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ABSTRACT

As low-Earth orbit (LEO) becomes increasingly crowded, the risk of collision continues to grow. Effective mitigation
of this risk requires more reliable and accurate predicted trajectories of resident space objects, which in turn requires
improved specification and forecasting capabilities of the Earth space environment via upper atmospheric models.
The U.S. Space Force uses its own dynamically-calibrated High-Accuracy Satellite Drag Model (HASDM) for orbit
predictions and conjunction assessment, but the real-time and predicted densities from HASDM are not publicly avail-
able. For satellite owner/operators generating orbit predictions, there are several semi-empirical models such as the
MSIS, DTM, and Jacchia-based series of models. These are often computationally fast and accurate for climatologi-
cal uses, but their ability to accurately project into the future is closely tied to the fidelity of their drivers (i.e., space
weather indices such as the Fj¢ 7 solar flux and the K}, and A, geomagnetic activity) and similarly limited by their lower
temporal and spatial resolutions. Physics-based models offer greater potential for forecasting but lack the accuracy of
semi-empirical models in near real-time scenarios. With no clear consensus on which atmosphere model performs best
for which scenario, in this paper we assess the accuracy of each model’s predictive capabilities using their respective
drivers for a variety of spacecraft operating in different altitude regimes and inclinations: NASA’s GPM (~430 km,
65°), PlanetiQ’s GNOMES-4 and GNOMES-5 (~550 km and ~580 km, 97°), and JPL’s OCO-2 (~700 km, 98°). We
focus our analysis on the following models: NRLMSISE-00, NRLMSIS 2.1, DMT2020, JB2008, and WAM-IPE.

For this study, we build on top of SpaceNav’s previously presented framework for predictive orbit accuracy evaluations.
By processing GNSS tracking data for each satellite through our orbit determination (OD) pipeline over the span of
multiple months—where both calm and storm conditions were observed—we generate a large dataset of definitive
ephemeris data. Using the latest estimated state every 12 hours, we propagate predictive ephemerides using the
solved-for drag coefficient (Cp) and the most up-to-date space weather predictions available at the time (using data
from the Canadian Penticton observatory, NOAA SWPC, the U.S. Air Force, and Space Environment Technologies).
Differencing the predictive orbits against the reference definitive trajectory, we generate a set of position differences
(ephemeris overlaps) for the analysis period. These differences are presented in relative time from the epoch of
each OD and can be aggregated together to obtain cumulative distribution functions of the position error at each
propagation time (e.g., 6, 12, 24, 36, and 48 h, representing the time range where operators typically commit to risk
mitigation maneuvers). Statistics on the prediction errors are generated and analyzed in terms of the norm of the
position differences.

Finally, we review the contribution to the errors caused by space weather forecasts alone by propagating the orbits with
both predictive and definitive space weather drivers. Previous work has shown that errors in the Fjg 7 are one of the
largest contributors to orbit prediction accuracy; comparing the position difference statistics for each model using the
two space weather datasets, we want to revisit these results with what is now an expanded set of atmosphere models.

1. INTRODUCTION

As the number of resident space objects in low-Earth orbit (LEO) continues to grow, space traffic coordination has
emerged as a concern for satellite owner/operators. In this increasingly crowded environment, accurate trajectory
predictions are key to ensure spaceflight safety. Predictive ephemerides are the single most useful piece of information
that operators can share with each other to communicate their intentions, and assess and mitigate the risk of collision.
This has become particularly relevant over the last two years as the proliferation of new operators and large-scale
satellite constellations—with automated, on-board maneuvering capabilities—has converged with the peak of Solar
Cycle 25.
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OCO-2 Drag Parameters from 2024-10-01 to 2025-08-01
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Fig. 8: Model-specific orbit-averaged estimated drag coefficient, Cp, and neutral mass density, p, throughout the
definitive orbit of OCO-2 from October 1%, 2024 to August 1%, 2025. Solar flux and geomagnetic activity shown for
added context.

Table 6: Summary of OCO-2 prediction accuracy statistics for each atmosphere model and relative propagation time
from October 1%, 2024 to August 1%, 2025.

