


Figure. 4:  Color Changes for Red Events as a Result of Density Error Addition  



modestly, it can substantially improve the Type II error rate and prevent serious events from 
being dismissed outright.  It instead preserves such events as yellow events�† in a monitoring 
phase�†so that as suc h events manifest their actual risk as TCA is approached, CA practitioners 
have already been made aware of them and have been preparing owner/operators for the 
possibility of such events becoming serious.  Most atmospheric models presently in operational 
use do not include any embedded error estimation so that error information, tailored to the 
particulars of the situation, can be provided to users.  This estimation should be a standard 
feature for future models and would be an extremely useful independent study and enhancement 
effort for presently-employed operational models. 

The experimental results also show the overall value in reducing neutral atmospheric 
density estimation errors and, in particular, bringing them down to a bounded set of values about 
the true value.  The larger error values explored in the experiment, which can represent 
commonly-encountered situations during space weather events such as coronal mass ejections, 
can cause quite serious miscategorizations of events even when compensation for these errors is 
�L�Q�F�O�X�G�H�G���L�Q���W�K�H���R�E�M�H�F�W�V�¶���V�W�D�W�H���H�V�W�L�P�D�W�H���F�R�Y�D�U�L�D�Q�F�H�V������Furthermore, the �‡�5�H�G-to-�<�H�O�O�R�Z�·��Type II 
error (Figure 4, middle plot), while still addressable within current operational procedures, is not 
tenable with large space catalogues as there will be simply too many Yellow conjunctions to 
examine individually.  A robust future for CA risk assessment, in which both larger space 
catalogues and the full range of space weather events can be addressed, requires methods that 
bring estimation errors down to relatively small and bounded values over the entire range of 
space weather conditions.  

A further CA research activity that could potentially be helpful to atmospheric scientists 
would be to expand the present analysis to examine in greater detail the phenomenology of CA 
event miscategorization at smaller density errors.  If a more detailed analysis were conducted in 
order to examine very closely the effects on CA of error values from, say, 0 to 30%, atmospheric 
researchers could have a better sense of the trade space between model accuracy and CA effects, 
which could help define performance targets for atmospheric density modeling improvement 
efforts. 
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Figure. 1:  Relative Pc Plot as a function of ratio of covariance size to miss distance 

Adjusting the covariance to account for atmospheric density estimation error aligns with 
the concept of reflecting all known state estimation errors into the accompanying state 
covariance matrix.  While including this additional error source in the covariance can be 
expected to make the covariance larger, this increase, as discussed above, will not in all cases 
decrease the Pc value.  The effect will depend on the ratio of the covariance size to the miss 
distance before the atmospheric density estimation error compensation is added.  If one is well 
on the right side of the above curve, a modest increase in covariance size can have the effect of 
increasing the Pc substantially and thus changing the characterization of the event from 
�‡�G�L�V�P�L�V�V�L�E�O�H�·���W�R���‡�V�H�U�L�R�X�V���·�����(�[�W�U�H�P�H�O�\���O�D�U�J�H���G�H�Q�V�L�W�\���H�U�U�R�U�V���Z�L�O�O���S�U�R�E�D�E�O�\���G�H�F�U�H�D�V�H���W�K�H���U�H�V�X�O�W�D�Q�W���3�F��
in most cases, but that outcome is not necessarily undesirable:  if the uncertainty is properly 
represented, then the Pc reflects the actual likelihood of collision given the quality of the data 
available at the time an operational decision is to be rendered.  The next section outlines some of 
the proposed and deployed methods for adjusting the covariance to accommodate this known 
source of error. 

4 Accounting for Neutral Density Mismodeling within State Covariances 

Reflecting neutral density estimation error within state covariance matrices is a subset of 
the general problem of covariance or uncertainty realism, a topic that has been treated at length 
in a recent report of the Air Force Space Command Astrodynamics Innovation Committee 
(Poore et al., 2016).  There are a number of techniques that are frequently employed to improve 
the realism of covariances�† that is, their ability realistically and reliably to represent the actual 
state errors.  Each of the major techniques is discussed briefly below. 

