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Spectroradiometric calibration aims to determine the instrumental spectral response function (ISRF) parameters
and radiometric coefficients of an instrument’s spectral bands across all spatial pixels. Typically, this is done by
making separate spectral and radiometric calibration measurements. We present a method for the simultaneous
traceable spectroradiometric calibration of an imaging spectrometer, using the Spectroscopically Tunable Absolute
Radiometric, calibration and characterisation, Optical Ground Support Equipment (STAR-cc-OGSE) facility.
We performed the forward simulation of calibration data acquisition by convolving input spectra with the sensor
model’s response and simulated a slit scattering function (SSF)-based calibration, allowing for both ISRF coeffi-
cients and the absolute spectral responsivities to be accurately retrieved from a single series of measurements. We
show how the SSF method minimizes uncertainties compared to the traditional spectroradiometric calibration
approach. ©2025Optica PublishingGroup under the terms of theOpticaOpen Access Publishing Agreement

https://doi.org/10.1364/AO.547144

1. INTRODUCTION

Imaging spectrometers are used in multispectral and hyperspec-
tral (hundreds or even thousands of narrow, adjacent spectral
bands) imaging for a wide range of applications [1]. Earth
observation (EO) has particularly benefited from technological
developments in this field, generating vast data volumes [2].
Ideally, EO data can be traced back to a metrological reference
through an unbroken chain of calibrations, each contributing to
the stated measurement uncertainty [3,4].

For airborne and spaceborne instruments, calibration
includes laboratory calibration prior to launch, in-flight or in-
orbit calibration, and vicarious calibration [5]. The calibration
process involves comparing the measurement values provided by
a device under test with those of a calibrated standard of known
uncertainty. This comparison ensures metrological traceability
back to the primary measurement standards maintained by a
national metrology institute (NMI) [6].

The Airborne Prism Experiment (APEX) was an airborne
dispersive push broom imaging spectrometer developed by
a Swiss-Belgian consortium for the European Space Agency
(ESA) [7]. It was intended to serve as a simulator and a calibra-
tion and validation device for spaceborne hyperspectral imagers.
Additionally, the APEX provided high-quality remote sensing
data for the European EO community, outputting hyperspectral
data cubes with 1000 across-track pixels, 532 spectral bands

in full spectral mode, and 312 spectral bands after binning
some bands in the visible and near-infrared (VNIR) covering
a wavelength range from 372 to 2540 nm [8] (i.e., most of the
solar reflected spectrum). The APEX calibration measurements
were carried out at the German Aerospace Center (Deutsches
Zentrum für Luft-und Raumfahrt, DLR) Calibration Home
Base (CHB [9]) laboratory in Oberpfaffenhofen, Germany.
Given the instrument’s role, its proper calibration and charac-
terization were paramount, and the laboratory calibration of the
APEX has been the subject of previous publications [8,10,11].
In this paper, we focus on spectroradiometric calibration.
Spectral calibration defines the spectral sensitivity of each pixel
of the instrument. The main output of radiometric calibration
is the absolute spectral responsivity (sometimes referred to as
the “radiometric gain”) for each pixel. The radiometric coeffi-
cients not only are affected by the spectral sensitivity, but also
can depend on pressure and temperature conditions, the dark
current, and smearing effects; any binning of spectral bands
must be compensated before the coefficients can be extracted
in a repeatable way. The APEX was retired from operational use
in late 2019; however, we had started some preliminary work
for a potential simultaneous spectroradiometric calibration,
which would require a new calibration facility. In addition, the
processing pipeline needed to be adapted and tested for what
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would effectively amount to a paradigm shift in the approach to
the instrument’s spectroradiometric calibration.

The National Physical Laboratory (NPL [12]), the United
Kingdom’s national metrology institute, recently developed the
transportable Spectroscopically Tunable Absolute Radiometric,
calibration and characterisation, Optical Ground Support
Equipment (STAR-cc-OGSE) [13] to provide a means for the
pre-flight calibration and characterization of satellite sensors
operating in the ultraviolet, VNIR, and short-wave infrared
(SWIR) wavelength range (270–2500 nm). Moreover, the
NPL is currently developing sister facilities for the calibration
of small satellites, airborne, and ground instruments such as
field spectroradiometers. STAR-cc-OGSE is fully traceable
to the SI [3,4] via the NPL’s primary radiometric standard,
the cryogenic radiometer. The facility’s laser systems can be
used to perform a single high-resolution scan of all the imager’s
spectral bands, which can allow for the simultaneous retrieval
of both spectral and radiometric coefficients for all across-track
pixels. Though initially envisaged, an actual spectroradiometric
calibration of the APEX with the STAR-cc-OGSE facility was
not feasible, with the STAR-cc-OGSE only being recently
repatriated from Airbus Toulouse to NPL London [14]. Hence,
we opted to simulate the process using the APEX sensor charac-
teristics as a case study. The following sections first describe the
methodology used for the actual laboratory spectroradiometric
calibration of the APEX imaging spectrometer, then elaborate
on the principles and implementation of a simulated simulta-
neous spectroradiometric calibration of the APEX using the
STAR-cc-OGSE facility.

2. METHODS

A. Spectroradiometric Calibration Overview

Laboratory spectroradiometric calibration of either imaging or
non-imaging spectrometers has typically relied on performing
two separate sets of measurements: one for spectral calibration,
and another for radiometric calibration [15,16]. In order to
reasonably ensure that the instruments do not undergo changes
in their internal state, these two sets of measurements need to be
carried out in close succession (avoiding rough transportation
in the intervening time) and under the same environmental
conditions.

The main aim of spectral calibration is to define the
wavelength-dependent instrumental spectral response function
(ISRF) of the instrument on a per-pixel basis. The ISRF can be
understood as the convolution of the slit image, the detector
spatial response in the spectral direction, and the optical point
spread function [17]. The ISRF is defined by a center wave-
length (CW) position (i.e., the wavelength halfway between the
two points with a spectral density of 50% of the peak; the CW
corresponds to the peak response wavelength for a symmetrical
spectrum) and a response shape [18], and hence is a relative
spectral responsivity (the amplitude is arbitrary). ISRFs are most
commonly parameterized using the standard Gaussian [17–
20], with the associated full width at half maximum (FWHM)
being used to express the spectral resolution. The spectral data
required for ISRF parameterization can be obtained by using
emission line lamps or a scanning monochromator/laser. The

need for ISRF parameterization stems from a common limita-
tion: the unavailability of a tunable laser capable of covering the
full wavelength range of a VNIR-SWIR spectrometer. Hence,
the measured spectral shapes at specific bands have to be inter-
polated across all the remaining bands in order to obtain the
complete wavelength-dependent response of the instrument.