Relative Propagation Time

Atmosphere Model Percentile

6h 12h 24h 36h 48h
50" 7.66m  2346m  75.98m 166.19m  284.96m
NRLMSISE-00 750 1526m  49.65m 171.33m  344.30m  579.27m

90" 28.11m  8272m 290.70m 647.77m 1117.18m

50 7.60m  21.98m  72.64m 15555m  280.95m
NRLMSIS 2.1 75" 16.14m  48.92m 170.57m 340.4lm  562.27m
90"  27.69m  82.68m 293.16m 651.32m 1080.22m

50" 859m  2594m  76.65m 170.72m  296.97m
DTM2020 75" 19.57m  5541m  193.83m 381.90m  634.64m
90" 31.65m  88.70m 293.51m 620.88m 1099.39m

500 922m  2493m  79.61lm 176.10m  309.57m
JB2008 750 16.72m  47.84m 152.66m 322.62m  557.64m
90" 30.5Im  83.68m 293.62m 666.69m 1124.13m

50" 9.40m  28.62m 102.09m 20629m  334.53m
WAM-IPE 750 2479m  7090m 238.77m 501.94m  787.00m
90" 42.12m 125.66m 426.93m 878.37m  1370.66m




OCO-2 Prediction Accuracy from 2024-10-01 to 2025-08-01
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Fig. 9: OCO-2 prediction accuracy empirical cumulative distribution functions for each atmosphere model and relative
propagation time from October 1%, 2024 to August 1%, 2025.
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(a) Propagation time: 12 h. (b) Propagation time: 24 h.

Fig. 10: OCO-2 prediction accuracy empirical violin plots for each atmosphere model from October 1%, 2024 to
August 1%, 2025.



4.1.2 Model Performance in Different Solar Activity Conditions

In this section, we isolate the effects of different solar flux levels on model performance. Taking advantage of the fact
that the solar radio flux levels steadily decrease throughout the entire analysis time period, we divide our time period
in half such that the first 5-months, from October 1%, 2024 to March 1%, 2025 exhibit significantly higher and more
varied solar flux (Fio7 > 175sfu, where Fj(7 represents the 81-day centered average) than the next 5-months from
March 1%, 2025 to August 1%, 2025 (Fjg7 < 175sfu). Note, however, that the lowest observed solar flux value in our
second time period is ~120 sfu and cannot be considered low solar conditions. For a more complete assessment of
solar flux impact, we intend to extend this study to solar minimum conditions in the future.

For each satellite and atmosphere model, results are aggregated within each of the time periods and presented relative
to each other. Plots are presented at the 24-hour propagation time, while tables highlight the median performance at all
relative times. As expected, results show that all models tend to perform slightly better during periods of less elevated
solar flux conditions. Across all spacecraft, WAM-IPE shows the most dramatic improvement.

At GPM’s lower altitude, the performance improvement during lower solar activity is less pronounced in relative
terms, but we still see reductions in the median error of 200—300 m at 24 hours (Table 7. Furthermore, the spread
in the distributions is reduced, indicating that models are performing more consistently (Figure 11). DTM2020 and
JB2008 remain the better performing models across both time periods, although they see less of a change between the
two time windows since they were already performing very well during high solar flux.

For the combined GNOMES-4 and GNOMES-5 dataset, the median performance improvement when transitioning to
the lower solar flux period is more significant across all models. Except for JB2008, we see median errors at 24 h
decrease by more than 30 % across all empirical models (Table 8). WAM-IPE stands out as performing the worst
during high solar activity, but then appears to perform very well—albeit on-par with the other models—during the
lower solar activity time range. Again, all distributions have a much tighter spread (Figure 12).

For OCO-2 at ~700 km, the accuracy improvements are even more dramatic (in relative terms). Median accuracy was
already stellar at ~100 m at 24 h across all empirical models, but during lower solar activity period we see prediction
errors reduce to ~60m (Table 9 and Figure 13). WAM-IPE shows upwards of a 70 % improvement in prediction
accuracy.



Table 7: GPM prediction performance comparison across two time periods with different solar activity: higher solar
flux (October 1%, 2024 to March 1%, 2025) and lower solar flux (March 1%, 2025 to August 1%, 2025). Median
accuracy statistics shown for each atmosphere model and relative propagation time.

