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Abstract: The StarDICE experiment strives to establish an instrumental metrology chain with a targeted accuracy
of 1 mmag in griz bandpasses to meet the calibration requirements of next-generation cosmological surveys.
Atmospheric transmission stands out as a significant source of systematic uncertainty. Specifically, gray extinction
induces spurious variations of photometric fluxes. We propose a solution relying on an uncooled long-wave
infrared thermal camera to evaluate it. This type of camera can provide real-time insights into atmospheric
conditions and detect cirrus clouds. However, achieving accurate measurements with thermal imaging systems
necessitates prior calibration due to the influence of temperature-induced effects, which compromise their spatial
and temporal precision. Moreover, these systems cannot provide scene radiance values in physical units by default.
This study introduces a new calibration process utilizing a tailored forward modeling approach. The method
is applied to an uncooled FLIR Tau2 thermal camera. It incorporates sensor, housing, flat-field support, and
ambient temperatures, along with raw digital response, as input data. Experimental measurements are conducted
inside a climatic chamber, with the camera imaging a thermoregulated blackbody source. Results demonstrate the
calibration effectiveness, achieving precise radiance measurements with a temporal pixel root-mean-square error
(RMSE) of 0.09 Wm~2 sr~land residual spatial noise of 0.03 Wm2sr L.

Keywords: uncooled infrared thermal camera calibration; cirrus cloud; atmosphere monitoring; gray extinction;

low radiances

1. Introduction

Ground-based astronomical surveys like PanSTARRS [1], the Dark Energy Survey [2], and the
Vera Rubin Observatory Legacy Survey of Space and Time (LSST) [3] demand precise broadband
photometry [4]. The LSST Dark Energy Science Collaboration requires achieving 5 milli-magnitudes
(mmag) and 1 mmag precision in ugrizy filters for first and 10-year type la supernovae (SNe Ia)
analyses respectively [5]. Meeting this standard is crucial for deriving competitive cosmological
insights from SNe Ia data.

In that respect, the StarDICE [6] metrology experiment has emerged with the intended purpose of
measuring and comparing the brightness of stars from the CALSPEC library of spectrophotometric
standards [7] against laboratory flux references, represented by photodiodes calibrated by the National
Institute of Standards and Technology (NIST) [8]. The improved standards catalog provided by
StarDICE will serve as the foundation for propagating calibration to stellar sources that are or will be
observed by telescopes such as the Simonyi Survey Telescope of the Vera C. Rubin Observatory [9]. The
StarDICE pathfinder project [10] has determined that the last major source of systematic uncertainty
exceeding the mmag threshold is caused by the atmosphere. Directly measuring and correcting for
atmospheric transmission variations will be necessary to significantly enhance the precision of the
observations. Specifically, thin high-altitude cirrus clouds can induce spurious variations known as

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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gray extinction [11,12]. They are challenging to detect but it is essential to properly characterize them to
extract above atmosphere reference star fluxes.

In the context of this astronomical calibration experiment, we explore a possible solution relying
on an uncooled infrared thermal camera (UIRTC) to evaluate astronomical observation quality with
respect to gray extinction contamination.

The utilization of IR thermal cameras has emerged as a useful source of information for at-
mospheric investigations through precise radiometric measurements [13-18]. Prior research has
demonstrated these sensors’” ability to provide high-speed, compact, and cost-effective means to
characterize atmospheric conditions by imaging the sky downwelling radiance in the long-wave
infrared (LWIR) range from 8 to 14 pm, centered around the atmosphere transparency window in
the 10-12 pm range [19,20]. In this spectral region, after accounting for the effect of water vapor, the
contrast between cloud radiance and clear sky background radiance is relatively high, exceeding a
difference of 0.1 Wm ™2 sr~1[19]. Previous work established the feasibility of using UIRTCs to obtain
reliable radiometric atmosphere measurements for astronomy-related applications [21,22]. Klebe et al.
[17] already observed the direct sky’s thermal radiance by developing an all-sky IR thermal camera
instrument. They successfully determined the sky cover fraction and estimated the precipitable water
vapor (PWV), which impacts near-IR photometry. Hack et al. [23] advanced this work by comparing
measurements and simulations of sky downwelling radiance. Under stable atmospheric conditions,
they achieved PWV determination with an accuracy of approximately 2%. This required an instrument
that had undergone prior radiometric calibration.

For conventional cooled thermal cameras, the radiometric calibration model is formulated by
building the relation between image pixel values and corresponding blackbody temperatures in a
controlled laboratory setting [24]. This model is presumed to be long-term effective in real-world
applications as the camera will operate at the same stabilized temperature. This assumption is
unsuitable for uncooled thermal cameras for which temporal and spatial non-uniformities prevail
on images, leading to substantial errors in radiance retrieval when the camera operates in unstable
conditions, such as varying ambient temperatures [14,19,25]. Therefore, the use of UIRTCs presents
challenges that must be overcome before they can be used for atmosphere monitoring purposes as
Ribeiro-Gomes et al. [26] pointed out, including: (i) spatial non-uniformity; (ii) ambient and sensor
temperature drift while the object’s temperature remains constant, due to uncompensated focal plane
array (FPA) temperature variations; (iii) FPA-temperature-dependent response; (iv) fixed pattern noise
(FPN).

To address the aforementioned challenges, the work presented here introduces a shutter-based
radiometric calibration method designed specifically for UIRTCs and optimized for low-temperature
measurements. Our method relies on a model that integrates camera housing, FPA, flat-field support
and ambient temperature variations, rendering it suitable for instruments operating in less stable
environmental conditions. This approach mitigates signal perturbations arising from fluctuations
in ambient temperature and internal heating of the camera. We also developed a forward model to
estimate the total scene radiance in Wm~2sr~ 1.

