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ABSTRACT. The one of main tasks for solving the as-
teroid-cometary hazard problem is cataloging all objects
that might come extremely close to Earth and pose a poten-
tial threat of collision. The reliability of their orbits
significantly depends on the quality and the statistical
treatment of astrometric observations, which are obtained
by different observers and different techniques. Statistical
analysis of the IAU MPC observational array of the small
Solar system bodies and the development of a scheme for
assigning weights to individual observation sets are im-
portant for performing asteroid orbit determination and
refinement. Errors in the positions of asteroids associated
with errors in the reference catalogs, observation epoch,
observed brightness and rate of motion are considered in
sufficient detail in investigations of Chesley et al. (2010),
Farnocchia (2015), Veres et al. (2017). Timing and geolo-
cation uncertainties of the observer are less discussed in the
literature. But in the case of observations of NEAs, espe-
cially at the moments of the close approaches to the Earth,
timing errors and errors in the observatory's geolocation can
significantly affect the accuracy of the obtained positions.
Residual differences (O - C) in the equatorial coordinate
system are usually used to search and identify functional
errors dependencies. To detect errors caused by timing
uncertainties, instead of residual differences (O - C) in
equatorial coordinates, it is more convenient to use their
along-track and cross-track representation. The cross-track
differences are independent of timing errors and indicate
only astrometric errors. On the other hand, timing errors are
fully contained in the along-track component.

Here we present the simulation results of such errors
and analysis using an array of observations from three
observatories for the period 2017 - 2022. The array con-
tains more than 18,000 positions of about 900 objects.
Most of the objects belong to the group of NEAs, which
include PHAS during close approaches to the Earth.
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AHOTALIS. OgauM i3 TONOBHUX 3aBJaHb BHPIIICHHS
pobJIeMH acTepOiNHO-KOMETHOI HeOe3MeKH € KaTayioriza-
i BCiX OO'€KTiB, SKIi MOXXYTh HAONM3UTHCA OO0 3eMili
HaJ3BUYAiHO OJIM3BKO 1 CTAHOBHUTH MOTEHIIIHHY 3arpo3y
3iTkHeHHs. HamilHICTh iX OpOIT CYTTEBO 3alEKHUTH Bif
SIKOCTI Ta CTaTUCTUYHOT 0OPOOKH acCTpOMETPUYHHUX CITOC-
TepeXeHb, SIKi OTPUMYIOTH pi3HI criocrepiradi 3 3acTocy-

