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Abstract

Correcting atmospheric effects on hyperspectral optical satellite scenes is paramount to
ensuring the accuracy of derived bio-geophysical products. The open-access benchmark
Atmospheric Correction Inter-comparison eXercise (ACIX) was first initiated in 2016 and
has now been extended to provide a comprehensive assessment of atmospheric proces-
sors of space-borne imaging spectroscopy missions (EnMAP and PRISMA) over land
surfaces. The exercise contains 90 scenes, covering stations of the Aerosol Robotic Network
(AERONET) for assessing aerosol optical depth (AOD) and water vapour (WV) retrievals,
as well as stationary networks (RadCalNet and HYPERNETS) and ad hoc campaigns for
surface reflectance (SR) validation. AOD, WV, and SR retrievals were assessed using ac-
curacy, precision, and uncertainty metrics. For AOD retrieval, processors showed a range
of uncertainties, with half showing overall uncertainties of <0.1 but going up to uncer-
tainties of almost 0.4. WV retrievals showed consistent offsets for almost all processors,
with uncertainty values between 0.171 and 0.875 g/cm?. Average uncertainties for SR
retrievals depend on wavelength, processor, and sensor (uncertainties are slightly higher
for PRISMA), showing average values between 0.02 and 0.04. Although results are biased
towards a limited selection of ground measurements over arid regions with low AOD, this
study shows a detailed analysis of similarities and differences of seven processors. This
work provides critical insights for understanding the current capabilities and limitations of
atmospheric correction algorithms for imaging spectroscopy, offering both a foundation
for future improvements and a first practical guide to support users in selecting the most
suitable processor for their application needs.

Keywords: atmospheric correction; inter-comparison; EnMAP; PRISMA; surface reflectance;
aerosol optical depth; water vapour; hyperspectral; imaging spectroscopy

1. Introduction

Advances in technology have facilitated the deployment of space-borne hyperspectral
imaging satellites capable of capturing contiguous spectral coverage of surface phenomena
across numerous spectral bands within the optical and infrared electromagnetic spectrum.
While different agencies have deployed Earth-facing spectrometers aboard the International
Space Station [1,2], private ventures are actively engaged in launching hyperspectral
imagers with enhanced spatial resolution [3,4]. Both the European Space Agency (ESA)
and the National Aeronautics and Space Administration (NASA) are currently developing
their respective suites of hyperspectral imagers, characterised by a Sun-synchronous orbit
and a spatial resolution comparable to that of the Landsat and Sentinel-2 missions (NASA-
SBG and ESA-CHIME), as well as more specialised imaging spectroscopy missions with a
coarser spatial resolution (such as ESA-FLEX). The applications of hyperspectral imaging
from space are diverse, with a particular emphasis on sustainable agriculture, food security,
and the exploration of surface materials. To ensure the quality of Level 2A products
delivered to users, scenes must undergo geometric and atmospheric correction. Given
the contiguous and narrow spectral bands extending up to 2500 nm, hyperspectral data
are subject to the influence of several atmospheric factors, including absorption by water
vapour, oxygen, and carbon dioxide molecules, as well as molecular and aerosol scattering
in the shorter wavelengths [5]. The currently operational sun-synchronous hyperspectral
imagers, namely, the Italian Space Agency’s PRISMA and the German Aerospace Center’s
EnMAP, provide valuable opportunities to investigate these challenges and evaluate the
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performance of existing atmospheric correction processors within a community-based
inter-comparison exercise.

The Atmospheric Correction Inter-comparison eXercise (ACIX), a collaborative initia-
tive under the auspices of the Committee on Earth Observation Satellites Working Group
on Calibration & Validation (CEOS WGCYV), is coordinated between ESA and NASA.
To address the diverse challenges posed by different atmospheric conditions, the exercise
has been structured into three primary components, ACIX-Land [6,7], ACIX-Aqua [6,8],
and the Cloud Masking Inter-comparison eXercise (CMIX) [6,9], focusing on land, water,
and cloud scenes, respectively. Following the successful completion of previous iterations,
ACIX-III Land aims to provide a comprehensive assessment of state-of-the-art atmospheric
correction processors for hyperspectral data acquired over land surfaces. By adhering
to community-established guidelines, this exercise facilitates a rigorous comparison of
algorithms across various land cover types and atmospheric conditions, focusing on data
provided by the EnMAP and PRISMA hyperspectral sensors. Through this comparative
analysis, ACIX-III Land seeks to identify the strengths, weaknesses, and areas for improve-
ment in existing algorithms. The insights gained from this exercise will be instrumental in
refining atmospheric correction techniques, establishing standardised protocols for inter-
comparison, and preparing the scientific community for future hyperspectral missions.
Similar outcomes are anticipated from the ongoing ACIX-III Aqua and CMIX-II initiatives.

With numerous hyperspectral missions in orbit or planned, Cal/Val ground networks
of hyperspectral radiometers in the visible and infrared spectra (e.g., HYPERNETS [10])
are being set up on the ground. These networks, along with data from ad hoc campaigns,
can be leveraged to assess the performance of atmospheric correction (AC) processors
for hyperspectral missions. This paper will expand on previous studies within the hy-
perspectral domain which are mostly limited by a small number of reference sites and
processors involved [11-13] by looking at seven different processors over land reference
data from five different networks and campaigns, evaluating the retrieval of aerosol optical
depth (AOD), water vapour (WV), and surface reflectance (SR). The exercise provides a
valuable framework for evaluating the quality and suitability of various in situ reference
measurements. It highlights inherent limitations, such as the bias towards bare soil sites
with generally low AOD values, and can thus contribute to improving the quality and
selection of future Cal/Val sites.

In Section 2 of this paper, a thorough description of community-agreed-upon guide-
lines for the inter-comparison exercise spanning satellite datasets, reference sites, and
accuracy metrics will be given. The main findings will be presented in Section 3, split
into parts for both sensors (i.e., ENMAP and PRISMA) and a detailed analysis of each
reference dataset. The results will be further discussed in Section 4, while the final section
will present the conclusions from the inter-comparison exercise.

2. Materials and Methods
2.1. Atmospheric Correction Processors

Seven atmospheric correction processors participated in the ACIX-III Land exercise.
These processors can be very roughly grouped according to their AC process. Physically
based inversion approaches (ATREM, PACO, ImaACor, and MAGAC) rely on explicit
radiative transfer modelling and retrieve atmospheric parameters through direct inversion
or optimal estimation. Semi-empirical methods (ACOLITE/DSF and HYPER SIAC) com-
bine precomputed radiative transfer functions with empirical or data-driven components,
while statistical optimisation approaches (GeoNEX-AC) use spectral ratios and aggregated
statistics (see Table 1 for a summary of their characteristics). The processors’ developers
responded to an open call issued by the European Space Agency to participate in the inter-
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comparison exercise. While a range of processors is presented here, it is not an exhaustive
list of atmospheric correction algorithms for imaging spectroscopy data (for further algo-
rithms, refer to, e.g., [14-17]). All processors had access to the same PRISMA and EnMAP
radiance scenes chosen for the exercise (see Section 2.2). Auxiliary data required for all
processors, such as illumination and acquisition geometries, spectral response functions,
radiometric characteristics, and a DEM for topographic correction, were available to the
participants. The same DEM information was distributed to all participants, as was a
common approach for the viewing angle computation and information concerning the
solar irradiance model for EnNMAP (see Section 2.2.2).

A series of atmospheric correction algorithms are available in ACOLITE, and for the
present analysis, the Dark Spectrum Fitting (DSF) approach was used, which uses look-up
tables generated with the 65V radiative transfer model. The method relies on the identifi-
cation of dark pixels across bands with high gas transmittance, assuming a small number
of dark pixels exist within the scene in at least one band. Key inputs include per-pixel
surface pressure derived from the Copernicus Digital Elevation Model (DEM) and ancillary
meteorological data (0zone and water vapour) sourced from GMAO_MERRA? [18] at the
scene centre. AOD is retrieved by fitting the darkest 1% Top-of-Atmosphere (TOA) re-
flectances (in bands with gas transmittance above 85%, between 500 and 970 nm (PRISMA)
or 400-2500 nm (EnMAP)) to 65V look-up tables. The two bands yielding the lowest AOD
are used to select the aerosol model (either continental or maritime) through fitting of the
path reflectance to the observed dark targets. Surface reflectance is then computed under
the assumption of a homogeneous surface without adjacency or topographic correction.
The resulting outputs are surface reflectance for bands with high gas transmittance (>75%),
without explicit correction for the bidirectional reflectance distribution function (BRDF).

The ATREM (ATmosphere REMoval Program) algorithm performs atmospheric cor-
rection by coupling radiative transfer simulations using either 6S or Improved Pseudo-
Spherical Shell (IPSS), a more rigorous radiative transfer model (RTM) developed by [19]. It
begins by adjusting the atmospheric model to account for surface elevation and computes
solar and observational geometry from image metadata. Solar irradiances above the atmo-
sphere are derived, and scattering effects are simulated under the assumption of no gaseous
absorption. Gaseous transmittance is then introduced through a precomputed table of
transmittance spectra corresponding to varying water vapour values. For each pixel in a
hyperspectral image cube, both water vapour content and surface reflectance are estimated
simultaneously by matching the observed spectrum to the simulated transmittance profiles.
ATREM retrieves WV using a three-channel ratio algorithm, with the water absorption
band centred near 825 nm and nearby atmospheric window bands centred around 800 and
825 nm. The algorithm does not explicitly include aerosol retrieval or adjacency correction.
The output consists of per-pixel surface reflectance, derived with pixel-level WV retrieval
and accounting for geometric and atmospheric conditions.

GeoNEX-AC (Geostationary NASA Earth Exchange—Atmospheric Correction) is
a geostationary adaptation of the MAIAC (Multiangle Implementation of Atmospheric
Correction) algorithm. It uses the LibRadtran as the underlying radiative transfer model.
The algorithm simulates the regulations of surface BRDF (derived from external MODIS
MCD19 (8-day BRDF data) on TOA radiance under various atmospheric conditions based
on the Green’s Function approach [20]. The Green’s functions are calculated for each of
the sensor’s spectral bands under various illumination-view geometries, AOD and WV
concentrations, and atmosphere temperature/pressure profiles. The results are formulated
and archived in a set of look-up tables (LUTs) so that TOA radiance at arbitrary conditions
can be efficiently and accurately interpolated from the LUTs. AOD retrieval is based on a
spectral band ratio algorithm, incorporating MODIS surface BRDF products as auxiliary
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information. The hyperspectral scenes are aggregated to ~1km resolution to match the
MODIS data. The algorithm calculates the band ratios between MODIS blue/red vs. SWIR
(e.g., 2300 nm) bands. This ratio is used as a reference to estimate AOD from the aggregated
hyperspectral images for each 1 km? pixel. Finally, the lower value of the median and
the mean of the pixel-based AOD is chosen as the AOD estimate for the whole image.
Similar to ATREM, GeoNEX-AC uses a ratio algorithm with WV absorption windows at
941 nm and 1128 nm, as well as the neighbouring bands (871 nm, 1048 nm, and 1259 nm)
as reference to estimate the intensity of WV absorption. To correct the presence of surface
vegetation effects on the absorption intensity, the WV estimates are multiplied by a non-
linear factor (<1) calculated based on surface NDVI. The algorithm does not perform
post-processing corrections for adjacency or terrain. Final outputs are surface reflectance
estimates interpolated from the LUTs, with spectral and geometric effects accounted for
through band-specific Green’s Function simulations.

HYPER SIAC (Hyperspectral Sensor Invariant Atmospheric Correction) combines
external inputs and simulated Sentinel-2 reflectances. 6S emulators serve as the underly-
ing radiative transfer model. Key inputs include monthly cloud-free Sentinel-2 surface
reflectance composites, aerosol optical depth from MCD19A2, and aerosol type from the
ESA Aerosol_cci Aerosol Climatology. A Sentinel-2 TOA reflectance is simulated in the VIS
range from the hyperspectral TOA radiance using the Sentinel-2 spectral response func-
tion. WV is estimated from the simulated Sentinel-2 TOA reflectance data. After solving
the AOD, aerosol model and WYV, a first correction of the hyperspectral TOA reflectance
to surface reflectance is conducted. The estimation of WV is then improved using the
Atmospheric Pre-corrected Differential Absorption (APDA) method [21] over an initial
estimation of the hyperspectral surface and TOA reflectance in the spectral region between
1030 nm and 1160 nm. This improved WYV is then used to correct the hyperspectral TOA
reflectance to surface reflectance. In the algorithm version used for this paper, no adjacency
or topographic corrections are applied for the near infrared (NIR)/short-wave infrared
(SWIR) range.

The ImaACor (Image Atmospheric Correction) processor initialises a parametrisation
of MODTRAN using standard profiles based on the geographic coordinates of the image
centre, as well as the acquisition and illumination geometry. A WV map is generated
through a cycle of MODTRAN simulations used to construct a calibration curve that relates
the depth of the main WV absorption features to the actual vapour content. This calibration
curve is then applied to estimate the WV amount at each pixel across the image. An average
value is extracted from the per-pixel estimations. For AOD retrieval, Dark Dense Vegetation
(DDV) is identified in the radiance image, and a recursive atmospheric correction is applied
to the bands at 660 nm and 2100 nm. The average visibility and WV values are then used to
refine the atmospheric parametrisation. To account for both adjacency and topographic
effects, the atmospheric correction process combines a simplified model, i.e., excluding
environmental contributions, with a complete model that includes them. The simplified
correction enables the estimation of environmental functions, which are used to build a
point spread function. This function is applied within the full model, allowing for the
retrieval of a reflectance image corrected for both adjacency effects and terrain-induced
radiometric distortions.