The paper is structured as follows. Section 2.1 provides the rationale for this study, discussing
the current state-of-the-art calibration methods. Section 2.2 describes the experimental setup. The
real-time non-uniformity correction (NUC) procedure is detailed in Section 2.3. Section 2.4 introduces
the scene radiance model, while Section 2.5 focuses on its specific features for laboratory measurements.
The complete radiometric calibration model is presented in Section 2.7. Section 2.8 details the data
acquisition procedure and dataset. The data fitting method using the least-squares algorithm is
explained in Section 2.9. Section 3.1 presents the results of the improved flat-field correction method.
The calibration results are analyzed in Sections 3.2 and 3.3. Section 3.4 demonstrates the application
of the calibration method to a real case study and compares radiometric images to radiative transfer
simulations. Section 4 examines potential limitations of the calibration procedure and suggests
revisions. Finally, Section 5 summarizes the main findings and outlines future work.
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2. Materials and Methods

Our goal for calibrating a UIRTC centers on attaining precise characterization of atmospheric
gray extinction, with a specific emphasis on measuring the low radiance of the sky. It comprises
an experimental setup ensuring controlled conditions, a systematic data acquisition process, and a
novel calibration model for enhanced radiometric measurements. An improved in-situ non-uniformity
correction mitigates potential artifacts. Performance metrics and data fitting processes validate the
calibration model’s efficiency. This concise and integrated approach ensures precise thermal products
suitable for atmospheric gray extinction studies.

2.1. Motivation

The primary objective of the calibration experiment is to correct raw observations for defects
and to convert the analog-to-digital units (ADUs) read from the camera to the emitted sky radiance
Wm~2sr~!, establishing a relationship with true physical radiances. Once true radiance images of
the sky are obtained, cloud structures can be extracted. The conceptual principles of the calibration
process are the following. Images of a blackbody emitter at multiple temperatures are taken with the
camera placed in a temperature-controlled environment. A pixel response model is fitted on these
images to produce calibration matrices that will be used a posteriori to calibrate in-field images. The
flowchart shown in Figure 1 summarizes this process.

Many methods have been proposed and implemented to address this issue, specifically to correct
for the different noise sources mentioned above. For a concise overview and state-of-the-art compar-
isons, we refer the reader to the work of Gonzalez-Chévez et al. [27]. Several approaches focus on

shutterless calibration methods, as relying on the shutter for flat-field support leads to interruptions
and a reduction in the maximum frame rate of the cameras. In our specific use case, the flat-field-based
method does not impact our research, as we leverage the overhead between CCD optical exposures
(i.e., while the filter wheel is rotating or when reading the previous image). The majority of methods
focus solely on temperature measurements, utilizing the temperature of the calibration blackbody
source as a reference. The process typically involves a two-step approach: (i) correcting for sensor tem-
perature drift and camera self-emission on raw digital images; (ii) performing temperature radiometric
calibration by associating corrected ADUs with blackbody temperature setpoints. However, these
methods rely on assumptions that are effective only under specific conditions. Notably, when working
with low blackbody source temperatures (i.e., sub-zero degrees Celsius), considerations for the emis-
sivity of the blackbody source and ambient contributions become crucial for accurately evaluating the
observed radiance perceived by the camera. To correct ADUs, most techniques first assumed that the
ambient contribution to the scene radiance is consistent across all camera and blackbody temperature
setpoints. Images are then normalized to the user-defined reference level to stabilize the image signal.
Nonetheless, in practice, temperature changes in the climate chamber housing the camera (especially
when near the calibration blackbody) can cause the camera to perceive radiance originating partially
from the chamber itself. The colder the blackbody source temperature, the higher the ambient scene
contribution to the total scene radiance.

In this study, we undertake a different approach by developing a radiance calibration model that
accounts for this effect and apply it to our dataset, adding ambient thermal emission to the blackbody
source in the observed scene radiance.
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Figure 1. Flowchart of the calibration process represented in two distinct blocks. The left block repre-
sents the laboratory calibration experiment on a reference blackbody source in controlled environmental
conditions. The right block represents the application of the calibration model to raw data during
operations, producing true radiance radiometric images.

2.2. Experimental Setup

The experimental calibration setup is depicted in Figure 2 and a simplified sketch is shown in
Figure 3. The thermal camera is positioned within a climatic chamber, serving as an environmental
enclosure to replicate ambient temperatures akin to those that will be experienced during in-situ mea-
surements at Observatoire de Haute-Provence to monitor the cloud coverage. It receives homogeneous
and isotropic thermal emission from the blackbody source located at a specific fixed distance to cover
the entire field-of-view (FOV) of the camera.
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Figure 2. (a) Picture of the entire calibration setup. The climatic chamber stands on the right side of the
picture. The blackbody source controller stands on the center of the image. On top sits the Raspberry
Pi 4 accessed through SSH with the desktop PC on the left. Cables for the IR camera, temperature
sensors, and blackbody emitting surface area pass through the climatic chamber within the intended
cable sleeve. (b) Annotated photo of the interior of the climatic chamber. The camera is attached to a
telescope dovetail bar facing the blackbody target with the flat-field support in operation position. The
temperature sensor is attached onto a non-moving plate emulating the FFC plate to prevent mechanical
issues due to moving cables.
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Figure 3. Sketch of the calibration setup bench. The blackbody source is thermoregulated by its
controller sitting outside the climatic chamber. The red circles represent additional temperature sensors.

The orange circles represent temperature sensors already installed inside the camera and whose
readings are obtained through the software. The connecting lines depict communication for data
transfer and control/command. The Raspberry Pi 4 microcomputer controls the entire setup and stores
data on an SSD.

The thermal camera used for this experiment is the FLIR Tau2 (FLIR Systems Inc., Wilsonville,
OR, USA) operating in the LWIR range (8-14 um). It is coupled to a Umicore athermalized 60 mm
f#1.25' lens, which provides a scale of 1 arcmin/pixel. The sensor is an array of 640 x 512 vanadium
oxide (VOx) pixels of 17 pm square size. Figure 4 depicts the camera’s throughput as a function of
wavelength, as given by the manufacturer for a typical Tau2 core model. The announced operational
scene temperature range in high-gain mode is -40 °C to +160 °C. In radiometric mode, the incident
radiance is digitized over 14-bit depth at a high frame rate of 8.33 Hz provided by the ThermalGrabber
USB 2.0 interface from TeAx. Two temperature sensors are implemented inside the camera. One is
located on the FPA next to the microbolometers array and provides temperatures with 0.1 °C resolution.
The other is built-in inside the camera’s housing (closer to the outer walls of the case) and has a
resolution of 0.01 °C.

