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Background: Meerkat is ESA’s imminent impactor warning service [1]. It operates autonomously 24/7,  processing tracklets from the NEOCP to deliver warnings for potenDal 

impactors. Newly-discovered objects oIen have short observaAonal arcs, leading to errors with tradiDonal orbit determinaDon methods. To overcome this, Meerkat employs 

the method of systemaAc ranging (SR) [2] [3], whereby the object aEributable 𝒜 (RA, Dec, RA rate, Dec rate at Dme t0) is fiPed to a grid of topocentric range and range 

rates (𝜌, 𝜌 ̇). From the fit error and prior probability distribuDon we derive a posterior distribuAon - a staDsDcal descripDon of the orbital and physical characterisDcs.

Fig. 2 Ranging plot for object CAQTDL2 (Nobs = 4). The 
contours show the weighted RMSE from the orbit 
determinaFon. All points outside the heliocentric bound  
are given a posterior probability of zero. 

Fig. 4 Dashboard plot for object CAQTDL2 (Nobs = 4). The 
rows indicate scores for impacFng soluFons, NEO soluFons 
and all soluFons respecFvely. 

Fig. 5 Impact plot for object CAQTDL2 (Nobs = 4). ImpacFng Monte Carlo 
samples drawn from the grid posterior distribuFon are ploNed with an 
indicated impact Fme. The median impact locaFon is ploNed as a cross. 

New development features

Meerkat Processing

False positive alerts Error rate

Fig. 6. Le% panel: 500 heliocentric impacFng MC samples for specific false posiFve alert objects. 
The discovery staFons and impact scores are indicated. Right panel: The impact region of ZTs0386 
in (𝜌,𝜌 ̇)-space is mapped into longitude-laFtude space, highlighFng the correlaFon of sample 
impact locaFon with range-rate. 

Between May 2024 and Apr 2025, Meerkat issued ∽15 discovery alerts (Nobs ≤ 5) where the MC 
impact locaFons appeared to point towards the discovery staFon, as shown in Fig. 6. The 
mechanism behind this is hypothesised as:
1. Poor observaFons inject ar2ficial curvature to the observaFon arc
2. Consequently, all fiNed orbits within admissible region equally likely
3. Monte Carlo samples are drawn from a uniform distribu2on; 𝑠 ∽ 𝒰(𝜌,𝜌 ̇)
4. Impact locaFons cluster correla2ng to range-rate. 

The clustering is thought to be due to the natural dispersion that occurs with changing velocity. 
This effect is worsened by slower range rate samples having more Fme to be perturbed by Earth’s 
gravity, and typically being fiNed with less eccentric orbits. It is envisaged to devise a metric based 
on the flatness of the posterior distribuFon to indicate when this false posiFve will occur. 

Meerkat v2.0 will be live in September. There are several exciFng 
features in development for this release:

Data handling:
• IntegraFon of MPC PostgreSQL database for reading NEOCP 

observaFons, allowing 80 col + observer submiNed observaFon error
• Ability to read any of  80-col, ADES v2022  and ADES v2017

Error reduc2on:
• Re-computaFon of failed objects in Meerkat downFme, with opFon 

to use batch SRIF orbit determinaFon method
• ObservaFon outlier idenFficaFon and rejecFon upon failed grid 

fifng
• Recall of last used grid limits for each object, reducing computaFon 

Fme and allowing more highly converged soluFons at high Nobs to be 
reached.

• Refined propagator error handling using zero-weighFng scheme

Impactor analysis:
• PrioriFsaFon queue for high-risk objects
• EsFmated entry angle, impact velocity and Fme unFl object enters 

Earth’s shadow

Meerkat v2.0 is being developed in 
Python 3 with ESA’s astrodynamics 
library GODOT. This package is highly 
flexible, allowing users to develop 
custom soluFons to virtually any flight 
dynamics problem. 

NEOCP 
download

• NEOCP scanned 
autonomously 24/7

• Observa;ons 
weighted by bespoke 
sta;on weigh;ng 
scheme

Systema3c Ranging
• Orbit Determina2on: Object aCributable 
𝒜 fiCed to (𝜌, 𝜌 ̇) grid, as in Fig. 1. 

• Magnitude Fi9ng: Absolute magnitude 
fiCed to best-fit aCributable 𝒜*

• FiNng performed using Least Squares 
Differen2al Correc2ons 

Impact Monitoring
• Propagate fitted grid points forward 30 

days
• Monte Carlo (MC) samples drawn from 

posterior distribution. Impacting samples 
plotted as in Fig. 5.  

Alert issued
• Email and phone alerts
• Each subscriber group 

has custom thresholds 
to trigger alerts

New 
observa+ons

Impact score above 
threshold

Asteroid Time between detection and impact (hrs)

2022 EB5 1
2022 WJ1 3
2023 CX1 7
2024 BX1 3
2024 RW1 11
2024 XA1 10

Table 1. List of impacFng asteroids with successful Meerkat alerts issued. It is worth noFng 
that 2024 UQ would also have had a successful alert, had the observaFons been submiNed 
before the impact event. 

Meerkat runs con-nually in a loop, following the process outlined in 
Fig 1. Issued alerts will include Figs. 2-4, with Fig. 5 included if 
impac-ng Monte Carlo solu-ons are drawn. Meerkat delivered -mely 
alerts for the past 7 imminent impactors, as highlighted in Table 1. 

Fig 1. Flow chart showing stages of Meerkat processing

Fig. 3 Basic staFon selector plot for object CAQTDL2 (Nobs = 4). The 
detecFon probability from the geocenter as a funcFon of instrument FoV 
and observaFon Fme is ploNed in the top panel. The boNom panel 
indicates the impact probability per hour with cumulaFve impact 
probability shaded behind. 

• Orbit fifng yields high 
residuals at every grid point

• This can occur when the 
soluFon in (𝜌,𝜌 ̇)-space is so 
converged that the confidence 
region is small enough to be 
missed by the grid step size.

• More frequently, occurs due to 
poor observaFons

• Proposed solu7on: apply 
observaFon outlier 
idenFficaFon and rejecFon 
upon failed grid fifng

Of the 1045 objects and 4626 SR runs between 6th Jan and 7th Mar 2025:
• 10.7% of all SR runs failed
• 27.5% of objects had ≥1 failed SR runs
• 2.2% of objects had only failed SR runs

Of the errors, two causes were most prominent:

Propagator reaches max number of steps (13% of total errors):
• Occurs most frequently for very close approaches, who experience a deep 

dynamical encounter with Earth
• Proposed solu7on: Zero-weighFng of grid points exceeding 1e7 max 

propagator steps threshold

Posterior probability zero everywhere (82.5% of total errors):

Fig. 7. The distribuFon of all SR runs over 
tracklet number compared to those with 
errors. 
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