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Abstract: Array spectroradiometers are increasingly being used to measure natural and artificial opti-
cal radiation because of their many advantages compared to traditional instruments. This study aims
to thoroughly characterise a commercially available, cost-effective array device (AvaSpec ULS2048-
LTEC) and compare its measurements of global solar irradiance in the 290-1100 nm wavelength
range with those collected during three short-term field campaigns from more advanced, or specifi-
cally designed instruments. Moreover, the AvaSpec observations were compared with the output
of a radiative transfer model. The results show that, despite its conceptually simple instrumental
design, the AvaSpec can provide measurements of nearly comparable quality to those from reference
instruments (e.g., UV index and global horizontal irradiance generally within £5%) if all corrections
are performed. These preliminary observations will be the basis of a long-term series at the Aosta—
Saint-Christophe observatory, which can be employed to study solar energy production, biological
effects and atmospheric composition changes in the Alpine environment. All procedures, including
the encountered issues and proposed solutions, are described in detail.

Keywords: solar energy; solar radiation; array spectroradiometer; UV index; global spectral
irradiance; instrumental characterisation; radiative transfer models

1. Introduction

Array spectroradiometers are emerging instruments for the monitoring of radiation
from the sun or from artificial sources in the ultraviolet (UV, wavelength < 400 nm), vis-
ible and infrared (IR, wavelength > 780 nm) bands. Contrary to the more conventional
scanning spectroradiometers, which sequentially sample different wavelengths by means
of moving components, array devices project the light diffracted by a dispersing element
onto a series of detectors where the spectrum is recorded nearly instantaneously over a
wide wavelength interval [1]. This provides useful information on atmospheric radiative
transfer and solar energy reaching the Earth’s surface in rapidly changing conditions [2].
Furthermore, owing to their compactness, they are portable and robust and can be carried
on unconventional platforms, such as ships, aeroplanes or unmanned aerial vehicles [3].
The increased radiometric stability of their solid-state detectors, compared to the photo-
multiplier tubes usually employed in traditional instruments, and their affordable cost are
additional significant assets.

Hence, unsurprisingly, array spectroradiometers have been operated for a great va-
riety of applications. One example is their use in monitoring the performances of pho-
tovoltaic (PV) cells. Indeed, spectrally resolved solar irradiance measurements over a
wide wavelength range are crucial for identifying and understanding the atmospheric
and environmental factors, such as clouds, aerosols and precipitable water, influencing
the instantaneous and predicted (in both the short and long term) PV power output [4-8].
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Technical issues, such as panel ageing, temperature and the deposition of dust and snow [9-11],
also affect panel performances in real conditions, and their effects can be detected by
concurrent monitoring of solar radiation. Further details on the application of spectrora-
diometers to PV technology are provided in Section S1 of the Supplementary Materials.
Array spectroradiometers are also adopted in studies about air quality, photochemistry and
atmospheric composition [12-21], by taking advantage of the spectral signature of some
light-absorbing atmospheric compounds; phototherapy and medical dosimetry [22,23],
in which the observation of the radiation spectrum is essential for assessing wavelength-
dependent biological effects; measurement of the Earth’s surface reflectance, e.g., to identify
snow impurities [24]; and the monitoring of water quality and ecosystems [25-27]. Finally,
array systems are not only useful in research but may also be introduced in industrial
applications where reference solar spectra are required [28] or where spectroscopy-based
techniques are employed for process control [29]. Additional examples are provided in
Section S1.

Despite the aforementioned advantages of the array-based technology, the simpler
design of such instruments compared to scanning spectroradiometers exposes them to
more evident instrumental artefacts, one above all straylight, due to the adoption of a single
monochromator [22,23,30,31]. This must be compensated for by a greater effort from the
operator’s side to post-correct the signal or to carefully customise an instrument to mitigate
these effects.

The aim of the present study is to test a commercially available array spectroradiometer
(AvaSpec ULS2048-LTEC) in order to answer the following research questions:

1.  Can a single array spectroradiometer make reliable measurements of global irradi-
ance in a wide spectral range, encompassing UV, visible and near-IR wavelengths
simultaneously?

Previous research with array spectroradiometers has often focused on specific regions
of the spectrum, such as the UV range, in which accurate measurements are chal-
lenging owing to the steep spectral gradient of the solar irradiance, or outside this
interval, e.g., for applications of energy production (see Table S1 for a non-exhaustive
list of previous studies involving array spectroradiometers). A novel aspect of the
present work is the fact that we did not focus on a particular spectral region. Instead,
we compared the results from the AvaSpec with reference observations in several
wavelength ranges.

2. What minimal procedures are required to characterise and calibrate the AvaSpec and
obtain measurements of satisfactory quality?

Several studies have tackled the characterisation/calibration topic based on sophis-
ticated methods and equipment, e.g., [32]. Conversely, here we tried to keep our
instrumental and laboratory setup as simple and affordable as possible. This allows
other operators interested in starting similar monitoring programs to easily replicate
our results without the need for cutting-edge technology (e.g., tunable lasers).

3.  How good is the agreement between the AvaSpec measurements and the radiative
transfer model (RTM) simulations?

We performed the spectral simulations with an RTM, providing as input the available
ancillary information from co-located instruments. The synthetic spectra were then
compared with measurements from the array spectroradiometer. They were also used
to compensate the AvaSpec measurements for the unmeasured component of the
solar spectrum.

4. What are the strengths of the new system compared to the existing reference instruments?

Another distinctive feature of this study is represented by the geographical context
considered here, which is an Alpine region characterised by complex orography. Due
to the high average altitude of the domain, generally low atmospheric pollution and the
presence of snow on the mountains, peak irradiances are expected in the area around the
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observatory and at other sites where the instrument could be deployed in the future. This
impacts renewable energy production [33], hydropower through accelerated meltwater
from seasonal snow [34], radiative balance both at the surface [35] and along the vertical
profile [36] and the enhanced effects on humans and ecosystems [37,38]. Hence, solar
radiation is an important variable to be monitored in the fragile mountain environment,
notably in the context of a changing climate [39-42], and for public health purposes. Finally,
space-based estimates of solar radiation are challenging over complex orography [43—45]
and measurements over mountainous areas are essential for providing ground truth data.
Nonetheless, continuous and accurate observations of solar radiation in such places are
less common than over flat terrain.

The paper has the following structure. Section 2 describes the measurement site and
instruments; Section 3 explains the methods for characterising the spectroradiometer in
the laboratory and for post-correcting its measurements, including the use of radiative
models to extend the available information to a wider spectral range; and Section 4 shows
the outcome of the characterisation and the results of the first field measurements. A
discussion on the quality of the measurements and the main issues encountered is included
in Section 5. Conclusions are drawn in Section 6.

