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Abstract: In March 2019, the PRISMA (PRecursore IperSpettrale della Missione Applicativa) hyper-
spectral satellite was launched by the Italian Space Agency (ASI), and it is currently operational on a
global basis. The mission includes the hyperspectral imager PRISMA working in the 400-2500 nm
spectral range with 237 bands and a panchromatic (PAN) camera (400-750 nm). This paper presents
an evaluation of the PRISMA top-of-atmosphere (TOA) L1 products using different in situ measure-

check for

ek ments acquired over a fragmented rural area in Southern Italy (Pignola) between October 2019 and
updates

July 2021. L1 radiance values were compared with the TOA radiances simulated with a radiative
Citation: Pignatti, S.; Amodeo, A ;

Carfora, M.F,; Casa, R.; Mona, L.;
Palombo, A.; Pascucci, S.; Rosoldi, M.;
Santini, F.; Laneve, G. PRISMA L1

transfer code configured using measurements of the atmospheric profile and the surface spectral
characteristics. The L2 reflectance products were also compared with the data obtained by using the
ImACor code atmospheric correction tool. A preliminary assessment to identify PRISMA noise char-
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acteristics was also conducted. The results showed that: (i) the PRISMA performance, as measured at
the Pignola site over different seasons, is characterized by relative mean absolute differences (RMAD)
of about 5-7% up to 1800 nm, while a decrease in accuracy was observed in the SWIR; (ii) a coherent
noise could be observed in all the analyzed images below the 630th scan line, with a frequency
of about 0.3-0.4 cycles/pixel; (iii) the most recent version of the standard reflectance L2 product
(i.e., Version 2.05) matched well the reflectance values obtained by using the InACor atmospheric
correction tool. All these preliminary results confirm that PRISMA imagery is suitable for an accurate

retrieval of the bio-geochemical variables pertaining to a complex fragmented ecosystem such as
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that of the Southern Apennines. Further studies are needed to confirm and monitor PRISMA data
performance on different land-cover areas and on the Radiometric Calibration Network (RadCalNet)
targets.
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1. Introduction

The PRecursore IperSpettrale della Missione Applicativa (PRISMA) mission, launched
by the Italian Space Agency (ASI) at the end of March 2019, is a demonstrative spaceborne
mission with the intent of developing new environmental products using the potential
offered by the hyperspectral data. The mission [1] includes a hyperspectral imager cov-
ering the 400-2500 nm spectral range with 237 bands and a panchromatic (PAN) camera
(400-750 nm). Currently, many countries, even though they are at different stages of devel-
opment, are planning or are close to launching hyperspectral spaceborne sensors, such as
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the Environmental Mapping and Analysis Program (EnMAP) from DLR [2], the Surface Bi-
ology and Geology (SBG) from NASA-USGS [3,4], the Hyperspectral Imager Suite (HISUT)
from Jaxa [5], the USA’s Earth Surface Mineral Dust Source Investigation (EMIT) [6], and
the DLR Earth Sensing Imaging Spectrometer (DESIS) [7,8]. The PRISMA mission, being
de facto the first new-generation European hyperspectral spaceborne mission, serves as a
stepping stone for the further developments of the European spaceborne spectrometers
(e.g., ESA CHIME [9], SHALOM [10], and ASI PRISMA-2 [10,11]) and the provision of new
high-priority products focusing on different environmental themes. To retrieve quantitative
information from PRISMA images, the key issue is the radiometric accuracy over the whole
mission lifetime, as well as the availability of effective and consolidated procedures for the
retrieval of accurate reflectance values in the Visible Near-InfraRed and Short-Wave (VNIR-
SWIR) spectral range. These issues are crucial for the use of satellite hyperspectral data
in physically based applications, aimed at the retrieval of bio-geophysical parameters and
at accurate quantitative surface mapping [12-14]. This could contribute to improving the
national and international capability to answer users’ needs [15] for different environmental
and agricultural issues.

In this framework, ASI has supported a PRISMA calibration/validation (cal/val)
program (the PRISCAYV project [16]). The PRISCAV project aims to identify sites within
Italian territory, possibly already equipped and involved in cal/val activities for other
satellite missions, to be used as fiducial reference measurements. PRISCAV activities are
performed with the knowledge that there are not calibration test sites in Italy and that sensor
calibration activities could be performed only by using international calibration test sites
such as those belonging to the RadCalNet network. Thanks to PRISCAV, many reference
sites have been selected for different environmental scenarios pertaining to Italian territory,
ranging from coastal to Alpine sites, to support the post-launch radiometric calibration and
to guarantee the system and processing chain performances. Recently, three studies [17-19]
have dealt with PRISMA performance analysis. The study by Cogliati et al. [17] was
mainly based on a single PRISMA scenario. It evaluated the spectral, radiometric, and
spatial performance and the entire data-processing operation of the Level 1 TOA radiance
product acquired for a rural area in Italy and a highly textured area in the USA (the latter
included for the geometric accuracy assessment). Conversely, in the research by Guanter
et al. [18], the potential of different PRISMA images for the detection and quantification of
methane point emissions from fossil fuel production activities was assessed in different oil
and gas production basins in Algeria, Turkmenistan, the USA, and China. The study of
Romaniello et al. [19] compared the performance of Hyperion, AVIRIS, and PRISMA for
a dark target (reflectance lower than 0.05 from the VNIR to the SWIR) area ‘Piano delle
Concazze’ (Mt. Etna, Italy). The results showed that PRISMA radiance had a mean bias
of +5.22 Wm ™2 sr™! um~! (about +20%) and +0.91 Wm—2 sr! um~! (about +43%) with
respect to MODTRAN simulations.

The present work refers to the activities performed to determine the performance
of the PRISMA sensor in a mid-Apennines fragmented agricultural scenario, i.e., the
Pignola test site. In the framework of the PRISCAV projects, the Pignola test site, within a
typical Mediterranean landscape, was included among the selected Italian fiducial sites to
enlarge the database of cal/val reference data for the continuous monitoring of PRISMA
performance. The use of widespread reference sites in Italy is allowed by the PRISMA
pointing capability of £ 20.7°, which permits six viewing opportunities for the same site
within the revisit cycle of 29 days, thus allowing acquisition from different cal/val sites on
a multitemporal basis.

With respect to the monitoring of the sensor’s radiometric performance, the Quality
Assurance Framework for Earth Observation (QA4EO) project [20], developed in the
context of the Group on Earth Observations (GEO, www.earthobservations.org; accessed on
18 December 2021), defines quality indicators (QI) to improve and evaluate the data quality
of the imagery through standards and products. The Committee on Earth Observation
Satellites (CEOS) Cal/ Val also represents the main forum for the exchange of information
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and the sharing of good practices and cal/val protocols with the wider Earth Observation
(EO) community. For the land product validation, the CEOS Land Product Validation (LPV)
group [21,22] coordinates the validation activities for the quantitative assessment of EO
products (biophysical variables).

