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ABSTRACT

Observations in thermal infrared (IR) contribute substantially to the understanding of the
global fluxes of energy and matter between Earth’s surface, ocean and atmosphere. Key
parameters derived from such observations are Sea Surface Temperature (SST), Land Surface
Temperature (LST) and Land Surface Emissivity (LSE). These variables are important for weather
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forecasting and climate modelling. However, satellite systems currently in orbit provide only
a small number of spectral bands in the thermal region, and consequently cannot be used for
temperature emissivity separation (TES) to accurately derive LST and LSE. Hence, capacities to
investigate processes or phenomena where LST in high temporal and high spatial resolution
(<100 m) is required, such as agricultural applications or urban heat island monitoring, are
limited. Additionally, the measurement of radiative energy released from active large and small
fires, which contribute significantly to greenhouse gas emissions, is still challenging with
current IR systems. Here, we introduce the proposed multispectral sensor system DIEGO
(Dynamic Infrared Earth Observation on the ISS Orbit) with 11 spectral bands and a ground
sampling distance of less than 60 m, which aims to reduce the observation gap in the thermal
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infrared significantly.

Introduction

Climate change is affecting the Earth system to an
unprecedented extent and intensity, causing severe
socioeconomic and ecological consequences. In 2017,
the global average carbon dioxide (CO,) concentration
in the Earth’s atmosphere reached 405 ppm (parts
per million), a level not seen in climate records of the
last 800,000 years (Gamillo, 2018). The levels of green-
house gases are still rising and even faster than they did
during the 1990s (Gamillo, 2018; Hopkin, 2007).
Thermal infrared sensors provide key capacities to
improve our understanding of climate change by asses-
sing hot sources as well as ambient temperature of land
and sea surfaces. Wildfires and peat fires affect the global
climate severely, because they release large amounts of
greenhouse gases and aerosols. Twenty-four percent of
greenhouse gas emissions are related to agriculture, for-
estry and other land use, which includes land-based CO,
emissions from vegetation fires, peat fires and peat decay
(Intergovernmental Panel on Climate Change (IPCC),
2014). The net contribution of vegetation fires and peat
fires to global warming is estimated to be about 6% of the
fossil fuel emissions with considerable inter-annual
variability, and the contribution of small fires is one of

the factors still causing substantial uncertainties (Van
Der Werf et al., 2017). The total anthropogenic effective
radiative forcing over the Industrial Era is 2.3 Wm?’
(Intergovernmental Panel on Climate Change (IPCC),
2014; Myhre et al., 2013). Satellite-derived Land Surface
Temperature (LST) and Sea Surface Temperature (SST)
products are considered to be among the most important
variables in order to understand global energy flux from
micro to mesoscale (Merchant et al.,, 2013; Sobrino,
Jiménez-Mufioz, & Paolini, 2004). The challenge to
retrieve correct LST products is to estimate Land
Surface Emissivity (LSE) accurately (Moscadelli, Diani,
& Corsini, 2017). Therefore, temperature and emissivity
need to be separated from at-sensor thermal radiance.
LST is driven by incoming solar longwave irradia-
tion, outgoing terrestrial radiation, sensible-, latent-
and ground heat fluxes (Dash, 2005). Consequently,
LST and SST can be used as an indicator for the
energy balance of the Earth. These datasets are
important for different applications such as numer-
ical weather prediction, climate simulations or vege-
tation monitoring. LSE is not only necessary for an
accurate estimation of surface energy budgets (Jin &
Liang, 2006); it can be also used as an indicator of the
composition of different materials. It is especially
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suited for the determination of silicate minerals, bed-
rock mapping and resource exploration (Ninomiya,
2004).

The estimation of LST is further complicated by its
dependency not only on surface parameters, but also
on atmospheric effects and viewing angles, which can
lead to uncertainties of up to 5 K and more (Li et al,,
2013; Prata, Caselles, Coll, Sobrino, & Ottlé, 1995).
Consequently, there is a large deviation of retrieved
LST measurements related to different LSE retrieval
methods (Li et al.,, 2013).

