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ABSTRACT

The EnMAP (Environmental Mapping and Analysis Program) satellite, launched on 1 April 2022, is designed to
provide high-resolution imaging spectroscopy data for environmental monitoring, resource management and
land use mapping. The integrity and quality of the official data products are assessed by the mission's external
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product validation activities, which are independent of the calibration/validation activities from the ground
segment.The external validation is intended to assess, monitor, and report the quality of the L1B (top-of-atmo-
sphere radiance in sensor coordinates), L1C (top-of-atmosphere radiance in map coordinates), and L2A (surface

reflectance in map coordinates) user products. This work presents an overview of the EnMAP product validation
activities during the commissioning phase and the first two years of the operational phase. Radiometric, spectral,
geometric, and general uniformity aspects are evaluated with scene-based analysis methods and through com-
parison with ground-based reference methods. We find that EnMAP's radiometric calibration is < 5%, both smile
and keystone are < 20% of a pixel, and the Bottom-Of-Atmosphere (BOA) reflectance and Normalized Water-
Leaving reflectance are well inside the mission requirements. These results confirm that the EnMAP products
fulfill the mission requirements and pave the way for the scientific exploitation and use of the ENnMAP products
for land, water, and atmospheric applications.

1. Introduction

The satellite imaging spectroscopy mission EnMAP (Environmental
Mapping and Analysis Program) maps the Earth's surface in 224 spectral
bands with high spatial and spectral resolution (Storch et al., 2023;
Guanter et al., 2015). EnMAP was launched on 1st April, 2022, passed
the seven-month commissioning phase (CP) successfully, and has been
in the operational phase (OP) for 3 years now. The OP is scheduled to
run until at least 2027. The primary goal of EnMAP is to provide
analytically and quantitatively interpretable hyperspectral data for a
wide range of applications distributed globally (Guanter et al., 2015).
Application fields of environment and resources are covered (Chabrillat
etal., 2024), such as land use and land cover mapping, vegetation (Hank
et al., 2019), soil properties (Chabrillat et al., 2019; Chabrillat et al.,
2023), water quality monitoring (Giardino et al., 2019; Soppa et al.,
2022), aerosol optical depth (Laffoy et al., 2025) and mineral explora-
tion (Asadzadeh and Chabrillat, 2025). The quantification of snow pa-
rameters (Kokhanovsky et al., 2026), nighttime lights (Bachmann and
Storch, 2023) and methane plumes (Roger et al., 2024) underline the
potential and relevance of the mission and the scientific requirements
regarding the provided data quality.

To serve the different applications with quantifiable and analytical
hyperspectral Earth Observation (EO) data across the operational life-
time, it is crucial to verify and monitor EnMAP's data quality. This
process is essential to interpret and contextualize derived products,
analysis, and results. It lays the foundation for the transferability and
generalizability of the EO measurements. The overall data quality and
suitability for analytical interpretation depends on the comprehensive
interaction of radiometric, geometric, and spectral data quality and the
performed compensation of atmospheric influences (Thompson et al.,
2020; Guanter et al., 2006).

To ensure adequate EnMAP data quality and accuracy, the mission
provides validation activities and assessments independent from the
official calibration and quality control efforts of the Ground Segment
(GS) at the DLR Earth Observation Center (EOC). These validation ac-
tivities are conducted by the EnMAP Science and User Segment, repre-
sented by the GFZ Helmholtz Center for Geosciences, supported by the
AWI Alfred-Wegener-Institute Helmholtz Center for Polar and Marine
Research for the validation over water, during CP and OP (Brell et al.,
2021; Chabrillat et al., 2022). The objective of the independent product
validation activities, which will cover the whole operational lifetime, is
to evaluate and monitor the quality of EnMAP data provided to the users
holistically and from scientific user perspectives. As the findings are
considered to optimize the calibration and preprocessing, they support
and guarantee the transferability and generalizability of the EO mea-
surement. Opposed to the mission-internal pre-flight and onboard cali-
bration data used in the GS's monitoring and quality control tests, the
independent validation only relies on the EO data (image-based) and, for
specific scenarios, on field measurements (in-situ-based). Several
hyperspectral data quality assessment methods and scenarios are real-
ized independently to evaluate the accuracy, precision, consistency, and
reliability of hyperspectral ENMAP data products.

The main objective of this paper is to introduce the EnMAP quality

assessment framework and to present the status and results of the quality
assessment activities for the main data products in the first years of the
EnMAP mission. The versatile set of validation scenarios, activities,
procedures, and methods to validate each EnMAP product are described
in detail. Quantitative results of the validated parameter performance
are confronted with the mission and user requirements. The paper is
organized as follows: the general overview, including the EO validation
frameworks, relevant EnMAP sensor and orbit specifications, data
products, and mission requirements are given in the remaining intro-
duction to place the independent validation efforts in the proper context.
Section 2 describes the EnMAP data products and in-situ measurements
that are used. Section 3 outlines the scientific background and meth-
odology of the EnMAP validation tasks, while Section 4 presents the
corresponding results. Section 5 discusses and summarizes the main
findings and conclusions of the article.

1.1. EnMAP validation framework

Validation is the process of accessing the on-orbit quality of the
hyperspectral data products with independent reference data (Loew
et al., 2017; CEOS, 2023; Justice et al., 2000; Niro et al., 2021). The
validation framework of EnMAP focuses on the overall radiometric,
geometric, reflective, and spectral data quality. An application-driven
validation of secondary bio-geophysical products derived from the
atmospherically-corrected data is not being included as it is out of scope
of this validation approach due to the various applications of hyper-
spectral data. Various comparable hyperspectral missions have adopted
and customized calibration and validation frameworks (Thompson
et al., 2023; Coleman et al., 2024; Turpie et al., 2023; Cogliati et al.,
2021; Czapla-Myers et al., 2016; Green et al., 2003; Alonso et al., 2019)
which are similar in principle to multispectral validation frameworks
(Gascon et al., 2017; Haque et al., 2023). Every ENMAP measurement
has inherent systematic and random error contributions. Despite
extensive pre-flight and in-flight (on-board, sun, and moon) calibration
and quality efforts (Storch et al., 2023), these errors are significantly
reduced but cannot be entirely excluded. In this study, the focus is to
monitor the impact of calibration efforts and instrument stability and,
thus, the compliance of mission requirements from the user perspective.

The overall framework developed for this purpose is called “EnVAL”.
Fig. 1 overviews the performed validation scenarios and investigated
parameters. The respective products and parameters are checked
intensively and regularly during the CP and OP following the guidelines
given by the Product Validation Plan (PVP) (Guanter et al., 2022). For
the image-based validation scenarios, scene properties suitable for a
specific validation scenario in terms of, e.g., spatial or spectral homo-
geneity or contrast, atmospheric influences were determined. As the
mission progresses, it is planned to increase the representativeness and
transform the validation activities into a holistic and well-balanced
quality monitoring framework.