The use of ground information from local test areas for spaceborne hyperspectral
sensors such as PRISMA relies on the possibility of obtaining reflectance data that can be
compared with other multispectral or hyperspectral payloads. An experiment on ground
truth data collection contemporary to a Hyperion acquisition was conducted in 2015, within
the joint ASI and Israeli Space Agency research project “Vicarious radiometric CALibration
for orbital HYperspectral sensors” (V-CALHY) to test Hyperion performance for a restricted
area. For this scope, Hyperion imagery was acquired on the same day (same orbit) for both
the Amiaz site in Israel (31.07 lat., 35.36 long.) and the Maccarese test site in Central Italy.
These images were used to independently derive Hyperion signal gain and offset. The
results showed that the radiometric shift at the Amiaz reference sites were comparable to
those acquired for the RadCalnet site [23]. The V-CALHY experiment at Amiaz showed a
“percentage of difference” (PD) [24] (i.e., the normalized difference between the reference
ASD soil spectral reflectance compared to Hyperion multiplied by 100) of about 5% in the
VNIR, 650 nm; a value below 4% at about 1800 nm; and a PD between 5% and 9% in the far
SWIR region (2200-2300 nm). These values were perfectly comparable with those derivable
using more instrumented cal/val sites [24]. This experiment confirmed that rather small
test areas could also be exploited for cal/val purposes of spaceborne hyperspectral data.

Based on the experience gained from these reference sites, the Pignola test site has
been proposed to ASI as a solution to check and monitor the radiometric performance
of PRISMA spectral radiances (L1 standard products) as well as the performance of the
L2 reflectance standard product in the context of a typical fragmented agricultural site
pertaining to Southern Apennine territory. The evaluation of PRISMA performance was
achieved by comparing the L1 radiance with modeled L1pa spectra. Simulations were
obtained from the Modtran radiative transfer model for a Lambertian condition and by
applying the atmospheric characteristics and the targets’ reflectance measured close in time
to the PRISMA overpasses.

The PRISMA at-sensor radiance was compared to the modeled radiance obtained via
radiative transfer models (RTMs) to assess the radiometric performance. The assumption for
the chosen reference site relied on having accurate measurements of the ground reflectance
target and the atmospheric characteristics, so that it was possible to accurately configure
the applied RTM [23,25].

The contribution of this paper to the remote sensing community is to provide an
evaluation of real PRISMA performance in terms of radiometric/reflectance accuracy based
on suitable ground measurements and atmospheric profiles in a rural area of the Italian
Southern Apennines, as depicted by root-mean-square error (RMSE), relative root-mean-
square error (RRMSE), and relative mean absolute difference (RMAD) values measured
from October 2019 to July 2021. Furthermore, a first assessment of the spatial pattern of
coherent noise is presented.

The paper is organized as follows: in Section 2 (Materials and Methods) we first pro-
vide a brief description of the PRISMA hyperspectral payload [26] and of the ground mea-
surements acquired on the Pignola site simultaneously with the PRISMA overpasses. Then,
we describe the pre-processing applied to the ground measurements that were used later to
configure the physical model before being used as a comparison with the L1 (Section 2.4.1)
and L2 (Section 2.4.2) PRISMA images. Moreover, we present the image-based procedure
applied to estimate the noise as well as the SNR. In Section 3, the radiometric and reflectance
data, obtained, respectively, by MODTRAN simulations and an independent atmospheric
correction procedure, are compared with the standard PRISMA L1 (Section 3.1) and L2
(Section 3.2) products, and the evaluation metrics are explained, while in Section 3.2, the
noise retrieved from the L1 images is presented and discussed. Section 4 is devoted to
conclusions.
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2. Materials and Methods
2.1. Study Area

Within the PRISCAV project [16], our activities pertaining to the validation of the
PRISMA products were carried out on the experimental farm of Pignola (Italy), which
belongs to the Lucanian Agency for Development and Innovation in Agriculture (AL-
SIA). This was mainly due to the opportunity to use both the experimental farm in
Pignola (40.557303, 15.757921, 816 m a.s.l.) and the nearby CIAO (where CIAO stands
for CNR-IMAA Atmospheric Observatory: CNR—Consiglio Nazionale delle Ricerche;
IMAA—Istituto di Metodologie per I’Analisi Ambientale; http:/ /www.ciao.imaa.cnr.it/;
accessed on 10 December 2021), part of the ACTRIS (Aerosol Clouds Trace Gases Re-
search Infrastructure; https://www.actris.eu; accessed on 5 December 2021). The Pig-
nola experimental farm extends over 140 hectares, mostly consisting of arable land, pas-
tures, and coppice with tall trees (Figure 1). The farm has a cereal-forage specializa-
tion and hosts a fully equipped agrometeorological station. The Pignola site is part
of the regional agrometeorological network, consisting of thirty-eight agrometeorolog-
ical stations, organized within the Lucanian Agrometeorological Service (SAL) (http:
//www.alsia.it/opencms/opencms/Servizio/SAL; accessed on 1 December 2021). Apart
from the arable surface provided by the farm, within the PRISMA swath centered in Pig-
nola, other reference surfaces are available for comparing simulated TOA with respect to
that measured by PRISMA.
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Figure 1. (a) PRISMA image of 14 October 2019 with a superimposed black box indicating the zoomed-
in image (b) of the study area of Pignola, Italy (R: 729 nm; G: 562 nm; B: 492 nm); (b) zoomed-in
PRISMA image of the Pignola test area with superimposed yellow shapes (1-4) indicating the ground
measurements targets (photos (c—f)) applied for the PRISMA radiance and reflectance performance
assessment, while the black box (5) shows the location of the CIAO (g).

2.2. PRISMA Dataset

The “PRecursore IperSpettrale della Missione Applicativa” (PRISMA) stems from the
previous ASI investments in the field of hyperspectral payloads (e.g., the Hypseo and JHM
missions) and in satellite platforms (e.g., MITA /PRIMA), from which ASI acquired compe-
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tency in the development and execution of optical missions and EO products. PRISMA is
an Italian technological demonstrative and preoperational hyperspectral mission launched
in March 2019.

The PRISMA mission combines two payloads, a hyperspectral prism spectrometer
and a panchromatic camera. A complete technical description is given in [26], including
the pre- and in-flight radiometric calibration procedures. The hyperspectral payload has a
push-broom design providing hyperspectral imagery (237 bands) at a ground sampling
distance (GSD) of 30 m over a swath of 30 km (Table 1). The use of a prism as a dispersing
element causes a nonuniform bandwidth along the VNIR and SWIR focal plane array. The
bandwidth and the center wavelength (CW) are not constant for each acquisition, as they
depend on the optical bench and instrument temperature. These changes are provided in
matrix format within the PRISMA native Level 1 product HDF-EOS5 format, for both the
VNIR and the SWIR, containing the center wavelength (CW) and FWHM pertaining to each
acquisition. For the scope of this study, L1 TOA radiance units and L2C ground reflectance
were applied. A more precise description of the processing is available in the PRISMA
Products Specification Document (ASI, PRISMA Products Specification Document, Issue 2.1,
accessed on 14 January 2022).