MAGAC (Magellium Atmospheric Correction) is a toolbox developed for hyperspec-
tral satellite data with a flexible interface design that allows application across different
sensors. The entire data processing chain relies on emulated atmospheric radiative trans-
fer functions trained with MODTRANG6 simulations. Meteorological inputs from CAMS
(reanalysis or forecast) [22] provide ozone, and an initial estimate of WV and aerosol prop-
erties at the time and location of image acquisition, while climatological data constrain the
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atmospheric state. Aerosol retrieval is conducted with an optimal estimation algorithm
following [17,23]. The retrieval is applied to macro-pixels of configurable size (typically
10 x 10 km?), where aerosol conditions are assumed homogeneous. Multiple pixels with
distinct radiometric characteristics contribute to the cost function, helping to better con-
strain the retrieval [24]. Besides AOD, aerosols are described by effective optical properties
including Angstrom exponent and asymmetry parameter, with single scattering albedo
fixed from climatology. WV is retrieved pixel-wise using the APDA method [21] on the
H,0O band at 940 nm. Surface reflectance is then derived empirically from TOA reflectance
using pixel values of geometry and atmospheric conditions. A final post-processing step
corrects for adjacency and topographic effects following [25].

PACO (Python-Based Atmospheric Correction) is a MODTRAN 5.4.0-based processor
that extends the principles of ATCOR [26]. LUTs of simulated sensor radiative transfer
functions are computed and binned according to sensor characterisation, observation con-
ditions, and the atmosphere. The ozone column value is retrieved from an external source
(e.g., ECMWEF). The processor then classifies the pixels according to pre-defined classes,
and DDV pixels are used to retrieve both the atmosphere visibility and the AOD at 550 nm.
To identify dark pixels, the SWIR reflectance is calculated assuming a visibility of 23 km,
excluding water pixels. Once the surface reflectance in the red and blue bands is known
for each dark pixel, the at-sensor radiance for the current viewing and solar geometry is
calculated as a function of the visibility using the pre-calculated LUTs. The intersection
of the measured radiance with the calculated curve determines the per-pixel visibility.
The AOD map is calculated from the visibility. The WV column is determined using
the APDA algorithm [21] with bands at WV absorption wavelengths (generally around
820 nm, 940 nm, and /or 1130 nm). After the determination of all the LUTs bins, the BOA
reflectance of each pixel is calculated by solving the radiative transfer equation. Adjacency
and topographic effects are handled within the processing steps. Although PACO is part of
the EnMAP L2 processing chain [27], it is not identical to the EnMAP Level 2A Processor
(Atmospheric Correction over Land).

For large-scale data processing or operational business workflow, the computational
efficiency of atmospheric correction processors can be a key factor. A direct comparison
of processing times is challenging, as hardware and settings (e.g., parallelisation, GPU
usage) differ for every participant and are known in different levels of detail. Furthermore,
workflows can be adapted to operational usage (e.g., with and without terrain correction).
The following summary gives an indication of computational efficiency but cannot be taken
as a direct comparison. ACOLITE/DSF is written and executed in Python 3. For ACIX-III
Land, the average processing time for PRISMA scenes was 79.1 (+/—18.9) seconds, and
for EnNMAP it was 73.1 (+/—8.9) seconds. For ATREM, scenes were processed on an Apple
Mac with an Intel i9 processor without parallelisation or GPU. The average processing
time per scene for both sensors was around 60 s. GeoNEX-AC was executed on the NASA
Pleiades Supercomputer (SGI/HPE, Moffett Field, California, USA) (Haswell nodes, 12-
core Xeon E5-2680v3 processors) with simple parallelisation by splitting grids, while no
Message Passing Interface (MPI) library or GPU were used. The average processing time
was around 30 min or less for both sensors. Similarly, processing took around 30 min for the
scenes processed with HYPER SIAC, using a computer with one CPU, one GPU, and RAM
of 40 GB. Scenes for ImaACor were processed on a 13th Gen Intel(R) Core(TM) i9-13900KF
3.00 GHz with 64.0 GB RAM without GPU or parallelisation. Processing time for one scene
took between 2 h and 41 min for EnMAP and 3 h and 4 min for PRISMA scenes. These
processing times were split between terrain correction (between 2 h and 39 min and 3 h
and 3 min), adjacency correction (depending on AOD between 1 and 1.5 min), and the
basic correction (15 s). The MAGAC developers used a Windows 10 64-bit OS, i7-4710 CPU
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2.50 GHz machine with 16 GB RAM, without using parallelisation or a GPU. Average scene
processing time for both sensors amounted to 20 min. For PACO, scenes were processed on
an Intel(R) Xeon(R) CPU E5-2640, 504 GB RAM without GPU or parallelisation. Average
processing times for were 18 min and 7 s for PRISMA and 17 min and 43 s for ENMAP.

2.2. Input and Validation Datasets

Level 1 products from two hyperspectral missions (PRISMA and EnMAP) were in-
cluded in this exercise. All processors submitted results for all proposed scenes from both
missions. Match-ups were selected over available validation sites for either atmospheric
parameters (AERONET) or hyperspectral surface reflectance measurements (RadCalNet,
HYPERNETS, Hypersense campaign, and EnMAP validation campaign). The exercise
comprises 90 scenes, with 44 scenes coming from EnMAP (with acquisitions between June
2022 and June 2023) and 46 coming from PRISMA (with acquisitions between January 2021
and June 2023), respectively. While comparing data from (quasi-)synchronous overpasses
from both sensors would have been preferable to directly compare both sensors under
similar conditions, those overpasses were not available in the scene archives at the time of
data collection. The following sections on the validation datasets describe in detail which
scenes were chosen (see an overview in Figure 1).

Berlin
- .
Sioux Falls
Black Rock Playa Wytham Woods
Nasa Ames ‘: ™ R LaCrau = -graccagni

' “RCN Railroad Valley Playa Camarena L]

RECR S Y e Rome Tor Vergata

DA ALAR 2
o2 ¢ Rio Tinto : - Migal
Amiaz Plain
-

Makhtesh Ramon

AOE BaDtDuABaoto_u Sand

TGF Tsukuba.
EnVal Gobabeb _HN Gobabeb

RCN Gobabeb

Bangkok

Learmonth
Validation site locations

Aeronet
> Enval Pinnacles
® Hypernets (HN) R
® Hypersense
® RadCalNet (RCN)

Birdsville
_ Antarctica

Figure 1. Location of the validation sites over which PRISMA and EnMAP scenes were acquired.
The corresponding validation network can be identified by the label’s colour.

2.2.1. PRISMA Input Dataset

PRISMA is an optical remote sensing mission with both a panchromatic and a hy-
perspectral push broom scanning payload. With a ground sampling distance (GSD) of
30m, it has 66 bands in the visible and near infrared (VNIR) (63 were used in the exer-
cise) and 171 bands in the SWIR, with an absolute radiometric accuracy of better than
5%. The mission products include both an L1 TOA radiometrically and geometrically
calibrated radiance image, as well as an L2 geolocated and geocoded atmospherically
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corrected reflectance product [28]. The data were downloaded under the ASI licence by the
ACIX coordinators and shared with the defined affiliate users, i.e., the ACIX participants.
As noted by others [29], the PRISMA geolocation accuracy stated as up to 200 m varies
between scenes or even within a single scene. A high geolocation accuracy is needed to
accurately match validation sites and satellite pixels; therefore, per-pixel coordinates were
adjusted using an image matching algorithm to reduce spatial errors, and datasets were
projected into WGS84/UTM at 30 m spatial resolution through nearest neighbour interpo-
lation, where the Copernicus Digital Elevation Model (DEM) was used to match the sensor
grid. The processed dataset is named L1G. Beyond projection to UTM, no other changes
were made to the radiance datasets, and they retain their original band order and scaling
factors. As sensor geometry data are only provided within the PRISMA L2 product, several
new attributes were added to the L1G dataset, as follows: (1) the solar geometry (deg),
calculated at mean scene acquisition time; (2) the sensor geometry (deg), calculated using
satellite positional data provided with the L1 dataset; (3) the surface elevation (meters) per
pixel, created using the Copernicus DEM; and (4) a map info string, describing projection,
pixel size, and corner coordinates. This L1G product was distributed in its original scene
size to participants as an HDF file in order to facilitate processing time and enable a fair
comparison (see Table 2).

2.2.2. EnNMAP Input Dataset

EnMAP is a German imaging spectroscopy mission operating within the optical
spectral range in 224 bands. Within the exercise, 88 VNIR and 154 SWIR bands were used.
The dual-spectrometer instrument delivers data with a spatial resolution of 30 m and high
spectral and radiometric stability and accuracy [45,46]. Data are provided through the DLR
EOWEB® GeoPortal under a stated License Agreement [47]. ENMAP products generated
with processor versions higher than 01.03.00 were provided to profit from the improved
co-registration error between VNIR and SWIR bands. However, as some participants
remarked during the exercise, some residual alignment errors between the VNIR and SWIR
spectrometers remain, resulting in slight anomalies in the WV retrieval. Data were used
from the start of the mission in April 2022. The data were distributed with the Copernicus
DEM at 30 m to ensure the provision of a common DEM for all participants, as well as the
common Fontenla 2011 solar irradiance model [48]. At the time of the exercise, information
on the viewing zenith (VZA) and azimuth angles (VAA) was not provided within the
EnMAP metadata; therefore, a common formula to compute the angles was provided in the
form of a Python script by the DLR Ground Segment. Data were provided in their original
scene size to participants in a zip folder containing different TIFF files, including the VNIR
and SWIR radiance files, as well as quality masks and metadata (see Table 3).
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Table 1. Overview of all the processors and their characteristics for ACIX-III Land.
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A single AOD is No AOD retrievals Sp.e Ctljal ratlo-l?ased; Multi-pixel optimal
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) but possible retrieval surface reflectance DDV-based ] DDV + Red/NIR
AOD scene using the 1 . SIAC by ISOFIT [17] and
. of AOD and aerosol was obtained from procedure .. dark surfaces
percentile darkest the multi-pixel
ixels model over water MODIS 8-day BRDF approach from [24]
P surfaces products (MCD19) PP
Assumed a Shettle & pﬁ)?gjgisizﬁ;ie
Fenn 1979 [52] Rural OPAC https://geisa. MODTRAN stan dard scattering albedo
. Aerosol Model . . on the basis of image . Rural (MODTRAN,
Continental and . . aeris-data.fr/opac/, ESA Aerosol_cci (fixed from
Aerosol Model i having an optical scene (based on . based on Shettle &
Maritime (6S) accessed on Aerosol Model climatology),
depth of 0.1 at 20 Mav 2025 Shettle & Fenn Anestrom exbonent Fenn 1979 [32])
550 nm and a relative y 1979 [32]) & p ’
humidity of 70% and asymmetry
parameter
- Three-band ratio MODTRAN-based
Auxiliary data: algorithm usin ATREM, slightl calibration curve
WV GMAO_MERRA?2 5 5 7 SHEALY APDA [21] APDA [21] APDA [21]
[18] WV bands near 800 nm, revised from water
825 nm, and 850 nm absorption features
Adjacency Effects No No No No Yes Yes Yes
Terrain Correction No Mean su.rface No No Yes Yes Yes
elevation
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Table 1. Cont.
B ACOLITE/DSF B ATREM B GeoNEX-AC HYPER SIAC ImaACor MAGAC B PACO
Climatology
(MACVS3, [33]);
ESA Aerosol_cci ?ﬁ%se:giczis:
GMAO_MERRAZ?2 [18] Aerosol Climatology, Obtional: Flvin (% AC4) [2%]- LST and ozone
ozone and WV data Sentinel 2 (S2) zenli)th(;n d' azi};n u%h' instrument no,ise column: ECMWE,
Specific Auxiliary are used, and the MODIS MCD19 monthly clean image L Biome: WWE
. . - ) DEM for off-nadir model parameters; .
Data Copernicus DEM is (8-day BRDEF) composite, TOMS . . Terrestrial
and topographic atmospheric RTM - .
used for a pressure and OMI Merged correction emulator obiect: Ecoregions, Shoreline
estimate Ozone Data, MCD19 ject; (optional): GSHHG
surface reflectance
AOD .
spectral library
(USGS, ECOSTRESS,
and ECOSIS)
Quality Flags No No Yes Yes No Yes Yes
Version 8 May 2024 4.0 1.0 Vv0.0.1 6.55 v1.0 1.0.1
Average Processin, 155 (basic) | 755
erag & 76s 60s 30 min 30 min (adjacency) | 2h 20 min 18 min
Times Per Scene * . .
51 min (terrain)
Licence GNU General Public No licence GNU General Public  GNU General Public Frefeoinvl;;tga\;ie;rsllon TBD, probably Proprietary (DLR)
License V3 [34] License (LibRadtran) License V3 Apache v2.0 p y
purposes
University College
o pral Belgian United States Naval NASA Ames Lgndon (UCL); National Re§earch . German Aerospace
Organisation Institute of Natural Research Laboratory Research Center National Centre for Council Magellium Center (DLR)
Sciences (RBINS) (NRL) Earth Observation (CNR-IMAA)
(NCEO)
Main Reference [35] [5,36-38] [39] [40] [41-43] - [44]
* This comparison is based on the processing times of different machines. Please refer to Section 2.1 for a detailed description of processing times and hardware used.
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Table 2. L1G geo-corrected PRISMA data structure for ACIX-III.

PRS_L1G_STD_OFFL_SCENE_ID.hdf5

HDFEOS ADDITIONAL FILE_ATTRIBUTES
. SWIR_Cube
Data Fields VNIR_Cube
Geolocation Fields L];iﬂtiltfcelze
SWATHS PRS_L1_HCO &
Sensor_Azimuth_Angle
R Sensor_Zenith_Angle
Geometric Fields Solar_Azimuth_Angle
Solar_Zenith_Angle
Terrain Fields DEM
HDFEOS INFORMATION
Info
KDP_AUX

Table 3. EnMAP data structure for ACIX-III.