- Roptic(/\) - Rsensor()\) — R()\) = Roptic(A) X Rsensor(/\)

< o =
@)} e} o
T T T

o
~
I
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©
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Figure 4. Spectral responses of the FLIR Tau 2 camera core and Umicore F#1.25 f = 60 mm lens. These
are relative transmission curves provided by manufacturers. The blue curve corresponds to the product

of the transmissions.

1 The f#-number is defined as the ratio of the focal length to the diameter of the aperture.
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The manufacturer announces a Noise Equivalent Temperature Difference (NETD) of 50 mK for
a f#1.0 lens at T,,r = 300 K target temperature with unit emissivity?. This figure of merit defines
the minimum temperature difference that can be detected with a signal-to-noise ratio (SNR) of 1.
Transforming this sensitivity value into the Noise Equivalent Radiance Difference (NERD) for this
specific camera lens combination requires the following calculation,

)LI‘VlﬂX /\max
NERD = f# - V B(A, Tyos + NETD) - R(A) -dA—/A B(A, Tyef) - R(A) - dA 1)

)‘min min

with B(A, T) the Planck function and R(A) the instrument throughput shown in Figure 4. For this
camera and target temperature of 300 K, the NERD equivalent to the NETD of 50 mK is equal to 0.044
Wm~2sr~!. Figure 5 plots the NERD as a function of target temperature (blue scale) and equivalent
scene radiance (red scale). The plotted curves can be interpreted as a lower boundary spatial noise
limit per image.

Radiance [W/m?/sr]
10 20 30 40 50 60 70 80 90

0.06

0.04F

0.02

A Standard condition (T = 300 K)
V¥ Black body radiance sample (L = 16.31 W /m?/sr)

—100 —80 —60 —40 —20 0 20 40 60 80 100
Scene temperature [°C]

NERD for lens f# = 1.25 [W/m?/sr]

Figure 5. Evolution of the camera NERD as a function of target temperature (blue) and equivalent
scene radiance (red) assuming unity emissivity. The y-axis is common for the two curves. The green
triangle depicts the NERD = 0.044 Wm 2 sr~! in standard operating condition. The purple reversed
triangle depicts the expected NERD = 0.026 W m~2 sr~!for the sample image presented in Figure 12.

The blackbody calibrator source is the IR-2101/301 model from Infrared Systems Development.
This source provides a 63.5 x 63.5 mm? emitting surface area with temperatures ranging from -30 °C
to +80 °C. The blackbody emissivity is equal to 0.96 £ 0.02, with & 0.1 °C temperature monitoring
sensor resolution calibrated with 4 0.2 °C uncertainty level relative to a NIST standard®. Operation
of the blackbody is done through a standard RS-232 serial port. Blackbody temperatures used in the
calibration process ranged from -30°C to 60°C, which covers the linear range of the camera response
down to the lowest achievable temperature in the experimental setup conditions.

For the external flat-field support, we use a thin 2 mm copper plate placed at ~ 5 cm distance from
the camera, facing the lens and covered with high-emissivity 3M Scotch Super 88 Vinyl electrical tape.
Benirschke and Howard [28] and Avdelidis and Moropoulou [29] used this tape, whose emissivity is
€ = 0.95 at ~ 50 °C. FLIR also recommends using this electrical tape and states that it has an emissivity
of 0.96 in the long wavelength (8-12 pm) range®. The plate is attached to a high-torque servomotor

2 FLIR technical note: https:/ /www.flir.eu/support-center/oem/what-is-the-sensitivity-of-tau-cameras-in-watts-per-m2- /
https:/ /www.infraredsystems.com /Products /blackbody2100.html
4 https:/ /www.flircom/discover/rd-science/ use-low-cost-materials-to-increase- target-emissivity /
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which rotates it in front of the camera lens. A Raspberry Pi controls the servomotor movement through
pulse with modulation (PWM) signals. The in-situ shutter-based type correction is performed at regular
intervals of 30 seconds. It consists in positioning the flat-field support in front of the camera lens and
activating the non-uniformity correction (NUC, equivalent to FFC) with the camera control-command
software. The flat-field support surface is monitored by a temperature sensor. One measurement is
sampled just before starting the NUC procedure and given to the camera microcontroller as required
for internal computation [30,31].

Every instrument, including the camera, the blackbody source, the external flat-field system, and
temperature sensors were positioned inside a climatic chamber. It consists of an insulated facility
equipped with heating and cooling systems, as well as control electronics, that is used to create a stable
and repeatable environment. We use the Weisstechnik LabEvent L T/150/70/3 climatic chamber at
IJCLab in Orsay. Relative humidity was kept below 2%, which was required to cool the blackbody
source down to -30 °C without producing frost on the surface. The aperture window of the climatic
chamber was covered with several layers of aluminum foils to prevent exterior stray light from
disrupting the measurements.

2.3. Improved In-Situ Non-Uniformity Correction

Non-uniformity correction (NUC) is essential for mitigating pixel-to-pixel sensitivity variations in
thermal cameras, primarily caused by differences in the microbolometers characteristics [32]. The most
common approach, known as the shutter-based flat field correction (FFC) method, relies on capturing
periodic images with a closed shutter [30,31]. This process allows for precise adjustments to the pixel
offsets, effectively reducing fixed-pattern noise (FPN) and ensuring the generation of accurate and
uniform images. Generally, the most used FFC method triggers a NUC at regular intervals or with
a ATppy temperature change and often falls short of achieving optimal correction. While suitable
for applications with less stringent accuracy requirements, it has limitations regarding vignetting
correction due to optics placed in front of the shutter. One solution, proposed by Budzier and Gerlach
[33] involves fine-tuning of the camera firmware to process and save FFC frames for post-processing.
Implementing such methods is challenging due to limited access and knowledge of the embedded
software governed by the manufacturer’s discretion.

Two patents have been filed by the camera manufacturer which describe the method operating
internally [30,31]. In short, multiple images of the FEC support are averaged, the FPA temperature is
read and some pixel-to-pixel scaling map is computed with pre-configured tables stored in the camera
firmware.

One alternative approach available to improve the process involves activating the camera’s
external NUC mode. While this method employs the default correction algorithm, it uses an emitting
surface positioned in front of the camera optics.

