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ABSTRACT:

The hyperspectral instrument ”DLR Earth Sensing Imaging Spectrometer” (DESIS) is a VNIR sensor on-board of the International 
Space Station (ISS) and operational since October 2019. DESIS acquires images of Earth on user request with a swath of about 30 
km width and 235 bands with a Full Width at Half Maximum (FWHM) of 3.5 nm in the spectral range between 400 to 1000 nm.
In this article we will present the basis of the atmospheric correction by PACO software, implemented inside the DESIS Ground 
Segment as L2A processor. The resulting L2A products will be validated against independent in-situ measurements. 
The aerosol optical thickness and water vapor will be compared with the Aerosol Robotic Network (AERONET) measurements and 
the surface reflectance will be validated with the Radiometric Calibration Network (RadCalNet) data.

1. INTRODUCTION

The DESIS L2A processor corrects the terrestrial reflection of
the incident solar radiation from the effect of the atmospheric
constituents. On its way down to the Earth surface and up to-
wards the DESIS sensor, the solar radiation is affected by dif-
ferent absorption and scattering processes. The spatial and tem-
poral variation in composition and properties of some of these
constituents makes the compensation of atmospheric effects an
important step in the remote sensing applications to retrieve
consistent surface properties (Vermote et al., 1997) (Thompson
et al., 2018) (Franch et al., 2017).

This contribution will summarize the DESIS L2A products (Sec-
tion 2) and their validation using in-situ measurements (Sec-
tions 3.1 and 3.2). The conclusions (Section 4) will summarize
the estimation of the uncertainty in the surface reflectance.

2. DESIS L2A PROCESSOR AND PRODUCTS

Within the DESIS Ground Segment, the PACO software (de los
Reyes et al., 2020) is implemented as L2A processor. The
algorithms implemented in PACO are inherited from AT-
COR (Richter, 1998).

The L2A processing is based on the following procedures. As a
first step, Look-Up-Tables (LUTs) with radiative transfer (RT)
functions have been simulated using MODTRAN 5.4.0 (Berk,
2008) for both mid-latitude summer and winter atmospheres.
The aerosol type in the simulations corresponds to the MOD-
TRAN rural (i.e. continental). The simulated radiative trans-
fer functions are transformed to sensor radiative transfer LUTs,
convolving them with the DESIS spectral response function per
band. The same spectral response functions are used to cal-
culate the solar irradiance for the specific sensor using a pre-
selected solar model with the standard setting using in Fon-
tenla (Fontenla et al., 2011).

Based on L1C ortho-rectified images, the following processing
steps are called by the processor in order to produce the corres-
ponding L2A products (Section 2.1):

• Pre-classification of the scene pixels according to pre-
defined categories: land, water, clouds, shadows, haze,
Dark Dense Vegetation (DDV), etc.

• Estimation of the atmospheric visibility and Aerosol Op-
tical Thickness (AOT) per pixel, extracting the information
from the previously masked DDV pixels. If no DDV pixels
are identified, a default visibility of 23 km is assumed for
pixels in the scene (Kaufman et al., 1997) (Richter et al.,
2006).

• Calculation of the Water Vapor (WV) column map using
the Atmospheric Pre-corrected Differential Absorption al-
gorithm (Schläpfer et al., 1998) (Richter and Schlapfer,
2008) using the 820 nm absorption region. The WV is
calculated only for land pixels. For water pixels, the re-
flected signal is so low that the WV estimation algorithm
retrieve only noise. Therefore, the mean over land pixels
is assumed for the water pixels.

• Calculation of the rugged-terrain or flat-terrain atmo-
spheric correction per pixel, without any Bi-directional re-
flectance correction, resulting in a Lambertian surface re-
flectance.

2.1 L2A products

The DESIS L2A products are included in the following data
layers, which are provided to the user:

• Pre-classification mask (QL QUALITY −2): pixel mask
of coded 8-bit integer flag, following the criteria and the
flagging criteria detailed in (Alonso et al., 2019) (de los
Reyes et al., 2020).
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• Aerosol optical thickness map (QL QUALITY − 2): es-
timated AOT at 550 nm (dimensionless) per pixel.

• Water vapor column map (QL QUALITY − 2): estim-
ated water vapor column (in cm).

• BOA surface reflectance (SPECTRAL IMAGE): sur-
face reflectance (without BRDF correction) measured in
”percent (%) * 100”.

