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Executive Summary

This report addresses system characterization of the
German Aerospace Center (DLR) Earth Sensing Imaging
Spectrometer (DESIS) and is part of a series of system
characterization reports produced and delivered by the
U.S. Geological Survey Earth Resources Observation and
Science Cal/Val Center of Excellence. These reports pres-
ent the methodology and procedures for characterization and
the technical and operational information about the specific
sensing system being evaluated. These reports also provide
a description of data measurements, data retention practices,
and data analysis results and provide system characterization
conclusions.

In partnership with Teledyne Brown Engineering, DLR
built the DESIS hyperspectral instrument, which Teledyne
Brown Engineering then integrated onto its International
Space Station-based imaging platform, the Multi-User System
for Earth Sensing. DLR developed the processing software
and, together with Innovative Imaging and Research, com-
pletes the validation and calibration of the data products.
DESIS was launched in 2018, and the data are used for
scientific research in atmospheric physics and Earth sciences.
The DESIS sensor contributes to the scientific and commer-
cial utilization of the International Space Station and helps to
further hyperspectral remote sensing technologies for future
satellites. More information on DLR satellites and sensors is
included within the “2020 Joint Agency Commercial Imagery
Evaluation—Remote Sensing Satellite Compendium” and at
https://www.dlr.de/DE/Home/home_node.html.

The Earth Resources Observation and Science Cal/Val
Center of Excellence system characterization team completed
data analyses to characterize the geometric (interior and exte-
rior), radiometric, and spatial performances. Results of these
analyses indicate that DESIS has an interior geometric per-
formance of less than a 3.30-meter (less than 0.11 pixel) root
mean square error in band-to-band registration, an exterior
geometric performance in the range of a 2.40- (0.08 pixel) to
17.40-meter (0.58 pixel) offset in comparison to the Landsat 8

'KBR, Inc., under contract to the U.S. Geological Survey.

Us. Geological Survey.

Operational Land Imager, a radiometric performance in the
range of —0.013 to 1.011 (offset and slope), and a spatial
performance for band 130 of 1.5 pixels at full width at half
maximum, with a modulation transfer function at a Nyquist
frequency of 0.167.

Introduction

The German Aerospace Center (DLR) Earth Sensing
Imaging Spectrometer (DESIS) sensor was launched from
Cape Canaveral, Florida, on June 29, 2018, as part of the
SpaceX CRS-15 logistics flight to the International Space
Station. DESIS was placed in the Multi-User System for
Earth Sensing facility on the International Space Station for
environmental monitoring. DESIS is a hyperspectral imaging
spectrometer with as many as 235 bands built and designed by
DLR and Teledyne Brown Engineering. DESIS data are com-
mercially available through Teledyne Brown Engineering. For
more information or acquisition of DESIS data and products,
please visit https://tbe.com/geospatial/data-products.

The data analysis results provided within this report
have been derived from approved Joint Agency Commercial
Imagery Evaluation processes and procedures. The Joint
Agency Commercial Imagery Evaluation (https:/www
.usgs.gov/core-science-systems/eros/calval/jacie) was formed
to leverage resources from several Federal agencies for the
characterization of remote sensing data and to share those
results across the remote sensing community.

Purpose and Scope

The purpose of this report is to describe the specific
sensor or sensing system, test its performance in three catego-
ries, complete related data analyses to quantify these perfor-
mances, and report the results in a standardized document. In
this chapter, the DESIS sensor is described. The performance
testing of the system is limited to geometric, radiometric, and
spatial. The scope of the geometric assessment is limited to
testing the interior alignments of spectral bands against each
other, and the exterior alignment is tested in reference to the
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Landsat 8 Operational Land Imager (OLI). The information on
the Landsat 8 OLI is provided at https://www.usgs.gov/core-
science-systems/nli/landsat/landsat-8.