2. Measurement Site and Instruments
2.1. The Aosta—Saint-Christophe Observatory

This study was carried out in the Aosta Valley, a region in the northwestern Italian
Alps (Figure 1a) at the border with France and Switzerland. The region, which is about
80 x 40 km? wide, features the typical characteristics of a mountain environment, such as
high elevation (average > 2000 m a.s.1., with a peak value of 4808 m a.s.l,, corresponding to
the top of Mont Blanc, Figure 1b) and generally pristine atmosphere. A solar measurement
network is managed by the local Environmental Protection Agency (ARPA) in the region and
consists of remote stations, located at altitudes between 1640 and 3500 m a.s.1. and equipped
with broadband UV radiometers [37,38], and a main observatory at the agency headquarters
in Aosta-Saint-Christophe. The latter is situated at the bottom of the valley (560 m a.s.l.,
45.74° N, 7.35° E, WMO Integrated Global Observing System ID 0-380-5-1), in a semi-rural
environment, marginally influenced by emissions from the small urban settlement of Aosta
(34,000 inhabitants) and from the Po Basin (about 100 km to the southeast) [46]. Although
mountains as high as 3500 m a.s.l. dominate the observatory, which also impacts the effective
albedo at the site in winter [47], the horizon there is rather wide, reaching maximum elevation
angles of about 20° at the south of the station (Figure 1c). The array spectroradiometer, which
is the focus of this study, was tested at the main observatory; however, we do not exclude
future relocation to one of the remote sites.
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Figure 1. (a) The Aosta Valley (coloured rectangle), in northwestern Italy. (b) A 3D view of the inves-
tigated area: the Aosta-Saint-Christophe observatory (blue marker), together with the geographical
references of Mont Blanc (4808 m a.s.1., the highest mountain in the European Alps) and the Po Valley,
extending from the southeastern side of the Aosta Valley to the most part of northern Italy. Images
from Google Earth. (c) Local horizon and solar elevation angles during three days representative of
the short-term campaigns (2022-2023).
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2.2. Instruments

The experimental setup at the solar observatory includes both the tested array spec-
troradiometer (Section 2.2.1) and co-located state-of-the-art instruments for validation
or providing ancillary information (Section 2.2.2). An optical laboratory, employed to
characterise the array spectroradiometer, is also available at the facility (Section 2.2.3).

2.2.1. Array Spectroradiometer

The instrument is based on a commercially available spectrometer
(AvaSpec ULS2048-LTEC). Figure 2 is a schematic representation of the equipment. The
optical bench (Figure 2d) is designed as a symmetrical Czerny-Turner monochromator
with a 75 mm focal length. Light entering the instrument is collimated by a spherical
mirror and diffracted by a plain grating (pitch 300 lines mm ™!, blazing at 500 nm). A
second spherical mirror focuses the resulting light and projects it onto a charge-coupled
device (CCD) linear detector array with 2048 pixels. The detector is thermoelectrically
cooled in three stages at a selectable temperature (default 4.98 £+ 0.08 °C). The current
setup, employing a 10 um entrance slit, allows measurements in the nominal range of
280-1100 nm with a spectral resolution of about 1 nm. While the wide spectral range of
the instrument would seem to conflict with accurate observations in specific wavelength
regions, it actually ensures that most of the straylight is in-band and can be post-corrected
with mathematical methods (Section 3.1.3). Additionally, a diamond-like carbon (DLC)
UV/VIS detector collection lens and an order-sorting coating (OSC) enhance the sensitivity
at shorter wavelengths and reduce the effects of second-order refraction, respectively. The
acquisition electronic, based on a 16-bit AD converter, supports integration times from
1.11 ms to 10 min. The dynamic range of the detector can be further broadened with
the bracketing technique [23,48], i.e., by using different integration times and saturating
the signal in some spectral regions while improving the signal-to-noise ratio in others
(Section 3.2). The spectrometer operating software (Figure 2e) was developed in-house
based on the manufacturer’s programming libraries.

Figure 2. Schematic diagram of the equipment: (a) light source (e.g., calibration lamp or the sun) to
be measured; (b) diffuser, enclosed in its case; (c) spectrometer case, which includes (d) monochro-
mator/optical bench (figure adapted from www.avantes.com/support/theoretical-background/
introduction-to-spectrometers/, accessed on 23 March 2023); (e) operating PC.

Whilst the detector is cooled, the temperature of the instrument board depends on
the ambient conditions (Figure 2c). To reduce this dependence and avoid effects due to
the temperature gradients inside the instrument, such as spectral shifts [49,50], we keep
the spectrometer enclosed in a temperature-stabilised box (Bentham, Environmentally
Controlled Enclosure). The nominal temperature in the box was initially set to the same
temperature as the outer cabin (25 °C), and it stabilised at 30 °C. The large temperature
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difference with respect to the detector may be the reason for some instabilities described
later in the manuscript (Section 4.3). After the discovery of this issue, the temperature
inside the box was decreased to 15 °C by setting a lower temperature in the controller
as well.

The entrance optic (Figure 2b), collecting global irradiance from the upward hemisphere,
consists of a high precision, environmentally sealed, cosine-corrected transmission diffuser
(200-1100 nm) from Bentham (model D7). An ad hoc case was designed around the dif-
fuser at the Physical Meteorological Observatory/World Radiation Centre (PMOD/WRC,
Davos, Switzerland) to keep its temperature constant, thus avoiding variations in the Teflon
transmittance [51] and moisture inside the diffuser (by using a desiccant cartridge). This
optic is similar to that of our reference spectroradiometer (Section 2.2.2), which makes the
comparison consistent between the irradiance measured by the two instruments (Figure 3).
The diffuser is attached to the AvaSpec with a UV-grade fused silica fibre bundle (1 mm core
diameter, 5 m length, 200-1350 nm transmittance range) of the multi-mode type to reduce
the sensitivity of the fibre transmission to bending and torsion. The fibre terminates with an
FC/PC connector to the instrument side, which ensures good reproducibility in the case of
removal and reconnection.

Figure 3. Entrance optics of the array spectroradiometer (A) and of the reference Bentham spectrora-
diometer (B). The two optics, both based on Bentham D7 global diffusers, are similar.

Neither the diffuser nor the spectrometer is equipped with a shutter. This choice was
dictated by the intention to keep the instrument design simple and avoid some commonly
experienced issues [52]. We found that this limitation can be partially overcome by an
accurate pre-characterisation of the dark signal (Section 3.1), activation of blind pixel
correction and thermoelectric cooling of the detector [50,52]. Additionally, this method
has the advantage of speeding up the measurement process, as dark measurements can
be avoided.

2.2.2. Co-Located Instrumentation

The reference instrument for global solar irradiance measurements in the UV-visible
range is a Bentham DTMc300 scanning spectroradiometer [53], equipped with a double
monochromator for better straylight rejection. The spectral scans are routinely performed in
the range of 290—500 nm (no radiation reaches the Earth’s surface at wavelengths < 290 nm
at the selected location) with a step of 0.25 nm, spectral resolution of 0.54 nm and a frequency
of one scan every 15 min. The duration of each acquisition is about 5 min, owing to the
scanning nature of the spectroradiometer. The calibration procedures and the traceability
chain of the Bentham are thoroughly described elsewhere [54]. The expanded (coverage
factor k = 2) uncertainty of the spectral irradiance measurements is estimated to be 4%
at wavelengths > 310 nm and solar zenith angles (SZAs) < 75°. The average deviations
between our UV spectroradiometer and the world standard QASUME [55] have been
shown to be <1%, i.e., well within the combined uncertainty of the two instruments.
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On the other hand, the only instrument sensitive to wavelengths > 500 nm at the
Aosta—Saint-Christophe observatory is a CMP-21 class-A pyranometer [33]. The instrument
measures the downward short-wave irradiance integrated over the range of 300-3000 nm.
Due to the narrower wavelength range covered by the AvaSpec compared to the pyranome-
ter, the part of the solar spectrum missing from the former is compensated for by using a
radiative transfer model, as described in Section 3.3. The pyranometer is calibrated every
two years at PMOD/WRC. The calibration factor has an expanded uncertainty of 1.3% and
has shown to be stable within 1% over 12 years.