BaHHSAM DPI3HOMAaHITHHX METOMIB CHOCTepekeHb. CraTmc-
THYHHMU aHalli3 MacuBy cCriocTepekeHb Manux Tijn CoHsd-
Hoi cuctemu MAC LIMII ta po3poOka cxeMu mpHU3HAYCH-
HSl BarOBHX KOE(illi€HTIB OKPEMHM CEpisiM CIIOCTEPEKEHb
€ BAXIMBUMH [UI1 BU3HAYCHHS Ta YTOYHEHHS opOiTH
acrepoiniB. [IoX1OKH B MOJOXKEHHSX acTEPOiliB, IO MOB'-
s13aH1 3 TOXMOKaMH B OTIOPHHUX KATaJIOrax Ta 3ajekaThb Bif
€MOXU CIIOCTEPEIKEHb, SCKPABOCTI 1 MIBHUIKOCTI PyXy
00’eKTa JOCUTH MOKIIAJHO PO3TILIHYTI B podotax Uecni Ta
in. (2010), ®apuouya (2015), Bepec ta in. (2017) 1a iH.
MeHime OOTOBOPIOETBCS B JiTeparypi MOXHOKH, IO
ITOB’s13aHi 3 HCBU3HAUCHICTIO Yacy Ta I'COJIOKAI[IEI0 CIIOC-
Tepirada. Ajne y BUIAJKy CIIOCTEPEXEHb HABKOJIO3EMHHX
acrepoimie (H3A), 0co6iMBO B MOMEHTH OJM3BKHX Ha-
OmmkeHb 10 3emili, MOXHOKHA CHHXPOHI3aIlil 9acy Ta Imo-
XHOKH TeosioKanii o0cepBaTopii MOXKYTh iICTOTHO BIUTHHY-
TH Ha TOYHICTb OTPHMAaHHX TONOIEHTPHYHHX ITOJIOKEHb.
3amumkoBi pisauni (O - C) B ekBaropiaibHIi cucTeMi
KOOPJMHAT 3a3BWYaif BUKOPUCTOBYIOTHCS JUIS MOMIYKY Ta
ineHTHGiKamii 3aneXHOCTe (QYHKIIOHAIBHUX ITOMUIIOK.
Jlnst BUSIBIIEHHS TIOMMJIOK, BHKJIMKAaHUX HEBHU3HAYEHICTIO
yacy, 3aMicTth 3anuinkoBux pizauie (O - C) B exkBaTopia-
JBHAX KOOPAMWHATAX 3pydHillle BUKOPHCTOBYBATH PI3HUII
(O - C) B310BX Ta MEPHEHAUKYISIPHO HANPSIMKY PyXy
o0'exTa cioctepekeHHs. [lonepeyHi pi3HUII HE 3aIeKATh
BiJl IOXMOOK CHHXPOHI3allii 4acy Ta BU3HAYAIOThCS T103H-
LIfHOI0 TMOXHMOKOI CIOCTEPEkKEeHb. 3 1HIIOI CTOPOHH,
MMOXUOKHM CHHXPOHI3AIli Yacy IMOBHICTIO MICTATHCS B KOM-
TIOHEHTI y37I0BXK TPa€eKTOpii pyxy 00’ €KTa.

TyT MH TpencTaBiseMO pe3yJbTaTH MOJAETIOBAHHS Ta
aHaJli3 TaKUX MIOXMOOK 3 BUKOPUCTAHHSIM MAacHBY CIIOCTE-
pekeHb TPHOX oOcepBaropiii 3a mepiox 2017-2022 pp.
Macus mictutsh noHas 18 000 nonoxens npudauzHo 900
00’€KTIB, OLIBIIICTh 3 SKMX € H3A. BK/IIOYarO4Yd IIOTEH-
niftHo-He6e3neuni actepoigu (ITHA), mpotsrom mepionis
OJIM3bKUX HAOIMKEHD 10 3EMIIL.

Karouosi cioBa: actpoHOMiuHI 0a3u J1aHMX, acTPOMET-
pisi, MO3UIIIMHI TOMUJIKH, HABKOJIO3EMHI aCTEPOI/IH.

1. Possible impact of geolocation and timing errors

The one of main tasks for solving the asteroid-cometary
hazard problem is cataloging all objects that might come
extremely close to Earth and pose a potential threat of colli-
sion. The reliability of their orbits significantly depends on
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the quality and the statistical treatment of astrometric ob-
servations, which are obtained by different observers and
different techniques. To improve the accuracy of the orbits,
it is necessary to know the nature of the astrometric errors
in NEAs observations. The main components of these er-
rors usually include errors in the determination of the cen-
troid and errors in the reference catalogue (both positions
and proper motions). A number of investigations are devot-
ed to the study and identification of such errors in the MPC
database (Chesley et al., 2010; Farnocchia, 2015; Veres et
al.; 2017; etc.). The development of highly sensitive tech-
niques (CCD and CMOS detectors) for object registration
and creation of the accurate Gaia mission catalogs have led
to a significant improvement in the positional accuracy of
ground-based observations. However, in the case when we
deal with objects that move at high apparent rates of mo-
tion, errors associated with the uncertainties of the time
moment and the position of the observer can play a decisive
role. The importance of taking them into account for obtain-
ing homogeneous data arrays during large observational
campaigns of individual objects, such as 2019 XS, 2012
TC4, and Apophis (99942) observations, was also discussed
in the literature (Reddy et al., 2019; Farnocchia et al., 2015,
2022; Thuillot et al., 2015). Since these errors also become
significant as asteroids approach the Earth, NEA observa-
tions during close approaches to the Earth are convenient
observational material for searching for such errors.

