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1. Introduction

Malaysian Airlines Flight MH370 crashed into the Southern Indian Ocean on 8 March 2014 [Malaysia Ministry of
Transport (2018)]. Five clues provide reliable information regarding the location of the Point of Impact (POI):

1. Radio frequency communications occurred sgmiiodically during the flight between the Airborne
Earth Station (AES) onboard the aircraft-8NRO and the Inmarsat Ground Earth Station (GES) at Perth
via the Inmarsat geostationary satellite-2Fserving thendian Ocean Region (IOR). Inmarsat recorded
communication link parameters at the GES in Australia, including the Coordinated Universal Time (UTC),
the Burst Time Offset (BTO), and the Burst Frequency Offset (BFO). These parameters imply, with a high
degreS 2F OSNIIFAyideds GKS ONIakK 200dz2NNBR Ay GKS {2c
16-33 in ATSB (2014a¥jrc 7isaline of constant distance from the satellite to the aircraft circa 00:19:30
UTC on 8 March 2014, shortly after fuel exhaustion occurrechahtbng beforehe crash. Subsequent
analysis, using maximum likelihood estimation theory, of the statistical properties and degrees of
correlations of these recorded BTO and BFO parameters indicatestdikely Last Estimated Position
(LEP) neahrc 7at latitude-34.2 + 0.5[Ulichetal> 2NJ ¢! DL. £ OHANHN0B® ¢KS ¥
00:19:37 UTC indicates a very high rate of descent [Detvaly(2016) and Holland (2018)].

2. Postcrash aerial searches from 18 March 2014 to 28 April 2014 were coordinated by AMSA (2014) and
JACC (2014). These failed to detedtified floatingdebris field §ee Section 4 in Griffiet al. (2016].
Portions ofArc 7from -33 to - 42 latitude were incompletely searchedde Figure 4.1 in Griffigt al.
(2016)].

3. Shortly after the crash, during the period 2B March 2014, spaeeased synthetic aperture radar
[lannello (2021d)and visuaband imaging§linchinet al.(2017)]detected several large floating objects
predicted to benear-35.4N, 92.8°E on the crash dati&hnello (2021a) and Griffin and Oke (2017a)
However, it is not clear if these objects were floating debris from MH370, or if the number of items seen
in the imagery is typical of the region or not. The sizes of the detected objects are largethéhan
fragments of floating crash debrisom MH370which were later recovered at distant shorelines, and
which indicated a violent, higbpeed crash had occurred. It is possible that a few large pieces of floating
aircraft debris existed for weeks after the crash but failed to reach distant shores.

4. Beginning 18 months after the crash, floating aircraft fragments began washing up on shores to the west
of Arc 7.About three dozen fragments were found and reported [see the eighteen debris reports by the
Malaysia Ministry of Transport (201-2917r)]. Twenty debris were confirmed (or deemed to be from
Gt A1Steég G2 alfy2aid OSB00ER akoyadt with Seflal nbirSber IMRQIvhick2 ¥  § K
was flown on 8 March 2014 as Flight MH370.

5. Rydberg (2015) used the drift model by van Sebillal. (2012) to predict a POI latitude e84 + 1 for
the origin of the Flaperon found &fa RéunionThe CSIRO in Australia developed a detailed model of
the drift patterns of floating debris in the Southern Indian Ocean, based on the large historical data base
of instrumented undrogued drifters and the ocean model BRAN2G8fih et al. (2016, 2017) and
Griffin and Oke (2017a and 2017} SIRO use36,400 trials othis model and the MH370 debris reports
to predict the POI was near the 7th Arcarzoneat latitudes-32 to -36 (and more likely neat35).
Wijeratne and Pattiaratchi (2017) used their ocean drift model to predict a POI latitu@2.&6f+ 0.4
[see also Thomas (2017)]. Godfrey (2020) predic82d13 + 1.06° using the CSIRO drift tra€kst
analyses indicat@rior estimates of crash location based on analyses of MH370 debris reports have
deficiencies which cause systematic probability errors and underestimated uncertainties.

In this paperg KA OK NB LINB a Sy (i ave prasénmiSaShene ntethddilitlOmultipte Ndfirlementsfor
processing the CSIR©Geandrift model trackgo provide moreaccurateestimates of the moslikely POI latitude
and especially theelative values and uncertainties of therobabilitiesat different locationsalongArc 7. We
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combine this new drifbasedprediction applying maximum likelihood probability theory and Bayesian statistics,
with an mprovedestimatefor the fuelroute/glide rangeprobability (matchingthe SATCOM and GDAS data)
and with the aerial search probabilitig produce an improved prediction of the Point of Impact (POI) of 9M
MRO near Arc.7

2. Summary of Results

2.1.MH370 debris drift probability

Figure2.1-1 presents oumprediction based on MH370 debris reporésxd CSIRO drift tracksf the latitude
dependence of therobability of9M-MROcrashing near Ar€.

30%

25%

Probability 20%
Density Function
(% /°) 15%
of the CSIRO
Floating Debris
Drift Model
Matching the
MH370 Debris 5%
Reports

10%

0%

-5%

-45 -40 -35 -30 -25 -20 -15 -10

Point of Impact Latitude (° N)

Figure2.1-1 The PDIfef the CSIRO floating debris drift model matching the MH370 debris reports

The solid black line is the value of the probability density function (PDF). It has an area under toevieDf-

unity, corresponding téhe assumed.00% probability that the aircraft crashed near Ain the Southern Indian
Ocean The black dashed lines are thds uncertainties in the PDF valutaking into consideration both the
statistical errors and the localization error of the CSIRO ocean model.

The mostlikely Point of Impac{POl)is at-34.0 latitude. This new impadatitude prediction is only 41 NM
northeastalong Arc 7 fronthe Last Estimated Positior34.23 + 0.5N, 93.79E) previously predicted by UGIB
(2020) based on the satellite and weather datde agreement between these two independent methods
predicting crash location provides confidence that they are lsoibstantiallycorrect

Figure2.1-1 also indicates that, while the peakadinift probability is at34.0, the probability at nearby latitudes

is significant over aonsiderable latitudeange from-30 to -36 . This is not unexpected, because of the limited
number of verified MH370 debrigheir very long transit times (years), and especially because the debris
windages and arriving dates are generally not well knoss discussed in Appendix D, having no reports of
MH370 debris in Western Australia implies the possibility that the crash could have been slightly r84h of

and possibly as far north a31.4 . However, crash latitudes north e83 appear to be ridd out by the aerial
search.

Factors wausedin makingthis drift probability prediction includethe following
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1. seventeenreliableMH370 debris reports with unique locations and finding dates,

1. 86,400 drift trials predicted by CSIRO using the BRAN2015 ocean model with regional debiasitig and
wind-induced drift parameters based on flaperon sea trials,

2. 86,400 drift trials predicted by CSIRO using the BRAN2015 ocean model with regional debiasing and
CSIRestimated windinduced drift parameters of generic (ndlaperon) debris,

the range of possible windages for generic MH370 debris, as estimated by CSIRO,
aBayesian statistic for thiecalization error of BRAN2015 drift trackased ora CSIRO estimate

errors in the BRAN2015 neaurface current speeds, and in the wisggeeds at 10 m height, as estimated
by us,

6. minimum and maximum reporting delayse(, the elapsed timéetween a debris arriving and being
found) based on three classes of barnacle encrustation (many, few, or no attached barnasles),
estimated by us,

maximum likelihood estimation theory,

8. aprocessingnethod for computing a PDdhd estimating its uncertaintyvhich is performed identically
atSl OK tFdAGdzRS aoAyé 2F RNRAFOG GNRFE 2NARIAya |2
9. aBayesiarstatistic for accommodatinga largerange of allowable windagggstimated by CSIR©J

generic MH370 debris, by means of adjusting the average transit drift spiedtet CSIR@enerated
trials,and

10. validation of the basic processing methdtrough non-blind, partially blind, andlind tests which
demonstratedthe POHatitude prediction accuracy given seventegmivingdatesat the MH370 debris
sites.

2.2.Overall probability of MH370 crash latitude
Figure2.1-1 belowis our new prediction of the MH370 POl latitutbesed orthe following factors:

1. the predictedprobability of an autopiloted post9:41 route matching the BTO, BFO, and GDAS data
A ®SPdT G KS & NdhidaisSinchaNgedflord WGIBA(F0R0S)

2. the predictedprobability of such a route matching the fuel exhéos time[A ®S &> G KS g FdzSt
which is updated from UGIB (2020)]

3. the probability ofthe postfuel-exhaustion glide rangé A ® S @ I railg€lSNR Al GWRREBAS & Besv
Bayesian statistjc

4. the probability of the postrash aerial search not detecting the floating debris figld @S ®> G KS ¢
aSI NOK LIN®D | 0Af AGBED

5. the probability of crash latitude based on our analysis of MH370 debris repprtt§ > G KS a
LINR 6 | asigiveh iiFegére2.1-1 above.

Thesolidblack line inFigure2.2-1 is the probability density function of MH370 impacting at different latitudes
near Arc 7 based on the route, fuel, glide, aerial search, and drift probabilities. The red dastieallines in
Figure2.2-1 are the boundaries of the latitude range of the Last Estimated Position (LEP) predicted by UGIB
(2020) plus and minus the estimated probable glide distance of 47 NM (1g), £

The close agreementf these two predictions, as indicated Figure2.2-1 below, implies the posfuel-
exhaustion glide range is probably less than 47 NM. A search-828 to -36.4 along Arc 7as indicated by
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the two vertical green linesand within 94 NM of Arc 7 would achieve about 90% cumulative detection
probability (CDP).

= LEP latitude from UGIB (2020) +/- probable glide range

—Latitude boundaries for 90% CPD

- « Estimated Pleiades object latitude on crash date [lannello (2021a)]
—Overall route/fuel/glide range/drift/aerial search PDF

50%
45% N\

40% // \\
/)

o

Overall 30%

Compound s / \
PDF / :\
(%/°) 20% !

/ '\
15% : :
: 1
10% / : :
S !
5% // : : \
- 1 T ———

0%

-39 -38 -37 -36 -35 -34 -33 -32 -31 -30 -29 -28 -27

Point of Impact Latitude (°N)

Figure2.2-1 Probability of MH37Ccrashlatitude

Appendix D presents a discussion of the possible range of effects on the MH370 search zone of (&) the non
reporting of MH370 debris in Western Australia and (b) the exclusion of the estimated aerial search probability.

2.3.Search area recommendations

Our prioritised ecommendatios for a future seafloor search for the MH370 debris fiedde as follows

1. Closely inspedhoseportions of the area frora32.9 to -36.4, andwithin the previously searched width
along Arc 7which are

a. holidays (i.e., unsearched areas),

b. areas with difficult terrain,

c. areas with lowerguality sonardata, and

d. previous contacts b$sO Phoeniand Ocean Infinityvhich could be misclassified.

This Zone 1 is the areacloseddy the white rectangle in Figure 213below.When those portiondisted
above are completedZone 1lincludes 22% of the cumulative detection probability (CD®e
recommend prioritising the portion of this Zone 1 whistalso within the predicted 00:21:07 boundary,
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which is shown by the red racetra@ke., Zone 1A). Zone 1B is that portimnZone 1 which is outside
the 00:21:07 boundary (i.e., outside the red racetrack), tiglarea idower in priority than Zone 1A.

If #1 is unsuccessful, then widen the search t60#\NM from the UGIB Arc 7. Tldsne 2achieves a 90%
CDRand it is indicated by the purple racetrackHigure 2.3-1.

If #2 is unsuccessful, then widen the search to + 140 NM from the UGIB. AhisZone 3achieves a
98% CDPand it is indicated by the very large green racetradkigire 2.3-1.

These three recommended search zones (Zor&sahd the possible 00:21:07 boundary (which segregates Zone
1A from Zone 1B) are shownhigure 2.3-1.

Figure 2.3-1 Map of recommended search zones
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These recommendations are based on the inclusion of the aerial search probatiilitiie assumption that it is
reasonably accuratdf the aerial search probability were excluded, the northern ends of the recommended
search zones would move 3.dorth, thereby doubling the search areas.

3. Drift Probability Method

The location of a floating debris cannot be uniquely predicted over long distances and time scales by simply
stepping the time parameter in an ocean surface drift model in either the forward direction (by assuming an
origin and astartingdate) or in the reverse direction (by assuming a destination and an arriving date). This is
because debris from multiple origins can arrive simultaneously at the same destination. Similarly, debris from
the same origin can arrive at the same destinatiodifferent times, at different destinations at the same time,

and at different destinations at different times. Despite thdigitations, we can use conditional probability

theory, the method of maximum likelihood estimatidBayesian statisticand a very large number of pseudo

random drift trial paths to determine which origin is statistically most likely to be true (i.e., which POI latitude

has the highest probability of matching the debris finding locations and estimated arriving datesy. (A drét G NJR | €
is one prediction of the path of a floating debris from an assumed origin (location and time).

For the MH370 drift problem, forward time modeling is preferred because we know the exact date on which the
aircraft crashed, andn most caseswe do not know the exact dates on which debris arrived at their finding
locations. Thus, we increment time in the forward direction (a) from multiple assumed origins, finding the origin
which produces the highest probability of arriving at a known destinaor (b) from one assumed origin, finding

the highest probability of arriving at one among many assumedits#ins(i.e., a floating debris recovery site)

at a time consistent with the arriving date. This forwaift method works particularly well when matching
historical data from undrogued drifters, which is used to vetifyg calibratehe ocean drift model. The forward
in-time drift model also works well for the MH370 debris drift problem because the debris origin is constrained
by the satellite data to lie close tArc 7in the SIO. Thugur origin search is effectively a ogémensional
probability-optimization problem In this work, we used POI latitude as the origin search dimension. Having the
POI area constrained to be near an arc simplifies the POI prediction problem, and predictions of POI latitude are
possible using the method of maximum likelihood estimation.

We developed, refined, and validated a method of predicting the latitude of the MH370 PQAmeZusing as
inputs various sets of known and predicted arriving dates at the same sites where MH370 debris were found
and reported.Additional details of our drift probability method may be found in Appendix B.

