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ABSTRACT

For more than two decades, satellite-based emergency mapping (SEM) supports authorities and responders in the
rapid assessment of disaster situations. Although automation has been advanced, particularly in the field of
satellite image analysis, the standard SEM workflow of the Copernicus Emergency Mapping Service (CEMS) is
mostly user-driven at crucial steps. The 2021 flood events in western Germany show, as an example, the strong
influence of manual interaction on the timely provision of satellite-based crisis products to emergency managers.
We examine where latencies occur in the CEMS workflow and show a concept for the automation of processes
and the usage of primarily open web data for process triggering to overcome delays. Our assumption is that a
combination of both components is key for a faster SEM workflow, which we discuss along further benefits and
challenges. A prototypical information system demonstrates the practical applicability of the concept.
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INTRODUCTION

Large-scale natural disasters such as the severe floods in western Germany in 2021 (e.g. Ahr valley) or Pakistan
in 2022, the extensive wildfires in Portugal in 2017, Spain in 2022, Chile in 2023 and 2024 or the devastating
earthquake in the bordering region of Turkey and Syria in 2023 require an effective, fast and coordinated disaster
management (DM). When a disaster strikes, rapid, timely situation assessment is key for an adequate operational
planning, so that available resources can be used effectively, shown by the example of the Ahr valley flood
(Holzheimer et al., 2022). Earth observation (EQ) data products have proven highly valuable in providing an up-
to-date overview of an affected region and valuable information on the extent and distribution of damage (Gstaiger
etal., 2022). Satellite-based emergency mapping (SEM) services such as the Copernicus Emergency Management
Service (CEMS) rapid mapping service (RMS) (CEMS, 2024) provide geospatial information on demand and fast
in support of DM activities before, during or immediately following a disaster (\Voigt et al., 2016).
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In contrast to sudden-onset disasters like earthquakes, the availability of early warnings, e.g. for meteorological
events, may enlarge the time window for an improved DM support with EO data. Recent undertakings to
accelerate SEM in terms of delivery timeliness of the crisis information by utilizing early warning systems have
proven effective (Wania et al., 2021), however the process remains user-driven at crucial steps. In this paper, we
investigate possible enhancements for the SEM process and propose a concept for automation of manual steps to
improve both, timely provision and accuracy of EO-based crisis information. Afterwards, we show how our
approach is applied in a prototypical implementation as a proof-of-concept.

Our work is based on design science research (Hevner et al., 2004). The presented artifacts, an improved SEM
process and an information system prototype, are the first results of an ongoing development process with practice
and state-of-the-art research in mind. This is made possible in particular by the authors' position as employees of
an RMS (Center for Satellite-Based Crisis Information (ZKI)) based at a research organization (German
Aerospace Center (DLR)). Both the relevance and rigor of the artifacts can thus be iteratively ensured.

RELATED WORK

Since 2003, ZKI has established one of the first rapid mapping mechanisms that continued to evolve with
concurrent advances in satellite technology to provide users with precise EO-based crisis information (Géhler,
2016). Among other RMS providers, DLR has contributed to the predecessor of the CEMS (Schneiderhan et al.,
2010). Today, the standard SEM process of the CEMS starts with a user-driven activation, which on average is
requested 20h after the user-defined event time. Upon activation, the state-of-the-art process follows the steps 1)
satellite tasking (optional, see chapter “Satellite Acquisitions”) 2) image acquisition, 3) image delivery and 4)
map product delivery including image analysis (Wania et al., 2021) (Figure 1).

