40th COSPAR Scientific Assembly, Moscow, Russia, 2-10 August 2014
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GOCE

Gravity field and steady-state Ocean Ci

COMMON NAME GOCE

LAUNCH DATE 17 March 2009, 14:21 UTC

US CATALOG NUMBER 34602

COSPAR ID 2009-013A

DRY MASS 1002 kg

SHAPE Roughly cylindrical (Diameter: 1 m;

Length: 5.3 m) with wing-shaped
fins spanning2 m

REENTRY DATE 11 November 2013, 00:16 UTC [80 km]

O For more than four years GOCE has mapped the
geopotential with unrivalled accuracy and detail

O On 21 October 2013

> The mission came to a natural end: the low thrust ion i . .
Isi d h heri allowing scientists to model the geoid with
propulsion motor, u'se to contrast the atmospheric T o
drag, was automatically shut down when the :
pressure in the xenon propellant tank dropped below New GOCE geoid
a critical threshold Released on 28/03/2011, © ESA/HPF/DLR
> The satellite started its orbital decay phase
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Risk assessment

GOCE was the first uncontrolled reentry of an ESA satellite since 1987

A DESTRUCTIVE REENTRY ANALYSIS WAS CARRIED OUT BY HTG FOR ESA USING SCARAB

O The beginning of the satellite fragmentation was predicted at an altitude of ~ 95 km and the end
at ~ 35 km, but most of the debris generation was expected between 80 and 45 km

O Overall, 43 macroscopic fragments, totaling approximately 270 kg, were expected to survive
reentry, hitting the ground along a 900 km footprint during a 17 minutes time interval

O  The most massive fragment would have had a mass just below 95 kg

There were no hazardous materials on-board and, according to ESA, the components suspected to
survive reentry were a tank and the magnetotorquers. The rest of the falling debris would have been
just irregular fragments

No official quantitative statement concerning the risk represented by the uncontrolled reentry of
GOCE was issued by ESA. Even if not zero, the individual risk for any inhabitant of the Earth was very
small: 65,000 times lower than being hit by lighting, or 1.5 million times lower than being killed in a
home accident

A minimum casualty expectancy (E_) of ~ 0.0002 was estimated at ISTI/CNR, implying a probability of
1 casualty over the whole world of at least 1/5000




Expected-timeline of the events.

I 1
- : Random tumbling S/C
L| Q Since 21 October =
1M 2013 GOCE entered
- in “fine-pointing O According to the pre- ﬂ -
- mode” (FPM) launch specifications .
B a phase of the the on-board attitude O Then the-at-titude 7
_— orbital decay in control system was control would have )
E T which the satellite expected to failed, making the ]
f I maintained a stable compensate the gravity reentry of GOCE 1
< | attitude by gradient and the totally uncontrolled | |
i minimizing the aerodynamic torques and, according to |
i drag force with up to an average drag simulations carried |
i force along the orbit of out by ESA, GOCE |
- Cp*A=3.5m? 20 mN would have probably |-
- [ assumed a random .
- U \ tumbling attitude 7
35 \/\ with a corresponding | 7
210ctober2013  FPM 7N B
Mean drag force ~20 mN CpXA =11 m?
FPM stop

O With such an attitude and the prevailing thermospheric conditions, the satellite should have remained in orbit
for a few days after the end of the FPM phase



Peculiar nature of the GOCE reentny;

O However, contrarily to any expectation, the attitude control system kept working nominally
until reentry, even when drag levels encountered exceeded 2000 mN, far beyond (> 100 times)

the project specifications

O “S/C operations proceeded up to 1.5 hours before re-entry, with the last ground contact at
KSAT’s Troll Station in Antarctica on 10/11/2013 at 22:43 UTC”
[GOCE End-of-Mission Operations Report, issued by ESA on 07/02/2014]

