, which have albedo at 1064 nm approximately half that of the highlands (e.g., Lucey et al., 2014), may decrease
the noise level significantly. Compared to the Earth measurement, lunar observations are less influenced by the time-varying
atmosphere and are more straightforward to interpret the GALA noise variation. Therefore, observation opportunities of the
Moon around future Earth Gravity Assists of Juice may help further investigation of the GALA Rx-LoS alignment.

Future observations of Jupiter and Galilean moons reflectance may be also performed by GALA. Using the PSG (Villanueva
et al., 2018) together with spectral catalogs of Galilean moons from Clark et al. (2007) and Jupiter from Madden and Kalteneg-
ger (2018), we estimate GALA noise magnitudes during the upcoming flybys in the Jupiter system (vertical dashed lines in
Fig. 6). To estimate the maximum possible noise increase, Lambertian reflection models with zero phase angle were assumed.

During all icy moon flybys, GALA may experience noise increases of 21-66 %, which is sufficiently large for boresight char-
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acterization under the cold temperature condition similar to the nominal operation at Ganymede and to measure the reflectance
of the surface. However, due to harsh radiation conditions present at Jupiter a significant increase of the APD dark noise level
may occur, which potentially could limit the capabilities to interpret the measurements.

Future calibration opportunities, especially when combined with higher-frequency of Juice attitude acquisitions, will provide
more favorable conditions for alignment calibration than the Earth-farewell campaign. Although the present analysis supports
a post-launch offset from the pre-launch boresight vector, the inferred alignment is not yet fully conclusive. To a certain
extent, discrepancies between simulations and observations remain (Fig. 4), perhaps due to uncertainties in spacecraft attitude
knowledge. Due to the low temporal resolution of the Juice attitude data during the Earth-farewell campaign, the Juice attitude
information between its discrete measurements needs to be interpolated, particularly for comparison in the noise increase
start and end epochs, possibly introducing unknown uncertainty in the analyzes. Even when only non-interpolated data are
considered, the noise magnitude comparison still supports a potential offset, but the influence of attitude sampling limitations
cannot be entirely excluded. To resolve this ambiguity, acquisition of higher-frequency attitude data is essential. Since the
comparison of interpolation methods shows differences (Fig. 3), such high-frequency data of the Juice attitude can also mitigate
estimation errors associated with interpolation. Repeated application of this calibration approach during future flybys with an
increased Juice attitude sampling rate will further improve our understanding of the GALA Rx-LoS alignment. Such an increase
in the acquisition frequency of Juice attitude data is also mandatory for the planned two-way laser ranging experiments with
ground-based satellite laser ranging stations to gain insights into the GALA FOV direction.

The noise-based alignment calibration demonstrated in this study is broadly applicable for other planetary laser altimeters.
For instance, the Mercury Laser Altimeter (MLA) aboard the MErcury Surface, Space Environment, GEochemistry,and Rang-
ing (MESSENGER) spacecraft had similar passive observations to detect Earthshine to refine the pointing alignment (Neumann
et al., 2005; Smith et al., 2006). The same calibration approach can be applied to the BepiColombo Laser Altimeter (BELA)
aboard the ESA-JAXA BepiColombo mission to Mercury (Thomas et al., 2021). Because BELA measures return pulse shapes
in a similar manner as GALA to infer surface albedo and roughness (Nishiyama et al., 2022, Nishiyama et al. submitted),
accurate knowledge of the laser altimeter alignment with respect to imaging instruments is crucial for interpreting BELA mea-
surements in a geologic context. This noise-based technique will provide an independent calibration approach, complementary
to methods based on crossovers and topographic features (e.g., Xiao et al., 2025; Noda et al., 2021), enabling validation of the
boresight vector from multiple perspectives. Therefore, the methodology demonstrated in this study not only supports future
GALA measurements during the Juice mission but also offers a general framework for alignment calibration of laser altimeters

in planetary exploration.