ENMAPO01 L1C_SCENE_ID

ENMAPO01___ L1C_SCENE_ID-DEM.TIF

ENMAPO1___ L1C_SCENE_ID-HISTORY.XML

ENMAPO1___ L1C_SCENE_ID-METADATA XML
ENMAPO01___ L1C_SCENE_ID-QL_PIXELMASK.TIF
ENMAPO1___ L1C_SCENE_ID-QL_QUALITY_CIRRUS.TIF
ENMAPO1___ L1C_SCENE_ID-QL_QUALITY_CLASSES.TIF
ENMAPO1___ L1C_SCENE_ID-QL_QUALITY_CLOUD.TIF
ENMAPO1___ L1C_SCENE_ID-QL_QUALITY_CLOUDSHADOW.TIF
ENMAPO1___ L1C_SCENE_ID-QL_QUALITY_HAZE.TIF
ENMAPO01___ L1C_SCENE_ID-QL_QUALITY_SNOW.TIF
ENMAPO1___ L1C_SCENE_ID-QL_QUALITY_TESTFLAGS.TIF
ENMAPO1___ L1C_SCENE_ID-QL_SWIR.TIF
ENMAPO01___L1C_SCENE_ID-QL_VNIR.TIF

ENMAPO1___ L1C_SCENE_ID-SPECTRAL_IMAGE.TIF

2.2.3. AERONET Validation Dataset and Inter-comparison

AERONET (AErosol RObotic NETwork) is a network of ground-based remote sensing
aerosol measurement sites, jointly established by NASA and PHOTONS. The network
has provided long-term and continuous measurements of AOD and WV properties for
over twenty years and has been extensively used for previous ACIX Land and Aqua it-
erations [49,50]. The retrieval of AOD is a crucial step for any atmospheric correction
algorithm, as the presence of aerosols can absorb or scatter the solar radiation reaching an
optical sensor on a satellite platform [51]. A diverse range of climate zones and land cover
types was selected based on the availability of AERONET measurements and coincident
satellite acquisitions. The selection was limited both by the availability of tasked hyperspec-
tral satellite scenes and the disposal of an AERONET measurement within 30 min (+15 min)
from the satellite overpass. Furthermore, the choice was driven by the availability of both
PRISMA and EnMAP acquisitions on the same station to ease comparison. For PRISMA,
a range of sensor zenith acquisition angles spanning 0 to 18° was selected to assess the
impact of the acquisition angle. This resulted in a total number of 18 AERONET stations
(see Table 4). Estimated AOD and WYV values from each processor were compared to
the Level 1.5 (cloud-screened) AERONET measurements of the corresponding variable,
as this was the highest AERONET processing level available for all stations. For AOD,
comparisons were performed at 550 nm, as this is the standard measurement agreed upon
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in previous exercises. AERONET AOD was therefore derived by interpolating with the
440 to 870 nm Angstrém exponent. To match the measurement to the satellite overpass,
the measurements are interpolated within the 30 min time window.

Table 4. The study sites based on the location of AERONET stations.

AERONET Sites Lat/Lon (°) Country Match-Up EnMAP  Match-Up PRISMA
. 20 July 2022, 24
AQOE_Baotou 40.9/109.6 China October 2022 15 June 2021
Bangkok 13.7/100.5 Thailand 5 March 2023 5 January 2023
Birdsville —25.9/139.3 Australia — 18 May 2022
20 September 2022,
GSFC 39.0/-76.8 USA 7 November 2022 19 March 2023
Learmonth —22.2/114.1 Australia 21 October 2022 28] anuary 2021, 25
April 2021
Migal 33.2/35.6 Israel 11 June 2022 14 July 2022
3 May 2022, 21
NASA_Ames 37.4/-122.1 USA 15 February 2023 December 2022
NEON_SJER 37.1/—-119.7 USA 18 February 2023 4 November 2021
Rome Tor Vergata 41.8/12.6 Italy — 2 July 2022
10 January 2022, 3
SEDE_BOKER 30.9/34.8 Israel 11 June 2022 June 2022
Sioux_Falls 43.7/-96.6 USA 10 August 2022 22 November 2022
TGF_Tskukuba 36.1/140.1 Japan 3 August 2022 17 February 2021
USDA_ALARC 33.1/-112.0 USA 2 December 2022 20 March 2021, 19
November 2022

2.2.4. RadCalNet Validation Dataset

The Radiometric Calibration Network ( RadCalNet, https:/ /www.radcalnet.org/,
accessed on 20 May 2025) consists of four stations, which are located in Gobabeb (Namibia),
Railroad Valley Playa (USA), La Crau (France), and Baotou (China). Each site is equipped
with automated instrumentation to continuously measure surface reflectance with char-
acterised and peer-reviewed uncertainties. At La Crau, an automatic photometric station,
the RObotic Station for Atmosphere and Surface (ROSAS), monitors the optical proper-
ties of the atmosphere and derives surface reflectance measurements by capturing the
upwelling radiance in 12 narrow bands from 380 to 1650 nm. Additionally, a modelled
bidirectional reflectance distribution function is available for the site. The La Crau site is
managed by the French Centre for Space Studies (CNES) and has a sunny, dry Mediter-
ranean climate with sparse, low vegetation and the presence of pebbles. Changes due to the
vegetation cycle are monitored [52,53]. The Railroad Valley Playa site in Nevada currently
relies on four ground-viewing multispectral radiometers (GVRs). The GVRs measure in
seven bands in the visible and VNIR and one band in the SWIR channels, and are operated
by the University of Arizona. Situated in a clay-based playa, the surface conditions are
mostly stable, with occasional changes due to rain or snowfall [52]. The site at Gobabeb
(Namibia) mirrors the technical setup of the La Crau site and is jointly operated by ESA
and CNES. It is situated in a desert environment with a high level of spatial uniformity
and clear skies [52,54]. The Baotou site (China) is operated by the Chinese Academy of
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Sciences and consists of two separate sites, an artificial site and a natural sandy site, further
referred to as Baotou Sand. Due to the sensor GSD requirements, only the Baotou Sand site
was considered in this exercise. At the sandy site, two automatic spectrometers measure
ground-reflected radiance in the spectral region of 380 to 1080 nm. Baotou is dominated by
a semi-arid climate at an altitude of 1270 m and 300 mm average precipitation [52,55].
The spatial homogeneity index (SHI) around the sites is defined as the ratio of the
standard deviation to the mean reflectance, calculated over a rolling window of size L x L:

SHI = @ (1)
where 0(p) and g represent the standard deviation and mean reflectance within the win-
dow, respectively. The SHI for RadCalNet sites is given in increments of 100 m x 100 m,
500m x 500 m and 1km x 1km for all sites except Baotou Sand, as the site extent is mea-
sured at 350 m x 350 m. Within these increments, the SHI is given as 3 to 5% for La Crau,
0.4 to 1.5% for Railroad Valley Playa, 3 to 5% for Gobabeb, and 3 % for Baotou Sand.
For the dates used in the exercise, aerosol loading was generally low over all RadCal-
Net sites, with AOD values (given as mean =+ standard deviation) of 0.106 % 0.025 for
La Crau, 0.037 £ 0.016 for Railroad Valley Playa, and 0.126 & 0.101 for Gobabeb. For the
single Baotou Sand site, AOD values were measured at 0.147. WV is slightly more var-
ied, with 1.490 £ 1.160 g /cm? for La Crau, 0.766 & 0.368 g/cm? for Railroad Valley Playa,
1.171 +£0.562 g/ cm? for Gobabeb, and 1.304 g/ cm? for Baotou Sand.

RadCalNet data are generally provided as a nadir surface reflectance product. For this
exercise, CNES preprocessed the data for its sites (La Crau and Namibia) to provide
the spectral reflectance in the sensor viewing geometry. For the sites that are collecting
the surface reflectance data at multispectral wavelengths, hyperspectral data at 10 nm
resolution is derived by combination with representative hyperspectral spectra taken at
the sites [52]. Measurement uncertainties are provided within the products downloaded
from the RadCalNet Portal [56], while the BRDF-adjusted data supplied by CNES were
expanded with the typical error budget for the given site taken from the Uncertainty
Analysis Statements. Given the availability of PRISMA and EnMAP scenes, RadCalNet
sites were chosen to be included in the exercise. For ENMAP, acquisitions were available
for all RadCalNet stations, while there was no matching acquisition over Baotou Sand
for PRISMA in the surveyed time period. Adjustment to the sensor viewing angle was
performed for the sites of La Crau and Gobabeb. More information on each site is listed
in Table 5.

Table 5. The study sites based on the location of RadCalNet stations.

. o BRDF Match-Up Match-Up
RadCalNet Sites Lat/Lon (°) Country Correction EnMAP PRISMA
3 February 2021,
. 9 July 2022, 1 4 March 2021, 30
Raﬂrgj‘: Zauey 38.5/—115.7 USA No September 2022,  May 2021, 28
y 25 June 2023 June 2021, 25
December 2022
La Crau 43.6/4.9 France Yes 15July2023 21 February 2021,

10 February 2023
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Table 5. Cont.
. o BRDF Match-Up Match-Up
RadCalNet Sites Lat/Lon (°) Country Correction EnMAP PRISMA
8 April 2021, 4
July 2021, 29
12 June 2022, 13 September 2021,
July 2022,17 July ~ 28 October 2021,
2022, 21 July 25 December
Gobabeb —23.6/15.1 Namibia Yes 2022, 2 October 2021, 14 April
2022, 6 October 2022, 11 June
2022, 21 October 2022, 10 July
2022 2022, 5 October
2022, 3
November 2022
Baotou Sand 40.9/109.6 USA No 16 July 2022 —

2.2.5. HYPERNETS Validation Dataset

HYPERNETS is a recent federated network of hyperspectral ground measurements
over water (WATERHYPERNET) and land (LANDHYPERNET), using a newly developed
autonomous spectroradiometer system, the HYPSTAR® (RSware OU, Toravere, Esto-
nia) . This instrument has a range from the visible to the near infrared (380 to 1020 nm),
with an additional short-wave-infrared module for land sites which extends the range
to 1680 nm. In the VNIR, the spectral sampling is 0.5 nm with a spectral resolution full-
width half-maximum (FWHM) of 3 nm, while the sampling and FWHM for the SWIR are
3 nm and 10 nm, respectively. The HYPSTAR® is equipped with an automatic pointing
system which acquires data over various viewing angles and is consistently processed
with a suite of algorithms called the hypernet_processor [10,57]. Each measurement comes
with related systematic and random uncertainty estimations, which were included in the
exercise. Possible match-ups were identified in cooperation with the HYPERNETS coor-
dinators. LANDHYPERNET data for Gobabeb and Wytham Woods were provided by
the National Physics Laboratory (NPL) close to satellite overpass times, as L2B data [57]
with additional quality checks by the team. HYPERNETS data are in the early develop-
ment stage, especially concerning the vegetated sites. The Gobabeb HYPERNETS site
exhibits minimal daily variation in surface cover and weather, with stable atmospheric
conditions and low precipitation. Located 650 m from the RadCalNet Gobabeb calibration
site, the HYPERNETS site lies on a gravel plain adjacent to a dry riverbed separating
it from a neighbouring dune sea. Due to the proximity to the RadCalNet site and their
analysis, spatial homogeneity between 3 and 5% SHI (spatial homogeneity index) can be
assumed. Wytham Woods (United Kingdom) has a long history of scientific research and
is managed by the University of Oxford. It is a semi-natural woodland in a protected
area, with mostly deciduous trees. The HYPSTAR® instrument is installed on the flux
tower at a height of 28 m, with regular, daily data collection at varying viewing zenith
and azimuth angles. The site is dominated by the vegetation cycle and therefore highly
variable depending on the season and varying degrees of illumination and shadowing.
The spatial homogeneity was assessed with airborne hyperspectral, indicating spatial
homogeneity over a 100m x 100 m area. Reflectance at the HYPSTAR® location closely
matches the Region of Interest (ROI) average, with differences below 0.01 nm in the visible
and 0.01-0.04 nm in the 800-1400 nm range. The Spectral Relative Absolute Error (RAE) is
below 10% above 500 nm, confirming representativeness [58]. The measurement protocol
for LANDHYPERNET sites is designed to optimise viewing geometries during satellite
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overpasses and throughout the day to capture site-specific BRDF characteristics. BRDF
modelling at several LANDHYPERNET sites is not currently implemented, but it is being
investigated to enhance outlier detection and enable interpolation over missing angles.
Previous findings show that the vegetated, heterogeneous Wytham Woods site exhibits
greater variability across viewing zenith angles than the homogeneous, near-Lambertian
Gobabeb site [57]. Aerosol loading for the HYPERNETS Gobabeb scenes used in the ex-
ercise is slightly higher than for the RadCalNet Gobabeb site, with a mean and standard
deviation of 0.193 & 0.148, while WV is comparable at 1.038 + 0.369 g/cm?. The Wytham
Woods scenes have an AOD of 0.271 and WV of 0.822 g/cm?. Please refer to Table 6 for
more information on the selected HYPERNETS sites and satellite match-ups.

Table 6. The study sites based on the location of HYPERNETS stations.

