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ABSTRACT 

The new ESA MASTER (Meteoroid And Space debris Terrestrial Environment Reference) model was released on 

March 19, 2019. MASTER allows for spatial density and flux calculations for arbitrary Earth-bound orbits up to lunar 

altitude for objects larger than 1 µm. In order to calibrate the underlying discrete LEO population of individual objects 

larger than 1 cm, dedicated observation campaigns are conducted which yield information on the 1cm debris flux. 

Based on comprehensive validation procedure and statistical error analysis, the accuracy of the MASTER model can 

be assessed. Therefore, the most visually changing feature of this new release is the introduction of uncertainty bars 

which are representing a standard deviation interval for obtained flux and spatial density. The concept behind deriving 

these uncertainties and their interpretation for the community will be discussed and the applicable validation data will 

be presented.  

This paper will give a global but detailed overview of the methods, assumptions, and results of these provided 

uncertainty indicators. Special attention will be drawn to the available measurement data and the statistical analysis 

of the “error ratios” which describe factors for the nominal MASTER output to calculate the lower and upper standard 

deviation interval. Eventually, a quantification of the uncertainties for the 1cm population will be provided. 

1 INTRODUCTION 

The goal of the ESA MASTER (Meteoroid And Space debris Terrestrial Environment Reference) model is to provide 

the most accurate description of the natural and the man-made space debris environment of the Earth and the risk 

assessment via impact flux predictions on user defined target orbits. The incident flux due to the space debris 

environment of the Earth on user-defined target orbits is described down to impactor diameters of 1 μm. Elaborate 

models have been used to simulate the generation of artificial objects due to all known debris sources, and their orbit 

evolution over time. These models are 

called “sources” since they describe 

different types of objects with unique 

characteristics regarding origin, release 

mechanisms, orbital distribution, 

material composition, size and mass 

distributions (cf. Fig. 1). In this paper, 

only objects in Low-Earth-Orbit (LEO) 

with a diameter larger than 1 cm are 

considered. This is done, because the 

approach for assessing the model-

inherent uncertainty is not identical 

throughout all diameter and orbital 

regimes. The goal is to provide at least 

diameter and orbit regime dependent 

uncertainties. 

However, before the approach for the 

uncertainty assessment of the MASTER 

model is presented, there are important 

clarifications to cover in order to set the Fig. 1. Considered space debris sources in the MASTER model. 
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topic of this paper in perspective. The MASTER model provides elaborate information on the space debris 

environment to allow for statistical flux and spatial density evaluations. The obtained results can be used to calculate, 

e.g. the risk of penetration, failure probability or the average collision risk with objects of a certain size or mass [1]. 

The model does not provide any information on the actual collision probability between two discrete objects. This 

means that the provided uncertainties, which will be explained in this paper, shall be interpreted as an estimate on the 

error of the number of debris objects and therefore also on the error of the average collision risk.  

One of the first proposed applicable flux- and spatial density-estimations for the implied uncertainties were performed 

by NASA in 1994 (cf.  Tab. 1) [2].  

Tab. 1. First evaluations of space debris model uncertainties performed by NASA in 1994 

Meteoroids Artificial debris 

Flux (factors) Flux (factors) Spatial density (factors) 

d < 91. 42 µm d > 91.42 µm d < 0.05 cm 0.05 cm < d < 10 cm d > 10 cm d < 10 cm d > 10 cm 

0.33 to 3 0.1 to 10 0.5 to 1.5 0.33 to 3 0.5 to 2 0.5 to 2 0.2 to 5 

 

Therein, factors were introduced which were to be applied to the nominal model output, forming a lower and upper 

model limit. Whereas the uncertainty factors, for the artificial debris were based on best guessing, the factors for the 

meteoroid uncertainties were directly obtained from the data fitting, which was applied when the GRÜN meteoroid 

model was established [2]. The increase in flux uncertainty for the meteoroids above a diameter of 91.42 µm, i.e. a 

mass of 10-6 g, is rather mass- than flux-related. Although the flux is well defined, the main driver is the ambiguity in 

the corresponding meteoroid mass. The functional relationship slope between diameter d and mass m (cf. Eq. 1), which 

assumes spherical objects, yields the increase in flux uncertainty. 