1.2. EnMAP sensor and orbit specification

EnMAP covers a spectral range from 418.2 nm to 993.0 nm (VNIR)
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and 902.2 nm to 2445.5 nm (SWIR) with a prism-based dual spec-
trometer design. The VNIR spectral range is covered with an average
spectral sampling distance (SSD) of 6.4 nm and full width half maximum
(FWHM) of 7.8 nm over 91 bands. The SWIR has an average SSD of 10.0
nm and an FWHM of 9.5 nm over 133 transferred and delivered bands.
22 bands in the SWIR, influenced by a strong atmospheric absorption,
are not transferred. Fig. 2 shows the VNIR-SWIR wavelength coverage,
including the overlap based on the relation between SSD and FWHM. A
signal-to-noise ratio (SNR) of 620:1 at 495 nm and 230:1 at 2200 nm is
achieved related to a reference radiance level of 30% surface albedo, 30
deg. Sun zenith angle, at ground sea level, and 40 visibility with rural
atmosphere (Storch et al., 2023). For the VNIR sensor, the low gain
mode is entered for signals that exceed a certain threshold level. For the
SWIR sensor, all bands below 1980 nm are set to low gain, and bands
above 1980 nm are set to high gain mode. The curved prism design
minimizes smile and keystone and thus maximizes spectral and spatial
uniformity. Onboard calibration through sun diffuser and calibration
spheres for linearity and doped Spectralon for spectral calibration en-
sures radiometric and spectral consistency and stability. The 1000
across-track pixel detectors in combination with an instantaneous field-
of-view of 9.5 arcsec result in a ground sampling distance (GSD) of 30
m x 30 m and a swath width of 30 km. A direct pointing accuracy of
~55 m is achieved, which is improved to ~20 m based on image
matching to a reference. In 27 days, 398 polar, sun-synchronous orbits
are performed at a mean altitude of 642 km. The target revisiting time of
27 days can be reduced to 4 days in the acquisition user request due to
the across-track off-nadir pointing capability of +30° in case the chal-
lenges regarding the analytical interpretation arising from off-nadir
acquisitions are accepted. The maximum length of a single acquisition
(along-track) is limited to ~990 km, and the daily maximal capacity is
5550 km. Further details on the design of the ENMAP sensor and mission
can be found in (Kaufmann et al., 2015).
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1.3. EnMAP mission requirements

The mission requirements have been set for significant quality pa-
rameters that must be met during the mission (Guanter et al., 2015).
These parameters include radiometric, spectral, reflectivity, geometric,
and general uniformity requirements, particularly relevant to the end
users. Table 3 in section 5.1 overviews the relevant requirements
investigated in this study.

1.4. EnMAP product description

A detailed description of the provided EnMAP products and their
processing can be found in Storch et al., 2023; Bachmann et al., 2021),
and the full Product Specifications and technical details in the ATBDs are
available at https://www.enmap.org (DLR, 2025). In brief, after a suc-
cessful EO acquisition, the datatake is cut into 30 km x 30 km tiles, and
processed to the three primary processing levels (Level 1B, Level 1C, and
Level 2 A). During this processing, per-pixel quality layers and rich
metadata is generated, including geolocation information (as RPMs),
geolocation accuracy with respect to independent control points, and
information on the atmospheric conditions. This information is then
attached to the LO product, only which is then archived. Thus when
ordering a L1B, L1C or L2A product, the archived L0 data is re-processed
on demand, guaranteeing the usage of the latest processor version and
calibration information.

The L1B product contains radiometrically corrected and spectrally
characterized Top-Of-Atmosphere (TOA) radiance data in sensor ge-
ometry, provided separately for VNIR and SWIR. The L1C product rep-
resents orthorectified TOA radiance (Lyos) data stacked into a single
data cube and projected to user-selectable coordinate systems with 30 m
pixel size. For geometric correction, a direct georeferencing procedure is
applied using the Copernicus DEM (ESA and Airbus, 2022) and if
available, Sentinel-2 (ESA, 2018) derived Ground Control Points (GCPs)

Geometry Spectral

Smile and Full Width at
Half Maximum

Keystone (spatial
across-track distortion)

Absolute spatial
accuracy

VNIR-to-SWIR spatial
co-registration

Data Radiance Reflectance
Product
In-situ TOA
radiance validation
Signal-to-Noise
Ratio (SNR
L1B JoIRNE)
Spatially-coherent
radiometric
miscalibration
(striping artifacts)
L1C
In-situ BOA reflectance validation
L2A In-situ normalized water-leaving
reflectance validation

[_]Field Based

Fig. 1. Overview of the various validation scenarios, the corresponding quality parameters, and the EnMAP product levels.
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Fig. 2. Relation between SSD and FWHM for the ENMAP VNIR and SWIR sensors.

to optimize intrinsic and extrinsic pointing parameters. The L2 A
product provides atmospherically corrected Bottom-Of-Atmosphere
(BOA) surface reflectance using the Python-based Atmospheric Correc-
tion (PACO) (de los Reyes et al., 2020) and Modular Inversion Processor
(MIP) (Heege et al., 2014; Kiselev et al., 2015) processors for land and
water surfaces, respectively. Both processors are considering the adja-
cency effect, and the L2 A “Surface Reflectance (land)” product can also
include a compensation for terrain illumination effects as well as haze
and cirrus, and is certified as CEOS Analysis Ready Data ((CEOS, 2025)).
All data products including metadata and per-pixel quality layers are
provided freely to registered users via the EOWEB® GeoPortal (DLR,
2023).

2. Datasets used for the validation of EnMAP products

The primary data sources involved in the EnMAP validation are the
EnMAP acquisition products and the reference or in-situ data. Care has
been taken to ensure global and parameter-wise well-balanced valida-
tion sites (encompassing different targets) and in-situ data to make the
validation representative.

2.1. EnMAP acquisitions and products

Since all validation tasks should be performed from a user's
perspective, radiometric, spectral, reflectivity, geometric, and general
uniformity of the three official EnMAP data products (L1B, L1C, and
L2A) are validated based on the official standard products freely
accessible to the users and obtained via the official online portal (DLR,
2023). Prioritized validation acquisitions with a maximal off-nadir
pointing of 15 were acquired closely with scheduled in-situ measure-
ments at predefined sites to generate validation-suitable match-ups.
During CP, a considerable coordination effort was made, and significant
acquisition capacities were used for generating validation acquisitions.
During OP, the match-ups were generated besides the regular user-
driven acquisition schedules and with the support of the user commu-
nity. The data products used in this study refer to various calibration and
processor versions. With regard to the archived (> V01.05.02) and
preprocessing (> V01.05.02) versions, the integrated EO data tiles are to
be as consistent, up-to-date, and advanced as possible. Minor problems
have all been fixed in these versions. The continuous improvement of
data quality from the CP to the current OP is indicated, but cannot be
fully presented in this context. The results, therefore, relate to the
mentioned data product versions currently available to the user at the
time of the study. The validation includes 106 Level 1B, 187 Level 1C
and 125 Level 2A products.

