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Abstract 

Space Weather is the combination of conditions on the sun, in the solar wind, magnetosphere, 

ionosphere and thermosphere that can influence the performance and reliability of space-borne and ground-

based technological systems and can endanger human life or health.  

Space Weather can cause manifold problems to spacecraft (S/C) components, such as degradation 

of sensors and solar arrays and changes in on-board memories by Single Event Upsets (SEU). The final 

effect is the degradation of the S/C’s overall performance and in extreme cases complete unavailability of 

services. When certain alarm conditions are reached, risk avoidance procedures may be invoked, e.g. 

switching off high voltages/biases/filters etc. and transition to protected operating modes. 

In this paper a Decision Support System (DDS) is outlined that provides Flight Control Teams with 

useful space weather information (past, current and predicted) to increase the ability to protect spacecraft 

components from hazardous events and therefore prolong the lifetime of the satellites. The system design 

was inspired by traditional business oriented DDS, based on Data Warehousing storage techniques, which 

collect and integrate historical and real-time data from heterogeneous sources. The provided services 

include exploration and correlation analysis of data by established On Line Analytical Processing (OLAP) 

techniques and near real-time monitoring of spacecraft sensors susceptible to space weather conditions. 

The forecasting services are based on well-known and commonly used physical radiation models 

complemented by prediction techniques based on non-linear models such as Artificial Neural Networks. 

The system main goal is to support the spacecraft operators in taking decisions about how to react 

to space weather conditions possibly causing spacecraft degradations. In addition the system will facilitate 

the awareness and understanding of how Space Weather affects satellite performance, paving the way to 

possibly prolong mission lifetime and increase the quality of services and the safety of the payloads. 
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Introduction 

Space Weather is the combination of conditions on the sun, in the solar wind, magnetosphere, 

ionosphere and thermosphere that can influence the performance and reliability of space-borne and ground-

based technological systems and can endanger human life or health[1-3]. Although models for the 

concerned processes are available, most of them only represent the average conditions and neglect the 

dynamics of the system. Accurate prediction of the radiation environment remains an unsolved problem. 

Space Weather can cause manifold problems to spacecraft (S/C) components, such as degradation 

of sensors and solar arrays and changes in on-board memories by Single Event Upsets (SEU). The final 

effect is the degradation of the S/C’s overall performance and in extreme cases complete unavailability of 

services. When certain alarm conditions are reached, risk avoidance procedures may be invoked, e.g. 

switching off high voltages/biases/filters etc. and transition to protected operating modes. However, these 

procedures are based on worst-case scenarios and normally require switching off the payloads for a long 

time-window. Once the detectors are off, there is just a rough estimation of when the conditions are safe 

again. Instruments might be shut down/shielded even if there is only a transient radiation peak or they might 

be turned on/opened too early, when radiation is still high. A major limitation of these procedures is that the 

radiation parameters usually have a single threshold. Hence, small changes in the measured values 

crossing this threshold let the environment appear to change from safe to hazardous or vice versa. This 

either leads to poor instrument usage, i.e. reduction of observation time, or to unnecessary stress for the 

components. Better prediction of radiation conditions and more accurate information could greatly improve 

these operations. 

 

The Reference Mission - INTEGRALThe ESA scientific mission INTEGRAL (International Gamma-

Ray Astrophysics Laboratory) is dedicated to the fine spectroscopy and imaging of celestial gamma-ray 

sources in the energy range 15 keV to 10 MeV with concurrent source monitoring in the X-ray (3-35 keV) 

and optical (V-band) energy ranges. 

 INTEGRAL (launch mass ~ 4000 kg) was launched on October 17th 2002 by a PROTON launcher 

from Baikonour, Kazakhstan. It was placed in a highly eccentric orbit providing long periods of uninterrupted 

observations with nearly constant background. The routine science operations started at the end of 2002 

after a Commissioning phase of about 2 months. 

 The Mission Operations Centre (MOC), that is located at the European Space Operations Centre 

(ESOC) in Darmstadt, Germany, is responsible for all real time operations of the platform and the Payloads. 

 Frequent pointing requests, instruments whose complexity is high and which require periodic 

calibrations / detector re-generation, complicate the planning and execution of observations. Around 40 

attitude changes per day, with corresponding payload commanding, require a fully automated system. This 

automatism is only partially provided by the satellite, and the loop has to be closed on ground in real-time, 

24 hours per day. 
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The mission lifetime that was initially 26 months has recently been extended to 4 years until the 

end of 2008. The observation plan is very dense due to observations over-subscription, thus it is necessary 

to reduce the operational overheads and mission outages to a minimum. 

The orbit characteristic is such that the satellite is flying every three days (1 revolution) through the 

Radiation Belts around the Earth. In addition the satellite is undergoing to a large variety of energetic events 

such as solar flares, cosmic rays. Since these events can affect temporarily the performances of the on-

board units or, in the worst case, permanently damage them, an adequate protection system is required. 

The concept of the payloads protection is based on two elements: 

•AUTONOMOUS ON-BOARD PROTECTIONS; 

•GROUND MONITORING AND EARLIER ANOMALY DETECTION. 