A number of thermal sensors are in orbit, providing
data for different applications. For instance, MODIS
(Moderate-resolution Imaging Spectroradiometer, on
Terra and Aqua satellites), VIIRS (Visible Infrared
Imaging Radiometer Suite, on S-NPP and JPSS),
SEVIRI (Spinning Enhanced Visible and InfraRed
Imager, on Meteosat Second Generation), and SLSTR
(Sea and Land Surface Temperature Radiometer, on
Sentinel-3) provide data in mid-wavelength infrared
(MWIR) as well as in long-wavelength infrared (LWIR),
often referred to as thermal infrared (TIR), with low to
medium spatial resolution (=375 m). MWIR data from
these sensors are suitable to investigate high-temperature
anomalies such as larger landscape fires, whereas LWIR is
used to retrieve LST or SST. These sensors provide data at
a high temporal, albeit low spatial resolution. Satellite
missions such as FireBIRD, Landsat 7 and Landsat 8
feature TIR sensors with a higher spatial resolution of
180 m, 60 m and 100 m, respectively, but they only have
a limited number of one or two bands in the thermal
domain and a high revisit time (Ruecker, Menz,
Heinemann, Hartmann, & Oertel, 2015).

Since 2018, the ECOSTRESS (Ecosystem Spaceborne
Thermal Radiometer Experiment on Space Station) TIR
sensor is installed on the International Space Station
(ISS) with a higher spatial and spectral resolution than
Landsat 7 in the thermal bands. This sensor is based on
the existing space-ready prototype of HyspIRT’s
(Hyperspectral Infrared Imager). Due to the sensor
design and ISS speed, the ECOSTRESS pixels are asym-
metric with 38 m in-track and 69 m cross-track. The
sensor has five spectral bands in the 8-12.5 um range
and one additional band at 1.6 um, e.g. for geolocation
and cloud detection (https://ecostress.jpl.nasa.gov/
instrument). ECOSTRESS measures the temperature
of plants in order to determine plant health and water
use (Hulley, Hook, Fisher, & Lee, 2017). Main scientific
questions addressed are hence related to observation of
water availability, vegetation water stress and agricul-
tural vulnerability (https://lpdaac.usgs.gov/documents/
339/ECO4ESIALEXIU_PSD_V1.pdf)

ECOSTRESS is designed to observe 22 target areas
or swaths in 24 h, each measuring 400 by 400 km, but
NASA managed to increase spatial coverage with
a focus on the USA (https://www.jpl.nasa.gov/news/
fact_sheets/ecostress-factsheet.pdf). ECOSTRESS has
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no spectral bands in MWIR and it is not dedicated to
quantify high-temperature events like wildfires and
related variables such as Fire Radiative Power (FRP).

In contrast, the German FireBIRD mission consists of
two small satellites launched in 2012 and 2016, respec-
tively, which are designed to detect high-temperature
events and anomalies such as fires (Lorenz et al., 2015;
Zhukov, Lorenz, Oertel, Wooster, & Roberts, 2006).
Both FireBIRD satellites are equipped with two spectral
bands in the thermal domain: one MWIR one LWIR and
additionally three bands in visible and near-infrared
(Lorenz et al., 2015).

In summary, even though several sensors include
thermal bands, there is still a lack of multispectral
thermal sensors in the LWIR (at 8-14 um) with
a spatial resolution below 100 m, suitable for the
investigation of ambient temperatures, and also at
least one band in the MWIR (at 3-5 pm) with a very
high radiometric dynamic range to detect and quantify
high-temperature events without saturating while
observing strong high-temperature events and at the
same time not missing small fires.

The multispectral DIEGO (Dynamic Infrared Earth
Observation on the ISS Orbit) sensor with 11 spectral
bands is aiming to reduce the observation gap in LWIR
and MWIR significantly and to provide data for many
scientific fields including meteorology, oceanography,
climatology, agricultural and forest sciences, volcanol-
ogy, geomorphology, and environmental sciences. In
the following chapters, different sensors for Earth
observation on the ISS are introduced and the charac-
teristics of ISS-born Earth observation are discussed.
Finally, the DIEGO sensor concept and its applications
are described.