3.1.CSIRO drift tracks

We obtained from CSIRO two sets of 86,a0¢Hictedtrial drifter tracksusing the ocean model BRAN20E&ach

trial was assumed to have originated at a unique location near Arc 7, in an array faithy ainiform areal

density and withir25 kmof Arc 7 between8 and-44 latitude. The location (latitude, longitude) of each trial

drifter was predicted by CSIRO at 1 day intervals up to 1,027 days after crashviieA@). this time span from

n 02 mInaut 5!/ (K ®e calfhe in@ derdfl ZiA120/A B YRIZBIE OF 2 NRISE DK P i N
So, we have 86,400 trials, and each trial has 1,6@aBdays, with one triatlaycomprisingonelocation andone

date for onetrial. One set of 86,400 trials used the drift paramet&SIR@eterminedfor the flaperon by sea

trials with a cutdown flaperon. The other set was for nélaperon debris and used a zero leeway angle and a

1.2% windagéwith wind speed at 10 m height).

3.2. MH370debrisreports

There are twentyone & LJ2 & Ardpdrt® & debris classified by the Malaysia Ministry of Transport as being
confirmed, almost certain, highly likely, or likely to be from MH370 [see the eighteen debris reports by the
Malaysia Ministry of Transport (2012917r)]. Three of these debris finds are redundant in location and time,
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and two debris arrived too late to banalysel using the 102&lay calculation timavindow of the CSIRO drift
tracks.Blaine Gibson found, collected, and reported numerous MH370 debris [Bowker and Galineau (2016), BBC
News (2016), and Thomas (2021)]. The ATSB issued six reports of their analyses of MH370 debris [ATSB (2016&
¢ 2016f)].

We did not include Debris Site #ide(a5n¢ %X (G(KS RSONARA OFfftSR aw2e£0 Ay
probability event for which the total number of CSIRO drift trials is inadequate to reliably predict probabilities
using reasonable distance and time error limits. In two additional<éser Debris Sites # 27 and #30), based

on photographs of the found items, we included debris in our analysis that were not assessed by Malaysia
Ministry of Transport. From these combined tweithyee (likely or letter) MH370 reports,we analysa
seventeen unique and reliable MH370 debris reports (each with a different location and reporting date) which
had an adequate number of CSIRO trial predictions passing nearby to predict the latitude of the Point of Impact
(POI) along Arc 7 using a bagiocgqessing methodor probability estimation.

We dd not process duplicate debris reports, having the same finding location and date, because they do not
provide complete and independent information. When multiple MH370 debris were reported as a group, they
were found previously at unknown dates but therlleoted and reported simultaneously. Thus, while there is
some additional information in knowing that more than one debris arrived at certain locations, the lack of
independent timing information for all reported debris is a drawback for all anatysikods.

Table3.2-1 lists the MH37@ositivedebris reports. The seventeen items wealysel in detail are indicated by
the cells shaded greeh. LILISY RAE 5 LINRP@PARS&a | RRAGAZ2YLFE RSGFAf A O
reports in Western Australia.
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Method IIl Window Optimization Results at -34°
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Debris | jnyestigation Report . . | Latitude |Longituge| 2 | = Limit = |correction | REPOMNG | "4 rriving
Site# Description Location of Debris Site = W |Distance|= Half Width| Reporting Date
[N} (°E) L . Factor Date
(D) 2 Limit of Time Delay
© (TSCF)
2 Window
E
]
Classification of @ (days
em | g ing from 9M- |(dd-mm-yyyy) (km) (days) sl (%) afier |(d@ysafter
# crash)
MRO crash)
. e MAS towelette Thirsty Point Beach,
1 -- |Not identifiable 2-Jul-2014 cket Cervantes, Ausiraia -3051000 | 115.06000 | None 116
2 1 |Confirmed 29-Juk2015 |Right flaperon Saint-Andre de la Reunion | -20.91618 | 55.64915 | Many 26 15 0 0.0% 508 508
3 = - 15-Dec-2015 [Panel Sainte Luce, Madagascar | -24.75790 | 47.19251 | None 647
. E ngine nose cowl  |Klein Brak River, Mossel
4 4 |Almost certain 23-Dec-2015 name plate “Roy” |Bay, South Africa -34.09377 | 2214991 | Many 655
- Daghatane Beach,
. No.7 flap fairing :
5 2 |Almostcertain 27-Dec-2015 L Paindane Resort, -2407806 | 35.49980 | None 39 43 7 12.3% 659 652
Mozambique
6 15-Feb-2016 [Panel #1 None 709
24 |Not identifiabl Sainte Luce, Madk -2475790 | 47.19251
T 15-Feb-2016 (Panel#2 None 709
Right horizontal
; i p - |PAIUME Sandbank, .
8 3 |Almostcertain 27-Feb-2016 gtta_egjser panel “No Vilanculos, Mbzambique 2208857 | 35.51902 | None 39 81 7 15.5% [l 714
9 5 |Almostcertain | 30-Mar-2016 El?::retm SIOWALE |\ Brilé Beach, Rodrigues| -1973871 | 63.47163 | Few 18 80 30 0.0% 753 723
- Engine right fan | South of Chidenguele,
10 6 |Almost certain 24-Apr-2016 cowl Nbzambigue ' -2495802 | 34.19637 | None - - - - 778 #NIA
. ing to body (Anvil Bay, Chemucane, E
1 7 |Likely 30-Apr-2016 airi Nbzambique 2645587 | 32.93243 | None - - - - 784 #NIA
[Trailing edge of left ==
12 10 |Confirmed 15-Mar-2016 | i llot Bernache, Mauritius -20.02338 | 57.70139 | None 54 LT 7 4.5% 738 7
U pper fixed panel .
= Maganeta Peninsular,
13 9 [Highly likely 22-May-216 f;m;:): of the left |t Bay, mbique | 2586302 | 3274599 | None - - — — BO6 #NIA
14 | 8 |Highly likely 24_May-2016 F'ﬁi::emm'a'""g Gris-Gris Beach, Mauritius | -2052245 | 57.53762 | None | 39 04 7 2.8% 808 801
Seat back tim Riake Beach,
15 11 |Highly likely 6-Jun-20M6 |panel encasing the (Nosy Boraha Island, 1678694 | 49.98528 | None 39 39 a7 0.0% 81 724
IFE monitor Madaga scar
Bottom panel of
16 12 |Likely 6-Jun-2016  wing or horizontal None 8
stabilizer
17 13 |Not identifiable 6-Jun-2016  |Unknown Riake Beach, None il
Nosy Boraha lsland, -16.78694 | 49.98528
18 | 14 |Notidentfiable | 6-Jun-2016 |interior panel Nhdaga scar None 821
U pper fixed panel
19 15 |Highly likely 6-Jun-2016 [forward of the right None il
fflaperon
[Antsiraka Beach,
20 16 |Almostcertain 12-Jun-2016 |Cabin interior panel |Nosy Boraha lsland, -16.81372 | 49.97755 | None 38 3T 103 0.0% 827 724
Madaga scar
21 17 |Not identifiable 12-Jun-2016 |Unknown None 827
Beach, Nosy
— I Boraha Island, Madagascar -16.81372 | 49.97755
2 18 |Highly likely 12-Jun-2016 Iand'ngcmalr e None 827
23 | 19 [confimmed 20Jun 2016 [Outboard fiap  [K0Ian sand, Pemba, -505607 | 39.86809 | Few | 39 9 8 0.0% 835 827
. Right aft wing to Kosi Bay Mouth, Kwa Zulu | .
24 20 |Highly likely 21-Jun-2016 body fairing Natal. South Africa 2689381 | 32.88089 | None 39 69 a7 0.0% 836 749
25 25 [Not identifiable 15-Juk-2016 |Unidentified panel |5t Luce, Madagascar -25.00000 | 47.00000 | None 860
5 - Northern Kwa Zulu Natal,
26 21 |Not identifiable 18-Jul-2016 |Panel South Africa -26.89381 | 32.88089 | None 863
Praia de Rocha,
27 = - 19-Aug-2016 [Panel Nbzambique -2392967 | 35.52710 | None 55 35 139 0.0% 895 756
. Right vertical . . .
22 |Almostcertain 26-Aug-2016 e Linga, Linga, Mozambique | -23.73931 | 35.40077 | None 54 53 144 0.0% 902 758
Right engine inner |Marcantsetra Beach,
--  |Confirmed 1-5ep-2016 \ortex generator  |Antongila Bay, Madaga scar -1544690 | 49.71870 | None - - - - 908 #NIA
[Antsiraka Beach,
30 = - 1-5ep-2016 |Panel Nosy Boraha lsland, -16.81372 | 49.97755 | None 45 55 15 0.0% 908 893
Madaga scar
Possibleinterior | Lare Beach,
Kyl 23 |Not identifiable 1-Oct-2016 Nosy Boraha lsland, -16.78694 | 49.98528 | None 938
galley part
Madaga scar
. . . Nautilus Bay,
32 26 |Highly likely 23-Dec-2016 [Right aileron South Africa -3422081 | 21.97875 | None 1,021
. Right wing No. 7 Mpame Beach,
33 27 |Highly likely 27-Jan-2017 o rtfairing |South Africa -3209748 | 29.06285 | Few 1,056
Riake Beach,
34 = - 20-Aug-2018 [Panel Nosy Boraha lsland, -16.78694 | 49.98528 | None 1,626
Madaga scar
Ferreira Town,
35 = 15-Aug-2020 (S poiler panel | Jeffreys Bay, -H4.041 24.910 2,352
South Africa
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3.3. Trial drifter origins

Figure3.3-1 shows the locations near Arcof the origins of the 86,400 trial drifters, the 23 MH370 debris sites,
and those 17 debris sites we used in our analyses.

1oos 2 . ¢ 2".‘ - i 4 » U' - = 1oos

20°S

30°S [

40°S 40°S

© Debris site used
@ Debris site not used
Initial position of all (86,400) trials

50°S - 50°
20°E 30°E 40°E 50°E 60°E 70°E 80°E 90°E  100°E 110°E 120°E

Figure3.3-1 Trial drifter origins and MH37@ebris sites

Eachl -wide latitude binalong Arc Zontains an average of about 2,300 trial origins.

3.4. Probability density function

For MH370, wesalculatal the POllatitude probabilitydensityfunction (PDF, withunits of %/ ) as the(area
normalized fraction of trials originating inl -widePO¥ | { A { &&Bf 8ial drigidsnéar Arc 7which fall within
both distanceandtimeda 6 A Y R2 g &4 ¢ | ( Ifor ayved SrgivindRdate Nikkday ihichiiSwithin both
the time and distance windows is a plausible match to the debris repbeabinnedprobabilities arehen scaled
so the sum of the probability densities over all fglitude bins is unity, matching the known probabiliyd0%)
that a MH370 debris was reported to have been fotimere and then

Appendix A provides additional theoretical considerations and the probability equations we used in our drift
probability predictions.

3.5. Time and distance windows

The widths of thetime and distance windog and the reporting delaywhich sets the center of the time
window), are variables which aradjustedto maximize theikelihood(i.e., the probability) that a trial drifter
originating near Arc 7 ione bin of POI latitudes will be counted simultaneously within birtie and distance
windowsat the debrigreportingsite, and thus be considered as an acceptable match in location and time to the
MH370 debris reportWe restricted the counting process so that a trial was never counted more tharfance
one debriseven when there were multiple triadaysfrom the same triain both windows. When that occurred,

we counted only the trialaynearest the debrisite.

Because of the low average drift speedrial track can be within the distance limit of a debris site for several
to dozens of days. In addition, the same trial may pass within the distance windows for multiple debris sites, and
it is not excluded from being counteat more than one debris sit€ach singlelebris PDF uses all 86,400 trials.
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4. Prediction Method |

The most basiprobability prediction method (which we call Method 1) applies the same tene distance
window dimensiongo all POHatitude bins for a given debrigordebris found with no barnaclesr with a few
attached barnaclesthe actual arriving date is unknown because the debris could have amigaths prior to
being found. Soexcept for the flaperonthe center of the time window is a third fitted parameter, called the
reporting delay which ighe elapsed time betweethe predictedarrivalof the debrisandthe date it wafound

and reported. In our probabilitymaximizing fits, the reporting delay sémplythe time between the center of
the time window and the reporting dat&.hus, the time window has two dimensions: the reporting delay sets
its center date, and the halidth parameter sets itduration.

4.1. Distance limit

We allow the integer distance limit)to vary from 10 to 56 km. The upper limitro€orresponds to a maximum
circle diameter of 112 km = 60 NM1=0 of arcwithin which trial drifters are counted as being within the
distance limit When a triadday ish y (G KS & RA daitiiskoyinted adieings Rlauside match ta landfall
at the debris report location.

4.2. Time window width

We allow the integer halfvidth of the time window () to vary from 7 to 100 day¥hefull width of the time

window is 2t + 1 daysWe found that the full width of the optimized time window is typicallyoutthe

duration of an arriving wavé.he upper limit ort of 100 days limits the number of arriving waves of trial

drifters which may bénside the time windowo abouttwo. Having a larger number of trials than 86,400

would improve the statistics and allow narrower time windows but adding a few marginal debris sites to the
analysis might not significantly improve the accuracy of thel&@@lde prediction, especially those

additional debris reports were for barnaefeee debrisandtherefore had loose constraints on the arriving
datesWhenatrialRlF @ A& Ay GKS aGAYS G6AYyR2¢¢ AlG Aa O2dzyiSR |
finding date.