The timeline for the severe Ahr valley flooding was reconstructed to illustrate this SEM process. Figure 2 shows
early warnings by the European Flood Awareness System (EFAS, https://www.efas.eu) and the German National
Meteorological Service (DWD, 2021a, 2021b) four, respectively, one day before the CEMS activation by the
German Joint Information and Situation Centre (GMLZ). Upon the activation, cloud cover prevented the use of
optical satellite imagery for damage assessment during the initial flooding days. The ZKI became active at request
of the Bavarian Red Cross given the DWD warnings and by chance was able to provide timely aerial imagery
(Holzheimer et al., 2022). An automatic flood detection based on Sentinel-1 radar satellite images was also
published (ZKI, 2021). This case exemplifies the time delays in the current SEM workflow due to manual
activation responsibilities and handover procedures. It is important to note that the disaster response cannot be
reconstructed for a theoretical case in which the SEM would have been activated at an earlier stage.
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Figure 1. Comparison between state-of-the-art and proposed automated SEM workflow
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Figure 2. Condensed timeline of the RMS activation EMSR517 for Bad Neuenahr-Ahrweiler with time in UTC
(based on CEMS, 20214, 2021b; Weidinger, 2022)

Overall, we can identify several significant gaps in time delay 1) between the initial early warning and the SEM
activation, being manually performed by an authorized user, and 2) between the activation and satellite tasking.
Furthermore, 3) the latency between satellite sensing and image delivery (e.g. on Copernicus Open Access Hub,
https://scihub.copernicus.eu) and 4) the time- and labor-intense manual and semi-automatic visual image
interpretation delay the SEM process at later steps. Most attention has been given to optimizing the latter gap,
which remains an area for ongoing improvements, such as fully automated flood detection (Wieland & Martinis,
2019; Bereczky et al., 2022), and burnt area derivation (Nolde et al., 2020; Knopp et al., 2020).

Considering the first two gaps, mental workload and initial uncertainties affect both users and SEM providers
during disasters. Authorities must be aware of the event location to define the area of interest (AOIl) for a SEM
activation. End users are often unaware of possible and upcoming satellite data acquisitions, including Copernicus
and very high-resolution (VHR) satellites, and the time until map product availability. SEM service providers are
engaged in a time-consuming search and coordination for suitable satellite data sources. Reducing manual
activation time delay is crucial given past delays in RMS activation of, for instance, 36h after disasters in Bosnia
and Herzegovina (CEMS, 2014). Since 2016, EFAS has been linked to the CEMS SEM process to anticipate
satellite tasking for riverine floods. Wania et al. (2021) found that EFAS pre-tasking reduced delivery time for the
first map product from 28:47 h to 16:05 h on average considering 14 flood events in Europe from 2016 to 2020.
Similarly, Ajmar et al. (2019) proposed to include early warning alerts like those of the Global Disaster Alert and
Coordination System (GDACS, https://www.gdacs.org), which also integrates tsunami models to reduce
acquisition times by up to one day (GDACS, n.d.).

THE PROPOSED CONCEPT

The SEM workflow described above reveals that manual interaction and latency are the main reasons for a delayed
provision of EO-based data products for DM, particularly the triggering step and the search for suitable satellite
data sources. There are already approaches in place that shorten the time for triggering, but these are limited to
specific natural events, and in some cases are not commonly accessible. Thus, we propose an approach that
substitutes manual interaction and latency with a) the automation of processes and b) the usage of primarily open
data from the WWW. Our assumption is that combining both components is key for an accelerated and therefore
substantially improved SEM workflow.

AOI Definition

Figure 1 shows our proposed workflow for automating the initial steps of a SEM activation, which requires two
types of input data: a) data that allows us to determine an AOI and b) data that contains information on future
satellite data acquisitions. In our approach, the AOI is defined as an automatically derived area in which an event
is likely to happen in the near future or has just happened. An event can be anything that might require an
observation with remote sensing technologies, such as a natural or man-made disaster. While the AQOI is currently
determined manually by the entity that requests the satellite data, we propose a process that automatically retrieves
the AOI by monitoring crisis-related data from the WWW. Monitoring involves continuously analyzing
heterogeneous data to detect spatiotemporal anomalies in a given context.