ISS-borne earth observation

In the past, Earth observation was mainly satellite-
based. With novel, sophisticated sensor systems and
at a relatively low cost, ISS-borne remote sensing is
becoming more important (Stavros et al., 2017). The
ISS is a habitable satellite in low Earth orbit (approx.
400 km) with a weight of 450 t and a length of
109 m. Its sun-asynchronous orbit (the solar illumina-
tion at any location changes as the orbit processes)
allows to address several scientific fields and to inves-
tigate processes at different day- and night-times,
which is particularly beneficial for thermal remote
sensing (Hulley et al., 2017). The ISS has the ability
to host several instruments simultaneously, collecting
a variety of parameters at synergetic spatial resolutions
and coordinated temporal acquisition, which is crucial
for environmental applications (Stavros et al., 2017).
In the past, several sensors such as HICO (hyperspec-
tral imaging of the coastal ocean) (Corson et al., 2004),
the International Space Station Agricultural Camera
(ISSAC) (Olsen, Kim, Ranganathan, & Laguette,
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2011), RapidScat (Lin & Portabella, 2017) or Meteor
(Arai et al., 2014) were mounted on the ISS. Recently,
new systems, like the already mentioned ECOSTRESS
or DESIS (DLR Earth Sensing Imaging Spectrometer),
were installed. DESIS is the first DLR (German
Aerospace Center) instrument for the analysis of
hyperspectral data on the ISS. The continuous cover-
age between 400 and 1,000 nm using 235 closely
arranged spectral bands makes DESIS a multi-
purpose instrument for different applications such as
agriculture, biodiversity, geology and mineralogy,
coastal zones and water ecosystems. DESIS has
a swath with of 30 km with 30 m spatial resolution
(Eckardt et al., 2015). Additionally, GEDI, a geodetic-
class LIDAR measures canopy heights and vegetation
structure to quantify global terrestrial biomass (Neeck,
2015). OCO-3 (Orbiting Carbon Observatory-3)
installed on the Japanese Experiment Module-
Exposed Facility (JEM-EF), is aimed to investigate
complex dynamics of the Earth’s atmospheric carbon
cycle (Neeck, 2015). The combination of different
sensors on board of the ISS and the simultaneous
data acquisition is helpful to gain deeper insights
into the complex interrelations between lithosphere,
hydrosphere, biosphere and atmosphere (Stavros
et al., 2017).

ISS external platforms

The importance of ISS as an Earth observation plat-
form is increasing due to new sensor technology and
the opportunity to have easy and relatively inexpen-
sive access to space with external non-commercial and
commercial platforms attached to the ISS. Several
external platforms suitable for Earth observation pay-
loads are attached to the ISS. JAXA operates its
Japanese Experiment Module - Exposed Facility
(JEM-EF), an external platform that can hold up to
10 experiment payloads at the same time outside the
Japanese Kibo module (Matsuoka et al., 2007).

Another platform on the ISS, specifically developed for
Earth observation payloads, is the Multi-User-System for
Earth Sensing (MUSES), developed and operated by the
US company Teledyne Brown Engineering. The German
hyperspectral DESIS sensor uses the MUSES platform
since August 2018 (https://tbe.com/geospatial/MUSES).
Besides MUSES, NanoRacks provides a commercial gate-
way to space. The platform is designed for Earth and deep
space observation and sensor development. NanoRacks
offers complete in-house capabilities for payload integra-
tion, payload design and development (http://nanor
acks.com).

The new Bartolomeo platform - provided by
Airbus Defence and Space (ADS) - is already partly
attached to the European Columbus Module of the
ISS. The name of the platform refers to Bartolomeo
Columbus, the younger brother of Christopher

Columbus. The sensor name DIEGO refers to Diego
Columbus, the son of Christopher Columbus. The
Bartolomeo platform will allow hosting of external
payloads, providing mostly unobstructed views on
planet Earth and outer Space. Several slots provide
Nadir and Zenith view, which in most cases is bene-
ficial for Earth observation and geolocation.
Bartolomeo will be operated in a collaborative public-
private utilization scheme with ESA and NASA. ADS
plans to provide an “all-in-one mission service” for the
Bartolomeo platform payloads, i.e. payload launch,
payload on-orbit installation, commissioning, opera-
tion and payload data delivery (https://www.airbus.
com/space/human-spaceflight/bartolomeo.html).

DIEGO will use the Bartolomeo platform, which
has its own communication system for the transmis-
sion of payload scientific data to the Earth, called
Optical Space Infrared Downlink System (OSIRIS)
Laser Communication Terminal (LCT). The data will
be downlinked to an optical ground segment, which
consists of eight Optical Ground Stations (OGS), to be
spread over the globe between * 51° latitudes. The
OSIRIS LCT on Bartolomeo has a downlink capacity
of approximately 3.75 TB per day. Additional data can
be transferred via the Ethernet connection based on
the existing ISS standard communication link.
(https://www.airbus.com/space/human-spaceflight
/bartolomeo.html).