4.3.Reporting delay

The reporting delais boundedbyl NJ y3S 2 F Y I v dor bir2aylairée dladris BulNs- otherwasy

free to vary within its boundé SOl dza S 6S R2y Q4 1y2¢ (GKS | OhGdz t | NNX ¢
unknown but possibly considerable length of timBarnaclefree debris aretypically less effective in
discriminating crash latitude because the arriving datéo@sely constrained.Barnaclefree debris depend

primarily on theirfindinglocations to discriminate crash latitude, rather than on their arrivingedat

We allow the reporting delaydj to be from 10 to 150 days for debris with no barnacles attached, from 5 to 30
days for the two debris wanalyse& (D9 and D23) which were found with a few barnacles attached, or zero days
for the flaperon(D2) which was found with many barnacles attached. Thus, the estimated arriving date has a
allowedrange of values which depend on the number of barnacles on the found debris. Those debris with no
barnacles have a very wide range of allowed arriving dates (aboubnths plus the haHkwidth of the time
window). Therefore, the PDFs of those debris will suffer degraded temporal resolutiothendill discriminate

mostly by spatial differences. On the other hand, those debris with many or a few barnacles will discriminate
the POI latitude more strongly because they allow both spatial and temporal differencesitecbeninated

We also imposed a limit of 200 days prior to teporting date for the earliest date in the time windofer
barnaclefree debris This reduces the possibility that the time window will include arrivals from a previous
arriving wave.
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5. Validation Tests of Method |

Given the vast distance, long interval, and complexity of ocean currents, it might seem that seventeen is an
inadequate number of debris items from which a POI caimtegred. We tested for that possibility by conducting

multiple numerical experiments, in which we chose a hypothetical POI and used the CSIRO model to determine

a synthetic set of seventeen arrival dates, from which we then attempted to infer the (knmytmot to the

inference algorithm) POI latitude. As we show below, these tests showed good agreement between the
predicted POI and the hypothetical POI, demonstrating that seventeen is indeeteghan-adequatenumber

of debrisreports, because of theigeographically dispersed locationEhese tests assume that the CSIRO model

Ad GiNHMziKéZ gKAOK Olyy2i0 oS G20ltft& | OOdzNY GSz a2 4§
limited number of debris items, they do not provide an estimate of the total POI prediction @vtoch is

included in our analysis as discussed later in this paper in Sddjion

We conducted two test exercises to develop, refine, assess, and validate a method for predicting the POI latitude,
given a set of randomly selected arriving dates at the seventeen MH370 debris sites. The POI locations assumed
in these exercises were locatelose to the UGIB (2028yc 72 S 02 Yy RdzO (i SRt 02 RI&K HWR yd o
validation tests of Method [with X | G A ( dzRS o0 By & REY (BRI acy 2SS 2F GKS |
sets ofseventeendsyntheti& arriving datesandthe associatedypothetical POI latitudes to the other author

6! tAOKO® LY GKS aofAyRé (GSadaz LIyyStft2 LINPGARSR 2y
POI latitudes. The accuracy of the predictiathod Iwas evaluated by comparing the assumed (by lannello)

POI latitudes with the predicted (by Ulich) R&itude values for the notblind and the blind tests. All
comparisons matched closely, validating the accuracy of the method we used to determine thastBdH.

Note that our validation tests do not assess the accuracy of the BRAN2015 drift model used by CSIRO to generate
the drift trials, nor do they address the impact of looselynstrained MH370 arriving dates. That is, the
validation tests used dates with zero reporting delays, whereas in the MH370 case most of the debris were free
of barnacles when found and therefore the arriving @mivere poorly determined. This degrades the latitude
resolution in the MH370 case compared to that of the validation tests.

We call each set afeventeerk NNA @Ay 3 RFEGSa | adSadag OFrasSéo LG O2YLN
each MH370 debris site. The process to select random arriving dates used the same CSIRO drift trials that we
used to predict the POI latitude, assuring that the selecte@si&dll within the predicted distributions of arriving

dates.

Additional details of the validation test method are given in Appendix C.

5.1.Non-blind and partially blind test results

We first conductedwo non-blind testsand one partially blind test using the basic processing Methdeblt. the
non-blind tests, he correct value of the assumed POI latitude was known to the person (Ulich) who developed,
operated, and modified the computer program which predicted the POI latitude. This procedure allowed the
prediction method to be assessed and refined as neededchagknown POI latitudes.

The general process wés lannello toassume one specific latitude of trial origins and then select onedagl
from the CSIRO list which passed near each oséventeenMH370 debris sites. The input data fdfich to
evaluat the latitude retrieval process was this Ist¢venteeril7 arriving datesoneat eachMH370 debris site.

We started withtwo nord £ A Y R & ( S alatitude reidval précéss, with four OF a Saé¢ F2NJ SI OK
is, there are four sets of random dates (i.e., four cases), all originating near the same assumed POI for each test.
Having four cases for each test latitude allows the determinationrofapproximatemean and standard

deviation for the prediction error in POI latitude. Thus, we can avoid drawing a premature conclusion about
performance, which might occur if the assessment were based singhecase. Having four cases provides a
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useful degree of statistical analysis, using twimated mean and the standard deviation of the latitude

prediction errors.

For the two norblind tests, lannello assumed the POI latitudes w0 and-34.2 . lannello provided these

values to Ulich, who processed the test cases, refining the method as needed, until the predictions were close
to the known POI latitudes. We evaluated the precision and the accuracy of the prediction for each test case at

these wo latitudes.
LFEyySftft 2

or -30.5) which are Tapart. This is a useful test, because a successful prediction method should have a latitude

taz

LINE A RSR 2yS
to Ulich as30.0+£ 0.5 . So, for this test only, lannello indicated the true latitude was one of two valg8s5(

dSad

GKAOK gl

a AL} NIALI

resolution and accuracy better than,land this would indicata usefulprediction was possible. Theweere four
cases for the partially blind test, the same asdach of the two norblind tests.

Table5.1-1 presents the results for the two ndllind tests and the one partially blind test.

Table5.1-1 Non-blind and partially blind test results

Mean Origin of Trials
Used to Generate the Average % | Predicted POI Mean
Random Date List for # Debris| Rank of Latitude True E ) Latitude
One Test Sites Arriving rue Error in .
Test Type Test # netes Case CTest# Used in | Dates of Sigmas PreEdlctlon
28 Joint | Sites Used ) r:or
: ) PDF | in Joint )
Latitude |Longitude PDE Value +1s
(N) (B s)
A 25 15 65% -28.12 + 0.49 -0.24
B 2 1 % -28.02 + 0.34 -0.
1 -28.00 99.9 6 6 39% 8.0 0.3 0.05 -0.07
C 27 17 45% -28.21 + 0.28 -0.78
. D 28 14 52% -27.95 + 0.50 0.10
Non-Blind
A 17 17 44% -34.14 * 0.21 0.28
B 18 15 58% -34.04 £ 0.34 0.47
2 -3420 | 938 > 0.13
C 19 16 53% -34.04 + 0.16 1.01
D 20 14 49% -34.05 + 0.24 0.62
A 21 16 58% -30.75 * 0.23 -1.07
i B 22 17 44% -30. + 0.57 -0.52
Par.tlally 3 -30.50 977 () 30.80 0.5 0.5 0.23
Blind C 23 16 48% -30.85 + 0.23 -1.49
D 24 15 59% -30.52 + 0.69 -0.03

We analysel the four cases for eaclbf these threetests. Thetwelve predicted POI latitudes are listed in the
third column from the right irTable5.1-1 . The 1s uncertainties in these predictionsere 0.160.69. The
second column from the right lists the prediction errors as the number of sigmas of estimated error, which
ranged from +1.0% to -1.49s. Therefore, no statistically significant prediction errors occurred in thestve

test cases. Thus, the prediction accuracy is confirmed to be within the estimated prediction error, for these non
blind and partially blindests.

The method used by Ulich for the validation tests was to inspecitéhod | PDFs forlargenumber of debris
sites. Then a-Bin wide Region of Interesh latitude waslocatedso itincluded the largestommonpeak. The
window dimensions were then optimized by maximizing the average probability in thinR€lch debris site
Occasionallythe ROI was iteratively shifted by one or two bins so that the two higjoast PDFvalueswere
inside the ROI. Then a gaussian was fit to the three joint PDF values in the ROI to interpolate the predicted

latitude.

5.2.Blind test results
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¢KS LizN1J22asS 2F GKS aofAyRé (SaiG SESNOA&aS Aa (2 RS
same method developed during the ndatind test exercise. If the demonstrated accuracy is acceptable, then
the POI retrieval method is validated.

For the four blind tests (with four cases each), lannello selected the latitudes but did not communicate those to
Ulich. So, there are a total of sixteen blind test cases. lannello scored the sixteen predictions made by Ulich.

Table5.1-1 presents the results for the four blind teststh four cases each

Table5.2-1 Blindtestresults

Mean Origin of Trials A o
Used to Generate the - \il?l:r?lng °| Predicted POI Mean
Random Date List for Test | Sites | Arriving Latitude True Eier i Pl;zgit:tti]c?n
Test Type | Test# One Test Case | ,[Usedin| Dates of Sigmas -
BES Joint |Sites Used (a) E:)Or
Latitude |Longitude PRI 'n;&':"t Value * 1s
(°N) (°E) (°S)
A 7 14 57% -27.00 £ 0.19 -0.27
4 26.95 100.6 B 10 14 57% -26.96 + 0.25 -0.03 018
(POIY) ' ' C 13 17 39% | -26.95 * 0.20 -0.02 '
D 5 15 54% -27.60 + 0.50 -1.30
A 9 17 42% -27.97 + 0.24 1.40
5 28.30 996 B 2 15 56% -27.76 £ 0.73 0.73 0.28
(POI'2) i ' C 15 15 58% | -28.10 + 0.44 0.46 ’
Blind D 12 16 60% -28.24 £ 0.34 0.18
A 6 15 62% -29.97 + 0.49 -0.44
6 29.75 98.4 B 1 16 39% -30.08 £ 0.39 -0.84 021
(POI3) | ' C 11 14 46% | -29.79 + 0.41 -0.09 e
D 16 14 55% -30.01 + 0.27 -0.94
A 3 14 42% -39.49 £ 1.08 0.29
7 B 14 14 48% -39.96 + 0.54 -0.30
-39.80 84.6 -0.22
(POI4) C 8 14 43% | -40.56 + 1.08 -0.70
D 4 17 48% -40.05 + 0.46 -0.54

Again, we obsenadOf 23S I ANBSYSyid 0Si6SSy (KS aorThesgsiRiéenBB a i f
latitude predictions had 4 uncertainties ranging from 0.130 1.08, and their prediction errors were in the

range from-1.30s to +1.40s. Therefore, over the latitude range fro@7 to -40 , the blind tess verified the
prediction accuracy d¥lethod |, with the caveat that a debris factdrifted at the same average transit speed
predicted by the CSIRGZeanmodel. Deviations in drift speed produce different arriving dates from the same
POI, or the same arriving date from different POIs. The uncertainties in the actual drift speeds of MH370 debris
are evaluated quantitativeliater in this papein Section8, because this is a contributor to the uncertainty in

the predicted MH370 PQuatitude (and which is not addressed by the validation tests).

5.3. Accuracy of Method |
Figure5.3-1 compareghe validation tesipredictions with the true latitude values

9F OK LINBRAOGAZ2Y 27F I @I f A RFigule23/. TheS allfie close toah& lhesay450 & |y
which marks perfectly accurate latitude retrieval. Each retrieved (i.e., predicted) latitude Im®rror bars

indicating the estimated precision of the retrieved latitude. Note those error bars vary with latitude, being larger

at the extreme values of latitude. This occurs because those latitudes in the vicirdt afr -28 have less

probable landfalls at the actual MH370 debris sites. This increases the statistical noise in the predicted
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probabilities. The error bars Figure5.3-1 are smallest near the center of the latitude rangéhere more trials
are predicted to arrive at MH370 debris sites.

X Predicted POI latitudes for non-blind tests X Predicted POI latitudes for blind tests

= =Perfect predictions

-24

-26

28 ,h’ {

-32

Predicted z
POl -34 *
Latitude i
(°N) -36 ‘

—
-40 S
rd

42

-44 -42 -40 -38 -36 -34 -32 -30 -28 -26 -24

Assumed POI Latitude (°N)

Figure5.3-1 Results ofvalidation tests

These results demonstrate the approximate precision with which the retrieval algorithrpredict the most

likely MH370 POI latitude. The accuracy of the MH370 prediction is improved relative to the validation test cases
because the debris sites we use are where MH370 debris were found, and we have no corresponding lists of
likely destinationdor debris originating from different latitudes. However, the MH370 prediction will also be
somewhat degraded because we have reporting dates, not arriving dates, for all the debris except the flaperon.
The net effect is the accuracy of the MH370 preditsbould be comparable to the validation tests. Later in this
paper, we show that a bias is introduced into predictions using this method due to the choice of time and
distance windows for each debris.

6. PredictionMethodsUsed in Prior Drift Studies

Minor variations of he basicprediction Method | were used inall previous studies of MH370 debris drift.
Probability predictions using Method | contain errors because the window dimensions are not optimal at all POI
latitudes Thatis, in Method Ithe likelihood is not maximized at all latitudes on ArcChoosing one set of
time/distance window dimensions enhances theedictedprobabilities at certaircrashlatitudes but generally
degrades thepredicted probabilities at othercrashlatitudes. Our 28 validation testslemonstratedthat it is
possible tdocatea single dominant latitude bi¢or a pair ofadjacentbinsof comparable valueusingmultiple
iterationsof Method | but the true probability attisa LIS | { ¢ f | (pveiestiRafedoy dsifjrificant Sut
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unknown factor. In addition, the probabilities of secondary peaks wiluth@erestimatedby significant and

unknown factors. Therefore, in Method | the relative probabilities among peaks in the probability density
function of POI latitude are highly uncertain. This deficielesgens the utility ofll prior published drift
predictionsfor planning a searchfor ¥ wh Q4 RSONA & FASEIR 2y (KS asStk Ff22

6.1. Limitations of prior drift studies

We illustrate this deficiency of Method | Figure6.1-1 and in Figure6.1-2 below. Figure6.1-1 is a plot of the
PDF for the flaperon with window dimensions optimized-8¢ POI latitude. In this case there is a huge peak
at the optimized latitude binNote alsain Figure6.1-1 that we compute(and carry forwardithe error bars on all
latitude bins indrift PDFslIn this case the errors are statisti@ld resultfrom the finite number of trialdeing
processed and counted histype oferror analysisvas not done in previous MH370 drift studies, and it is useful
in assessing the reliability of conclusions regarding the crash location.

20% | ‘ ‘

18% 3T —POI Latitude Bins

16% ——
® Probability / ° for D# 2, p = 26
14% km, T=15days, 5=0days [ —

12%

P(t&d) 10%

8%

6% 1 l 42

4% 41} | | .

T _
2% r‘l M T T I T LTI Tl f

LuTYT T 1 T T TTTT
0%

-45 -40 -35 -30 -25 -20 -15 -10
POI Latitude (° N)

——
——
-
-
.

Figure6.1-1 Method | probability for flaperon withwindows optimized at-34

Next,Figure6.1-2 belowis the same type of plot but with the window dimensions optimizeeB8t POI latitude.
Now the dominant peak is at the optimized bin-88 , and a secondary peak is-84 . Note the ratio of the
two peaks at-34 and at-38 changed dramatically. Which one is corref€igure6.1-1 or Figure6.1-2? The
correct answer is that neither one is accurate.