Table 1. PRISMA payloads’ main characteristics. The first column reports the requirements, while the
last three specify the sensor performance as derived by the Leonardo Company and reported by [17].

Requirements VNIR SWIR PAN
Spectral range 400-2500 nm 400-1010 nm 920-2500 nm 400-700 nm
Spectral resolution
(FWHM) <15 nm 9-13 nm 9-14.5 nm -
Spectral bands 66 171 1
>160-200 (400450 nm)
>200 (450-1000 nm) 380-800 (1000-1300 nm)
SNR >200 (1000-1750 nm) 21()6():25%9 (5145%0_—1%50%?;)) 200-400 (1500-1750 nm) 191
>100 (1950-2350 nm) 100-200 (1950-2350 nm)
>100 (PAN)
Absolute radiometric <5% <5% <5% <5%
accuracy
Swath width 30 Km; 2.77°
Ground sampling
distance (GSD) 30m 30m 5m
Orbital altitude 620 Km

Over the Pignola site, different PRISMA acquisitions were planned. Table 2 lists the

images employed for this paper. Moreover, most of the PRISMA imagery was acquired
on the same date as the optical Sentinel-2 (5-2) imagery. As additional surfaces, wide
enough to be visible at the PRISMA spatial resolution, we also selected as fiducial reference
measurements: (a) a limestone quarry representing a highly reflective target with peculiar
spectral behavior related to limestone and dolomite; (b) an airfield strip; (c) a wide shed
with white plastic coverage that had specific absorption features in the VNIR and SWIR
spectral regions.
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Table 2. PRISMA acquisitions for the Pignola test site (Italy).

View .
Cloud Zenith Sol.a y AeronetAOD@550 Atmospheric Ground- Contemporary
Date Coverage Zenith Measure- Based
o Angle nm S-2 Data
(%) © Angle ments Measurements
14 October 2019 0.31 —4.14 49.90 0.09 Vv Vv n.a.
15 January 2020 0.58 2.31 22.45 0.05 vV Vv
1 July 2020 0.07 —3.91 22.34 na. v v v
17 August 2020 2.55 14.35 30.00 0.21 Vv Vv Vv
23 November

2020 4.60 —3.71 62.08 0.02 v v v
22 D;g;g‘ber 241 -39 65.57 0.02 v v n.a
1 July 2021 0.04 ~16.15 23.67 na. v v v

2.3. Ground Measurements

Simultaneously with the PRISMA acquisitions, ground-based optical measurements
and atmospheric characterization (from the CIAO, close to the study area) were gathered
between 2019 and 2020 at the Pignola farm test site. Atmospheric properties and field
surface reflectance measurements were applied to configure the parameters of the radiative
transfer models and then to simulate TOA radiances to be compared to those acquired by
PRISMA.

2.3.1. Field Spectroscopy Measurements

Ground reflectance and radiance measurements were collected in the test area to cap-
ture the spectral variability of the main surface material characterizing the area according
to the season. The spectral measurements were collected with a FOV of 25° at a height
of 1 m above soil across the 350-2500 nm spectral range, using the Analytical Spectral
Device (FieldSpecPro, #6255 and FieldSpec4 #18936) FieldSpec (ASD Inc., Denver, Boulder,
CO, USA), with a spectral resolution of 3 nm in the VIS-NIR range (350-1050 nm) and of
10 nm in the SWIR range (1050-2500 nm). With the ASD spectro-radiometer, configured
to an average of 20 readings for each measurement, we sampled five transects within a
60 x 60 m Elementary Sampling Unit (ESU), according to the scheme of Figure 2, during
stable sky conditions. In the field, reference points within each ESU were drawn with the
help of ranging rods positioned with GPS. Data collected along the five transects were then
averaged.

60 m

I 3
L}

60 m

Figure 2. Sketch of the ground-based measurements describing the ESU defined for the Pignola field
campaign.



Remote Sens. 2022, 14, 1985

7 of 23

Moreover, at the same time as PRISMA acquisitions, irradiance measurements were
collected from a Spectralon panel at a viewing angle of 45°. Target spectral reflectances were
obtained by combining radiance and irradiance data using the ASD processing software
(View Spec Pro 6.0.; ASD Inc., Denver, Boulder, CO, USA). ESU reflectance data were
further aggregated and averaged to incorporate the whole range of the ESU variability.
The ESU sampling strategies were applied to each target of interest: (a) bare soil, (b)
non-photosynthetic vegetation as wheat residues, (c) photosynthetic vegetation as green
meadow corresponding to an airfield, and (d) limestone surface pertaining to an active
quarry, in accordance with the results of the Amiaz experiment that highlighted a good
performance when using targets of limited extension.

2.3.2. Ground-Based Atmospheric Measurements

Atmospheric characterizations over the test area during PRISMA acquisitions were
provided by the CIAO [27], which is one of the most advanced infrastructures for ground-
based remote sensing in Europe, equipped with multiwavelength lidar and scanning cloud
radar [27]. The CIAO consists of a combination of advanced systems able to provide
high-quality long-term observations of aerosol and cloud properties. It is equipped with
the reference lidar systems for the ACTRIS component. The CIAO’s geographic position,
within the Mediterranean basin but in a mountainous area, and far from big cities, makes
the observatory a perfect location for investigating different aerosol types and atmospheric
processes and setting up experiments with the support of the researchers and technicians
operating the observatory.

For the aims of the present work, the following instruments were used:

e  Multiwavelength Raman and depolarization aerosol lidar working at 355, 532, and
1064 nm, providing vertical profiles of the backscatter (at 355, 532, and 1064 nm) and
particle depolarization ratio at 532 nm, and, in night-time conditions, the aerosol
extinction (355 and 532 nm).

e Raman and depolarization aerosol lidar at 355 nm, providing vertical profiles of the
aerosol extinction (in night-time conditions), backscatter, and particle depolarization
ratio at 355 nm. Since it is remote-controlled, this system was used as a backup
solution when the operation of the multiwavelength Raman lidar was not possible
due to restrictions imposed during the COVID-19 pandemic.

e Autonomously operating sun photometer, part of the AERONET network. In daytime
conditions, it provides cloud-screened, columnar aerosol optical depth at different
wavelengths in the UV-near-IR spectral range.

e  Microwave radiometer profiler, which measures the sky brightness temperature (Tb)
at 12 frequencies, providing 24 h profiles of temperature and relative humidity.

Aerosol lidar measurements were available for the observational days listed in Table 2,
except for 1 July 2020, when instrumental problems inhibited the measurements. The
multiwavelength system was always used, except for 17 August, when the automatic
355-only system was used. Observations from the photometer were available for all the
dates, except for 23 November, when the system was undergoing calibration procedures.
Cloud-screened data were available in version 2 of the algorithm for all the dates.

2.4. PRISMA Data Analysis

This section describes the work carried out to assess the PRISMA behavior in terms of
(a) radiometric evaluation when compared to the field measures, (b) cross-validation with
respect to S-2 images when acquired simultaneously, and (c) signal-to-noise ratio (SNR)
and images residual artifact assessment.

