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The Telescope Array (TA) Observatory located in Utah, U.S.A., is dedicated to the study of
ultra-high-energy cosmic rays (UHECRSs). The project’s primary aim is to investigate the energy
spectrum, origin, and composition of these cosmic rays. TA employs a hybrid detection method,
using surface detectors (SDs) in combination with fluorescence detectors (FDs). The observation
of air showers by FDs provides more direct estimation of the energy of the primary UHECRs,
which is used to calibrate the energy estimated by SDs. Atmospheric conditions play an important
role in reconstructing the shower parameters. Presently, data acquired by the FDs under cloudy
skies is eliminated from the scientific analysis based on the regular visual observations logged by
operators in the field. In this work, we aim to additionally assess these atmospheric conditions by
monitoring a part of the FD field of view with a wide-angle, high-sensitivity CMOS camera. The
analysis results may be compared with the FD data to characterize the variation of the background
caused by stars. In this paper, we present this CMOS camera setup and first results toward

application to the UHECR observations.
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1. Introduction

The Telescope Array (TA) project [1], encompassing its main component, the low-energy
extension (TALE), and the new high-energy expansion (TAx4) operated in Utah, U.S.A., is designed
to observe air showers induced by ultra-high-energy cosmic rays (UHECRs). The project utilizes
fluorescence detector (FD) stations in conjunction with surface detector (SD) array, enhancing the
accuracy of energy estimation and collection efficiency of showers.

For FDs, the atmosphere serves as a calorimeter (it can be considered as a ‘part of the detector’).
By measuring the amount of UV fluorescence light emitted at each level of the shower axis, the
longitudinal profile can be determined directly, allowing the energy deposit in the atmosphere at
different atmospheric depths to be determined. The total amount of energy deposited along the
shower axis provides a more accurate measurement of the primary energy than that of SDs. By
limiting FD operation to moonless dark nights with favorable weather conditions, FD observations
play a key role in establishing the energy scale of air showers, correlating it with the energies
determined by SDs using a large number of hybrid events. To further reduce the uncertainty in the
energy scale, additional event selection criteria may be applied using supplementary information
on atmospheric conditions.

In this paper, we present the concept of observing stars using a CMOS camera installed
at the Black Rock Mesa (BRM) FD station, and our plan to utilize it primarily for assessing
weather conditions. The motivation for expanding atmospheric analysis arises from the aim to
improve our understanding of the energy scale discrepancy between the FD and SD, along with its
associated uncertainties. The energy estimated by the SD relies on Monte Carlo simulations and is
approximately 27% higher than that estimated by the FD [3]. A similar discrepancy is seen in the
observed UHECR energy spectra between the Pierre Auger Observatory and the Telescope Array,
where the TA energy scale is approximately 9% higher than that of Auger [2].

2. Monitoring weather conditions during TA observation

So far, LIDAR (LIght Detection And Ranging) [4] and CLF (Central Laser Facility) [5] were
operated. The LIDAR system measured the extinction coefficient and the vertical aerosol optical
depth (VAOD). From measurements in nights in 2007-2009, they were 0.033 km~! at the ground
level and 0.035 up to 5 km from the ground, respectively.

The vertical CLF laser was fired a series of shots every 30 minutes during FD observations.
Located at the geometric center of all three FDs, CLF’s scattered photons are observed at all three
FD stations. The VAOD was determined by analyzing those signals. The average values of the all
measurements prior to 2020 which is 0.04 is currently used for FD data analysis and interpretation.

We use the atmospheric profiles provided from Global Data Assimilation System (GDAS)
database[6] every 3 hours in the analysis and interpretation of the data. Monitoring the cloud
thickness and coverage has been primarily done visually every hour by the shifters. Based on this
log, the data acquired by the FDs under cloudy skies is eliminated from the scientific analysis.
However, with possible rapid changes in conditions, the goal of this work is twofold: characterizing
the uncertainty in event reconstruction and filtering out events recorded under sub-optimal weather
conditions.
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3. Star measurements

To evaluate the atmospheric conditions at the BRM site during FD operations, we analyze the
optical signals from stars captured by a dedicated CMOS camera system. Since the intensity of
starlight received at ground level depends on the path that it takes through the atmosphere. In the
near future, we aim at comparing these results with FD measurements. This section outlines the
principle of this method and its implementation using stars as reference light sources.

3.1 Stars as “standard candles”

Due to Earth’s rotation, stars appear to move across the night sky. As they change position
in the sky, their brightness as seen from the ground gradually changes. This variation is mainly
caused by atmospheric extinction, which occurs because starlight is weakened when passing through
different amounts of Earth’s atmosphere depending on the star’s altitude. When a star is high in the
sky, its light passes through the least amount of atmosphere, resulting in minimal signal loss and
the highest observed brightness. However, as the star moves closer to the horizon, its light travels
through a much longer and denser atmospheric path. This leads to more scattering and absorption,
significantly reducing the detected brightness. By continuously monitoring the brightness variations
of known stars throughout the night, it is possible to evaluate the influence of the atmosphere on
the observed signal.