DIEGO sensor design and its applications

The DIEGO sensor, mounted on the Bartolomeo plat-
form, will substantially expand existing Earth observa-
tion capabilities on the ISS, and it will use the unique
advantages of the ISS orbit. The DIEGO sensor design
makes it useful for a large variety of applications, all of
which have specific requirements regarding temporal,
spatial and spectral resolution. The applications of the
DIEGO sensor system are summarized in the last
section of this chapter.

The DIEGO sensor design

Due to absorption by water vapour and other gases in
the atmosphere, two-wavelength windows of 3 to 5 pum
(MWIR) and 8 to 13 pm (LWIR) can be used for
observation of the upwelling radiation from the sur-
face of the Earth (Figure 1). For both atmospheric
windows, DIEGO is going to provide high-
resolution, multispectral data of the Earth’s surface
with a ground sampling distance (GSD) of <60 m in
the MWIR and LWIR. The DIEGO sensor will consist
of different sensor heads: One of them with a cooled
mega-pixel detector matrix for multispectral MWIR
and LWIR observations and several further heads with
uncooled Si-detector arrays for visible (VIS) and near-
infrared (NIR) multispectral imaging (see Table 1)
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band 1: 0.52 - 0.60 ym
band 2: 0.63 - 0.69 um
band 3: 0.78 - 0.86 pm

band 6: 8.125 - 8.475 pym band 9: 10.25 - 10.95 ym
band 7: 8.475 - 8.825 ym band 10: 10.95 - 11.65 ym
band 8: 8.925 - 9.275 um LWIR all with NETD @ 300 K <0.3K

band 4: 3.65 - 3.70 ym, NETD @ 400 K < 1 K
band 5:3.70 - 4.0 ym, NETD @ 300 K< 0.5K

MWIR

Transmittance (%)

6 Wavelength pm 10 12

Figure 1. Atmospheric transmittance and DIEGO’s spectral bands specification in comparison with ECOSTRESS’s spectral bands
marked with ***, DIEGO's spectral band 11 (not shown) can bee used to enhance atmospheric correction or for CO, detection, but
it is not defined yet. Transmittance is calculated with modtran (http://modtran.spectral.com/modtran_home) for mid-latitude
summer, top of atmosphere, 294.2 K.

Table 1. Preliminary specification of DIEGO's sensor system.

Specifications

Number of spectral bands

Detector type of the MWIR/LWIR sensor
Detector type of the nadir looking VNIR cams
Detector type of the swivel video camera

VIS 2, NIR 1, MWIR 2, LWIR 6 (all co-registered)

60 K- cooled IR matrix (HgCdTe) with 1280 x 1024 pixels

KAI-16,070 16-megapixel, CCD Sensor or IMX411 150-megapixel, BSI, CMOS
EXMOR® CMOS 35-mm with 12.4 megapixel

GSD in MWIR/LWIR <60 x 60 m
GSD in VNIR(nadir looking) 20-30 m
Swath width 350 km
DIEGO’s average power consumption =70-80 W
DIEGO's instrument mass =70 kg

with a GSD of 20-30 m. These sensor heads will be
mounted and co-aligned on one common optical
bench, together with two star trackers and the
Inertial Measurement Unit (IMU) (Figure 2-4). This
allows to providing geo-referenced multispectral and
co-registered image data acquisition in eleven spectral
bands:

e Three spectral bands for VIS/NIR (VNIR)
(0.45-0.9 pm green, red, and NIR)

e Two spectral bands for MWIR (3.6-4 pm)
mainly dedicated for the observation of high-
temperature events with expected pixel tem-
peratures of 400-1000 K

¢ Six spectral bands for LWIR (8-12 pum) for nor-
mal temperature phenomena at 250-350 K (see
Figure 1 for detailed band specification)

To provide eight spectral bands in MWIR/LWIR, eight
filter stripes are placed in front of the cooled detector
matrix. For the VNIR sensors and for the MWIR/
LWIR sensor, separate sensor electronics will be used
and managed by DIEGO’s Central Instrument Control
Unit (see Figure 3). The DIEGO MWIR/LWIR sensor

will consist of the sensor head, a Scan/Tilt Mirror
System (STMS) and two black bodies for radiometric
on-board calibration, as shown in the right-hand pic-
ture of Figure 4.

Most likely a push-whisk broom scan mode of the
STMS in front of the IR sensor head will be used,
providing a field of view (FoV) of 350 km. Sensor
requirements detailed below are based on the key
applications of DIEGO in the low temperature (e.g.
SST, LST) and high-temperature domain (e.g. fires).