Radiometric calibration ultimately aims to convert the dig-
ital number (DN) output into physical units. Specifically, the
radiance response of each spectral band is ascertained by deter-
mining the conversion coefficients between the DNs and the
(nominally) uniform-radiance field at the instrument’s entrance
pupil, which is commonly assumed to be a linear sensor system
[19]. Typically, the radiometric measurements are carried out
using the output of an integrating sphere acting as a reference
radiation source [21]. The integrating sphere radiance measure-
ments are performed at various intensities, and the result of the
calibration is the absolute spectral responsivity and the associated
offset per band and per spatial pixel based on a linear fitting of
the DNs (normalized for integration time) for the various sphere
intensities.

With the recent development of the STAR-cc-OGSE facility,
a simultaneous spectroradiometric calibration becomes possible
using a tunable continuous-wave laser with an SI-traceable
output. In this case, a single scan of the entire VNIR and SWIR
wavelength ranges with a high spectral sampling frequency is
sufficient for the accurate determination of the ISRF coefficients
and absolute spectral responsivities (see Section 2.C.3).

B. Laboratory Spectroradiometric Calibration of
APEX

1. Spectral Calibration

The original research plan foresaw a spectral calibration of the
APEX instrument using a tunable laser fed into an integrating
sphere overfilling the FOV of the APEX in order to characterize
all spatio-spectral pixels of the instrument (536× 1000) [22].
However, the DLR had not yet finalized the setup at the time
the data acquisition was foreseen. Due to this, the spectral cali-
bration was based on so-called sampling patterns used to define
the ISRF at selected spatio-spectral locations on the sensor
chips, with the values in between the measured pixels derived via
interpolation.

Measurements: the same spatial sampling positions were cho-
sen for both the VNIR and SWIR detectors, and set at positions
20, 150, 300, 499, 700, 850, and 980 (see Fig. 1). The spectral
sampling positions are defined by center wavelengths (CWs),
the actual scan width, and the monochromator wavelength
steps, which are dependent on the spectral region. The sampling
step size was nominally set to 0.2 nm for the lower VNIR (385–
600 nm) and to 1 nm for greater wavelengths (600–2498 nm):
dividing the VNIR into a lower and upper region was a deci-
sion driven by the need for a finer sampling step size where the
detector’s spectral sampling interval (SSI) is significantly smaller
compared to the SSI at greater wavelengths, and the imple-
mentation had to account for the specifications of the available
gratings for the monochromator. The patterns appearing in the
step size plots are a systematic effect of the monochromator,
where a requested wavelength is in reality only an approxima-
tion. The actual wavelengths that the monochromator could
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Fig. 1. Extraction positions on the VNIR (left) and SWIR (right) detectors, used for the APEX spectral calibration at DLR’s CHB.

set were determined by the CHB’s echelle grating wavelength
meter [23], and those values were therefore assumed to be the
correct ones. The number of spectral sampling positions was set
to 16 for the VNIR and 24 for the SWIR. The agreement at the
VNIR-SWIR overlap was verified as a sanity check only: this
region was not used for calibration as it suffered from the etalon
effect [24].

In addition to the spatio-spectral sampling for both detec-
tors, the calibration was complemented by a continuous scan
sampling of the ISRF at one defined spatial position, the nadir,
through a monotonous increase of the monochromator’s wave-
length. Given the reliance on calibration routines which did
not allow a wavelength-dependent dynamic scan step size,
in practice, the VNIR sampling was accomplished using two
independent scans to apply different step sizes for the lower
(385–600 nm) and higher VNIR regions (600–998 nm). The
SWIR detector was sampled between 900–2498 nm with a
nominal step size of 0.6 nm.

Extraction of Data for ISRF Characterization: the extraction of
ISRF information from the raw frames for the derivation of the
CW and FWHM for each spatio-spectral pixel was a computa-
tional challenge due to:

• the amount of data prohibiting the loading of the full data
set into memory;

• the frames holding the raw ISRF data being essentially a
time series where the monochromator wavelength changes over
time;

• the raw ISRF data spectral pixel location within the frames
being an unknown requiring a priori knowledge to extract it;

• the scan intervals actually being large enough to extract the
ISRF of neighboring spectral pixels as well;

• the illuminated spot in the across-track direction extend-
ing to about 30 pixels, theoretically allowing the extraction for
several across-track pixels centered around the target pixel, but
since this is constrained by the monochromator spot displaying
a wavelength bending due to the projection of the exit slit, using
these surrounding pixels was deemed impractical;

• the actual ISRFs being only approximated by Gaussian
curves, which may lead to wrong estimations of CWs and
FWHMs, especially for VNIR wavelengths affected by the
etalon effect [24];

• interpolation/extrapolation of CWs and FWHMs to form
continuous calibration layers is prone to produce artifacts.

All information extraction taking the above into account was
implemented in the spectral calibration module of the APEX
calibration information system (APEX CAL IS [11]), which
provides an interactive GUI that enables control over the extrac-
tion process, including the inspection of each raw ISRF vector,
its Gaussian fit, variations across-track (i.e., spectral misregis-
tration or smile), applied fits, and associated residuals, as well as
the definition of thresholds for the outlier removal based on the
FWHM and R2.

The extraction of the raw ISRF vector is equivalent to the
definition of a 2D vector in an image cube with the coordinates
being the spatial position (across-track), spectral position (spec-
tral pixel under consideration), and all acquisitions (frames)
with a changing monochromatic wavelength that are relevant
for the extraction of the ISRF. While the spatial position is
contained in the metadata, the spectral position is a function of
the wavelength, i.e., the parameter that is to be determined: to
define a spectral pixel position based on the CW of a monochro-
mator scan (the latter determined by the mean wavelength of
the scan), an existing calibration cube generated by a different
code provided the CW curve which was used as a lookup table
by getting the band position closest to the center of the scan.
This was based on the search for the highest pixel response on
the chip, disregarding faulty pixels.

The relevant frames for the ISRF characterization are given
by the frames acquired for a given spatio-spectral sampling
position. Data per the target wavelength and spatial position are
stored as distinct “spectral groups.” For each spectral group, the
following extraction process was applied:

1. bulk reading of all dark current corrected frames of the spec-
tral group, building a virtual image cube in memory;

2. loading of the metadata vector holding the monochromator
wavelengths;

3. determination of the spatial and spectral extraction
position: this is the center pixel of the extraction;

4. definition of the extraction neighborhood: this was set to
pixel positions±1 pixel around the center pixel;

5. ISRF extraction for all identified extraction positions.
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Fig. 2. APEX spectral calibration: optimal Gaussian fit example (top) and suboptimal Gaussian fit example due to the etalon effect (bottom).