Sometimes web data contain such anomalies implicitly. In case of natural disasters, for example, numerous
national and international entities issue official alert messages already including an AOI (e.g. MeteoAlarm,
https://www.meteoalarm.org). For predictable events, such as storms, these alerts can be early warnings. For
sudden-onset disasters, such as earthquakes, these alerts are usually published in a short time frame after the event.
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Another example of publicly available spatiotemporal anomalies are event databases like the Global Database of
Events, Language, and Tone (https://www.gdeltproject.org). These databases may contain conflict-related events,
such as air raids. Technically, we can directly use the spatiotemporal information from alerts and event databases
for building an AOI. Yet, trustworthiness of the sources must be considered. Warnings issued by widely accepted
institutions such as GDACS can be regarded as very reliable. We can trust the expertise of the specialists and
integrate the provided AOIs into our process. However, sometimes there are no official warnings or up-to-date
event databases for the region or the event type we are interested in. As an example, quickly emerging refugee
camps or natural disasters in countries without warning infrastructure can be mentioned. In such cases, or when
the information derived from alerts and event databases is not satisfactory, other data sources should be
considered, for example media monitors (e.g. Europe Media Monitor, https://emm.newsbrief.eu) and social media
platforms. Here, the challenges are data access, data reliability and the fact that the spatiotemporal anomaly
detection has to be performed by ourselves. An automated event detection approach (see Li et al. (2022) for
examples) can be applied to turn unstructured textual data into well-structured events that describe the location,
the time and the type of a disaster (Resch et al., 2018; Havas & Resch, 2021).

In summary, we can assume that in certain situations only one data source might be sufficient for the definition
of an AOI. Even more, this applies to situations where a) the size of the footprint of the satellite is much bigger
than the AOI, b) the satellite data are available free of charge and c) the satellite data will be analyzed
automatically. In other situations, we cannot rely on only one data source. For instance, an official alert might
cover a vast administrative entity. However, an RMS provider is primarily interested in the situation in populated
areas. In such cases, we propose the fusion of as many data sources as necessary to determine a sensible AOI. In
this scenario, together with the official alert(s), we could use a population distribution dataset and social media
analysis for refinement (Lorini et al., 2019). The efforts pay off particularly when a) the size of the footprint of
the satellite is smaller or approximately of the same size as the AOI, b) the satellite data are only available
commercially at a high price and c) the satellite data will be analyzed manually.

Satellite Acquisitions

Besides the definition of AOls for specific events, information on satellite acquisitions is essential in our approach.
We have to distinguish three different satellite categories depending on the availability of satellite data. 1) Some
EO satellites collect data permanently. The data are made available free of charge on platforms on the WWW.
Besides the actual imagery, acquisition planning data are sometimes published on the WWW. Hence, we know
when and where a satellite will acquire data in the coming days. Examples for this category are the Copernicus
Sentinel (e.g. Sentinel-2, see European Space Agency, n.d.) or Landsat missions. 2) Some EO satellites offer a
direct data broadcast. These satellites still collect data permanently. However, ground stations can directly receive
the data when the satellite passes over and before the data is published on official platforms. Alongside the
sometimes publicly available acquisition planning data, information from and about ground stations is required to
assess data availability. Examples of this category are Sentinel-1, Aqua, Terra and Suomi NPP. 3) Some EO
satellites do not collect data on a permanent basis. Instead, these satellites have to be tasked by an authorized
entity. For acquisition planning, a ground station has to uplink information to the satellite, such as where and when
data have to be acquired. Examples of this category are commercial VHR optical satellites (e.g. WorldView-3)
and radar satellites (e.g. TerraSAR-X).