O The peculiar nature of the GOCE reentry campaign — sharing an uncontrolled orbital decay
with a finely controlled attitude along the direction of the atmospheric drag — made the
reentry predictions for this satellite an interesting case study, in particular because

nobody was able to say a priori if and when
the attitude control would have failed

ading to a random tumbling and to a sudden variation of the orbital decay rate




Critical aspects-of the GOCE reentry.campaign

ISTI/CNR was in charge of reentry predictions for

> The Italian Space Agency (ASl)
» The Italian Civil Protection Department
> The Inter-Agency Space Debris Coordination Committee (IADC) — ASI Technical Contact Point

O Considering the peculiar nature of the GOCE reentry, the definition of reliable uncertainty
windows was not easy, in particular taking into account the critical use of this information for
civil protection evaluations

O Due to the active attitude control system and to the unpredictability of the instant and
altitude at which the system would have failed, it was not possible to adopt standard criteria,
based on previous experiences, to define the uncertainty reentry windows

O However, after an initial period of test and analysis [23 — 31 October 2013] — in which only the
opening of the window was of importance to exclude the reentry until a given epoch —
reasonably conservative criteria, mainly based on the uncertainty affecting the duration of the
FPM flight phase, were elaborated and applied, with good and consistent results through the
end of the campaign



Main computational tasks for the GOCE reentry.campaign

> Predictions1-7 TEST & ANALYSIS PHASE
TLEs: 23 October 2013, 03:53 UTC — 31 October 2013, 03:02 UTC

o 3 jeis ¥ ! ‘
'\ L 2SR e
22 REEBEIRY . - = > Predictions 8 — 14 OPERATIONAL PHASE

> S PREDICTIONS - TLEs: 2 November 2013, 03:47 UTC — 8 November 2013, 11:09 UTC
& T

> Predictions 15 - 22 FINAL PHASE
TLEs: 9 November 2013, 05:18 UTC — 10 November 2013, 19:35 UTC

—

I.  Estimation of C;*XA by minimizing the root mean squares residuals between observed and
computed mean semi-major axis decay [ISTI/CNR CDFIT tool]

Il.  Propagation of the last available two-line elements set, using the estimated “C,xA”, to assess
the evolution of the magnitude of the drag force acting on the satellite under the assumption of an

operational fine-pointing mode [ISTI/CNR SATRAP tool]

IIl.  Computation of the “nominal” reentry epoch [SATRAP tool]

IV. Definition and computation of the reentry uncertainty windows during the test, operational
and final phase

V. Definition of the risk time windows for Italy

VI. Identification of possible reentry opportunities and ground tracks over Italy during the last 2-3
days preceding the reentry



Evolution of the drag force predicted

with two atmospheric density'models

For the 1t reentry prediction, issued on 23 October o v e eerece g, compued i cosT e )
- - Magnitude of the drag force
2013, two atmospheric density models were compared _ g v o i
E 250k
= i
O The atmospheric density models, NRLMSISE-00 S ——
- ) S m—Gapdeticaititide ==>""
and GOST-2004, predicted the reaching of a mean : ! _
drag force of 20 mN along the GOCE orbit around . ' GOST 2004
1-2 November 2013 £ |
Predicted evolution of the magnitude of the drag force on GOCE (after motor shutdown) %
assuming active attitude control (FPM) E 50 Magthde Of the dmg force \
| —— GOST-2004 ¢ w T w wme 'go; ”m'a'n' W w
) — ERURSNUUNUN: SUUNSUUUUUUUU SNSUSUUUUSUU SOOI SOOI, SONUON. S ay o
{1 | — ......... ........... Onset. of an. average drag force. ofzo mN...... .......... ' GOCEabovelhe volution of the m Gfthe dreg foce 1nd of e height
' ~ predicted nearly at the same time by both o0 R e Ty
o models on2November 2013 03: 53 urtc | | [THelghtabove the reference ellipscid
: S : ; _
E IWH.RMWW% bk Ui :
| SO SN S / ..... MMWE“MM'MM