The observatory also hosts sun-photometric devices to provide column amounts of
atmospheric constituents. These were required as input to the radiative transfer model.
In particular, a MkIV Brewer spectrophotometer was used to retrieve ozone [56,57] and
nitrogen dioxide [58,59] vertical column densities, and a sun/sky POM-02 photometer
was employed to estimate the aerosol optical depth (AOD) and microphysical/optical
properties [60,61]. The aerosol properties were retrieved using the inversion algorithm
Skyrad pack MRI (Meteorological Research Institute) version 2 [62].

2.2.3. Laboratory Equipment

Several light sources were employed to characterise the AvaSpec in the laboratory:

—  Two 1000 W FEL lamps, calibrated at PMOD/WRC in the spectral range of 250-1200 nm
(expanded uncertainty ranging from 5% at 250 nm to about 1% above 320 nm). These
lamps are used on an optical bench after careful alignment with a laser and after
measuring the distance from the lamp to the diffuser (since the diffuser is not flat,
the optical reference plane, with respect to the external diffuser case, was deter-
mined at PMOD/WRC for a similar optic). The lamps are operated at a current
of 8.1000 % 0.0005 A, which is monitored through a feedback-loop controlled circuit
based on a precision resistor and a voltmeter, both calibrated every year. The average
difference between the Bentham responses obtained with different 1000 W lamps is
usually within 0.1% in the 290-500 nm range. As the 1000 W lamps can only be used in
the laboratory, and they should be turned on for as little time as possible (to preserve
their calibration), our operating standards are 200 W lamps, described here below.

- Asetof 200 W pre-aged quartz tungsten halogen (QTH) lamps. These are calibrated
in the 250-500 nm range once a year with reference to the Bentham, after calibration
of the Bentham itself with the 1000 W lamps. The 200 W lamps are operated at a
fixed current of 6.300 &= 0.0005 A by a feedback-loop controlled circuit. Although
they are less powerful than the 1000 W ones, they are employed in a portable field
calibrator (PFC) fitting the input optic, where the distance between the lamp and the
diffuser is about 25 cm. As a result, the irradiance from the 200 W lamps collected by
the spectroradiometer is about twice as much as the one from the 1000 W lamps. The
average deviations between the Bentham responses obtained from the different 200 W
lamps of the available set are usually within 0.2-0.3%.

- A 4 W mercury vapour discharge lamp (USHIO), run on 0.3000 &+ 0.0005 A. The
well-known emission lines of mercury provide a useful reference for assessing the
accuracy of the AvaSpec wavelength calibration.

—  Two laser sources: a diode pumped solid state laser (DPSSL) emitting at 473 nm, in the
blue region of the spectrum, and a simple red laser pointer with emission at 635 nm.

2.3. Measurement Periods

Three pilot campaigns were conducted to test the array spectroradiometer in the field.
As this study was carried out in the frame of a brief internship (BSc of the first author), the
instrument operated only for the following short measurement periods:

- Period 1 (P1): 23-24 August 2022;
- Period 2 (P2): 17-19 September 2022;
—  Period 3 (P3): 4-7 January 2023.
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The period of the year and the range of the available solar zenith angles varied widely
among the three campaigns (Figure 1c), which allowed for testing of the spectroradiometer
in quite different environmental conditions. The instrumental settings were also changed
between P2 and P3, as explained in Section 4.3. Clear-sky days were preferentially se-
lected for the comparisons, in order to avoid further complications related to the spectral
synchronisation of the scans due to fast-moving clouds. Nevertheless, such cases were
almost completely removed from the analysis thanks to the chosen measurement schedule
(Section 3.2) and by accurately examining the spectral variability within the acquisition
time. The aerosol amount was rather low during all campaigns, with maximum AODs of
0.1 at 500 nm in P2.

3. Methods
3.1. Characterisation and Corrections

As the characterisation of the AvaSpec and the signal corrections were a crucial part of
this study, their general principles are thoroughly described in the following in the same
order in which the corrections were applied to the data. Further details and quantitative
results are provided in Section 4.1.

3.1.1. Dark Signal

Due to physical constraints, such as thermal sensitivity, all detectors employed in
spectroradiometric systems show a small signal (noise and/or offset) even when they
are not exposed to light [31,50,52,63]. In order to estimate the contribution of the dark
signal without a shutter, we used two different techniques in combination. First of all, the
dynamic dark correction, based on dedicated optical black (“blind”) pixels, was turned
on. In this way, even small changes due to temperature fluctuations or other effects were
taken into account by subtracting a common baseline from all pixels. This correction,
included in the firmware, was shown to improve the measurement accuracy on devices
similar to ours [52,64]. Moreover, to account for the different behaviour of each pixel, we
characterised the dark current spectrum (called “dark map”) in the laboratory, as a function
of the integration time. This was then subtracted from the dynamically corrected spectrum.

3.1.2. Non-Linearity

In an ideal instrument, the dark-corrected counts below the saturation threshold
are proportional to the integration time and to the incoming irradiance. However, array
instruments are heavily affected by non-linearity, which constitutes a major drawback
in their use for solar irradiance measurements. Additionally, the bracketing technique
is useless if linearity is not ensured. To correct for non-linearity, we examined the ratio
between the dark-corrected signal and the integration time. To this purpose, we used a
stable light source, represented by a 200 W lamp, and we measured its spectrum at different
integration times. This typical ratio as a function of the counts defines the non-linearity
error function. Since previous studies have mainly attributed the non-linearity effect to the
ADC system as a function of the recorded counts [65], we do not consider it necessary to
assess the non-linearity effects as a function of the light intensity.

3.1.3. Spectral Straylight

Spectral straylight is defined as light scattered inside the monochromator and detected
by pixels not corresponding to the correct wavelength. This affects the shape of the recorded
spectrum and has a particularly strong impact in regions with a steep spectral gradient,
such as the UV-B range (280-315 nm) in solar measurements, thus making observations
with array spectroradiometers very challenging for some applications. To estimate the
straylight effect, it is necessary to observe the spectrum detected by the array corresponding
to monochromatic emission (ideally, from a tunable laser). In the present study, we adopted
a simple approach, previously described in the scientific literature [66], that only makes use
of a few laser sources to build a deconvolution matrix [30,66]. In this way, the straylight was
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numerically removed from both solar and lamp spectra by simple matrix multiplication. We
also compared (Section 4.2) the technique described above with an even simpler approach
based on the subtraction of a common straylight offset determined from wavelengths
shorter than 290 nm and to the results when no straylight correction has been applied.