The on –board protections are based on autonomous and independent mechanism implemented on 

each instrument and in addition on a centralized on-board broadcast system that provide several information 

(such as the belts entry/exit, eclipses entry/exit and radiation counters) to the instruments. In addition since 

the launch a number of filtering functions have been implemented in the Instruments S/W to mitigate the 

effect of the hazardous condition in flight. The on-board system provides safety mechanisms, but in order to 

plan mission efficiently it is as well important to have adequate ground monitoring systems. 

 

The ground monitoring follows three simple rules: 

•IDENTIFICATION; 

•ISOLATION; 

•RECOVERY 

 

applied to a concentrate made of operation experience, S/C expertise, advanced operations planning and 

mission specific S/W tools. 

Fast anomaly detection ability is especially required during critical activities, such as detectors re-

generation process/platform special maintenance activities, or in the occurrence of hazardous conditions 

(such as flares, cosmic rays, radiation belts and SEUs triggered by) where the proper and quick reaction 

from the Flight Control Team can determine the success/failing of the complete mission.  

New technologies have been developed to support the day-to-day work of the Flight Control Teams, based 

on the experiences of the INTEGRAL FCT. One essential element of this ground monitoring system, 

enhancing the identification/isolation/recovery strategy, is the Space Environment Information System 

(SEIS) for Mission Control Purpose.  

 

The SEIS - Space Environment Information System 

For the past decade, Europe has been analysing the possible benefits of developing, deploying and 

exploiting a global European Space Weather Service [2], which could complement existing systems and 
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services, such as NOAA (National Oceanic and Atmospheric Administration). A broader availability of 

services could in turn improve scientific research in the area of Space Weather and increase the information 

and knowledge provided to the interested community, e.g. representing technological systems like 

spacecraft (S/C) or power lines operators. As such, ESA has launched a Space Weather Pilot Project 

SWPP[11] to assess applications and benefits that could be derived from a European Space Weather 

infrastructure.  

As part of the SWPP, a partnership between UNINOVA [12] and DEIMOS [13]  proposed a Space 

Environment Information System for Mission Control Purposes (SEIS) to ESOC, the European Space 

Operations Centre in Darmstadt, Germany. The project aims at delivering a set of services to S/C flight 

control teams located at ESOC. The SEIS project is currently finishing the Functional Prototyping phase. 

The system’s main goal is to supplement the flight control team with relevant space environmental 

information - past, current and future - already assessed according to their S/C operational impact. 

Furthermore the system will provide suggestions for recovery actions, as defined in the S/C Flight Operation 

Plan (FOP[14] ). The envisaged approach consists in collecting historical, real-time and forecasted space 

weather data from various data sources deemed relevant for a specific operational context. Additionally, the 

telemetry and orbital data of several satellites will be collect and integrated. Finally selected available space 

weather static models will be made available. The Space Weather raw data will be transformed afterwards 

into information and knowledge at higher levels of abstraction, thus allowing the development of a prototype 

system capable of delivering a set of Space Weather services designed for mission control purposes directly 

in the control room.  

The ESA missions INTEGRAL, ENVISAT AND XMM-Newton participate in the SEIS project, 

INTEGRAL being the reference mission. Each mission will contribute to demonstrate benefits and limits of 

the SEIS approach and features. 

For the INTEGRAL[15]  mission the SEIS’ main goal is to optimise  the payload’s  operating time in 

SAFE condition by forecasting relevant Space Weather conditions (such as Radiation Belts Entry/Exit), 

integrating the mission’s  historical database of SEU and to provide tools to explore possible correlation 

between S/C and Space Weather events. This will also imply an increase of the instrument’s life 

expectancy/usage with benefits on the total real observation time therefore increasing the instruments’ 

scientific return. 

For the ENVISAT[16] mission, an advanced polar-orbiting Earth observation satellite, launched on 

March 2002, the system will  integrate the mission’s  historical database of SEU1 of occurrences. Therefore, 

for this mission the SEIS major goal is to provide the tools to explore possible correlations between SEUs 

occurrences, S/C orbital position and specific Space Weather conditions at S/C orbital locations, which in 

turn will allow the direct identification of cause-effect relationships between Space Weather events and 

SEU’s occurrences.  
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The last mission using the services of SEIS system, is the XMM-Newton[17] (X-ray Multi Mirror) 

science satellite. Possible benefits for the XMM mission will be the exploration and data analysis/correlation 

of Space Weather and XMM’s telemetry data. 

The expected user benefits provided by SEIS include increased awareness  of Space Weather 

cause & effect relationships regarding the S/C’s health status; improved operational productivity and 

safety levels  for satellite operations versus Space Weather environmental phenomena; increased science 

return and extended life time. 

 

Provided Services 

The envisaged architecture consists of an integrated repository containing Space Weather data from 

external sources, orbital data and different onboard telemetry from Integral and XMM-Newton missions. By 

applying data extraction, transformation and loading techniques (ETL) the original set of heterogeneous data 

is then made available, as a single integrated source of data, to the users, from a Decision Support System 

perspective[18]. 