As the user can provide any type of surface in front of the lens during the FFC operation, using a
homogeneous high emissivity support can improve the correction compared to the internal shutter.
In particular, it will remove any emission or vignetting due to the lens. This workaround provides a
viable option when extensive modifications to the camera’s firmware are not feasible.

2.4. Generic Scene Radiance Model

The scene radiance observed by a detector in the general case is presented in Figure 6. The
radiance perceived by the camera FPA is the sum of scene radiance passing through the atmosphere
(red arrow), the reflected background radiance onto the scene passing through the atmosphere (blue
arrow), the atmospheric radiance, and the ambient radiance surrounding the camera (gray arrow).
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This ambient radiance (green arrow) is the direct emission of the environment surrounding the camera.
The contributions to the scene radiance can be summarized in the following equation,

Lscene(A) = Tatm(A) X Lopj(A, Tobj) + Tatm(A) X [1 — €pj(A)] X Lpkg (A, Tikg)

2
+ [1 — Tatm ()\)] X Latm ()\/ Tatm) + Lamp ()\/ Tumb) ?
where Lcene(A) is the sum of spectral radiances (W mZgr! um’l) arriving at the detector, A is the
wavelength, Ta, is the atmosphere transmission coefficient, €,; the object emissivity, Lopj, Lykg, Lamp
and Ly, are the radiances emitted by the object, the background surrounding the scene reflected by
the object, the ambient environment surrounding the camera, and the atmosphere respectively. We
assume that the object reflection coefficient is 1 — €.
UIRTCs measure the integral LIS, of the spectral radiance emitted by the scene within the sensor
spectral band limits A,,;,;, < A < Ayey and throughput R(A),

. /\max
L?Zg;;e = /A ‘ Lscene()\) X R(}\) X dA (3)

with LI the scene radiance observed by the instrument in Wm=2sr~1. R(A) = Roptic(A) X Rsensor(A)
is the combination of optics and sensor throughputs (see Figure 4).

2.5. Close-Up Views Radiance Model

For close-up views, such as laboratory measurements, atmospheric emission, and transmission
do not affect the flux as optical thickness is negligible, 7,1, ~ 1 and Lgg, = 0. It is necessary to keep
the ambient radiance component for reasons explained in Section 2.7. Equation 2 simplifies to the
following expression for our laboratory measurements,

Lscene(A) = Lopj (A, Topj) + [1 — €0pj(A)] X Lpkg (A, Tokg) + Lamp (A, Tams) - (4)

A commonly employed calibration radiation source is a blackbody emitter source with temper-
ature regulation that has a homogeneous and isotropic emission surface with high emissivity [34].
Strictly speaking, this is a grey body with a uniform emissivity epp close to 1. The radiance emitted by
this blackbody at temperature Tpp and captured by the UIRTC can be calculated using the standard
Planck formula B(A, Tgp):

Amax 2hc? 1
)\5

/\max

epp x L5 (Tpp) = €pp x / B(A, Tpp)R(A) dA = epp X / R(A)dA  (5)

he
min min e)‘kBTBB _ 1

where Li5! represents the radiance integrated in the bandpass of the instrument, €5 is the blackbody
emissivity, B(A, Tgp) is the spectral radiance of a blackbody radiator at temperature Tpp. & is the
Planck constant, c is the speed of light and kp is the Boltzmann constant. Lastly, the integrated radiance
observed by the camera during calibration is,

Litihe = € X L5 (Tap) + [1 — g x Lyt (Tomp) (6)

with le’}{? the background emission at ambient temperature T,,,;, of the climatic chamber and the

blackbody radiance egp x Lis! is the object radiance from Equation 4. The background radiance
contribution is a reflection of the ambient radiance onto the blackbody surface filling the camera’s FOV.

2.6. Thermal Interactions Inside the Camera

The lower panel of Figure 6 focuses on the heat exchanges inside the camera and derives from
the model of Tempelhahn et al. [35]. Lscene is the radiance of the scene entering the camera in the
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projected solid angle wscene (0range). Legm is the camera housing emission within the solid angle
wWeam (purple). Ly, is the pixel self-emission into the half-space projected solid angle wy;, (cyan).
Tempelhahn et al. [35] proposed an expression for the net radiant flux ¢; ; on the pixel (ij) with the
corresponding projected solid angles wegpm,i,j and wy;y respectively,

inst
sz',j = Apix X (wscene,i,j X Llsrclgne + wcam,i,j X Li?rqrf(TCﬂm) - wpix X L;;Eizs(TFPA)) (7)
. . /- t . . . . .
where A, is the pixel surface area, L, is the scene radiance defined in Equation 6, L7y and L;’Z’CS are

the camera housing emission (computed by integrating the Planck function with camera temperature
Team) towards the microbolometers and the pixel self-emission integrated over the sensor throughput.
The emissivity of the microbolometers is assumed to be Rgepsor. Tempelhahn et al. [36] have shown that
the pixel’s FOV covers nearly the entire half space for this kind of infrared thermal camera. Therefore,
the corresponding pixel’s projected solid angle w;, amounts almost to 7t and is constant for all pixels
independent of their position. The projected solid angle wsceye,;,; depends on the optics focal ratio:
Wseene = 7T SIN2 [arctan(1/2f#)] = 71/7.25 for the lens mounted on our camera with f# = 1.25. The
remaining projected solid angle wWeap,i,j = T — Wscene,ij- The projected solid angles wWscene,i,j and weam,ij
of each pixel (i,j) depend on the position within the FPA and are symmetrically distributed around the
optical axis of the IR optics.

(1-Tam) x Latm Lecons
€obj x Lobj Atmosphere Tatm « Eobj x Loby > IR
(1-€obj ) « Lokg Tatm  (1-Eobj) « Lokg > camera
~— Lo
\
La;;:”’ 77777777777 ) Microbolometer

|_— pixel

Optics

Figure 6. Schematic of radiance contributions for radiometric measurements. The upper panel details
the contribution from the outside environment, whereas the lower panel illustrates radiative transfers
occurring inside the camera.