3.1.4. Diffuser Transmittance

The transmittance of polytetrafluoroethylene (PTFE) diffusers depends on temper-
ature [51]. Although our diffusers are equipped with thermistors, extremely cold/hot
weather, strong wind and precipitation may lead to temperature variations of some degrees.
To compensate for this effect, we normalised the measured solar spectra using the Teflon
transmittance functions available in the scientific literature [51].

3.1.5. Absolute Irradiance Calibration

Three methods to calibrate the spectral irradiance scale of the AvaSpec were compared:

- Rl: response obtained in the laboratory from a 200 W lamp (250-500 nm);

- R2: response obtained in the laboratory from a 1000 W lamp (250-1200 nm);

—  R3: response obtained in the field by transfer from the Bentham spectroradiometer
(290-500 nm).

The customary traceability chain of a spectroradiometer usually involves calibra-
tion through lamps (e.g., in the laboratory), followed by independent comparison with a
reference instrument (in the field). However, as shown by previous studies [67-69], incan-
descence lamps, such as those used in our current setup, are not the best way to calibrate
the AvaSpec. Indeed, their emittance in the UV region is very low, and the sensitivity of the
array spectroradiometer in the same range is also very weak; therefore, only low and noisy
signals are expected. Moreover, the emission of incandescence lamps peaks in the infrared
region (800-1000 nm), resulting in far-range straylight in the UV, which can be corrected
only after a thorough straylight characterisation (or avoided via the use of cut-off filters or
different light sources).

While this does not represent a problem for wavelengths 2> 500 nm, it greatly hinders
accurate observations in the critical 290-500 nm range. Hence, we adopted a different, more
pragmatic approach aiming at focussing on the best possible performances achievable by
the AvaSpec:

-  For wavelengths < 500 nm, the AvaSpec response was determined by transfer (R3 in
the above list) from the Bentham. This was obtained as an average from only a small
subset of the spectra (SZA < 40°, collected on 23 August 2022, during P1);

—  While the AvaSpec and the Bentham were no longer independent in a strict sense,
comparison over a long period (P1-P3) and a wide range of solar angles, and, there-
fore, of very different shapes and intensities of the solar spectrum, provided clear
information about the reliability and stability of the R3 response;

- We compared R3 with the responses obtained from the lamps (R1-R2);

-  We demonstrated that in the critical range of 290-500 nm, in which absolute calibration
is challenging, the lamps can at least be used in a relative sense, i.e., to check the
stability of the instrument and track its spectral variations (Section 4.2);

—  Possible improvements to our calibration setup in the future are discussed in Section 5.

For wavelengths > 500 nm, the response obtained with a calibrated 1000 W lamp was
used, as in the conventional approach.

3.1.6. Wavelength Alignment

An accurate alignment is especially important in regions of the solar spectrum with
strong gradients, as small wavelength shifts can trigger large errors in the measured
irradiance. The wavelength alignment was accomplished here in two steps. First, the
dispersion function (the pixel-wavelength relationship) provided by the manufacturer was
checked at particular wavelengths using well-known emissions lines from a mercury lamp
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(Section 2.2.3). This characterisation was carried out in the laboratory at the beginning of P1
and P3 and resulted in a significant average offset, which was subtracted from all spectra.
Second, for an even better alignment, we processed the spectra (in the wavelength range of
290-600 nm) with the SHICrivm software (version 3.096, compiled on GNU/Linux) [70].
The algorithm allows for corrections accurate to £0.02 nm based on the correlation with
the fine structure (Fraunhofer lines) of the solar spectrum. The software also allowed us to
standardise the measurements from both the AvaSpec and the Bentham with a triangular,
1 nm wide (FWHM) bandpass function and to interpolate them (with a physically based
technique) to a common and regular wavelength grid for a consistent comparison. Although
more advanced algorithms have been developed recently [55], which also take into account
the variable resolution of the array spectroradiometer with the wavelength, the latter has
not been characterised so far, and the SHICrivi software was considered sufficient for the
purposes of the present study:.

3.1.7. Integrated Quantities

The spectra measured by the AvaSpec can be integrated on different wavelength ranges
to obtain broadband quantities. One of these is the global solar UV index, defined as:

400
UVI — 200mm L(A) E(A) dA
C

)

where I()) is the spectral solar irradiance (expressed in W m~2), e.g., from the AvaSpec,
and E(A) is the erythemal action spectrum [71], while the denominator C = 25 mW m~?2 is
an empirical normalisation factor for providing indices approximately between 1 and 10.
The UV index has become a global standard aimed at the general public for communicating
the effectiveness of UV radiation in producing sunburn and other derived health issues.

We also define the global horizontal irradiance (GHI) as the total power per unit area
of the short-wave solar radiation reaching the ground as:

3000nm
GHI = / I(A)dA ?)
2

90 nm

where the limits of the integral encompass almost all of the total solar irradiance.

3.2. Measurement Schedule and Synchronisation with Reference Instruments

All instruments employed in this study were synchronised through the network time
protocol (NTP). Nonetheless, further efforts were required to compare the solar spectra
collected almost instantaneously by the AvaSpec and those scanned during an interval of
5 min by the Bentham spectroradiometer. Moreover, measurements at different integration
times had to be recorded by the AvaSpec to allow for bracketing. We proceeded as follows:

1.  An AvaSpec measurement sequence included bracketed acquisitions at three inte-
gration times: 1000, 100 and 10 ms. A total sampling time of 5 s was set for each
exposure, leading to 5, 50 and 500 samples for each integration time, respectively
(average and standard deviation were calculated from the ensemble). These settings
were estimated to be suitable for accurate measurements both in spectral regions
where solar irradiance and the detector efficiency are low (UV and IR) and where they
are large (visible range). The sequence above was repeated in reverse order, which
allowed: (a) minimisation of the bias due to linear changes of solar irradiance within
the acquisition time; (b) careful control (and filtering) of fast-moving clouds, which
would have limited the accuracy of the comparison with the Bentham; (c) calcula-
tion of an effective timestamp for the measurement (as the middle time of the six
resulting spectra).

2. The previous sequence was repeated for the whole duration of the Bentham scan
(about 5 min) to allow for subsequent wavelength-to-wavelength comparison with the
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Bentham. The overall procedure was restarted every 15 min, which is the repetition
period of the Bentham.

3. A matrix of the AvaSpec spectra acquired during a Bentham scan was built. Since
the timestamp when the Bentham is scanning a specific wavelength is recorded,
the nearest neighbour interpolation with the proper element of the AvaSpec matrix
allowed us to simulate a scan-like spectrum from the AvaSpec for comparison with
the Bentham.

The previous steps were not needed when using data from broadband instruments
(e.g., pyranometer), the measurements of which are also instantaneous. Hence, in these
cases, all data from the AvaSpec acquisitions were retained and associated with the broad-
band series by simple time interpolation.