HYPERNETS Sites Lat/Lon (°) Country Match-Up EnMAP Match-Up PRISMA
16 June 2022, 13 July
2022, 1 September 2022,
Gobabeb _236/15.1 Namibia 9 September 2022, 6 0J""® 2022 5 October
October 2022, 21 ’
October 2022
Wytham Woods 52.5/-1.3 UK — 24 March 2022

2.2.6. Hypersense Campaign Validation Dataset

The Hypersense campaign, also called the ESA CHIME & SBG 2021 mission, was
flown between May and July 2021 as a joint effort between ESA, NASA/JPL, and UZH.
Measurements were timed at PRISMA overpasses [59]. While an AVIRIS-NG was operated
by NASA /JPL, simultaneous ground measurements were taken with an ASD Fieldspec
(Braccagni, Italy). Measurements followed an agreed-upon methodology [60] and SGCP
Field Campaign Protocol, documenting the target details, photos, cloud cover, acquisition
geometry, time, and setup. Analytical Spectral Device (ASD) and white reference mea-
surements were made available and processed by the ACIX coordinators and cover the
VNIR and SWIR spectral range. The standard deviation of the repeated measurements
was included as the uncertainty value of the measurements. All measurements from the
campaign were provided in 1 nm resolution between 350 and 2500 nm. AOD and WV
measurements are not available for these sites.

Measurements in Braccagni (Italy) were made by a team from the Institute of Method-
ologies for Environmental Analysis at the Italian National Research Council (CNR IMAA)
and the University of Tuscia in an agricultural area over four distinct fields, covering lightly
wet bare soil without vegetation cover, further referred to as bare_wet_soil; a summer
wheat crop, dry with yellow ears of 70 to 80 cm height, referred to as summer_wheat;
a dry, bare, and light soil without vegetation cover, further called bare_dry_soil; and a
brownish bare, dry soil without vegetation cover, referred to as bare_reddish_soil. Spatial
homogeneity was not assessed during the campaign, but measurements were taken in
approximately homogeneous agricultural fields, varying in size between 300 m x 600 m
(bare_wet_soil) and 450 m x 600 m (summer_wheat). These fields are generally bordered
by fields in diverse states of cultivation.

Near Camarena (Spain), a team from the Centro de Investigaciones Energéticas,
Medioambientales y Tecnolégicas (CIEMAT) measured three different targets in an agri-
cultural area: a first target over bare ploughed soil without vegetation cover (BareSoill),
a second target over bare ploughed soil without vegetation cover (BareSoil2), and a field of
dry vegetation, cut dry after harvest with a remaining vegetation crop of 5 to 10 cm height
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and crop cuttings on the field (DryVeg). Again, spatial homogeneity was not explicitly
assessed. Measurements were taken in the middle of elongated agricultural fields, sur-
rounded by field at a different state of cultivation. These fields varied in length (200 to
2000 m) and width (30 to 50 m).

Near Rio Tinto (Spain), measurements were performed by a team from the Estacién
Biolégica de Dofiana (EBD - CSIC) in a mining pond. For both measurements, the target is of
a homogeneous mineralogical composition made up mostly of quartz as the main mineral
and chlorite—smectite and jarosite as accessory phases. The area in the pond was assessed
and deemed spatially homogeneous in an area of 100 m x 100 m around the measurement
point. Dates and location for each site are shown in Table 7.

Table 7. The study sites based on the location of Hypersense Campaign stations.

Hypersense Campaign Sites Lat/Lon (°) Country Match-Up PRISMA
Camarena 40.0/—41 Spain 30 June 2021
Rio Tinto 37.9/-6.6 Spain 25 June 2021
Braccagni 42.8/11.1 Italy 4 June 2021

2.2.7. EnMAP Campaign Validation Dataset

The EnMAP Product Validation team at Helmholtz Centre for Geosciences (GFZ)
collected data for a validation campaign for ENMAP in 2022 and 2023 with cooperating
site teams [61] and a consistent measurement protocol [62]. All sites were assessed to have
a highly spatially and spectrally homogeneous area of least 90m x 90 m, as well as to
exhibit temporal stability, flat terrain, and minimal shadowing. The sites were chosen to be
free from nearby large water bodies and adjacency effects and composed of stable surface
materials unaffected by measurement activities [62]. These data were shared with the
ACIX coordination team. ASD measurements were taken in the VNIR and SWIR spectral
regions, covering all relevant spectral ENMAP bands. The data were provided already
spectrally resampled to the ENMAP spectral range and resolution, between 418 and 2445 nm.
Indications of measurement uncertainty were not available for these measurements. These
sites include Pinnacles (Australia), a spatially uniform desert site with high reflectance
values [63]; Amiaz Plain and Makhtesh Ramon (Israel), two homogeneous flat desert
sites [64]; Black Rock Playa (USA), a sizeable and homogeneous playa site [65]; TXL
Airfield Berlin (Germany), a sealed airfield surface at the airport of Berlin measured by
GFZ; Nansen Ice Shelf (Antarctica), a homogeneously snow covered flat area with a strong
influence of katabatic wind [66]; and additional measurements from Railroad Valley Playa
as part of RadCalNet described in Section 2.2.4. AOD and WV measurements are not
available for these sites. All campaign sites and dates are shown in Table 8.

Table 8. The study sites based on the location of EnNMAP Validation (EnVal) Campaign stations.

EnVal o
Campaign Sites Lat/Lon (°) Country Match-Up EnMAP
Antarctica —74.7/163.4 Antarctica 11 December 2022
Berlin 52.6/13.3 Germany 24 July 2022
Makhtesh Ramon 30.6/34.8 Israel 8 July 2022
Amiaz Plain 31.1/35.4 Israel 23 August 2022
Black Rock Playa 40.9/-118.9 USA 28 June 2022, 29 July 2022
Raﬂrl‘;fy:auey 38.5/—115.7 USA 21 July 2022
Pinnacles —-30.6/115.2 Australia 20 August 2022, 6 December 2022, 5 March 2023
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2.3. Inter-comparison and Validation Methodology
2.3.1. Inter-comparison and Validation of Aerosol Optical Depth and WV

As with previous ACIX implementations, the inter-comparison analysis for AOD and
WYV was performed on a 9 km x 9 km image subset, which was centred on the AERONET
station. This area was selected to contain a sufficient number of pixels at a 30 m sensor
resolution and provide spatially homogeneous atmospheric conditions [7].

AERONET AOD and WYV data were processed and matched to satellite retrievals
over the image subset as described in Section 2.2.3. For scenes where RadCalNet surface
reflectance ground measurements were used for the SR inter-comparison, the corresponding
AOD and WV measurements were downloaded and added to the exercise. To better place
the results in a wider context, reference specifications for both AOD and WV were added
to the plots. For AOD, the empirical uncertainty of MODIS AOD retrievals [67], defined as

AA()]:)550,Speciﬁca’tion =0.15 x AODSSO,Reference +0.05 (2)

was used. For WYV, the specification

A\NVSpecification = 0.1 X WVReference +0.28/ cm? (©)

was adapted from the empirical uncertainty associated with Sentinel-2 WV retrievals [25].
An average AOD and WV value over the 9km x 9km subset was calculated for each
processor and scene and then compared to the corresponding AERONET/RadCalNet
measurement. For each processor, the two retrieved variables were plotted against reference
values for all sites, and statistical metrics were calculated (see Section 2.3.3 for details).
As there was a strong bias towards low AOD in the dataset, a linear fit could not be assumed,
and the AOD retrievals were assessed with accuracy, precision, and uncertainty (APU)
metrics per 0.05 validation bin. For WV, a scatterplot was used to depict the relationship
between estimated and reference value, using precision, uncertainty, and R? as metrics.

2.3.2. Inter-comparison and Validation of Surface Reflectance

All surface reflectance ground measurements were spectrally resampled to the spectral
resolution of the satellite sensors by applying a spectral convolution with the sensor’s
response function. The only exception was for the BRDF-adjusted RadCalNet measure-
ments from Gobabeb and La Crau supplied by CNES, as these were already delivered as
a spectrally resampled product. For the comparison, the four closest pixels to the station
location were selected and their reflectance values retrieved. This number of pixels was
chosen based on recommendations by site operators and a sensitivity analysis. For a small
number of sites, the number of pixels was reduced due to heterogeneous terrain (for a
discussion on this issue, please refer to Section 4.1). The estimated reflectances for each
processor were then averaged over each target area, and the mean and standard deviation
were compared to the validation measurement and its uncertainty. This study focuses on
the comparison of each processor to the corresponding in-situ measurement. For more
information on direct processor by processor comparisons, please refer to the Appendix A.

The Spectral Angle Mapper (SAM) metric was used to give an indication of the similar-
ity between retrieval and reference across the whole spectrum. For the general assessment,
APU plots were used to compare the processors’ performances. To contextualise the SR
retrieval, a reference specification for APU metrics was chosen as

ApSpecification = 0.05 x PReference T 0.005, (4)

as used in previous ACIX iterations [6,7,68].
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2.3.3. Inter-comparison Metrics

The metrics used to assess AOD, WV, and SR are shown in more detail in this section.
The SAM computes the angle between the spectra, which is indicative of their similarity

SAM(s1,82) = arccos(m). (5)
[s11] - Isz]]

Here, 51 and s; refer to two different spectra, i.e., the retrieved and the reference
spectrum. SAM is computed for each processor and site.

The accuracy (A), precision (P), and uncertainty (U) metrics assess the processors’
performance in retrieving AOD, WV, and SR. The APU framework was chosen for this
inter-comparison as it provides a multidimensional assessment of model performance
by evaluating how close predictions are to the truth (accuracy), how repeatable they are
(precision), and how far predictions are from the truth on average (uncertainty). Conven-
tional metrics (e.g., Root Mean Squared Error (RMSE), bias) summarise total error in a
single value, while APU gives a more comprehensive and diagnostic measure of algorithm
performance. They are computed starting with the difference between the retrieved value
y; and the reference yrgg; for observation i, i.e., ARgg; = ¥; — yrgr,;- Then APU metrics are
calculated based on Equations (6) to (8):

1 n
Accuracy(A): A = - Y Aggr, (6)

i=1

1 n
Precision(P) : P = Argpi — A)Z, 7
recision(P) p—] ;( REFi — A) @)
. 1,

Uncertainty (U) : U = " Z ARgg ;- (8)

The APU metrics are given in the respective units, i.e., reflectance [0 ... 1] or % for SR,
g/ cm? for WV, and unitless for AOD.

Following these definitions, the accuracy [Equation (7)] is equivalent to the bias, while
the uncertainty [Equation (8)] is equivalent to the RMSE, respectively, defined as

1 n
BIAS = — Y (Vi — yreEi), )
i=1
and
14 5
RMSE = [ =} | (vi — yrer,1)* (10)
i=1

For the assessment of WV, Pearson’s correlation coefficient R is defined as follows:

Y (xi—x)(yi—7)
BV DAL ()

where x; and y; are the individual data points for the retrieved value over area i and the

predicted value over area i, respectively. X; and i; are the means of variables x; and v;.
The predicted value here refers to the value predicted by the linear regression.

2.3.4. CEM-PAL Processing Environment

The Copernicus Expansion Mission-Platform Algorithm Laboratory (CEM-PAL) is an
open-source scientific computing environment, developed to support the evolution and
prototyping of L2 products and algorithms for Copernicus Expansion Missions. It is an
online cloud platform infrastructure, which provides storage and computing resources
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using open-source processing software. It is a collaborative environment, where users
can collaborate on code, connect to repositories, and create shareable dataset catalogues.
Different environments can be set up for code development and data analysis [69]. All
input data used in ACIX-III (i.e., satellite products, validation datasets, participant sub-
missions) were stored on the workspace and analysed on the same platform. In this way,
the established environment and shared resources could be exploited and easily shared
within the coordination team. The ACIX-III Land catalogue and validation scripts can
further be used within the CEM-PAL to support CHIME L2A development and other
missions (e.g., SBG, LSTM).

3. Results
3.1. AOD Validation over AERONET/RadCalNet Sites

The AOD retrieval is assessed over PRISMA and EnMAP scenes to achieve a statisti-
cally significant number of samples, yielding 78 samples across AERONET and RadCalNet
sites. All processors except ATREM submitted AOD values to assess for the exercise.
For ATREM, surface spectral reflectances, aerosol models, and optical depths can, in princi-
ple, be retrieved simultaneously with a spectrum-matching technique. However, because of
the low signal-to-noise ratios in both PRISMA and EnMAP data, AOD retrievals were not
submitted to the exercise. The PACO processor flags its aerosol retrievals, resulting in only
22 samples included in this comparison, as all other AOD values were not retrieved from
the DDV method and a fallback to dark surfaces was used. Most processors make use of a
variation of the DDV algorithm to retrieve AODs, as seen in Table 1. For a description of
each processor’s specific approach to AOD retrieval, please refer to Section 2.1.

As shown in Table 9, HYPER SIAC achieves the overall best performance, with the
best metrics in accuracy, uncertainty, and the highest percentage of uncertainty within
the specification. MAGAC (with the best precision) and PACO perform similarly well.
ACOLITE/DSEF shows the highest overestimation of values. More detailed results in the
form APU plots are shown in Figure 2. Results are binned to 0.05 AOD intervals with the
number of reference measurements in each bin illustrated by a histogram (measurement
counts shown on the left y-axis). Accuracy (blue), precision (green), and uncertainty
(orange) values are depicted for each bin and calculated as described in Section 2.3.1.
The reference specification is shown in the light brown shaded area. The processors retrieve
AOD with an accuracy between 0.039 and 0.371 (median 0.089), a precision between 0.017
and 0.079 (median 0.051), and an uncertainty between 0.059 and 0.382 (median 0.120).
Depending on the processor, between 2.6% and 35.9% (median 30%) of uncertainty values
fall within the specification limits. HYPER SIAC (0.059), PACO (0.080), and MAGAC (0.093)
show the lowest uncertainty values, with ACOLITE/DSF (0.382) showing the biggest
discrepancy between retrieved and measured AOD. For ACOLITE/DSF, there is no fallback
mode for the aerosol retrieval so, for image acquisitions over bright desert environments
with a lack of DDV or water pixels, the aerosols are strongly overestimated. GeoNEX-AC
utilises a fallback value for a significant number of scenes when retrieving AOD, which
contributes to a slightly less accurate performance. Generally, the percentage of uncertainty
values within the specifications is quite low. However, from the APU graphs in Figure 2,
two relevant observations arise. Firstly, uncertainty values are close to the upper limit of
the reference specification for a number of bins, especially for HYPER SIAC and PACO
retrievals. Secondly, the majority of retrievals are between 0 and 0.15 AOD, where the
specification limits are very small. For HYPER SIAC, MAGAC, and PACO, the retrieval is
within or close to the specification limit for low (<0.2) and high AODs (>0.4), with slightly
higher uncertainties for the 0.2-0.25 bin (PACO) and the 0.25-0.3 AOD bin (HYPER SIAC,
MAGAC). For GeoNEX-AC and ImaACor, uncertainties increase for AODs higher than 0.2.
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ACOLITE/DSF shows a generally strong overestimation of values. HYPER SIAC, ImaACor,
MAGAC, and PACO show an underestimation of the highest retrieved AODs, while all
other AODs are generally overestimated.