For the continuous scan sampling data, the spectral group
was defined on the fly: the criterion deciding if enough data
points are available is a spectral extraction window defined by
the expected CW of a pixel and a buffer size of ±2 FWHM.
This criterion was applied to all spectral pixels for the spatial
scanning position. Both the CW and the FWHM are estimated
based on existing spectral calibration data in the database. Data
are loaded into memory based on a sliding spectral extraction
window, keeping the data transfer minimal by only loading the
delta information required to build the virtual cube per iteration
step.

For each identified extraction position within this neighbor-
hood, the following processing is applied:

1. extraction of the raw ISRF vector from the virtual cube;
2. loading of metadata vectors for the following parameters:

(a) monochromator filter IN
(b) monochromator filter OUT
(c) monochromator grating

3. normalization of the raw ISRF vector for changes in
monochromator configurations based on the above three
parameters. This removes intensity steps in the recorded
data due to, e.g., changes of gratings within a scan;

4. fit a Gaussian curve to the normalized ISRF vector and
conversion of the standard deviation σ to the FWHM
(we applied the three-sigma rule, derived from the
Vysochanskij–Petunin inequality for unimodal distri-
butions [25], to ensure that each spectral band supporting

the wavelength interval would encompass at least 95% of its
ISRF coefficients);

5. applying a filter function to remove implausible or sub-
optimal Gaussian fits. These may occur when data points
are affected by, e.g., etalon effects [26]. The standard filter
functions are a FWHM of 15 nm and an R2 of 0.85 (see
Fig. 2).

Spectral Interpolation: spectral interpolation was required to
fill any gaps in the spectral direction not covered by the sampling
pattern. Averaged CWs and FWHMs per spatial extraction
position were interpolated to estimate the CW and FWHM of
all spectral pixels.

For both the CW and FWHM, appropriate fitting functions
were determined. The functions used for this fitting procedure
must approximate the shape of the spectral dispersion and be
well behaved within the considered wavelength range. Spline fits
are unsuitable for this extrapolation purpose. Finding appropri-
ate fitting functions was based on an Internet service [27] that
applies hundreds of functions to the data points and ranks them
by R2. The functions were then assessed regarding their mono-
tonic properties and extrapolation behavior. The functions are
specific to the detector and the variable (CW or FWHM) to
be fitted (see Table 1). For FWHM interpolation to all spectral
bands, the corresponding best fitting functions could directly be
applied. For CW interpolation, the initial use of the correspond-
ing best fitting functions resulted in large oscillating residuals
(due to the Runge phenomenon [28]), requiring a two-step
approach whereby the edges of the detector (where usually no
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Table 1. Best Fitting Functions per Detector and per
ISRF Parameter for Spectral Interpolation to Bands not
Covered by the Sampling Pattern

Detector and
Variable Best-Fit Interpolation Function

VNIR-CW Hyperbolic-like: A*X/(B+X)+C*X+O
VNIR-FWHM Double Exp. w/Offset: A * exp(B*X)+

C * exp(D*X)+E
SWIR-CW Polynomial 5th order
SWIR-FWHM Polynomial 5th order

measurements were available) would first be fixed by estimating
their values using the aforementioned best-fit functions; then
the interpolation of the CW vectors would be carried out using a
cubic smoothing spline, significantly reducing the residuals.

2. RadiometricCalibration

The most important output of the laboratory calibration is the
radiometric absolute spectral responsivity and offset. Spectral
response functions and spectral shift characteristics of the
instrument are vital in establishing the radiometric coefficients.

The radiometric calibration of the APEX must be carried out
under standardized conditions, requiring corrections for pres-
sure and temperature related effects that change the radiometric
and spectral behavior of the system. Furthermore, electronic
effects such as the dark current anomaly of the SWIR (known
as the “pedestal offset”), and the smearing and binning in the
VNIR must be compensated before radiometric coefficients can
be extracted in a repeatable way. Consequently, the traceability
chain for the laboratory calibration has been extended (see
Fig. 9).

Measurements: the APEX radiometric calibration concept had
undergone a change in paradigm, as the results of temperature
and pressure experiments showed that the instrument was not
assuming a default state when being calibrated in the laboratory,
but was influenced by the actual pressure and temperature of the
system, which differs for each calibration. The same holds true
for the spectral calibration.

The realization of this has led to the concept of the nominal,
i.e., standardized system state. All measurements taken should
be transformed into this standardized space where they can be
compared. This concept must be applied to both laboratory and
in-flight data, as calibration coefficients will be determined for
the defined system state. A standardized spectral calibration was
defined by averaging over three years of spectral calibrations.

The transformation of measured frames into the standardized
system state is based on models parameterized by sensors meas-
uring temperatures and pressures. Both sensor values and mod-
els have associated uncertainties, which define the uncertainty of
the DN frame to be radiometrically calibrated.

Radiometric Coefficients: the uncertainties of the gain and
offset were computed by a Monte Carlo analysis, varying the
uncertainty of both computed at-sensor radiance and the APEX
DNs (originating from system noise and shot noise). To ease
the integration of these gains, offsets, and related uncertainties
in the processing and archiving facility (PAF [10]) side of oper-
ations (where the conversion coefficients for both system and
data calibration had to be retained in memory), the fitting was

carried out with DNs on the x axis (Fig. 3). In a purely modeling
context, the DNs should be the dependent variable.

C. Simulation of a Simultaneous Spectroradiometric
Calibration

1. Overview

The first step is to ensure that our spectroradiometric calibration
algorithms function correctly: for this purpose, we conducted
a “unit test” simulation using a modeled APEX sensor with
known ISRFs and absolute spectral responsivities, and verified
that the code could accurately retrieve these measurands from
the sensor synthesized DNs.

Before the actual spectroradiometric calibration of the APEX
instrument, we simulate the acquisition of measurements by
modeling the sensor response to (1) a monochromatic wave-
length scan and (2) a broadband spectrum at different intensities
(emulating the approach used historically). Thus, forward mod-
eling is carried out, using an instrument model for the VNIR
and SWIR sensors on the one hand, and using an imported spec-
trum covering the same wavelength range on the other hand.
In practice, the APEX model’s parameters are based on real
data: e.g., the CWs, FWHMs, and radiometric coefficients for
every spectral band of every spatial pixel as determined through
the historical laboratory calibration approach, as described
in Section 2.B. Likewise, the NPL provided the SI-traceable
STAR-cc-OGSE broadband radiance spectrum for use in this
simulation [see Fig. 6(a)].