3.3. Radiative Transfer Model

Simulations with the libRadtran radiative transfer model [72] version 2.0.4 were
performed both for comparison purposes, as in previous studies [16,68,73], and to correct
the AvaSpec measurements for the unmeasured part of the spectrum when calculating
the global horizontal irradiance (Section 2.2.2). This aim was achieved by deriving the
following factor:

3000 nm
p- o O ®
290nm I(/\) dA
where [ is the spectral irradiance from the model, and the integration limits are representa-
tive of the CMP-21 pyranometer and the AvaSpec, respectively.

The model was configured as in Table 1, with most parts of the input coming from
the ancillary instrumentation at the observatory. Although retrievals of precipitable water
vapour are possible with the POM-02 photometer and were performed at Aosta—Saint-
Christophe in the past [74], they are not yet an operational product. Hence, the amount
of water vapour leading to the best agreement between the observed spectra and the
simulations was chosen as the input to the model.

Table 1. Configuration of the radiative transfer model.

Parameter Reference/Source

Solver DISORT

Band parametrisation REPTRAN (fine)

Extraterrestrial spectrum TSIS-1 [75]

Atmosphere Standard midlatitude summer/winter [76]

Ozone cross-sections Bass & Paur [77]

Ozone vertical column Brewer spectrophotometer

Nitrogen dioxide vertical column Brewer spectrophotometer

Aerosol optical depth and properties POM-02 photometer

Water vapour Determined based on best fit with AvaSpec measurements
4. Results

Since the present manuscript may act as a reference for future studies with our AvaSpec,
the results of the laboratory characterisation are reported in detail (Section 4.1). Subse-
quently, the results of the first tests in the field are discussed with reference to specific
spectral ranges: the 290-500 nm (Section 4.2) range and integrated short-wave (Section 4.5).
Some considerations about the instrumental stability (Section 4.3) and results from the
radiative transfer models (Section 4.4) are also included, as they are both important topics
for the assessment of the short-wave integrated irradiance.

4.1. Initial Laboratory Characterisation

First of all, the dark current was characterised for each pixel as a function of different
integration times, ranging from 2 ms to 50 s. A residual structure is clearly visible in
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the dark spectra even with the dynamic dark correction turned on (some examples are
provided in Figure S1), showing that this fine characterisation is fundamental, especially at
long integration times.

Secondly, non-linearity in the AvaSpec was determined from the emission spectrum of
a 200 W lamp recorded at 30 different integration times, ranging from 10 to 700 ms. The
count rates, i.e., the ratio between the (dark-corrected) counts and the integration time,
were then calculated. Their variation as a function of the counts was normalised to the
ratio corresponding to 40,000 counts for each pixel. The results are presented in Figure 4a,
where it can be noticed that the instrument underestimates the count rates by about 6% in
low-light conditions or, even more, at the saturation limit. The error due to non-linearity
was parametrised with a locally estimated scatterplot smoothing (LOESS) interpolation,
the inverse of which represents the correction that we must apply to the signal. This
same training data set was then employed to check the efficiency of the correction. After
correcting, the residuals to the fit were within £0.5% (Figure 4b). The test also revealed
(Figure S2) that the instrument is not affected by any blooming effect, i.e., measurements at
pixels close to those exposed to saturation are still correct. As a consequence, it is possible to
safely use the bracketing technique and saturate part of the signal to increase the dynamic
range of the instrument.

o
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Figure 4. Effect of non-linearity in the AvaSpec. (a) Ratio between count rates (as a function of
the counts) and the same quantity measured at 40,000 counts. The results were further normalised
to the maximum of the curve. The thick line is a locally estimated scatterplot smoothing (LOESS)
interpolation through all points (grey). (b) Same as (a) after non-linearity correction.

As a third step, the two laser spectra needed to determine the straylight correction
matrix were measured (Figure 5). In order to accurately characterise the whole line-
spread function (LSF), i.e., both the peak and the tail (about five orders of magnitude
lower), the spectra were acquired with different integration times (from 2 ms to 10 s).
Composite spectra, one for each laser, were then obtained after non-linearity correction.
The corresponding LSFs were aligned to a common wavelength scale and then scaled to
best match their tails. The region close to the red laser peak (50 nm) was removed due to
double diffraction, a phenomenon also found by other groups [30]. The two scans were
merged and scaled to the integral of the in-band region (from the blue laser). The signal in
this region was then set to zero to only retain the effect of straylight (and not of the finite
resolution). The in-band region was arbitrarily defined as the area within +10 nm of the
peak. Although this interval is much larger than the spectral resolution, it was chosen for
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reasons of numerical stability in the inversion of the straylight matrix (condition number),
as mentioned in other studies [31]. The two tails were fitted independently with a smooth
exponential function of the wavelength (y = c + bA ™", similarly to [66]). As also pointed
out by Kreuter and colleagues [66], an accurate determination of the offset ¢ is particularly
challenging. Instead of using optical filters, as in previous works, we determined the offset
by minimising the differences between the responses obtained from the lamps (R1 and R2
as in Section 3.1.5) and the response transferred from the Bentham (R3). The final function
is plotted together with the laser spectra in Figure 5.

—— Red laser
—— Blue laser
— y=c+bA™?

107"
|

1073

Line-spread function (normalised to max)
107°

-200 -100 0 100 200

Wavelength distance to peak (nm)

Figure 5. Line-spread function from the red and blue lasers recorded by the array spectrometer. The
region close to the red laser peak (50 nm) was removed due to a double diffraction. Each tail was
fitted independently using the formula in the legend.

The AvaSpec response was determined in the laboratory using two pairs of sources:
two 1000 W FEL lamps (F694 and F698) and two QTH 200 W lamps (KS147 and KS148).
The relative deviations of the AvaSpec response obtained with each lamp pair to their
respective average are shown in Figure S3. It is interesting to notice that the 1000 W setup
looks slightly more stable than the 200 W one; however, the responses obtained by each
pair of lamps generally agree within +0.5%. As can be seen in the figure, noise prevails at
the shortest wavelengths despite the long integration times, up to 10 s, since both the lamp
emission and the detector sensitivity are very low in this spectral range. A comparison
of these results with the response obtained by the transfer from the Bentham is provided
in Section 4.2.

Finally, to check the dispersion function, we considered the most intense emission lines
from the mercury lamp, and we associated their wavelengths with the pixels corresponding
to the measured peaks. Since the wavelength step of the instrument is only slightly narrower
than the spectral resolution, each line is detected by only a few pixels, and interpolation
with an analytical function (here, a Gaussian) is needed to properly define the peak. Double
mercury lines within the instrumental resolution were carefully excluded from the analysis.
Figure 54 shows the wavelength misalignment from both the mercury test, at selected
wavelengths, and from the output of the SHICrivm program, over the whole 290-600 nm
range. The two methods consistently revealed an overall misalignment of about 2.5 nm
in period P1, which increased to 3.7 nm in period P3 in different ambient conditions (box
temperature). This highlights the need to accurately characterise the instrument in the
conditions under which it is actually operated. The previously described Gaussian fits
also provided the bandwidth of the instrument, corresponding to about 0.9 nm FWHM,
which is in good agreement with the specifications of the manufacturer. The available data
did not allow us to infer any dependence of the resolution on the wavelength. Hence, we
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employed all measured emission lines, aligned with respect to the wavelength distance
from their respective peak, to obtain the AvaSpec slit function (Figure S5). The latter was
fitted, in turn, with a Gaussian for later use with SHICrivm.