Table 9. Averaged accuracy (A), precision (P), and uncertainty (U) (dimensionless) of AOD retrievals
compared to ground measurements for each processor. U in specs % refers to the percentage of
uncertainty scores within the reference specifications. For each metric, the best overall performance
is shown in bold. (* PACO has overall best precision but only retrieved AOD for 22 scenes.)

ACOLITE GeoNEX-AC HYPER SIAC ImaACor MAGAC PACO
A 0.371 0.119 0.039 0.103 0.071 0.075
p 0.078 0.062 0.039 0.079 0.037 0.017 4
U 0.382 0.157 0.059 0.146 0.093 0.080
U in specs % 2.5 154 36.0 28.2 33.3 31.8

3.2. Water Vapour Validation over AERONET/RadCalNet Sites

For the evaluation of WV retrieval, six processors were compared. Their WV retrievals
are assessed against AERONET and RadCalNet measurements. ACOLITE/DSF does not
retrieve WV but uses ancillary data derived from GMAO_MERRAZ2 [18] instead; therefore,
it is not included in the comparison. Processors generally use ratio algorithms or the APDA
method [21]. Please refer to Section 2.1 for more details on each processor.

The results are shown in Figure 3. The bigger scatterplot on the left side zooms in
on the WV measurements between 0.2 and 3 g/cm?, while the smaller plot on the bottom
shows the full range of measurements (between 0 and 6 g/ cm?). The error metrics are
indicated in the top-right corner, while an error histogram is shown in the right middle.
Within the scatterplots, the dashed brown line indicates the 1:1 line, representing a perfect
correspondence between the estimated and reference values. The light brown area shows
the reference specification (3), adapted from the empirical uncertainty associated with
Sentinel-2 WYV retrievals [25]. Generally, the results (see Table 10) are consistent with R?
values higher than 0.9, except for ImaACor with an R? values of 0.667, which reflects the
more widely dispersed outliers. ATREM, MAGAC, and PACO show similar results with
uncertainty between 0.267 and 0.399 g/cm?, with an accuracy throughout the measurements
between 0.137 and 0.289 g/cm? and a positive offset. GeoNEX-AC is the only sensor
showing a strong negative offset, with consistently underestimated values and an accuracy
of —0.355g/cm?. Although GeoNEX-AC uses an approach adapted from the ATREM
processor, the retrievals are overestimated in the case of ATREM and underestimated for
GeoNEX-AC. HYPER SIAC shows a very well-performing retrieval, with low accuracy
(—0.028 g/cm?) and low uncertainty (0.171 g/cm?).

3.3. Surface Reflectance Validation for EnMAP

For each processor, Figure 4 shows the APU results averaged over all sites included in
the exercise for the EnMAP sensor. The plots show the accuracy (blue), precision (green),
and uncertainty (orange). In these graphs, all wavelengths submitted by the processors
are displayed; hence, there might be slight differences between the graphs, as not all
processors output the same wavelengths. All wavelengths submitted by each processor are
averaged over 10 nm. The reference specification (4) [68], averaged over all reference sites,
is displayed in the brown shaded line and lies between £2 and 3 % across the spectrum.
For most processors, the average accuracy, precision, and uncertainty stay within the
reference specifications, with uncertainty and precision often being situated at the upper
limit of the specification. Outliers occur around the water absorption features at 1450 nm
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and 1950 nm, as well as around major water absorption features at approximately 950 nm
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Figure 2. APU plots for AOD retrieved over AERONET and RadCalNet stations for both EnMAP
and PRISMA sensors, shown with 0.05 value bins. The reference specification refers to (2).

Spectral regions strongly affected by water vapour absorption exhibit near-saturation
of HyO absorption, where TOA radiances approach zero. Consequently, atmospheric
correction in these bands yields unrealistically large relative errors due to divisions by
values close to zero. Generally, the performance for SWIR bands (>1900 nm) is a bit weaker
for all sensors compared to the shorter wavelengths, with the metrics falling slightly above



Remote Sens. 2025, 17, 3790

22 of 48

(or below) the specification area. For some processors, such as ACOLITE/DSF, ATREM,
and HYPER SIAC, a larger underestimation (up to 10% accuracy) can be observed for the
end of the spectrum (wavelengths bigger than 2300 nm). HYPER SIAC was updated in
response to these findings, mitigating the underestimation issues in the affected spectral
regions. With this update, the hyperspectral surface reflectance over the NIR and SWIR
spectral range is added as a post-processing step, as the processor’s RTM (6S) is not able to
simulate the gas absorption effects at the fine spectral resolution required for hyperspectral
image corrections. However, this updated version is not included in the current comparison.

Table 10. Averaged precision (P), uncertainty (U) (in g/ cm?), and R? of WV retrievals compared to
ground measurements for each processor. For each metric, the best overall performance is shown
in bold.

ATREM GeoNEX-AC HYPER SIAC ImaACor MAGAC PACO

A in g/cm? —0.355 —0.028 0.499 0.288 0.137
U in g/cm? 0.525 0.170 0.875 0.399 0.267
R? 0.936 0.973 0.667 0.927 0.949

While accuracy values are mostly within the reference specification bounds, uncer-
tainty and precision are slightly above the bounds for ACOLITE/DSF. Strong outliers are
present around 950 nm and at the end of the spectrum. For ATREM, accuracy, precision,
and uncertainty values lie within and at the upper edges of the reference specification,
with the exception of the very short (<500 nm) and long (>2300 nm) wavelengths and
some outliers around 1150 nm and the mentioned water absorption bands. The retrieval is
generally smooth and consistent within wavelengths. Reflectances are generally slightly
underestimated until 1500 nm and overestimated from 1500 nm to 2300 nm. GeoNEX-AC'’s
retrieval differs slightly from that of the other processors. Accuracies are mostly within
the reference specification bounds, with overestimations for the shorter wavelengths until
1100 nm, underestimations between 1100 nm and 2250 nm, and underestimations for wave-
lengths > 2300 nm. Uncertainty and precision are more strongly out of the specification
for short wavelengths (<600 nm), between 750 nm and 1000 nm, and then again for longer
wavelengths > 2000 nm. With the exception of some outliers at water absorption features
around 1750 nm and 1950 nm, the metrics stay below 4%, and this is also the case for
the longer wavelengths. HYPER SIAC shows very smooth retrievals, with most metrics
being within the reference specification throughout the spectrum. Wavelengths at the
water absorption bands are not retrieved by the processor. Until 1450 nm, retrievals are
slightly underestimated. They are slightly overestimated between 1500 nm and 1700 nm.
Larger underestimations occur in two spectral ranges, first between 2000 nm and 2100 nm
and then more pronouncedly between 2300 nm and 2500 nm. Retrievals for ImaACor
show accuracies mostly within the reference specification except for very short (<500 nm)
and long (>2300 nm) wavelengths. Uncertainty and precision are at the upper bounds of
the specification and also slightly above the bounds for very short and long wavelengths.
Outliers can be seen at water absorption features around 950 nm, 1450 nm, 1750 nm, and
1950nm. MAGAC shows a very similar pattern, with most metrics within the reference
specification. There are some outliers at around 450 nm, 760 nm, 820 nm, and 2050 nm,
as well as the water absorption bands. The metrics are slightly beyond the specifications
for wavelengths longer than 2300 nm. Excluding very short (<500 nm) and long (>2300 nm)
wavelengths, the retrievals for PACO also show accuracies mostly within the reference
specification, and uncertainty and precision are at the upper bounds of the specification.
Outliers can be seen around 760 nm and at the water absorption features around 950 nm,
1450 nm, 1750 nm, and 1950 nm.
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A summary of uncertainty results can be seen in Figure 5. Higher uncertainties
for ACOLITE/DSF throughout the spectrum, and for GeoNEX-AC in the VNIR become
apparent, as well as the overall higher uncertainties in the higher wavelengths > 1400 nm
and especially >2000 nm.
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Figure 3. Scatterplots (with ranges 0.2 to 3 g/cm? for the bigger plot on the left and 0 to 6 g/cm? for
the smaller plot on the lower right) and error histogram (on the upper right) of WV retrieval and WV
reference values from AERONET/RadCalNet. The dashed line represents the 1:1 agreement, while
the shaded brown area shows the uncertainty limits specifications, i.e., (3). The dotted orange line
shows the regression line.
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Figure 4. Accuracy, uncertainty, and precision (APU) plots for ENMAP SR retrieved over RadCalNet
and HYPERNETS stations, as well as for the EnMAP validation campaign. All submitted wavelengths
shown for each sensor binned to 10 nm. The reference specification in the brown area refers to (4).
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Figure 5. Heatmap of average uncertainties over all ENMAP sites for all processors. Only bands
common to all processors (excluding water absorption regions) are included in the computation of
the uncertainty. A darker colour corresponds to a higher uncertainty value.

3.3.1. Surface Reflectance Validation Using RadCalNet Measurements for EnMAP

For EnMAP, all RadCalNet sites were covered in the exercise (see Table 5). Figure 6
shows an average uncertainty over all scenes taken over the individual sites for all pro-
cessors in one graph. The uncertainty values are binned to 10 nm, and only wavelengths
submitted by all processors are shown in these results. The mean over all processors
(corrected for outliers) is shown with the dashed black line, indicating which processors
perform better or worse than average. The light brown area indicates the reference specifi-
cation (4).

For Baotou Sand, the uncertainty values throughout the spectrum roughly follow
the same trajectory for all processors, with peaks around 450 nm, 600 nm, 775 nm, and
875 nm and corresponding valleys at 500 nm, 700 nm, and 850 nm. The mean uncertainty
oscillates between 1% and 3% and lies mostly 0.5% to 1.5% above the reference specification.
HYPER SIAC and PACO lie mostly within the specification, while GeoNEX-AC shows
uncertainties about 1 pp (percentage points) higher than all other sensors throughout the
spectrum. Gobabeb shows good performances for all processors, with a larger uncertainty
for ACOLITE/DSEF. The average performance is within the reference requirements of below
3% (with exception of the very short wavelengths < 475 nm) and so is the individual
processor performance. Uncertainties are especially low for ATREM (up to 1300 nm) and
HYPER SIAC. ACOLITE/DSF shows uncertainties between 2% and 6%. Performances
for La Crau are mostly within the reference specification until 1300 nm and below 1%
uncertainty for ATREM, ImaACor, and HYPER SIAC, while the average is above the
specification for longer wavelengths. For the longer wavelengths, the uncertainty is up
to 5% for the processors ATREM and ACOLITE/DSE. The results over Railroad Valley
Playa show a similar pattern, with mean values below or only slightly above the reference
specification for the VNIR and above the boundary for wavelengths > 1300 nm. Similarly
to Gobabeb, ACOLITE/DSF shows higher uncertainty with values up to 10%. GeoNEX-
AC also shows slightly higher values (up to 4%) in the VNIR but is within specification
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Figure 6. Uncertainty plots for ENMAP SR retrieved over RadCalNet sites. Common submitted
wavelengths shown for each sensor, binned to 10 nm. The reference specification in the brown area
refers to (4).

3.3.2. Surface Reflectance Validation Using HYPERNETS Measurements for EnMAP

There is one site within the HYPERNETS network with an EnMAP overpass, which is
the Gobabeb site (see Table 6). Figure 7 shows that except for the very short wavelengths
(<450 nm), the average uncertainty is within the reference specification of 1 to 3 %. De-
pending on the wavelength, ATREM, GeoNEX-AC, HYPER SIAC, and ImaACor show
very good performances with uncertainty values partly under 1%. ACOLITE/DSF lies
within the specification boundary except for some wavelength regions where the uncer-
tainty reached 3—4%. A salient difference between the results over the Gobabeb site of
the RadCalNet network (see Figure 6) and the HYPERNETS station is in fact the perfor-
mance of the ACOLITE/DSF processor, which shows a much lower uncertainty over the
HYPERNETS site.

When looking in more detail at the three ENAMAP overpasses which cover both Rad-
CalNet and HYPERNETS measurements (13 July 2022, 6 October 2022, 21 October 2022),
ACOLITE/DSF showed better performance for HYPERNETS, especially beyond 1200 nm,
with RadCalNet and HYPERNET uncertainties at a maximum of 8% and 4%, respectively.
ATREM, GeoNEX-AC, ImaACor, HYPER SIAC, and PACO all demonstrated similar perfor-
mance within requirements over these three scenes, with minor wavelength-dependent
variations, often showing lower uncertainties for Hypernet data between 1500 and 1700 nm.
MAGAC exhibited no clear or systematic performance pattern across wavelengths.
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Figure 7. Uncertainty plots for ENMAP SR retrieved over the HYPERNET Gobabeb site. Common
submitted wavelengths shown for each processor, binned to 10 nm. The reference specification in the
brown area refers to (4). For the legend, please refer to Figure 6.