S

Earller onset ofa peak drag force of 20 mN / ;
|predicted by GOST-2004............ i -
| on 25 October 2013, 16:23 :UTC i i

Magnitude of the drag force [mN]

=

302 304 306

Day of 2013

200

—7

Geodet/c altitude

NRLMSISE 00

Magnitude of the drag force [mN] / Altitude [km]
g

2

Magniiude of the drag férce Y
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298 300 2 304 306 308 30 mz
Day of 2013

Considering the very good agreement between the two models, only

one (NRLMSISE-00) was used during the GOCE reentry campaign




Early definition of a reentry uncertainty wmdow

[2"9 prediction issued on 25 October2013]"

The last available two-line elements set (25 October 2013, 10:55 UTC) was propagated using the
estimated C,XA =3.60 m?and the NRLMSISE-00 atmosphere, to assess

The evolution of the magnitude of the drag force acting on the satellite, in conditions of active
attitude control (FPM)

The epoch corresponding to the earlier onset of a “peak” drag force along the orbit of 20 mN

The epoch corresponding to the onset of an “average” drag force along the orbit of 20 mN

Opening of the reentry window

Obtained by propagating the orbit corresponding to the earlier onset of a peak drag force of 20 mN
(27 October 2013, 09:06 UTC), assuming the loss of attitude control and C,XA = 11 m? (random
tumbling spacecraft): 1 November 2013, 01:50 UTC

Nominal reentry

Predicted by propagating the orbit corresponding to the onset of an average drag force of 20 mN (1
November 2013, 18:51 UTC), assuming the loss of attitude control and C,XA = 11 m? (random
tumbling spacecraft): 4 November 2013, 22:06 UTC

Closure of the reentry window
Obtained by propagating the last available two-line elements set with the estimated C,xA = 3.60 m?:
11 November 2013, 07:48 UTC (FPM active until the end)




The definition was changed during the test phase

[23 — 31 October 2013]

Prediction [1]
2 T T . . | T | | !

Closure of the reentry window

END OF RW : , : : : : : :
0 propagation of last available - as in-[1]-, ............................... ................... .................... .................... .................... .................
TLE, with Cd x A=3.5 sqm with Cd x A= 3.6 sqni® : : ' : :
: : Lo s TLE of 31 October 2013,
prgpagation of the orbit :
COFre ondmg to the:
o7 O PP PP S P PPN PPPPPPPPPP S PRPPP onset of al

with Cd x A= 555q§

: VY. as in [4] ;
propagatlon of the orblt asin[4] ‘asin [4]

_4_ .................. _ ................... ................... _ ................... ........ correspondingtothe ................... ................. —
: : : : : onset of an average : :
drag force of 30 mN,
with Cdg:-:A= 11 sqm g
e S N |

START OF RW : : : : :

S propagation ofthe orbit - - .................... .................... .................... ................................... ............... .................. ]
corresponding to the : : : : : :

early onset of a peak

drag force of 20 mN,

with Cd x A= 11 sqm

Uncertainty reentry window
[edges are in days w.r.t the reference re-entry time]

A0 T R _|
\ . ¥0Opening of the reentry window
| | | | | | | | |
120 19 18 17 16 15 14 13 12 11 10
oo ey detober 2013, Residual lifetime [days]

IADC reference reentry time at 10 km: 11 November 2013, 00:23 UTC




Operational definition of reentry uncertamty wmdows

as in [B], with

2 END OF RW I —
FPM always active : : : : Eeddi-:‘:qe:i 15: ssozm
until the end : : ; ; : 131‘
Cd x A=3.61sqm § é i ' [12] (1]
1_ ............... B RMIAILIEE R B -H_'i ................ e P (I

Predlctlon [8] 9] [10] 5 CdxA=3.56 soqm
L ——— asin [B]. with | !'.‘?d.‘_‘.‘.’_‘?‘."’..'?.1'.’_19.."_'.._...._.._...._.._....: ...............
_ Casin[BLwith © asin[8lwith © gy A=355sqm : ;CdxA 372 sqm
' C CdxA=367 sqm CdxA=3865sqm E 5 ‘reduced by 15%
TLE of 2 November 2013 : g g : : §