Relative Propagation Time
6h 12h 24h 36h 48h

2024-10-01 to 2025-03-01 38.02m 163.24m 678.88m 1432.00m 2597.97m
NRLMSISE-00 2025-03-01 to 2025-08-01 28.55m  11823m 500.26m 1244.74m 2466.79 m
Relative Difference -2490% -2757% -2631% —13.08% =5.05 %

2024-10-01 to 2025-03-01 43.68m 183.52m 724.75m 1586.83m 2778.17m
NRLMSIS 2.1  2025-03-01 to 2025-08-01 30.78m  121.95m 51321m 1302.80m 2463.25m

Model Time Period

Relative Difference 2954 % -3355% -29.19% -1790% -11.34%
2024-10-01 to 2025-03-01 41.09m 153.73m 54826m 1310.16 m 2258.92m
DTM2020 2025-03-01 to 2025-08-01 26.74m 10573m 450.89m 1112.35m 2064.03 m
Relative Difference -34.92% -3123% -17.76% -15.10% -8.63 %
2024-10-01 to 2025-03-01 38.08m 13238m 572.58m 1324.18m 2276.77m
JB2008 2025-03-01 to 2025-08-01 3245m 11439m 426.43m 92592m 1717.32m
Relative Difference -1479% -13.58% -25.52% -30.08 % -24.57 %
2024-10-01 to 2025-03-01 43.84m 18232m 807.70m 1691.94m 3223.15m
WAM-IPE 2025-03-01 to 2025-08-01 3026m 113.10m 509.99m 1279.75m 2481.59m
Relative Difference -3098% -3796% -36.86% -2436% -23.01%
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Fig. 11: GPM prediction accuracy comparison at 24 h of propagation time across two time periods with different solar
activity: higher solar flux (October 1%, 2024 to March 1%, 2025) and lower solar flux (March 1%, 2025 to August 1%,
2025).



Table 8: GNOMES constellation prediction performance comparison across two time periods with different solar
activity: higher solar flux (October 1%, 2024 to March 1%, 2025) and lower solar flux (March 1%, 2025 to August 1%,
2025). Median accuracy statistics shown for each atmosphere model and relative propagation time.

Relative Propagation Time
6h 12h 24h 36h 48h

2024-10-01 to 2025-03-01 33.03m 120.84m 467.47m 1029.86m 1829.42m
NRLMSISE-00 2025-03-01 to 2025-08-01 21.64m 77.79m  321.47m  79329m 1431.57m
Relative Difference -3448% -35.62% -3123% -2297% -21.75%

2024-10-01 to 2025-03-01 36.02m  128.13m 467.07m 1036.88m 1904.07m
NRLMSIS 2.1  2025-03-01 to 2025-08-01 23.35m 80.29m 312.07m  786.92m 1388.35m

Model Time Period

Relative Difference -3517% -3734% -33.19% -24.11% -27.09%
2024-10-01 to 2025-03-01 36.77m  123.28m 492.81m 1081.60m 1868.01 m
DTM2020 2025-03-01 to 2025-08-01 2445m 79.26m  311.52m  741.54m 1364.06 m
Relative Difference -3350% -3571% -36.79% -3144% -26.98 %
2024-10-01 to 2025-03-01 3589m 110.69m 428.14m 1052.65m 2015.57m
JB2008 2025-03-01 to 2025-08-01 27.70m 93.68m 328.777m  706.81m 1250.60 m
Relative Difference -2281% —-1537% -2321% -3285% -3795%
2024-10-01 to 2025-03-01 56.80m  19931m 723.85m 1569.85m 2738.74m
WAM-IPE 2025-03-01 to 2025-08-01 2641 m 76.89m  269.56m  633.3Im 1101.81m
Relative Difference -5350% -61.42% -62.76% -59.66%  —=59.77%
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Models Time Periods. Relative Propagation Time: 24 h

—— NRLMSISE-00 —— DTM2020 —— WAM-IPE —— 2024-10-01 to 2025-03-01 Models
~— NRLMSIS 2.1 —— )B2008 === 2025-03-01 to 2025-08-01 ® NRLMSISE-00 ® NRLMSIS 2.1 e DTM2020 e )B2008 e WAM-IPE

1.0

1750

08 1500

-
N
5
=)

0.6

1000

CDF

0.4

Norm of Position Difference [m]
~
&
S

5
=3
=3

0.2

N
a
=)

o

0.0 g
10° 10t 102 103 104 2024-10-01 to 2025-03-01 2025-03-01 to 2025-08-01

Norm of Position Difference [m] Time Periods
(a) Empirical cumulative distribution functions. (b) Empirical distribution violin plots.
Fig. 12: GNOMES constellation prediction accuracy comparison at 24 h of propagation time across two time periods

with different solar activity: higher solar flux (October 1%, 2024 to March 1%, 2025) and lower solar flux (March 1%,
2025 to August 1%, 2025).



Table 9: OCO-2 prediction performance comparison across two time periods with different solar activity: higher solar
flux (October 1%, 2024 to March 1%, 2025) and lower solar flux (March 1%, 2025 to August 1%, 2025). Median
accuracy statistics shown for each atmosphere model and relative propagation time.