The SEIS’s main services/functionalities to be offered to users are:  

* Near real-time monitoring  (online) of a user defined subset of the collected data, in particular 

INTEGRAL’s instrument parameters (SEIS Monitoring Tool - MT). In addition to monitoring the 

instruments’ status, the tool will also be able to identify possible instrument anomalous conditions 

and even suggest possible recovery actions to be taken in order to minimize instrument 

degradation. Required knowledge in order to identify anomalous conditions, trigger OOL alarms and 

suggest recovery actions will be extracted from the INTEGRAL’s FOP[14] (Flight Operation Plan) 

and represented according to traditional Knowledge Base Systems[8] based on production rules 

and rule inference methodologies. 

* Offline data exploration and correlation analysis, through the SEIS Analysis and Reporting 

Tool – RAT. This tool allows report creation and correlation analysis of all stored data (Space 

Weather, Telemetry, Orbital data, SEUs occurrences) using OLAP querying technology. 

* Generation of forecasted data (SEIS Forecasting) based on both well-known physical Space 

Weather models and Artificial Neural Networks for generic Time Series prediction[9, 10] (i.e. 

telemetry trend forecasting taking into account already known seasonal effects). 

 

System Architecture 

The figure below depicts the SEIS system’s overall architecture. 
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Figure 1:  SEIS system high-level design architecture. 

 

Once all the relevant data sources as well as the protocol to collect the data are identified, SEIS will 

be able to process and store all the data using the Data Integration Module - DIM. The DIM, will be 

responsible for storing all loaded and internally generated data (by the forecasting and monitoring modules). 

It will be composed of several logical databases with different purposes and properties:  

- A data warehouse (MC-DW) will store all the data manipulated and generated by the system.  

- An online data storage (MC-ODS) will contain the data selected for the monitoring tool such as 

a sub-set of Space Weather parameters and the S/C telemetry data for a maximum time 

window of 84 hours. It is optimised for real-time inserts and queries.  

- A multidimensional database (MC-MD) designed for the RAT application access will present the 

MC-DW stored data in a more efficient form to speed up the data access process. 

All three databases will need to be periodically synchronized. The data retrieval process (ETL) will 

be continuously running (loading new data into the system). 

Closely related to the DIM is the SEIS Forecasting Module (FM). This module contains forecasting 

capabilities for Space Environment related data based on well-know physical models[19], as well as generic 

Time Series prediction based on Artificial Neural Networks. In addition, the Forecasting Module also 

contains an orbit propagator. 

The SEIS Reporting & Analysis Tool (RAT) and the SEIS Monitoring Tool (MT), provide the user 

with two distinct functionalities. The MT is a tool running online, which depends on a small knowledge base, 

that captures a domain expert’s knowledge (in our case, the domain expert’s knowledge will be extracted 

from the Flight Operation Plan - FOP[14]). The MT will provide the user with near real-time visualization of 
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most relevant parameters (Space Environment and Telemetry) and events such as the triggered out of limit 

(OOL) alarms and the anomalous’ instruments’ behaviour records. In addition, once a certain anomalous 

condition is identified the MT will be able to suggest appropriate recovery actions in order to minimize the 

damage on the S/C instrument. All these events (OOL alarms, anomalous conditions SEU’s occurrences) 

are stored in the DIM for further analysis. 

Finally, the RAT will allow the user to explore all the stored data in a Decision Support System 

using OLAP[4-7] analytical querying over all stored data in the  DIM . Furthermore the user can create 

reports, which allow correlation of different data types, as well as inclusion of distinct advanced data 

visualization options. 

 

Conclusion and Future Work 

The major achievements with the discussed system are related to the data integration module, 

which allows the development of the proposed services and tools. This data integration is a considerable 

step towards knowledge inference, considering that the data stored in the system warehouse comprises 

Space Weather data and events as well as S/C telemetry and events, both real and forecasted. In addition 

on-site inferred knowledge from these data is also stored. This achievement is possible with data warehouse 

and OLAP[4] techniques as well as rule based system concepts.  

From this specialised data warehouse it is possible to develop tools that, based on the available 

data, can produce more benefits to their users. The tools to be implemented generate data (Forecasting 

Module), knowledge (Monitoring Tool) and provide powerful and useful data and knowledge visualization 

methods (Monitoring Tool and Reporting and Analysis Tool). Furthermore, new independent tools can make 

use of and benefit from the available stored data, through the external access point included in the SEIS. 

The two primal tools will allow ad-hoc data analysis as well as assisted data reporting creation. 

Furthermore they will provide the users with real-time S/C status information and Space Weather alarms.  

For future work, it is foreseen to apply data mining and statistics techniques to find out relationships 

and correlations between Space Weather conditions and S/C operational status. This add-on will provide an 

increased ability to protect S/C components from hazardous events and therefore prolong the lifetime of 

satellites. Being the tool designed to be mission independent and easily configurable, it could offer services 

to a large variety of future ESA missions.  
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