2.2. Reference measurements

Fig. 1 indicates the validation scenarios based on reference data in
green. Two main types of references are used for the presented valida-
tion framework: Surface reflectance measurements and orthoimage
references. The space-and-time-collocated in-situ BOA absolute reflec-
tance measurements covering the entire ENMAP wavelength range in an
adequate spectral resolution are difficult to access and elaborate. Two
sources for reflectance measurements were used: Science-orientated
measurement campaigns and continuous station measurements from
the networks RadCalNet and HYPERNETS. The extensive support by
validation field activities and stations forms the basis of the respective
validation of L1B and L2A products, and the availability represents a
tremendous and valuable community success.

2.2.1. Reflectance measurements on land

Table S2 in the Supplementary Material provides an overview of all
land validation sites, including their location, land cover, number of
EnMAP-in-situ match-ups. The in-situ land references comprise data
from the RadCalNet stations Gobabeb (GONA) (Bouvet et al., 2019;
Bialek et al., 2016), La Crau (LCFR) (Bouvet et al., 2019) and Baotou
Sand (BSCN), as well as the HYPERNETS station Gobabeb (GHNA) (De
Vis et al., 2023). The RadCalNet site Railroad Valley (RVUS) was
excluded due to pronounced temporal variability in surface moisture
and evaporitic crust formation (Czapla-Myers et al., 2008; Miura et al.,
2021; Tahersima et al., 2025), which enhance bidirectional reflectance
distribution function (BRDF) effects and cause irregular reflectance
changes, particularly in the SWIR domain, thereby potentially biasing
the overall validation statistics. The land cover at Gobabeb, Namibia,
consists of gravel plains with occasional grass growth, while the land
cover at BSCN, China, is desert sand, and at LCFR, France, thin pebbly
soil with seasonally sparse vegetation. Measurements at GONA and
LCFR cover the full EnMAP spectral range (400-2400 nm), measure-
ments at GHNA cover only the spectral range 380-1680 nm, and those at
BSCN are limited to 380-1080 nm.

In addition, coordinated field campaigns were performed synchro-
nously to ENMAP acquisitions following the EnMAP Field Guide - In-Situ
Measurements for Validation Purposes (Brell et al., 2023). These field
campaigns comprise the arid desert sites Amiaz Plain and Makhtesh
Ramon in Israel (Heller Pearlshtien and Ben-Dor, 2022), Pinnacles in
Australia (Ong et al., 2017) and Black Rock Playa site in Nevada
(Thompson et al., 2024). Furthermore, the agricultural sites Barrax and
Camarena in Spain and Munich North Isar in Southern Germany. Finally,
the Nansen Ice Shelf site in Antarctica (Di Mauro et al., 2024), the mixed
grassland and oaktree site Majadas del Tietar in Spain and the artificial
TXL Airfield site, which is part of the runway of Berlin Tegel airport,
have been used.

Together, these land sites cover agricultural areas, bare soils, snow,



M. Brell et al.

and artificial surfaces, thus representing a broad range of reflectance
levels. Figs. S1 and S2 in the supplementary show representative in-situ
and EnMAP spectra for each site. For the L2A surface reflectance vali-
dations, the complete set of sites was considered. To minimize atmo-
spheric uncertainties during the propagation of in-situ reflectance
measurements to the top-of-atmosphere level, the Lo, validation was
restricted to the arid sites Pinnacles, Amiaz Plain, GONA, GHNA,
Makhtesh Ramon, and Black Rock Playa Zero.

2.2.2. Reflectance measurements over water

For water validation, space-and-time-collocated match-ups were
generated using a 3 by 3 pixels box and a time window of £40 min from
the overpass. The in-situ measurements for the water validation
comprise the automated hyperspectral radiometry station measure-
ments from the Lucinda Jetty Coastal Observatory (LJCO) in Australia
(Schroeder et al., 2022; Brando et al., 2010) and the REmote Sensing for
Trasimeno lake Observatory (RESTO) (Bresciani et al., 2020; Giardino
et al,, 2020) in Italy. Additional measurements were obtained from
HYPERNETS network stations Acqua Alta Oceanographic Tower
(AAOT) (Bracaglia et al., 2019) and Lampedusa (Ruddick et al., 2022) in
Italy, and Oostende in Belgium (Vansteenwegen et al., 2019). These
datasets were further complemented by science-oriented field cam-
paigns conducted over Lake Constance (Bracher et al., 2021), the Rio de
la Plata in Argentina (Dogliotti et al., 2024), and the Magest site in
France (Doxaran et al., 2024). Table S3 summarizes the water validation
sites, their locations, and the number of match-ups. Most of these sites
were also included in the previous validation work by (Soppa et al.,
2024), but the dataset has been further expanded here.

2.2.3. Data filtering and quality control

Despite the high quality of the RadCalNet data, an internal quality
and plausibility check of all EnMAP-aligned in-situ measurements was
conducted, to ensure their suitability for validation. During the filtering
three match-ups had to be rejected for the validation: The measurement
at GONA on 2023/12/05 showed extremely low field reflectance, which
is most probably due to an instrument failure. The measurements on
2022/09/17 and 2023/11/23 at LCRF showed reduced field reflectance
in the SWIR spectrum, which is probably connected to increased soil
moisture. The resulting 50 match-ups, that were used for BOA reflec-
tance and Ltoa validation over land are listed in Table S4.

For water reflectance validation the match-ups were quality-
controlled following the recommendations from the OLCI match-up
protocol (EUMETSAT, 2022). The number of match-ups remained un-
changed, as none were rejected during quality control. The 63 match-
ups that were used for the water reflectance validation are listed in
Table S5.

2.2.4. Orthoimage references

High-spatial-resolution orthoimage reference data, for which a
higher spatial accuracy can be expected, was used for the absolute
geometric validation. The used reference images consist of various
publicly available sources (Google, 2023; Bing, 2023). Since the EnMAP
geometric calibration is optimized scene-by-scene to a Sentinel-2
reference in the preprocessing as soon as matching is possible, care
was taken in the geometric validation to use independent adequate
reference data with a higher spatial resolution and accuracy. Plausibility
checks and cross-checks between publicly available sources with
Sentinel-2 ESA Global Reference Image (GRI) (ESA, 2023) were per-
formed to ensure the higher spatial accuracy of the references used.

3. EnMAP validation tasks: Scientific background and
methodology

All important validation tasks performed within the independent
EnMAP validation are presented in the following sections in an EnMAP
product-specific manner. The validation tasks can be categorized into
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radiometric, spectral, and spatial tasks congruent to Fig. 1. In principle,
a methodological attempt was made to separate the radiometric, spec-
tral, and spatial influences on the data quality from each other so that
the respective effects on the data quality can be quantified separately.

3.1. Validation metrics

For characterizing the differences between the EnMAP Lrps and BOA
reflectance and the corresponding reference measurements, several
validation metrics were applied, namely precision, accuracy and un-
certainty. Accuracy is defined as the mean residual between the EnMAP-
derived quantity and the corresponding reference measurement and
therefore represents the systematic deviation (bias). Precision is defined
as the standard deviation of the residuals and describes the dispersion of
the differences around their mean, serving as an indicator of random
effects. Uncertainty is defined as the root mean square error (RMSE) of
the residuals and combines both systematic and random contributions.
Residuals are computed depending on the product level: for radiance
products as relative differences in percent with respect to the reference
values, and for reflectance and water-leaving reflectance products as
absolute differences.