Spectral bands requirements for the detection and

characterization of high-temperature events

A large and diverse range of hot sources can be detected
and characterized from space, including biomass burn-
ing, gas flares, coal fires, volcanoes and industrial hot-
spots. Considerable advance has been achieved in
observing landscape fires using predominantly MWIR
sensors, mostly at coarse resolutions of 750 m to >1 km
(Justice et al, 2002; Roberts & Wooster, 2008;
Schroeder, Oliva, Giglio, & Csiszar, 2014; Zhukov
et al., 2006). Gas flares have been characterized using
MWIR (Anejionu, 2019), SWIR (Fisher & Wooster,
2018), or - only at nighttime - using all bands at
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Figure 3. The block diagram of the DIEGO sensor system.

Their results showed that currently available coarse
resolution IR sensors are generally not optimal for
observations of gas flares, since these sources have

wavelengths from visible to LWIR for the VIIRS sensor
(Elvidge, Zhizhin, Hsu, & Baugh, 2013) and from SWIR
to LWIR for the SLSTR (Caseiro et al., 2018) sensor.
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Star Tracker
System »
—

Figure 4. Schematic view of the DIEGO sensor system, showing its nadir looking VNIR cameras in the left picture and its

MWIR/LWIR sensor in the right picture.

their spectral maximum in the SWIR (1.6-2.5 um),
which can lead to substantial omission errors if only
a MWIR band are used for detection (Anejionu, 2019).
Due to the spatial resolution offered by DIEGO, detec-
tion of gas flares can be much improved, but saturation
of the sensor may occur when flares are large and hot.

The estimation of fire attributes, like “fire tempera-
ture” and “fire area”, from space takes place in the sub-
pixel domain. Therefore, operational IR sensors, due
to their low spatial resolution, allow the retrieval of fire
area and fire temperature of smaller fires only with
large uncertainties (Giglio & Kendall, 2001; Giglio &
Schroeder, 2014; Zhukov et al., 2006). Multiband
nighttime methods developed by Elvidge et al. (2013)
for the VIIRS sensor and adopted by Caseiro et al.
(2018) for the SLSTR sensor have the potential to
reliably estimate fire temperature and area and their
uncertainties for hot sources. However, they work
only at nighttime when fire activity is low. With two
bands in the MWIR and six bands in the LWIR at
a spatial resolution of 60 m, both the bi-spectral
method using one band in MWIR and one band in
LWIR (e.g. Zhukov et al., 2006), as well as the multi-
band retrieval using Planck curve fitting will provide
reasonable estimates of fire temperature and area at
daytime conditions. Fire temperature is a key element
for the characterization of the combustion regime
(flaming vs. smoldering combustion) (Giglio &
Justice, 2003; Yokelson et al., 2007). The combustion
regime in turn is decisive for the estimation of emis-
sion factors for different trace gas species, most nota-
bly CO, CO, and CH,, which is a potent greenhouse
gas (Yokelson et al., 2007).

At the spatial resolution of 60 m, subpixel fire
area can be used to estimate the depth of the flaming
front, and together with combustion rates derived
from FRP, can be used to determine reaction
intensity (Alexander, 1982; Kremens, Smith, &
Dickinson, 2010), which is an important fire inten-
sity measure. Coal-seam fires usually do not produce