Next, we showcase how a simultaneous spectroradiometric
calibration could be done using the slit scattering function (SSF)
method: by performing a single monochromatic wavelength
scan of a spectral band at a high spectral sampling frequency, we
can retrieve both the band’s ISRF coefficients and its absolute
spectral responsivity R(λCW). This bypasses the need to take
broadband spectrum measurements at various intensities and,
while a traditional radiometric calibration could be done with
only a single bright level measurement and dark measurement if
the linearity of the sensor response is separately established, with
the SSF method there is no need for the assumption of a linear
sensor response. We then tune the spectral sampling frequency
and repeat the scanning process multiple times to determine
the optimal monochromator/laser wavelength step size for
accurately retrieving R(λCW), by comparing the latter’s values
to that of the modeled sensor’s predefined responsivity. Utilizing
the STAR-cc-OGSE facility for this purpose would allow for the
measurands to be traceable to the SI.

2. APEXSpectroradiometricCalibrationSimulation: Unit Test

Forward Simulation: programmatically, the forward simulation
relies on four distinct Python scripts (see also Fig. 4):

• run_experiment: this is what the user initiates to get the
simulation running; the script loads the external broadband
spectrum, and calls various functions from the utils_calibrate
and apex scripts to define the APEX model instance and simulate
the instrument’s response under input spectra;
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Fig. 3. Straight line fitting Monte Carlo realizations for APEX band 8.
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Fig. 4. Processing flowchart for the APEX spectroradiometric calibration simulation.

• utils_calibrate: provides a variety of functions, e.g., for
creating a high-resolution spectrum from the inputted one, then
generating DNs for each spectral band in each pixel;

• apex: creates APEX models and stores them (mostly for
caching purposes);

• utils: defines generic functions for parameter loading and
preprocessing, including support for parallel processing of tasks
using the Python [29] Joblib [30] library.

The historical APEX parameters are stored in MATLAB
[31] .mat files as structured arrays, which are converted to
dictionaries upon loading the data via utils. For a given APEX
hyperspectral data cube, the CWs, FWHMs, and radiometric
coefficients are loaded. At the same time, a new set of wave-
lengths with more samples per nanometer is generated such that
the input broadband spectrum can be resampled to a higher
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resolution using cubic spline interpolation. This step is neces-
sary for the simulation, as the NPL-supplied spectrum only has
a radiance value every 10 nm; we settled on three samples per
nanometer, which is sufficient for this simulation given that,
even in the VNIR, the APEX’s SSI is never better than 2 nm and
is generally more than double that value, with corresponding
FWHMs of over 3 nm at best. Thereafter, different intensity
factors scale the resampled input spectrum to simulate a series
of measurements for various integrating sphere outputs in order
to simulate a traditional radiometric calibration with the linear
fitting of the DNs across their corresponding radiances.

In preparation for a spectral calibration free of any ISRF
interpolation, an ensemble of monochromatic input spectra
with uniform intensities (normalized) is constructed from the
pseudo-Dirac delta peaks of the resampled input spectrum,
allowing us to simulate a monochromatic scan of all the spectral
bands. This would be the scenario where a tunable continuous-
wave laser is available for the calibration measurements (see
Section 2.C.3). For the ISRF computation (effectively the
convolution of the input spectrum with the simulated sensor
[32], which can otherwise be described as a weighted average
[33]), the ISRFs for each pixel are computed at the resolution
of the sensor model’s pixel-dependent SSI, within the limits of
each spectral band’s supporting wavelength interval expressed in
terms of standard deviations (we used the three-sigma rule [25].)
ISRFs can be binned to account for the binning of VNIR bands.

The APEX model instance is further configured beyond the
loading of historical calibration coefficients: the number of
across-track pixels (1000), the number of SWIR bands (199),
and the number of unbinned (337) and binned (117) VNIR
bands are all set in the apex script. In practice, the binned VNIR
mode is used (the imported parameters also correspond to the
binned case), and the VNIR and SWIR bands are gathered into
one simulated sensor. Depending on the imported spectrum’s
range, only a “chunk” of all the APEX model spectral bands is
considered (by determining where the “illuminated” spectral
bands are).

The apex script also contains the function which converts the
convolved radiance values to DNs, using either the predefined
radiometric coefficients from the sensor model or custom ones
provided as arguments (for the purpose of this demonstration,
we always rely on the historical calibration data.) The function
handles both binned and unbinned data. This is done on a per
frame, per intensity factor basis.

Moreover, dark current and signal-to-noise ratio (SNR) mod-
els are defined, which also rely on historical APEX data. The
dark current coefficients are equivalent to the “absolute spectral
responsivities” and associated offsets for each spectral band in
each pixel in the absence of incident radiations [34]. The SNR
coefficients for each spectral band were derived from calibration
measurements carried out under different illumination condi-
tions, and highlight in particular the uncertainty affecting the
start and end of the SWIR bands due to the combination of a
low SNR, the uncertainty of the dichroic coating, and the effect
on temperature, as well as radiometric uncertainty that traces
all the way back up the APEX calibration chain to the primary
standard maintained at the German Physikalisch–Technische
Bundesanstalt (PTB) [35].

The APEX image noise is subsequently generated for each
spectral band by first dividing the simulated DNs by the SNR
coefficients’ absolute values (the noise standard deviation),
and then multiplying the result by a random array of normally
distributed values with the same shape as the SNR array, such
that each run generates a different noise realization (effectively
an in-built Monte Carlo method).

Finally, a smear function applies a smearing effect to the
simulated VNIR bands, as their physical counterparts rely on a
CCD camera (the smearing would arise due to the movement
of the sensor or the scene being imaged during a shutterless
operation of frame-transfer CCD detectors [36]): the function
handles both binned and unbinned data, unbins the data if
necessary, calculates the smearing effect, and then rebins the
data if it was originally binned. The differential radiance per
band is calculated using the integration time and the output
from the convolution of the inputted spectrum with the sensor
model instance: the cumulative sum of the differential radiance
is then used to scale the simulated results. As with other simu-
lated parameters, the smear function is informed by previous
APEX calibration and characterization work, including the
uncertainty analysis of the instrument’s DNs, with the smear
correction uncertainty estimated to be at about 1%. No such
correction is performed for the SWIR bands: this is not to say
that CMOS detectors do not suffer from an effect equivalent
to smearing (known as banding or streaking), but it will only
become visible in cases where a very bright source is superim-
posed against a very dark background, an unlikely event in the
context of the APEX’s daytime Earth observation missions,
with any banding effectively falling below the noise floor (unless
imaging water and a vegetated shore simultaneously, with
near-zero water reflectance in the SWIR).