The U.S. Geological Survey (USGS) Earth Resources
Observation and Science (EROS) Cal/Val Center of
Excellence (ECCOE) project, and the associated system
characterization process used for this assessment, follows
the USGS Fundamental Science Practices, which include
maintaining data, information, and documentation needed
to reproduce and validate the scientific analysis documented
in this report. Additional information and guidance about
Fundamental Science Practices and related resource infor-
mation of interest to the public are available at https://www
.usgs.gov/about/organization/science-support/office-science-
quality-and-integrity/fundamental-science-practices. To obtain
additional information related to this report, please contact the
ECCOE at eccoe(@usgs.gov.

System Description

This section describes the satellite and operational details
and provides information about DESIS.

Satellite and Operational Details

DESIS is the solar reflective imager installed on the
International Space Station. DESIS has 235 channels, which
measure energy from 400 to 1,000 nanometers (nm). DESIS
has a swath width of 30 kilometers (km) x 30 km and ground
sample distance (GSD) of 30 meters (m). Key satellite and
operational details of DESIS are presented in table 1.

Sensor(s) Information

Imaging sensor details for DESIS are provided in table 2.
DESIS spectral responses at the selected wavelength range
(that is, 400-460 nm) are shown in figure 1.

Procedures

ECCOE has established standard processes to identify
Earth observing systems of interest and to assess the geomet-
ric, radiometric, and spatial qualities of data products from
these systems. The process steps are as follows:

* system identification and investigation to learn the
general specifications of the satellite and its sensor(s);

* data receipt and initial inspection to understand the
characteristics and any overt flaws in the data product
so that it may be further analyzed;

» geometry characterization, including interior geometric
orientation measuring the relative alignment of spectral
bands and exterior geometric orientation measuring
how well the georeferenced pixels within the image are
aligned to a known reference;

« radiometry characterization, including assessing how
well the data product correlates with a known refer-
ence and, when possible, assessing the signal-to-noise
ratio; and

* spatial characterization, assessing the two-dimensional
fidelity of the image pixels to their projected GSD.

Data analysis and test results are maintained at the USGS
EROS Center by the ECCOE project.

Measurements

The observed USGS measurements are listed in table 3.
Physical error, in meters, is calculated by the GSD (30 m)
multiplied by the pixel error. Details about the methodologies
used are outlined in the “Analysis” section.
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Table 1.

Satellite and operational details for DESIS.

Measurements

3

[DESIS, German Aerospace Center (DLR) Earth Sensing Imaging Spectrometer; m, meter; mm, millimeter; kg, kilogram; nm, nanometer; °, degree; N, north; S,
south; %, plus or minus; km, kilometer; lat., latitude; NASA, National Aeronautics and Space Administration]

Product information

Product name
Satellite name
Satellite size

Sensor name(s)
Instrument size
Instrument mass
Sensor type
Mission type
Launch date
Number of satellites

Expected lifetime

DESIS data
Satellite and operational information
Level 1C
International Space Station
109 mx 75 m
DESIS

430 mm x 190 mm x 135 mm

88 kg (instrument + container)

Pushbroom imaging spectrometer (400—1,000 nm)
55° N to 52° S land and water monitoring mission
June 29, 2018

1

5 years

Operator Teledyne Brown Engineering
Operational details
Operating orbit Not Sun synchronous (varies)

Orbital altitude range
Sensor angle altitude
Geographic coverage
Temporal resolution
Temporal coverage
Imaging angles
Multiangular measurements
Field of view
Instantaneous field of view
Ground sample distance(s)
Spectral sampling
Signal-to-noise ratio

Focal plane array size
Data licensing

Data pricing

Product abstract

Product locator

405+5 km

51.6°

55° N to 52° S lat.

No repeat cycle

2018 to present

+15°

+40° in flight direction

4.4°

0.004°

30 m

2.55 nm (programmable binning on ground to as much as 4x)
205 sampled at 2.55 nm, 406 binned to 10.21 nm
1,056 (spatial) x 256 (spectral) pixels

Restricted

Data are commercially available. Data for this report are obtained through NASA funded procurement.

https://tbe.com/geospatial/data-products
https://teledyne.tcloudhost.com/

Table 2.