 

𝑑(𝑚) = (
6⋅𝑚

𝜋⋅𝜌
)

1

3
  𝑤𝑖𝑡ℎ  𝜌 = 2.5

𝑔

𝑐𝑚3                                                              Eq. 1 

 

Prior to the research activity carried out to quantify the model uncertainties, the European Cooperation for Space 

Standardization (ECSS) recommended constant uncertainty factors for the complete diameter- and source-spectrum 

of 0.33 to 3 [3]. However, these values were only trying to assess the implied uncertainties within the models without 

a statistical evaluation of the underlying data. Also, no discrimination between the observable spectrum and the non-

visible spectrum is made and additive errors for cumulative spectra are not considered. 

This paper will give a global but detailed overview of the methods, assumptions, and results of the provided 

uncertainty indicators within the MASTER model. Special attention will be drawn to the available measurement data 

and the statistical analysis of the “error ratios” which describe factors for the nominal MASTER output to calculate 

the lower and upper standard deviation interval. At the end, a quantification of the uncertainties for the 1cm population 

will be provided. 

2 ASSESSMENT OF THE ON-ORBIT SITUATION 

2.1 Debris environment by numbers 

Assessing the on-orbit space debris situation is of crucial interest to calculate long-term collision risk for satellite 

missions but also to identify features that can be extrapolated in order to analyse future environment trends. Since 

MASTER also provides flux data for object mass, it also enables to use this information to design debris shield 

dimensions for critical satellite missions. In this regards, objects with a diameter of approximately 1cm can destroy a 

satellite due to the high collision velocity of up to 15 km/s and the inherent kinetic energy [4]. The 1cm population 

which is described by the MASTER model consists of the following sources (cf. Fig. 1): 

 TLE population (Launch and mission related objects, Fragments) 

 Simulated fragments 

 NaK droplets 
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 Solid rocket motor slag 

 Multi-layer insulation (MLI) Fragments 

 

As of November 1st 2016, which is the most recent reference population of the MASTER model, 911.000 objects with 

a diameter larger than 1cm are estimated to be in orbit [5]. Tab. 2 shows the number distribution of this 1cm population. 

Therein the following regime discrimination applies: 

 LEO: apogee altitude below 2.000 km 

 GEO: perigee altitude above 34.000 km 

 MEO: all remaining objects, including GTO 

 

Tab. 2. Total number of objects with d > 1 cm and their contribution to each orbit regime on Nov 1st, 2016. 

Source LEO MEO GEO 

TLE 12.962 (4.4 %) 2.921 (0.6 %) 1.369 (1.3 %) 

Simulated fragments 263.143 (89.5  %) 372.182 (72.2 %) 100.220 (98.1 %) 

NaK droplets 13.044 (4.4 %) 0 (0.0%) 0 (0.0 %) 

SRM slag 4.419 (1.5 %) 138.145 (26.8 %) 217 (0.2 %) 

MLI fragments 467 (0.2 %) 2374 (0.4 %) 355 (0.4 %) 

TOTAL 294.034 (100.0 %) 515.623 (100.0 %) 102.162 (100.0 %) 

 

But how are these number derived and how do we know that they represent the space debris environment sufficiently 

accurate in order to perform, e.g. reliable long-term collision risk assessments? This is achieved by relying on an 

extensive model validation phase which incorporates real measurement data and compares it to the model (cf. sec. 

2.2). However, the bigger question is, with respect to this paper: How accurate is the model itself? This quantification 

of the model accuracy for the 1cm LEO population is covered in Sec. 3. 