4.1 Covariance Scaling 

The governing presumption in single-factor covariance scaling is that the covariance is 
over- or under-sized by a scalar amount, so the covariance can simply be multiplied by a factor 
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(actually typically the square of a factor) to make it more representative.  Such factors are 
determined by analyzing past precision orbit data on the satellite in question (or ensemble sets of 
satellites with similar orbit maintenance properties), examining the relationship between the 
actual state errors and the statistical error summary represented by the covariance, and 
calculating a scale factor that will size the covariance so that it may accurately represent the 
statistical distribution of the actual empirical state errors (Hejduk 2013, Poore et al. 2016).  A 
natural extension of this approach is to calculate a scale factor for each of the three position 
components; if S represents a vector of three scale factors, scaling is accomplished by the matrix 
multiplication S*C*ST.  This approach is generally used to perform omnibus covariance realism 
corrections rather than to respond to a particular source of error (such as that from neutral density 
mismodeling). 

4.2 Covariance Correction Matrices 

An additional level of sophistication to simple covariance scaling was introduced through 
the work of Cerven (2011, 2013).  Here, entire correction matrices, rather than simple scaling 
vectors, are produced in order to attempt to correct the matrix for both size and orientation.  Pre- 
and post-multiplying the covariance by the correction matrix produces a properly sized and 
�R�U�L�H�Q�W�H�G���F�R�Y�D�U�L�D�Q�F�H�������$�J�D�L�Q�����D�S�S�O�L�F�D�W�L�R�Q�V���R�I���&�H�U�Y�H�Q�¶�V���P�H�W�K�R�G���W�R���W�K�L�V���S�R�L�Q�W���K�D�Y�H���D�W�W�H�P�S�W�H�G���R�Q�O�\��
an ensemble correction for all covariance realism errors rather than those arising from a single 
source. 

4.3 Physically-Connected Process Noise 

When using one of the many strains of Kalman filters to propagate covariances, provision 
is usually made to include process noise, or characterized acceleration uncertainties, which grow 
over time and can be propagated along with the covariance in order to increase the covariance 
size appropriately.  In astrodynamics this was originally deployed to reflect characterized 
uncertainties in the applied geopotential model, for which processing requirements imposed 
practical limitations on the order of the model that could be applied; but in more recent times it 
has been used as an omnibus covariance correction methodology (Vallado et al., 2010) and as 
part of dedicated covariance realism efforts (Duncan and Long 2006; Zaidi and Hejduk 2016). 

4.4 Consider Covariance Parameters 

A traditional method to adjust covariances to make them more representative is through 
the use of consider parameters (Tapley, Schutz, and Born 2004).  Such adjustments are 
determined from a priori error information external to the OD and are thus not solved-for but 
�U�D�W�K�H�U���‡�F�R�Q�V�L�G�H�U�H�G�·���D�V���S�D�U�W���R�I���W�K�H���H�V�W�L�P�D�W�L�R�Q���S�U�R�F�H�V�V�������7�K�L�V���P�H�W�K�R�G�R�O�R�J�\���K�D�V���E�H�H�Q���H�P�E�U�D�F�H�G���E�\��
US Strategic Command, the Department of Defense (DoD) entity that supervises the production 
and distribution of the space catalogue; and its purpose is to compensate for expected state 
propagation errors due principally to atmospheric density mismodeling.  The covariance as 
formulated does not contain an atmospheric density uncertainty term directly; but because 
atmospheric density and the ballistic coefficient are multiplicatively coupled, one can alter the 
ballistic coefficient variance, which does appear in the covariance, and achieve an equivalent 
effect.  If the percent error of the atmospheric density estimation is known, then the square of 
this amount can be added directly to the ballistic coefficient variance.  As the covariance is 
propagated (the usual method is through pre-and post-multiplication by a state transition matrix), 
this increased variance will manif�H�V�W���D�Q���H�I�I�H�F�W���R�Q���W�K�H���S�U�R�S�D�J�D�W�H�G���F�R�Y�D�U�L�D�Q�F�H�¶�V���S�R�V�L�W�L�R�Q���D�Q�G��



velocity variances, as well as cross-correlation terms.  In the present study, it is this approach 
(because it aligns with current DoD operational practice) that will be used to attempt to account 
for characterized atmospheric density modeling error. 

All of these methods do improve the situation because they allow the covariance to 
accommodate density errors when they are known.  Of course, the actual state errors due to 
density mismodeling are still present; and for the CA problem, in most cases this will cause the 
miss distance between the two satellites to be incorrectly calculated, affecting the rectitude of the 
Pc.  The only complete solution is to develop and deploy an atmospheric model with very low 
prediction errors.  Nonetheless, the ability to incorporate error into the covariance is a preferable 
position over not considering the error at all, as it properly folds this uncertainty into the 
probabilistic calculation. 