§ 03:47 UTC

START OF RW
S immediate FPM stop
CdxA=11sgm

Reentry uncertainty window
[edges are in days w.r.t the reference re-entry time]

IADC reference re-entry time at 10 km: 11 November 2013, 00:23 UTC
7 | | i | | | i
10 9 8 7 6 5 4 3 2

Residual lifetime [days]



Geodetic altitude [km]

Mean drag force magnitude [mN]

200

180 5{4
180 :

160
180
140
130

400
350
300
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200

Drag force evolution

[issued on 8 November 2013]

Evolution of the GOCE geodetic altitude

9 Movember 2013 10 November 2013

Evolution of the mean drag force on GOCE [NRLMSISE-00]

1 1 | 1 1 1 1 | 1 1
9 Movember 2013 10 November 2013



Final reentry uncertainty windows

06

Prediction [15]

TLE of 10 November 2013
19:35 UTC

04

"END OF RW
FPM always active
until reentry :

02— withCdxA=361sqm

reduced b],r 15% :

as in [15] with : : g 5 5
CdxA=364sqm. ... s Cd xA=404sqm L Cd X A= 402 sqm. e .

reduce:;i by 15% [17] © reduced by 20%

_ : : : : [19] _
0_ .................... .................... .................... .................... .................... ........................................ O EEEE . EEEE e VAR
: : : : : . CdxA= 4045qm :
: : : : : reduced by 20% : :

02k e e e e e .............. T K2 402 S
: : - : : : as in [1?] plus 30%

I S e S e e S8 SRR eifle ]

DB .................... .................. .................... ........... [20, 21, 23] - as for prediction [19]
: : : ' : : START: estimated Cd x A plus 30%
END: estimated Cd x A reduced by 20%

08 S S S TIE] TS TS OOURT OO
START OF RW : [5] : : :

immediate FPM stop : : : : : : :
AL withCdxA=11sqm 7 SRR SO SO e e RO s .

Reentry uncertainty window
[edges are in days w.r.t the reference re-entry time]

IADC reference re-entry time at 10 km: 11 November 2013, 00:23 UTC |

TLE of 9 November 2013
05:18 UTC

| | | | | |
“2 18 16 14 12 1 08 06 0.4 02

Residual lifetime [days]




Drag force evolution

[issued on 9 & 10 November2013]

Evolution of the GOCE geodetic altitude
£ | | | ] 9 November
I R e A A A RN T S
g o Evolution of the GOCE geodetic altitude
K 140 :
130 : : 10 Nuvenl'|ber2013 ! : : 11 November 2013 I I I I . I I
£
Evolution of the mean drag force on GOCE [NRLMSISE-00] Z
E 400 . ‘ ‘ ‘ ‘ é
g 300 ;
H 3
E 200 3
2 ° - -
gn 100 IZﬂm Nouombalrm:m uTe : 20:33| uTe : 21:07 UTC : 21:36I uTc 22:05 UTC
E 0 ! Ty ——r T November 2013 ZC Evolution of the drag force on GOCE [NRLMSISE-00]
m/ T T T T T T
g 1600
10 November
g 1000
Evolution of the GOCE geodetic altitude g
180 & =00
IE.1'"1— g i
& 0 1 i I i 1 1 i 1
% 0 10 November 20:10 UTC 20:38UTC 2107 UTC 21:36 UTC 22:05 UTC
g 150
§er 10 November 2013, 20:10 — 22:05 UTC
130 10 l‘llovw‘\belrl)‘T12‘lJ'l'lCI l09‘36‘ UTCI e “th(l)IUTCI - ' ‘14;24IUTC ' ' 15;48 U+C ‘
E1UUU Evolution of the mean drag force on GOCE [NRLMSISE-00] .
R The system proved itself much more robust than
envisaged, remaining operational until reentry,
H
| with drag forces probably exceeding 2000 mN
E 0 10 Nlov‘s'm‘helrU‘THZ‘UT‘CI IUQ‘SS‘ lJ"fCI I ‘12‘:“!U‘TCI E— “M;ZJUTC ' 16:48 UTC




Uncertainty window
[edges are in days w.r.t the reference re-entry time]

! ! !
2 November 2013
03:47 UTC :

23 0ctob6r 2013
03:53 UTC

A0 # ....... ...........