The forward simulation results, namely, the output from the
broadband convolution with the sensor (i.e., the APEX image
frames), the corresponding spectral band indices, the simulation
configuration, and the ensemble of convolved monochromatic
input spectra, are organized into dictionaries and then stored for
use in the calibration process.

Spectroradiometric Calibration: for spectral calibration,
we run the calibrate_srfs_from_run script, which first calls
utils_calibrate in order to load the forward simulation results,
then defines the ISRF model as a Gaussian function (with an
offset) and proceeds to fit it to the (pseudo) Dirac delta peaks
(one wavelength per frame) for each simulated pixel. The fitting
process is performed in chunks to circumvent limitations on the
number of parameters that can be simultaneously fitted by the
scipy.optimize.curve_fit function. In principle, since the inputted
monochromatic spectra are interpolated from the NPL-certified
STAR broadband spectrum, the calibration wavelength values
are directly traceable to the SI, and the outputted CWs and
FWHMs from the ISRF fitting process for all bands are suffi-
cient for fully characterizing the APEX sensor model’s spectral
performance.

At the end of the forward simulation, the convolved APEX
frame values have already been converted to DNs from radiance.
For radiometric calibration, the calibrate_gains_from_run script
rearranges the data: programmatically, for each spectral band,
the frames are stacked in order to retrieve all the DN values
across all spatial pixels, with a function returning a list of DN
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vectors for each band. Another function sorts out the target
radiance values for each band based on the input spectrum (and
the intensity factors scaling the latter). A target radiance value
of a specific band is the interpolated radiance value at the mean
wavelength of said band. Finally, the process fits a linear model
to the DN and target radiance data on a per spectral band basis
for all pixels: the slope of a fitted line represents the absolute
spectral responsivity for a band with the center wavelength CW
in pixel i , Ri (λCW) (sometimes also referred to as the “gain,”
for expediency). The result of the linear fits [Ri (λCW) and
associated offsets] constitute the radiometric coefficients.

3. SimultaneousSpectroradiometricCalibration and theSlit
Scattering FunctionMethod

The STAR-cc-OGSE [13] NPL-developed facility provides not
only an integrating sphere’s broadband source, but also fully
tunable continuous-wave laser systems from M Squared lasers
that allow for monochromatic scans covering the full VNIR and
SWIR wavelength ranges. The scanning laser produces a quasi-
perfect monochromatic output, with a wavelength line width
of less than a picometer and a laser wavelength position known
to within a picometer (traceable to the SI). As a cross-check,
the monochromatic wavelength is monitored with another
calibrated spectrometer or wavelength meter. Moreover, the
STAR-cc-OGSE features thermal-vacuum (TVAC) photo-
diodes (Si and InGaAs photodiodes to cover both VNIR and
SWIR) which take readings alongside the instrument under
calibration: the TVAC photodiodes are calibrated to the NPL’s
primary radiometric standard, which makes it possible to rely
on the them as a “transfer radiometer” to determine the radiance
measured by the sensors being characterized. With this system,
it is theoretically possible to scan the entire wavelength range
covered by the APEX instrument with a sufficiently fine laser
wavelength step size to spectrally overfill (i.e., fully illuminate)
the bands and effectively perform an SI-traceable simultaneous
spectroradiometric calibration by retrieving the ISRF and radio-
metric coefficients without having to repeat measurements at
different intensity levels.

We refer to this approach as the slit scattering function (SSF)
method for historical reasons because, while it directly profiles
the instrument’s ISRF, using tunable lasers for scanning a spec-
trometer was previously proposed as a way of correcting spectral
stray light errors [37], and in that context, the relative spectral
responsivity (i.e., the ISRF) was referred to as the SSF when each
pixel of the sensor is treated as a fixed narrowband filter radi-
ometer, while the wavelength of the incident monochromatic
source changes [38].

The following details how the SSF approach to spectroradio-
metric calibration can work using the STAR-cc-OGSE. After
data acquisition (see Fig. 5 for an overall workflow diagram),
the imaging spectrometer’s system calibration begins with the
conversion of the TVAC voltage measurements to radiance:

ŪTVAC(λlaser) =

∑n
1 Ui,TVAC(λlaser)

n
, (1)

LTVAC(λlaser) =
ŪTVAC(λlaser)

γamp
∗ ρTVAC(λlaser) ∗ αTVAC, (2)

where γamp is the gain of the TVAC amplifier, and ρTVAC(λlaser)

and αTVAC are the photodiodes relative and absolute calibration
coefficients.

Similar to Eq. (1), we calculate the mean APEX DN spectra
ȳDN per pixel and per laser tuning step. Obtaining 30 readings
per step is a reasonable compromise between the competing
interests of acquiring more readings to improve the SNR on the
one hand and optimizing the process by limiting the amount
of time spent at each laser wavelength step. The result is then
normalized for integration time τ and laser power:

ȳDN_normalized(λlaser) =
ȳDN(λlaser)

τ ∗ LTVAC(λlaser)

. (3)

We obtain the ISRF by fitting a Gaussian to
ȳDN_normalized(λlaser), per band and per pixel. We use the following
Gaussian form:

G(λlaser)= H + A ∗ exp

−(λlaser − λCW)
2(

2∗λBW,FWHM

2
√

2 ln(2)

)2

 (4)

with the following parameters: offset/height H, amplitude A,
center wavelength λCW, and the bandwidth FWHM, since the
standard deviation of the Gaussian isσ = λBW,FWHM

2
√

2 ln(2)
.

A suitable wavelength interval for the fitting process needs
to be established for each spectral band: this is achieved by iso-
lating the maximum (normalized) DN count across all bands
per pixel for all laser tuning steps and defining a wavelength
buffer on either side of the peak. The buffer can be defined as
λlaser(ypixel_maxDN)± 3σ , where the standard deviation is spec-
tral band dependent (since the bands have different FWHMs).
We then fit the Gaussian to each band’s peak and retrieve the
CW and FWHM per band and per pixel.