We believe that the MH370 latitude prediction will alwayddigsedusing Method |, no matter how one chooses

0KS aAy3atsS aSi 2F 6AYyR2g RAYSyarazyad ¢KSNB Aa y2 a3
one bin or one latitude region and disfavor others. The deficiency arises from using one set owwind
parameters across the whole latitude range, no matter how the that one set of window parameters is
determined.

As we have demonstrated above, prediction Meth@dded in all prior drift studiegails to produce an accurate
probability curve This deficiency impedes efficient searching for the aircraft debris field along Arc 7. Method |
ObysS AT dzaSR 6AGK OFNB FyR Ay OSNIFAYy OFasSar 08 da
determine the relative probabilities of seconggpeaks with a useful degree of accuracy.
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Figure6.1-2 Method | probability for flaperon with windows optimized at-38~

7. PredictionMethod Il

The key to eliminating this bias is to perform identical calculations for each latitude bin. This is what we have
done in prediction Method Il, objectively performing the same maximum likelihood estimation process
independently for each latitude bin. In Method Il fiethe time anddistance windowvidths and the reporting
delayat each POlatitude bin. Since there are dozens BD}atitude bins (generallye usedlatitude birs 1

wide), the enhancedaccuracy oMethod Il comes at a very large cost in computing time compared to Method

.

7.1.Flaperon Method Il PDF
The PDF for the flaperon usipgedictionMethod Il is shown ibelowin Figure7.1-1.

The two PDF peaks Figure7.1-1 are quite different in relative probability than was indicated by the two
Method | examples shown abovehigure6.1-1 andin Figure6.1-2. We believe Method Il provides much better
accuracy than Method I. Now we can see there are actually two PDF peaks of comparable probability.
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Figure7.1-1 Method Il probability for flaperon with windows optimized ateachlatitude bin

7.2. Triakday information

Figure7.2-1 belowis an example of the CSIRO tdaly information in this casdor Debris #23 (the Pemba flap)
Eachblack diamondepresents the arrival of a trial which falls within the distance window. The arfivale
distance windovware segregated by their latitude bin of origind by their arriving dateAll the relevant dates

are indicatedby vertical lines. Histograms are plotted for the frequency of occurrence in both axes. The red
diamonds are the trials which fall in both the distance and time windows.

The parameter values in this example are a debris number D = 23, a latitude-E36 , a distance limit = 34
km, a finding datep= 835 days after crash, a reporting dethy 18 days, and a time window halfdth t = 52
days.

One can see the arriving waves in the plotted point density and in the histogram of the frequency of occurrence
along the abscissa. The frequency of occurrence in latitude bins is shown by the green histogram along the
ordinate. The PDF which is being opiied at the selected latitude bin is shown by the red solid line on the left
side of this plot.

In some cases, the time window could include tdays which appear to be from two arriving waves, because
the time discrimination may be inadequate to discern whether the reported debris arrived near the beginning
of an arriving wave or near the end d¢fet previous arriving wave.
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Figure7.2-1 Plot of CSIR@rrivals indistancewindow for each POlatitude bin

7.3. Tradeoff between latitude bin width and SNR threshold

Wide distance and time windows are required in some cases to achieve adequate numbers of counts for
acceptable statistical noise (i.e., to meet a SNR threshold) in the probability distribution for that debris. Having
narrow windows, with improved spatitemporal resolution, and thus improved Rfatitude discrimination,
increases the statistical noideecause the number of triadays in both windows is reducetlVider windows
contain more triadlday counts (reducing the statistical noise and increasing the) 8hit have reduced latitude
discrimination. Thus, there is always a traafé in the optimization process, for both the distance and time
windows, between spatibemporal resolution and statistical noise, given that one has a finite number of
predicted tials and given thad SNR thresholohust be metto assure reliable predictions.

We foundempiricallythat POllatitude binsl wide with a singlébin SNR threshold of 6ia good compromise
betweenlatitude resolution and SNR. This allowadst ofthe 17 MH370 debris wanalysel to achieve a useful
SNR improbability per latitude bineven with the prediction enhancements we developed.
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7.4.Example of trial origins map

23

Figure7.4-1 shows for this example casef D23 at-36 , a map of the origins of trials arriving in both the time
and distance windows (the red squares).
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Figure7.4-1 Map of origins of CSIR@ials inselectedlatitude bin arriving intime and distance

The blue dots show the portion of the 86,400 trial origins within the selected latitude bin. The black line is Arc 7

windows
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7.5.Example of debris site map
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Figure7.5-1is a map of the region around the D23 finding locafiiom, the Point oRecovery)with red squares

indicating the trialday locations for those trials from the selected latitude bin which are within both the distance

and time windows at the debris site

The selected triatlays are on the east (ocean) side of the Tanzania coast.
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Figure7.5-1 Map of trials from selected latitude bin arriving at debris site in distance and time
windows

Figure7.5-2 plots the miss distance versus arriving date for the selecteddegs.
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Figure7.5-2 Miss distances of trials from selected latitude bin arriving at debris site

Thereis no obvious difference in the frequency of occurrence of miss distance of the trials in both windows
compared to the trial®nlyin the distance window.
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8. Prediction Method IlI

8.1. Transitspeed correction factor (TSCF)

Even theémprovedMethod Il fails to produce an accurate probability curve when the drift parameters of a given
debris (such as windage and leeway angle) are not accurately known and used in the ocean drifPrevidels
drift predictions did not allow for the fact that the drift parameters are only known for two of the déthrs
right ¥ £ | LIS NB y , whos&drift ch&atéristics werempirically étermined by CSIRO in sea triaise
Griffin et al. (2016)] Therefore, if the windage, for example, @fparticular debris is different from the value
assumed in the ocean drift model, errors wirtainlyoccur in the predictedrriving dates, thereby producing
errors inthe POI probability curve fahat debris.Large windage errors cahift the probability peak by at least
several degrees of POI latitudehereforeit is necessary t¢a)use only debris whose drift speeds and directions
have been characterized, @) use a prediction method which can compenséde this lack of knowledge, at
least for debris with neazeroleewayangles. Wéollowed option (a) for the flaperon and option (foy the non
flaperon debris wanalysel.

None of the previously published drift studiatempt to compensate for d@ransit speed erroror eveninclude
it as a specific contributor ta predictionerror budget.

We minimizel the impact of awindageerror by allowing the average drift speed for each tdafter transitto

be adjusted by a fitted parametetalledthe transitspeedcorrectionfactor (TSCHEt each latitude binWe then
recalculated thetimes (in days after crashyr each trialday as the CSIR@me valuedivided by 1+ TSCF. For
example, with at5% TSCF, the predicted locations are readi®it 5% earlier in time, and for &% TSCF the
predicted locations are reacheabout 5% later in timeln effect, the time interval between triadays is thus 1/
(1+TSCF) days.

8.2.Method llI

In a new Method Ill, we allow the TSCF to vary for each debris and for each assumed PO| latieeded
Makingonly transit speed adjustments assumes the leeway angle is close to zero, as CSIRO assumed for their
generic drift track predictiongn addition, we assume the drift track is unchanged in location, and onlyntiee

axis is adjusted. Clearly this isradeapproximation, but it is a necessary one because we have only two sets of
CSIRO tracks to procdgar the assumed flaperon and ndlaperon drift parameters)So, for each debris and

for each assumeBOHatitude bin, we fit three variablesy Method 11l (1) the distance radius, (2), the time error

limit (i.e., the haKwidth of the time window) and (3)ither the reporting delay\whichmovesthe center of the

time window)or the TSCREwhich shifts the predited arriving dates).

8.3. Comparison oprediction methods

Table8.3-1 summarizes the features and differences of the thR®@Iprediction methods we developed and
assessed.
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Table8.3-1 POHatitude prediction methods

Method

Parameter Symbol
I ] 1]

Chosen
subjectively or
fitted to one Fitted separately for each

Distance Limit T

Half-Width

. . latitude or one latitude bin to maximize
of Time Window P region and P(t&d)
used for all
Reporting Delay 8 latitude bins
Fitted when
Transit Speed reporting
Correction Factor € -- -- delay is at an
(TSCF) end of its
allowed range

8.4. Transit speed errors

Forthe barnaclefree debris, there islreadya partial accommodation of transit speed errors because of the
wide range of acceptable reporting delayge allowed from 7 to 150 daygpnecamot fit both the reporting
delay andthe TSCF simultaneously because they have the same effembving the predicted arrivals relative

to the time window Therefore,they are not independent variables, but are highly correlatddving the time
window earlier in time by increasing the reporting delay has approximately the same effect on probability as
making the TSCF more negativehich shifts the predicted arrivals to later dateSo, in Method lll, we first
allow thecenter of thetime window to move within thecceptblebounds of the reporting delagnd with TSCF

set to zero If a greater time shift is needd@ither earlier or laterto reachthe probability peak during the
optimization process, then the TSCF is varied while holding the reporting delay fixed at its boundarinvalue.
this Method I, we still fit only 3 variablefor each latitude bipas in Method Ilput we fit the reporting delay

first with TSCF = 0, and theéhneeded andn a second fit, we hold the reporting delay fixed at its boundary
value and adjustthe TSCRas indicated in the last column Trable8.3-1 above.

The TSCF values are affected by three drift speed errors in the CSIRO model:
1. Theeffect of Stokedrift may vary from the 1.2%indagevalue assumed for generic MH370 debris.
2. Thewindspeed at 10 m height used in the BRAN2015 model may be in error.
3. The neassurface ocean current speeds in the BRAN2015 model may be in error.

Table8.4-1 summarizes our analysis thfeseerror sources contributing transit drift speed errors in the

CSIRO trial¥he cells iMTable8.4-1 coloredyellow contain parameter values estimated by Dr. David Griffin of
CSIRO [private communication (2023)]. Note the rsemface water current contributes about 80% of the net

trial drifter movement, and the wind induces the remaining 20% (at the nominal wig#age used by CSIRO

for generic MH370 debris). The windage of recovered MH370 debris was estimated by Dr. Griffin to range from
0.8% to 2.0%. Higher windages (3% to 5%) were certainly possible for items afloat in the early days of the aerial
search, bunhone of the recovered debris appear obviously to require windages that Tiygrefore, the wind
contribution to net debris movement could be reduced by 33% (at 0.8% windage) or increased by 67% (at 2.0%
windage), but the impact on the average transit sgevill be 5X lower, 066.7% to +13.3% (as shown in the

eighth column inTable8.4-1).
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Table8.4-1 Uncertainties in CSIRO model drift speed for floating MH370 debris

Fractional Error

Estimated Fractional in Debris Drift Speed

Error in Component

_ Estlmated . - Drift Speed (Transit Speed Correction
Drift Fraction of Quantity Contributing Factor)
Component Tc;tal D(;ift to Drift Speed Error Relative
BES Probability at
o o - -
% Estimated % Probability Limit
Value
Current drift | gooe | BRAN 2015 near-surface current | g g +1s 2.4% +1s
speed with regional debiasing
Wind speed at 10 m height 5.0% +1s 1.0% t1s
Minimum 0.8% -33% 60.65%
wind drift 20% _ 6.7% | -1s -6.7%
Debris | \ominal | 1.20 100%
windage
0, 0,
Maximum | 2.0% | 67% | 60.65% | >°%| *1s 13.3%
-7.16% -1s -14.31%
Total drift 100%
13.58% +1s 27.17%

The cells colored green irable8.4-1 contain error estimatesve made We estimated the average near

surface current speed to have aslerror of 3%, and the 10 m height windspeed data to havesaetror of
5%.

8.5. Bayesiarprobability of transit speed correction factor

We combined the errors due to windage, neanface currents, and 10 m windspeed in quadrature, assuming
they are independent. That results in a combined error rang& .@Po to +13.6% in average transit drift speed
(as shown in the last two rows coloretlib inTable8.4-1

Table8.4-1 Uncertainties in CSIRO model drift speed for floating MH370 debris
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Fractional Error
in Debris Drift Speed
(Transit Speed Correction

Estimated Fractional

) Error in Component
Estimated

" ) . R Drift Speed
Drift Fraction of Quantity Contributing Factor)
Component | Total Dcl;ift to Drift Speed Error Relative
Spee i
% Prg;?:];“tté’ dat % | Probability| Limit
Value
Current drift | 80% | AN 2015 near-surface current | g g, +1s 24% | +1s
speed with regional debiasing
Wind speed at 10 m height 5.0% +1s 1.0% +1s
Minimum 0.8% -33% 60.65%
wind drift 20% Debri 6.7% | -1s -6.7%
- Nominal 1.2% 100%
windage
0, 0,
Maximum | 2.0% | 67% 0.65% | 133% | *ls 13.3%
-7.16% -1s -14.31%
Total drift 100%
13.58% +1s 27.17%

). We next assumed thatvithin that range, all TSCF values were equally probable, since we have no windage
estimates for the 16 generic debris we analyggdst for the flaperon. Therefore, fron7.2% to +13.6% the
TSCF probability was assumed to be a constant (=1). HoweveryalB€s outside that range were less

probable. We assumed that decay in probability was a gaussian out to twiggltheange, and zero beyond
those limits.

Our assumedBayesiarprobability statisticfor TSCF is shown kigure8.5-1 below.
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Figure8.5-1 Assumedrelative probability of TSCF fanon-flaperon debris

In the Method Il process we maximized the PDF value for each latitude, bindwhen one of those fitted
parameters was TSCF (instead of the reporting delay), we maximized the product of the PDF value and the
probability of the TSCF value as showifrigure8.5-1. So, from-7% to +14% theré no penalty for norzero

TSCF values. However, when TSCF was outside that range the penalty increased subemtantedlyced the
probability for that latitude bin by the factor indicated Higure8.5-1 above.

8.6. Example oMethod I

Figure8.6-1 below shows as an example dflethod Ill, theresults forthe PDF and theestfit TSCF values for

the flaperon. The purpose of this exercise was to ctethod [ll6 @ f 221 Ay 3 F2NJ AaA3IYATFAOI
CSIRO calibrated the drift speed of an instrumenteddowtn flaperon and adjusted their model parameters to

match theirobserveddrift speeds Therefore, one would expect the flaperon analysis to showGEI@ue close

to zero from the true POI latitude. This notion was teste#igure8.6-1, and indeed tht is what we found

The reporting delay for the flaperon is always fixed at zero days because we know the date it arrived. Thus, the
center of the flaperon time window is always fixed at the reporting dAtjusting TSCF shifts the predicted
FNNRA Gt EA gAGK NBALISOG (2 (GKAA aqadlridAzylNBeé GAYS GAy
The black linén Figure8.6-1 belowis the PDF using Method 11l with the TSCF optimized at each latitude bin. It

is like the Method Il PDgreviously fown inFigure7.1-1. We believe this Method 1l result shows the relative
probability of the two peaks a4 and-38 latitude most accurately among all methods.