2.7. Calibration Model

The radiant net flux ¢; ; on each pixel (ij) induces the temperature increase of the microbolometer.
The voltage V read by the analog-to-digital converter (ADC) and converted to analog-to-digital
units (ADUs) S is proportional to the thermal resistance variation ARy, of the microbolometer S o
V = Dyjas X ARy, [37]. In the range of temperatures considered, we assume that the resistance and
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temperature variations are linearly related. We discuss about the non-linearity in Section 4.3. In our
baseline model we express linearly the raw response as a function of the net flux,

Sij ="ij X ¢ij+0ij (8)

where S; ; is the camera raw response of the (i, j) pixel expressed in ADUs, r; ; is the sensor responsivity
in ADU/W and o, ; is the offset signal in ADU. Note that the gain and offset parameters are given
for a unique pixel, corresponding to a unique microbolometer, as a consequence of non-uniformity
of the responses caused by optical relative irradiance, housing straylight, and detector pixel-to-pixel
differences due to manufacturing process [38].

By injecting the radiant flux expression from Equation 7 into Equation 8, we can separate the
scene radiance from other contributions,

) w .. Wi
inst __ sens cam,,j sens pix
Lops = i % (Sij = 0ij) = Ligm X ———— F LI x ———. ©)
scene, i,j scene, i,

The pixel gain g; ; is expressed as,
1

Sij=——F5 - (10)
/ ri,jApistcene, i,j
The individual offsets are

Mo,ij = —8ij X 0 (11)

Weam, i
Meam,ij(Team) = _74], X Ligm = —aj X LGy (12)

Wscene, i,j
M. (T _ ﬂ [Sens — g. . s [sens 13
pzx,l,]( FPA) - X pix — :Bl,] X pix ( )

Wscene, ij

where M, ;; represent the offset from Equation 8, My, ;,j(Tcam) represents the camera housing
emission and My, i,]‘(Tp pa) the microbolometer outward self-emission with Trpy the temperature
of the focal plane array. T, closely follows the evolution of Trpy due to heat propagation and
equalization processes [35], except for some instants. Therefore, it is difficult to separate the effect of
the camera housing emission M, j (Team) from the pixel self-emission My, i,j(TFPA)- The sensor
temperature Trpya, is provided by the camera itself, and it is assumed that any variations are uniformly
distributed across the entire sensor array. In contrast, the housing temperature sensor is placed at an
unknown location inside the camera core and the associated thermal effects are not uniform.

We found that the residuals up to - 0.6 Wm~2sr~! were correlated with the temperature dif-
ference Typ — Tamp (@FFC) (see Figure 7). By including an additional term for the difference L, -
L;mp(@FFC) with the nuisance parameter v, the residuals are reduced as shown in Figure 7. L,,,;, and
Ly (@FFC) are computed by integrating the Planck function over the total instrument throughput
with the ambient temperature T,,,; at each image instant and at the FFC time. This is due to diffuse
radiation entering the camera through the lens. When doing an external FFC the camera is fed with
the temperature of the external shutter Trrc at this specific time. However, this does not take into
account ambient radiation from outside the FOV reaching the front lens of the camera and diffusing
inside the housing. If the temperature of the environment changes after the FFC, this contribution is
modified and affects the true scene radiance received by the FPA.
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Figure 7. Residuals for a single pixel fitted using the model described in Equation 8. Blue dots represent
the model without any additional terms, while red dots indicate the fit incorporating the y parameter
and the difference L;;,;, — Ly (@FFC).

The complete calibration model is written

Linst = gij ¥ (Si,j _ 01',]') —ax Lizrrlrf + ‘B x Lsens 4 7 x (Linst _ Linst (@ch>) . (14)

obs pix amb amb

The vector of parameters to be adjusted for each pixel by the regression algorithm is
0ij = {8 0ijs @ij, Bij Vij}-

The temperature dependence correction and the radiometric calibration are performed simul-
taneously. The two-step procedure, first compensating the raw signal S; ; for ambient temperature
changes and then transforming the corrected ADU into temperature or radiance physical units, is not
feasible with our setup. The main reason is that our experimental setup did not allow to maintain
a fixed scene radiance while changing the environment and camera temperature. The environment
radiance impacts the scene radiance as the blackbody source emissivity of 0.96 is not unity.

Figure 8 shows (computation using Equation 6) the relative difference of scene radiance caused by
the ambient radiance reflected onto the blackbody source surface between a blackbody of emissivity e
=1and a blackbody with € = 0.96. Unless the blackbody temperature matches the ambient temperature,
the pixel ADU level contains a signal caused by the environment. This limits the achievable accuracy
of our calibration experiment (see Section 4).
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Figure 8. Relative difference of ambient radiance contribution surrounding the blackbody source with
€ = 0.96 against perfect blackbody € = 1, during in-lab calibration experiments. As the blackbody
temperature increases, the influence of ambient radiance at T,,,,;;, diminishes.

2.8. Acquisition Procedure and Dataset

The camera acquires images of a constant blackbody source radiance continuously while the
climatic chamber (ambient temperature) is heated across a range of predefined temperatures of -5 °C,
0°C, +5°C, +10°C and +15°C. The frame acquisition rate was set at half the camera’s capacity, that
is approximately 4 images per second. To probe ambient and flat-field support temperatures, we
use two Sensirion STS-35-DIS temperature sensors with an accuracy of £ 0.1 °C for the +20 to +60 °C
range and £ 0.2°C for the -40°C to +20°C range. Data is transferred to the Raspberry Pi board
through general-purpose input/output pins. The goal is to emulate imaging operation conditions at
Observatoire de Haute-Provence where the camera will be installed with the StarDICE instrumentation.
Due to time and hardware constraints, including lower or higher temperatures with more setpoints
was not feasible. It was not possible to reach blackbody temperatures lower than -30°C with ambient
temperatures above 15°C as the relative humidity level was too high to avoid water condensation on
the device which could cause malfunction or permanent damage. Each image sequence is repeated for
blackbody source temperature setpoints of -30°C, -20°C and -10°C.

IR images in raw 14-bit format are saved as FITS files containing temperature logs in metadata
headers for post-processing (e.g., FPA temperature readings, flat-field support surface temperature,
ambient temperature, blackbody temperature). To ease the control command of the camera and other
equipment (see Figure 3), we developed multiple Python programs°.

Finally, to obtain more accurate temperature readings (e.g., FPA temperature, ambient tempera-
ture, camera housing temperature), readings were linearly interpolated for each image (taken at 9 Hz)
as original measurements were sampled at 30-second intervals.