2.4.1. PRISMA Radiances: L1 Product Evaluation

The MODTRAN4 [28] radiative transfer code was used to simulate the PRISMA
Lto4 starting from the in situ atmospheric characterization and land reflectances. The
MODTRAN-derived Lrpa radiance in the direction of the sensor can be described as the
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sum of three terms, in the order in which they appear in Equation (1): (a) the reflected
radiance from the surface (target radiance); (b) the atmospherically scattered direct solar
radiation (path radiance); and (c) the diffuse upwelling flux scattered into the direction of
the sensor (adjacency effect). The TOA calculation applied corresponds to the following
formula:

Lroa = To X Eg X Rys + Ly + La 1

where, T, is the upward atmospheric transmittance, E; the total radiance at the surface,
Rys the surface reflectance, L+ the path radiance, and L, the environmental effect. In our
case, R;s was measured by an ASD spectrometer in the field at the time of PRISMA image
acquisition. Concisely, the LTps radiances were simulated assuming a uniform Lambertian
surface and horizontally homogeneous atmospheric layers stratified according to the CIAO
profiles in cloudless conditions. The environmental effects were calculated according to [29]
by using MODTRAN simulations, setting the maximum visibility and alternately setting
the surface reflectance to that of a blackbody and to a reference reflectance pertinent to the
average reflectance around the target. Therefore, the contribution of the environmental
reflectance was assessed by a point-spread function according to [25,29].

Each MODTRAN run, used to calculate the Ltps, was configured with the aerosol
optical thickness, the column water vapor (RH), and T vertical atmospheric profiles using
33 layers derived from the CIAO soundings (Figure 3).

12,000 12,000
T_inst
- RH_ist
10,000 T_ave 10,000
RH_avg

8000 8000
7 =
hd Z
E o

> 6000 E 6000
B @
£ g

=

h £

4000 < 4000

2000 2000

8x107 1x10° 0 o

200 220 240 260 280 300 320 0 20 40 60 80 100
Temperature (K) Relative Humidity (%)
(b) (c)

Figure 3. (a) Aerosol backscattering profile @550 nm, (b) temperature, and (c) water vapor profiles
applied in the RT run to simulate the LTOA at the time of the PRISMA acquisition of 15 January 2020.

During PRISMA acquisition dates, the CIAO measured the backscattering profiles at
532 nm (in one case, only the profile at 355 nm was available). The backscattering profiles
were then converted into backscattering values at 550 nm. Moreover, as the backscattering
measured in units of m~! sr~! was not usable in the MODTRAN RT code, which accepted
only the extinction coefficient measured at 550 nm for the aerosol profile configuration,
the aerosol backscatter at 355 nm (measured by the CIAO) was converted into aerosol
extinction. A fixed extinction-to-backscatter ratio of 55 sr (based on climatological values
recorded at the CIAO) was considered, so that:

Ext = Bck * 55sr 2)

The extinction-to-backscatter ratio depends on the microphysical properties of the
aerosols (such as refractive index, dimension, and chemical composition) [30]. However,
aerosol typing studies and 20 years of systematic measurements [31,32] allow the conversion
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of backscatter into extinction, reducing the uncertainty in the derived value of extinction
due to the lidar ratio assumption to the range of about 15%.

Then, the extrapolation from 532 nm (and 355 nm when needed) to 550 nm was carried
out assuming an Angstrom exponent (AE) of 1, as derived by the climatological values
recorded at the CIAO. Due to the small difference in wavelength, the uncertainty in the
extinction profile at 550 nm due to a variation in the AE of 0.5 was below 2%. Therefore,
the extinction coefficient (Ext) was derived according to the following formula:

532

AE
Extsso = Extssy (550) 3)

Considering the agricultural context of the area, a rural aerosol model was selected
for all the simulations. Each MODTRAN run was configured with the proper line of sight
based on the solar zenith and azimuth angles at the time of the satellite acquisition and
by imposing the actual PRISMA viewing zenith angle. RT calculations were obtained in
high resolution in the 400-2500 nm spectral range using a 1 cm ™! resolution and selecting
DISORT multiple scattering with 8 streams and the common Kurucz solar irradiance model.
The Kurucz model was selected as it is widely applied and because the authors of [30] esti-
mated the difference in the total integrated solar irradiance derived by different commonly
used models as being less than 1%. A summary of the RT configuration parameters used is
listed in Table 3.

Table 3. List of the configuration parameters used for the RT Ltpa simulations.

Parameter Unit Values

Spectral range nm 400-2500

Solar irradiance Kurucz

Molecular band model resolution cm~1 1

DISORT number of streams 8

Pressure profile mb CIAO according to date
Temperature profile K° CIAO according to date
Water vapour profile RH CIAO according to date
Aerosol model Rural

Extinction @550 nm Km™! CIAO according to date
Surface height km 0.750

SZA deg According to date

SAA deg According to date

VZA deg According to date

True surface albedos According to ASD (Lambertian condition)

The MODTRAN input and output tapes were generated and processed with an ad
hoc IDL code that allowed the extraction of the parameters used to simulate the Ltoa
according to Equation (1). RT simulated Ltoa values were finally convolved to the real
PRISMA spectral response function assuming a Gaussian shape function [17,18]. Response
functions were modeled for each PRISMA image using the center wavelength (CW) and
the full-width at half-maximum (FWHM) as retrieved from the ancillary data. The CW
and FHWM, pertaining to each PRISMA acquisition, were extracted directly from the L1
HDEF-EOS5 PRISMA file.

Radiometric consistencies were determined by the direct comparison of the MOD-
TRAN simulated L1y, using the ESU spectral information (radiance on a white Spectralon
panel) collected in situ by an ASD field spectroradiometer contemporary to PRISMA
acquisitions, with the PRISMA real radiances.

PRISMA radiometric consistency was assessed by computing accuracy metrics to
describe the degree of significance of the simulated radiance values with respect to the
observed PRISMA radiance values. The applied metrics were mainly those described in [33],
which are usually applied to evaluate a model’s prediction performance. As reported in
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Table 4, they were: (a) the coefficient of determination (R?); (b) the root-mean-square
error (RMSE); (c) the relative RMSE (RRMSE); and (d) the relative bias (RBIAS), which
indicates the relative estimation errors between simulated and real PRISMA spectra. RBIAS
together with R? provides a deviation between the observed and simulated radiance, (e)
the relative mean absolute difference (RMAD). The R? metric measures the percent of the
variance of the PRISMA real data that the predicted radiance data can explain and is the
common metric applied to express the goodness of fit of the model in terms of the linear
correlation between the observed and model-predicted output. The RRMSE, on the other
hand, measures the difference between the predicted and observed values from the fitted
model. Normally, values of RRMSE below 10% indicate an optimal fit [1]. RMAD is the
relative mean absolute difference between the observed variables (y) and the estimated
variables (;).

Table 4. Performance metrics applied for this study, where y; is the observed variables, ¥ is the mean
of the observed variables, iJ; is the estimated variables, 1 is the number of bands, and m is the number
of images.