The red line irFigure8.6-1 below indicateghe bestfit TSCF valgare essentially zero at crash latitudes frem

33 to -42 . From-33 to -38, TSCF is a fraction of 1%, and this region also contains the two significant PDF
peaks. That implies that the CSIRO trials arrit@iRéunioin precise alignment with the finding date, implying

the flaperon drift parameters observed and used by CSIRO appear to be accurate (and despite there not being a
discernible difference in average drift speed over &aéitude range). North 0f31 all TSCF values are negative,

as expected. South e42 all TSCF values are positive, again as expected.
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Figure8.6-1 Method Il PDF antbestHfit transit speed for flaperon

Figure8.6-1 demonstrates that thecrashlatitude discrimination of the flaperon is not simply caused by a time
difference in predicted arrivals. If that were true, we would see different TSCF values at the two peaks which are
separated by 4of latitude. The combination of the two plots Figure8.6-1 demonstrates that the predicted
arrivals from-33 to -38 are highly overlapping temporally, but still can be discriminated spatially (by the
distance windowand by the width of the time windowl he time window width allows us to discriminate among
FNNARGAY3I gl @Sa 2F GNRAIFET RNAFGSNBR AT (GKS& RAFFSNIAY
windows, which can discriminate agaimsterlapping butess dense arriving waves from other latitudes.

We alsonote thatbecausehe bestfit TSCFs for the flaperon are zero for latitude bins betw@&8nand-38 ,
one should favor those latitudes for the MH370 POI basethizrflaperon drift speed match alone.
8.7. Superiority offlaperon
Theflaperon is the best debris for assessing POI latitudereTarethree reasondor this:
1. we know the exact date on which it arrived

2. the CSIRO model drift speed is calibrated using a surrogate flaperon, allowing us to restrict the TSFC to
being zerdfor the flaperon only, and

3. its proximity to Arc 7 minimizes the spatial and temporal dispersion of the arriving wave of drifters.

Thus, for the flaperon weeed tofit only two parameters for the time and distance window widtkisice both

the reporting delay and the TSCF are known to be zero. The flaperon results indicate two likely POI:latitudes
34 and-38 . The primary peak a84 is also seen in many other debris PDFs. However, the secondary flaperon
peak at-38 does not appear in the PDFs fgenericdebris found at other locations. This demonstrates the
benefit of spatial diversity in finding locations, because some pedlkbavrendered undetectable in thieint

PDF even though they are significant in onewenseveral singleebris PDFs.
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Foruse incomputing thejoint PDF of all debris, we usdige special case dflethod 11l for the flaperonwith
both the reporting delay and the TSCF fixed at zero, as discussed previously. This result is BiypweBiii-1
belowwhich differsonly slightlyfrom Figure8.6-1.

15%
Method III
P(t&d)

10% - H
with

TSCF=0 &,

0%

-45 -40 -35 -30 -25 -20
POI Latitude (° N)

Figure8.7-1 Method Il flaperon PDRwith zero reporting delay and zerd SCF

8.8. Latitude dependence oraverage TSCF

We alsotested the assumption that nerero TSCFs would shift the bdistatitude in a systematic way when
using all 17 debris in thieint PDFFigure8.8-1 shows the result when wassumedhe same value of TSCF for
all 17 debris and solved for the latitude which had the highest probability ifoihePDF (i.e., thpeak of the
product of all 17 PDFs).

In Figure8.8-1 we see a systematic shift in the predicted mbkely crash latitude using Method IIl depending

on an assumed transit speed adjustment to the CSIRO drift model. Note that TSCF = 0 corresfidndsatsh

latitude. The slope is aboub%/ . More northerly latitudes require negative TSCFs, and more southerly
latitudes require positive TSCFs, as expected based on the general northerly drift nearFijar&8.8-1
represents the averaged dependence on drift speed of all 17 debris. Some debris will show a larger dependence,
and some debris, such as the flaperon, will show a smaller slope or even a zero slope (as demonstrated previously
in Figure8.6-1 for the flaperon).
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Figure8.8-1 Latitude dependence on transit speed correction factor of joint PDF using 17 debris

8.9. Bestfit TSCRvalues

As indicated ifrigure8.9-1 below, fitting the TSCEsing Method IlWwasneededin only four of thewelve generic
debriswhich met the SNR threshold

9
8
7
6
Number °
of 4
Debris 3
2
1
0+ Illiliiiiiillll
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Transit Speed Correction Factor (TSCF)

Figure8.9-1 Bestfit TSCRalues at-34 latitude for non-flaperon MH370debris
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Figure8.9-1is a plot of theoccurrencefrequency of TSCF valuatsone latitude bin {34 ). Most debris are well

fitted with TSCF = (@3 out of 17 debris favored thidh all four casesf nonzero TSCE¢he debris when found

were free of barnacle encrustations. Thus, it appears that the windage value used by CSIRO in predicting generic
drift tracks is a good approximation for magiut not all)of the MH370 norflaperon debris. None of the debris

with many barnacles (the right flaperdaund inLa Réunionor with a few barnacles (the storage closet door
found in Rodrigues and the outboard flap found in Pemba, Tanzania) neededzemomSCF to achieve good
consistency between thdrift model predictions and the debris reports.

Note thefour nonzero TSCHa Figure8.9-1 aboveare all positive. lis possible this is partly because the 1.2%
windage used by CSIRO for the Hlaperon debris is slightly below the actual average windadmwvever, here

is a bias in the fitted TSCF valuebéqositive because many of the debris have a very large range of acceptable
reporting delag. Negative TSCFs are not allowed unless the estimated arriving date occurs prior to the earliest
RFGS fft26SR o0& (GKS fI NBSald OFftdzS 2F (GKS NBLR2NIAyYy3
delayor a modest reporting delay plus a negative TSCF. In both cases the time window dates and counts can be
FfY2ad ARSYyGAOl f dindnégitive TSBFS whier tife@ deeut, begaus® &verifat zero TSCF the
bestarriving wave i®ften accessible by means of the reporting delay parameter.

Fitting the TSCF in Method Il has several effects:
1. The error introduced by using an incorresterage drift speeth the modelis significantly reduced

6. Asomewhatlarger signato-noise ratio in predicted probability is required for accommodatingtties
fitted variable (i.e.gither the reporting delay or thelf' SCF). ThENRequirement(we used a threshold
of 6.5 per bingliminatesfour marginal casesThose debrisvith too few predicted arrivalto be used in
the joint PDRNncluded the engine right fan cowl, the upper fixed panel forward of the left flaperon, the
wingto-body fairing, and the right engine inner vortex generatois noted that including thestur
debris in thegoint PDF does not alter any of the conclusions presented in this pRediable detection
of a PDF feature requires a SNRitdkastl in each PDF and at leasbverall. Theminimum detectable
contrastin the joint PDHs roughly the inverse of the SNR. Therefore, with SNR pe6.Bin per PDF
the minimum detectable contrast is about%per debris when using 1@ebris

7. Secondary peaks of significant probability now appear irvbhthod llljoint PDF at nearby POI latitudes,
because the global peak is reduced in probability and the secondary peaks are inénepisdzhbility.
by the two accuracyenhancements we incorporated in Methoddtmpared to Method:l

a. maximizing the likelihood at ead¢tOHatitude bin, and
b. allowing the average drift speed to be adjusted if needed.

By studying the fitted TSCF values in Method Ill, we found that, while the average transit speed was important
in discriminating POI latitude, it was generally not dominant. A comparable degree of discrimination is provided
by the proximity of the predict tracks of trial drifters to the finding locations. Thus, both spatial and temporal
discriminations are significant, and their relative strengths depend on both the assumed POI latitude and on the
debris finding location.

8.10. Bestfit window dimensions

The values of all the befit Method Il parameters for each debris-84 latitude arelistedin Section 3 iMTable
3.2-1. Figure8.10-1 belowis a plot of the besfit window widths at one latitude bin-84 ) using Method IlI.
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Figure8.10-1 Method Il window dimensions foiMH370debris at-34

The red dashed lines Figure8.10-1 indicate we allowed.0-56 km for the distance limit ané-100 days for the

half-width of the time window. The lab&elow each plotted poinis the identification number of the debris. For
example, D2 is the flaperon. Due to its finding location an@ribximity to Arc 7, it has the sharpest windows
GAGK GKS avylrtftSad a@2ftdzySe oadz2NFIFOS |NBIF dGdAYSa RdzN
among MH370 debris for cradatitude discriminatiorbecause the high density of trials near the debris site and

close to the arriving date allows smaller, and more discriminating windows to be used while mamtin
sufficienty highnumber of counts to meet the SNR threshold.

9. Joint Probability Density Function

9.1.MH370 Joint PDF

The MH370 singldebris PDFs using prediction Method 11, and tfaint PDF (i.e., their product), are shown in
Figure9.1-1 below. Note the latitude scale (the abscissa) only extends northwar@Zoin this plot because
between-22 and-8 the joint probability is negligibly small.

The seventeen black lineskigure9.1-1 are the PDFs (each normalized for plotting so the peak probability = 1)

for the seventeen MH370 debris vamalysel. The individual PDFs are plotted here so that 0% probability is at

the debris site number (from 1 to 30), and 100% probability is at the next higher number. For example, the PDF
for the flaperon, which is D2, is plotted between 2 and 3 on the ordinatke sEour of the seventeen individual

PDFs are flat lines at 100%, because D10, D11, D13, and D29 had inadequate statistics to be processed using
Method IlI (i.e., their SNRs were too low). The red linéigure9.1-1 is thejoint PDF of the ensemble, which is

the product of the 13 individual PDFs, scaled so its area is Wityise the product rather than trumbecause
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the joint probability is conditional upoall the debris matching their reported sites and dates. €haditional
joint probability is the product of all theingledebrisprobabilitieswhenthe conditionis that all are TRUE.
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Figure9.1-1 Individual andjoint PDFs for MH370 debris probability

Note thex 1s error bars (the vertical dashed red lines) on jbit PDF valug(the red dog) in each PGhtitude

bin. Note theverticalerror bars at34 and at-31 overlap, so it is likely, but not nearly certain, thd8 has a
higher probability than31 . Thevertical dashed blue line is the latitude of the LEP from UGIB (2020). Note the
secondary pealn the joint PDRt -31 using Method llis about half the probability aB4 . Method | does not
show this secondary peak at a significant probability.
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Inspection otthe plot above reveals that the highest peak in fleint PDF is at34 POI latitude very close to

that of the UGIB LE®R -34.23. However, oly three debris D2, D15, and DJ3ave their individualPDF peaks

at-34 . The error bar®n thejoint PDF irFigure9.1-1 area relatively constant percentage of tf@nt PDF value.

Hence, the highest peak also has the largest uncertainty, and the SNR is relatively constant across the POI
latitude binsFigure9.1-1Error! Reference source not found not our final prediction of the debris probability b
ecause systematic localization errors in the ocean drift model have not yet been in¢tbideid done irBection

11later in this paper).

10. Maps ofTrial Drifter Tracks

10.1. Trialdrifter tracks from-34 reaching MH37@ebris sites

Figurel0.1-1 illustrates trial drifter tracks originating frorthe vicinity of Arc Hear-34 andreachingall the
MH370 debris sites wanalysal. In this figure we selected the one trial per debris site which gave the closest
match in thetime and distance windows.

10°S ube
20°5 -

30°S

40°S

© Debris site used

Initial position of all (86,400) trials

@ FOI 1
500 s »‘:“.‘.~ 50 Os

20°E 30°E 40°E 50°E 60°E 70°E 80°E 90°E  100°E 110°E 120°E

Figurel0.1-1 Trial drifters from -34 arriving at all debris locationanalysel

In Figure10.1-1 aboveall the debris initially drift eastward away from th& Arc and then turn northward, but
nonemake landfall in Western Australia. Then the South Equatorial Current sends the floating debris westward
toward Madagascar and the intervening islanéigiure10.1-1 demonstrates that the paths of those trials which

best matched the MH370 debris finds generally pasgsalit200 km or more to the west of the West Australia
coastline.

10.2. Trialdrifter tracks from-34—

Figurel0.2-1 belowshowsa larger numberq5) ofrandomly selectedrtal paths which originanear-34 close
to Arc 7

Note inFigurel0.2-1 that some of those trial paths pass very near the Western Australia coastline. Some trials
are also predicted by CSIRQ@ach very shallow watehere, although no MH370 debris were reported (other
than possibly the towelette packet).

BobbyUlich andvictorlannello June 62023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



37

Trials within 10 km of POI

10°5 ket i 10°S

20°5 |

30°S |

40°S

© Debris site used

Initial position of all (86,400) trials

@ POl o
o— P oS 50°5

20°E 30°E 40°E 50°E 60°E 70°E 80°E 90°E  100°E 110°E 120°E

Figure10.2-1 Seventyfive CSIR@redicted drift tracks originating near34

10.3. Flaperontrial drifter tracksreachingLa Réunion

Figurel0.31 below shows flaperon trial drifter tracks from the entii@nge of latitudes orrc 7 which reacha
Réunion(where the flaperon was found) withihe distance and time windows.

Trials within 28 km, 14 days of Flaperon arrival on Day 508

March 8, 2014
July 1, 2014
October 1, 2014
January 1, 2015 ™ <= S

10°S April 1, 2015 ™ 10°S
July 29, 2015

20°S

30°S 30°S

40°S 40°S

50°S Wi L 50°S
40°E 50°E 60°E 70°E 80°E 90°E 100°E 110°E 120°E

Figurel0.3-1 Trial drifter tracks in both distance and time windows for the flaperoh lza Réunion

The red dots irFigurel0.3-1 indicate the starting locations near Arc 7 of the selected trials. The remaining sets
of colored dots indicate the trial drifter locations at intervals of 3 months. Halfway through the drift, the trials
are widely diverged spatially in longitude and ldagerged in latitude. During the remainder of the transit, the
spatial divergence gets compressed into a narrow latitude range by the strong westerly current, and the
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divergence in longitude creates the divergence in arriving dateadRéunionFigure10.3-1 demonstrateshat
trial drifters from a wide range of locations on Arc 7 can arriieaiiRéunionbut there they can be somewhat
discriminated by their arriving datebigure10.31 also shows that very few flaperon trials that fall within the
time and distance window dta Réuniostart north of-30 latitude.