Relative Propagation Time
6h 12h 24h 36h 48h

2024-10-01 to 2025-03-01 9.69m  2946m 102.13m 21643m 369.32m
NRLMSISE-00 2025-03-01 to 2025-08-01 5.58m 17.15m  60.58m  129.36m 228.84m

Model Time Period

Relative Difference -4234% -41.77% -40.69% -4023% -38.04%
2024-10-01 to 2025-03-01 10.08 m 30.76 m 9553m 21525m 381.21m
NRLMSIS 2025-03-01 to 2025-08-01 5.80m 15.84m 5570m 12626m 227.15m
Relative Difference 4244 % -4850% —-41.69% -4134% -40.41%
2024-10-01 to 2025-03-01 12.73m 36.92m  123.94m 24455m 412.81m
DTM2020 2025-03-01 to 2025-08-01 6.04 m 15.98 m 60.47m 131.44m 247.16 m
Relative Difference -5256% -56.73% -5121% —-4625% —40.13%
2024-10-01 to 2025-03-01 11.99m 31.85m 104.16m 244.15m 431.24m
JB2008 2025-03-01 to 2025-08-01 7.56m 21.55m 66.83m 140.36m 247.92m
Relative Difference -3696% -3235% -3584% -4251% -42.51%
2024-10-01 to 2025-03-01 16.92 m 5470m 190.72m 378.15m 629.05m
WAM-IPE 2025-03-01 to 2025-08-01 6.29m 17.11 m 55.68m 116.65m 194.26m
Relative Difference -6280% -68.72% -70.81% —-69.15% -69.12%
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Fig. 13: OCO-2 prediction accuracy comparison at 24 h of propagation time across two time periods with different
solar activity: higher solar flux (October 1%, 2024 to March 1%, 2025) and lower solar flux (March 1%, 2025 to August
1%, 2025).



4.1.3 Model Performance During the October Geomagnetic Storm

Presented here is each model’s prediction accuracy performance during the largest storm that occurred in the analysis
period: the G4-class October 101, 2024 (K, = 97) geomagnetic storm. To isolate the effects of the storm, we first
define a baseline level of performance around the time of the storm. In this case, we collect all overlaps for the month
of October 2024 (including the storm itself). Next, we aggregate all calculated prediction errors with epochs across
the storm period, selecting two days before the storm, the storm day itself, and three days after for a total of 6 days.
This provides us sufficient overlaps to evaluate the relative performance change.

For context, Figure 14 shows the observed solar radio flux and geomagnetic indices over the course of the month, each
atmospheric model’s estimated Cp during orbit determination, and each model’s neutral mass density output along the
orbit of the reference definitive trajectory for GPM. As expected, all models show a clear spike in density during the
storm. WAM-IPE predicts the highest density values and for the longest time; the result of this being that the OD
needs to compensate more during the post-storm cooling phase by lowering the Cp to less than 1. Other models follow
a similar pattern, but none as exaggerated as WAM-IPE. NRLMSIS 2.1 appears to not be able to capture the storm
dynamics as well as the older, more widely used NRLMSISE-00 model.

For all satellites, we present the results in the form of tables (with median accuracy metrics) and violin plots (at prop-
agation times of 12, 24, 36, and 48 hours) comparing the baseline predictive accuracy (over the full month of October
2024) vs. the six days surrounding the October 10" storm. Due to the reduced number of overlap samples making up
the storm-time distributions, the mean is more susceptible to possible outliers. Therefore, we focus primarily on the
median and interquartile range (thick black lines) rather than the mean (white dot).

As the lowest-altitude satellite in our analysis, GPM undergoes the most drag as a result of the storm. Table 10 and
Figure 15 show a clear degradation in median accuracy across all atmospheric models. In some cases, errors jump
from a baseline of ~700 m to more than 2000 m at 24 h, with relative differences greater than 200 %. These kinds of
changes can have a very significant impact in conjunction assessment, especially if the covariance associated with the
predictive ephemeris does not properly model the expected uncertainties during the storm. Out of all the empirical
models, JB2008 performs the best during the storm for propagation times <12 h. Beyond that, DTM?2020 outperforms
the rest. This might indicate that JB2008, driven by the JBHSGI inputs and its Dst index during the storm, is able to
properly capture the storm-time dynamics better but only when more up-to-date forecasts are available. All models
have a much greater number of outlier overlaps during the storm.