4.2. Preliminary Test in the Field-UV-Visible Range (290-500 nm)

For the sake of simplicity, we first focus on a single, clear-sky day (23 August, P1).
Measurements on other days and periods will be described afterwards. Figure 6 shows
the daily evolution of the UV index (Section 3.1.7), processed with different straylight
correction algorithms (Section 3.1.3). While the results without any straylight correction are
meaningless for most applications, the UV index obtained by subtracting a constant offset
(from wavelengths < 290 nm) approximates the Bentham measurements more accurately
for solar zenith angles < 50°. The straylight matrix correction, however, outperforms
the previous methods and leads to an agreement of better than about £5% between the
AvaSpec and the Bentham for SZAs < 70°. Although the calibration was transferred from
the Bentham to the AvaSpec on the same day (from measurements at an SZA < 40°), the
results indicate that such a response works well even when the sun is much lower on
the horizon. Moreover, the good AvaSpec performances over a wide range of UV indices
demonstrate that the non-linearity effects are adequately compensated (Section 3.1.2).
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Figure 6. (a) Evolution of the UV index on 23 August 2022 (P1). The three coloured lines correspond
to the AvaSpec measurements with three straylight corrections, while the dots represent the UV
index from the Bentham (reference). (b) Ratio between the UV index from the AvaSpec and from the
Bentham, as a function of time of the day and solar zenith angle (SZA, upper axis; negative values
referring to morning, positive to afternoon).

The ratio between the spectral irradiance by both instruments is shown in Figure 7a
as a function of the solar zenith angle for a selection of wavelengths and, in Figure 7b, for
the whole 290-500 nm range. The ratio is generally between 0.95 and 1 in the wavelength
range of 315-500 nm and for SZAs < 70° with an average deviation of —1.5%. The
agreement is comparable to that obtained by instruments specially designed for UV-visible
measurements. At shorter wavelengths, noise overcomes the signal, as already noticed
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(Section 4.1). Additionally, at longer wavelengths (450-500 nm) and SZAs > 70° the
agreement worsens, with deviations as large as —10% at SZA= 80° in the morning (—5%
at the same SZA in the evening). This behaviour, as a function of the solar zenith angle
and wavelength (Figure 7a), may be evidence of an imperfect angular (cosine) response, as
the direct component of the solar irradiance becomes dominant at longer wavelengths. A
possible hint to support this hypothesis is the fact that the variability seems to decrease
in overcast sky conditions (which have been excluded from the analysis due to increased
noise). Although the optics of the AvaSpec and the Bentham should be identical, slight
differences may occur as a result of manufacturing processes or coupling with different
fibre optics. The effect of inaccurate corrections, such as straylight, cannot be the cause of
the observed behaviour owing to the fact that the zenith dependence occurs at wavelengths
where the straylight effect is minimum, and the count rates are in their best measurement
range. Additionally, an azimuthal dependence (approximately in the northwest direction)
could be the reason for the slight asymmetry between morning and afternoon. This second
effect was confirmed by examining the ratio of the AvaSpec and the Bentham before/after
turning the AvaSpec optic 180° (Figure S6).
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Figure 7. Comparison of the spectra measured on 23 August 2022 by the Avaspec and the Bentham
(reference) spectroradiometers. (a) Ratio at specific wavelengths as a function of the solar zenith
angle (negative values refer to morning, positive to afternoon). (b) Ratio of all spectra at SZAs < 70°
(grey lines) and their average (bold line), as a function of wavelength. The dip at about 400 nm is due
to two Fraunhofer lines in the solar spectrum, which were not fully compensated for by SHICrivm.
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The agreement between the AvaSpec response determined from the 200 W and 1000 W
lamps, with respect to the one obtained by transfer from the Bentham (in P1), is depicted
in Figure S7. While most of the data lie in the interval £10%, some deviations can be
seen around 400 nm, close to two deep Fraunhofer lines in the solar spectrum (Calcium-II
doublet). Small residual shifts or imperfect normalisation of the bandpass by the SHICrivm
algorithm, perhaps due to slight variations in the slit function with wavelength, could
be the reason for the observed behaviour. Additionally, the comparison shows that noise
increases for wavelengths < 315 nm due to the low emission of the lamps in the UV,
which was previously described as a main limitation of using such lamps for calibrating
the instrument.

The whole data set P1-P3 is presented in Figure 8. Since these data were processed
using the initial calibration (23 August 2023), the instrument can be considered very stable,
in the erythemal range, over several months. Indeed, the daily median ratios between the
AvaSpec and the Bentham in P1 and P2, and their interquartile distances, lie in the £5%
range. The relative deviations in P3 increase; however, it must be noted that UV irradiances
are very low in January (even lower than the threshold used in the non-linearity correction),
the solar zenith angles are always 268° and the sun is below the mountains for most parts
of the day (Figure 1c). In fact, the absolute deviations between the two spectroradiometers
in P3 are negligible, of the order of 0.1 UV indices.
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Figure 8. (a) UV index measured by the Bentham (reference) and the AvaSpec during the three
intensive periods. All data were processed using the response determined on 23 August 2022.
(b) Ratio between the UV index measured by the AvaSpec and the Bentham. Notice that: (1) all
data are plotted (circles), even those collected at very large SZAs (morning/evening and winter) or
with the sun behind the mountains; (2) some days have incomplete measurements (e.g., 24 August,
5 January), which could hinder the comparison. The coloured area of the boxplots in the background
indicates the interquartile distance (25-75%), while the baffles represent the whole range of the data
with the exception of the outliers.

At wavelengths in the range of 315-500 nm, the response of the AvaSpec is stable from
P1 to P2, and the spectral ratios with the Bentham are within the range from —5 to 0% (not
shown). However, the response at these wavelengths changes sharply in P3. The variations
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in the instrumental responsivity between P1 and P3, based on a comparison of the count
rates from the 200 W and 1000 W lamps, are about —5% for wavelengths < 315 nm, but
they gradually worsen in the range 400-900 nm (Figure S8). Although some research
groups reported rapid variations of the spectroradiometer response in the first months
of usage [73], these changes are much larger than those generally expected from typical
detectors used in array spectroradiometers [68] and inevitably raise some doubts about
the quality of the AvaSpec measurements. However, this may be a contingency linked to
the different settings of the operating temperature in the two periods or to the extensive
tests performed on the instrument (next Section 4.3) and likely changing its sensitivity.
Thankfully, although we showed that the lamps cannot be used for absolute calibrations in
the present configuration, they can be employed, in a relative sense, to track changes in the
AvaSpec response. Figure 9 depicts the ratio between the AvaSpec response determined in
three different ways with respect to the response transferred from the Bentham in P3. As
mentioned before, using the response calculated in P1 for P3 triggers errors larger than 30%,
owing to the change in the radiometric sensitivity and the additional cosine/azimuthal
dependences of the optic (the solar zenith angle increases greatly from P1 to P3). The
AvaSpec response determined directly from the 200 W lamp would reduce the errors on
average; however, it presents spectral shapes similar to those in Figure 57. If we use the ratio
of the measurements from the same 200 W lamp in P1 and P3 as a proxy of the changes in
the sensitivity of the AvaSpec, then we obtain a rather flat ratio for the transferred response,
which likely depends on the residual effect of the input optic. Despite the limited amount
of collected data, we believe that this result demonstrates the possibility of checking and
correcting the AvaSpec response in the long term (e.g., months) based on 200 W lamps.
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Figure 9. Ratio between the AvaSpec response determined in three different ways with respect to
the reference response (transferred from the Bentham in P3): response calculated in P1 (yellow, “old
response”); response determined directly from the 200 W lamp (pink line); response transferred from
Bentham in P1, further updated based on changes of the lamp measurements between P1 and P3
(blue line).