10.4. Trialdrifter tracks for Debris # 15

Figure10.41 is a similar plot for Debris #15, the seat back trim panel, which was found at Riake Beach in
Madagascar.

Trials within 10 km, 47 days of Debris #15 arrival on Day 691

March 8, 2014
October 1, 2014
January 1, 2015
July 1, 2015 : ' Qoo
10°S October 1, 2015 o ™ 10°S
January 28, 2016 2

20°S
30°S

40°S 40°S

50°S "u 3 50°S

40°E 50°E 60°E 70°E 80°E 90°E 100°E 110°E 120°E
Figurel0.4-1 Trial drifter tracks in both distance and time windows f@ebris 15 at Madagascar

The nonflaperon debris liké15 take more northerly tracks across the SIO when travelling west(bachuse

of their zero leeway angleTheflaperon was experimentally found to drift to theft of the nonflaperon debris
paths, based on the CSIRO drift tests [Gridfiral. (2017)] which used a model of the recovered flaperon.
Therefore, the norflaperon debris tend to midsa Réuniomn the north side, heading toward Madagascar.

11. Ocean ModelLocalization Error
Dr.DavidGriffin of CSIRO has estimated the BRAN2@Id&ive locatiorerror to beat most+ 1.0 of arc[private
communication (2022)].

11.1. BayesiarPDF of BRAN2016calizationerror

We assumed the 1.00f arcto be X of a gaussian probability density function. Tiedative locationerror (or
at 201 t AT lidithe2ugicértaidyideBviiID the origin)in the position of a drift track (i.e., a triday
location) after a lengthy transisuch as occurred for the MH370 delei®ssinghe Southernindian OceanThe
samelocalizationerror may be appliedvhenpredicting the origin based on knowing the finding locatiigure
11.1-1 belowshows theBayesiarocdizationerror PDF.
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Figurell.1-1 PDF of BRAN2016calizationerror

12. Drift Probability

12.1. Joint PDF witHocalizationerror included

We incorporated theestimatedBRAN2015 localization error by convolvingjoint PDF irFigure9.1-1 with the
localization error PDF shown igurel1.1-1 above.This convolution has the effect of blurring tf@nt PDF

such that peaks are reduced in probability and valleys are increased in probdbitigNJ NB & dzf & T2 NJ
LINE o | @ith tha lacalization error included ishown irFigurel12.1-1 below.
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Figurel2.1-1 MH370drift probability
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The solid black line iRigure12.1-1 aboveis thejoint drift PDF(i.e., the MH370 drift probabilityincluding
consideration of the model localization errors. The two black dotted lines indicate iseerrorsin the drift

probability.
Figurel2.1-2 belowis an enlarged plot of the drift probability covering tlétude range ofhon-zeroprobability.
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Figurel2.1-2 MH370drift probability and +1s uncertainties

Considering the systematic BRAN2015 localization errors, the most likely POB4sOat+ 0.54N, 94.07+
0.65 E. This new estimated impact position predictionridgy 41 NM northeast of the Arc 7 location {34.23 +
05N,93.799 0 LINB@GA2dzaf e LINBRAOGSR o6& ! DL. o6wununov & GKS
weather data (and indicated by the vertical dashed red line in Figd#2above). Tk proximity of the peak

drift probability to the LERmplies the posffuel-exhaustion glide dtance may be less than 50 NMThe

asymmetry in the drift probability iffigure12.1-2 implies thecourse deviation after flameut was more likely

to the left of the autopilot cours.
Arc 7Latitudes betweer?9.9 and35.7 constitute all locations which amgithin a factor of 4X lower than the

peakvalueof the debris probabilityThisis the latitude zonefor the debris field locationvhich is indicated by
the drift analysis alonddowever, prtions of this latitude range are effectively nullified by other considerations,
primarily the fuel modeling and the poestash aerial search for floating dehrigoducinga smaller latitude

range when all factors are considered.

13. Comparisons with Prior Drift Studies

13.1. Comparisons withpreviouspredictionsusing CSIR®@rift tracks

Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris
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In Section 1 we summarized the CSIRO prediction for the MH370 POI as being betv8éeB, 3@th the most

likely latitude being 355. Our new result is consistent witfe CSIRO latitude rangalithough our northern limit

is slightly farther north at31 . This difference is partly caused by our inclusion of the localization error, which
broadens our drift probabilityOur most likely POI latitude34 ) is slightly tothen2 NIl K 2 F / { Lwh Q&
POI latitude(-35).

In UGIB (2020) we performed a crude analysis of the fraction of trials with predicted arrivals in the same
geographical area and within a wide time window of the debris reports. That result (Figuire tHat paper) is
shown belowin Figure13.1-1

—Drift Probability  -=-LNAV 180 BEDAX Route

100%
-_]__J 90%
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|_‘ Probability
= — 60%  of the CSIRO
0% Drift Predictions
Matching

40% the MH370
Debris Reports

30%
_‘—'_1 20%
10%

0%

40 35 30 25 20
Crash Latitude (°S)

Figurel3.1-1 Figure H1 from UGIB2020)for comparison withnew prediction

This initial result indicated a POI latitude of38'S as being more likely. Our new result is consistent,\with
more precise and more accurate thamyr initial 2020 prediction.

Godfrey (2020analysel the CSIRO drift tracks and predicted a POI at 34.13 + 1.06°S (this error is a precision
estimate only without any allowance for drépeed error or localizatioarror).D 2 R ¥ N&dictidd method has
multiple limitations, including the following:

a) It uses the number afials arriving at a location within fixed distance and time windows from a given
crash latitude [i.e., 8 5 Z ., dp, ds A probability. That is not a probability, because the number of trials
per latitude bin is not a constant. This processing error introduces a slight latitude bias ardbit
suffers from the deficienciesnherent in Method I. Since the singléebrissite PDFs are not
probabilities, neither is theijoint PDF product.

b) It excludes several debris sites which showed results that appeared inconsistent with the Flaperon PDF.
No adequate justification is given for their exclusion.

c) It excludes multiple probability peaks at various latitudes. However, this behavior is to be expected. It
IS quite possible that debris from different latitudes can arrive at the same location and at the same
time.

d) Itignores systematic errors in the BRAN2015 model and in the predicted CSIRO drift tracks.

e) There are no validation tests of the method.

BobbyUlich andvictorlannello June 62023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



42

D2RTNBeQad LINBRAOGAZ2Y YSGK2R A& dzy @l f ARFGSR FyR afA:
on the large peak at 3% for theflaperon atLa RéunionThe error estimation is ovisrsimplified (for instance,

it does not use the width of thpint PDF) and incomplete (because systematic model errors are not included).
5S34LIAGS (GKS&S RNJI ¢ 0 lofQRe anast pboPaRld didSHeladitids CaNstsRik With A2 yew

result, although his PDF ovestimatesits probability relative tanearby latitudes

13.2. Comparisonsvith other drift studies

Rydberg (2015nalysel the Flaperon track tha Réuniomsing the drift model of Erik van Sebideal. (2012)
AYO2NLIR2NIGSR Ay (GKS 2ytAyS OFtOdzA 2N 4 FRNAFIP2N
Flaperoniscurrenty a2 by2SaANBE S | NBF X OSYGSNBR i o6on{X dpnovdé ¢
than our new resulbecause of fewer trials. &ppears not to considdocalization error othe difference in the

windage and drift angle parameters which Grifihal. (2017) measured to be significantly different for the
flaperon than undrogued drifters. Nonetheless, it is impressive what Rydberg accomplished with the relatively
coarse toolsaand simple methodavailable in 2015.

Triananestalo HAMc U a0 dzZRASR alotn Ff2F0Ay3 RSONARA RNRFG |
Indian Ocean subtropical gyre, including the search area, could be a source of the debris flumB&mion

Island. We also identify zones that can be excluded as potential crash sites and provide estimated travel times
FYR LINRPOIOES aK2NB LRaAdAzya 2F LIXIYyS RSONRAE GKNRc
made no specific predictioof crash latitude.

2A2SNIGyS YR tIFGOGAFNI GOKA O6HnmTO Ffaz2z Y2RStSR GKS
of debris found the location of 18 were predicted by our UWA model. Those not predicted were in Mauritius

and Rodrigues Islands which may nowl represented in the oceanographic model. The debris origin for this

gra +d dpcodpc9 YR oH®Ppc{ Ff2y3a GKS TGK | NO®d¢ ¢KS SN
being 40 km (or 0.4, but no explanation of its derivation is progil We also do not know whether the effects

of Stokes drift and leeway were included. Neglecting these effects would yomddict the mean drift speed

FYR O0AFA GKS thL LINBRAOGAZ2Y (2 GKS y2NIK® tudeatSNI Gy
32.5 + 0.4S iswithin our predi¢ed range We expect our result to be more accurate because we have used:

a) more matching debris predictions (twentwo debris sites when the redundant cases are included),

b) manytrials (86,400) to reduce the statistical noise,

c) compensation if needed for the unknown windage of each debris,

d) the measured leeway and drift angle parameters to predict the Flaperon tracks, and

e) a prediction method which is validated to be accurate over a wide range of POI latitudes.
Corradoet al.(2017) used four undrogued drifter tracks to predict a POI latitude of 3%+ 5

Gaocetalo Hnmy 0 O2y Of dZRSRY aGa¢KS NBadzZ da ada3asad ddkKFd (K
GKS ONI &aK aAAGS 2F aloTnoé

bSaliSNRPQP oO6Hnmyoy Ffa&a2 adGddzZRASR GKS alortn ON}ak 20l
conducted by means of numerical modelling using a forward particle tracking technique. A total of 40
hypothetical locations of the crash site along theventh arc were screened. Three major aspects were
considered: (1) the efficacy of the aerial search; (2) ambient water temperatures along the path of the Flaperon

to LaRéunion; (3) the spatial distribution of the debris washed ashore . . . . Obtaisalisrindicate the

likelihood of the crash site to be located between 255 30.5S, with the segment from 280 30 S being the

Y2ail LINBYAAAY3IDE bSaiSNPBtoRNHE OB &Pl BZRSIKSERSAASY (¥
GKS RSONRE& Of 2dzR 2NRAIAYIFGAY3I FNRY (KAa asS3aySyid YI 18

BobbyUlich andvictorlannello June 62023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



43

with this conclusion becaudeigurel3.2-1 below demonstrates the aerial coverage there was incomplete. We
took Figurel3.21 from Figure 4.1 in Griffiat al. (2016), which was also used as Figure 20 in ATSB (2017).

I 1 1 1 1 1 1 1 1 1 1 1
. Cumulative probability of detection of : : : :
lows: wmdage non ﬂapemn |tems hy the 2014: surface seart:h :

L23 -|
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Figurel3.2-1 Probability ofdetection of the surface search [Figure 4.1 from Griféhal. (2016)]

The right panel ifrigure13.2-1 shows the probability of surface debris detection for origins near thArt. It
indicates the probability was extremely high, close to 100%, for POI latitudes no3R.@f. Between-32.7
and-34.0, the probability declines rapidly to near zero. Close to the arc the probability is extremely low from
37.7 up to-33.3. Thus, the region betweet33.3 and-34.5, which Nesterov (2018) excluded, has a low to
extremely low probability of detection of surface debris based on the aerial search. Therefore, it cannot be
excluded on this basis. Also, the POI latitude predicted by Wijeratne and Pattiaratchi (2B2Zb& lies in the

area where the aerial search had an extremely high probability of detecting surface debris, so it is an unlikely
location.

Durgadooet al. (2021) considered drift trajectories which originated within the maximum aircraft range and
within 550 km of the #! NOD® ¢ KSNB GKS@& F2dzyR ¢ & & (GKS Y2aid LN
liesbetween3@o pc { @& @ dentiedy consistend withididpdztlialion A a

The previouslpublisheddrift predictions discussed in this section are all consistent with our more acatnifite
PDF The prediction byVijeratne and Pattiaratchi (20179 within our drift probability rangebut it is unlikely
becausat falls in the area where the aerial search was highly effective in determining a negative result

14. Other MH370Crash Latitude Discriminators

14.1. Routeprobability
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Figurel4.1-1 below shows the route probability from UGIB (2020). This is the probability that an autopiloted
post19:41 route matches the SATCOM and GDAS data. The most probable route is the LNBBDE80route
at LRC at FL390, but many other routes are possibilities.
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1 [LNAV 180 BEDAX Route (LRC at FL390) - -
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Figurel4.1-1 Probability of the UGIB (2020pute model matching the SATCONMGDAS Data

14.2. Fuelprobability

Figurel4.2-1 belowshows the fuel probability. UGIB (2020) estimated the fuel required to achiaieengines
fuel exhaustion MEFE circa 00:17:30 UTC (as implied by the SATCOM data) for each of the routes found
otherwiseplausible andhereforeincluded in the route probability.
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Figurel4.2-1 Revisedprobability of the UGIB (2020uel model matching theknown endurance

We revised the fuel probability from UGIB (2020) by including additional routes intersecting Arc 7 be3tveen

and -36 which weresubsequentlyidentified as being acceptable matches to the SATCOM and GDAS data,
including main engines fuel exhaustion (MEFE) circa 00:17:30 UTC. Therefore, this revised fuel probability
extends the acceptable range of Arc 7 latitudes to ab86t5 .

The product of the route and fuel probabilities is showrFigure14.2-2. Note that the compound probability
(i.e., the product of route X fuel) retains the fine structure of the route probability.
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Figurel4.2-2 Product of theroute andfuel probabilities

14.3. Gliderange pobability

To processthe compoundroute/fuel probability in Figure 14.2-2 above with the aerial search and drift

probabilities, we must modififigurel4.2-2 so it corresponds to the time of impact, not the time of MEFE. While

S R2yQi 1y2

probablyprior to 00:44 UTE
the sea surface. We parameterize this glide by the horizontal dist@ugcethe glide ranga)overed during the
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Figurel4.31 presents oulassumedjliderangeprobability as a function of thhorizontaldistance traveled.
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Figurel4.3-1 PDF ofjlide rangeafter fuel exhaustion
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We model the glideangeprobabilityas a Bayesian statistic. We assumgaussiawistribution with 3s = 140
NM, which is the maximum glide range possible for a Boeing-B@@ER if ideally flown by an experienced pilot
maintaining maximum lifto-drag ratio. This glideangeprobability would have a range o6 47 NM = 0.78

of arcor less68% of the time2s =94 NM or less 95% of the timand 3 = 140 NM or less 99.2% of the time.
We apply this glide range in the-8llatitude direction, as a worst &8 understanding that glides at other
bearings would shift the crash latitude by a smaller projected distanche latitude axis

14.4. Routeffuel/glide rangeprobability

Because the glide range applies to all points on Arc 7, we convolve the glide probabiligyriel4.31 above
with the route/fuel probability fromFigurel4.2-2 aboveto obtain the route/fuel/gliderange probability at
impact, as showbelowin Figurel4.4-1.