Our best estimate of the absolute spectral responsivity for a
spectral band with a center wavelengthλCW in pixel i , Ri (λCW),
is obtained by integrating numerically the normalized DNs
about the CW (determined by the Gaussian fit):

Ri (λCW)=

λCW+3σ∑
i=λCW−3σ

ȳDN_normalized(λlaser), (5)

which requires a fine laser wavelength step size to be accurate.
SSF Method Demonstration: Polygain vs Monogain Study: to

demonstrate the validity of the approach, we performed a sim-
ulation of the SSF method for a single pixel, single-band sensor
with the following characteristics (arbitrary, but representative
of the range of characteristics encountered for the APEX case
study):

• a Gaussian ISRF of the following form: g (x )=
1

σ
√

2π
exp[−(x−λCW)

2

2σ 2 ], extending±3σ aboutλCW;
• λCW = 500 nm, and the FWHM=6 nm;
• an absolute spectral responsivity referred to as the poly-

gain parameter (P ), i.e, the broadband spectrally flat response
that would be obtained from a radiometric calibration using
polychromatic (white light) source measurements at different
intensities; this parameter is assigned a value of 10.
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Fig. 5. Workflow for a STAR-cc-OGSE-based simultaneous spectroradiometric calibration of the APEX imaging spectrometer using the SSF
method.

In order to define the simulation’s at-sensor radiance, the
input laser source is assigned an arbitrary constant radiance
value of L laser = 3.3 ·W · nm−1

· sr−1
·m−2, and the DNs that

would result from white light measurements would be equiva-
lent to ypoly_DN = L laser/P (assuming the polygain signifies the
total efficiency of the electro-optical system).

The laser scanning is simulated by defining a scan vector
across a wavelength interval that encompasses the band’s ISRF
range, with a wavelength step size δλ which we tune for different
simulation runs. For a given run, we then loop the generation
of the at-sensor radiance converted to poly_DN across the
wavelengths of all the scan vectors and convolve the pseudo-
Dirac delta peak with the sensor’s ISRF coefficients, one step at
a time. The resulting synthesized DNs are scaled by the ISRF
coefficients as can be seen in Fig. 8(a).

To calculate the absolute spectral responsivity R(λCW),
which we will also refer to as the monogain (pseudo-Dirac delta
response), we perform the integral of the DNs obtained from
one monochromatic scan [see Eq. (5)]. In order to determine the
ideal wavelength step size for the accurate retrieval of R(λCW),
we simulated 1000 scans with sampling step sizes ranging from
5 to 0.001 nm, and compared the resulting values of the mono-
gains to that of the polygain (the “true” value of the sensor’s
absolute spectral responsivity, as defined in this simulation). In
terms of accuracy, the target requirement is a relative error of
0.01% for R(λCW) (which emulates an initial requirement used
for the spectral calibration of the Microcarb spectrometer with
STAR-cc-OGSE, in view of a final calibration uncertainty of

below 0.5% [39]). We then repeated the simulation for different
FWHMs to cover the range of APEX VNIR and SWIR values,
and establish the optimal spectral sampling step size for each
case using the same accuracy requirement.

3. RESULTS

From the simulation of the APEX spectral calibration, we
retrieved the CWs and FWHMs from the ISRF fitting process
for all spectral bands in every spatial pixel. Figure 6(a) shows
the original input radiance spectrum: it was from the resampled
version of this input spectrum that an ensemble of normalized
monochromatic input spectra was constructed. Figure 6(b)
displays the ratios of (normalized Gaussian) ISRF reconstruc-
tions (based on the coefficients determined from the simulated
monochromatic scans at different intensities) against the ISRF
curve derived from the highest intensity factor scan: aside from
the extreme case of the ratio with an ISRF derived from a very
low brightness scan (three orders of magnitude lower than the
baseline intensity factor of 1), this plot reveals residual non-
linearities in the spectral band’s radiometric response beyond
the FWHM region. Crucially, these non-linearities remain
significant within three standard deviations of the CW, making
the assumption of linearity a source of error for a traditional
radiometric calibration.

In order to better visualize the results, Fig. 6(c) reveals the
APEX image frame resulting from a fixed monochromatic
light input, and Fig. 6(d) shows the corresponding response
profile for a selection of three spatial bands. Note that the image
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Fig. 6. (a) STAR-cc-OGSE’s broadband radiance spectrum used in the simulation of APEX spectroradiometric calibration. The spectrum corre-
sponds to the STAR’s large integrating sphere output at 100% intensity. Given this input spectrum covers only the 400–2200 nm wavelength range,
the simulation technically only calibrates a “chunk” of the instrument’s spectral bands rather than the full 375–2500 nm range. The input spectrum is
resampled to a higher resolution for the forward simulation. Normalized monochromatic spectra are derived from the input spectrum for the spectral
calibration simulation. (b) Ratio of Gaussian ISRF reconstructions from monochromatic scans of a single spectral band in a single pixel at seven differ-
ent intensities (intensity factors scaled the resampled input spectrum to simulate measurements at various integrating sphere intensities for the radio-
metric calibration unit test). Where the ratio is flat, the response is linear: this is mostly the case around the peak response wavelength and beyond for
ISRF curves obtained from scans at higher intensity levels; however, residual radiometric non-linearities remain significant within three standard devi-
ations from the band’s CW. (c) Simulated APEX image frame from a monochromatic light input and (d) corresponding illuminated bands’ DNs for
three selected spatial bands.

frame exhibits two distinctly darker lines: these are caused by
a residual masking component that was meant to be removed
after the instrument’s testing was completed, but unfortunately
remained for the rest of its operational lifetime. Since the APEX
sensor model is instantiated using the calibration coefficients
determined historically through laboratory calibration at the
CHB, the simulation results retain the quirks.

Based on the broadband spectrum-based calibration simu-
lation, Fig. 7(a) illustrates one result from the fitting of a linear
model to the DN and target radiance data on a per spectral band
basis for all pixels. Note that while in a pure modeling sense,
the DNs should be the predicted variable; the fitting was done
with the DNs on the x axis, a holdover from the original APEX
calibration approach which also needed to handle uncertainty
propagation via a Monte Carlo method (see Section 2.B.2,
compare also Fig. 3). Figure 7(b) shows the average absolute
spectral responsivity for one spectral band across all pixels, along

with the uncertainty due to the APEX noise: even at the 99.7%
confidence interval, where the coverage factor is k= 3 (for a
normal distribution), the envelope is virtually invisible. We
observe, again, the effect of the residual masking component in
the shape of two highly irregular peaks.