WAM-IPE, on the other hand, is shown to model the storm time predicted density incredibly well. For all propagation
times >24 h, it outperforms all other models. In fact, it is the only model to perform better during the storm compared
to the baseline period, improving by more than 20 % at 36 and 48 hours of propagation time. This is not necessarily
unexpected; WAM-IPE is the only first principles, physics-based model represented here, and these types of models
are supposed to be able to better capture the density dynamics.

The results for the GNOMES constellation (Table 11 and Figure 16) and OCO-2 (Table 12 and Figure 17) tell a
slightly different story. While we still see performance degradation for the MSIS and DTM empirical models (and in
the order of more than 1000 m at 24 h for the PlanetiQ spacecraft), JB2008 does not suffer the same consequences.
For GNOMES-4, GNOMES-5, and OCO-2, the Jacchia—Bowman model is one of the best performers in terms of
median accuracy across all propagation times during the storm, although it still has the most outliers. DTM2020 is
perhaps the most consistent, with a much tighter distribution and the best predictive accuracy at longer propagation
times. WAM-IPE does not perform nearly as well for these higher altitude satellites as it did for GPM, with the median
error increasing by more than 300 % at the 24-hour propagation mark. This may be due to the inherent limitations of
physics-based models to accurately represent the upper regions of the thermosphere.



GPM Drag Parameters from 2024-10-01 to 2024-10-31
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Fig. 14: Model-specific orbit-averaged estimated drag coefficient, Cp, and neutral mass density, p, from October 1%,
2024 to October 31%, 2024. Solar flux and geomagnetic activity shown for added context.



Table 10: GPM prediction performance comparison between the October 2024 baseline and the 6 days surrounding
the October 10", 2024 geomagnetic storm. Median accuracy statistics shown for each atmosphere model and relative

propagation time.

Relative Propagation Time

Model Time Period
6h 12h 24h 36h 48h
2024-10-01 to 2024-11-01 35.69m 160.63m 728.83m 1576.11m 2898.37m
NRLMSISE-00 2024-10-08 to 2024-10-13 122.14m 604.20m 1625.79m 4938.59m 8953.56 m
Relative Difference 24220% 276.14 % 123.07 % 213.34 % 208.92 %
2024-10-01 to 2024-11-01 41.68m 165.07m 724.75m 1706.05m 3100.52m
NRLMSIS 2.1 2024-10-08 to 2024-10-13 112.04m 743.48m 2520.15m 6760.27m 9479.33m
Relative Difference 168.80% 350.40 % 247.73 % 296.25 % 205.73 %
2024-10-01 to 2024-11-01 4772m  166.99m 673.76m  1488.89m 2938.94m
DTM2020 2024-10-08 to 2024-10-13  124.10m 534.39m 183598 m 3489.93m 4242.33 m
Relative Difference 160.08% 220.01 % 172.50 % 134.40 % 44.35 %
2024-10-01 to 2024-11-01 57.64m 213.59m 95591m 1863.79m 3284.84m
JB2008 2024-10-08 to 2024-10-13  129.12m 409.31m 3206.60m 7034.02m 10610.97 m
Relative Difference 124.00 % 91.63 % 235.45 % 277.40 % 223.03 %
2024-10-01 to 2024-11-01 66.32m 27241m 1264.43m 3037.30m 5676.59m
WAM-IPE 2024-10-08 to 2024-10-13  116.45m 458.14m 1315.34m 2285.28 m 4097.61 m
Relative Difference 75.59 % 68.18 % 4.03% 2476 % —27.82 %
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Fig. 15: GPM prediction accuracy empirical distribution violin plots comparing the performance between the October
2024 baseline and the 6 days surrounding the October 10", 2024 geomagnetic storm.



Table 11: GNOMES constellation prediction performance comparison between the October 2024 baseline and the 6
days surrounding the October 10", 2024 geomagnetic storm. Median accuracy statistics shown for each atmosphere
model and relative propagation time.