Effectlve reentrv campalgn
Reasonable conservatlve crltena
were elaborated and applled to
estimate the uncertainty windows

IADC reference re-entry time at 10 km: 11 November 2013, 00:23 UTC

12 10 8
Residual lifetime [days]
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4 2 0



I”

Estimated “nominal” reentry epoch.at10.km,...

Propagation of the orbit NOMINAL REENTRY EPOCH
corresponding to the onset Ccolw
of an average drag force of yyyymmdd hhmmss
1 20 mN 20131108 160300
p 20 mN 20131104 220545
3 20 mN 20131104 195916
4 20 mN 20131104 111107
5 20 mN 20131104 113500
6 20 mN 20131104 163859
Due to the significant 7 20 mN 20131104 100457
. . 8 30 mN 20131107 055450
uncertainty surroundmg 9 30 mN 20131107 053417 '
the end of the FPM 10 35 mN 20131107 215016
flight phase 11 45 mN 20131108 205643
12 100 mN 20131110 111614
13 150 mN - 20131110 205330
Reentry predictions 14 150 mN 20131110 131013
were highly speculative 15 150 mN 20131110 161547
16 150 mN 20131110 150708
ali g
Propagation of the last
available TLE, with
the estimated Cd x A yyyymmdd hhmmss
17 4.04 m? 20131110 213715
18 4.04 m? 20131110 214056
19 4.02 m? 20131110 223400
20 3.93 m? 20131110 pEYE{I)
21 3.76 m? 20131110 233200

22 3.74 m? 20131110 234300




Reentry predictions with uncertalntles
[2-10 November2013] '

TLE of 2 November 2013

03:47 UTC
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Reentry predictions with uncertalntles

[9—10 November2013]

04

& & 5 o
=) = o o ha

Reentry uncertainty window
[in days w.r.t. the IADC reference reentry epoch]

o
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Parametric evaluation of nominal reentry epochs at 10 km

[|ssued on 31 October 2013]"

A detailed parametric analysis was carried out in order to explore the full set of possibilities, including
also very low probability outcomes, according to the available information received from ESA

FPM stop NominaliReentry Epoch
at 10 km At that point the
Estimated nominal " analysis could only
reentry for FPM stop Immediate \ 3 Nov 2013, 15:22 UTC 3 exclude a GOCE
at 20 mN 20 mN 4 Nov 2013, 10:05 UTC reentry before
21 mN 4 Nov 2013, 22:17 UTC
22 mN 5 Nov 2013, 18:14 UTC
23 mN 6 Nov 2013, 05:06 UTC
24 mN 6 Nov 2013, 13:23 UTC
25 mN 6 Nov 2013, 20:00 UTC
30 mN 7 Nov 2013, 20:47 UTC
40 mN 9 Nov 2013, 00:32 UTC
45 mN 9 Nov 2013, 10:11 UTC
Estimated nominal reentry 50 mN 9 Nov 2013, 18:11 UTC
for FPM active until the end Always active 11 Nov 2013, 12:40 UTC

It is evident the extreme sensitivity of the nominal reentry epoch to the exact value of the drag force able
to overwhelm the GOCE attitude control system




Parametric evaluation of nominal reentry.