2.2 Calibration and validation of model data 

The calibration and validation phase of the MASTER 1cm population relies on space debris observation campaigns 

performed with radars and telescopes. Over the course of the last decades, radar measurement data from the Tracking 

and Imaging Radar (TIRA) and the European Incoherent Scatter (EISCAT) Svalbard radar is used for the calibration 

and validation of the 1cm population in LEO [4] [6]. Both radars feature different performance characteristics, 

however, both are able to detect space debris down to 1cm in LEO. For the LEO regime, most of the overall validation 

data is available. In MEO, almost no data is available from either indirect or direct observation. Consequently, since 

there is no better data available, the uncertainties obtained in LEO are projected into the MEO region. The assumption 

is that, if the model is characterizing the LEO region with a certain amount of uncertainty, the situation in MEO is not 

significantly different. This, however, is an acceptable simplification. In GEO, the only sources of validation are 

observation campaigns made by the ESAs Space Debris Telescope (SDT). This telescope can detect objects down to 

slightly below 10 cm. In context of this paper, only data from the LEO sensors are being evaluated. 

The calibration and validation cycle during the development of the population yields the three steps visualized in (Fig. 

3). The initial cycle is performed with a best guess estimate for the new events after the last successful population 

validation phase. The simulated fragments are then correlated with the TLE objects since otherwise, some fragments 

would be doubled in the population. The non-correlated fragments are the ones which are not in the TLE catalogue 

but are required in order to match dedicated measurement results. The second step is to evaluate the population by 

comparing e.g. radar measurement data with virtual measurement data obtained by observing the MASTER population 

with a sensor-system simulator (PROOF-2009) [7]. 
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Fig. 2. Calibration and validation cycle / validation procedure  

The results of this calibration are evaluated and deviations between the model and the measurements are identified. 

Both sensors yield a variety of detection data covering range, range-rate, RCS, and the detection epoch. Based on 

these data, other detection characteristics can be derived such as Doppler inclination, diameter and altitude. A set of 

example validation outputs is shown in Fig. 3 and Fig. 4. Fig. 3 shows a histogram of the detection rate (1/h) against 

the altitude of detection for TIRA, using 50 km bins. Red areas in the altitude bin indicate more real detections. Blue 

areas indicate more simulated detections with PROOF. This spectrum is used to investigate the MASTER population 

regarding the orbital distribution in LEO. It confirms a peak of detection at around 800 km, more specifically at Sun-

Synchronous Orbits (SSO) while fitting the remaining distribution reasonably well. Fig. 4 shows the number of 

detections against the range-rate for the EISCAT radar in histogram format, using 0.5 km/s bins. It confirms a peak of 

detections for objects with range-rates between -1.5 km/s and -1 km/s. Both campaigns were conducted as east staring 

beam park experiments with duration of 24 hours. Although these spectra provide a visual assessment of the quality 

of the model, they do not provide any information on the accuracy of the size distribution. Since the only radar 

measurement that provide the radar cross-section (RCS) as an estimate, the diameter can only be assessed with the 

application of the NASA Size Estimation Model (SEM) which assumes a perfectly conducting sphere. This is a 

reasonable simplification for small debris since complex geometries are currently not considered in the model. 

Applying this transformation, the data of the diameter spectrum shown in Fig. 5 and Fig. 6 can be obtained.  

The data shows the number of detections against the object diameter in ten diameter classes per diameter decade. The 

diameter range which is considered extends from 1cm to 10m, hence covering three diameter decades. This 

corresponds to 30 diameter classes for the complete range and therefore ten diameter classes per diameter decade. 

Whereas Fig. 6 shows a reliable fit of the TIRA diameter spectrum, Fig. 7 shows a rather deviating fit for the EISCAT 

diameter spectrum. Uncovering the origin of these deviations requires elaborate space debris modelling experience, 

coupled with a comprehensive understanding of orbital dynamics. Since the fragment population is the dominating 

source the all orbit regimes (cf. Tab. 2), it shapes the results of the calibration phase. Consequently, adjusting the 

fragmentation characteristics of single events are altering the calibration results after every population generation step. 