Relative Propagation Time

Model Time Period
6h 12h 24h 36h 48 h
2024-10-01 to 2024-11-01 38.87m 161.09m 67491 m 1600.03m 3396.17m
NRLMSISE-00 2024-10-08 to 2024-10-13 97.66m 287.71m 1258.68m 1768.07m 2732.16m
Relative Difference 151.28 % 78.60 % 86.49 % 10.50 % —-19.55 %
2024-10-01 to 2024-11-01 49.70m  168.04m 741.12m  1747.60m 3621.70m
NRLMSIS 2.1 2024-10-08 to 2024-10-13  138.47m 566.78m  1956.54m 2911.70m 3476.02m
Relative Difference 178.63% 237.29 % 164.00 % 66.61 % -4.02 %
2024-10-01 to 2024-11-01 49.55m 185.20m 772.83m 1737.88m 3179.53m
DTM2020 2024-10-08 to 2024-10-13  106.47m 35528m 1711.63m 159221m 3196.69m
Relative Difference 114.88 % 91.84 % 121.48 % -8.38% 0.54 %
2024-10-01 to 2024-11-01 6220m 185.65m 1057.76 m 289221m 5510.31m
JB2008 2024-10-08 to 2024-10-13  126.65m 176.29m 1081.68m 3607.64m 4889.15m
Relative Difference 103.63%  -5.04 % 2.26 % 2474 %  -11.27%
2024-10-01 to 2024-11-01 61.06m 216.23m 837.53m 2120.27m 3763.52m
WAM-IPE 2024-10-08 to 2024-10-13  164.16m 833.51m 3513.96m 5885.14m 7762.10m
Relative Difference 168.86 % 285.47 % 319.56 % 177.57 % 106.25 %

(a) Propagation time: 12 h. (b) Propagation time: 24 h.
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Fig. 16: GNOMES constellation prediction accuracy empirical distribution violin plots comparing the performance
between the October 2024 baseline and the 6 days surrounding the October 10", 2024 geomagnetic storm.



Table 12: OCO-2 prediction performance comparison between the October 2024 baseline and the 6 days surrounding
the October 10", 2024 geomagnetic storm. Median accuracy statistics shown for each atmosphere model and relative
propagation time.

Relative Propagation Time

Model Time Period
6h 12h 24h 36h 48h
2024-10-01 to 2024-11-01 14.77 m 61.42m 229.30m 567.21m 1027.68 m
NRLMSISE-00 2024-10-08 to 2024-10-13 33.65m 72.60m 256.75m 376.57m 557.34m
Relative Difference 127.79 % 18.20 % 11.97%  -33.61% —-45.77%
2024-10-01 to 2024-11-01 15.47m 61.87m 207.80m 549.27m 998.25m
NRLMSIS 2.1 2024-10-08 to 2024-10-13 51.30m 70.61 m 393.82m 620.89m  739.46m
Relative Difference 231.54 % 14.13 % 89.52 % 13.04%  —-25.92 %
2024-10-01 to 2024-11-01 18.26 m 56.78 m 202.82m  401.17m  751.20m
DTM2020 2024-10-08 to 2024-10-13 37.49m 79.17 m 282.34m 500.02m 567.92m
Relative Difference 105.27 % 39.44 % 39.20 % 24.64%  -24.40 %
2024-10-01 to 2024-11-01 22.42m 65.11m 293.59m 807.80m 1392.45m
JB2008 2024-10-08 to 2024-10-13 40.38 m 91.30m 219.82m 370.85m 599.08 m
Relative Difference 80.11 % 40.24 % -25.13% -54.09 % -56.98 %
2024-10-01 to 2024-11-01 28.20m 81.84m 255.29m 577.25m 111047 m
WAM-IPE 2024-10-08 to 2024-10-13 68.56m 216.86m 1127.99m 1486.58m 2464.12m
Relative Difference 143.12% 164.99 % 341.85 % 157.53 % 121.90 %

EIDUQ A‘

7000
6000

'y 5000

g

o

£

5 4000

<

g

3000

'm of Positiol

S 2000

N

1000

2024-10-01 to 2024-11-01 2024-10-08 to 2024-10-13

Time Periods

(a) Propagation time: 12 h.
0CO-2 Prediction Accuracy
Relative Propagation Time: 36 h

Models
®  NRLMSISE-00 @ NRLMSIS 2.1 ® DTM2020 o JB2008 ® WAM-IPE

A@\o -

2024-10-08 to 2024-10-13

b

2024-10-01 to 2024-11-01
Time Periods

(c) Propagation time: 36 h.

E

Norm of Position Difference

2024-10-01 to 2024-11-01
Time Periods

2024-10-08 to 2024-10-13

(b) Propagation time: 24 h.

- on Accuracy
Relative Propagation Time: 48 h
Model

jels
®  NRLMSISE-00 @ NRLMSIS 2.1 ° DTM2020 ° JB2008 ®  WAM-IPE

10000

8000

6000

4000

2000

2024-10-01 to 2024-11-01
Time Periods

2024-10-08 to 2024-10-13

(d) Propagation time: 48 h.