5 Experiment to determine Effects of Neutral Density Mismodeling on CA Calculations 

5.1 Categorization Method for Severity of Conjunction Events 

As stated previously, while investigations of effects on CA screening results or satellite 
propagated position errors are of interest, it is changes to the number of serious conjunction 
events that actually affect CA operational decisions and workload.  Therfore, it is this parameter 
that must be determined in order to ascertain the actual effect of atmospheric mismodeling on the 
CA enterprise.  It is straightforward to reprocess historical conjunctions using different 
atmospheric density values in order to see the effect on the resultant Pc, and in fact such an 
approach is the basis for the present study; but simple comparison of ranges of Pc values gives 
data but not information that is properly operationally contextualized and therefore not 
particularly easy to interpret definitively.  Instead, it has been shown to be helpful operationally 
to view Pc data within a �‡�F�R�O�R�U���F�R�G�L�Q�J�·���I�U�D�P�H�Z�R�U�N similar to one used by the CARA project as 
its method to communicate conjunction severity (Newman et al., 2014), and this approach is 
explained below. 

Green conjunctions are conjunctions with a calculated Pc < 1E-07.  Such conjunctions 
will rarely rise to a level at which they would be considered serious, so no additional analysis 
effort is directed to them.  Should the Pc increase as the event develops, the event can be 
recategorized.  However, this particular threshold value was chosen so that the number of green 
events that eventually become serious remains below 0.1% 

Yellow conjunctions are conjunctions with a calculated Pc between 1E-07 and ~1E-04.  
Conjunctions in this range do have a reasonable likelihood of becoming serious as each event 
develops, so they are given additional monitoring, which typically includes manual inspection 
and massaging of the object ODs and requests for additional tracking, if it is felt that 
supplemental tracking will improve the OD and therefore the Pc calculation.  The yellow 
category is typically a way-station for conjunctions on a path to either a red or green status 
(usually the latter), but some number of events reach their TCA still in the yellow category. 

Red events are conjunctions whose calculated Pc is 1E-04 �– 4E-04 and higher (the 
precise value depends to some degree on the particular protected spacecraft; for the purposes of 
the present study, a threshold value of 1E-04 has been used).  Such events are considered serious, 
and their presence engenders a considerable amount of additional analysis, including the 
construction of a High Interest Event presentation to be delivered in person to the satellite 
owner/operator.  Events still in red status at about three days to TCA will often require 



remediation.  At that point, a parallel analytical effort is also begun to examine conjunction 
remediation options based on the methods available to the particular spacecraft and to make a 
series of recommendations to the owner/operator. 

Given this approach to event categorization, the present analysis can usefully frame 
results in terms of the color changes sustained by events as atmospheric density estimation error 
is added to the Pc calculation; this will reveal the sensitivity of the Pc calculation to such density 
errors.  �)�R�U���H�[�D�P�S�O�H�����L�I���D���S�D�U�W�L�F�X�O�D�U���H�Y�H�Q�W�¶�V���F�R�O�R�U�����Z�L�W�K���G�H�Q�V�L�W�\���X�Q�D�O�W�H�U�H�G�����L�V���J�U�H�H�Q�����W�K�H���G�H�Q�V�L�W�\���F�D�Q��
be increased/decreased incrementally up to 100% and the color change of the event, if any, noted 
for each increase/decrease level.  This change can be done both with and without attempted 
modifications to the covariance to account for expected atmospheric density mismodeling error.  
These color changes can be thought of more classically as both Type I (false alarm) and Type II 
(missed detection) errors.  Events with perfect density knowledge would be red or yellow but 
with density error become yellow or green are Type II errors and are certainly the more 
worrisome�† these are either serious or concerning conjunctions that, due to density modeling 
errors, are not being afforded the requisite amount of analysis and attention and not being 
considered for potential remediation.  However, given the workload associated with non-green 
events, Type I errors (here events that are yellow or green when perfect atmospheric density 
values are used but instead emerge as red or yellow when errors are introduced) are also of 
concern.  Significant amounts of analysis and workload, as well as risk mitigation orbit 
alterations and all of the inherent risks that those processes contain, can be applied to events that 
in actuality are not risky.  So it is operationally important to try to reduce both types of errors as 
much as possible. 