1.1. Timing Errors

To identify possible errors associated with the synchro-
nization of observation time, it is convenient to pass from
residual differences (O - C) in equatorial coordinates to
differences in along- (AT) and cross-track (CT) representa-
tion to the object's apparent trajectory motion. The CT
residuals will depend only on the measuring procedure and
indicate the internal accuracy of the observations. While the
errors associated with the moment of time will be complete-
ly included in the AT component. Obviously, its value will
depend on the rate of motion of the observed object:

(O_C)ATzAt'V,

where (0 — C) 4y — along-track difference (O - C); At —
timing error; V — asteroid’s apparent full rate.

1.2. Geolocation Errors

When observed objects are at close distances to Earth,
inaccurate or erroneous determination of the coordinates
of the observation site can also be a source of important
systematic errors in the topocentric positions of the aster-
oids. These errors can reach significant values for objects
at extremely close distances to Earth.

As shown in Thuillot et al. (2015):

A~ 206265
o~ ————
X
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where 8 — the difference in the astrometric position in
arcsec; x — distance between observer and asteroid; A -
distance between real and accepted geolocation.

In the report, based on the original observations of
three observatories, we will show how timing and geolo-
cation uncertainties could affect the accuracy of obtained
topocentric positions.

2. Input Array: telescopes, statistics
2.1. Telescopes and observational technique

Observations from three observatories, which carry out
regular observations of near-Earth asteroids, were chosen as
an input array for simulations of time and geolocation un-
certainties. Mykolaiv (MPC code 089) and Lishan (O85)
observatories implemented a special technique (RDS CCD
technique) for observing asteroids with high apparent rates
of motion, which makes it possible to obtain observations
of program objects at close distances from Earth with good
positional accuracy. The main feature of the RDS CCD
technique is the usage of a rotational platform and TDI
mode of CCD to obtain separate CCD frames both for ref-
erence stars and objects which have a high apparent rate of
motion (Tang et al., 2014; Pomazan et al., 2021) with dif-
ferent exposure time. Telescopes are equipped with GPS
receivers. This allows us to assume that the moment of
observation time for these observational arrays is deter-
mined with an accuracy of no worse than 0.1°. Observations
by Zalisci station (L18) are performed in the sidereal track-
ing mode, with the use of the “shift-and-stack” method for
processing observations of relatively faint objects. The
observations used in this paper were obtained with two
telescopes: 0.3-m /1.0 and 0.5-m f/3.8. Despite the fact that
the first telescope began observations in 2017 (Maigurova
et al., 2017) and the second one only in the middle of 2020,
the bulk of the observations was carried out with the second
telescope. The timing accuracy of L18 observations was
also no worse than 0.1%, except for a few cases with large
errors caused by camera control software failure.

Instrumental characteristics of the telescopes used for
observations are presented in Table 1.

2.2. Observations

The array of observations for the period 2017 -2022 (as
of July 2022) was selected as the initial array for further
simulation. The array contains over 18,000 positions of
885 asteroids. Most of the objects belong to the group of
NEAs, which include PHAs, during close approaches to
Earth. The observation array of 089 contains both fast-
moving objects from the NEA group and asteroids from
the Main belt. 22 (8%) NEAs from 089’s array has full
rate > 40"/min during observations. The arrays of observa-
tions performed by L18 and O85 observatories include
only NEAs. The part of fast-moving NEAs there is 12%
and 18%, respectively for L18 and O85. Some objects
were observed at very close distances from the Earth with
extremely high apparent rates of motion, such as 2020
RZ6 (apparent rate in right ascension (RA) -95"/min, in
declination (DE) -209"/min), 2020 DDO (-508"/min and
15"/min), 2021 COO0 (-343"/min and -178"/min, corre-
spondingly in RA and DE). Statistical characteristics of
input arrays are presented in Table 2. Column N1 in Ta-
ble 2 represents the number of obtained positions, and N2
— the number of asteroids.
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Table 1: Technical specifications of the telescopes