Fig. 17: OCO-2 prediction accuracy empirical distribution violin plots comparing the performance between the Octo-
ber 2024 baseline and the 6 days surrounding the October 10, 2024 geomagnetic storm.



4.2 Space Weather Forecast Error Analysis

In this section, we analyze the impact of space weather forecast errors. Our goal is to assess the influence of forecasting
alone in satellite trajectory predictions. To do that, we compare predictive accuracy results over the same 10-month
period from October 1%, 2024 to August 1%, 2025 for two space weather inputs:

(a) Forecast Aggregated position differences between real-time orbit predictions (i.e., predictive ephemerides
generated with the latest space weather forecasts available at generation time to drive the atmospheric models)
and the reference definitive ephemerides (i.e., estimated trajectories via orbit determination using observed space
weather). These are the same results presented in §4.1.1.

(b) Observed Aggregated position differences between retrospective orbit predictions (i.e., predictive ephemerides
generated with observed space weather observations to drive the atmospheric models) and the same reference
definitive ephemerides as above. Note the term “observed” does not mean to represent that these are actual
observations of the thermospheric density values, but simply the most “defintive”, “final”, or “issued” indices.

In general, every model’s prediction accuracy improves when using observed space weather data rather than forecasts,
with the exception of WAM-IPE, which performs nearly the same. This latter result is noteworthy, as it indicates that
switching from the WES forecast to the WRS real-time data does not result in the improvement in performance that
we would expect.

In this study, DTM2020, NRLMSISE-00, and NRLMSIS 2.1 all use the exact same forecast and observed indices,
making it noteworthy that in the higher drag environment of GPM, DTM2020 consistently captures the forecast density
better than the MSIS models. Results show that for 48-hour propagations, the median prediction accuracies of the
MSIS and DTM models are all within 6 m (for GPM) and 100 m (for GNOMES) of each other when using observed
space weather inputs. Since DTM2020 already outperformed the MSIS series with its predictive capability, the relative
improvement is not as significant.

JB2008 (note that it uses the SET JBHSGI indices) was already shown to perform very well for all satellites in forecast
mode and thus has a relatively modest improvement when using observed inputs. That being said Figure 18, Figure 19,
and Figure 20 show that even when using historical, issued space weather inputs, it is the empirical model with the
most outliers, especially at higher altitudes.

In absolute terms, the accuracy improvements for GPM when switching to observed space weather data are very
significant: reductions of 30— 50 % in the median errors translate into ~300 m less error at 24 h (Table 13). At the 48-
hour propagation mark, these same differences can decrease prediction errors by more than 1000 m. In risk assessment
space, this could mean the difference between having to execute a risk mitigation maneuver for a predicted close
approach or ignoring it altogether. The improvements are of course less dramatic for GNOMES-4 and GNOMES-5:
performance improvements of 20 —40 % when using definitive space weather data can reduce errors by ~100m at 24 h
or 500 m at 48 h (Table 14). Finally, OCO-2 shows a smaller improvement: 10—30 % changes decrease errors by up
to ~10m at 24 h and 80 m at 48 h.



Table 13: GPM prediction performance using forecast and observed space weather data inputs. Median accuracy
statistics shown for each atmosphere model and relative propagation time.

Relative Propagation Time

Model Space Weather Source
6h 12h 24h 36h 48 h
Forecast 3298m  142.67m 582.59m 1392.10m 2567.13m
NRLMSISE-00 Observed 23.14m 74.52m 292.01 m 695.11m 1318.92m
Relative Difference -2983% -4777% -49.88% -50.07%  —-48.62%
Forecast 37.55m 148.04m 605.86m 1436.27m 260597 m
NRLMSIS 2.1 Observed 26.09 m 88.23m  332.70m 742.42m 1313.28 m
Relative Difference -30.50% -4040% -45.09 % -48.31 % -49.60 %
Forecast 30.85m 12421m 48723m 1171.61m 2140.60 m
DTM2020 Observed 27.48 m 84.48m 322.03m 767.75m 131240 m
Relative Difference -1091% -3199% -3391% -3447% -38.69%
Forecast 34.64m 12434m 497.68m 1067.30m 1937.33m
JB2008 Observed 3420m 103.39m 368.95m 803.41m 1402.12m
Relative Difference -127% -1685% -2587% -2473% -27.63%
Forecast 37.81m 148.92m 633.66m 1479.20m 2862.20m
WAM-IPE Observed 36.60m 141.20m 56547m 1307.18m  2344.04 m
Relative Difference -3.20% -518% -10.76 % -11.63% -18.10%
GPM "'e“““‘;{;é&‘v‘;'iiz,,‘;‘;’;liiﬁz{—‘.i2;"214‘h° 2025-08-01 GPM Prediction Accuracy from 2024-10-01 to 2025-08-01
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: xitmz:ii? : JDB;%?)ZZO T A : g‘z::j\zd ® NRLMSISE-00 ® NRLMSIS 2.1 MO:EISDTMZDZD ® |B2008 ® WAM-IPE