5.2 Proposed Dataset and Experiment to Determine CA Effects of Neutral Density 
Mismodeling  

The sensitivity of conjunctions to atmospheric density mismodeling can be characterized 
by reprocessing historical events in the following way.  The nominal processing of the event, 
namely propagating both objects�¶���V�W�D�W�H�V���D�Q�G���F�R�Yariances forward to TCA and subsequently 
calculating the Pc, can be considered the truth datum for the event.  It does not matter whether 
this result actually represents the results of a high-fidelity density model or historically-accurate 
reconstructed density values; for what is of interest here is how modifying the density values 
from this baseline calculation, which gives the effect of adding density estimation error, changes 
the Pc calculation.  Density error can then be added and the satellite states/covariances and Pc 
recalculated.  These recalculated values can be expressed in terms of whether the event color 
�F�K�D�Q�J�H�G���I�U�R�P���W�K�H���F�R�O�R�U���D�V�V�R�F�L�D�W�H�G���Z�L�W�K���W�K�H���‡�W�U�X�W�K�·���Y�H�U�V�L�R�Q���R�I���W�K�H���H�Y�H�Q�W�������$�Q���D�G�G�L�W�L�R�Q�D�O���S�D�U�D�O�O�H�O��
calculation with each density alteration event is to fold the density error into the covariance as a 
consider parameter addition to the ballistic coefficient variance (as described in section 4.4 
above).  This emulates the situation in which the density estimation error has been appropriately 
characterized beforehand and can be accounted for in the state uncertainty representation.  Of 
interest will be the degree to which the including of characterized error in the covariance 
generates an event color different from that in the situation in which the density error is not 
included in the covariance in this way.   

The particulars of the conducted experiment are as follows.  Three days in the recent past 
for which there was moderate solar activity (Ap values of 10 to 25; one day in April 2015, 
November 2015, and May 2016) were identified.  This condition for solar activity was probably 



not strictly necessary but was chosen in order to give reasonable exercise of the atmospheric 
model (as opposed to a completely quiescent period) without imposing a truly difficult-to-model 
situation, such as an unfolding solar storm.  All of the CARA conjunctions observed for these 
three days were collected and winnowed down to include only those against protected assets with 
a perigee height of less than 1000 km.  Each event was then reprocessed with a series of global 
alterations to the density value, ranging from -100% to +100%.  Specifically, the following 
density scale factors were used:  [1  1.1  1.2  1.25  1.3  1.4  1.5  1.75  2] and their reciprocals.  As 
discussed in an earlier section, it is possible to effect a multiplicative change to the density value 
by modifying the ballistic coefficient by the same scale factor.  This method for density 
adjustment was used in the present analysis.  In each case for which which the density has been 
adjusted, the propagation and Pc computation were executed, both with the covariance unaltered 
�D�Q�G���Z�L�W�K���W�K�H���F�R�Y�D�U�L�D�Q�F�H�¶�V���E�D�O�O�L�V�W�L�F���F�R�H�I�I�L�F�L�H�Q�W���Y�D�U�L�D�Q�F�H���D�G�G�L�W�L�Y�H�O�\���L�Q�F�U�H�D�V�H�G���E�\���W�K�H���V�T�X�D�U�H���R�I���W�K�H��
expected percent density error, to emulate the situation in which a reasonable estimate of the 
atmospheric model error is known at the time of computation.  Each conjunction was thus 
reprocessed 32 times (16 different scale factors [excluding unity], with both a compensated and 
uncompensated covariance for each).  