a strong enough signal to be detected by operational
coarse resolution observations (Siegert et al., 2004;
Tetzlaff, 2004) but have been successfully monitored
by FireBIRD data with 160 m spatial resolution
(Atwood et al., 2016). Coal-seam fires have success-
fully been observed in the SWIR by nighttime
ASTER and Landsat ETM sensors at 90 m and
30 m resolution, respectively (Tetzlaff, 2004).
Observations by the BIRD HSRS sensor (MWIR/
LWIR) at 160 m resolution provided a lower number
of detections showing that this sensor’s ground reso-
lution was not optimal for observation of coal-seam
fires (Tetzlaff, 2004). Consequently, even the
FireBIRD satellites — featuring the same IR sensor
as BIRD, with the highest spatial resolution non-
saturating MWIR/LWIR observations available to
date, are not well suited for monitoring of coal-
seam fires, which are important GHG sources.
Building on the heritage of the BIRD (Zhukov
et al., 2006) and FireBIRD sensors (Lorenz et al.,
2015), the dynamic range of the DIEGO MWIR/
LWIR sensor is achieved by observing hot sources
at different integration times, where lower integra-
tion times are used for very hot sources to prevent
saturation. Since the spatial resolution of DIEGO
will be substantially higher than those of BIRD or
FireBIRD, the DIEGO sensor must be equipped with
two MWIR bands to provide unsaturated data even
for extremely hot sources (e.g. gas flares, hot vegeta-
tion fires). The broader band MWIR will cover the
3.7 to 4.0 um spectral range, while the narrowband
MWIR will operate at 3.65 to 3.7 um (see Figure 1).
This layout and the use of different integration times
enables an extremely large dynamic range, which is
specifically important for monitoring hot sources
together with their “cold” background at high spatial
resolution of <60 m. Detailed band specifications
and their required radiometric precision, e.g. their
noise equivalent temperature difference (NETD) are
shown in Figure 1.
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Spectral bands requirements for retrieval of Land
Surface Temperature and Land Surface Emissivity
Especially for the investigation of the urban heat island
effect (UHI) and to capture intra-urban surface heat
patterns, sensors with high precision (see the NETD
values in Figure 1), high temporal, spectral and spatial
resolution (<100 m) are required. In urban areas, the
uncertainties in LST and LSE retrieval are still large,
depending on the methods used (Li et al., 2013).
Consequently, DIEGO provides a high spatial and
temporal resolution and the spectral characteristics
to accurately estimate LSE with LWIR and MWIR.
All state-of-the-art temperature emissivity separation
methods can be applied to DIEGO data. This includes
methods making use of two or more bands in the
thermal domain, as well as those requiring only one
thermal band, such as NDVI-based approaches (see,
e.g., Li et al., 2013). Sensors with several bands in the
thermal domain and high spatial resolution are espe-
cially useful for monitoring of urban areas. In urban
areas with a small-scale mixture of surface materials
where spatial variability of emissivity is large, an
NDVI-based approach with one or two thermal chan-
nels is of limited usefulness due to its inability to
distinguish between different artificial surfaces (Oltra-
Carri6, Sobrino, Franch, & Nerry, 2012). At the same
time, a spatial resolution below 100 m is required for
mapping at scale useful for urban applications
(Sobrino, Oltra-Carri6, Soria, Bianchi, & Paganini,
2012). ECOSTRESS on JAXA JEM the and a future
DIEGO sensor on Bartolomeo are therefore well sui-
ted for this application as they allow to implement
multispectral ~ temperature/emissivity ~ separation
approaches, such as the TES (Gillespie et al., 1998),
for retrieving most accurate LST (Hulley, Shivers,
Wetherley, & Cudd, 2019) at high spatial resolution.
These capabilities to derive LST with high precision
is also important for agricultural applications.
Currently, only the ECOSTRESS sensor provides ther-
mal data in a sufficient spatial, temporal and spectral
resolution to accurately estimate evapotranspiration at
local scale and over the diurnal cycle (https://ecostress.
jpl.nasa.gov/downloads/atbd/ECOSTRESS_L2_ATBD_
CLOUD_2018-06-06.pdf), but the ECOSTRESS sensor
is in contrast to DIEGO not capable to derive NDVI.
Consequently, ISS based multispectral thermal sensors,
like ECOSTRESS and a future DIEGO sensor are cap-
able to derive different drought indices like the
Evaporative Stress Index (ESI) for crop water-stress
detection (Gerhards, Schlerf, Mallick, & Udelhoven,
2019) accurately and with a maximum revisit time of
5 days. (https://ecostress.jpl.nasa.gov/downloads/atbd/
ECOSTRESS_L2_ATBD_CLOUD_2018-06-06.pdf)
Additionally, all LWIR applications and existing algo-
rithms for ASTER can be used, since the DIEGO spec-
tral band specifications for LWIR are identical (Abrams
etal., 2015). Complementary information for improved

surface characterization can be expected from the link
to the ECOSTRESS spectral library (Meerdink, Hook,
Roberts, & Abbott, 2019).