3.2. L1B - product validation

The quality of the L1B-TOA radiance products is directly related to
the overall sensor performance, as it is close to the sensor's raw mea-
surement (LO) and independent of further processing steps. All derived
subsequent products are based on this L1B product. Therefore, thorough
radiometric, spectral, and spatial validations are performed, allowing
the user to assess the quality of the general measurement and the sub-
sequently derived products.

Regarding the radiometric quality of the L1B data products, the
investigated radiometric parameters are the radiometric accuracy,
signal-to-noise ratio (SNR), and spatially coherent artifacts (striping,
bad and dead pixels). Since spectral information is crucial for an imaging
spectrometer, its spectral characterization and uniformity are manda-
tory for its data's successful analysis and valorization. Therefore,
EnMAP's spectral parameters and spectral response function are vali-
dated and monitored. The spatial parameter keystone is validated based
on the L1B product in sensor geometry.

3.2.1. In-situ TOA radiance validation

The absolute TOA radiometric accuracy obtained after LO processing
is the most critical parameter in the validation of EnMAP L1B products
since all other products are based on the quality achieved there. The
Lroa measured by the EnMAP satellite is validated by an EnMAP adopted
reflectance-based approach (Fig. 3) (Thome et al., 2004; Green et al.,
2003; Slater et al., 1996; Slater et al., 1987). Based on space-and-time-
collocated ground-based BOA in-situ spectra, ideally simultaneously
measured to an EnMAP acquisition, reference Lros spectra are calcu-
lated by atmospheric propagation using a combined radiative transfer
(MODTRANS (Berk et al., 2006) LUT) and instrument and observation
geometry model.

To perform the conversion from in-situ BOA reflectance to Lroa, the
Aerosol Optical Thickness (AOT) and Column Water Vapor (CWV) were
required as atmospheric input parameters. The AOT values were avail-
able for all in-situ measurement sites, either provided by RadCalNet and
HYPERNETS, or obtained from simultaneous aerosol measurements
conducted during field campaigns at Pinnacles, Amiaz Plain, Makhtesh
Ramon, and Black Rock Playa Zero. The CWV values are derived from
the EnMAP L1B metadata, which provides scene-specific atmospheric
water vapor content. The spatially corresponding EnMAP Lyox mea-
surement (pixel) is directly derived from the L1B products after a spatial
optimization of the geolayer (based on a high spatial resolution geore-
ference) and a neighborhood homogeneity check. Therefore, spatial
resampling and spectral averaging do not take place. The propagated
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Fig. 3. Reflectance-based L1B TOA validation approach.

Lroa spectra are then compared and statistically analyzed with the
corresponding Lros measured by EnMAP.

The uncertainty, accuracy and precision are calculated for the
measurements and analyzed regarding the mission requirements
dependent on wavelength and radiance level. Based on the aggregated
statistical analysis, systematic and random errors can be assessed and, in
consequence, the validity and quality of the radiometric calibration.

3.2.2. Signal-to-noise ratio (SNR)

The achieved signal-to-noise ratio (SNR) is a key parameter for the
accuracy and reliability of hyperspectral data analysis and interpreta-
tion. Therefore, the SNR was estimated for the VNIR and SWIR sensors
based on 163 regular Earth acquisitions. The achieved SNR depends on
several factors, including detector characteristics, optical system effi-
ciency, illumination conditions, integration time, and dark current.
Various methods exist to derive the effective SNR from hyperspectral
data (Gao et al., 2013; Thompson et al., 2024). For EnNMAP, instrument-
based SNR estimates are derived from linearity calibration measure-
ments and are regularly reported in the Mission Quarterly Reports (DLR,
2024).

These estimates are complementary to SNR values derived from
actual Earth observations where the SNR was calculated for each scene
and spectral band. For this purpose, homogeneous regions with low
natural variability were automatically selected and subdivided into
segments of 16 pixels. These segments were analyzed using the Discrete
Cosine Transform (DCT) technique (Mustafa et al., 2019; Oktem and
Ponomarenko, 2007; Pogrebnyak and Lukin, 2012).The segments were
grouped into radiance bins, and the most representative bin, defined as
the bin containing the largest number of samples, was selected for
further analysis. The highest-frequency DCT coefficient was interpreted
as a proxy for noise, while low-frequency components were assumed to
represent scene-related variability. The SNR was then calculated as:

SNR — mean(Lyoa)

variance (noise)

The observed SNR can be described as a combination of signal-
dependent photon shot noise and an additive, signal-independent
noise component. Knowing the latter component allows the SNR to be
transformed to any given radiance level. Therefore, the additive noise
component was derived from the observed SNR and the corresponding
Lroa. For this purpose, radiance was converted into electrons using a
wavelength-dependent multiplication coefficient c, taken from the latest

radiometric module of the EnMAP end-to-end simulator EeteS (Segl
et al., 2012):

(LTOA2C2 — SNRZLTOA C)
SNR?

For the VNIR bands, two distinct clusters of the additive noise
component were observed, corresponding to high-gain (low radiance)
and low-gain (high radiance) modes (see Fig. 4a). The threshold sepa-
rating high-gain and low-gain modes was taken from instrument char-
acterization (Fig. 4b) and separates both clusters almost perfectly.

To enable direct comparison with mission requirements defined for a
30% reflective target, the scene-based SNR estimates were converted to
a reference-equivalent SNR (SNR,¢f). Furthermore, it is evident that the
method used to estimate the SNR exhibits a certain degree of variability,
making a large sample size necessary. Therefore, the median value of the
additive noise for the measurements was used for the further estimation
of SNRef:

additive noise [e] =

Lroarg™c

SNR,,s =
o \/additive noise + Lroar.s*c

Here, Lyoaref. corresponds to the radiance of a 30% reflective target,
a solar zenith angle of 30°, columnar water vapor of 2 cm and a visibility
of 40 km. Only observations with consistent gain conditions were
considered, i.e., low-gain measurements were used when Lroaref. fell
within the low-gain regime, and high-gain measurements were used
accordingly.

Additionally SNRy.f was normalized to a spectral sampling interval
(SSI) of 10 nm by scaling the radiance-to-electron conversion coefficient
c to enable a direct comparison with mission requirements:

#5010
Lroares™c s

SNR,; =

\/ additive noise 4 Lyop e *C* oy

where the SSI was derived as the difference between the center wave-
lengths of two consecutive spectral channels.