Nominal Reentry

Nominal Reentry Immediate 8 Nov. 2013, 14:51 UTC
50 mN 9 Nov. 2013, 04:51 UTC
Immediate 7 Nov. 2013, 10:16 UTC 100 mN 10 Nov. 2013, 11:55 UTC
— — 150 mN 10 Nov. 2013, 20:53 UTC
— ER e e 200 mN' 11 Nov. 2013, 00:32 UTC
50 mN 9 Nov. 2013, 04:49 UTC Always active 11 Nov. 2013, 08:27 UTC
55 mN 9 Nov. 2013, 10:52 UTC [issued on 7 November]
60 mN 9 Nov. 2013, 16:02 UTC
65 mN 9 Nov. 2013, 20:12 UTC
70 mN 9 Nov. 2013, 23:45 UTC
75 mN 10 Nov. 2013, 02:39 UTC Nominal'Reentry
80 mN 10 Nov. 2013, 04:57 UTC
3(5) m ig mg“: ;gi: g;;g; ﬂ:ﬁ Immediate 10 Nov. 2013, 03:09 UTC
95 mN 10 Nov. 2013, 10:04 UTC 100 mN 10 Nov. 2013, 05:40 UTC
100 mN 10 Nov. 2013, 11:35 UTC 150 mN 10 Nov. 2013, 15:07 UTC
Always active 11 Nov. 2013, 07:57 UTC 200 mN 10 Nov. 2013, 18:26 UTC
issued on 5 November] 300 mN 10 Nov. 2013, 21:55 UTC
lissue Always active 11 Nov. 2013, 02:30 UTC

[issued on 9 November - 2°]
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Retro-fit:over

the last # TLEs

6 US

12 US

20 US

24 US

14 ESA

28 US

32 US

28 US + ESA + Russian
31 US + ESA + Russian
44 US + ESA + Russian
48 US + ESA + Russian
72 US + ESA + Russian
63 US + ESA + Russian
14 US

22 Russian

23 US

11 Russian

20 US + ESA + Russian
22 US + ESA + Russian
28 US + ESA + Russian
8 ESA

9 ESA

Estimated evolution of C,xA

[INRLMSISE-00 density model]|

3.64
3.60
3.58
3.45
3.44
3.38
341
3.61
3.67
3.65
3.55
3.56
3.54
3.72
3.61
3.64
4.04
4.04
4.02
3.93
3.76
3.74

C,x A in FPM mode [ESA specifications] C,pp = 3.5 m?

Mean estimated C, x A Co.ve = 3.663 m?

100 X (Cp.pe = Co.rpm) / Coppm ~ 3.7 ( < 5%)

42

I T

;| —0—CdxA
5 : : o | ==~ mean: 3.663

A R RE NN e L ==~ std: 0.1948 [5%] |

2
CDxA[m]

33 | I | I

i \
2 4 6 8 10 12 1 16 18 20 22
Number of prediction




Percentage error in the estimation of the residual lifetime,

Percentage error in the estimation

of the residual lifetime [%]

The “nominal” reentry time was affected by the uncertainty on the duration of the FPM flight phase
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Mean prediction error affecting the estimation of the
“nominal” reentry epoch'at 10'k

s0l.....] ‘PERL‘
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Mean prediction error [%]
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For each sub-satellite location included in the global reentry window

. START_10Nov_1830Z_]0km

=180 120 . . 0 120 180

In each place the eventual impact may occur only during a specific risk time window, which can be
therefore used to plan risk mitigation measures on the ground and in the overhead airspace




Definition of the risk time windows for Italy

associated with the GOCE reentry

1 The reentry predictions issued by IADC conventionally assume that no fragmentation occurs
during reentry, and the nominal reentry time considered is that corresponding to the simulated
descent of the intact satellite at the geodetic altitude of 10 km

O The boundaries of the risk time windows valid for the Italian territory and airspace, i.e. from the
geodetic altitude of 12 km down to ground impact, were determined

> by subtracting 10 minutes (lower bound)
> and by adding 30 minutes (upper bound)

to the simulated ground impacts on Italy, included in the global uncertainty window and
computed with SATRAP for the reference IADC object, i.e. the intact satellite

These 40 minutes risk time windows would have been adequate to cover

The impact time dispersion of the expected macroscopic fragments (17 minutes)

The time needed to cross the national airspace from 12 km down to the ground

The trajectory and propagation uncertainties

The probable production of small slowly descending particles, not modeled by SCARAB, but
possibly representing a marginal hazard for the aircraft in flight
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Possible reentry opportunities over. Italy

For a given global reentry uncertainty window, where and when a reentering fragment
would have crossed the national airspace and hit the ground?