2.9. Data Fitting

The approach hinges on a forward modeling technique for the estimation of the scene radiance.

Indeed, we do not have a direct measurement of the true radiance measured by the camera. The

forward model computes the scene radiance observed by the instrument L, given by Equation 6,

5 Code for the FLIR Tau2 camera with TeAx ThermalGrabber https:/ /github.com/Kelian98/tau2_thermalcapture
6 Code for the IR2101 blackbody https:/ /github.com/Kelian98/ir2101_blackbody
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Figure 9. Evolution of FPA temperature (dark red triangles), camera housing temperature (orange
crosses), ambient/climatic chamber temperature (blue dots) for a blackbody temperature of -20°C.

using €pp, Tpp and T, parameters. Then, the vector of the calibration model parameters 6;; =

{8ij, 0ij, aij, Bij, vij} of LTS defined in Equation 14 is adjusted onto this scene radiance. These

parameters are fitted for each pixel (ij) of the FPA with the standard least-squares algorithm by
minimizing the independent x? ; likelihood objective functions,
2 T -1

—2In ‘Ci,j = )(i,]-((-)i,j) = AL,"]' . Cstat, i,j . ALi’]’ (15)

where the vector of residuals AL; ; describes the differences between the scene radiances Linst . (com-
puted using Equation 6) and the camera response model L%Sst ijr

AL;; = L2, (epp, Tpp, Tamp) — Lip i, (0, Sijs Tepa, Teams Tamp, Trec) (16)

where the best-fit model parameters 0; ; are those that minimize the x2 parameter (or maximize the
likelihood), §;; is the camera raw response, epg = 0.96 is the blackbody emissivity. Trpa, Tcam are
vectors of temperature readings. Csyy,;,j is the covariance matrix per pixel (i j) combining uncertainties
(eBB, T, Tyup) from the scene radiance model detailed in Section 2.2 and the microbolometer readout
noise which is equal to the NERD. No error uncertainty in the flux (photon or shot noise) is considered,
as the number of photons received by each microbolometer is very large for this type of sensor
operating in the LWIR band. The covariance matrix is diagonal in this case where variables are
assumed to be uncorrelated and whose components Cy,;; are defined as,

Conm = Urzn (Lé'ZZZe) (17)

where 7;,, (LI",) is the uncertainty in the m-th data point. It is computed with the bootstrapping
method [39], by drawing random samples from a multivariate normal distribution with o(egp) = 0.02
(the blackbody surface emissivity uncertainty), o(Tpp) = 0.1 °C (the blackbody surface temperature
uncertainty) and o(T,,,,) = 0.2 °C (the ambient temperature uncertainty). Regressions are performed
using the iminuit package [40]. Estimation of the best-fit parameters is made with the MIGRAD method.
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3. Results

3.1. Flat-Field Correction

Figure 10 shows a comparison of two images of a blackbody acquired in the same conditions
after FFC using the internal shutter and with our custom external flat-field support. The method
is the following. We perform an FFC using the internal shutter and directly acquire data from a
temperature-stabilized blackbody surface. This operation is then repeated using the custom external
support for the FFC. Both resulting images are then subtracted by their respective averages. These
operations are carried out one after the other so that the environmental conditions are identical. Using
the internal shutter, images show a gradient towards the periphery. This arises from the camera’s
reflection, commonly referred to as the Narcissus effect [41], which occurs when infrared radiation
emitted by the camera’s internal components, such as the sensor or the lens, reflects back into the
sensor, especially against the shutter positioned close to the sensor. This can lead to unwanted artifacts
and distortions in the captured images, affecting the accuracy of thermal measurements. In addition,
the effect of the lens is not corrected by the internal FFC. With our external FFC procedure, the spatial
noise is ~ 10 times lower with the spatial standard deviation of the image equal to 4.52 ADU compared
to 40.45 ADU after internal FFC.

150

o = 40.45 ADU o =452 ADU

100

(a) (b)
Figure 10. (a) Sample of one blackbody image captured with default internal camera shutter support for
NUC. (b) Sample of one blackbody image captured with our custom external flat-field support for NUC.
Color scales are kept identical for both images. Data consists of mean subtracted raw images to only
show differences in ADU. We observe a ten-times improvement in spatial uniformity by implementing
our flat-field support.

3.2. Calibration Fit

The calibration matrices are shown in the left column of Figure 11. The right column depicts the
relative uncertainty expressed in the percentage of the fitted parameter. Regressions produced high
signal-to-noise ratio fitted parameters. The average x2/dof is ~ 0.95, indicating a good estimate of
the uncertainty on the scene radiance. After applying the calibration model of Equation 14 with these
matrices, all pixels show a consistent behavior when observing scenes with uniform radiance, aligning
with the same standard curve. The average root-mean-square error (RMSE) of the residuals between
Linst  and the fitted Lé’l’f; for all pixels is 0.096 Wm 2 sr 1.

scene
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Figure 11. Coefficient matrices reconstructed by fitting the model in Equation 14 to the calibration data.
Correlations between adjacent pixels are evident for all parameters except 7, and a residual trace of the
lens is also visible. The right column details the relative uncertainty on the fitted parameters in percent.

3.3. Spatial Noise

Figure 12 depicts residuals between the estimated scene radiance and one calibrated image. The
vignette effect has been canceled on the calibrated image which appears spatially flat and homogeneous.
The spatial noise (represented by the fitted standard deviation of the Gaussian curve of Fig. 12b) is
0.029 Wm—2sr~ L. It is close to the camera’s NERD = 0.026 Wm 2 sr~!for this scene radiance of
Lscene = 16.313 Wm 2 st~ !(see Figure 5). Following calibration, the histogram of pixel values closely
resembles a Gaussian curve. The error between the average of the calibrated image radiance (given by
the Gaussian fitted mean y) and the scene effective radiance is —0.018 Wm~2sr~!, well within the +
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1-0 range of 0.085 Wm 2 sr~! of the scene radiance estimation, computed from the propagation of
sensors temperature statistical uncertainties on the forward model.

o
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o
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|
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Figure 12. (a) Colormap displaying the residuals between a calculated scene radiance and a calibrated
blackbody image in Wm~2sr~!. The fixed pattern noise (FPN) appears as vertical stripes. (b) His-
togram distribution of pixel radiance residuals with a Gaussian fit curve. The fitted sigma value 0.029
Wm2sr!is close to the NERD = 0.0260 Wm 2 sr™! for this scene radiance.