3. VALIDATION OF DESIS L2A PRODUCTS AND
UNCERTAINTY ESTIMATION

The validation of the DESIS products is presented in this sec-
tion. Note that there are no independent references data avail-
able for the pre-classification masks, therefore they are ex-
cluded from this validation study.

The validation of the L2A products is divided according to
the in-situ reference sources: AERONET stations (Holben et
al., 1998) for the atmospheric parameters AOT and WV (Sec-
tion 3.1) and RadCalNet (Bouvet et al., 2019) for the surface
reflectance (Section 3.2). As DESIS is not a mapping mission,
the number of available acquisitions over the reference sites de-
pend on the users requests and their priority. For this reason,
the statistics available for the products evaluation are limited in
some cases.

Nevertheless, this study will determine the uncertainty (de los
Reyes et al., 2020) over the full dataset available of the AOT,
WV and the surface reflectance estimation. The uncertainty
propagation or uncertainty for different acquisition conditions
is out of this current study.

3.1 Validation of atmospheric parameters: aerosols and
water vapor

The aerosol optical thickness and water vapor column products
are validated using the measurements of the AERONET sun-
photometers as reference.

The AERONET stations measure at different times, so the val-
ues within ± 30 min of the DESIS acquisitions are interpol-
ated to the DESIS acquisition time. The AOT is measured at
different wavelengths by the AERONET station, so an addi-
tional interpolation in wavelengths to 550 nm must be included
in our analysis. The standard deviation of the interpolating val-
ues plus an instrumental 10% uncertainty is considered in the
AERONET measurement error.

The final interpolated values of AOT and WV are compared
with the value derived from DESIS in a ROI (Region Of In-
terest) of 9 km diameter on the AOT (550 nm) and WV maps
around the AERONET station coordinates.

For the AOT, only the DESIS acquisitions with enough detected
DDVs (>5%) in the scene are considered for this study. This
data quality criteria is set to exclude from the study the scenes
where the default AOT values is used, and not the AOT estima-
tion algorithm.

Finally, a total of 47 scenes were included to determine the AOT
uncertainty. Unfortunately not enough scenes have an AOT >
0.2 (see Figure 1), as a result few bins with enough data are
available to calculate an uncertainty as a function of the refer-
ence AERONET AOT. For the total amount of the scenes avail-
able for this study, we obtain an RMSE ∼ 0.15.

Figure 1. DESIS versus AERONET AOT (550 nm) (green dots).
The 1:1 line is represented by a grey dashed lines.

Regarding the WV evaluation, only scenes with enough (>5%)
clean land pixels will be considered. A total of 141 scenes along
the full range of values is available (see Figure 2). The calcu-
lated uncertainty of the water product of DESIS L2A products
between 0. and 5. cm is UWV = (0.08 ± 0.02) ·WV (cm) +
(0.06± 0.03)cm.

This uncertainty results are better than those obtained by PACO
in Sentinel-2 multi-spectral study (de los Reyes et al., 2020).
The reason is likely the higher spectra resolution and therefore
the smaller spectral difference between the absorption and the
shoulders bands for hyperspectral data compared to multispec-
tral like Sentinel-2.

For DESIS, due to the etaloning effect for higher wavelengths
(> 800 nm) (Alonso et al., 2019), it is not possible to evalu-
ate analytically whether the improvement in water vapor comes
from the hyperspectral sensor or the difference in the water va-
por absorption bands.

3.2 Validation of Bottom-Of-Atmosphere products: sur-
face reflectance

The Bottom-Of-Atmosphere is validated with the in-situ meas-
urements at the RadCalNet sites. Each of the site has an ho-
mogeneity uncertainty (U) within an specific ROI (Table 1). In
order to calculate a surface reflectance mean over the highest
amount of pixels possible, the minimum ROI of interest to con-
sider should include at least 5x5 pixels (150 x 150 m).

RalCalNet U [%] ROI [m]
La Crau 5 500
Gobabeb 3 500
Railroad Valley Playa 1.5 1000

Table 1. RadCalNet sites with their corresponding ROI and
uncertainty for this study.

In order to compare with previous studies on multi-spectral
sensors like Sentinel-2 (de los Reyes et al., 2020) and to min-
imize Bi-directional reflection (BRD) effects, illumination con-
ditions of sun zenith angle < 30◦ and off-nadir tilt angle <10◦

are only considered.
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Figure 2. DESIS versus AERONET water vapor (in cm) (blue
dots). The 1:1 line is represented by a grey dashed lines.