6 Experiment Results 

Figures 2-�����S�U�H�V�H�Q�W���W�K�H���H�[�S�H�U�L�P�H�Q�W�¶�V���U�H�V�X�O�W�V, and each figure is a collection of three plots.  
Each of these collections reports changes for events that begin with a particular color (e.g., 
green), and each of the three graphs in a cluster reports on changes from this initial color to 
another color (e.g., green to yellow), or shows that the color did not change.  The x-axis gives the 
scale factor that was applied to the ballistic coefficient as a proxy for the equivalent change in 
atmospheric density.  Thus, these factors represent the atmospheric density error.  Furthermore, 
each of these plots displays two lines:  one showing the results for the cases in which the 
covariance is not altered to account for the expected atmospheric density error and another for 
the results when the (known) density errors are represented in the covariance through the use of a 
consider parameter.  There are two morphological features common to the graphs regardless of 
starting color.  Graphs that document the cases for which the same color remains after density 
alteration all show a value of 100% when the scale factor is unity.  If the density is unaltered, the 
re-execution as expected reproduces the original result.  A corresponding opposite to this is 
shown in graphs that document results for a color change.  These must all show a 0% value for a 
scale factor of unity.  Other than this, results behavior varies widely graph to graph and benefits 
from individual discussion.  It should be kept in mind that the precise values of the numerical 
results below can, strictly speaking, be applied only to the data periods analyzed, but the general 
trends and relative performance are believed to be broadly representative. 

6.1 �‡�*�U�H�H�Q�·���* �U�D�S�K���6�H�W�����)�L�J�X�U�H������ 

This results set documents false alarm (Type I) errors:  events that are truly green but, 
due to density uncertainty, are mistakenly recategorized as either yellow or red.  One notices 
that, in the main, there is rather little recategorization taking place here.  Without error 
compensation in the covariance (consider parameter), less than 1% of the events are 
miscategorized.  If compensation is included, the miscategorization rate rises to around 7%.  
From this results set alone, it would appear to be disadvantageous to include the characterized 
density error in the covariance.  However, a final verdict on the utility of the practice must wait 
until performance against the other color-change categories is considered.  The percentage of 



recategorized events here is rather small, and the creation of Type I errors is far less concerning 
than the creation of Type II errors�† some amount of labor may be wasted on such events, but at 
least truly worrisome events are not neglected due to miscategorization as benign ones. 

���������‡�<�H�O�O�R�Z�·���*�U�D�S�K���6�H�W�����)�L�J�X�U�H������ 

In this results set, larger levels of recategorization are observed, especially in the 
uncompensated case.  The top graph shows that including the known density error in the 
covariance adds a substantial degree of stability to the situation:  only 20 to 30% of the cases in 
which compensation is added (i.e., the consider parameter applied) end up recategorized, 
whereas the uncompensated cases can recategorize up to 90% of the events, in both directions 
(yellow to green and yellow to red).  The yellow to green (bottom) plot gives results for the Type 
II error of improperly demoting a yellow event to a green one, and it is clear that the consider 
parameter situation performs much more favorably.  For the yellow to red (middle) case, the 
consider parameter situation performs slightly worse but at much less worrisome percentage 
levels than the uncompensated case.  Use of the consider parameter emerges as the clear favorite 
here, producing a few more Type I errors but avoiding a large number of Type II errors.  In both 
cases, however, the amount of recategorization argues for the need for general improvements in 
the fidelity of atmospheric density modeling. 

���������‡�5�H�G�·���*�U�D�S�K���6�H�W�����)�L�J�X�U�H������ 

Here are reflected two strains of Type II errors:  true red events that are miscategorized as 
yellow and true red events miscategorized as green.  Both the compensated (consider parameter) 
and uncompensated cases reveal a disturbing amount of potential miscategorization as density 
errors are introduced.  Examining the middle graph, one observes that for smaller density errors 
(scale factors from 0.7 to 1.25) both compensated and uncompensated approaches perform 
similarly (about 25% of red events improperly categorized as yellow).  As the errors increase, the 
compensated case appears to perform more poorly.  However, this apparent increase in poor 
performance over the uncompensated case is actually a mask:  the blue line drops here because 
the uncompensated case is not miscategorizing so many red events as yellow but as green 
events�† a far more serious Type II error.  This dynamic is confirmed by examining the bottom 
plot, in which it is clear that miscategorization of red to green can reach as high as 80% for the 
uncompensated case while never venturing beyond 10% for the compensated (consider 
parameter) case.  If one remains with the compensated situation, miscategorization rarely moves 
beyond a demotion from red to yellow (which means that the operational crews are actively 
monitoring the conjunction and are likely to see it move to red status as the propagation interval 
decreases).  The uncompensated approach truly can set operational crews up for late-notice and 
perhaps even no-notice events, and no small number of them. 



Figure. 2:  Color Changes for Green Events as a Result of Density Error Addition  



Figure. 3:  Color Changes for Yellow Events as a Result of Density Error Addition  



Figure. 4:  Color Changes for Red Events as a Result of Density Error Addition  