3.4. Application to Sky Radiance Images

To evaluate the efficiency of the calibration model, we compare simulations with radiances of sky
images acquired across multiple nights. A series of simulations using 1ibRadTran radiative transfer
code [42] were run for three standard atmosphere profiles at a base altitude of 650 m above sea-level:
midlatitude summer, winter and US76 [43]. Air pressure and ground temperature were measured
on-site with a dedicated weather station. Ozone concentration and satellite-based PWV measurements
were retrieved from the ERA5 dataset [44] using the cdsapi’ package. All of these parameters were
given as input for each simulation, corresponding to one image acquired at a specific time and zenith
angle during the night. The framework computes the atmospheric spectral radiance which was then
integrated over the throughput curve shown in Figure 4. Sequences were cautiously selected to be free
of apparent clouds, and across a sufficient airmass range. We used the DISORT (DIScrete Ordinate

7 https:/ /github.com/ecmwf/cdsapi
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Radjiative Transfer) method to solve the radiative transfer equation in plane-parallel approximation
[42], as zenith angles stayed below 45°. As the full image FOV is large, we focus here on a small fraction
that matches the line of sight of the StarDICE optical photometry telescope. The observed radiance is
calculated as the mean of a crop area of 32 x 32 pixels near the center of the image, each pixel being
close to 1 arcmin across. Figure 13a shows downward spectral radiances computed between 6.5 and 15
pm. Figure 13b depicts the corresponding radiances integrated over the instrument throughput. They
can be used to quantify the impact of changes in PWV on downward radiances for a fixed atmosphere.
The integrated scene radiance is intended to simulate our thermal sensor’s calibrated reading. A
higher PWV amount leads to higher sky radiances, which can be interpreted as a lowering in altitude
of the effective emission level due to increased water vapor opacity, with lower altitudes generally
corresponding to higher temperatures [45].

Figure 14 presents the comparison of calibrated radiance data and simulations for three nights
of 2023 northern hemisphere summer (September 13), fall (November 22), and winter (December 17).
Default atmosphere profiles of mid-latitude summer, winter, and US 76 standard models were used as
input to 1ibRadTran simulations with the PWV integral column normalized to the value measured by
satellite observations from ERA5 dataset. The radiance increase with airmass is well reproduced by our
calibrated data. The residuals between the calibrated data and a fitted second-order polynomial curve
(green) are shown in the lower panels. The small dispersion, with RMSE values below 0.1 Wm~2sr~!,
indicates excellent smoothness of the data for a clear sky and matches the results of the calibration
experiment. The simulated values are systematically below the calibrated observations envelope for
all models in Fig. 14a (summer), 14b (fall) and 14c (winter), with average PWYV values of 24.98 mm,
6.29 mm and 7.27 mm respectively. The mid-latitude summer model is closest to experimental data
with a global offset of 2.5 Wm~2sr~! from the mid-latitude summer model across the three datasets
and could be explained by the presence of a warm foreground. Indeed, the instrument is placed on an
equatorial mount inside a dome. None of the standard atmospheric profiles adjusts the real conditions.
Nevertheless, our findings align closely with those of Hack et al. [23], who observed biases towards
smaller radiance values in simulations using standard atmosphere profiles. They demonstrated the
significance of the vertical distribution of water vapor content with radiosonde profiles taken above
their specific site. Measurements of PWV from satellite observations are not precise enough due to the
temporal (i.e., 1 hour) and spatial horizontal (0.25 x 0.25°) resolutions. Additional instruments such as
a GNSS receiver may be required to properly measure the local value of PWV with 1 mm accuracy [46].
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Figure 13. (a) Simulated spectral downward radiances at zenith of Observatoire de Haute Provence,
located 650 m above sea level, computed using libRadTran with a mid-latitude summer model
atmosphere. Water vapor was uniformly scaled to produce a series of PWV values ranging from 0
(dark red) to 25 mm (blue) with all other atmosphere model parameters held constant: airmass =1,
air pressure = 937 hPa, total ozone column = 300 DU, no aerosol, surface temperature = 273.15 K and
albedo = 0.1). Also plotted in a dashed gray line is the normalized instrument throughput curve. (b)
Spectral radiances integrated over the instrument throughput as a function of PWV.
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Figure 14. (a) 13 September 2023, (b) 22 November 2023 and (c) 17 December 2023 experimental data
compared to libRadTran simulations for three atmospheric profile models. The black error bars are
experimental data binned over 0.02 airmass. Lower panels show the residuals between a second order
polynomial fit of the calibrated data. The RMSE value is between the unbinned data relative to the
fitted curve. The simulations used the PWV measured given by the ERA5 dataset and interpolated in
time. Note that the simulation curves appear smooth, despite being generated for each time step (gray
dots). Short time-scale variations of total ozone column, PWYV, and surface temperature are too small to
produce significant change in the integrated radiance.
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4. Discussion

4.1. Bias in Scene Radiance Estimation

The use of a forward model to estimate scene radiance through the use of Equation 6, while
effective within the defined constraints, incorporates simplifications that may not fully capture the
intricacies of heat transfer and environmental exchanges. Any deviation from the model’s assumptions
can introduce systematic bias. The potential for over- or underestimation under specific environmental
conditions unaccounted for in the model raises concerns about the validity of the calibration when
using the camera in real-world settings outside the calibration environmental conditions. Low-level
sky radiance measurements may suffer from biases. Furthermore, the radiance range the camera
encounters during on-sky measurements differs from that available during calibration. As a result,
calibration may need to be extrapolated beyond this range (12-30 W m~2 sr~!) for on-sky measurements
and may lead to errors when assessing the true scene radiance. In Section 2.7, we discussed the impact
of ambient radiation variation in the laboratory setup. It required to introduce the additional term
fitted with 7y parameter. For on-sky observations, in an open environment, this term will not impact
our measurements and is thus not applied for calibrating the associated images. However, in the
on-sky observations presented in Fig. 14, similar complications may arise due to the emission of the
dome hosting the experiment. In an attempt to efficiently deal with this issue the experiment has
recently been moved to an entirely open building.