Telescone Lishan Mykolaiv Zalisci
P (085) (089) (L18)
Diameter, m 0.5 0.5 0.3/0.5
Focal 3445 2975 300/1900
length, mm
ZWO ASI-174M
CCD Alta U9000 Cool/ FLI
ML16070*
. 1936 x 1216 /
Size, px 3056 x 3056 2432 x 1616*
Pixel size, 12x12 5.86 / 14.8*
pm
Scale, "/px 0.72 0.83 4.0/1.7*
, 130x 80/
FOV, 36.7x36.7 | 425x42.5 648 x 43
Filter no V* no

* — QObservations were carried out in the 2x2 binning
mode.

Table 2: Statistical characteristics of the input array

Obs. 0-C

Code | N1 | N2 RA, mas |Dec, mas
089 9286 | 263 | 21+121 | 34+£196
L18 6777 | 654 9+378 4+377
085 2175| 97 -24+157 -0+153
All 18238| 885" | 15+276 194295

“residual differences (O — C) between observed data and
HORIZONS online ephemeris service

“The actual number of objects may be less due to the ob-
servation of the same asteroids in different observatories

3. Simulation technique and results

To investigate how possible time and geolocation un-
certainties can distort observational data, simulations of
such errors were modeled on the input array of original
observational data. The ephemerides for the true and shift-
ed time moments were obtained using the HORIZONS
online ephemeris service for timing errors simulation.
Then the residual differences (O - C) were calculated in
the expansion in equatorial coordinates and as AT and CT
representation. To calculate the AT and CT differences,
the equatorial coordinate system was rotated to alight the
equator plane with the trajectory of an object’s apparent
motion trajectory. To eliminate possible curvation, the
rotation angles were calculated based on consecutive
ephemeris positions for the time moment of observations.
Simulation data in the form of residual differences (O - C)
in equatorial coordinates and AT/CT components are
shown in Table 3. As can be seen from Table 3, with the
usage of equatorial differences (O - C), timing errors of
0.5-1° can be revealed only in the case of high-precision

observations, when the part of objects with high apparent
rates is sufficiently large, as in the case of O85’s data.
However, these errors become easily noticeable when
passing from equatorial differences to differences in
along-/cross-track projections to the object’s motion tra-
jectory. Figure 1 shows the mutual distribution of the
equatorial differences (O - C) and differences for AT/CT
representation for the initial array and for the case when
the timing uncertainty is 1°.

Another type of errors that can distort the accuracy of
NEA positional observations is erroneous coordinates of the
observation site. Since the uncertainty in the coordinates on
the Earth's surface in most cases is much less than the dis-
tance to the celestial object, the significant influence of this
error can only manifest itself when observing objects are at
extremely close distances to Earth. In this case, even an error
of several hundred meters will contribute a notable systemat-
ic component to the total observational error. To assess the
influence of incorrect geolocation coordinates on the ob-
tained topocentric positions, the residual differences with the
ephemeris from HORIZONS online system, which were
obtained for shifted site coordinates, were calculated. For
simulation, the site coordinates for 089, L18 and O85 ob-
servatories were shifted in longitude and latitude by given
values. For further calculations, only observations at a dis-
tance of less than 0.05 AU were selected (3019 positions of
294 asteroids). The simulation results are shown in Table 4,
where A is the difference together in longitude and latitude
between currently accepted and erroneous geographic coor-
dinates. Of course, for modern ground-based observations,
the 600" error seems unlikely, and the data in the last row are
given only for a clearer visualization of the effect of geoloca-
tion uncertainties on topocentric positions of NEAs.
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Figure 1: Mutual distribution of (O - C) differences in the
equatorial coordinate system (left panels) and in AC/CT
representation to object’s trajectory (right panels) for origi-
nal data array (top panels) and with 1° timing uncertainty.
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Table 3: The simulation results of timing errors for data arrays of considered observatories.