O Starting 2-3 days before the satellite plunge into the atmosphere, all possible reentries over Italy, included in
the current uncertainty window, were simulated

O In practice, the nominal predicted trajectory was slightly modified, through small changes of the ballistic
parameter, in order to simulate the reentry over Italy. The time corresponding to the nominal ground impact
was then adjusted to account for the GOCE fragmentation, according to the definition of the risk time
windows for Italy

O The associated ground tracks crossing Italy were computed with the “right” times and roughly included the
reentry dynamics up to ground impact; the uncertainty swaths reflected the cross-track trajectory
inaccuracies and debris dispersion

There were 6 possible reentry opportunities over Italy 61 hours before reentry

The global uncertainty window included
6 possible reentry opportunities over Italy > 4 at minus 56 hours (2, 3, 4, 5)
on 8 November 2013, 11:30 UTC > 3 at minus 40 hours (3, 4, 5)

1. 9 November (descending)  Opening: 06:37 UTC Closure: 07:17 UTC |~ 2@t minus 25 hours (4, 5) .
2. 9 November (ascending) Opening: 17:55 UTC Closure: 18:35 UTC |~ Only 14 h.ours before reentry it
3. 10 November (descending) Opening: 07:26 UTC Closure: 08:06 UTC Waf poss:PIe to excll:lde any
4. 10 November (ascending) Opening: 18:44 UTC Closure: 19:24 UTC res:dua! risk of.debrlsfall on
5. 11 November (descending) Opening: 06:48 UTC Closure: 07:28 UTC the Italian territory
6. 11 November (ascending) Opening: 18:10 UTC Closure: 18:50 UTC




Possible reentry ground tracks.overlitaly..........

After the identification of the few potentially critical reentry tracks and of the corresponding risk
time windows for Italy, the tracks left outside the progressively shrinking global uncertainty window
were eliminated, focusing the attention on what remained

- “ #.'
Track 3. 10 November, Opening: 07:26 UTC; Closure: 08:06 UTC Track 5. 11 November, Opening: 06:48 UTC; Closure: 07:28 UTC




Global reentry uncertainty window ,

[Prediction N. 22 — TLE: 10 November 2013, 19:35'UTC]

Final global ground track associated with the last reentry prediction uncertainty
issued by ISTI/CNR to IADC approximately 4 hours before reentry

The GOCE fragments plunged into the Southern Atlantic Ocean between the Falkland Islands and the
coast of Argentina, on 11 November 2013, between 00:24 and 00:40 UTC (in red)




— Conclusions

The GOCE reentry predictions campaign was quite peculiar, because the satellite attitude was
controlled, and it was not possible to predict a priori if and when the system would have failed

Having known since the beginning the extraordinary level of over-performance of the attitude
control system, the nominal reentry epoch would have been consistently predicted with a much
better residual percentage error

However, being charged with civil protection responsibilities, much more important was the
definition of consistent and conservative uncertainty windows (the “nominal” reentry epoch is
not useful for civil protection applications)

After an initial analysis phase (23-31 October 2013), in order to test the suitability and reliability
of uncertainty windows definition, reasonably conservative criteria were elaborated and
applied (1-10 November), with good and consistent results through the end of the campaign

Based on the progressively shrinking global uncertainty window, the last (quite marginal)
reentry opportunity over Italy was excluded 14 hours before reentry
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GOCE reentry captured from the Falkland Islands by Bill Chater on 11/11/2013 at 00:16 UTC
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