Data Intersection

For satellites from category one, as defined in chapter “Satellite Acquisitions”, each of the derived AOlIs can be
intersected with the potential sensing areas. No manual interaction is required and all the necessary data can be
downloaded from the WWW. For satellites from category two, we additionally have to consider the direct
acquisition capacities of ground stations. For satellites from category three an interface with commercial satellite
operators has to be established in order to ensure that the requested AOIs can be considered in acquisition
planning. The overall goal remains the same in all three cases: We want to know which satellite data will be
available for our AOls at what time. This information is of great value to decision makers in crisis situations based
on experience gathered from previous ZKI activations and research projects, e.g. EU FP7 PHAROS (Community
Research and Development Information Service (CORDIS), 2023) and EU H2020 HEIMDALL (CORDIS, 2022).
At this point of the workflow, users can quickly be informed by means of decision proposals, for instance short
email notifications, about their options for their customized satellite-based product. Thus, decision proposals are
a further means to strengthen situational awareness (Endsley, 1995). While our system is intended to function
fully automatically until this step, the relevance of decision proposals becomes evident if the acquisition of
possibly expensive commercial data is proposed.
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When EO analyses are based on publicly available data, further automation is possible and intended. In our
approach, as soon as the EO data for the derived AOI are available, automatic thematic processors would instantly
start analyzing these data. After a manual expert-based quality control, the EO product can be delivered to users.
Besides the important EO product validation, we envisage an equally important step of AOI validation. Above we
have shown that AOI derivation might be based on our own spatiotemporal anomaly detections. In such cases, we
have to ensure that thresholds are calibrated correctly in order to constantly improve the quality of derived AOls.

PROTOTYPE AND EXAMPLE

In order to demonstrate the feasibility of our concept we have implemented an experimental application based on
disaster alerts from various official international (e.g. GDACS) and national (e.g. German DWD) sources as well
as acquisition data of Sentinel-1A, Sentinel-2A, Sentinel-2B und Landsat-8. The prototype automatically collects
the alerts from the WWW and calculates when the potential sensing area of a satellite intersects with an AOI. The
results are saved in a database that can be queried by a graphical user interface for visualization purposes.
Additionally, a dissemination service automatically generates textual notifications with current disaster events
and matching satellite acquisition options.
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Figure 3. Major components of the prototype. The arrows indicate the direction of the data flow.

Figure 3 illustrates the major components of the developed prototype and their interactions. The prototype is
designed as a client-server web application (Gallaugher & Ramanathan, 1996). The server comprises a data
management component, an intersection component, a database and an API. The data management component is
built with Python. Its tasks are, for instance, the download of alerts and the triggering of the intersection
component. The spatiotemporal intersection component is a Java-based extension of the operational PSM
(Processing System Management) (Bottcher, 2001) deployed at DLR’s ground station for satellite data reception
in Neustrelitz, Germany. It selects those satellite acquisitions within the next 7 days that spatially and temporally
overlap with the AOIs from the alerts and returns the results to the data management. The communication between
data management and intersection runs via gRPC (gRPC Remote Procedure Calls) (https://grpc.io). Next, the
results are stored in a PostgreSQL database. A GraphQL API (https://graphgl.org) built with Hasura
(https://hasura.io) delivers the requested results to clients. The server part runs automatically at regular intervals,
e.g. once per hour. A dissemination service written in Python generates brief email notifications based on the
intersection results. For a more detailed insight into the collected and generated data, there’s a web-based graphical
user interface with an interactive map and various sorting and filter options. The graphical user interface is
implemented with DLR’s open source software for geoscientific web applications UKIS (Environmental and
Crisis Information Systems) (Muehlbauer, n.d.; https://github.com/dlIr-eoc/ukis-frontend-libraries).

The following screenshots of the prototype’s graphical user interface show exemplarily how our system worked
in the context of a predicted flood in northern Germany in November 2023. The “Warnings” view in Figure 4
gives an overview on all disaster alerts currently registered in the system. After selecting one particular alert, the
system displays the AOI together with the matching satellite acquisitions. See “Detail” view in Figure 5.
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Due to automation, the prototype was able to generate these results within minutes after the official warning was

issued. As the underlying alert was an early warning, we could predict which satellite data would be available at
what point of time before the actual event had happened.
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Figure 4. “Warnings” view of the prototype: The list at the left shows alerts for natural disasters with some of their
attributes. The column “Acquisitions” contains the number of possible satellite data acquisitions for the respective
AOIL. The list can be filtered (here: source equals “GDACS”) and ordered (here: time stamp descending) by the user.