20%

15%

PDF \’\
of the Route  10%

Model and the / \

Fuel Model
with Glide 5%
Until Impact
(%/°)
0%

-5%

-45 -40 -35 -30 -25 -20 -15 -10 -5
Point of Impact Latitude (° N)

Figurel4.4-1 PDF of PQhtitude usingroute/ fuel/ glide probabilities

The glideangeprobability blurs the fine structure in the route probability, so what remains is a broadwoth
function with two blended peaks. The largeeakis near-35 and the slightly smallepeakis near-32 . The
probability is within a factor of 3X of the peak fre® to -37 , which is quite a large rangkcorporatingthe
glide range increases the extent of acceptable impact latitudes, as expected.

14.5. Aerialsearchprobability

The next step is to incorporate the aerial search probability, which is shelmvin Figurel4.51. This is the
probability that the aerial searattid not detectthe floating debris field in the vicinity of Arc 7 within a few weeks
after the crashprivate communication from David Griffin (2019) as published by UGIB {2020)

We calculated thene-dimensional aerial search PDF shown hereigsrel4.51 based on the twedimensional
probability map shown previously &gurel3.2-1. Note the lack of aerial search coverage soutk38f results
in a high estimated probability MH370 could have crashed there.
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Figurel4.5-1 Aerial searchprobability of MH370crashlatitude
15. Overall Probability of MH370 Crash Latitude

15.1. Joint PDREncludingall factors

To obtain our finatompoundPDF, weusethe product ofthe route/fuel/glide probability(in Figurel4.4-1), the
aerial search probabilityin Figure14.51), and the debris drift probabilit§in Figure12.1-2). This compound
route/fuel/glide rangdaerial search/drift probability ishe joint PDFshownbelowin Figurel5.1-1.

50%

i
i

PDF of 30%
Route, Fuel, \
Glide, Aerial 20%
Search, & Drift
Probabilities
(%/°) 10% /
0%
-10%
-45 -40 -35 -30 -25 -20 -15 -10 -5

Point of Impact Latitude Near Arc 7 (° N)

Figurel5.1-1 Probability of MH37C0crashlatitude near Arc 7

It is interesting to note that this result hardly changes if one excludes the route probability. The southern edge
of the acceptance zone of latitudes is set by the fuel/glide range probability. The northern edge is set primarily
by the aerial search prolbdity. The drift probability is aligned with the zone between those limits and enhances
it.

We effectively havéhree independent indicatoref a crash in the vicinity 684 :
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a. the combination of the fuel/glide range/aerial search probabilities,
b. the peak route probability, and
c. the drift probability.

Their agreement is a goaddication that the aircraft crashed not too far froi84 . How else could athree be
substantially wrong and by the same amount?

An expanded view of the compound PDF over the latitude range of interest is sh&igural5.1-2.

= LEP latitude with probable glide range
—Latitude boundaries for 90% CPD
--Pleiades latitude on crash date
—Overall compound PDF

50%
45% /’\
40% / \\
35% / \
Overall 30% / \
Compound
25%
PDF / I\
(%/°) 20% :
|
/ '\
15% S :
/ : :
10% A— :
ox A -\
: |
0% : : e —
-39 -38 -37 -36 -35 -34 -33 -32 -31 -30 -29

Point of Impact Latitude (° N)

Figurel5.1-2 Probability of MH370 PQhtitude near Arc 7

Thesolidblack line is theompoundprobability that the9M-MRO point of impact was at a given latitude near
Arc7 considering route, fuel, glide range, aerial search, and debris drift probabilities.

Thelatitudesfrom -32.9 to -364 (as indicated by the two verticablidgreen lines) arevithin about8X of the
peak probability(which occurs at34.3"). This latitude region, with a width af 94 NM from Arc 7, contains
about 90% of the cumulative probability distribution (CPD).

Thetwo vertical dasheded lines inFigurel5.1-2 are the boundaries of the latitude range of the Last Estimated
Position (LEP) predicted by UGIB (2@2203 and minushe estimated probable glideangeof 47 NM (i.e.i 1s).
The close agreement shownhkigurel5.1-2 implies the posffuel-exhaustion glideangeis more likely than not

to be less than 4RM.
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The estimatedocationon the crash datef the COSM&skyMed/Pleiades objects é&85.4°N, 92.8°[Hannello
(2021a)]is not ruled outby Figurel5.1-2. This location is shown by the bldetted line inFigurel5.1-2.

16. Impact Zones with Assume@ourse

We estimated the boundaries of MH370 locatiat the times of various events in the vicinity of Arc 7, assuming
the route from BEDAXo the UGIB LERas flown This assumption is not certain, but there is evidence in the
route fitting results that its probability is the highest among all the routes we analysed. Therefore, we use these
location predictions, based on the LEP route, to prioritize searching witiniecommended zore (whichmake

no assumption regarding this particular rolite

16.1. LEP Route Boundaries

Our predictions of the MH370 locations at various times near fuel exhaysissaming the UGIB LEP rowias
flown, are shown irFigure 16.1-1 below.

LEP Route

The black dashed vertical line is the bssouthbound track from UGIB (2020)his course passes through
waypoint BEDAX and has a true bearing of 18Be blue diamond is where thatito-piloted coursentercepts
Arc 7(shown by the blue lingdirca00:19:29. This is the Last Estimated Position (LEP) from UGIB (2020).

Arc 6 at00:11:00 UTC

The green diamond is the estimatadcraft position atArc 6(the curved green linegt 00:11:00 UTO.he green
parallelogram is the-8igma boundary of the aircraft location at 00:11:00KS G ¢ A ROKE 2F GKA A
derived from the uncertainty in the fitted route longitude (as indicated by the pair of vertical black dotted lines).
¢tKS aKSAIKGE 2F GKS LINIEESEt2aANIY O6A DS D PreserKiSBTF y IS
readings. Thus, if the route assumption is corrdogre is a 9% probability the aircraft was inside the green
parallelogram at 00:11:00 UT®e therefore have afairly preciseestimate of the aircraft location at 00:11:00
However, the location error grows with time thereatfter.

Fuel Exhaustion at 00:17:30 UTC

The next time of interesin the endof-flight timeline for MH370, is the fuel exhaustion at 00:17:30 Ule.
aircraft locationat that timeisinside(at 2-sigmas) the gray parallelograiote that its width in longitude is the
same as the width at 00:11:00 (the green bd¥)at's because the autopilot was maintaining the track in the
interim, although the ground speed $s@smewhat uncertainThe uncertainty in average ground speed between
00:11:00 and 00:17:30 makes the gray box larger in the directéwmallpl to thecourse We know the aircraft
probably sufferedneengine flameout prior to 00:17:30Which iswhen the second engine flamed out), but we
don't know exactlywhen the first engine flamed out. Thereforéghe 00:17:30 box dimension along the track
allows the first engine fuel exhaustioto occurat any time between 00:11:0Qour earliest estimatejpnd
00:17:30(our latest estimate)If the first engine flamed out near 00:11:00 (which we think is more likely), then
the aircraft wouldhave slowed more and woulge nearer the northern end of the gray bdkthe first engine
flamed out close to 0Q7:30, the aircraft would be nearer the southern end of the gray bote that it is
possible, but not likely in this scenario, for the aircraft to have already crossed Arc 7 at 00:17:30.

Boeing Splash Point Simulations

The pink dotsn Figure 16.1-1 are thesplash points of th&oeing simulations, when their starticgursesare
aligned in time and also shiftedo be due southon the assumed track from BEDANXote most of
the Boeingsplashpoints are to the "left side" of the autopildtack

BobbyUlich andvictorlannello June 62023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



50

Predicted MH370 Crash Zones Based on LEP

—=—-Autopilot Track from BEDAX to South Pole [UGIB(2020)]
4 Last Estimated Position (LEP) at 00:19:29 UTC [UGIB (2020)]
# Predicted MH370 Position at 00:11:00 UTC [UGIB (2020)]
== =Predicted Aircraft Zone at 00:19:37 UTC
Search Area A1 from UGIB (2020)
Predicted Aircraft Zone at 00:11:00 UTC (Arc 6)
------ 2-Sigma Boundary of Longitude of Autopilot Track
=== Predicted Aircraft Zone at 00:17:30 UTC
m  Predicted 7 March 2014 Location of COSMO-SkyMed & Pleiades Objects
——Arc 6 at 00:11:00 UTC (+/- 6.7 NM)
— Arc 7 at 00:19:29 UTC at 20,000 ft (+/- 6.7 NM) [UGIB (2020)]
=== Boundary of Crash Zone #1 (impact prior to 00:21:07 UTC, when IFE message was not transmitted)
== Boundary of Crash Zone #2 (impact prior to 00:33 UTC, after maximum glide of 70 NM from Arc 7 at FL200)
Boundary of Crash Zone #3 (impact prior to 00:44 UTC, after maximum glide of 140 NM from MEFE at 00:17:30 UTC at max altitude of 42,400 ft)
@ Aligned Boeing simulation splash points
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Figure 16.1-1 MH370 locations assuming the LEP Route
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Arc 7 at 00:18B0UTC

The aircraft location at 00:130is shown by the black dashed "box" centemdArc 7.Its width perpendicular
to the 7th Arc is set by the BTO noi#ts. width alongArc 7is set by thenaximum distance the aircraft could
have flown fromall points withinthe 00:17:30 box in the-thinute interim (which is 16.6 NMNow we know
the boundary of the aircraft position at 00:19:30 (the black dadbeahdary).

Missing SATCOM Transmission at 00:21:07 UTC

The time of the expected, but not detected-Flight Entertainment (IFERansmissions 00:21:01JTCIt appears

that either the aircraft crashed before that time, or possibly it was in an unusual attitude such that the SATCOM
antennas on the aircraft did not have a clear view of the satellitgpossibly the APU ran out of fughe solid

red line bounds the aircraft locatiocait 00:21:07 UTQysing the maximum possible ground speed tfog 1:37
elapsed time between Arc 7 and the IFE transmiss8m i the aircraft had crashed by 00:21:0ithis scenarip

the POI should be inside the redne In this case there would haveeen no pilotedextendedglide.

70NM Glideuntil 00:33:00 UTC

The largebrownd NI O S (i NI O $héws arRaddjfidhal RIENM glide ran@em Arc 7 atFL200. We believe
it is highly probablén this scenario thathe MH370 debris field is within this MM-glide zone.

140 NM Glideuntil 00:44:00 UTC

The very large blackacetrackindicates the 140 NMnaximumglide boundary from the maximum possible
altitude (43,200 feetat MEFE at 00:17:30TCandwith animpactnot later than00:44:00 UTC. This boundary
providesclose to 100% certainty of containing the P@he BEDAX route were flown.

16.2. Search Area Al from UGIB (2020)

The orange rectangle Figure 16.1-1 above is thgproposedSearch area Al from UGIB (2020). It encompasses
almost all of the newly predicted 00:21:07 zone and extends farther from Arc 7.

17. Search Recommendations

17.1. Prioritised search zones
Our prioritised ecommendatios for a future sedfloor search for the MH370 debris fietde as follows

1. Closely inspedhoseportions of the area from32.9 to -36.4, andwithin the previously searched width
along Arc 7which are

a. holidays (i.e., unsearched areas),

b. areas with difficult terrain,

c. areas with lowerguality sonardata, and

d. previous contacts bO Phoeniand Ocean Infinityhich could be misclassified.

This Zone 1 is the area enclosed by the white rectangtéguare 17.1-1 below. When ttose portions

listed above are completedZone lincludes22% of the cumulative detection probability (CDR)e
recommend prioritising the portion of this Zone 1 whishlso within the predicted 00:21:07 boundary,
which is shown by the red racetrack (i.e., Zone 1A). Zone 1B is that portion of Zone 1 which is outside
the 00:21:07 boundary (i.e., outside the red racetrack), and this area is lower in priority than Zone 1A.

2. If #1is unsuccessful, then widen the search t6(MNM from the UGIB Arc 7. Tldsne 2achieves a 90%
CDPRand it is indicated by the purple racetrackFigure 17.1-1.
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3. If #2 is unsuccessful, then widen the search to + 140 NM from the UGIB. AhisZone 3achieves a
98% CDPand it is indicated by the very large green racetradkignire 17.1-1.

These three recommended search zones (Zor&sahd the possible 00:21:07 boundary (which segregates Zone
1A from Zone 1B) are shownhigure 17.1-1.

We hope future searches for the aircraft debris field will be successful, allowing the potential recovery of the
flight data and voice recorders, which may assist in the determination of the cause of the crash and define the
exact route flown.

Zone1lBis
the area
between 1
and 1A

Figure 17.1-1 Map of recommended search zones
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Appendix A- Drift Probability Theory

A.1.Type tassification of MH370 debris reports
There arethree possible types of MH370 debris reports:

1. Type | is positivedebris report with a specific findingcationbut no specific finding dateAn example
of a Type | Report is that a MH370 spoiler pgbd&5)was found in Ferreira Town, South Aftica

2. Type Il is gositivereport with a specifidocationand a specififinding date. An example of a Type |l
report is that the MH370 flapero(D2)was foundin La Réuniomon 29 July 2015.

3. Type lll is aegativereport with a broad location and a very broad time window. An example of a Type
Il Report is that no MH370 debris were found in Western Australia.

The difference in the Type | and Type Il positive reports is having a spedifigdate. All but one ofthe debris
listed previouslyin Table 3-1 are Type lteports, because they have a specific finding location and date.