Observatory, At, (O -C), mas

MPC code sec Ra Dec AT CT

089 Initial 21+ 121 34 £196 25+ 172 22 £155
0.5 17+ 157 33 £225 20 £228 22+ 155
1.0 13+ 218 32 +£282 15 4322 22 +£155
2.0 5+350 30418 7+ 523 21+ 155
5.0 -17 £803 254921 -21 +£1213 22 +155
10.0 -55 £1570 161790 -66 £2377 22 £155

L18 Initial 9+ 377 4 +£377 20 +423 54312
0.5 14+ 516 3 +465 234616 7+ 321
1.0 15 +624 -13+ 576 224+ 787 7 +321
2.0 19+ 916 -43+ 867 21 £1221 8+ 321
5.0 29+ 2053 138 £1965 18+ 2829 8 +£321
10.0 48 +4039 -2974+ 3868 12 £5594 8+ 321

085 Initial -3 +155 2 +151 -3+187 -5+ 118
0.5 21 £394 5+ 267 28 +471 -5+118
1.0 44+ 726 13 +449 59+ 864 -5+ 117
2.0 88+ 1356 27+809 116+ 1607 -5+117
5.0 227 +£3377 72+ 1981 298 +£3995 -5+115
10.0 88 1356 - - -

Table 4: The simulation results of geolocation uncertain- 4. Conclusion

ties for observations, when the distance to Earth was less
than 0.05AU.

As can be seen from Table 4, the incorrect observer co-
ordinates will introduce a systematic error in the residual
differences (O - C), which can appear even with relatively
small inaccuracies in the position of the observer, for
example, when several telescopes have the same MPC
code. The dependencies of the residual differences vs
distance of the object from Earth are shown in Figure 2.
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Timing errors can be easily detected by analyzing the
residual differences (O - C) as along- and cross-track

A RA DE ©-0, I:firs cT components. Simulation has shown that timing uncertain-
0 71597 60= 505 492607 125356 ties of 0.5-2° are not valuable when positional accuracy is
20" | 52598 1002506 | 73< 699 421363 worse than 0.2" for Main belt asteroids and slow-moving
60" | 144= 619 1815520 | 119719 | 103+ 406 NEAs, but fast-moving objects (with rates of apparent
600" | 642 1378 | 591+1269 | 347 +746 | 432+ 929 motion more than 2"/min) needs time accuracy of at least

10 day (a large part of MPC observations has 10 day).

For the reveal of systematic timing errors, the analysis
of the errors of individual sets of observations is required.

Geolocation uncertainties begin to affect the accuracy
of observations of asteroids only at very small distances
from Earth. To detect them, it is necessary to analyze the
dependence of the total observation errors vs the distance
between the observer and the asteroid.

In the future, it is planned to analyze close approach
observations from the MPC array to detect such errors in
observations from different locations.

References

Chesley S.R., et al.:2010, Icarus, 210, 158.
Farnocchia D., et al.: 2015, Icarus, 245, 94.
Farnocchia D., et al.: 2019, Icarus, 326, 133.
Farnocchia D., et al.: 2022, PSJ, 3, id. 156.
Maigurova N., et al.: 2017, BKNUA, 2 (56), 22.
Pomazan A, et al.: 2021, RAA, 21, 175.

Reddy V., et al.: 2019, Icarus, 326, 133.

Figure 2: The dependency of positional accuracy of NEAs
regarding to their distance from Earth for simulation of
geolocation uncertainties based on observational data with
objects’ distances from the Earth less than 0.05 AU.

Tang Z.-H., et al.: 2014, Mem. Soc. Astron. Italiana, 85, 821.
Thuillot W., et al.: 2015, A&A, 583, id. A59.

Veres§ P.: 2017, Icarus, 296, 139.

Veres P., Payne M. J., Holman M. J., et al.: 2018, AJ, 156, 5.