These steps are repeated until the modelled population yields the most accurate representation of the observed debris 

environment. Hence, the calibration and validation cycle is completed as soon as the deviations between measurements 

and model are minimised. Prior to the implementation of uncertainties in the MASTER model, minimizing the 

calibration deviations was performed on subjective impressions. 

1. Correlation

•Correlation of 
simulated 
fragments with the 
TLE object 
catalogue

2. Fragmentation update

•Evaluation of 
measurement data 
(performed with PROOF-
2009)

• Iterative adaptation of 
single fragmentation 
characteristics

3. Population 
generation

• Iterative re-
generation of the 
fragment population 
with calibrated event 
characteristics
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Fig. 3. TIRA detection data compared with simulated 

data obtained by PROOF-2009 (altitude) 
Fig. 4. EISCAT detection data compared with 

simulated data obtained by PROOF-2009 (range-rate) 

  

 Fig. 5. TIRA detection data compared with simulated 

data obtained by PROOF-2009 (diameter) 
Fig. 6. EISCAT detection data compared with 

simulated data obtained by PROOF-2009 (diameter) 

The results which are obtained after each calibration cycle drive the fundamental algorithm for deriving uncertainties, 

which are provided in along the population model. It therefore extends the subjective impression of a calibration result 

with a quantitative assessment of the underlying deviations in terms of uncertainties. Consequently, they provide an 

objective assessment of the accuracy of the model.  

3 UNCERTAINTY ASSESSMENT OF THE 1 CM POPULATION IN LEO 

3.1 Interpretation, assumptions and definition 

The term “accuracy” in this paper refers how well the simulated measurements of the MASTER population fits the 

actual measurement data of the sensors in terms of the diameter distribution. The approach for deriving uncertainties 

solely relies on the deviations between the sensor measurement data and the simulated measurement data. This implies 

that the obtained measurements are considered as the bare truth. This assumption has to be made with caution since 

there can be large inherent uncertainties when obtaining RCS already. Since TIRA relies on a monopulse system, the 

location of the detection in the beam can be obtained. This results in the best approximation of the object RCS which 

leads to the best estimation of the object diameter. However, the EISCAT radar is not capable of obtaining the 

detection location in the beam which essentially only leads to a minimum RCS estimation. Hence, it is expected that 

the diameter spectrum of the real measurement data will have a shift to smaller diameters which is shown in Fig. 6. 

That does not imply that the model data matches perfectly with the measurements, however it also does not imply that 
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the MASTER diameter spectrum is considered to be far off from the actual size of the detected object. Why and how 

all this data is being used, is presented in Sec. 2. Deviations between the model and the sensor data have two basic 

origins which come from the measurement itself, as in the case for obtaining RCS, and from the model side. Since 

MASTER is an event-based model which triggers fragmentations and propagating the individual fragments in the 

future, side effects, which impair the accuracy, are implied by propagation accuracy effects, model simplifications 

and empirical fitting. However, the term “uncertainty” in the MASTER model will solely refer to the deviations 

between the nominal simulated measurement and the nominal real measurements in the diameter spectrum. 

3.2 General approach 

When evaluating radar measurements in LEO, essentially the flux of objects for a specific epoch is obtained. This is 

due to the beam park experiment nature where the field-of-view of the radar beam is kept in a fixed topocentric 

orientation. Hence, the uncertainties, which are to be derived from the validation procedure, yield information on the 

flux of objects. The same data can be used to express uncertainties in the spatial density spectrum due to the linear 

relationship between spatial density (SD) and flux (F) [8]: 

 

𝑆𝐷𝑖 = 𝑘𝑖 ⋅ 𝐹𝑖                                                                           Eq. 2 

 

where i is the considered volume index and k the reciprocal orbital velocity in the defined volume.  

When using the available validation data to calibrate the model and deriving the uncertainties eventually, it has to be 

highlighted that these uncertainties are applicable for the most recent reference population. Since the measurement 

data evaluation only yield information about the accuracy of the historic part of the model, these derived uncertainties 

are from now on referred to as “reference uncertainties”. They are not applicable to the future population, since the 

future population in MASTER is a mean scenario of different possible future scenarios based on comprehensive Monte 

Carlo simulations. Therefore, the mean scenario is introducing additional uncertainties due to its statistical nature 

which are not part of the reference population. To provide uncertainties for the future population part of the MASTER 

model, the reference uncertainties give the offset to where the future uncertainties are added. This however, is not part 

of this paper.  