Name Equation
n A2
Coefficient of determination (R?) RZ=1-— 271@7,{,)2
it (vi—y)

Relative bias rBias = %&y’) x 100

1" A N2
Root-mean-square error RMSE = M%
Relative RMSE RRMSE = 100 x %SE
Relative mean absolute difference RMAD = Z’%:%l’;m x 100

PRISMA signal, as well as that of all other sensors, is affected by noise. In this analysis,
we assumed that fixed pattern noise (i.e., coherent noise) as well as striping artifacts were
already mitigated by the standard L1 procedure. We are aware that the noise reduction
procedures should be applied to L0 data, but this product was not yet available to scientists
according to the PRISMA data policy. The goal of processing applied to the PRISMA images
over Pignola was to estimate the noise in images characterized by a fragmented land cover,
while accounting for the temporal and seasonal variability of the signal.

This procedure was tested first on an image of the RadCalNet test site at RailRoad
Valley [22] (RRV) acquired by PRISMA on 3 July 2020, before being tested on the Pignola
time series images.

Under the common hypothesis of additive noise, the PRISMA L1 image pixel radiance
values (X) in the 234 PRISMA channels can be viewed as a superposition of two vectors:
the signal vector s = [s1, ... ,5234 ] and the random noise vector N(s) = N1(s1), ... ,N234(5234).
The signal s is characterized by a significant strong spectral correlation, while the noise N,
including both photon and thermal noise, is modeled as a zero-mean Gaussian random
noise with the covariance distribution of the useful signal.

To estimate the noise vector in each spectral band, first, multiple linear regression
(MLR) was used to predict the signal starting from a fixed window of adjacent bands. The
rationale of using MLR lies in the high spectral correlation of the signal and the spectral
decorrelation of the random noise terms among adjacent bands [33-35]. Noise information
was assessed by subtracting the predicted MLR signal from the observed ones (i.e., the L1
PRISMA image). The approach we followed did not require the segmentation of the image
into spectrally homogeneous regions of interest. Instead, it relied on the identification of
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a sufficiently large area (M pixels). Image data in this subset area (a subset of 400 x 400
pixels in our case) could be stored [34] in a vector of length 400 x 400 for each spectral band.
Once the noise variance 0% in each spectral band was estimated via the MLR procedure, we
could derive an estimate of the SNR, defined as the square root of the ratio between the
mean signal power and the mean noise power per band:

SNR, =

4)

In the formula above, the average signal intensity and noise variance in the A spectral
bands are evaluated in several small patches within the considered area of M pixels. This
procedure [17,34,35] allowed us to estimate the “peak SNR” for each spectral band as the
90th percentile of the retrieved values in all patches.

The expected noise derived by the MRL approach should have had a normal distri-
bution, i.e., it should have assumed values around zero and shown a homogeneity of the
values (i.e., random noise) independent of the signal. All deviations from this expected
behavior were assumed to indicate the presence of residual structure in the noise compo-
nent (coherent noise). Textured noise has already been reported in the literature [35,36] in
studies considering the performance of other sensors. In these cases, the residual structure
has been analyzed through Fourier analysis to highlight specific periodicity in the observed
disturbances. In the following section, a similar procedure to [35,36] is applied to the
PRISMA residual noise as retrieved from the acquired Pignola imagess.

2.4.2. PRISMA Atmospheric Correction: L2C Product Evaluation

In this section, PRISMA at-surface reflectance data are taken into consideration. At-
surface reflectance is one of the PRISMA Level 2 products, which also include aerosol
optical thickness and Angstrom exponent, water vapor, and thin cloud optical thickness.
Level 2 products are obtained by applying atmospheric correction to the Level 1 prod-
ucts. As explained in the PRISMA Products Specification Document [37], the solution of
the atmospheric radiative transfer [38] equations is obtained to retrieve the radiance re-
flected at the boundary, after having retrieved the atmospheric parameters and the column
water amount. The PRISMA approach is based on the use of a look-up table (LUT) in
which MODTRAN-simulated TOA data are stored. For details of the PRISMA correction
process, refer to [37]. To achieve this goal, the RT MODTRAN model is inverted by an
iterative method, minimizing a suitable cost function representing the difference between
the spectrum simulated by the RT at a given surface reflectance (i.e., the simulated TOA
radiance) and that measured by the instrument (i.e., the measured TOA radiance). The
solution process is carried out for the solar wavelength range, under the assumption of a
flat Lambertian surface and neglecting the thermal emission.

The L2C data were compared with in situ reflectance spectra acquired during the
Pignola measurement campaigns and using reflectance images obtained by applying the
GUI ImaACor software [39] directly to the L1C images. ImaACor is a user-friendly software
that implements a physically based model for atmospheric radiative transfer and allows
for the atmospheric correction of multi- and hyperspectral data acquired from the principal
EO missions, including PRISMA.

The L1C and L2C PRISMA images used for this study were those acquired on
1 July 2020 (Table 2), while the in situ and sample lab measurements were those related to
the 10 July 2020 measurement campaign (Table 5). The L2C image was downloaded from
the PRISMA portal both before and after 10 December 2021, when a new L2C processor
version (i.e., L2C_5.2.0) was implemented.
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Table 5. Statistical metrics for the assessment of L};%‘s M4 consistency for each target and PRISMA

acquisition date.

Bare Soil Date 2 o RMSE RRMSE

(Date hhemm) R RBIAS (%) (mW/m?/sr/nm) (%)

14 Oct. 2019 09:54 0.989 3.869 1710 13.809

15 Jan. 2020 09:58 0.980 ~1513 1685 14.862 RRMSE = 14.76
23 Nov. 2020 09:53 0.991 ~2.759 1071 14.812 orusE = 072
22 Dec. 2020 09:53 0.988 1.041 1138 15570

Quarry Date

14 Oct. 2019 09:54 0.993 —4141 4199 10.828

15 Jan. 2020 09:58 0.992 ~0.016 2560 9.733

1 July 2020 09:54 0.992 ~4232 6.414 12.060 S

17 Aug. 2020 10:04 0.993 1.368 4736 9.585 RRMSE = 10.79
23 Nov. 2020 09:53 0.988 ~0.606 2.723 12.142 IrMSE = 1.

22 Dec. 2020 09:53 0.993 ~0.425 2414 8.950

1 July 2021 4:43 0.988 1.070 6.500 12.262

Airfield Strip Date

14 Oct. 2019 09:54 0.984 2.163 2.965 14.647

15 Jan. 2020 09:58 0.989 0.867 1.746 12.264

1 July 202009:54 0.993 —5.692 4.785 12339 N

17 Aug. 202010:04 0.983 4229 3.013 15213 RRMSE = 1239
23 Nov. 2020 09:53 0.984 —3.804 2.300 14.800 TRMSE = ~-

22 Dec. 2020 09:53 0.991 0322 1477 11.89%

1 July 2021 09:44 0.989 5.495 3.4350 12.1827

NPV Date

1 July 2020 09:54 0.988 ~0.133 2.888 11576 I

17 Aug. 2020 10:04 0.986 3.375 2.852 12.828 RRMSE = 154
1 July 2021 09:44 0.990 ~0993 2.270 10.210 TRMSE = 1.

3. Results and Discussion
3.1. PRISMA L1 Product Consistency with Field Spectroscopy

To assess the consistency of the ngg ma (L1 product) with respect to the MODTRAN-
simulated ngé, the statistical metrics listed in the above paragraphs were used. Table 5
shows the results of these metrics.