Imaging sensor details for DESIS.

[The German Aerospace Center (DLR) Earth Sensing Imaging Spectrometer (DESIS) has a swath width of 30 kilometers; pm, micrometer; m, meter]

Spectral band(s) details

DESIS

Lower band (pm) Upper band (pm)

Radiometric

resolution (bits)

Ground sample
distance (m)

Hyperspectral (235 spectral bands)

0.400 1.000

12 bit plus 1 gain bit

30
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Figure 1. DESIS spectral response. [DESIS, German Aerospace
Center (DLR) Earth Sensing Imaging Spectrometer]
Analysis

This section of the report describes the geometric, radio-
metric, and spatial performance of DESIS.

Geometric Performance
Geometric performance is assessed using band-to-band

analysis (interior) and geometric location accuracy (exterior).
Band-to-band (interior) analysis was completed by choosing

Table 3. U.S. Geological Survey measurement results.

one DESIS band as a reference and analyzing alignment of
other bands with respect to the reference band. Geometric
location accuracy (exterior) geometric performance was com-
pleted by comparing the DESIS band with the corresponding
Landsat 8 OLI band.

Interior (Band to Band)

The band-to-band alignment analysis was completed
using the Landsat Image Assessment System (IAS) software
on an image obtained over Baotou, China. For this analysis
and for the ease of reporting, band 130 (725 nm) was selected
as the reference image. This band was chosen because it is
within the red channel, which is known to correlate well with
other bands, and because the band is in the middle of the focal
plane. Each band of the DESIS image was considered a sepa-
rate image and compared against the reference band image
using the IAS. The pattern shown in figure 2 reveals that there
is a slight misalignment between the bands. The pattern indi-
cates that band misalignment is greater moving away from the
reference band (band 130). This pattern is visible when any
other band is considered as the reference band as well.

Maximum and minimum root mean square error mis-
alignment when compared with band 130 is listed in table 4
with results represented in pixels at a 30-m GSD. These
numbers are consistent with tests completed on other DESIS
images. The issue of band offset is caused by the use of a roll-
ing shutter, as confirmed by DESIS. More details are docu-
mented in Alonso and others (2019). Together, the interior and

[USGS, U.S. Geological Survey; <, less than; m, meter; RMSE, root mean square error; DESIS, German Aerospace Center (DLR) Earth Sensing Imaging

Spectrometer; L8 OLI, Landsat 8 Operational Land Imager]

Description of product

Top of Atmosphere reflectance

USGS measurement results

Geometric performance (easting, northing), in meters (pixels)

Interior (band-to-band)

Exterior (geometric location accuracy)

All 235 bands were well aligned: <3.30 m (<0.11 pixel RMSE)
Mean: 3.90 m (0.13), 2.40 m (0.08)

RMSE: 15.90 m (0.53), 17.40 m (0.58)

Radiometric performance (offset, slope)

Radiometric evaluation (linear regression—
DESIS versus L8 OLI reflectance)

Coastal aerosol band (offset, slope): 0.002, 0.958
Blue band (offset, slope): —0.002, 0.978

Green band (offset, slope): —0.007, 0.989
Red band (offset, slope): —0.011, 1.011
Near-infrared band (offset, slope): —0.013, 1.008

Spatial performance

Spatial performance measurement

Band 130: full width at half maximum = 1.5 pixels; modulation transfer function at
Nyquist = 0.167

Known artifacts and quality issues

USGS noted artifacts/quality issues

For interior geometric analysis (band to band), there is a systematic error because of

rolling shutter, but its effect is small.




Relative error, in pixels

Band number

Table 4. Band-to-band registration error for reference band 130.