3.3 Uncertainty quantification 

When evaluating the validation results, a measure for the quantification of the uncertainties has to be defined. It has 

to meet two conditions in order to be applicable to the MASTER model output: 

1. Applicable for flux and spatial density output spectra 

2. Independence of the nominal output 

 

An appropriate measure is the differential “error-ratio”. To calculate the differential error ratio (or “error-ratio”) ɛ, the 

difference of the measurements to the model is normalised by the model value (cf. Eq. 3).  

 

𝜀 =
𝑆𝐸𝑁𝑆𝑂𝑅−𝑃𝑅𝑂𝑂𝐹

𝑃𝑅𝑂𝑂𝐹
                                                                   Eq. 3 

 

It represents to deviation of the observation data from the actual MASTER population in order to derive uncertainty 

bars that have their nominal value at the MASTER output and error values as a factor of the nominal value. To derive 

a diameter dependent uncertainty, the diameter histogram spectra for the TIRA and EISCAT campaigns have to be 

evaluated (cf.  Fig. 5 and Fig. 6). The currently available data is shown in Tab. 3. Eq. 3 is then applied to every 

validation campaign available from TIRA and EISCAT. The goal is to derive error-ratios for each diameter decade, 

i.e. 1cm – 10cm, 10cm – 1m, 1m – 10m for both positive and negative deviations of the MASTER model.  

Tab. 3. Overview of all available east-starting beam park experiment data for the MASTER validation 

Calculating ɛ is performed for each histogram class of each available validation data set, which ultimately leads to 

numerous of results. Two exemplary evaluation figures are shown in Fig. 7 and Fig. 8.  
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Both figures show the error-ratio distributions for a selected validation campaign. This is achieved by applying Eq. 4 

to each diameter histogram class of the validation data (cf.  Fig. 5 and Fig. 6). An error-ratio of zero would indicate 

that both histogram classes for the sensor and the model overlap perfectly. A positive error-ratio indicates that there 

were more sensor detections than model detections in the corresponding diameter class and vice versa. The error-ratio 

analysis of the TIRA campaigns shows almost identical qualitative characteristics as represented by Fig. 7. The error-

ratio is well above ten for the very first diameter class, which is a very small diameter range, but decreases shortly 

after for larger diameter classes. The same behaviour can be observed when evaluating EISCAT campaigns as 

represented by Fig. 8. To keep this paper within the allowed limits, further evaluations of different campaigns are 

excluded. 

For the first time, and using the approach mentioned in this section, it is now possible to quantify the accuracy in the 

diameter spectrum at different epochs in the MASTER model. Using this data evaluation technique, the calibration 

steps (cf. Fig. 2) can be performed by monitoring the evolution of the error-ratio analyses and minimising the 

deviations between measurements and the model. However, to provide uncertainties in the MASTER software, 

evaluating the individual error-ratios is not sufficient since they only evaluate the population at different epochs and 

provide numerous individual error-ratio distributions. In addition, the quality of the measurement data for each sensor 

is not considered. Primary, the ability to obtain true RCS of a detection and the conversion to object diameter is at this 

step not yet considered. 

  

Fig. 7. Error-ratio evaluation for TIRA campaign in 2013 Fig. 8. Error-ratio evaluation for EISCAT campaign 

 

Also, the raw quality of the detection data, i.e. the “level of trust” for an explicit data set, is not evaluated. Currently, 

there is no metric available to objectively rate or “weight” individual campaigns against each other or to even measure 

the overall quality of the data. However, a first solution to overcome this lack of knowledge is to introduce a campaign 

weighting, which is based on a raw engineering approach. This weighting and data merging is based on spectrum 

contribution and an evaluation of each single campaign. 