1.0

1600

0.8 1400

1200

0.6
1000

CDF

0.4

Norm of Position Difference [m]

0.2

0.0

10t 10? 103 104 Forecast Observed
Norm of Position Difference [m] Space Weather Sources
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Fig. 18: GPM prediction accuracy at 24 h of propagation time using forecast and observed space weather data inputs.



Table 14: GNOMES constellation prediction performance using forecast and observed space weather data inputs.
Median accuracy statistics shown for each atmosphere model and relative propagation time.

Relative Propagation Time

Model Space Weather Source
6h 12h 24h 36h 48 h
Forecast 27.47m 98.79m 395.29m 902.83m 1598.58 m
NRLMSISE-00 Observed 23.90 m 73.92m 269.73m 587.44m 1035.16 m
Relative Difference -1298% -25.18% -31.76 % -34.93 % -35.24 %
Forecast 30.02m 101.95m 389.48m 894.92m 155533 m
NRLMSIS 2.1 Observed 25.36m 81.96m 282.42m 597.01m 993.80m
Relative Difference -1551% -19.60% -27.49% -33.29% -36.10%
Forecast 30.72m  100.77m  392.73m 92225m 161221 m
DTM2020 Observed 27.51m 8571m 304.25m 64590m 1084.22m
Relative Difference -1045% -1495% -2253% -2996%  -32.75%
Forecast 32.61lm 103.59m 369.43m 860.11m 1540.26 m
JB2008 Observed 31.30m 90.53m 314.59m 679.12m 114148 m
Relative Difference -4.01% -12.61% -1485% -21.04% —-25.89%
Forecast 37.16m 121.85m 447.72m 986.02m 1744.39m
WAM-IPE Observed 36.78m 118.49m 45621m 1049.78m 1856.49m
Relative Difference -1.03% -2.76 % 1.90 % 6.47 % 6.43 %
GNOMES-4 and G“"ME?;S.;Eii‘;?;’g;;g‘;rgﬁ%ﬂ';";j 024-10-01 to 2025-08-01 GNOMES-4 and GNOMES-S Prediction Accuracy from 2024-10-01 to 2025-08-01
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Fig. 19: GNOMES constellation prediction accuracy at 24 h of propagation time using forecast and observed space
weather data inputs.



Table 15: OCO-2 prediction performance using forecast and observed space weather data inputs. Median accuracy
statistics shown for each atmosphere model and relative propagation time.

Relative Propagation Time

Model Space Weather Source
6h 12h 24h 36h 48h
Forecast 7.66 m 23.46m 7598m 166.19m 28496 m
NRLMSISE-00 Observed 7.08 m 20.68 m 63.55m 129.83m 208.39m
Relative Difference -7.61% -11.84% -1635% -21.88% -26.87%
Forecast 7.60 m 21.98 m 72.64m 15555m 280.95m
NRLMSIS 2.1 Observed 7.26 m 20.04 m 6236m 11995m 197.32m
Relative Difference —-4.50 % -882% -1415% -22.89% -29.77 %
Forecast 8.59m 25.94m 76.65m 170.72m  296.97 m
DTM2020 Observed 8.11m 21.50m 69.29m 13535m 223.83m
Relative Difference -559% -17.10% -9.60% -20.72% —24.63%
Forecast 9.22m 24.93m 79.61m 176.10m 309.57m
JB2008 Observed 9.06 m 22.99m 69.06m 142.02m 23597m
Relative Difference -1.66 % -778% —-1325% -1935% -23.77%
Forecast 9.40 m 28.62m 102.09m 20629m 334.53m
WAM-IPE Observed 9.37m 2955m 108.13m 2355Im 407.73m
Relative Difference -0.37 % 3.24 % 591 % 14.16 % 21.88 %
oco-2 Predic{ﬁ%ﬁ'ﬁ,?,;?gg;;%ﬂoznoﬁxé?}o4lht° 2025-08-01 0C0-2 Prediction Accuracy from 2024-10-01 to 2025-08-01
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Fig. 20: OCO-2 prediction accuracy at 24 h of propagation time using forecast and observed space weather data inputs.
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