3.3.3. Surface Reflectance Validation Using EnMAP Validation Measurements

The results for the seven sites from the EnMAP validation campaign (see Table 8) are
shown in Figure 8. For the Amiaz Plain desert site, performances are within reference
requirements for roughly two parts of the spectrum, i.e., 500-750 nm and 2000-2300 nm.
Outside of these areas, uncertainties go up as high as 8%, especially for GeoNEX-AC (be-
tween 500 nm and 1100 nm) and MAGAC (between 1100 and 1750 nm). Depending on the
wavelength region, ACOLITE/DSF, HYPER SIAC, and GeoNEX-AC (>1100 nm) perform
better than the average performance across all processors. The Antarctica site is the only
polar site within the exercise. Overall, the performance from most processors (and therefore
the average uncertainty) is within the reference specification. In particular, ImaACor, ACO-
LITE, and MAGAC show a consistently good performance across the spectrum. ATREM
and PACO have some higher uncertainties between 450 nm and 550 nm, while HYPER
SIAC shows some deviation around 1000 nm. GeoNEX-AC has higher uncertainties (up to
16%) throughout the spectrum and does not map well to the polar reflectance reference.
For Berlin, all processors have uncertainties between 4% and 10% but are comparable across
the spectrum, with about a 2% to 3% difference between processors. Generally, processors per-
forming best in the shorter wavelengths (<950 nm), such as GeoNEX-AC and PACO, and have
higher uncertainties in the longer wavelengths. The same can be said the other way around
(e.g., ATREM, ACOLITE/DSF). None of the processors is within the reference specification.
The retrievals over Makhtesh Ramon show smooth results within the specification below 3%
uncertainty for most processors until 2000 nm. Retrievals between 2000 nm and 2300 nm
show slightly higher uncertainties (2% to 5%) for most processors. MAGAC has some higher
uncertainties in the very short bands, GeoNEX-AC’s uncertainties are slightly higher between
500 nm and 1300 nm, and ACOLITE/DSF has higher uncertainties up to 14% throughout the
spectrum. Over Pinnacles, most processors are within the reference specification throughout
the spectrum. In particular, PACO and MAGAC, as well as ATREM, show a good performance
with uncertainties mostly <2%. Some higher outliers (up to 6 %) are visible for HYPER SIAC
(between 500 nm and 750 nm, as well as around 2050 nm) and GeoNEX-AC (between 750 nm
and 900 nm), as well as sporadically for ACOLITE/DSFE. The retrievals over Railroad Valley
Playa are mostly within reference specification for retrievals < 1300 nm and mostly beyond the
specification > 1500 nm. HYPER SIAC and PACO show a good performance, while ACOL-
ITE/DSF shows slightly higher uncertainties up to 8%. GeoNEX-AC has uncertainties up to 4%
until 1100 nm but performs well in comparison to other sensors for wavelengths > 1500 nm.
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Figure 8. Uncertainty plots for ENMAP SR retrieved over ENMAP validation campaign sites. Common
submitted wavelengths shown for each sensor binned to 10 nm. The reference specification in the
brown area refers to (4). For the legend, please refer to Figure 6.

3.4. Surface Reflectance Validation for PRISMA

APU plots over all sites when processing PRISMA data with each processor are shown
in Figure 9. Again, the average metrics (accuracy (blue), precision (green), and uncertainty
(orange)) are shown for each wavelength (averaged over 10 nm) provided, depending on
the processors. The average reference specification over all sites is shown in the brown
area, between £2 and 3% across the spectrum. The average retrieved surface reflectance
uncertainty and precision are generally slightly above the reference specification (and
within the specification for accuracy) for most processors (HYPER SIAC, ImaACor, MA-
GAC, and PACO) in the VNIR part of the spectrum. All processors show results outside
of the reference specifications for wavelengths > 2250 nm. The processors that provide
results at the end of the spectrum ~2500 nm (ACOLITE/DSF, MAGAC, PACO, ImaACor)
show extreme outliers there (outliers go up to 0.30 and are cut for better visualisation).
The sharp divide in metrics observed around the 2250 nm line and the larger deviation
from the specifications compared to ENMAP suggest an issue with PRISMA calibration
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affecting most processors. Outliers around the water absorption features (970 nm, 1200 nm,
1450 nm, and 1950 nm), as described already for EnMADP, are also present for the PRISMA
sensor but are generally less pronounced in magnitude.

For ACOLITE/DSE all metrics are mostly above the reference specification. The over-
estimation for PRISMA is more pronounced than for EnNMAP, with uncertainties roughly
between 5% and 10% throughout the spectrum. ATREM shows a performance outside
the reference specification, with uncertainty values between 2% and 6%, largely driven
by an overestimation of reflectances on agricultural sites, which are not included in the
EnMAP exercise. There are some outliers around 2000 nm and at the end of the spec-
trum. The retrievals until 1450 nm are about 2% lower in uncertainty than those >1450 nm.
GeoNEX-AC's retrieval is slightly less smooth when compared to the other processors.
The metrics are slightly higher, though comparable to those sites obtained with the EnMAP
sensor. Throughout the spectrum, the uncertainty ranges between 2% and 4.5%. There are
no big performance differences throughout the spectrum, with a general overestimation
of values. An underestimation of values occurs between 2300 nm and 2400 nm. HYPER
SIAC retrievals with PRISMA are very comparable to those with EnMAP, with very smooth
retrievals and uncertainty and precision at the upper limit of the reference specification
until 1750 nm. Again, wavelengths at the known water absorption bands are not retrieved
by the processor. The areas of strong underestimation (2000-2100 nm and 2300-2500 nm)
identified over EnNMAP sites are equally present in the PRISMA retrievals. The retrievals of
the ImaACor processor show good performance, with uncertainties slightly above the spec-
ification boundary throughout the spectrum. There are small outliers at water absorption
bands and some higher uncertainty values around 2000 nm, but overall, the performance
is very consistent throughout the spectrum. The underestimation of values > 2250 nm
observed for the EnNMAP sensor is not present. The APU graph for MAGAC is very similar
to that of ImaACor, and like the ImaACor processor, the underestimation of SWIR values at
the end of the spectrum is not as pronounced as over the EnMAP sites. The retrieval is quite
smooth and consistent across the spectrum. Also, PACO is comparable with ImaACor and
MAGAC, with similar APU metrics across the spectrum. The mentioned outliers, especially
around 2000 nm are lower, and the retrieval is smooth.

A summary of uncertainty results can be seen in Figure 10. Again, higher uncertainties
for ACOLITE/DSF throughout the spectrum can be seen, as well as slightly higher values
for ATREM (NIR/SWIR) as well as MAGAC, PACO, and HYPER SIAC between 1200 and
1400 nm. Generally, there are higher uncertainties for all processors in the SWIR. The com-
parison of uncertainty estimates between EnMAP and PRISMA across all processors shows
that ENMAP consistently exhibits lower uncertainty values, ranging from 0.017 to 0.06,
whereas PRISMA values are generally higher, reaching up to 0.09. For the ACOLITE/DSF
processor, ENMAP exhibits uncertainty values up to 0.06, while PRISMA values go up to
0.09. Similar patterns are observed for ATREM at a lower scale, with ENMAP uncertainties
mostly between 0.02 and 0.03, while PRISMA values reach up to almost 0.05. The GeoNEX-
AC and ImaACor processors also show lower uncertainty in ENAMAP (around 0.02-0.035)
but only slightly higher uncertainties for PRISMA (up to 0.045). For MAGAC, HYPER
SIAC, and PACO, EnMAP maintains uncertainty values generally below 0.03, whereas
PRISMA uncertainties are one and a half times higher, approaching 0.045.



Remote Sens. 2025, 17, 3790 30 of 48

APU: ACOLITE/DSF 015 APU: ATREM
0.15, -15
0.1 - ! 3 0.1
A R o, | o N 3 W
é(f,“,. o‘;".: (;0;% -’ (.f-;;'., o b S, W P P
- v PN A Sl P —_ i k
I B ERATE: E T i, > e = oo . Tot gt
S Poi? " R "‘ s PRI . A 3" ) BN mmt;;
= % - b = SO L e e
2 “ 3 o 2 — e e W
] * & * -
£ : . g et gt : i
O 0. o 0. = -
s A s (i - « -,
o . * %
e
—0.05 - - ~0.05
—01 500 750 1000 1250 1500 750 2000 2250 200 0! 500 1000 1500 2000 2500
Wavelength in nm ‘Wavelength in nm
APU: GeoNEX-AC APU: HYPER SIAC
0.15 0.15
Zoo
0.1 0.1 -
C )
= . = p .
1005 0.05
: x P~
- o MLV T N =)
% R s T v S B e - ™
- e Wt .
Q ey Q ‘n—-—ﬂ“
s} gt LR . o]
‘E; o - . = -, E; 0 \"'c. e =
. v~ . it — A -
= Wt ) ot = P
-0.05 -0.05 -
- N
&"
-0-1 500 1000 1500 2000 2500 -0 500 1000 1500 2000 2500
Wavelength in nm Wavelength in nm
APU: ImaACor APU: MAGAC
0.15 0.15
.
0.1 0.1
&
= 0.05 : - = 0.05 - L 2
: 0.05 ™ “ 3 Y HEA ¥ ) i . ST —
s N rd e oo T, I . x @ % o A 5 ¥ O mand
= . :%e".p& s | T t':'..' - P WM,,‘.',._, - b od Al e N
g N S g orprmNm et <o L e “
‘E . i * W L E 0 .t T SN O Vs *
- 5 g X 5 S £
s 2 E s A 3 . i
-0.05 -0.05
-0.1 -0.1
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Wavelength in nm Wavelength in nm
o015 APU: PACO
0.1
—_ *
T i . . > Accuracy
PO z -
S . 2o e - Precision
» w%“’.‘-—»@" e w‘ ) s v .
8 n—— R SV ® Uncertainty
ol * P P, % % o
2 o0 PR % o e Refi ifi .
s EE T eference specification
~0.05
=0.1
500 1000 1500 2000 2500

Wavelength in nm

Figure 9. Accuracy, uncertainty, and precision (APU) plots for PRISMA SR retrieved over RadCalNet
and HYPERNETS stations, as well as for the HYPERSENSE validation campaign. All submitted
wavelengths shown for each sensor binned to 10 nm. The reference specification in the brown area
refers to (4). Note that outliers at the end of the spectrum > 0.15 are cut for visualisation.
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Heatmap of PRISMA performance for uncertainty
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Figure 10. Heatmap of average uncertainties over all PRISMA sites for all processors. Only bands
common to all processors (excluding water absorption regions) are included in the computation of
the uncertainty. A darker colour corresponds to a higher uncertainty value.

3.4.1. Surface Reflectance Validation Using RadCalNet Measurements for PRISMA

Three stations from RadCalNet were included for PRISMA scenes in the exercise
(see Table 5); there was no overpass available for the Baotou Sand site. Again, the mean
uncertainty of all processors (screened for outliers) is indicated with the dashed black line,
while the reference specification is shown in the light brown area (see Figure 11).

For Gobabeb, all processors except ACOLITE/DSF and GeoNEX-AC perform well
within the specification boundary (around 2% uncertainty). GeoNEX-AC is slightly above
that (with up to 4% uncertainty) for wavelengths < 1300 nm. ACOLITE/DSF shows higher
uncertainties (up to 12%) throughout the spectrum. Compared to the EnMAP retrievals
over RadCalNet/Gobabeb, the uncertainties for ACOLITE/DSF are about 5 pp higher.
HYPER SIAC performs very well throughout the spectrum, ATREM until 1100 nm. For
La Crau, the average uncertainty is slightly beyond the reference specification across the
spectrum, within 1% and 5%. Outliers are prevalent especially around 450 nm, 950 nm,
and 1550 nm. ACOLITE/DSE, PACO, MAGAC, and GeoNEX-AC perform well, generally
below the average, while HYPER SIAC has uncertainties slightly higher than the rest of
the processors.

The results over Railroad Valley Playa are comparable to those of Gobabeb, with gen-
eral performance around 2% within the reference specification until 2000 nm. PACO
stays within the specification for the whole spectrum. As with Gobabeb, GeoNEX-AC is
slightly beyond that with 4% uncertainty until 1100 nm and higher uncertainties (up to
14%) for ACOLITE/DSE. Again, the ACOLITE/DSF uncertainties are about 4 pp higher
when compared to the retrievals over Railroad Valley Playa for ENMAP.
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Figure 11. Uncertainty plots for PRISMA SR retrieved over RadCalNet sites. Common submitted
wavelengths shown for each sensor binned to 10 nm. The reference specification in the brown area
refers to (4).

3.4.2. Surface Reflectance Validation Using HYPERNETS Measurements for PRISMA

For HYPERNETS, there are two stations with PRISMA overpasses, Gobabeb and
Wytham Woods (see Table 6), shown in Figure 12. The results over Gobabeb are very
similar to the PRISMA RadCalNet results over Gobabeb, with a good performance from
all sensors within the reference specification and a larger uncertainty for ACOLITE/DSF
across the spectrum. At 8%, this uncertainty is lower than over the RadCalNet site. Ad-
ditionally, the GeoNEX-AC results are better than over the RadCalNet site (see Figure 11)
and are within the specification boundary for the whole spectrum, except the very short
wavelengths. When compared to the EnMAP results over the HYPERNETS Gobabeb
site (see Figure 6), most processors perform similarly, but the uncertainty associated with
ACOLITE/DSF is again much more pronounced when processing PRISMA data. For the
Wytham Woods site, the average uncertainty is 1% to 3% above the reference specification.
There is a good performance from different processors over different parts of the spectrum:
ACOLITE/DSF (especially between 550 nm and 750 nm), ATREM (except for the short
wavelengths < 900 nm), and ImaACor and HYPER SIAC mainly throughout the whole spec-
trum. MAGAC and PACO have higher uncertainties (up to 7%) for wavelengths > 800 nm.
Uncertainties for GeoNEX-AC go up to 5% between 800 and 1100 nm.
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Figure 12. Uncertainty plots for PRISMA SR retrieved over HYPERNETS sites. Common submitted
wavelengths shown for each sensor binned to 10 nm. The reference specification in the brown area
refers to (4). For the legend, please refer to Figure 11.