Sensor Campaign 

 Year / month Duration  

TIRA 2000 / 10 

2001 / 10 

2003 / 01 

2004 / 02+09 

2005 / 10 

2006 / 06 

2007 / 11 

2010 / 05 

2013 / 11 

24 h 

24 h 

24 h 

2 ⋅ 24 h 

24 h 

24 h 

24 h 

24 h 

18 h 

EISCAT 2007 / 03 – 2009 / 02 

2015 / 10 

2424 h 

42 h 
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3.4 Weighting and data merging 

After all available validation data has been evaluated with regard to the error-ratio (cf. Fig. 7 and Fig. 8), two post-

processing steps are performed: 

1. Differentiation of positive and negative error-ratios 

2. Calculating mean error-ratios (positive and negative) for each diameter decade 

3. Weighting the mean error-ratios of all available campaigns into two distinct mean error-ratios (positive and 

negative). 

 

Step 1 is required to distinguish positive and negative error-ratio and to calculate upper and lower uncertainty 

boundaries. In step 2, the mean error-ratios for each diameter decade are calculated. This is achieved by calculating 

the average of both positive and negative error-ratios (ɛ𝑑𝑒𝑐𝑎𝑑𝑒,+/− ) in a diameter decade and weighing each by their 

contribution in the diameter decade spectrum (𝑤𝑖): 

 

𝜀�̅�𝑒𝑐𝑎𝑑𝑒,+/− = ∑ 𝜀𝑖,+/− ⋅ 𝑤𝑖
𝑁
𝑖=1         with  𝑤𝑖 =

𝑑𝑖+1−𝑑𝑖

∆𝑑𝑑𝑒𝑐𝑎𝑑𝑒
                                       Eq. 4 

 

where 𝑁 is the total number of diameter classes per decade, 𝑑𝑖+1 and 𝑑𝑖 are the boundaries of the considered diameter 

class and ∆𝑑𝑑𝑒𝑐𝑎𝑑𝑒  is the total diameter range of the respective diameter decade.  

Step 3 is the most critical step in the global uncertainty approach. As mentioned before, currently, there is no metric 

available to objectively weight individual campaigns against each other. However, the evaluation of the campaigns 

requires weighting for the following reasons.  

1. Age of campaign based on most recent reference epoch 

2. Time difference between fragmentation epoch and campaign epoch 

 

The uncertainties provided by the MASTER model shall give an indication for the accuracy of the most recent 

reference population, which is November 2016 for MASTER-8. However, the validation data only applies for previous 

epochs which only evaluated a part of the total MASTER population. It is desired to provide the most accurate 

population for the most recent reference epoch. Consequently, older campaigns are weighted less since the model 

might deviate more while providing the highest accuracy for the most recent reference epoch. 

The time difference between the fragmentation epoch and the campaign epoch has to be considered due to the 

increasing number of tracked and catalogued fragments by the SSN. As an example, the number of COSMOS-2251 

fragments (Cosmos-Iridium collision) went from approx. 250 to over 1000 in a single year. By the end of 2015, the 

total number of catalogued debris went up to over 1500. The same phenomenon can be observed for the Fengyun-1C 

fragmentation. The number of tracked fragments increased from approx. 600 to over 2000 in a single year, which now 

seems to have stabilized at around 3300 objects [9]. Consequently, the space debris model validation might suffer 

from incomplete data due to limited radar performance parameters when the observation epoch is shortly after a 

fragmentation event. Hence, validation campaigns, which were conducted shortly after major breakup events, have to 

be reflected in the campaign uncertainty weighting. Considering all these boundary condition and to perform a 

weighting that is as objective as possible, the weighting schemes for the TIRA and EISCAT campaigns shown in Fig. 

9 and Fig. 10 emerged. 