The accuracy, the precision and the uncertainty are calculated
in this study only for scenes over Gobabeb site (see Figure 3,
where at east 7 scenes are available under the before mentioned
illumination conditions.

Figure 3. Accuracy (red star), precision (green diamond) and
uncertainty (blue square) as a function of the reference value of

DESIS surface reflectance for Gobabeb RadCalNet site. The
number of pixels included in each bin are shown in the shadow
histogram and in the right axis. Uncertainty fit is displayed as

dotted blue line.

The dashed blue line is the resulting linear fit to the uncertainty
curve, UBOA = (0.04± 0.02) · ρBOA + (0.011± 0.006).

The large offset (0.011 ± 0.006) compared with Landsat-8 ref-
erence value (0.005) (Vermote and Kotchenova, 2008) plotted
as pink dashed line (Figure 3) is due to the accuracy bias at low
frequencies (λ < 440nm).

Next section will demonstrate that this accuracy bias seems to
be due to the large uncertainty in the AOT estimation in this type
of scenes. For such arid scenes a default value of between 0.2 -
0.3 is used in comparison with the typical values of RadCalNet
acquisitions (AOT < 0.1).

3.2.1 L2AF: L2A surface reflectance with external AOT
measurements In order to demonstrate the effect of the AOT
estimation on the uncertainty, the measured value of the AOT
during the RadCalNet measurement is used during the atmo-
spheric correction of DESIS scene. The external AOT values
can be given as input during the atmospheric correction in the
PACO software branch (de los Reyes et al., 2020) implemen-
ted as DESIS L2A processor. The aerosol type is the same
as in DESIS (”rura”) and the same used in RadCalNet for the
calculation of TOA reflectances. The AOT ”forced” surface
reflectance is named L2AF in this study, and its uncertainty
results are shown in Figure 4. The resulting uncertainty of
UBOAL2AF = (0.014±0.002)·ρL2AF (0.005±0.000) shows an
agreement with the precision and proves the previous assump-
tion that the accuracy bias at short wavelengths is due to a large
AOT uncertainty.

Figure 4. Accuracy (red star), precision (green diamond) and
uncertainty (blue square) as a function of the reference value of

DESIS surface reflectance for Gobabeb RadCalNet site. The
number of pixels included in each bin are shown in the shadow
histogram and in the right axis. Uncertainty fit is displayed as

dotted blue line.

3.2.2 BOA reflectance: DESIS versus RadCalNet at La
Crau Once we have estimated the surface reflectance uncer-
tainty in the worst conditions (large AOT uncertainty), we will
apply these results to a La Crau scene acquired at sun zenith
angles < 30◦ and off-nadir < 10◦.

Figure 5 shows the DESIS and RadCalNet spectra assuming the
uncertainties given in Section 3.2 and Table 1. The DESIS and
RadCalNet data corresponds to June 20th, 2020. The coverage
factor (k) of the difference between both spectra is within the
combined uncertainty (k < 1). The error source of both meas-
urements are considered independent and added quadratically
to calculate the combined uncertainty. The only outlier corres-
pond to the first DESIS band, and is related to known manufac-
turing defects of the DESIS detector at position of La Crau site
for this scene in particular (close to the tile border).

4. CONCLUSIONS

After three years of operations of the DESIS sensor, enough
data is available to give an estimation of the uncertainty of the
DESIS products.

An uncertainty of (0.08± 0.02) ·WV (cm)+ (0.06± 0.03)cm
has been estimated when comparing the water vapor estimated
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Figure 5. Top: DESIS surface reflectance (black cross) and
RadCalNet (green diamond) in-situ measurement for La Crau

(France) on June 20th, 2020. Bottom: Residuals of the
difference between the spectra above.

by DESIS to the AERONET in-situ measurements used as ref-
erence.

An estimation of the DESIS surface reflectance product uncer-
tainty is calculated using the in-situ measurements of the Rad-
CalNet sites. Under low sun zenith angle and small off-nadir
geometry, the uncertainty of the DESIS surface reflectance is
(0.04±0.02)·ρBOA+(0.011±0.006) for wavelengths λ > 440
nm. For lower wavelengths, the AOT uncertainty is dominant
over the fitted curve, being up to 0.02 - 0.03 surface reflectance
(where 1 corresponds to 100%) for the blue wavelengths when
the AOT difference is of the order of a factor 10.

Finally, when used the estimated uncertainties in this study with
an scene with dark dense vegetation, the comparison between
the DESIS BOA and the in-situ measurements are within their
corresponding errors.
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