4.3. Stability Issues

As mentioned in Section 4.1, the spectral response of the AvaSpec obtained with
the 1000 W lamps shows some spectral structures in the 700-900 nm wavelength range.
These structures are not reported in the lamp certificate and are also visible in the raw
(uncalibrated count rates) solar spectra, hence, they depend on the AvaSpec. Moreover,
some signs of exacerbation were seen in P2 (not shown). Even on shorter time scales
(day-to-day), the spectral structures were unstable, so they could not be removed from the
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irradiance spectra by the absolute calibration, and they clearly emerge in the comparison
with the radiative transfer model (Section 4.4). Another symptom presumably connected to
this behaviour is that the integrated irradiance in the short-wave range (Section 4.5) seems
less stable from P1 to P2 than the UV-visible irradiance (Section 4.2).

The most likely explanation is that water vapour condensation occurred over the
detector as a result of the large temperature difference between the temperature in the box
and the temperature of the detector (set to 5 °C) and moisture leakages in the monochro-
mator. Indeed, the dew point temperature was higher than the detector temperature even
for the rather dry atmospheric conditions outside the laboratory. Similar issues related
to condensation were reported in previous studies [50,73]. Therefore, some actions were
taken between P2 and P3 to mitigate the problem:

—  The AvaSpec was kept for some time in a very dry place, together with silica gel desiccant;

—  Meanwhile, desiccant bags were also put in the temperature-stabilised box and regu-
larly changed since placement;

- When the AvaSpec was reinstalled in the temperature-stabilised box, thermoelectric
cooling (TEC) was temporarily deactivated for some days to ensure as much drying
as possible;

—  The temperature in the box was decreased to avoid too large of a temperature jump
with respect to the detector.

It must be noticed that the detector temperature must not be increased, as the dark
current is extremely sensitive to this parameter.

The previous operations, including the characterisation of the instrument at a different
TEC temperature, long periods of inactivity and configuration changes had impacts on
the AvaSpec sensitivity, which decreased from P2 to P3. As a positive effect, while some
spectral structures remain in the responsivity in I3, their amount and variability appear to
be reduced. Repeated measurements of the AvaSpec response, even after exposure to the
sun, during P3 (from 7 December 2022 to 19 January 2023) show maximum variations of
well within 1% (Figure S9).

4.4. Comparison with a Radiative Transfer Model

The spectral irradiance measured by the AvaSpec was compared to that of libRadtran.
Radiative transfer models are useful to check the proper functioning of the system, espe-
cially if no other reference instrument is available for spectral comparison, as in our case
for the range not scanned by the Bentham. A good comparison between the measurement
and model also justified the use of the latter for extending the irradiance spectrum beyond
1100 nm.

Figure 10 presents two examples, taken from P1 and P3, respectively. In the first case,
the agreement between the measured and simulated spectra is very good (within £5%)
over the whole AvaSpec wavelength range; however, a critical region with some lines is
visible in the range of 700-900 nm (mentioned above, Section 4.3). In the second case, these
lines are no longer visible, as the instrument during P3 is very stable, and the absolute
calibration procedure compensates for this effect. However, an average offset of —10% can
be distinguished, likely due to the optic, as mentioned in Section 4.2. It should be also
noticed that the solar irradiance in P3 is extremely low; hence, relative ratios should be
taken with caution.

Finally, the compensation factor needed to compare the AvaSpec with the pyranometer
was calculated with libRadtran as in Equation (3). This factor was found to be a smooth func-
tion of the solar zenith angle and not sensitive to the accurate aerosol amount/properties in
the pristine conditions encountered during the three periods. For P1 and P2, the factor was
f =122, while, for P3, it was 1.25 due to the lower precipitable water vapour in winter.
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Figure 10. Comparison of the spectral irradiance measured by the Bentham (dashed black line) and
by the Avaspec (blue line) with the output of the radiative transfer model (pink line): (a) 23 August
2022 (11:30 UTC). The calibration used here in the 290-500 nm range for the AvaSpec was obtained
by transfer from the Bentham, while irradiance in the range of 500-1100 nm is based on calibration
with a 1000 W lamp; (b) 6 January 2023 (12 UTC). Irradiance in the 290-500 nm range was obtained
by updating the response transferred in P1 based on measurements from a 200 W lamp in P1 and P3.

4.5. Preliminary Test in the Field—Integrated Short-Wave Irradiance

As performed in Section 4.2 for the 290-500 nm range, we start by considering one
single day (23 August 2022) to illustrate the comparison between the global horizontal
irradiance measured by the AvaSpec and the CMP-21 pyranometer. Figure 11 shows that
the integral of the spectral irradiance in the measurement range of the AvaSpec is lower
than the one detected by the pyranometer. However, if the proper compensation factor
f is applied (Section 4.4), the estimates by the two instruments are reduced to £5% up
to 80° SZA (some cirrus clouds perturb the comparison at the end of the afternoon). The
results are very promising, especially considering that measurements by the AvaSpec and
the CMP-21 in the considered wavelength range are independent (as opposed to those in
Section 4.2).

The whole short-wave data set is presented in Figure 12 and compared with the
pyranometer. The data in periods P1 and P2 employ the 1000 W calibration from P1.
Unfortunately, we did not calibrate the AvaSpec in P2; hence, the decrease in its responsivity
(already discussed in Section 4.3) could not be compensated for. Lamp measurements were
again performed in P3. Therefore, as we have already tested for UV-visible measurements,
we employed the ratio of the irradiance emitted from a 200 W lamp in P1 and P3 to update
the initial response determined with a 1000 W lamp in P1. The results were additionally
compared to those obtained in P3 via direct 1000 W calibration (<1%, not shown). The good
agreement between the AvaSpec and the CMP-21 in P3, visible in Figure 12, demonstrates
that is it possible to use the 200 W portable calibrator, instead of our primary standards
(1000 W lamps), to track sensitivity variations in the visible and near-IR regions, thus
avoiding frequent and complex calibrations in the optical laboratory.
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Figure 11. (a) Evolution of the global horizontal irradiance on 23 August 2022 (P1). The lines
correspond to measurements from the CMP-21 pyranometer (black) as well as spectra from the
AvaSpec integrated only up to 1100 nm (yellow, dotted line) and from the AvaSpec after RTM
compensation for the unmeasured part of the spectrum (orange, dashed line). (b) Ratio between the
GHI from the AvaSpec and from the CMP-21 pyranometer, as a function of time of the day and solar
zenith angle (SZA, upper axis; negative values referring to morning, positive to afternoon). Cirrus
clouds perturb the measurements in the late afternoon.
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Figure 12. (a) Global horizontal integrated irradiance measured by the CMP-21 pyranometer (refer-
ence) and the AvaSpec (after compensation for the missing part of the spectrum) during the three
intensive periods. (b) Ratio of the global horizontal irradiance measured by the AvaSpec and the
CMP-21. Notice that data in P2 use the outdated calibration from P1. The coloured area of the
boxplots in the background indicates the interquartile distance (25-75%), while the baffles represent
the whole range of the data (circles) with the exception of the outliers.
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5. Discussion

The first results from the AvaSpec derived in the previous sections are comparable to
those reported in the existing scientific literature, especially from instruments not specifically
designed/customised for a given spectral range (see Table S1 for the comparative analysis).