3.2.3. Spatially-coherent radiometric miscalibration (striping artifacts)
Hyperspectral applications, which often rely on spectral derivatives,
are sensitive to spatially coherent radiometric miscalibrations, which
result in striping patterns. Even though no explicit mission requirements
have been defined for this quality parameter, spatially coherent radio-
metric calibration accuracy is an essential quality parameter for the
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users. Thus, an image-based detection and quantification of spatially
coherent artifacts, which could cause striping patterns inside the L1B
and thus also in the L1C and L2A products, is performed. The developed
algorithm calculates across-track gradients and normalizes them by a
local trend analysis. Destriping is achieved by estimating and removing
column-wise radiometric biases after local trend normalization. For each
spectral band, across-track gradients are computed, smoothed to capture
the natural surface trend, and the residual mean offset per detector
column is subtracted from the image. Band- and column-wise gain and
offset deviations, as well as the mean radiometric miscalibration in
percent, are then estimated based on the destriped and original data.
With this approach, high-frequency and low-frequency band—/column-
wise radiometric miscalibration can be detected. In addition, conclu-
sions can be drawn about newly emerged bad and dead pixels.

3.2.4. Smile and full width at half maximum (FWHM)

Several methods have been proposed that utilize atmospheric ab-
sorption features for the spectral characterization of imaging spec-
trometers (Green, 1998; Neville et al., 2003; Green et al., 2003; Guanter
et al., 2006). The across-track instrument spectral response variation in
the wavelength center position (smile) and FWHM of a Gaussian spectral
response function are characterized by modeling atmospheric absorp-
tion features in the L1B product. In particular, the oxygen A and
methane absorption bands at 760 nm, and 2300 nm, respectively, are
used to assess the spectral performance of the VNIR and SWIR spec-
trometers separately. Shifts from nominal center wavelengths and
FWHM have been calculated separately for each across-track position for
seven scenes. The method (Guanter et al., 2009; Guanter et al., 2006)
estimates the center wavelength shift and FWHM variation across-track,
leading to the smoothest surface reflectance spectrum after applying the
atmospheric correction. The estimated across-track variation in the
center wavelength allows the characterization of a potential spectral
smile. The spectral characterization is assessed regularly using the OBCA
as well as using atmospheric features and is documented in the Mission
Quarterly Reports (DLR, 2024). The EnMAP mission requirement
regarding the across-track uniformity of spectral channel positions is
<20% linear displacement of a detector element.

3.2.5. Keystone (spatial across-track distortion)

The geometric counterpart to the smile is the band-to-band across-
track spatial misregistration (keystone) caused by non-uniformity pro-
jection to the sensor array (Mouroulis et al., 2000). This pixel's spatial
position variation with wavelength is one of the main parameters
defining the data's general spatial consistency and must be validated in

sensor geometry (L1B). The developed algorithm quantifies across-track
spatial misregistration using a phase-correlation method in the Fourier
domain between consecutive spectral bands. The algorithm computes
sub-pixel shifts over areas with no spectral but spatial across-track
gradients. The shifts are smoothed with a Gaussian filter and accumu-
lated along the spectral dimension to obtain the cumulative band-wise
displacement in pixels. The EnMAP mission requirement is congruent
to the spectral across-track uniformity and < 20% linear displacement of
a detector element.

3.3. LIC - product validation

All parameters related to the quality of the L1C product are closely
linked to the geometric and pointing performance. Regarding the spatial
quality of the L1C data products, the investigated spatial parameters are
VNIR-to-SWIR co-registration and the absolute spatial georectification
accuracy.

3.3.1. VNIR-to-SWIR spatial co-registration

To achieve consistent spectral information over the VNIR-SWIR
wavelength domain, the VNIR-to-SWIR spatial co-registration is a crit-
ical quality parameter, especially for spatially heterogeneous surfaces.
Since both sensors have slightly different Line-Of-Sights and are geore-
ferenced separately, there is an intrinsic co-registration error due to the
detector alignment residuals. Thus, the geometric calibration is done for
both sensors separately to minimize the co-registration error. Spatially
variable shifts between the spectrally close-by VNIR band 95 (~968.6
nm) and the SWIR band 96 (~972.3 nm), which can be expected to show
very similar spectral content, were derived based on the Automated and
Robust Open-Source Image Co-Registration Software (AROSICS). ARO-
SICS is a Python framework for automated, sub-pixel accurate co-
registration of remote sensing imagery based on phase correlation and
robust outlier filtering (Scheffler et al., 2017; Scheffler, 2023). Spatially
congruent patches regularly sampled from both bands are compared
based on phase-correlation in the Fourier space. The determined tie
points are then filtered by a three-step outlier detection approach
featuring a reliability measure developed by the authors as well as
power spectrum thresholding, RANSAC (Fischler and Bolles, 1981), and
SSIM (Wang et al., 2004) techniques. Statistical measures per tile and an
aggregation that includes several tiles are calculated. Investigated
scenes should ideally cover definable edges and structures in the spatial
scale of EnMAP and should be free of clouds. The mission requires a
VNIR-to-SWIR spatial co-registration < 30% of a pixel. This mission
requirement can be validated since the method can detect sub-pixel
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shifts with high accuracy.

3.3.2. Absolute spatial accuracy

For multitemporal, cross-satellite, or geoinformation comparisons
and analyses, the absolute geometric accuracy of EnMAP is mandatory.
Several factors, e.g., pointing accuracy and stability, micro-vibrations,
Earth rotation, terrain, and the elevation model's quality, influence the
achieved geometric ENMAP accuracy. The absolute spatial accuracy is
determined by comparison with cloud-free orthorectified reference im-
ages of higher spatial resolution and accuracy, which map time-
invariant contrasting surface patterns ideally homogeneously distrib-
uted over the whole scene. The used reference images (section 2.2.3)
have been cross-checked with various sources and thus can be seen as
geometrically highly reliable. Spatially variable shifts between the
EnMAP L1C product and a reference are derived based on the AROSICS
algorithm (Scheffler et al., 2017). The algorithm resamples the reference
imagery to the EnMAP spatial resolution and filters the derived GCPs
(see Section 1.4). Standard statistical shift measures (mean, standard
deviation, RMSE) are derived separately for x and y and combined shifts.
The single tile-based measures are then aggregated statistically for
several tiles to get a stable misregistration statistic. If a reference opti-
mization during the EnMAP preprocessing was possible, the mission
requirement is < 1 GSD. If a reference optimization was impossible due
to, e.g., clouds, snow, water, or lack of matching structure, the mission
requirement is < 100 m

3.4. L2A - product validation

The quality of the L2A product is of central importance for most users
and applications since it defines the quality of the measured surface
reflectance. Since it is derived from the preliminary products by
applying an atmospheric correction technique, the quality of the L2A
products integrates all previous radiometric, geometric, and spectral
quality characteristics.

3.4.1. In-situ BOA reflectance validation (land)

The mission requirements of surface reflectance (p) for EnMAP have
been defined with regard to (Vermote and Kotchenova, 2008) based on
uncertainties represented by the RMSE for different reflectance levels
outside strong atmospheric absorption on flat and close-to Lambertian
surfaces: < 0.01 for p < 0.1 and < 0.02 for 0.1 < p < 0.3 and < 0.05 for
0.3 < p < 0.6. Therefore, congruent to Section 3.2.1, RMSE, mean re-
sidual and standard deviation around mean measured values are
calculated for the measurements and analyzed against the mission re-
quirements wavelength and level dependent to assess systematic and
random errors and thus the achieved quality of the available surface
reflectance.