The expected stellar signal is estimated based on spectral data from the Stellar Spectral Flux
Library by Pickles [7] (Hipparcos Catalogue numbers (HIP) are used to refer stars in this work).
The expected light intensity in a given direction can be further refined by simulating atmospheric
attenuation, assuming only Rayleigh scattering and ozone absorption, using radiative transfer codes
such as LibRatran [8]. By comparing this idealized estimate with actual observations, additional
information about the atmospheric conditions can be inferred. If the atmosphere remains stable
over time, the signal is expected to decrease as a function of the zenith angle. Applying this method
to multiple stars with different zenith angles may allow for a broader assessment of the atmospheric
conditions surrounding the observation site.

3.2 CMOS camera

In March 2025, the CMOS camera system was adapted for TA use based on the DIMS (Dark
matter and Interstellar Meteoroid Study) project station [9] in front of the BRM FD station. A Canon
ME20F-SHN camera [10] is employed. This model is designed for extreme low-light performance,
featuring a full-frame 35 mm CMOS sensor with approximately 2.26 megapixels and large 19 pm
pixels. It is capable of capturing Full HD (1920 x 1080 pixels) video at 29.97 frames per second.
A Canon EF 35 mm f/1.4L lens is used with a blue optical filter (300—500 nm) to limit the spectral
bandwidth to approximate that of fluorescence light. The field of view (FOV) is approximately
54° % 33° pointed in the direction of azimuth ~324° and elevation ~18°.

The software for remote data acquisition and camera operation, developed for the DIMS project,
has been preserved. New functions are added to regularly take ‘snapshots’ of the sky with variable
exposure and frequency as well as the camera parameters such as the gain and f-number. In the
current test configurations, we applied gains around 60— 66 dB, which corresponds to a sensitivity
of approximately ISO~800,000 — 1,600,000 out of its maximum 75 dB gain range. The aperture was
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set to its maximum aperture f/1.4. In every two sidereal minutes (~119.5 s in SI units), 450 frames
are integrated to produce one image with an effective exposure time of ~15 s. Each pixel contains
three 8-bit RGB values representing the intensities of red, green, and blue channels, respectively.
These images are used not only for monitoring the observational conditions by FD shifters in real
time but also for scientific data analysis.

Each integrated image is post-processed to extract key summary data per pixel, including the
sum of pixel values, standard deviation, and the peak value observed (peak-hold) across the frames.
These datasets are automatically uploaded to a common server to facilitate real-time access and
long-term storage. For the scientific analysis, only the blue channel values with typical sensitivity
in ~380-580 nm are utilized.
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Figure 1: An example snapshot taken at May 25, 2025. The color scale indicates the mean value per
frame.

In Figure 1, an example of the snapshot data obtained by the camera system on May 25, 2025, at
09:55:53 UTC is shown. The color scale indicates the mean value per frame. This time corresponds
to a local sidereal time of 18h38m. The constellation Ursa Major (UMa) is visible near the center
of the FOV. A light source from a ground-based surveillance camera, located at around X~290 and
Y ~25 in the image, is used as a fixed reference point.

The direction of pointing of each pixel was estimated using astrometric methods. The azimuth
A (measured from the north toward the east) and elevation a at the four corners of the FOV are
approximately as follows, starting from the lower left corner and proceeding clockwise: (A, a) =~
(296.0°,2.0°), (291.4°,31.1°), (355.9°,32.1°), and(351°,2.8°).

Figure 2 shows examples of snapshot data zoomed in on the direction of the constellation
Auriga, taken under different atmospheric conditions. The left panel was taken on April 18,
2025, at 05:50:25 under good conditions and the right was on April 21, 2025, at 05:38:38 under
relatively poor conditions. A clear difference in the number of recognized stars and their visible
brightness is consistently observed. The corresponding local sidereal time was 12h06m in both
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Figure 2: Examples snapshot data recorded on the same sidereal of 12h06m taken on April 18 and April 21,
2025 are shown in left and panels, respectively under different atmospheric conditions.

cases. Synchronization with sidereal time is essential, as it allows us to observe the same stars in
the same positions each night. This consistency enables long-term analyses.

3.3 BRM TA FDs

The assessment of the visibility of the stars and the amount of signal reaching the FD detec-
tor [11] at the TA BRM station are also part of the visibility. It has been instrumented with 12
telescopes with a segmented 6.8-m? mirror each. The camera consists of 256 hexagonal photomul-
tiplier tubes (PMTs; HAMAMATSU R9508). Each PMT pixel views approximately 1° of the sky,
and the camera has a FOV of 15.5° in elevation and 18.1° in azimuth. The telescopes are installed
in two-ring geometry. Six telescopes in the upper ring view from 3° to 17° in elevation. The lower
ring views elevations from 17° to 31°. Both rings cover azimuths from ~240° to ~350°. The FOVs
of the six northern telescopes are covered by that of the CMOS camera.