All the comparisons between simulated and observed Ltos showed a high correlation,
as depicted by the R? values higher than 0.98, indicating a good match of the 1:1 line. This
good relationship between the simulated Ltps and PRISMA Ltpa was also confirmed by
the RMSE values (ranging between 1.47 and 6.14 mW /m?/sr/nm). The relative BIAS in the
VNIR-SWIR spectral ranges varied between 5.7% and 4.22%, while the RMSE was in the
range of 1.47-6.42 mW /m?/sr/nm. The higher values belonged to the limestone quarry
in the PRISMA imagery of the study area. The RMSE values for the VNIR were in the
range between 1.863 and 11.53 mW/ m? /sr/nm, while in the SWIR the range was between
0.32 and 1.75 mW/m?2/sr/nm. Among all the targets, larger RMSE values pertained to the
airfield and quarry targets. The values observed for the airfield can be explained by the
patchy, dry, unirrigated grass occurring in the summer periods along the strip, while in
the quarry they could be due to local effects caused by the quarry edges and the relative
viewing geometry.

The RRMSE calculated for all the targets as observed in all the PRISMA acquisitions
(Table 5) was always lower than 15.6%, thus demonstrating, according to [33], that the
radiance provided by the L1 product showed a good agreement with the simulated Ltoa.
By analyzing the ensemble of the statistical parameters of Table 5 we could assess that
the PRISMA L1 time series acquired over Pignola between 2019 and 2021 showed a good
consistency with respect to the simulated radiance data obtained by MODTRAN over
the entire time frame. By considering the mean and standard deviation of the RRMSE,
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listed in the last column of Table 5, we could evaluate the overall target behavior over
the analyzed time frame. For all targets, the mean RRMSE, calculated using the whole
spectrum, always showed values lower than 15.6%. In more detail: (i) the bare soil target
showed the highest stability (i.e., lower dynamic range), as indicated by the ogpssE of 0.72,
even though the average RRMSE showed higher values; (ii) the highly reflective target of
the limestone quarry exhibited the lowest average RRMSE values; (iii) the meadow airfield
showed a noteworthy variability in terms of RRMSE (0rpsg = 1.47) due to the fact that,
since it was not irrigated, dry grass patches could occur in the dryer periods; and (iv) the
non-photosynthetic vegetation (NPV) target was characterized by a low mean RRMSE.

As indicated by the lower mean RRMSE, the quarry target appeared to be the most
reliable target within the Pignola area. The plot of RRMSE versus time in Figure 4a and
of the roll versus the relative BIAS in Figure 4b show the behavior of the targets in the
2020-2021 acquisition time frame. The colored symbols indicate the quarry (square) and
meadow airfield strip (triangle) target areas. For both targets in Figure 4a, the RRMSE
values ranged between 8% and 15%, indicating a reduced variability over the acquisition
dates. The RRMSE values related to the quarry were lower than those of the meadow
airfield strip, because the signal was considerably higher than in green vegetation, and
the quarry target was generally more stable than the meadow target. Figure 4b shows the
RBIAS trend with respect to the scene viewing angle (roll). The second-order polynomial
RBIAS trends with an R? higher than 0.6 showed that the roll determined a symmetric effect
for the relative BIAS and that it reached the lowest values for view zenith angles proximal
to zenith observations. The two plots of Figure 4 also indicate that the quarry target, which
had a low RRMSE and a low dependence on the satellite viewing angle with respect to
the surface, was the most suitable target candidate to assess the PRISMA performance for
the Pignola test site. Further, the acquisition dates evidenced that lower RRMSE values
(Table 5) occurred in wintertime (i.e., December 2019 and January 2021), when it is likely
that a more stable atmosphere occurs.

The L124 simulated radiance data were also compared with the L1244, | dataona
spectral basis for all the acquisitions and for all the targets.

Figure 5 shows the comparison of the LITJ%‘.‘S M With the simulated LZ;%S obtained for
different acquisitions. The plots showing different illumination conditions (i.e., correspond-
ing to August, November, and December) and different reflective targets (i.e., bare soil,
limestone quarry, and airfield strip) provide an overview of the PRISMA behavior over the
analyzed time frame. Moreover, when an 5-2 acquisition was available, the corresponding
LI94 on the reference target is shown with a square on the plots. The RMSE between the
PRISMA spectra, resampled to the S-2 spectral resolution, and the S-2 spectra, spatially
resampled at 30 m, show an RMSE of 1.35 for the quarry target on the 23 November 2020
image and 2.80 on the airstrip on the 14 August 2020 image (Figure 5). Therefore, based
on the good agreement of the imagery, PRISMA and S-2 might be coupled to develop
sharpening techniques extendable even to the SWIR spectral region.

Figure 5 illustrates that the VNIR region was the spectral region where the differences
between LECS)S and LIT,%% MA Were more significant, whereas from 1000 nm to 2500 nm, the
differences were less significant. The differences that occurred in the VNIR region could be
related to the imperfect parametrization of the scattering that occurred in the atmosphere.
As a matter of fact, when MODTRAN tape5 was configured using the extinction @550 nm,
the L1Q4 better fit the L1974, ,, while the differences in the VNIR were noteworthy when
configuring the MODTRAN tape5 with the standard atmospheric models selected only
on the basis of the date of the survey (i.e., mid-latitude winter (MLW) and mid-latitude
summer (MLS)). According to the test-area specificity, a rural aerosol was applied using
a medium visibility. This is well illustrated in Figure 5 by comparing the ngé curves
with the radiance simulated using the CIAO profiles (light blue lines) and the radiance
obtained when selecting the standard atmospheric models according to dates (gray lines).
The overestimation of the radiances in the VNIR spectral region was evident when standard

profiles were selected. Figure 5b,c also show the S-2 ng 4 values acquired simultaneously
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to the PRISMA acquisitions; these lie correctly on the L1294, | curve over much of the
spectral range.

An additional evaluation of the PRISMA radiance comparison with the in-situ mea-
surements was performed utilizing the mean spectral absolute difference (RMAD) [17]
calculated for all the PRISMA images on all the targets. As the RMAD plot considered all
the images collected for the different sun zenith and viewing angles, the RMAD values
should be less affected, with respect to the analyses performed for a single view, by the
relative viewing angle and the eventual anisotropy of the targets.