3.4.2. In-situ normalized water-leaving reflectance validation (water)

For the L2A Normalized Water-Leaving Reflectance validation, the
in-situ measurements were provided as water-leaving reflectance
(AAOT, Oostende, Lampedusa) and Remote Sensing Reflectance (sr-1).
Remote Sensing Reflectance measurements were transformed to
Normalized Water-Leaving Reflectance by multiplying by z. The EnMAP
spectrum represents the median of a 3 x 3 pixel window after the out-
liers were removed. Congruent to Sections 3.2.1 and 3.4.1, uncertainty
(RMSE), accuracy (mean residual), and precision (standard deviation
around mean measured values) are aggregated for the residuals and
plotted against the mission requirements wavelength and level depen-
dent. The mission requirement is based on uncertainty (RMSE) outside
strong atmospheric absorption regions, and for AOT at 550 nm < 0.4 is:
< 0.04 for 400nm < A <450nm; < 0.02 for 450nm < A < 650nm; <
0.01 for 650nm < A < 800nm. For AOT at 550 nm > 0.4, the corre-
sponding requirement increases by 0.01.
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4. Results of the EnMAP validation

Within the following, the independent validation results are pre-
sented for the 3 different processing levels.

4.1. LI1B - product validation

4.1.1. In-situ TOA radiance validation

Based on the plotted wavelength-dependent Lpo4 uncertainties
(Fig. 5), it is identified that uncertainties and accuracies are slightly
outside the mission requirements for the 420-550 nm wavelength
domain of the VNIR sensor. EDMAP TOA measurements are systemati-
cally below the propagated in-situ measurements for many match-ups in
this area, which could have two overlapping reasons. One is the higher
radiometric uncertainty of the in-situ instrument due to the generally
lower radiance level of artificial lighting used in the in-situ instrument
calibration procedure (Helmlinger et al., 2016) compared to the EnMAP
sun calibration. The other is AOT level dependent uncertainties (Carmon
et al., 2020) introduced in the TOA propagation procedure. The values
are also outside the requirements for >2200 nm in the SWIR, which
could be addressed to higher uncertainties in the in-situ measurements
due to very low radiance levels combined with CWV influences in this
wavelength domain. Between 550 nm and 2200 nm, the measurements
are inside the mission requirements. A systematic tendency to higher
EnMAP radiances is identified for the SWIR sensor response
(1000-2300 nm), and uncertainties are at the edge of the mission
requirements.

A similar pattern is seen for the radiance level-dependent statistic
(Fig. 6). The accuracy is inside the 5% requirement for most of the
radiance levels. However, uncertainties lie at the upper edge of the re-
quirements, mainly driven by the precisions for the radiance levels up to
150 [W/m?/sr/um], where a sufficient sample frequency is available.
For the higher radiance levels >150 [W/m?/sr/um], all three statistical
measures are reduced apart from some bins driven by higher AOT-
induced uncertainties for snow match-ups in the shorter wavelengths.
However, the number of samples is relatively small for these levels.

4.1.2. Signal-to-noise ratio (SNR)

Fig. 7 (a) and (b) show the reference-equivalent SNR (SNR;f, red)
and the SNR,ef normalized to an SSI of 10 nm (black) for the VNIR and
SWIR channels, respectively. Both were calculated as described in Sec-
tion 3.2.2 and correspond to the radiance level of a 30% surface
reflectance target, enabling direct comparison with the defined mission
SNR requirements.

At 496 nm (Fig. 7a), SNR;ef reaches 369:1, while the normalized
SNR,¢s reaches 597:1. Hence, the VNIR SNR requirement (> 500:1,
Table 3) is fulfilled. At 2200 nm, SNR, reaches 255:1 and the
normalized SNR,f reaches 279:1, thereby also fulfilling the SWIR SNR
requirement (> 150:1, Table 3). Overall, the results demonstrate that
the achieved SNR meets and exceeds mission requirements, indicating a
robust basis for a wide range of applications.

4.1.3. Spatially-coherent radiometric miscalibration (striping artifacts)

96 different L1B tiles were analyzed regarding across-track anoma-
lies. Initial inherent and randomly distributed high-frequency across-
track anomalies are suppressed efficiently to a shallow level (<1%) for
all tiles with a preprocessor version greater than V01.02.00. However,
inherent low-frequency across-track artifacts with a shallow radiance
level are still detected. They can be interpreted as band/column inherent
undulations that affect more than a single column and are not as easy to
detect visually as well as quantitatively compared to the high-frequency
features. For both VNIR (Fig. 8 (a)) and SWIR (Fig. 8 (b)), the mean
radiometric miscalibration in percent indicates a relatively stable across-
track pattern for all bands in the VNIR and SWIR. It also shows that the
gain match is small, and the pattern is mainly additive/offset-driven.
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The complete statistical analysis indicates that the quantitative char-
acteristic has little variability. A visual inspection of various homoge-
neous scenes (over different targets) confirms the low-frequency
artifacts distinct from their direct neighbors. The mean delta offset plot
for the VNIR (Fig. 8 (a)) also confirms (Storch et al., 2023) a slight
inherent fringing (etaloning) effect from band ~75 onwards. The mean
radiometric miscalibration in percent determines that the spatially
coherent across-track artifacts are rather minor and inside the radio-
metric mission requirements of <5%. Natural surface trends showing
through due to image-based derivation cannot be excluded. However,
due to the averaging of the derived across-track anomalies over 96
different tiles, the potential influence of natural surface properties can
be considered low.

4.1.4. Smile and full width at half maximum (FWHM)

A total of seven different tiles were analyzed for this independent
validation task (Fig. 9). The scene-based estimates of across-track
spectral position variations are relatively small for both 760 nm and
2300 nm concerning the instrument SSD. The across-track shapes of the
spectral shift and FWHM curves are almost identical for all seven
analyzed acquisitions, but the absolute values change from tile to tile by
0.1-0.2 nm. A fraction of this is likely associated with method-related
biases, especially for the relatively narrow 761 nm feature. For the
VNIR (761 nm feature), the SSD is ~7.3 nm, and the across-track
amplitude of estimated A4 is ~0.3 nm, which corresponds to a linear
displacement of a detector element of ~4.1% and thus follows the

mission requirement of < 20%. The wavy A1 changes at the edges can be
attributed to the fringing effects in this detector area. For the SWIR
(2300 nm feature), the SSD is around 8.0 nm, and the across-track
amplitude of estimated AA is ~1.0 nm, which corresponds to a linear
displacement of a detector element of ~12.5% and thus likewise fulfills
the mission requirement. The VNIR SSD is smaller than the FWHM,
resulting in a slightly smoother spectral signal than the achieved SSD
delivers (Fig. 2); for the SWIR SSD, the opposite is the case. The across-
track AFWHM is also very small for both features. The amplitude for
VNIR (~0.4 nm) and SWIR (~0.8 nm) results in a respective displace-
ment of a detector element of 6.5% and 10%.