4.2. Remaining Fixed Pattern Noise in Calibrated Images

In Figure 12a some remaining structures appearing as vertical stripes persist. The dispersion of
these residuals (¢ = 0.0295 Wm2sr™1) is very close to the Noise Equivalent Radiance Difference
(NERD) value (0.0260 Wm~2 sr~!) provided by the manufacturer. The UIRTC used in this work has a
read-out electronics similar to an optical CMOS-based camera. A shift from chip-level to column-level
analog-to-digital converter (ADC) has been adopted, allowing for lower-speed and lower-power
operation. However, this approach introduces column fixed pattern noise (FPN), compromising image
quality. This effect originates from the mismatch between electronic gain and bias of ADC channels [47].
These parameters temporally fluctuate. Therefore, the residual structure is always spatially evolving
and FPN remains visible even after subtracting two consecutive images. Existing complementary
image post-processing methods involving deconvolution [48] or neural networks [49] can significantly
reduce this residual artifact, but are beyond the scope of the presented work.

4.3. Non-Linearity Correction in Pixel Response

Any detector’s response is not linear for its entire operation regime and deviates at the edges [34].
As a result, the linear approximation is no longer valid as the response saturates at the upper end and
stagnates at a non-zero bias level for the lower end. This non-linearity is partially caused by the read-
out electronics [34,50]. Multiple expressions to model the non-linearity function (S;;) — Si/,j have
been proposed. Zhou et al. [51] proposed a fixed S-shape curve formulation with the natural logarithm:
Si/,j = In(BD/S;; — 1), with BD being the bit-depth of the sensor (2!* — 1 for our instrument). Lane
and Whitenton [34] took the linearity fit equation from Saunders and White [52] with 4 parameters to
adjust (considering the gain k): Si’/]- = S;j x1(S;;) with 7(S) =k x (1 — (a + b x §)). Other models
employing polynomials are also worth studying. If one were interested in higher radiance levels, up
to the saturation limit of the sensor, a logistic function model may be preferred. Nevertheless, it is
important to note that accurately mapping non-linearity requires measurements across the sensor’s
entire sensitivity range, which was not possible with our experimental setup.

4.4. Correlation between Scene Radiance and Camera Temperature

The origin of the degeneracy between ambient and FPA temperatures lies in the environmental
conditions shared by the sensor and the scene. The ambient temperature influences the scene radiance
captured by the camera through reflections on the blackbody source, and it affects the temperature
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of the camera’s FPA. This co-dependence challenges radiometric calibration, as changes in ambient
temperature lead to simultaneous variations in FPA temperature, creating a degenerate relationship
between these two variables. Consequently, distinguishing the specific impact of each temperature
becomes intricate, with covariances and correlations that complicate the accurate determination of
model parameters during the calibration process.

An effective strategy to mitigate this challenge involves placing the camera within a climatic
chamber, equipped with an aperture for external exposure. This setup can incorporate moving
blackbody sources, akin to the calibration bench used by Lin et al. [53]. Such a configuration offers the
potential to disentangle the influence of ambient and FPA temperatures, facilitating more accurate and
robust calibration procedures. However, replicating the calibration setup with a climatic chamber and

moving blackbody sources proved unfeasible in our study due to limitations in infrastructure, and
budget and time constraints.

5. Conclusions

In this study, we have presented a comprehensive calibration procedure suitable for a UIRTC
and aimed at improving its performance to measure the sky downwelling radiance and detect cirrus
clouds. A dedicated calibration bench using a climatic chamber and a thermoregulated blackbody
source was set up to calibrate the FLIR Tau2 IR thermal camera. A specific analytical calibration
model relying on radiance was used. The scene radiance was estimated with a tailored forward
model approach. It demonstrated excellent accuracy regarding the average RMSE and the spatial
noise. We created matrices of calibration coefficients that will be applied to raw images later on for
on-site measurements. The calibration delivers a radiometric precision better than 0.1 Wm~=2sr~! for
each pixel of the instrument FPA. After calibration, spatial noise is found to be roughly equal to the
manufacturer’s NERD at ~ 0.03 Wm~2sr~!. Applying the following additional adjustments may
further improve the results and facilitate the analysis: (i) increase the time duration of climatic chamber
temperature set points to let the camera temperature stabilize even more; (ii) use a larger climatic
chamber in combination with a larger blackbody emitting surface to increase its distance to the camera
and reduce convective and radiative heat transfers between instruments; (iii) consider additional
blackbody temperature set-points at lower temperatures; (iv) extend the climatic chamber temperature
range; (v) repeat the measurements multiple times and/or regularly to evaluate repeatability and
variations in time. Further work could focus on the correction of the remaining FPN by incorporating
additional reduction process. Additional nights of data collection will occur at Observatoire de
Haute-Provence for the StarDICE experiment. In parallel to IR radiometric measurements, high-
precision optical photometry, and spectrophotometry of reference stars is being performed. Future
work will focus on establishing a joint analysis between LWIR radiometric images and visible to near-IR
photometric data. We hypothesize that by combining on-site and off-site high-accuracy atmosphere
sensing (LIDAR [54,55], weather stations, local AERONET data [56-58], satellite data [59] and GNSS
PWYV measurements [60]), it will be possible to: (i) improve the modelling of the sky background
radiance of LWIR images using 1ibRadTran [42] and isolate any cloud structure after PWV emission
subtraction [61]; (ii) quantify the optical photometric flux loss due to atmospheric gray extinction
variations.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Analog-to-Digital Converter

ADU Analog-to-Digital Units

BD Bit-depth

CMOS Complementary Metal-Oxide-Semiconductor
DSNU  Dark Signal Non-Uniformity

FFC Flat-Field Correction

FOV Field-of-View

FPA Focal Plane Array

FPGA  Field-Programmable Gate Array

FPN Fixed Pattern Noise

IR Infrared

LWIR  Long-Wave Infrared

NETD  Noise Equivalent Temperature Difference
NERD  Noise Equivalent Radiance Difference
NIST National Institute of Standards and Technology
NUC Non-uniformity Correction

PRNU  Pixel Response Non-Uniformity

PWV Precipitable Water Vapor

RMSE  Root-Mean Square Error

SNR Signal-to-Noise Ratio

UIRTC  Uncooled Infrared Thermal Camera
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