Data availability. Juice cruise data are under instrument teams proprietary period until the delivery to ESA’s Planetary Science Archive later
during the cruise. Meanwhile, all the GALA and JANUS data presented in this study are available upon reasonable requests to HH and PP,

respectively.
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Figure 1. Data used in this study. (a) GALA noise data acquired during the Earth-farewell campaign. The blue dashed line indicates the time
at which the JANUS image used in this study was obtained. (b) Angular distance between the Earth center and the GALA Rx-LoS. The gray
shaded region indicates the angular distance when the Rx-LoS is outside the Earth. The black points denote the acquisition times of the Juice
attitude data (separated by one minute). The colored lines show angular distances interpolated with different methods. Note that y-axis values
above and below 1400 purad are shown on logarithmic and linear scales, respectively. (c) JANUS images taken on 2024/09/09 at 09:57:02
(UTC). The full frame and and zoomed-in images are shown in the left and right panels, respectively. The yellow line indicates the location
of the GALA Rx-LoS assuming the GALA-base direction measured in the pre-launch phase. The yellow circle denotes the size of the GALA
FOV on the JANUS image for reference. The red and blue lines in the right panel show GALA Rx-LoS locations calculated with most-likely
boresight vectors derived using all interpolated attitude data and using only the discrete Juice attitude acquisition times, respectively (see

details in Sect. 4).
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Figure 2. GALA noise data around the start and end of the noise increase with schematic illustrations. (a) Noise RMS around the start of the
noise increase. The upper panel shows a schematic view of the GALA FOV position relative to the Earth. The onset of the noise increase,
indicated by the red arrow, corresponds to the configuration of the red-boxed schematic illustration. The colored vertical dashed lines indicate
the simulated start of the overlap using different interpolation methods. The colored vertical bands show possible timing uncertainties in the

simulations due to the effect of the Earth’s atmosphere. (b) Noise RMS around the end of the overlap, plotted in the same manner as (a).
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Figure 3. Optimization results of the overlap start and end. (a, d, g) Maps of the time discrepancies between the simulated and observed
start of the noise increase as a function of the assumed GALA boresight direction. The color map indicates the time differences obtained by
subtracting the observed start time from the simulated start time. The white regions indicate parameter areas where the GALA FOV never
intersects with the Earth. (b, e, h) Same maps for the end of noise increase. (c, f, i) Maps of total time residual for both the start and end
of the noise increase. In all panels, the black star, diamond, and cross marks denote the pre-launch GALA boresight, the center of JANUS
image frame, and the spacecraft reference, respectively. The dark circle indicates the size of the GALA FOV. Results obtained using the
linear, PCHIP, and Akima interpolations are shown in (a, b, ¢), (d, e, f), and (g, h, 1), respectively. Note that each boresight vector is defined
as (z,vy, m ) in the spacecraft reference frame, where = and y are the coordinates shown in the plots.
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Figure 4. Comparison of the magnitude and temporal pattern of the increased noise between the observation and simulations. The vertical
gray dotted lines indicate acquisition times of the Juice attitude data. For direct comparison between observed and simulated GALA noise,

only the duration between the two vertical gray solid lines is used. The linear interpolation is applied to the simulations shown in this plot.
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Figure 5. Optimization results of the GALA Rx-LoS alignment based on the noise magnitude and temporal pattern. (a, b) Optimization
based on the increased noise magnitude. The color scale indicates the mean difference obtained by subtracting the simulated noise from the
observed noise. (¢, d) Optimization based on the temporal variation of the noise. The white triangles denote the boresight vector with the
highest correlation coefficients. Results obtained using all interpolated attitude points and using only the discrete Juice attitude acquisition
times are shown in panels (a, ¢) and (b, d), respectively. Note that the linear interpolation is used for the simulations in this plot. In all panels,
the white stars indicate the locations of the most-likely boresight vectors shown as the red and blue lines in Fig. 4. The boresight vectors for

which the RMS residual of the start and end timings exceeds 15 seconds are shaded in white.
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Figure 6. Calibration lines between the power of photon flux incident on the GALA APD and the GALA noise RMS. The colored points are

values used to fit Equation (8).
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