4.1.5. Keystone (spatial across-track distortion)

The 36 different tiles were analyzed for this validation task sepa-
rately for VNIR (Fig. 10 (a)) and SWIR (Fig. 10 (b)). The detected spatial
across-track shift cumulated along bands amplitude results in 7.2% of a
pixel for the VNIR detector (Fig. 10 (a)) and 8.1% of a pixel for the SWIR
detector (Fig. 10 (b)). The across-track amplitude for the single bands is
also negligibly small. Such small spatial non-uniformities detected am-
plitudes are at the algorithm's inherent detection limits. Still, the algo-
rithm would detect significant shifts, and systematic trends regarding
keystone would be unmasked by the averaging based on 36 tiles.
Therefore, it can be concluded that both sensors are very well inside the
mission requirements of < 20% linear displacement of a detector
element and that this small inherent keystone pattern can be neglected
from an end-user point of view.
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Fig. 8. Mean low-frequency across-track anomalies for (a) VNIR and (b) SWIR based on 96 tiles.
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4.2. LIC - product validation

4.2.1. VNIR-to-SWIR spatial co-registration

For this validation task, a total of 110 suitable tiles were analyzed
(flat as well as mountainous regions). An aggregated relative spatial
accuracy statistic was generated processed with the current geometric
calibration (Table 1). The RMSE in the x-direction (6.05 m) and y-di-
rection (6.42 m) fulfill the requirements of the mission of < 30% of a
pixel. For acquisitions acquired before 03.11.2022, the official
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reprocessing of the LO archive (archived version > 01.03.00) fixed the
geometric calibration issues before that date. Therefore, only products
with an archived version > 01.03.00 should be used to avoid VNIR-SWIR
spatial inconsistencies.

4.2.2. Absolute spatial accuracy

A total of 187 different EnMAP file tiles were analyzed for this
validation task. An aggregated absolute spatial accuracy statistic was
generated based on these tiles (Table 2). The RMSE in the x-direction
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Fig. 10. VNIR (a) and SWIR (b) keystone; pixel-based across-track distortion cumulated along bands based on 36 tiles.

Table 1
Aggregated VNIR-to-SWIR spatial co-registration
statistics based on 110 tiles.

Metric Value [m]
MEAN XY 8.81
MEAN X —-5.2
MEAN Y 4.64
STD XY 1.41
STD X 2.1
SIDY 2.43
RMSE XY 8.94
RMSE X 6.05
RMSE Y 6.42
Table 2

Aggregated absolute spatial accuracy statistic
based on 187 tiles.

Metric Value [m]
MEAN XY 16.44
MEAN X -0.83
MEAN Y 3.28
STD XY 5.51
STD X 5.7
SIDY 7.28
RMSE XY 17.56
RMSE X 10.46
RMSE Y 13.49

(10.46 m) and y-direction (13.49 m) are both inside the mission re-
quirements of 30 m (1 GSD) for reference-optimized tiles. Tiles that were
not optimized could not be validated due to the lack of reliable GCPs.

4.3. L2A - product validation

4.3.1. In-situ BOA reflectance validation (land)

Based on the plotted wavelength-dependent BOA reflectance statistic
measures (Fig. 11), we see that the uncertainties, accuracies, and pre-
cisions are, in principle, < 3% for both the VNIR and the SWIR wave-
lengths range. The dispersion around the references (precision)
increases significantly in the 400-500 nm wavelength domain. This can
be due to the influences of aerosols and a lack of Dark Dense Vegetation
(DDV) for 39 of the match-ups, which is associated with a fallback to a
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standard atmosphere (visibility of 23 km (de los Reyes et al., 2020)) in
the L2A atmosphere correction. Only eleven in-situ measurements have
sufficient DDV (at least 2% of all pixels (de los Reyes et al., 2020)) to
approximate and incorporate correct AOT. The analyses also used tiles
and match-ups without DDV and assumed standard atmosphere to
generate stable validation statistics.

The mean residual (accuracy) indicates a slight underestimation of
EnMAP in the shorter wavelength of the VNIR, which is also due to the
lack of AOT compensation. When interpreting the results in this wave-
length area, the higher inherent uncertainties must also be considered
due to in-situ calibration limitations (Helmlinger et al., 2016). For the
SWIR part, the EnMAP-derived reflectance is systematically higher than
the in-situ reflectance values. This trend turns into the opposite beyond
2300 nm, where increased dispersion can be addressed to increased H,O
influences. Generally, slightly higher residual dispersions around the
main atmospheric features (e.g., Oy A ~762 nm, H;0, and CO;) are
visible. All indicated patterns are consistent with the individual Lyoa
comparisons. Nevertheless, the wavelength-based statistical assessment
indicates a high and stable EnMAP L2A product quality within the
accepted mission requirements.

A corresponding pattern can be seen for the level-dependent BOA
reflectance statistic (Fig. 12). Uncertainties for small reflectance levels
(< 10%) are well within the mission requirements (< 1%). Small
overshoots can be detected for reflectance levels of 10-15%. This can be
explained by the dominance of the shorter wavelengths for these
reflection levels and the lack of real inherent AOT compensation for
most used tiles. Reflectance levels > 15% are strictly under the respec-
tive 2% and 5% requirements. Only levels > 80% have a higher
dispersion. However, one can see from the frequency histogram in
Fig. 12 that the statistics are only based on few measured values and are
thus unreliable compared to the lower reflectance levels.

4.3.2. In-situ normalized water-leaving reflectance validation (water)

The water validation is based on 63 EnMAP tiles. 4 tiles from the
commissioning phase are classified as low quality by the GS, but they
were included here in the statistics as the RMSE was inside the re-
quirements. Overall, EnMAP Normalized Water-Leaving Reflectance
products underestimate the in-situ measurements. Higher uncertainties
are observed at shorter wavelengths (< 500 nm) due to the stronger
influence of the atmosphere by aerosol and molecular scattering.
Nevertheless, the wavelength-dependent plot of uncertainty, precision,
and accuracy in Fig. 13 indicates that all mission requirements are
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Fig. 13. Wavelength-dependent Normalized Water-Leaving Reflectance uncertainties, accuracies, and precisions based on 63 match-ups.

fulfilled without constraints.

Also, for the level dependent uncertainty (Fig. 14), it can be seen that
the lower reflectance levels are below 1% uncertainty, and for the levels
> 0.02, well below 2%. Only levels > 0.08 have a higher dispersion.

However, such high normalized water-leaving reflectance values are less
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frequent in water surfaces, as confirmed by the frequency histogram in
Fig. 14.
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5. Discussion and conclusion
5.1. Discussion of the results

The validation results confirm the high quality and reliability of the
EnMAP products across all processing levels. For the Level-1B products,
the validation of SNR, keystone, and spectral smile showed results that
are well within the defined mission requirements. The validation of
radiometric calibration also indicates that the requirements are gener-
ally met. However, shallow low-frequency across-track artifacts (strip-
ing) were observed in some scenes. These low-frequency across-track
artifacts could potentially influence the user's thematic products and
quantitative determination of bio-physical and bio-chemical parameters
to a certain degree. Therefore, the aim is to investigate these effects in
greater depth and, where possible, to eliminate them in the future.