Spectral bands requirements in the visible and NIR
region
Nadir facing visible red and near-infrared channels are
needed to effectively discriminate sun glint and bright
surfaces from fires (Zhukov et al., 2006) and to calcu-
late NDVTI for NDVI-based LSE estimation.
Furthermore, most of the present satellite systems
such as Landsat or Sentinel-2 are not capable of deriv-
ing stereoscopic images of the Earth’s surface. The
DIEGO sensor system will be equipped with a swivel
commercial RGB video camera with a GSD of
5 m. This is useful especially for disaster response, as
well as for the generation of 3D models, e.g. the injec-
tion height of fire smoke plumes. The expected
DIEGO 3D capabilities were simulated using 27 ISS
astronaut photos of Mount Fuji using Agisoft
Metashape Professional © (Figure 5). The photos
represent varying camera angles, light conditions and
overlaps, making it difficult to derive a sufficiently
accurate 3D model. The challenges and limitations of
NASA’s HDEV (High Definition Earth Viewing)
video data (Muri, Runco, Fontanot, & Getteau, 2017)
for low-resolution 3D model generation (GSD of
500 m) were already described (Schultz, Ortwein, &
Rienow, 2018) and they are similar to those observed
for the high-resolution Fuji model presented here.
Consequently, a sensor with low light capabilities like
a Sony EXMOR® CMOS 35 mm sensor with 12.4
megapixel (0.004 Lux/ISO 409,600, 4K), or even 8K
version CMOS is useful. More importantly, the
DIEGO video camera is co-aligned and co-registered
with all spectral bands. Therefore, time-consuming
georeferencing by hand is not necessary. The CMOS
camera data allows a fully automated processing of
georeferenced 3D models, which can be combined
with all 11 spectral bands.

Applications of the DIEGO sensor system

The unique inclined equatorial sun-asynchronous orbit
of the ISS differs extremely from the orbits of most
Earth observation satellites. The ISS passes over loca-
tions between 51.6 degrees North and 51.6 degrees
South at different day and night-times with a short
revisit time, especially at latitudes larger than 40° (see
Table 2). Short revisit and even observations at
different day- and night-times are beneficial for many
applications. In contrast to ECOSTRESS, the DIEGO
sensor system can continuously observe the Earth and
can deliver multispectral data not only in LWIR, but
also in MWIR and VNIR with high temporal, spatial
and spectral resolution useful for answering research
questions in remote sensing, meteorology, climatology,
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Figure 5. 3D model of Mount Fuji derived from 27 images (15S5046-E-35801 to 1SS046-E-35828) taken by astronauts from the ISS.
Photos alignment, dens cloud, mesh and texture generation were performed with Agisoft Metashape Professional. The 3D model
was georeferenced with five ground control points. The GSD of the final model is 5 m. All ISS photos can be downloaded here:

https://eol.jsc.nasa.gov.

Table 2. Estimated number of DIEGO overflights for different locations and latitudes.

Number of overflights

Location Geographical latitude (20.12.16-31.01.17) Overflights per day
Berlin (Germany) 52.5 54 13
North Dakota (USA) 48.0 46 11
Athens (Greece) 38.0 25 0,6
Kuwait 28.7 19 04
Samarinda (Indonesia) 0.0 15 0,3

agriculture and forestry, oceanography, volcanology,
biology, geomorphology, glaciology, environmental
sciences, soil science, geophysics, atmospheric chemis-
try, gynecology and fire ecology. For instance, it can be
used to monitor wetlands, natural reserves or inland
water bodies, or for precision farming and urban
planning.

Especially in the field of climate change, high-
resolution thermal data of the Earth surface are essential
to improve climate simulations and weather predictions.
Climate change will challenge ecosystems all over the
globe causing severe ecological and socioeconomic con-
sequences (Intergovernmental Panel on Climate Change
(IPCC), 2018). Impacts of climate change are expected to
be severe particularly in cities, and high-resolution ther-
mal urban LST products are needed to assess urban heat
island effect against the background of climate change
(Estrada, Botzen, & Tol, 2017).

Furthermore, DIEGO can be used to validate ther-
mal satellite systems or products with lower spatial
resolution. The asynoptic observation cycle of
DIEGO is particularly useful to validate data derived
from meteorological satellites with lower spatial reso-
lutions. DIEGO can help to gain deeper insight to
understand radiation budget and global energy flux
on micro, macro and mesoscale, because LST and SST
are considered to be the most important products for