In general, as shown in Figure 6, the RMAD was about 5% up to the SWIR region,
where values tended to be higher, with peaks over 10% in the 2000-2500 nm spectral
region. The RMDAS values were of course influenced by the atmospheric absorption in
the VNIR region. Two O, absorption features can be noted occurring at 762 nm, as well
as the water absorption at 720 nm, near the red-edge area, and at 820 nm. In the VNIR
region, the blue spectral regions showed higher values of up to 10%, which reflects anyhow
the uncertainties related to the correct modeling of the scattering effects. Except for the
first bands in the blue spectral region, the differences up to 1750 nm ranged between 5%
and 7%, showing the lowest values of about 2% around 600 nm. The differences rose in
the SWIR region up to values higher than 10% in the far SWIR region, even though the
difference at around 2200 nm dropped to about 5%. The results shown in Figure 6 are in
general consistent with previous results presented by [17] for PRISMA. The latter analyzed
the RMAD values derived from a single image with a similar number of targets to our
study, using a contemporary airborne HyPlant survey as reference. The RMAD values
derived from Pignola showed that the observed variability was consistent with a range of
typical uncertainty between 2 and 5% in the VNIR and SWIR regions up to 1750 nm, as
reported in the recent literature [40,41]. In the SWIR region, calculated between 2070 and
2364 nm (to exclude the CO, atmospheric absorption and the sensor noise that occurred in
the far SWIR region), the average RMAD was about 8.56%.
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Figure 4. (a) RRMSE vs. dates and (b) roll angle vs. BIAS plots for the quarry (squares) and meadow
airfield strip (triangles) targets during the PRISMA acquisitions.



Remote Sens. 2022, 14, 1985 15 of 23

Bare Soil 12 December 2020

100
— —— Modtran CIAD
g 0 ——PRISMA
€ 70
b —— Modtran MLW
= 60
A
e 30
z 4
E 30
_'Ig 20
10
0
400 600 200 1000 1200 1400 1600 1800 2000 2200 2400
A[nm]
(@)
Airfield Strip 17 August 2020
100
. 90 o 52
TE 80 ——Modtran-CIAD
c 70
T e ——PRISMA
‘i‘E 50 ——Modtran-MLS
g 40
E a0
_;,5 20
10
o p
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Alnm]
(b)
Quarry 23 November 2020
100
90 @ 52
:iz 80 ——Modtran-ClA0
c 70 ——PRISM A
v 60 ——Modtran MLW
th 50
E A0
=
E 30
=
20
2
10
0
400 o600 800 1000 1200 1400 1600 1800 2000 2200 2400
Alnm]
(©)

Figure 5. Examples of the comparison between LLQ4 . (red line) and the L124 simulated with

MODTRAN and configured with the CIAO atmospheric T and RH profiles and the extinction @ 550
profiles (light blue line) and using the standard atmospheric profiles (MLW, MLS) selected according
to the date (gray line): (a) bare soil, (b) meadow airfield strip, (c) limestone quarry. Circles depict the

ngA contemporary values.



Remote Sens. 2022, 14, 1985

16 of 23

Mean Absolute Difference %

40

. = MAD% —T0OA 70
T )
Ji # - 50 E
=
T T
T 1 flaoq
I £
' =
) - 30 E
i
T - 20 &
Ly .g
- - 10
A A 0
600 800 1000 1200 1400 1600 1800 2000 2200 2400
A[nm]

Figure 6. RMAD values calculated for the PRISMA L1 and LZ@S. Standard deviation is depicted as
vertical bar. The green line corresponds to the L};%% wma ©f a homogeneous vegetation canopy target

in the area as reference.

The results of the application of the procedure described in Section 2.4.1 to the PRISMA
images acquired over Pignola are presented in this section. Three images of Pignola were
considered to capture both the temporal (1 July 2020 and 2021 images) and the seasonal (i.e.,
22 December 2020 image) variability over time. Primarily, we analyzed the SNR estimate
obtained from these images with respect to that obtained from a well-known RRV PRISMA
image acquired on 3 July 2020, which was introduced to test the workflow on the Pignola
area as it shows a fragmented landscape. Finally, we analyzed the residual noise pattern
detected in the estimated noise for these images.

The estimates of the SNR for each spectral band on several PRISMA images are
reported in Figure 7. For each image, the considered region of M pixels was subdivided
into small patches (10 x 10 pixels), where both average signal and average noise standard
deviation per band were obtained through the MLR procedure. Finally, for each spectral
band, the 90th percentile of the empirical SNR distribution was reported in the figure as a
rough estimate of the peak SNR in that band. The obtained SNRs are shown in Figure 7.
The SNR plots show a similar behavior both for summer and winter images. The absence
of a significant difference in SNR between the 2020 and 2021 images shows that there
was good sensor stability. Moreover, their trends were comparable to that retrieved from
the reference image RRV, which was characterized by a higher homogeneity than the
rural scene of Pignola, thus depicting the correctness of the retrieval procedure. This was
particularly evident for wavelengths higher than 1000 nm, where the curves depicted a
similar behavior with only slight differences, which could have been due to the signal
intensity. In the VNIR range, on the other hand, the lower SNR of the Pignola images up
to 670 nm was probably related to the lower efficiency of PRISMA in the 400-700 spectral
range. As an example, a vegetation TOA spectrum is plotted in Figure 7. This plot shows
that this procedure was poorly affected by the different land covers present at the scene.
By comparing the values depicted by Figure 7, it can be noted that the requirements and
the actual performances of Table 1 are matched by the analysis performed on the Pignola
images. The lower values observed in the VNIR region up to 700 nm, also reported by [17],
need to be further investigated, including an analysis of the sensor behavior with respect
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to the two noise components (i.e., photon and thermal noise). As regards the SNR, the
winter images had lower SNR values compared to the summer images, and the SNR trend
was comparable to the summer and reference RRV imagery; both July Pignola images
indicated an SNR value of about 100. These values were consistent with the actual values
measured by the manufacturer and reported in Table 1. In the SWIR RRV images from July,
on the other hand, the SNR values were noticeably higher than the Pignola images. This
difference could be explained by considering the higher spectral homogeneity of the RRV
scene compared with that of the Pignola site and the lack of green vegetation (i.e., a low
reflectance intensity in the SWIR region).

——— RRV (July 2020) July 2020 December 2020
1000 July2021 = ==ee- LTOA vegetation @~  ===-=- LTOA quarry, g,
900 175
800 150 T
1
700 £
600 125 7
oc N«.n
2 500 100 !
n €
400 75 %
300 —
50 §
200 iy
100 25
0 0
400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
AMnm)

Figure 7. SNR of the LTOA of three Pignola PRISMA images and, as reference, the RRV radiance
spectra together with the LTOA for green vegetation and limestone quarry.

As a further consideration regarding the PRISMA noise estimation based on the
Pignola images, when we analyzed the spectral noise derived from the MRL procedure,
the expected random noise pattern was not well characterized and, therefore, the noise
was characterized using residual linear patterns. Such textural patterns often also appear
when employing PRISMA bands in spectral indexing or in inversion procedures to retrieve
biophysical properties. The presence of these patterns can be driven by two main reasons:
(a) the MLR procedure identifies only part of the useful signal because of the high signal
variability related to the occurrence on the image of different land covers; and (b) the noise
image highlights a residual fixed pattern noise that still affects the L1 images. To try to
further investigate this apparent structured noise, we used three different Pignola images
(1 July 2020, 23 December 2020, and 1 July 2021) to account for temporal and seasonal
variability. In these three images, we concentrated our analysis on three spectral bands
(823.75 nm, 1636.85 nm, and 2206.60 nm) that were characterized by high signal values.