With regard to the simulation of the SSF method, Fig. 8(b)
shows the resulting ISRF coefficients as a function of the spectral
sampling frequency. With the final aim consisting of deter-
mining the optimal laser wavelength step size for accurately
retrieving R(λCW), Fig. 8(c) illustrates the convergence of the
integrated monochromatic responsivity (monogain) towards
the set value of the spectral band’s absolute spectral responsivity
(polygain) as a function of the laser sampling step size. With a tar-
get relative error of 0.01% or better for R(λCW), we find that for
a band with a FWHM of 6 nm, a 0.2 nm step size is comfortable.
[The monogain is within 0.005% of the value of the polygain; see
also Fig. 8(d).] For comparison, other simulations were run with
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Fig. 7. Results from the simulated radiometric calibration unit test. (a) Straight line fitting for a single spectral band at APEX pixel 500. (b) Average
absolute spectral responsivity for the same band across all pixels, along with a zoomed in view to reveal the uncertainty buffer.

the spectral band assigned FWHMs of 3 and 12 nm (about the
minimum and maximum for the APEX sensors): in these cases,
respectively, 0.1 and 0.4 nm step sizes are sufficient to meet the
target requirement.

4. DISCUSSION

A. Historical Approach to the APEX
Spectroradiometric Calibration

The method used for the laboratory spectral calibration of the
APEX was the result of a compromise: the initial goal had been
to fully scan the instrument’s spectral bands with a tunable laser,
but the unavailability of such a setup at the time led to the so-
called sampling pattern approach, where selected spatio-spectral
locations were scanned with a monochromatic source, and the
ISRF values in between the measured locations were derived
via interpolation. It was found that the interpolation algorithm
remains the major source of error, as the values measured at the
sampling positions fall largely within the uncertainty threshold
of the monochromator. The implementation used a constrained
smoothing spline-based interpolation, which leads to some
artifacts attributable to the Runge phenomenon [28]. This
implementation remains superior to the “best-fit” function
approach, which results in higher errors when comparing to the

continuous scan data. Reducing the effect of these artifacts is
not straightforward, however, requiring further investigation
of the interpolation method. Another factor which affected the
retrieved ISRF coefficients (i.e., both CWs and FWHMs) was
the delta pressure of the APEX instrument. This is beyond the
scope of this paper, with our simulation not taking into account
variations in delta pressure and relying on the STAR-cc-OGSE
workflow, which is designed for vacuum, as the system is pri-
marily destined to calibrate satellite instruments. This is in
part why the APEX could not be calibrated with the STAR-cc-
OGSE; however, the facility was also still under development
by the time the instrument was retired from operational use in
2019.

Regarding radiometric calibration using a broadband spec-
trum measured at different intensities, a major issue stems from
the reliance on the assumption of a linear response from the
sensor. Like many electro-optical systems, the APEX sensors
were designed to have a linear response within a certain range
of input radiance (compare also Fig. 3). However, the assump-
tion of linearity remains fundamentally prone to introducing
errors in the calibration process, especially towards the edges
of the VNIR and SWIR ranges (due to the lower internal
quantum efficiency of the detectors’ pixels [40]). Correcting
for non-linear responses requires more complex models and
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Fig. 8. Results from the SSF method simulation, using a spectral band with a Gaussian ISRF and a FWHM of 6 nm. (a) High-resolution ISRF
profile of the simulated single-band sensor juxtaposed with the convolved DNs resulting from a monochromatic scan with a wavelength step size of
1 nm. (b) Color map showcasing how the convolved ISRF coefficients change as a function of the scanning wavelength step size. (c) Convergence of
the monochromatic responsivity (monogain) - obtained through the integration of the convolved DNs - with the polychromatic responsivity (poly-
gain) set to 10 (the “true” value of the absolute spectral responsivity). (d) Relative error of the monogain as a function of the laser wavelength step size.

additional calibration steps, increasing the complexity of the
data processing pipeline. In turn, non-linear corrections will
introduce additional uncertainty into the calibration results,
reducing the overall confidence in the data. Although spectral
calibration would have benefited from the planned scan of all
the APEX wavelengths, radiometric calibration would still have
relied on a traditional white light source, as no equivalent to the
STAR-cc-OGSE facility existed at the time.

B. Simultaneous Spectroradiometric Calibration and
Uncertainty Minimization

The unit test simulation results seem reasonable in that they
indicate that our calibration algorithms can, in fact, return
the APEX image frames and the ISRF coefficients from
monochromatic scans, as well as the radiometric coefficients
from the broadband spectrum measurements. Since the main
objective of this study was to simulate a workflow allowing us
to simultaneously retrieve both ISRF coefficients and absolute
radiometric responsivities from a single set of measurements
using the SSF method in conjunction with a calibration facility
such as STAR-cc-OGSE, the propagation of uncertainty was
not prioritized. While the monochromatic scanning covered

all spectral bands falling within the wavelength range of the
input spectrum, i.e., between 400 and 2200 nm, for all spatial
pixels (which is a much greater sampling than what was achieved
during the physical calibration of the instrument), we did not
set out to compare the differences in ISRF uncertainty between
the simulation and the historical results which heavily relied
on interpolation. This extra step would make more sense in the
context of a new physical spectral calibration with no reliance
on previous APEX data. Moreover, a proper uncertainty analysis
would require that the uncertainty for the monochromatic
source’s wavelength is provided, and at the time of this study,
the NPL could not supply output data and associated uncer-
tainties from the laser systems (there are several to cover the full
260–2700 nm wavelength range), hence why the normalized
monochromatic spectra were generated on the wavelengths of
the resampled broadband spectrum. This limitation should be
tempered by the knowledge that STAR-cc-OGSE advertises
monochromatic sources with a wavelength position known to
within a picometer (traceable to the SI) and a line width of under
0.1 pm [13] which, for all intents and purposes, is equivalent to
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(a)

(b)

Fig. 9. Uncertainty tree diagrams where the sources of uncertainty and uncertainties are shown in brown boxes. (a) Uncertainty tree diagram for
the APEX spectroradiometric calibration based on the historical procedure. The final output is an absolute spectral responsivity and an offset: this is
the result of a linear fitting for the various integrating sphere intensities. (b) Uncertainty tree diagram for a simultaneous spectroradiometric calibra-
tion of the APEX with the STAR-cc-OGSE using the SSF method. The result is an integrated absolute spectral responsivity which is highly accurate
for a fine laser wavelength step size.

a pseudo-Dirac delta function. The added uncertainty would
thus be negligible.

The forward simulation does consider the APEX system noise
in the DN-domain, which per the central limit theorem (CLT)
is assumed to be normally distributed. It remains negligible;
however, we only simulated the instrument in the standard-
ized system state (see Section 2.B.2), which does not reflect
real measurement conditions. The STAR-cc-OGSE broad-
band spectrum was provided, along with radiance uncertainty
values (with relative uncertainty in the range of 1.5–3.3%),
but its propagation would have little value, as we only used the
broadband spectrum for the unit test, whereas a quantified
comparison of uncertainties between the historical laboratory
calibration results and the simulated simultaneous calibra-
tion approach would have to consider the uncertainties of the
TVAC-derived radiances, which were not available.