this application (Anderson et al., 2008; Li et al., 2013;
Sobrino et al., 2004). The Earth radiation budget and
surface radiation budget are both Essential Climate
Variables (ECV) and LST is considered to be of fun-
damental importance for numerous environmental
applications (Merchant et al., 2013; Jin & Liang,
2006; Sobrino et al., 2004). Accurate LST and SST
products that have a high spatial resolution are not
only applicable for validation of sensors like MODIS,
SLSTR, SEVIRI or VIIRS, but are also useful to inves-
tigate Earth system processes, when a high spatial
resolution in the thermal region is required, e.g. for
the investigation of coastal cold water upwelling, the
detection of small warm-water eddies, fog detection,
cloud top temperatures and cloud height of thunder-
storms, and hurricanes or for glacier monitoring.
Furthermore, DIEGO can be used to monitor perma-
frost melting or for agricultural applications such as
drought monitoring, crop disease detection, soil
properties characterization or water stress estimation
(evapotranspiration) (Khanal, Fulton, & Shearer,
2017). Additionally, multispectral thermal sensors
such as DIEGO can be used for LSE estimation,
exploration and bedrock mapping (Ninomiya, 2004).

In contrast to ECOSTRESS with its six spectral
bands, DIEGO provides 11 spectral bands with sym-
metric pixel dimensions. The major difference
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between DIEGO and ECOSTRESS is the availability of
two non-saturating MWIR bands (for observation of
high-temperature events) and three nadir facing spec-
tral bands in VNIR (e.g. for sun-glint removal, NDVI-
based LSE estimation and vegetation status character-
ization). Consequently, DIEGO will be capable to
investigate high-temperature events such as forest
fires, bush fires, peat fires, coal-seam fires, volcanic
thermal anomalies or industrial gas flares with highest
precision.

Fires contribute significantly to global CO, emissions
(Intergovernmental Panel on Climate Change (IPCC),
2014), but especially small fires can only be explored
insufficiently on continental scale with current satellite
systems. DIEGO has a high dynamic range and is
designed to provide unsaturated MWIR and LWIR data
permitting to retrieve the ECV “Fire disturbance” com-
ponent Fire Radiative Power (FRP), even for small fires or
industrial gas flares. FRP is linearly correlated with fire
fuel consumption and hence emissions (Mota &
Wooster, 2018; Wooster, Roberts, Perry, & Kaufman,
2005) and therefore, is part of the Global Climate
Observing System (GCOS) with respect to the ECV Fire
disturbance (Kaiser et al., 2012; Ruecker et al., 2015;
Zhukov et al., 2006).

Additionally, DIEGO’s high-resolution 4K swivel
video camera can be used for disaster response, to derive
3D models, to estimate cloud or injection height of fire
smoke plumes, to investigate meteorological phenomena
such as aurora borealis and upper-atmospheric lightning
like sprites and jets. The material from the video camera is
additionally used to develop educational material for
schools. In that regard, the DIEGO project can build on
experience gained in the school projects “Remote Sensing
in Schools” (FIS), Columbus Eye and KEPLER-ISS (all
funded by DLR) (Rienow et al., 2015). The goal is to
disseminate and deepen knowledge about key technolo-
gies, space flight and Earth observation in schools to
foster the competences of the pupils in terms of self-
organization and spatial orientation (Rienow et al,
2015; Schultz et al., 2018). Therefore, the DIEGO project
will also promote and support school-related activities
within ESERO Germany (European Space Education
Resource Office) funded by ESA.

Conclusion

There is no higher spatial resolution (<100 m) satellite
system in space that allows both the observation of
normal temperature phenomena and the observation
of high-temperature events at different day and night-
times. Higher spatial resolution is especially needed
for the investigation of urban heat islands, agriculture
and forest applications, volcanic monitoring and last
but not least to measure the contribution of small fires
to greenhouse gas emissions.

Currently, an increasing number of activities is
being carried out to exploit the ISS as a platform for
Earth observation. The multispectral DIEGO sensor
system mounted on the Bartolomeo platform will
extend and substantially improve Earth observation
capabilities especially in the TIR domain. DIEGO’s 11
spectral bands and its ground sampling distance
<60 m reduces the observation gap in the thermal
infrared spectrum significantly, especially for high-
temperature events such as wildfires and industrial
gas flares. Additionally, DIEGO can be used to validate
products (e.g. LST, SST and LSE) from satellite systems
with lower spatial resolution to minimize uncertainties
in retrieval methods. The short revisit time, the ability
to detect and investigate small fires, the capability to
observe a point of interest at different day and night-
times with high spatial and spectral resolution will
improve the understanding of the physical interdepen-
dencies of energy fluxes in biosphere and atmosphere
and fire-related forcing of the climate system. DIEGO
will enhance and improve the potential of existing
remote sensing systems for global environmental
monitoring.
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