In this first study, we tried to assess the best possible performances of the AvaSpec by
transferring the response from a reference instrument and partly bypassing the difficulties
in calibrating the instrument with our current setup in the 290-500 nm range. Similar
methods were employed in previous studies [49,78]. Indeed, as discussed in Section 3.1.5,
the use of incandescence lamps to calibrate array spectroradiometers in regions of weak
sensitivity, such as UV and IR [68,69], is problematic with our current system. The latter
can certainly be improved in the future, e.g., by employing optical cut-off filters [16,48,67],
and thus reducing the infrared component of the irradiance, or even by using completely
different light sources, such as LEDs [79] (stability requirements in absolute calibrations
would exclude deuterium lamps from the choice [22]). However, we also demonstrated that
the response can be determined by transfer once for all (or with a rather low frequency),
and then tracked this through the use of 200 W lamps in a relative way. We will adopt this
solution until new calibration methods are explored at the observatory.

Two other issues affect our AvaSpec: the imperfect angular response of the optic and
the presence of spectral structures in the 700-900 nm range. With regards to the first point,
measurements in a more equipped optical laboratory will allow us to characterise the
angular response and correct for it using a modelling approach. However, the issue is
expected to manifest itself only at high solar zenith angles, such as in the early morning,
late afternoon and winter, thus affecting only low solar irradiances. As for the second
point, although the observed spectral features did not disappear, the instrument was very
stable in the last period, and the absolute calibration, therefore, can be employed to fully
compensate for this effect. Unfortunately, this specific kind of spectrometer does not lend
itself to a repair, since the AvaSpec model is closed with a kit, making it impossible to open
the instrument without damaging it beyond repair (T. van den Broek, Avantes, personal
communication). The newer model that has replaced this one, however, does not have this
issue and can be repaired. More generally, the used Avantes material is from 2017, while
improvements to their products have been made that may positively influence results.

As a final remark, this preliminary work does not treat the uncertainty of the AvaSpec.
Indeed, we believe that a large part of the uncertainty is contributed by long-term instability,
and, to date, we have not collected enough data to characterise the latter. Regardless, we
do not expect the uncertainty to be very different from the one determined in previous
studies with other array instruments, e.g., [31,80].

6. Conclusions

A commercially available AvaSpec ULS2048-LTEC array spectroradiometer was tested
for the first time at the Aosta—-Saint-Christophe solar observatory. The results of the
characterisation and from three pilot campaigns conducted in different periods of the
year provide the following answers to the scientific questions driving the research (see
Introduction).

1.  Can a single array spectroradiometer make reliable measurements of global irradi-
ance in a wide spectral range, encompassing UV, visible and near-IR wavelengths
simultaneously?

The preliminary results show that the AvaSpec is able to measure the spectral irradi-
ance in the 290-500 nm interval and the UV index with an accuracy of £5% for solar
zenith angles < 70° (£10% at SZA = 80°) if the absolute calibration is transferred from
the reference spectroradiometer from a small subset of measurements. Then, 200 W
and 1000 W incandescence lamps can be employed, in a relative sense, to track the
long-term spectral responsivity changes of the Avaspec and compensate for them. The
comparison of the AvaSpec irradiance integrated over the short-wave solar range and
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that from a co-located CMP-21 pyranometer (approximately 300-3000 nm) resulted in
consistency with an agreement between these two instruments within £5%.

2. What minimal procedures are required to characterise and calibrate the AvaSpec and
obtain measurements of satisfactory quality?

The initial characterisation in an optical laboratory was crucial for investigating some
instrumental features and artefacts of the instrument and to collect the data needed
for the radiometric corrections to be applied when the instrument is operated in the
field. As a minimum requirement, we recommend characterisation of the dark signal,
non-linearity, spectral straylight and wavelength shifts. Notably, spectral straylight
must be taken into account through the use of a correction matrix if measurements in
the UV range are expected.

3. How good is the agreement between the AvaSpec measurements and the radiative
transfer model (RTM) simulations?

The spectral irradiance in the whole AvaSpec measurement range (290-1100 nm)
agreed within £5-10% with the output of a radiative transfer model, when the
ancillary measurements from co-located instruments were given as input to the RTM.

4. What are the strengths of the new system compared to the existing reference instruments?

Array spectroradiometers are compact and portable, and their cost is about one
order of magnitude lower than that of reference scanning instruments. Based on our
experience, the main advantage of array systems with respect to more traditional
instruments is their wide spectral range, covering most parts of the solar short-
wave region. The measurement speed may also be a significant advantage of array
spectroradiometers; however, the use of the bracketing technique to optimise the
signal-to-noise ratio (depending on the spectral range of interest) may decrease the
measurement frequency.

The results presented here are the first ones obtained from this kind of instrument
at the Aosta—Saint-Christophe observatory. The data from the AvaSpec will be useful,
for example, in the agency research programs that are focussed on renewable energy
production. Another step is the application of the expertise gained during this study to set
up a similar array spectrometer in a direct-sun configuration, using a solar tracker. This will
allow us to strengthen the current research activities on the topic of solar spectrophotometry
for monitoring atmospheric composition.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en16072998 /51, Table S1: Non-exhaustive list of previous studies
involving array spectroradiometers; Figure S1: Example of the dark current spectral structure after
application of the dynamic correction; Figure S2: Count rates measured by the AvaSpec from
a 200 W lamp, at two different integration times; Figure S3: Ratio between AvaSpec responses
determined with the two lamp sets relative to their respective averages; Figure S4: Wavelength
misalignment of the AvaSpec as determined from the mercury lamp test and from the SHICrivm
algorithm; Figure S5: Instrumental bandpass; Figure S6: Azimuthal dependences of the AvaSpec and
Bentham optics; Figure S7: Spectral ratio between the AvaSpec response obtained with the calibration
lamps and by transfer from the Bentham spectroradiometer; Figure S8: Ratio between the AvaSpec
responses measured on 19 January 2023 and 16 August 2022; Figure S9: Ratio between the AvaSpec
responses measured on 19 January 2023 and 7 December 2022. The supplement includes the following
references [3,7,11,16,23,28,29,48,66—69,73,81-94].
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