The global trend is to weight older campaigns less than more recent ones. This is shown in an increasing trend of 

weighting for later campaigns. For TIRA, the campaigns in 2007 and 2010 where weighted less since they were 

conducted shortly after the Fengyun-1C (2007) and Cosmos-Iridium (2009) event. Although the validation results for 

both campaigns yield accurate results overall, they are still weighted less in order to avoid subjective influence on the 

results. Hence, the weighting factors shown in Fig. 9 and Fig. 10 have to be selected as objective as possible. 
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After the weighting and merging of the individual campaign results of each sensor, both sensors are combined. While 

merging both sensor campaigns to form the complete error-ratio, the EISCAT results were weighted significantly less 

than TIRA because of their uncertainty in obtaining of the true RCS (cf. Sec. 3.3). In direct comparison, the uncertainty 

results obtained from the TIRA validation were weighted 95%, whereas the EISCAT results were weighted to 5%. 

After these three post-processing steps, two error-ratios for each diameter decade are obtained which yield information 

on the model deviation in positive and negative direction.  

Before presenting the results of this algorithm, one last assumption has to be highlighted. The obtained error-ratio is 

treated as the worst case error since calculating the differences between model and measurements is exactly that. 

Hence, it represents a 3-sigma environment. By assuming a normal distribution of the error-ratios in between, the 

standard deviation, which is provided in MASTER eventually, is the error-ratio divided by 3. This is a rough 

approximation, however a fair assumption when dealing with a statistical model. 

4 RESULTS 

The results obtained by the scheme outlined in Sec. 3 yield the results for the 1-sigma uncertainty in LEO shown in 

Tab. 4. 

Tab. 4. Upper and lower bound for a 1-sigma representative environment for the LEO regime 

Diameter regime Lower bound Upper bound 

1cm – 10 cm - 10.78 % + 58.33 % 

10 cm – 1 m - 10.42 % + 15.30 % 

1 m – 10 m - 23.07 % + 45.78 % 

 

Exemplary results in the flux spectrum are shown in the following. The example cases are based on the flux evaluation 

of a satellite on a sun-synchronous orbit in LEO and an ISS orbit with the following properties: 

Case “SSO” SMA = 7078 km ECC = 0.00001 INC = 98 ° RAAN = 0° AoP = 0° 

Case “ISS” SMA = 6787 km ECC = 6.66E-4 INC = 51.64 ° RAAN = 0° AoP = 0° 

 

The flux results were obtained using MASTER-8 with the latest available reference population of November 01, 2016 

with respect to a spherical target. Fig. 11 shows the results with nominal flux and 1-sigma environment for a Low 

Earth Orbit whereas Fig. 12 shows the results for the ISS orbit. 

 
 

Fig. 9. TIRA campaign weighting Fig. 10. EISCAT campaign weighting 
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Fig. 11. Uncertainties in the flux output of MASTER-8 

(SSO) 

Fig. 12. Uncertainties in the flux output of MASTER-8 

(ISS-orbit) 

The three distinct diameter spectra can be seen as well as the applicable uncertainties. The uncertainty data is provided 

as a separate output file to make it easier for calculating collision risk range assessments.  

5 Conclusion and outlook 

For the first time, MASTER provides uncertainties in the output which enables to quantify the uncertainties for flux 

measures and therefore flux-based risk estimations for long-term missions. Since the results are derived based on the 

extensive validation procedure, the uncertainties will be different each time a new reference population will be 

established. This is due to the incorporation of latest measurement data in the validation procedure. In this paper, the 

uncertainties for the LEO regime and a lower diameter threshold of 1cm were presented. The approach for deriving 

uncertainties in GEO as well as smaller diameters relies on the same principle; however while incorporating different 

sensor data and validation techniques. Further work is currently being done by improving the uncertainty evaluation. 

The evaluation is performed based on quantile analysis, which does not assume a normal distribution. This will give 

a more detailed insight into the true distribution of errors and will lead to a more accurate assessment of the MASTER 

output. An approach for deriving uncertainties for the MASTER future population is also available which evaluates 

the statistical evolution for a set of Monte-Carlo simulations. This approach is also applicable for various statistical 

analyses of the future environment trend [10], however this is out of scope of this paper. 
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