Each PMT is readout by a 10 MHz flash analog-to-digital converters (FADCs; time bin of
100 ns) with a 12-bit resolution. The system uses DC coupling, preserving both fast signals
and slow baseline variations due to those night-sky background including stars. Waveforms are
recorded as ADC counts over 512 time bins when the trigger conditions of the FD stations is
fulfilled. The background level of each PMT may contain contributions and variability due to
the passage of a star through its FOV. Bright stars can cause additional excess light across mul-
tiple PMTs as part of the night sky background. Analyzing this excess may allow us to extract
further information about atmospheric conditions. In the future, modeling the comparison with
CMOS output could enable the estimation of past atmospheric conditions from the FD data. The
pedestal of FD PMTs are determined from the ADC counts from the data of all telescopes’ PMTs
that recorded at each FD trigger for air shower detection. As well as the average and standard
deviation of the 8 pre-trigger time bins, the full 512-bin data are also available for reference. The
trigger frequency is an order of ~Hz. Since the direction of the star is known, we can estimate
the excess signal from the star by monitoring temporal variations in the pedestal along its path.
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Due to a large FOV of a PMT, 10
it also records the contributions from
nearby stars and the background. Pre-
cise determination of the background
which is variable over time and pho-
tometric calibration per PMT are dif-
ficult. Even bright stars do not con-
vert to physical units easily. Since
the direction of the star is known, we
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Figure 3: HIP 62956 (B = +1.75) detected in an FD telescope as

a star for HIP 62956 (¢ UMa, blue the integrated average ADC counts of the pedestal over 6000 FD

band magnitude B = +1.75) detec- triggers, illustrating the passage of the star in an FD telescope’s
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Figure 3. It displays the integrated

pedestal levels of PMT signals, obtained from individual FD triggers and averaged over time bins,
expressed in ADC counts. These values are further integrated over 6000 triggers, revealing the
motion of the star in the telescope’s FOV.

4. Analysis and preliminary results from a CMOS camera system

To evaluate the feasibility of using the CMOS camera system for atmospheric monitoring, we
performed a preliminary analysis of the recorded images. The primary objective was to verify
whether bright stars can be detected and tracked using the current setup to seek any relative changes
in brightness. We first developed algorithms that, using catalog information about the time, celestial
coordinates of stars, identify which right ascension, and declination stars should be visible in the
FOV under clear sky conditions. These algorithms also indicate the expected pixels where the
signal from each star should appear.

In Figure 4, reconstructed tracks of bright stars are shown on the horizontal coordinates, using
57 snapshot images recorded on May 25, 2025 in the left panel. The bin size of ~ 0.03° are chosen
consistent with the plate scale of the CMOS pixel. The right panel compares the brightness of two
stars, HIP 53910 (8 UMa, B = +2.35) and HIP 45075 (r UMa, B = +5.01), showing a difference
in detected signal intensities.

Figure 5 shows the time variation of the summed signal from HIP53910 in successive bin
groups along its path shown in Figure4. The horizontal axis represents time in units of 2 minutes in
sidereal time. The vertical axis indicates the sum of pixel values within a 16x16 bin region defined
in this study, covering the entire trajectory of the star , expressed per frame. A general decrease in
signal over time is observed, corresponding to an increasing zenith angle, which is consistent with
expectations.
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Figure 4: Left: Reconstructed star track on the horizontal coordinates as composite of 57 consecutive
snapshots taken over ~117 min on May 25, 2025. Right: Comparison of stars with different brightness with
HIP 53910 (B = +2.35) and HIP 45075 (B = +5.01).
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Figure 5: Signal from the star HIP 53910 as a function of time.The horizontal axis is the time in units of
2 min in sidereal time. The vertical axis denotes the sum of the values in a region of 16x16 bin as in Figure 4.

5. Summary and Outlook

In this study, we tested the feasibility of using a newly installed CMOS camera system to monitor
atmospheric conditions at the BRM of the TA site. The images from the camera are also used as a
quick-look monitor for FD shifters to confirm the current weather conditions. The preliminary results
show that stars can be identified and tracked over time, along with their relative brightness changes.
Although absolute photometric calibration with the current setup has not yet been performed, the
data acquisition synchronized with sidereal time provides us with consistent measurement for stars
from the catalogue. This enables relative monitoring of atmospheric conditions, which is especially
useful during FD operations when the weather can change rapidly.

This system may serve as a complementary tool to existing atmospheric monitoring methods,
helping to identify sub-optimal observation conditions and to support event selection during FD
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data analysis. In particular, it may assist in evaluating the stability of atmospheric conditions on a
time scale of minutes as well as comparison over night-to-night basis.

In the near future, we plan to compare the CMOS camera measurements with FD data to
explore the possibility of using star-based modeling to review past FD data relevant to the hybrid
events used for the energy scale calibration between FD and SD energies. Although still at an early
stage, this work represents a first step toward developing a simple and low-maintenance method for
monitoring atmospheric conditions. With further improvement, the system could provide additional
information for UHECR analysis.
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