3.4.3. Surface Reflectance Validation Using Hypersense Campaign

Figure 13 shows the results over the HYPERSENSE campaign sites (see Table 7).
For the sites of Braccagni and Camarena, the different sub-sites are shown separately,
as they consist of very different land cover types (e.g., dry vegetation vs. wet soil). For Rio
Tinto, results are averaged over both sites, as the surface type is the same.

The three Braccagni sites (bare dry soil, bare wet soil, and summer wheat) show a simi-
lar performance of processors when compared to each other. Over those three sites, ATREM
shows the highest uncertainties across the spectrum (up to 12% for the soil sites and 7% for
the dry vegetation), while MAGAC, PACO, and HYPER SIAC have the lowest uncertainty.
Those processors are within the reference specification for the vegetation sites across the
spectrum, while they are mostly beyond it (save for the extreme ends of the spectrum) for
the soil sites. For the bare dry soil site, the average uncertainty lies between 2% and 6%,
while it goes up to 8% for the bare wet soil site. For the latter, a strong increase in uncer-
tainty for all processors around the red edge mark at 750 nm can be observed, suggesting
the presence of vegetation in the pixel. Performance for all processors is best on the summer
wheat site, with average uncertainties only about 1% to 2% beyond the reference specifica-
tion. For the Camarena soil sites (BareSoill and Bare Soil2), very different results can be
observed. For BareSoill, ACOLITE/DSF shows a very good performance, and it is the only
processor whose results lie within the reference specification (for wavelengths > 750 nm).
PACO and MAGAC show the highest uncertainties between 10% and 12%, while the other
processors lie in between those extremes, with uncertainties between 4% and 9%. For the
site BareSoil2, the performance of processors is inverted, with MAGAC and PACO, as well
as HYPER SIAC, having the lowest uncertainty, and ACOLITE/DSF at the higher end with
up to 12% uncertainty. The average lies between 2% and 8%. For the dry vegetation site,
again ACOLITE/DSF shows higher uncertainties up to 12%. Generally, most processors
are within the reference specification for wavelengths < 1100 nm. Then the dispersal is
higher for longer wavelengths.

All processors show similar patterns, with dips in uncertainty around 1650 nm and
2000 nm. PACO and HYPER SIAC perform especially well. For the Rio Tinto site, the proces-
sor performance is wavelength-dependent. ACOLITE/DSF performs well and within the
reference specification for wavelengths > 500 nm. GeoNEX-AC lies at the higher end of the
specification, except for higher uncertainties between 750 nm and 1100 nm up to 6%. PACO
performs well but has higher uncertainties up to 8% for wavelengths > 2000 nm. ImaA-
Cor and ATREM are also well within the specification boundary and only slightly above
for wavelengths > 2000 nm. HYPER SIAC and MAGAC perform well for shorter wave-
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lengths but have higher than average uncertainties for wavelengths > 1300 nm. The overall
performance is thus better for the VNIR spectral region.
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Figure 13. Uncertainty plots for PRISMA SR retrieved over Hypersense campaign sites. Common
submitted wavelengths shown for each sensor binned to 10 nm. The reference specification in the
brown area refers to (4). For the legend, please refer to Figure 11.



Remote Sens. 2025, 17, 3790

35 0f 48

4. Discussion
4.1. Validity In Situ Data

Validating atmospheric correction across diverse land covers and atmospheric condi-
tions requires careful consideration of site heterogeneity and sampling strategies. Several
sites used in the exercise (e.g., the HYPERSENSE campaign, Wytham Woods, and several
EnMAP Validation sites) can be considered heterogeneous. Taking the site at the Tegel
airport in Berlin as an example, none of the processors is within the reference specification.
This strongly suggests an issue with the representativeness of the in situ data at this site,
possibly related to the chosen pixel site or adjacency effects. Valid statistical samples
cannot be obtained by measuring only one pixel, but increasing pixels reduces in-site
representativeness. Results for all processors over the sites at Braccagni and Camarena (see
Figure 13) show higher uncertainty, especially around the vegetation red edge (700 nm).
This suggests the presence of mixed pixels or the impact of vegetation due to adjacency
effects that are not fully corrected. While these sites might be less suitable for validation
than homogeneous desert sites, showing the results here is important for two reasons.
First, the exercise demonstrates validation results across various land cover types and
atmospheric conditions, comparing processor performance in different scenarios. Second,
operational processors need to perform atmospheric correction also over challenging sites.
Seeing how they perform over heterogeneous areas can benefit developers and users work-
ing on agricultural land, urban areas, or forests. In response, ongoing efforts aim to extend
spatially representative (vegetated) sites for hyperspectral validation, covering homoge-
neous areas spanning multiple pixels. The LANDHYPERNET network is expanding and
has added several sites (a mixed forest in Estonia and two agricultural sites, one in Belgium
and one in Italy) after the completion of this exercise. Furthermore, ESA’s Cal/Val Park
project plans on building a comprehensive validation site, featuring five large radiometric
targets made of different materials (artificial, such as asphalt and gravel, as well as natural
targets such as bare soil and natural vegetation) spanning a wide range of brightness levels
and spectral profiles [71]. Sites like these might significantly improve the range of surfaces
that can be reliably validated within exercises such as ACIX.

Proximity of sites from different networks, such as Gobabeb within RadCalNet and
HYPERNETS, provides unique research opportunities. As described in the Results section,
processor performance can vary considerably between these sites, though this observation
is based on average values across all scenes. Especially for PRISMA, more sites are available
for RadCalNet, which span the different seasons and potentially show a more balanced av-
erage of atmospheric conditions. For HYPERNETS, two of the three selected days have high
AOD > 0.2. But also, same-day acquisitions from the two networks show differences. This
might be related to the different processing steps as explained in Sections 2.2.4 and 2.2.5:
the Gobabeb RadCalNet site was post-processed to adjust the BRDF for each scene, while
for HYPERNETS, the closest matching viewing angle mirroring the satellite sensor viewing
angle was chosen. While not the focus of this more general review paper, further work
on comparing the two sites and the impact of measurement protocols could improve
measurement best practices in general.

4.2. Bias of In Situ Data

The composition of reference datasets influences the reliability of atmospheric correc-
tion assessments, highlighting biases due to limited land cover and atmospheric variability.
Although the exercise aims for an unbiased assessment of atmospheric correction pro-
cessors, the imbalance in reference data must be considered when interpreting results
(Section 3). For hyperspectral validation, match-ups were available from two networks
(i.e., RadCalNet and HYPERNETS). The same is true for the ad hoc campaigns used for
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validation. Most match-ups originate from RadCalNet sites, primarily homogeneous bright
deserts. The lack of dark pixels within the scene hampers the performance of several
algorithms for their aerosol retrieval. This is especially evident in results from the ACO-
LITE/DSEF processor. These dark-pixel-dependent processors typically overestimate the
AOD of the scene and, subsequently, also the retrieved surface reflectance. Another chal-
lenge is the absence of BRDF correction to adjust references for viewing geometry. This
BRDF correction is only available for two out of four RadCalNet sites. At the time of the
exercise, access to HYPERNET sites was limited. Again, most scenes come from the ho-
mogeneous bright desert site Gobabeb. While HYPERNET is an important step towards a
hyperspectral reference dataset measured from a variety of angles, the SWIR above 1700 nm
is not currently measured. Furthermore, match-ups over vegetation sites such as Wytham
Woods were rare due to often overcast conditions over the site and do not span the full
vegetation cycle. Other potential vegetation sites were either not producing data at the
time of data collection or were not well-suited for satellite validation. As mentioned, ad
hoc campaigns diversify land cover types but face issues such as missing measurement
uncertainties, BRDF characterisation, and location inaccuracies. Like the limited land cover
diversity, scene AOD and WYV distributions skew towards low values (see Figure 14). Most
scenes have an AOD < 0.2 and a WV <2.0g/cm?.
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Figure 14. Histograms of reference scenes and their associated AOD (left) and WV (right) values.

When looking at the overall results (see Figure 4 for ENMAP and Figure 9 for PRISMA),
these are dominated by bright homogeneous desert surfaces with low AOD/WV. ACOL-
ITE/DSF shows the largest overestimation of SR retrievals among the processors, which is
caused by the large subset of bright desert sites in the exercise and obscures the processor’s
better performance over different land cover types (see Antarctica site for PRISMA in
Figure 8 or Rio Tinto and Camarena—BareSoill for PRISMA in Figure 13). More generally,
the performance metrics may not directly translate to more heterogeneous or challenging
environments. In several cases, a priori information, such as atmospheric state variables or
BRDF characterisation, contributed to the atmospheric correction process and may have im-
proved the realism of the retrieved surface reflectance. Under more complex atmospheric
conditions (e.g., elevated aerosol load, high humidity, or rugged terrain), larger devia-
tions can be expected, particularly for processors relying on empirical or climatological
assumptions (see Section 2.1 and Table 1 for an overview on these assumption and ancillary
data used). To mitigate bias from land cover, seasonality, aerosol loading, and WV, we
recommend incorporating synthetic scenes, as in prior ACIX implementations. In this way,
a performance analysis over more challenging areas (isolated dark objects, inland water
bodies, tilted terrain) can furthermore illustrate the differences between processors. Inter-
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comparison exercises in that domain, e.g., the Radiation Transfer Model Intercomparison
for Atmosphere (RAMI4ATM) [72], can be a basis on which to choose an independent
model for those simulations.

4.3. Performance Results for Each Processor

For ACOLITE/DSF, the results generally indicate a poor SR estimation, although good
accuracy is achieved over specific scenes (e.g., Antarctica, Camarena Bare Soil 1, Rio
Tinto, Wytham Woods). This suggests that while the processor and associated LUTs
produced with 6SV can retrieve high-quality SR estimates, there are challenges with the
direct estimation of AOD from the darkest targets and over strong WV absorption bands
(see Section 4.6). For the bright scenes, even for the darkest pixels in the scene, residual land
reflectance—either direct or due to adjacency effects—elevates the AOD estimates. Bright
desert scenes, such as Gobabeb, represent a typical and significant proportion of sites in
this exercise. Therefore, this pattern illustrates a typical source of error in intermediate
products: direct estimation of AOD from the darkest targets is less reliable in bright
environments, and strong water vapour (WV) absorption bands further complicate the
retrieval. Elevated AOD estimates in turn propagate into overestimation of SR. Errors in
WYV retrieval can similarly affect SR, particularly in spectral regions with strong absorption,
creating systematic deviations. While this does not affect all processors, it is an important
error source for processors relying on DDVs for AOD retrieval (e.g., ACOLITE/DSF, PACO,
ImaACor). DSF was originally developed for processing coastal and inland water targets,
where a sufficient number of dark targets is typically available to enable a reasonable direct
AOD estimate. These dark targets are generally found over water, i.e., pixels where water
is highly absorbing and no signal from below the surface is detectable, either in the VIS
(due to high CDOM absorption) or in the NIR/SWIR (due to high pure-water absorption).
Alternative targets include dense vegetation, shadows, snow, or ice, where at least one
spectral band gives a good estimate of the AOD. When such targets are absent, directly
fitting the path reflectance to the darkest pixels results in a significant overestimation
of AOD from non-zero target reflectance. The scatterplots in Figure 15 illustrate this
relationship between absolute errors in AOD and SR retrieval across different processors.
The left panel shows ACOLITE/DSF, with a relatively strong correlation (R? = 0.625)
(see Table 11) between AOD and SR errors, indicating that inaccuracies in AOD retrieval
significantly affect SR retrieval performance. In contrast, the right panel shows results for
other processors—GeoNEX-AC, HYPER SIAC, ImaACor, and MAGAC (not enough data
were available for ATREM and PACO for this comparison)—which exhibit considerably
lower R? values (ranging from 0.02 to 0.21), suggesting a weaker or negligible dependence
of SR error on AOD error. The DSF is unsuitable for many of the bright reflectance targets
in this study and cannot be recommended for general application. Using an alternative
method for extracting AOD over bright surfaces could substantially enhance SR retrieval
fidelity for these scenes. Using a fallback or ancillary AOD value brings the results in
line with other processors and confirms that the AOD estimation is the main issue with
ACOLITE/DSF processing.

Based on the results of this study and the observed substantial overestimation of
AOD in bright scenes, ACOLITE was extended to incorporate ancillary aerosol data from
the GMAO_MERRA?2 reanalysis product [18] instead of relying on the DSF estimation.
Using ancillary aerosol information significantly improves retrieval uncertainty and greatly
reduces the SR overestimation in bright scenes. Consequently, ACOLITE outputs processed
with ancillary aerosol information demonstrate a much closer agreement with other proces-
sors, reducing the overall SR uncertainty from approximately 5% to 3% for EnMAP and
from 8% to 3% for PRISMA.
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Figure 15. Scatterplots comparing absolute error in AOD to absolute error in SR retrieval. ACOL-
ITE/DSF on the (left), other processors on the (right).

Table 11. R? of error in AOD to error in SR retrieval.

ACOLITE GeoNEX-AC HYPER SIAC ImaACor MAGAC

0.625 0.049 0.024 0.201 0.205

ATREM demonstrates robust and reliable performance, particularly for the EnMAP
sensor, which exhibits low uncertainties across the entire spectral range. In contrast,
PRISMA results show slightly higher uncertainties, especially over agricultural scenes
and primarily beyond the 1500 nm wavelength. PRISMA data processing was performed
without the use of pre-stored spectral libraries; after standard atmospheric correction,
spectral smoothing was applied, utilising only the 1140 nm WV absorption band for vapour
retrieval. Conversely, ENAMAP processing also employed spectral smoothing but leveraged
both the 825nm and 1140 nm WV bands, which may contribute to the lower uncertainties
observed in EnMAP data. Notably, challenges persist over strong WV absorption bands,
which have been attributed to limitations of the 6S radiative transfer model implemented
within ATREM (see Section 4.6).