Having stated those caveats, there are still a number of
qualitative observations that can be made in terms of how a
STAR-cc-OGSE-facilitated SSF method minimizes uncertainty
compared to performing two separate sets of measurements for
spectroradiometric calibration. It is evident that the results from
a single series of measurements will incur the effects of fewer
sources of uncertainty compared to multiple series of measure-
ments with more than one setup. To illustrate this, we produced
uncertainty tree diagrams for both scenarios (see Fig. 9): the
first diagram provides an overview of the traceability chain and
sources of uncertainty for the APEX laboratory calibration,
including the processing for the ISRF fitting, spectral interpola-
tions, preprocessing, and estimation of radiometric coefficients.
A simultaneous spectroradiometric calibration results in a much
simplified uncertainty tree diagram, as there are fewer sources
of uncertainty and fewer interpolations required. Moreover,
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fluctuations in the internal state of the instrument between mea-
surements (a particularly critical aspect in the case of the APEX)
will tend to increase with more measurements and changes
in the setup, and would need to be corrected for. One major
advantage of the STAR-cc-OGSE facility is that the TVAC
detectors are calibrated to the NPL’s primary radiometric
standard, minimizing the chain of calibrations where each cal-
ibration contributes to the measurement uncertainty, whereas
the broadband radiance of a typical integrating sphere will be
calibrated using secondary standards. For example, in the case
of the APEX, the integrating sphere was calibrated by an SVC
[41] spectroradiometer, which in turn was calibrated using the
DLR’s radiance standard (RASTA) [42]. Furthermore, while
the APEX spectral calibration had to rely on ISRF interpolation
for the non-calibration bands, the STAR-cc-OGSE laser sys-
tems could enable a full scan of the VNIR and SWIR sensors and
guarantee the spectrally overfilled condition with extremely fine
laser wavelength step sizes (the specifications mention the ability
to tune the sampling interval down to a few picometers). The
exact spectral sampling frequency can be determined based on
an accuracy requirement [see also Fig. 8(d)]. The SSF method is
also expected to minimize the uncertainty of the smear correc-
tion for the VNIR data, as only monochromatic inputs would
need desmearing, i.e., the smear can be well characterized,
significantly improving the smear model.

In terms of the radiometric uncertainty, an intrinsic advan-
tage of the SSF method is the non-reliance on the linear sensor
response assumption. Since STAR-cc-OGSE can output both
broadband light and tunable continuous-wave laser emissions,
a future study could investigate the quantitative differences
in spectroradiometric uncertainty estimations between the
traditional linear fit method (using the broadband spectrum
at different intensities) and the SSF method for retrieval of the
absolute spectral responsivity per band.

The key feature of the SSF method, namely the ability to pre-
cisely “draw” the ISRF coefficients for each spectral band, may
be very time consuming, with a full scanning of a 375–2500 nm
wavelength range with a 0.1–0.2 nm step size potentially
stretching into days depending on integration time settings and
SNR requirements, and may be deemed excessive depending
on the target accuracy. Thus, it is likely that the interpolation of
calibrated ISRF parameters to non-calibration pixels remains
relevant, even when the SSF method is otherwise feasible. The
availability of STAR-cc-OGSE and its sister facilities under
development at the NPL in the near future for commercial use
may dictate the feasibility of such studies.

The reliance on the Gaussian assumption for the ISRF is
another source of uncertainty which we did not investigate, as
the APEX instrument is no longer available for further testing.
In principle, however, the ability to sample the ISRF shapes at
extremely high resolution can allow for more robust testing of
various parameterizations aside from the standard Gaussian.
which has been shown to be the largest source of uncertainty
in laboratory spectral calibration [32]. Moreover, the SSF
method can allow us to go a step further: with the spectrally
overfilled condition met, the measured spectral shapes could
simply be stored as vectors in a spectral database [43], skip-
ping parameterization altogether and further reducing the
uncertainty.

5. CONCLUSION

Using the APEX imaging spectrometer’s VNIR and SWIR
specifications, we performed the forward simulation of spec-
troradiometric data acquisition by convolving input spectra
with the sensor model’s response, and simulated spectrora-
diometric calibration in two distinct ways: as a simulation of
the historical APEX laboratory calibration approach using
an SI-traceable broadband radiance spectrum to validate our
processing algorithms, and using synthesized monochromatic
spectra to run an SSF method allowing for the simultaneous
retrieval of both the ISRF coefficients and the absolute spectral
responsivities for every spectral band in each spatial pixel. We
demonstrated the validity of the SSF method by showing the
equivalence between the polychromatic responsivity (polygain,
derived from the linear fitting of the DNs for various broadband
intensities), and the integrated absolute spectral responsivity
R(λCW) (monogain, the integral of the DNs obtained from
one monochromatic scan) for a sufficiently high spectral sam-
pling frequency. The results show that for FWHMs of 3, 6,
and 12 nm, laser wavelength step sizes of 0.1, 0.2, and 0.4 nm,
respectively, will meet the targeted 0.01% relative error require-
ment. This FWHM-dependent fine tuning will matter in the
context of a real SSF-based calibration, as a time-consuming
full scan of VNIR and SWIR sensors may have to be balanced
against the availability of the calibration facility and other
operational constraints.

We also detailed the principles of a simultaneous spectro-
radiometric calibration traceable to the SI using the NPL’s
STAR-cc-OGSE. The comparison between the traceability
chains of the APEX laboratory calibration and the SSF-based
STAR-cc-OGSE calibration concept reveals that the mini-
mization of uncertainty is the main advantage of the latter, even
without taking into account the state-of-the-art specifications
of its laser systems. A future study could seek to quantify the
differences in uncertainty estimations between the polygain and
the monogain by conducting both approaches to radiometric
calibration with the STAR-cc-OGSE. Furthermore, the fine
sampling of the ISRF shapes is ideal for testing different fitting
functions beyond the standard Gaussian, which has been a de
facto default parameterization of the ISRFs for the APEX and
many other spectrometers. Given that interpolating calibrated
ISRF parameters to non-calibration bands is expected to remain
a viable option when practical constraints limit the amount of
SSF scanning, reducing the uncertainty in ISRF fitting would be
beneficial.

Finally, we provide access to the source code of the simultane-
ous spectroradiometric calibration simulation for APEX data via
GitHub (see Ref. [44]).
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