Figure 8 shows the residual noise at 823.75 nm for the three scenes. In all the scenes,
an evident horizontal structure can be observed. However, the lower part of all the noise
images (from line 630) was affected by a diagonal texture. The presence of a similar texture
has already been observed for other sensors in the literature. The authors of [42,43] applied
a Fourier analysis to characterize and remove this noise.
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Figure 8. Residual noise for the 823.75 nm spectral band of different Pignola scenes from lines 300 to
800: July 2020 (j20); December 2020 (d20); July 2021 (j21).

Indeed, a horizontal FFT applied to lines 630-800 (Figure 9) shows how, along with
minor disturbances, a clear set of spikes in the range between 0.3 and 0.4 cycles/pixel is
evident in the second spectrometer. This spike indicated a spatial pattern with a period
of about three pixels in the considered region of all the images. As a comparison, in the
same figure, the horizontal FFT for a different (and more homogeneous) image area is also
reported (orange lines). It can clearly be seen that this coherent disturbance affected mainly
the lower part of each image. The same analysis in the Fourier domain was also performed
on the reference image RRV with completely analogous results, highlighting the presence
of the same spatial pattern in the lower part of the image with similar periodicity (about
three pixels).
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Figure 9. Horizontal FFT averaged over the selected lines of the residual noise for 2198.91 nm spectral
band of different Pignola scenes: July 2020 (j20); December 2020 (d20); July 2021 (j21). In each image,
the horizontal axis is cycles/pixel, and the vertical axis shows the single-sided amplitude spectrum
of the noise signal.

3.2. PRISMA Atmospheric Correction Assessment

The new version (i.e., 5.0.5) of the L2C product is free from a series of artefacts that
affected the first L2C version, such as very low values under 500 nm for dark targets, often
leading to zero values. Despite the noticeable improvement, some problems remain with
wavelengths above 2320 nm. A comparison between L2C, ImaACor, and in situ reference
spectra corresponding to the limestone quarry, the airfield strip, the NPV, and the paved
square targets is shown in Figure 10. In the same figure, the relative spectral error between
the L2C and the reference spectra and between the ImaACor and the reference spectra are
also shown, while the corresponding RRMSE values are shown in Table 6.
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Figure 10. Comparison between L2C, ImaACor, and in situ reflectance spectra corresponding to: (a)
the limestone quarry, (b) the airfield strip, (c) the NPV, and (d) the paved square targets. Vertical
bars show the standard deviation related to the in-situ measurements. For each quadrant, the lower
graph shows the relative spectral error between the L2C and the reference spectra and between the

ImaACor and the reference spectra.

Table 6. RRMSE (%) between the L2C reflectance and the reference in situ spectra and between the
ImaACor reflectance and the reference in situ spectra corresponding to the limestone quarry, the

airfield, the NPV, and the paved square targets.

Target Limestone Airfield NPV Paved
Model Quarry Strip Square

ImaACor 7 7 12 10
L2C 15 10 17 19
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Table 6 shows the RRMSE values obtained for the ImaACor processor, which are very
low.

From Figure 10 it emerges that this was mainly due to the blue end of the spectrum
and to the bands above 2320 nm, since for the rest of the spectral range there was a good
general agreement between L2C, ImaACOR, and the reference reflectance spectra of all
targets.

The anomalous decrease in the values above 2320 nm was probably due to the L2C
atmospheric correction procedure, as the ImaACor spectra were obtained starting from the
same L1C images, unless the L2C image was processed starting from an LC1 image other
than the distributed one. The lowered L2C reflectance values above 2320 nm caused the
flattening of an important spectral feature between 2170 nm and 2370 nm, characteristic
of the calcareous covers, which could prevent a correct classification of these materials.
Figure 11 shows this effect for both the limestone quarry and the paved square. To quantify
this flattening effect, the band depth values were computed for the bands b1l = 2175 nm,
b2 = 2364 nm, and b3 = 2320 nm, corresponding to the two edges and to the minimum
of the mentioned spectral feature, respectively. As expected, the band depth of the L2C
reflectance spectra was significantly lower, being 0.06 for the limestone quarry, versus the
0.34 of the in-situ measurements and the 0.20 of the ImaACor, and —0.03 for the paved
square, versus the 0.29 of the in situ reference and the 0.23 of the ImaACor.
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Figure 11. Detail of the L2C, ImaACor, and in situ reflectance spectra of the (a) limestone quarry and
(b) paved square targets, highlighting the spectral feature characteristic of calcareous covers, with the
relative band-depth values.
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4. Conclusions

This research aimed to evaluate the performance of the PRISMA hyperspectral mission
in terms of the radiance (L1) and the reflectance (L2) standard products as collected for
the rural area of Pignola in the Southern Apennines (Italy). Moreover, the first assessment
of the SNR was performed with an image-based technique. This work did not aim to
retrieve updated calibration coefficients for the PRISMA spectroradiometer, but it provided
a quantitative performance assessment (i.e., by R2, RMSE, RRMSE, and RMAD) of the
L1 and L2 data products for a rural area typical of the Southern Italy Apennine territory.
To this end, from October 2019 to July 2021, we collected atmospheric characteristics and
profiles (T, RH, and extinction @550 nm), as well as the radiances and reflectances of the
principal land-cover types (targets ranging from bare soil to limestone quarry, including
green vegetation and non-photosynthetic vegetation (crop residues) contemporary with
the seven PRISMA acquisitions).

The PRISMA L1 radiance data compared to simulated data showed R? values higher
than 0.98 and an average RRMSE value of 12.5%. Moreover, the RMAD between PRISMA
L1 radiance and simulated TOA were usually about 5% up to the SWIR region, while from
wavelengths higher than 2350nm the differences appeared greater than 10%.

The analysis of the reflectance standard products (version L2C_5.2.0) highlighted the
presence of excessively low reflectance values for bands higher than 2300 nm, de facto
determining the flattening of important spectral features in the far SWIR region, such as the
limestone spectral features, which could make it difficult to recognize them on the standard
L2C images. Moreover, the PRISMA images showed a residual coherent horizontal pattern
of noise and a diagonal pattern from about 630 lines, with periodic disturbance at about
0.3-0.4 cycles/pixel that was present in all the analyzed images. SNR, as retrieved with
an image-based technique from the Pignola images, showed values comparable with the
actual observations obtained by Leonardo S.p.A., as reported in Table 1.

The overall results indicate that the fully equipped Pignola fiducial test site could
provide a useful instrumented framework to evaluate the performance of PRISMA, and
that the standard products L1 and L2 are suitable for the retrieval of biophysical parameters.
On the other hand, the identified residual pattern noise requires the analysis of a more
extensive dataset to define a robust correction algorithm to minimize the effect of this
spatial pattern disturbance on parameter retrieval. This analysis is not exhaustive, and it is
not intended to be a substitute for the utility of international calibration sites.

Further studies should include a wider range of land-cover types and spectral features
in different environmental contexts.
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