HYPER SIAC performs best in the estimation of the two main atmospheric state
parameters (AOD and WV). While some of the methods used overlap with those used by
other processors in this study (e.g., the APDA method for WV retrieval), including the
simulated Sentinel-2 TOA reflectance in a preliminary step might lead to more accurate
results. The algorithm also provides low uncertainty in the surface reflectance over a large
part of spectral range compared to other processors evaluated in this study. Similarly to
ATREM, its performance drops over strong WV absorption regions due to the potential
65 model error (see Section 4.6). This issue was resolved by replacing the 65 model with
libRadtran; however, the updated version is not included in the present comparison.

GeoNEX-AC maintains a stable mid-range uncertainty across both sensors, reflecting
consistent but not exceptional performance compared to other processors. GeoNEX-AC
was developed to process high temporal (i.e., 10 min) resolution geostationary satellite
observations. Its main algorithm requires multi-angle information from the varying sun-
target-satellite geometry during the day to help retrieve the AOD of the atmosphere
column. However, such information is not available from the polar orbiting hyperspectral
observations. Therefore, the GeoNEX-AC algorithm falls back to the traditional approach
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that depends on the use of spectral band ratios, estimated from corresponding MODIS
products, to perform atmospheric correction. The performance of the algorithm is thus
likely affected by spectral and spatio-temporal discrepancies between the hyperspectral
sensors and the broadband MODIS observations. An alternative inversion approach
is under development, which aims to combine GeoNEX-AC radiative transfer look-up-
tables with the ISOFIT code, leveraging its optimal estimation specifically formalised in
performing hyperspectral atmospheric correction.

ImaACor demonstrates strong and stable performance with low uncertainty values
across both sensors, indicating that it is among the most reliable processors evaluated.
Some issues with regard to WV and AOD retrieval can, however, be noted. Regarding
the WV absorption bands, ImaACor does not proceed on a pixel-by-pixel basis. It rather
applies the mean value of the atmospheric WV map across the entire image, since ad-
ditional processing would provide only limited benefit in the other bands. While this
approach is efficient, it could lead to less accurate results, particularly in scenes containing
vegetation, where water stored in leaves can bias the mean estimate. Using the reference
location (RadCalNet or HYPERNETS) or excluding vegetation through a mask based on
the Normalised Difference Vegetation Index (NDVI) before computing the WV mean value
could contribute to reducing uncertainty. As for AOD retrieval, ImaACor faces issues espe-
cially in arid areas, as it relies on the identification of a sufficient number of DDVs in the
scene for its atmospheric characterisation. A further limitation arises from the reliance on
standard MODTRAN models. A more specific atmospheric profile characterisation could
be particularly beneficial at shorter wavelengths. Beyond the need to improve consistency
between images and reference measurements, further improvements in ImaACor could
be achieved by reducing some of the approximations—currently introduced to decrease
processing time—in the computation of the atmospheric scattering function.

MAGAC’s overall performance in ACIX-III is solid and comparable to other proces-
sors, particularly for AOD retrievals, where results are generally robust but show some
degradation in the moderate AOD range (0.25-0.4). This happens especially over Gob-
abeb test sites, likely due to the combined effect of poorly constrained retrievals driven
by climatological assumptions and suboptimal first-guess values from meteorological in-
puts. WV retrievals demonstrate a good correlation (R?), but the presence of a systematic
positive bias (~0.29 g/cm?) is indicative of errors introduced by the current refinement
step within the aerosol retrieval process, which uses WV as a support variable in the state
vector. This mechanism should be revisited to assess whether the baseline differential ab-
sorption approach is more reliable. Surface reflectance retrievals for ENMAP and PRISMA
are broadly consistent, yet distinct outliers appear in strong gaseous absorption bands
(760, 840, 2050 nm), largely attributable to spectral convolution effects (e.g., ISRF mod-
elling, smile) and inaccuracies in surface pressure due to the use of unsmoothed DEM data.
The latter can also be considered a contributing factor in the observed increased errors in
the blue spectral region, where Rayleigh scattering is sensitive to errors in surface pressure.
Taken together, these issues highlight how specific algorithmic choices in MAGAC—the
reliance on climatology and meteorological priors for aerosols, the WV refinement coupling,
and the handling of topography and spectral response—directly influence its performance,
with site- and sensor-specific effects visible in the validation results.

PACO ranks as a reliable processor with low uncertainty values on both sensors, sug-
gesting a solid and dependable performance. Nevertheless, errors in PACO’s SR retrieval
performance can be traced back to various sources. As for atmosphere characterisation,
PACO bases its AOD characterisation on spectral features typical of DDV in absence of
additional dependencies. Therefore, the SR is systematically affected below 750 nm for
arid sites. In ACIX-III, only single tile scenes were provided. However, in operational use,
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PACO can obtain information such as DDV from neighbouring tiles to enhance the overall
retrieval. Moreover, a constant CO, concentration of 420 ppm is used in the radiative trans-
fer simulation. Deviation from this average might cause differences in the CO; absorption
region between 1950 and 2050 nm. After the characterisation of the atmosphere, PACO
performs a strictly band-wise AC without any mixing of neighbouring bands or modelling
of the spectra. This preserves the full spectral characteristic of the input radiance data
but makes the SR more susceptible to band-to-band variations and absorptions features.
Multiple artefacts, such as the boundaries of the WV absorption regions and the absorption
region at 1150 nm can be partially attributed to this design. These areas are generally
challenging to correct due to the low signal level and susceptibility to inaccuracies in the
WYV estimation. The oxygen A-band near 760 nm is also affected. This assumption of a
constant CO; concentration and application of a strictly band-wise AC are also part of
MAGAC, and the effects described are likely also found in the results of that processor.
As for EnMAP, the separate VNIR and SWIR detectors of the instrument result in minor
radiance variation in the region between 900 and 1000nm which are transferred to the SR.
PACO processes all bands in the input radiance data, even the ones close to challenging
absorption regions. This must be taken into account when comparing the performance to
other processors.

4.4. Differences in Results over PRISMA and EnMAP

During the exercise, several key differences and challenges between the EnMAP
and PRISMA sensors were identified that affect data quality and retrieval performance.
Especially with regard to the distributed PRISMA L1G product, several issues were raised.
Notably, the DEM included in the dataset exhibits striping patterns. These artefacts are
likely caused by nearest neighbour resampling of the Copernicus DEM used to align it
with the sensor grid. If not properly filtered, such spatial artefacts could negatively impact
images during terrain correction. To mitigate this, participants were advised to apply
smoothing filters to the DEM prior to performing terrain correction.

Although PRISMA geolocation was largely corrected, some scenes still exhibited a
2-3 pixel offset, further resulting in misalignment with the DEM. For these scenes, the spa-
tial accuracy was insulfficient for reliable terrain correction. This geolocation offset com-
plicates the validation of PRISMA data and likely contributes to the higher uncertainties
observed across all sites, as a precise overlap of validation pixels and in situ measurement
cannot be guaranteed. Additionally, PRISMA data exhibit spectral smile, particularly in
the first 10 spectral bands. This spectral distortion can affect haze estimation for certain
processing algorithms that rely on the initial blue bands to identify haze. Specifically,
the uncertainty in AOD retrieval nearly triples from EnMAP (0.35) to PRISMA (0.92). Other
processing algorithms do not demonstrate such a pronounced difference between EnMAP
and PRISMA sensors. For example, MAGAC, HYPER SIAC, and ImaACor show negligible
differences, while GeoNEX-AC achieves even better AOD retrieval accuracy for PRISMA.

The discrepancy between EnMAP and PRISMA in AOD—and consequently SR—retrievals
for ACOLITE/DSF is caused by a differences in the default configuration, which use
different spectral ranges for AOD retrieval. For PRISMA, a shorter spectral range in the
VIS to NIR is employed (500-970 nm), whereas EnNMAP uses the full range from VIS to
SWIR (400-2500 nm). The characteristics of the targets within the scene influence the direct
estimation of AOD by ACOLITE/DSF, generally resulting in higher AOD retrievals within
the PRISMA wavelength range. The PRISMA wavelength range was used to improve
retrieval performance over coastal and inland water sites [73], but it clearly gives worse
results over land targets when compared to the default EnNMAP configuration.
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4.5. Imaging Spectroscopy Analysis

Compared to previous ACIX iterations, which dealt with multispectral data, ACIX-
III looks at a greatly increased number of data points per scene. However, in the direct
comparison between all sensors, some level of detail is lost, either due to the omission of
bands that are not part of all processors’ outputs or because of a certain need to average
results to make comparisons possible. Outliers affected by atmospheric absorption bands
can have a strong impact on the overall performance metrics of single processors and/or
scenes and do not necessarily reflect the overall retrieval capability of a processor. Those
parts of the spectrum should therefore be assessed independently. To more easily evaluate
a processor’s performance, the requirements used in ACIX-II were adapted for ACIX-IIL
These specification requirements can be smoothly applied to AOD and WYV, but pose more
issues for the SR retrievals, as they were developed with multispectral sensors, especially
Sentinel-2, in mind.

4.6. 65 Modelling for Hyperspectral Data

ACOLITE/DSE, ATREM, and HYPER SIAC make use of 6S as their RTM. The par-
ticipants have observed that the 65 code, while widely adopted for multispectral remote
sensing applications, exhibits significant limitations when applied to hyperspectral data
over strong water vapour absorption region. At the core of the issue they identify its use
of the Malkmus narrow-band model for simulating gas transmittance, which does not
reliably capture the transition from weak to strong absorption features. This results in
inaccurate spectral shapes, particularly for WV absorption bands centred around 940 nm
and 1140 nm, when compared with observed EnMAP spectra under both dry and moist
atmospheric conditions. These discrepancies, though negligible in multispectral contexts,
can substantially degrade hyperspectral retrievals. For example, earlier versions of the 55
and 6S codes were observed to omit or mishandle certain gas species—such as CHy near
2300 nm—Ileading to misinterpretation of absorption features as surface mineral signatures.
Additional limitations are suspected to exist in the approximation of spherical albedo,
particularly in deep absorption bands where interpolation is based on unaffected spectral
regions, potentially introducing further errors. Given the widespread use of 6S in the
community, it is essential to raise awareness of these issues and to encourage more accurate
modelling frameworks tailored to the demands of hyperspectral atmospheric correction.

5. Conclusions

As with the previous two ACIX iterations, ACIX-III Land was jointly organised by
ESA and NASA within the framework of CEOS WGCYV. For the first time, ACIX Land
included data from PRISMA and EnMAP hyperspectral missions. Seven processors par-
ticipated in a comparison of AOD, WV, and SR retrievals over 90 satellite scenes. AOD
and WV were assessed over a variety of AERONET and RadCalNet sites located in North
America, Europe, Southern Africa, Asia, and Australia. Half of the processors had average
uncertainties of <0.1 for the AOD retrieval, but maximally 35% of retrievals were within
the specification requirements. WV retrievals showed good results with some consistent
offsets, showing uncertainties between 0.17 and 0.88 g/cm?. Average uncertainties for SR
retrievals depended on wavelength, processor, and sensor (uncertainties are slightly higher
for PRISMA and at longer wavelengths), with average uncertainties between 0.02 and 0.04.
While most processors showed a good performance over the test sites, some processors
had issues with the correct AOD retrieval due to a reliance on dark pixels, which were not
present in all scenes. Although ACIX-III focusses on a limited range of land cover types
and aerosol loading for its match-ups, it serves as a rigorous and comprehensive bench-
mark for validating and advancing AC algorithms applied to hyperspectral data. Looking
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ahead, a potential ACIX-IV might adopt an even broader and more ambitious scope by
incorporating a wider diversity of in situ scenes, particularly as hyperspectral networks
such as HYPERNETS expand and become operational. Additionally, the integration of
synthetic scenes generated via an independent RTM could provide a valuable complement
to these observations, offering a wider scope of land cover, seasonality, aerosol loading,
and WV. This comprehensive approach will be essential to drive the next generation of
algorithm development and ensure robust performance across varied conditions.
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Appendix A

Figures Al and A2 show scatterplots (for PRISMA and EnMAP, respectively) inter-
comparing all processors and the reference, with the wavelength on the horizontal axis and
R2 on the vertical axis. For a single wavelength, R? is computed between two processors
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over all scenes. This step is repeated for every wavelength separately. Wavelengths with
more than two retrieved surface reflectance values are kept. R? with respect to each
wavelength is plotted for every pair for processors (and the reference). This graph allows
for a more in-depth, direct comparison between processors.

Scatterplots comparing all processor performances and reference for PRISMA
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Figure A1. Scatterplot of R? per wavelength of all processors and the reference for PRISMA scenes.
The colour scale from blue to yellow refers to the wavelengths from the VIS to the SWIR.

For both PRISMA and EnMAP, all processors show similar correlations with respect to
the reference data, with a slightly lower overall R? value for ACOLITE/DSF, as discussed
already in the Results and Discussion sections of this paper. ACOLITE/DSF also shows
the strongest differences when directly compared to the other processors. However, some
processors also show remarkably similar results over both PRISMA and EnMAP scenes.
For PRISMA, those include MAGAC /PACO and ImaACor/HYPER SIAC. Over the in-
cluded EnMAP scenes, performance with respect to the reference data are more uniform,
with very similar results for MAGAC, PACO, ATREM, ImaACor, and HYPER SIAC. For
PRISMA, processors show a consistent broad dip around 1000 nm in which the processors
align the least. EnMAP shows larger inconsistencies at the end of the spectrum.
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Scatterplots comparing all processor performances and reference for EnMAP
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