[RMSE, root mean square error]

Reference hand—Band 130 I\{Iax!mum, l\_llml_mum,
in pixels in pixels
RMSE (easting) 0.10 —-0.10
RMSE (northing) 0.10 0.00

exterior geometric analysis results, as reported in this section
and the “Exterior (Geometric Location Accuracy)” section,
provide a comprehensive assessment of geometric accuracy.

Exterior (Geometric Location Accuracy)

The geometric location accuracy analysis was completed
using the Landsat IAS software on an image obtained over
Baotou, China. For this analysis, DESIS band 130 (725 nm)
was compared against Landsat 8§ OLI band 4, which has a

Analysis

EXPLANATION

Mean error
Standard deviation

Figure 2. Band-to-band alignment
analysis results for reference
band 130.

control uncertainty of 8 m. The mean error and root mean
square error results are provided in table 5; results are rep-
resented in pixels at a 30-m GSD. A geometric error vector
map showing the directional shift and relative magnitude of
the shift, when compared with the Landsat 8 OLI, is pro-
vided in figure 3. Results after removal of the geometric bias
are shown in figure 4. Circular errors 90 and 95 represents
the radius of the circle such that there is a 90-percent and
95-percent probability that the error lies within the circle,
respectively.

Table 5. Geometric error relative to the Landsat 8 Operational Land Imager.

[ID, identifier; RMSE, root mean square error; m, meter]

5

Scene ID Mean error (easting)  Mean error (northing) RMSE (easting) RMSE (northing)
DESIS-HSI-L1C- 0.13 pixel 0.08 pixel 0.53 pixel 0.58 pixel
DT2019021801 00 (3.90 m) (2.40 m) (15.90 m) (17.64 m)

1-20190218T095150-V0210—
SPECTRAL_IMAGE
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Sample

Errorin easting, in pixels

Errorin easting, in pixels

Figure 3. Relative geometric
error comparison for the
Landsat 8 Operational Land
Imager and DESIS. [DESIS,
German Aerospace Center
(DLR) Earth Sensing Imaging
Spectrometer]

Figure 4. Relative geometric
error comparison for Landsat
8 Operational Land Imager
and DESIS after bias removal.
[DESIS, German Aerospace
Center (DLR) Earth Sensing
Imaging Spectrometer; datal,
data point; CE90, circular error
90; CE95, circular error 95]



Radiometric Performance

Radiometric performance was evaluated using a lin-
ear regression. For this analysis, cloud-free homogeneous
regions of interest were selected within three coincident
scenes between Landsat 8 OLI and DESIS and cross compari-
sons were completed with the Landsat 8 OLI as the refer-
ence sensor. The three Pseudo Invariant Calibration Sites
selected were Barreal Blanco (Argentina; scene identifier
DESIS-HSI-L1C-DT0294807348 002-20190312T151733—
V0206-SPECTRAL IMAGE), Libya 2 (scene identifier
DESIS-HSI-L1C-DT2018101004 006-20181010T183546—
V0206-SPECTRAL IMAGE), and White Sands (United
States; scene identifier DESIS-HSI-L1C-DT2018120802 00
2-20181208T101023-V0206-SPECTRAL IMAGE). Pseudo
Invariant Calibration Sites are the location on Earth surface
which are stable over time. The scatterplot in figure 5 is drawn
so that the y-axis is the reference sensor and the x-axis is the
comparison sensor; thus, the linear regression represents Top
of Atmosphere reflectance relative to that of the reference
sensor. Ideally, the slope should be near unity and the offset
should be near zero; for example, if the slope is less than unity,
that means the comparison sensor tends to overestimate Top of
Atmosphere reflectance compared to the reference sensor.

Statistical Top of Atmosphere reflectance comparison
results are listed in table 6. A graphical Top of Atmosphere
reflectance comparison between Landsat 8 OLI and a rep-
resentative DESIS near-infrared band is shown in figure 5.
Graphical Top of Atmosphere reflectance comparisons
between Landsat 8 OLI and representative coastal aerosol,
blue, green, and red DESIS bands are shown in figure 6.