The in-situ Lypa validation confirms that EnMAP's radiometric per-
formance is generally within the mission requirements, with slightly
elevated uncertainties in the 420-550 nm and >2300 nm regions due to
low radiance levels, calibration limitations, and AOT-dependent prop-
agation effects. Across 550-2300 nm, EnMAP radiances show stable
behavior with a minor systematic positive bias in the SWIR range and
uncertainties near the upper edge of the mission thresholds. As the small
overshoots can be caused by increased uncertainties in the in-situ
measurements and the propagation of the in-situ reflectance to TOA
level they are not considered to compromise the mission requirements.
More accurate and specific findings must be obtained based on further
scenarios during the ongoing operational phase. The indicated radio-
metric quality of the L1B products provides a solid basis for further
derived products and applications.

The spatial validations, including VNIR-to-SWIR co-registration and
absolute spatial accuracy, also yielded results that are well within the
respective mission requirements, confirming the excellent geometric
performance of the EnNMAP sensor system.

Similar to the Lyoa validation, the BOA reflectance validation is
generally within the mission requirements, with slightly increased un-
certainties in the edge wavelength regions (420-550 nm and >2300 nm)
and a tendency of EnMAP to produce slightly higher reflectance values
in the SWIR range. The overall quality of the BOA reflectance products
provided to users is therefore solid and sufficient for most scientific
applications and for the generation of higher-level products. In addition,
the Normalized Water-Leaving Reflectance validation confirms that the
product quality fully meets the high demands of aquatic applications as
reported in (Soppa et al., 2024), with uncertainties well below the
specified limits across all relevant reflectance levels.
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5.2. Uncertainty of the in-situ reference measurements

The in-situ reference measurements used for EnMAP validation are
not free of error and should not be regarded as absolute “truth.” Their
uncertainties vary depending on the measurement source and process-
ing. The RadCalNet sites comply with QA4EO principles, ensuring SI
traceability and site-to-site consistency, with BOA and TOA un-
certainties typically below 5% outside strong atmospheric absorption
features (Bouvet et al., 2019). HYPERNETS propagates random and
systematic uncertainties through a Monte Carlo approach (De De Vis
et al., 2024).

While full uncertainty traceability was planned, it could not be fully
realized during the Commissioning and Operational Phases due to
resource constraints. Errors were minimized according to the EnMAP
Field Guide (Brell et al., 2023), and only reference data meeting mission
uncertainty requirements were included.

Field campaign data, though valuable, lack standardized uncertainty
traceability. Instrumental errors such as calibration drift, stray light, or
temperature effects, and comparison errors due to spatial mismatch or
heterogeneous surfaces, contribute additional uncertainty. Neverthe-
less, the large number and diversity of measurements are expected to
compensate each other concerning systematic and random errors to a
certain degree.

Standards for in-situ data acquisition for satellite validation over
water sites, as defined in (IOCCG, 2019), were followed for all EnMAP
match-up measurements in this study as well as in the first validation
study of EnMAP L2A water reflectance data (Soppa et al., 2024). Inter-
comparison efforts quantifying differences between instruments,
instrumental setups, and data processing have been carried out within
the framework of the ESA and EUMETSAT FRM4SOC project and the
HYPERNETS project, funded by the European Union's Horizon 2020
program, through various activities (FRM4SOC, 2020; Ruddick et al.,
2025; Vabson et al., 2024). The results were incorporated into the
HYPERNETS data processor enabling a good approximation of the un-
certainty to these reference data (De De Vis et al., 2024).

To ensure independence, no data used for EnMAP calibration were
employed for validation. All calibrations rely on on-board systems, with
vicarious calibration limited to geometric adjustments. The reported
EnMAP quality estimates therefore represent conservative lower bounds
of the actual sensor performance, as part of the residual error originates
from the reference data themselves.

5.3. Conclusion

A holistic characterization of the essential EnNMAP product parame-
ters has been realized based on EO acquisitions only and, where
necessary, supported by adequate in-situ measurements. All key
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radiometric, spectral, geometric, and reflectance parameters character-
izing the EnMAP product quality match the agreed mission requirements
well and indicate an excellent product quality effectively available for
the users in Table 3.

The general focus of the validated product parameters was on ab-
solute quality, also based on in-situ measurements to determine the
current status of data quality. Although the stability between two
consecutive calibrations, preprocessing changes, and short outages were
monitored during CP and OP, and a continuous and sustainable
improvement in product quality was observed at the various levels, only
the status of the current product quality fit the scope of this paper. With
the increasing aging of the instrument and the onboard calibration de-
vices (e.g., sun diffuser), the analyses will focus more on relative sta-
bility and comparability over time regarding particular sites and the
relative categorization across missions in the future.

Quantifying and characterizing the EnMAP product's quality is a
crucial part of guaranteeing transferability and thus enables improved
interpretation of the information content application-wise. As the find-
ings of the independent EnMAP product validation are continuously
incorporated into improving the data quality, the validation efforts
make a vital contribution to EnMAP data quality and support the general
success of a hyperspectral EO mission. Overall, we can state that EnMAP
mission represents an important step forward in the field of space im-
aging spectroscopy and can significantly contribute to develop higher
level products and new applications in different domains.
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Table 3
Overview of the mission requirements and the estimated EnMAP product
parameters.

Validation parameter Sub-parameter Estimated Mission
requirement
Radiometric uncertainty [%] VNIR / SWIR <5.0 < 5.0
VNIR @ 495 nm > 500:1
SNR & SSD 10 nm 597:1
SWIR @ 2200 nm 279:1 > 150:1
& SSD 10 nm
Spatially-coherent
radiometric miscalibration along-track < 1.0 -
(high-frequent)
Spatlal}y-cqhergnt . across-track <1.0 -
radiometric miscalibration
across-track <10 -
(low-frequent)
VNIR @ 760 nm
Smile [% of a pixel] 4.1 <20
SWIR @ 2300 nm 12.5 <20
[% of a pixel]
VNIR @ 760 nm
FWHM (across-track [% of a pixel] 6.5 -
amplitude) SWIR @ 2300 nm 10.0 -
[% of a pixel]
VNIR [% of a
pixel] 7.2 <20
Keystone SWIR [% of a 8.1 <20
pixel]
x-direction [% of
VNIR-to-SWIR co-registration a pixel] 20.2 < 30
(RMSE) y-direction [% of 21.4 <30
a pixel]
Absolute spatial accuracy x-direction [m] 10.46 <30
(RMSE) y-direction [m] 13.49 <30
p<0.1 < 0.01 < 0.01
BOA reflectance (land) 01<p<0.3 < 0.02 < 0.02
03<p<0.6 < 0.04 < 0.05
400 nm < A <
450 nm
Normalized water-leaving 450 nm < A < <002 < 0.04
< 0.02 < 0.02
reflectance (water) 650 nm <001 <0.01
650 nm < A <
800 nm
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