The map at the right shows the locations of the alerts, with colors indicating the severity of an alert.
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Figure 5. “Details” view of the prototype: The layer control element at the right contains entries for the AOI as well

as all matching satellite acquisitions. A click on the AOI displays information such as the source of the alert and the

original alert description. A click on an acquisition segment shows attributes such as the satellite name or the sensing
time(s).
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DISCUSSION

We consider our approach as a possible advancement of well-established SEM workflows addressing different
kinds of natural or man-made disasters. Proven SEM process steps are combined with automation and primarily
open data in order to satisfy the prevalent requirement of users of SEM products: faster information and product
availability. The main objective is to improve the timeliness, but we also anticipate improved quality in the final
EO products. If data interpretation cannot be fully automated, an EO expert will have additional time for analysis.
Also, alerts, media articles etc. used to trigger the workflow can enrich the final product. Our approach improves
the user's situational awareness by automatically generating decision proposals regarding EO data and product
availability. This can also comprise crucial information such as the expected cloud coverage. Besides the user’s
benefits, there are advantages on the RMS provider's side. The monitoring of trigger data on a continental or
global scale can lead to useful products that would not have been possible with human triggers alone. Cost is
another factor. As long as no commercial data acquisition is involved, the workflow is based on free input data.
Of course, we acknowledge the significant challenges associated with automation and open data. We heavily rely
on trusted data sources such as official alerts. Yet, even official alerts might contain errors. Other possible data
sources for the AOI generation, particularly media and social media, must be treated even more carefully. We try
to eliminate as many inaccuracies as possible with a fusion of a reasonable amount of data sources in the respective
use case. To achieve this fusion, the heterogeneous data sources first could be aggregated geometrically e.g. by
incorporating the discrete global grid system H3 (https://h3geo.org). Afterwards, rule-based criteria can be applied
to further validate and refine the AOI as much as possible (Roll, 2024). Moreover, a manual validation step for
the AOQI generation should be in place. The fusion approach also tries to absorb the loss of web data sources in
course of time. Given that, for example, official alerts, events from online news and events from social media
were used to define AOls, the system would continue to function if social media were removed. Certainly, we
cannot eliminate an inherent problem of satellite-based EO: the satellite most likely is not at the position over a
disaster event or has just passed by. Latency is the result. Also, cloud coverage might further delay the assessment
of optical imagery.

An automatic trigger can generate the decisive advantage in time, for example, by allowing data reception via
direct broadcast. While automatically intersecting publicly available AOIs and acquisition plans is
straightforward, including ground stations and commercial data providers may appear technically and
administratively obstructive. However, an interface with DLR's ground station for satellite data reception in
Neustrelitz, Germany could be established for our prototype. Finally, we want to emphasize the importance of the
human factor in our approach. Crucial decisions will still — and have to — be made by humans based on their
experience and transparent decision proposals. Expert knowledge from specialists at the disaster site is, once
available, of utmost significance and we treat it as yet another — but very trustworthy — data source of the system.

SUMMARY AND FUTURE WORK

In this paper, we presented our vision of an enhanced SEM workflow as well as a first proof-of-concept
implementation. We believe that our workflow can help to narrow down some gaps in the current state-of-the-art
SEM. An accelerated process, better transparency, and more high-quality EO products can be achieved by
automated processes and the combination of existing data. First experiments based on publicly available alerts
and satellite acquisition data from DLR’s ground station have demonstrated promising results: The prototype
shows that satellite data availabilities can automatically be determined for areas potentially affected by a crisis.
Our future work will focus on the transformation of our vision into a stable software that reliably supports future
SEM activities. This includes a logic that considers the suitability of each satellite for each disaster type. Also, we
aim at automatically generating more refined AOIs by aggregating available warning sources and filtering relevant
attributes. Eventually, we plan to link our system to processing chains for satellite data in order to automate a
further process step. Not only the 2021 Ahr valley flood in Germany has shown that an improvement of existing
processes is relevant and possible.
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