Analysis

Ordinary least squares regression
1:1 Line
Data (Top of Atmosphere reflectance)

Reflectance for Landsat 8

Reflectance for DESIS

Figure 5. Top of Atmosphere reflectance comparison for
Landsat 8 Operational Land Imager and DESIS (near infrared).
[DESIS, German Aerospace Center (DLR) Earth Sensing Imaging
Spectrometer]

Table 6. Top of Atmosphere reflectance comparison against Landsat 8 Operational Land Imager.

[The scene identifiers for this dataset are DESIS-HSI-L1C-DT0294807348 002-20190312T151733-V0206-SPECTRAL IMAGE, DESIS-HSI-L1C—
DT2018101004 006-20181010T183546—V0206—SPECTRAL IMAGE, and DESIS-HSI-L1C-DT2018120802 002-20181208T101023-V0206—
SPECTRAL IMAGE; NIR, near infrared; %, percent; Rz, coefficient of determination]

7

Statistics Coastal aerosol band Blue band Green band Red band NIR band
Uncertainty (%) 4.06 2.63 2.43 2.61 3.36
R 0.99 0.99 0.99 0.99 0.99
Offset 0.002 —0.002 —0.007 -0.011 -0.013
Slope 0.958 0.978 0.989 1.011 1.008
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Coastal aerosol

Reflectance for Landsat 8

Reflectance for DESIS

Spatial Performance

The spatial performance characterization of the DESIS
system was carried out by analyzing band 130 data over agri-
cultural fields that have inclined edges (with respect to the car-
dinal directions). The process was carried out using the image
quality estimation methods based on Helder and others (2003).
Full width at half maximum and modulation transfer function
at Nyquist frequency analysis outputs are listed in table 7.

Table 7. Spatial performance of DESIS.

[DESIS, German Aerospace Center (DLR) Earth Sensing Imaging
Spectrometer; FWHM, full width at half maximum; MTF, modulation transfer
function]

Spatial analysis FWHM MTF at Nyquist

Band 130 1.5 pixels 0.167

Summary and Conclusions

This report summarizes the sensor performance of the
German Aerospace Center (DLR) Earth Sensing Imaging
Spectrometer (DESIS) system based on the U.S. Geological
Survey Earth Resources Observation and Science Cal/Val
Center of Excellence (ECCOE) system characterization

Figure 6. Top of Atmosphere
reflectance comparison for
Landsat 8 Operational Land
Imager and DESIS (coastal
aerosol, blue, green, and

red bands). [DESIS, German
Aerospace Center (DLR) Earth
Sensing Imaging Spectrometer]

process. In summary, we have determined that this sen-

sor provides an interior geometric performance of less than
3.30 meters (less than 0.11 pixel), an exterior geometric per-
formance of 2.40 (0.08 pixel) to 17.40 meters (0.58 pixel), a
radiometric performance of —0.013 to 1.011 (offset and slope),
and a spatial performance of 1.5 pixels at full width at half
maximum, with a modulation transfer function at a Nyquist
frequency of 0.167.

During DESIS system characterization, the ECCOE
system characterization team followed characterization proce-
dures that are standardized across several sensors and remote
sensing systems under evaluation; however, these procedures
are customized to fit the individual sensor, as was done with
DESIS. The team has acquired and retained the data, defined
proper testing methodologies, carried out comparative tests
against specific references, recorded measurements, completed
data analyses, and quantified sensor performance accordingly.
The team has retained all data, measurements, and methods.
This is key to ensure that all data and measurements are
archived and accessible and that the performance results are
reproducible.

The ECCOE project and associated Joint Agency
Commercial Imagery Evaluation partners are always interested
in reviewing sensor and remote sensing application assess-
ments and would like to see and discuss information on similar
data and product assessments and reviews. If you would like
to discuss system characterization with the U.S. Geological
Survey ECCOE and (or) the Joint Agency Commercial
Imagery Evaluation team, please email us at eccoe@usgs.gov.
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