For Type | Reports (of a debris being reported at a specific loaatig)) the crash latitudgrobabilityis simply

the fraction of total trials per crash latitude bin that are predicted to arrive multiplied by the fraction of predicted
arrivals which are reported. That second fraction (the conditional probability of being reported given that a trial
was predcted to arrive = fha) only appears in the numerator of the PDF for Type | Reports. So, one cannot
compute aPDHor Type | Reports unless one knows or assumes the time dependengg.oftis unnecessary

to know the location dependence of/R2 for a Type | Report, since there is only one location (not a broad zone)
and the area under the PDF must equal unity (since one debris was reported with 100% prgbatilibknown
constant is normalizednywayby the area constraint. Thus, one must assume the time dependencgOfd?
assume there is no time dependence, to compute a PDF for a Type | Report.

The unigue andsignificant advantage of a Type Il report is that no knowledge of additional parameters is
required For a Type Il Report, tipeobabilityis the fraction of the trials (from a given Pi@titude bin) predicted

to arrive within a distance limit from the reporting site which also arrive in a time window (centered on the
estimated arrivingdate). For Type Il reports, itloes not matter what the conditional probability of being
reported is given that a debris was predicted to arrive, becausetite same for all P@dtitude bins We don't

have to know i value or how it varied with finding location, or how it varied with time, to compute the Type Il
PDF because that conditional reporting probability is the same value for alld®@ide bins.

We also assessed the utility of a Type Il (negafepdrt for Western Australia for refining the predicted MH370
POI. That depends on the information content of the report and on the knowledge of additional parameters
needed to compute the probability density function (PDF) over thel&@ide range.

The Type Il (negativ&eports have a significant disadvantage compared to Tyfpoéitive) Rports becausg

to compute the PDF of crash latitudee must know or assume the conditional reporting probability as a
function of arriving location and time. In addition, for Type Ill Reports we must know the total number of
findable debris created by the crash.

For Type llleports, the PDF is thé th power of one minus the probability a debris was reported, for each crash
latitude bin, whereN is the total number of debris which existed during the period of the-report. So, for

Type llreports, one must know the value off2, and how it varies with location within the ngaporting zone,

and how it varies with time. Assuming it is a constant is not sufficient (as was the case for Type | Reports) to
compute a PDF. The PDFs for negative reistsdon't have known areas (because no debris were found).

To summarize, for Typerdports (ith a finding location and date), we do not need to know or assume anything
about Rypa to compute the crash latitude PDF. For Type | Reports (giving a finding location but no date), we do
not need to know thevalueof R/pa, but we mustknow if andhow it varies with time. For Type Ill Repos (
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negative report for a broad zone and a very broad time window), we must know the valug@\er the broad
zone and over time and we must know the number of deldrig herefore, the information content is the highest
in Type Il Reports, and the lowest in Type Il Reports.

A.2.Probability considerations

From a theoretical point of view, one must first understand that the list of debris locations we have are based
on an impact at thectualMH370 POI. That is, the MH370 debris sites will lggveerallyfavorable probabilities,

on average, of arriving from the true MH370 POI latitufiests from other assumed POI latitudes will have
different, and generally lower, average probabilities of arriving at those same sites

In our prediction method, for MH370 only, we compute the probability that a trial drifter is predicted to arrive
at the given debris site (within a distance lingt)dat the specified arriving date (within a time error limit). This

is the probability that a trial drifter is predicted to arrive at the given MH370 debrisasitiat the given time

(i.e., boththere andthen). It is conditional, based on knowing the location of the MH370 debris site. This specific
type of conditional probability is applicakie the MH370 case, but not to the othgalidationtests at different

crash latitudes, because the MH370 debris sites are not typically representative of the likely distribution of debris
reporting sites from crashes at other POI latitudBEsis difference means that we must use a different equation

for predicting the probability of the validation tests than the equation we use for the MH370 case. The MH370
finding locations are known to be compatible with the geographical dispersion of Méatis, but hose same

sites may not be representative of the typical geographical dispersion of debris from different locations on Arc
7. Ignoring this difference necessarily leads to biased predictions of crash latitude.

For test latitudes which arguite different from the actual MH370 POl latitude, using this type of probability (of
arriving boththere and then, leads to errors and ambiguity in the Joint PDF. A different probability metric is
required for POI latitudes which are different from the MH370 POI latitude, and we used a different metric for

all nonMH370 test cases. The reason for this change in probahildyic is that we do not have any lists of

actual debris reporting locations for differentcrash latifud G Ky GKS | OGdz-r £ al otn ONJ
yet know that latitude for certain).

The best we can do for neMH370 tests is to compute the conditional probability that a trial drifter will arrive
at the given date, given the condition that the trial drifter did arrive at a MH370 debris site. In simple terms,
what is theconditionalprobability that a trial drifter which arrived at a MH370 debris site did so at the given
date?Giventhat a trial drifter arrivedhere, how likely is it that it arrivethen (i.e.,on the given date)?

For nonMH370 tests, we haviessinformationavailable to udecause the debris sites are generally distributed
differently for assumed POl latitudes different from the MH370 POI latitiiehave thesamenumber of dates
but there ismore information in each of those dates for the ndmH370 tests because they are arriving dates,
not finding dates.

For MH370 we have a list of (reasonably likely on average) arriving locatidadist offindingdates. For non
MH370 tests we have a list of arriving dates at the MH370 debris reporting locations. Therefore, the information
contentis different

Despitethe different information content in noAMH370 tests, weound it possible tomake accurate POI
predictions over a wide range of assumed crash latitudésre isgenerallyadditional noiseas a result having

a finite number of trials. With an infinite number of trials, th&tistical noise for thewon-MH370test cases
would be comparabléo the MH370 caseThis increase in statistical noise for the AdM370 test cases is more
than compensated by the fact that we have seventeen specific arriatesdeach with zero reporting delay.

Not needing to fit an unknown reporting delay improves the precision of the validation test cases compared to
the MH370 prediction.To evaluate the impact of using the MH370 debris sites for the-MbiI370 test
predictions, weanalysel the various probability equations and determined the prediction noise.
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A.3.Probability equations
We define thevariousprobabilities in the following equations.

Let Nriais (- )¢ the number oftrials originating in a Zwide latitude bin centered at crash latitude 6 4 KA OK A a
integer). The sum of Nais(- ) over the latitude range fron8 to -44 is 86,400. Mais(- ) varies froml,596at -
9 to 7,714 at-44 because the density of trials alodgc 7is nearly constant, but the slope of the arc trends

towards eastwest as the latitude becomes more negative, allowing@e southernlatitude bin to contain
more trials.

Let N6 5 X 1 fhé nimber of arriving trials from P@I I G A 4§ dzRS oAy . GAGKAY | RA&G
2T RSONRA aA0S 5@ ¢Kdzasxs GKS&aS OGNARIFfa FNNRAGS ol G ao
CSIRO calculation window frorl@27DAC.84 5% . = 0 A & aA YLX & dakt@le hynderoseS NJ 2 F
0Sad | LILINBIFOKSAE Tt f limitd/d ARSY @ & Bé dBthrddmatidnidde drakvh floinl y O S
the arriving trialdays list, which includes miss distances up to 56 km, the maximum value of the distance limit

in our calculations is therefore 56 km. The optimum distance limit is usually smaller, depending onahe are
density of the cloud of trial driftersear the debris siteA greater cloud density allows the use of a smaller
distance limit, improving the crash latitude discrimination.

Equationl) LetPDK(D, X T aonstant-Ng(D,, X " Ngias(K )

be proportional to the fraction of trials from a given latitude birwhich arrive at a given debris siwithin

the distance limit . PDkis a probabilitydensityfunction, because it has units of probabiliggr degree of POI
latitude. It is also @onditionalPDF because it varies with the debris site D under consideration. The constant in
Equation {) is determined so the sum of the PDF over all latitude bins is unity. So, the condEajtation {)

is simply the inverse of the sum ofi{(D,, ~ " Niiais( ) over all. .

Let Ned® 5 X . 3tHe Bumber of arriving trials from P@1 I G A G dzZRS o6AYy . GAGKAY | RAA&
and within an integer tim& NNE NJ € AYAd 2F _ Rl&a 2F dUKS FNNAGAYy3 R
the distance and time windows for debris siteME Y ONJ 4K f I A GdzRS . ® ¢KS GAY!
gAROGK 2F RFréa FyR | Fdzf f -SNIRBEINI 2FY M bl &RSE dduld §

Equation®) LetPDRd(D,, X "Xxonstant-Nied(D, X =~ Nyga®)( ) K

be proportional to the fraction of trials from a given latitude bin which fall withoth the distance and time

windows. PD«A & aA YL &8 GKS LINRPOFOAfAGE LISNI RSANBS O0ADSD:
latitude bin arrives in both the distance and time windows. We use this equation for the MH370 case. Summing
the trials arriving within distance and time winge is equivalent to integrating thaéiscreteprobability density

function (PDF) between the window limits.

The combination of distance and time windows creates a psaadiome forcountingli NA I f a ® ¢ KS a @2 f
area of the distance window.¢.,a circle of radius0 G A YS& GKS RdzN}Y A2y 2F GKS
units of kn# - days. The larger the volume, the larger is the number of arriving trials inside, and the lower is the
noise, but the selectivity in POI latitude decreagéading the optimum window dimensions is key to maximizing
prediction accuracybecause that occurs when we achietfee best balance between noise and latitude
discrimination. The prediction accuracy will be degraded when this is not clowhen one uses windoswf

fixed dimensiosfor allPOI latitudes or for atlebris sites.

Equation8) LetPDR 065 % . Xconstanh Nwd0 5% . X 4635 30, 3K* Ub

be proportional to the fraction of trials from a given latitude bin which fall within the time window, given the
condition that the trial falls within the distance window. Thus, ®0O§ the conditional probability density (per
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degree) that a trial which is in the distance window will also be in the time window, for a given debris site. We
use this equation for the neMH370 test cases.

One can combine the above three equations as follows:
Equation4) PDa05 . X 3 _ (PDhgd0C623Y, a3 FHDH0T kKO @ 5 C

This equation demonstrates that the difference between what we use for theNidiB70 test cases (which is
PDlrd) andwhat we use for the MH370 case (which is RBHRs simply PQEPDE is the fraction from each
crash latitude which arrives at the debris site. In this case, it does not vary wildly, but it varies sufficiently to
create ambiguity in the predicted crash latitude, if one were to useiddDér non-MH370 test cases (as we
demonstrate later in this paper).

A.4.Calculation window

The finite length of the calculation window has no material effect on the prediction accuracy of the MH370
latitude, which is based on the Joint PDF calculated by multiplyingdbation 2) probability densities for each
debris site. That is, fdEquation ) there is no systematic bias error so long as the calculation window extends
beyond the end of the time window. For the seventeen MH370 debris sites wesadatlye calculation window
extends past the optimized time window for each debris. However, for theMBI370 test cases, we must use
Equation 8) for the singledebrissite PDFs. Recall that a PDF is simply the probability density distribution scaled
by aconstantfactor such that its area (when integrated over all POI latitudes) is unity. The denominator in
Equation 8) is Ni(D,» 2),’'which is the sum of the trials that fall within the distance limit. When the calculation
window is of finite length, but longer than the end of the time window, a few late arrivals can be missed which
would have arrived in the distance window if theadation window were sufficiently long. From Figare-1

we can see that this occurs primarily for latitudes south36f. It also depends on the distance frofnc 7to

the debris site, with closer destinations, suchLasRéunionsuffering little or ndoss of late arrivals, but South
Africa being substantially affected. Therefore, in a few encounters, there will be a bias to higher probability at
the most southerly POI latitudes caused by the exclusion of late arrivals in the denomingtpration 8). This

bias error tends to accentuate the probabilities near the southern endrof7 especially circad0 . This
limitation, resulting from the CSIRO choice of 1,028 days for the length of the calculation window, does not
appear to preclude reliable predictions using our method even t@®4@lthough the shape of the PDF in that
region is slightly affected and some distant debris sites are excluded, resultgdpiredprecision

A.5.Statistical noise considerationfor validation test cases

Note from inspection oEquation 4) above that the fractional standard deviation of the statistical noise idDF

is larger than the fractional standard deviation of the statistical noise in the numerategdiyRhequadrature
addition of the fractional standard deviation of the noise in the denominatorgPR&call that the variance of

the statistical noise in a trial counting value is proportional to the number of counts. So, the fractional noise in
P4 causes the fractional noise in RI@ko be larger than the fractional noise in RE}F

To assure the statistical noise in a PDF (computed using one of the probability equations listed above) is not
excessively highor the nonMH370 validation test casege appled two conditionsusing Method bver a 3
degree wide region of interest (ROI) which is centered at a predicted POI latitude:

a) the minimum number of trials simultaneously in both the distance and time windows is at least 2 per
latitude bin, and

b) the average number is at least 5.
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For a very few debris sites which are unlikely to be reached from the assumed POI latitude, we relaxed these
limits to a minimum of 1 and an average of 4 trials in the ROI. This allowed additionaidgibgksite PDFs to
be used in the Joint PDF in avfenarginally adequatencounters

We found experimentally that having an average number of counts in both windows of at least 5, and typically
6-7, is an effective compromise between statistical noise and obtaining the best available latitude resolution
with about seventeen debris sites.ifléning the windows to obtain additional counts broadens the Joint PDF
peak because of reduced latitude discrimination. Similarly, narrowing the windows to obtain fewer counts also
broadens the Joint PDF peak, in this case because of the higher noisé\tjusting the windows to obtain an
average number of counts per bin in the ROI -0f produces the narrowest Joint PDF peak, which has the best
POllatitude selectivityfor the validation test cases.

In order not to eliminate certain latitude bins which may have low, or extremely low, probabilities, we assume
that latitude bins for a given encounter with zero counts in the time window have one count. Since any latitude
bin with zero counts in the timbin in any of the singldebrissite PDFs will have zero probability in joant

PDF, we want to prevent a single noisy result from eliminating a latitude bin altogether (by forcing-a zero
probability product). The result of setting the minimum number aofunts to one instead of zero is to
overestimate extremely low probabilities. In this case, with only a handful of counts in many bins, we choose to
accept that bias in order not to call a lgwobability bin as being of zero probability. In other wordsthis
situation the uncertainty in zero counts is sufficiently large that it can sometimes include one count, so one
cannot say with certainty that zero counts is zero probability, only that the probabiligrysbw.

Similarly, when the number of trials in the distance window is one or zero, it is difficult to estimate the probability
because the relative statistical noise is very large. In this case we set the probability to the inverse of the total
number of trialsm both the distance and time windows over all latitudes. This substitutes a low probability when
the statistical noise is so large that the low probability value is impossible to estimate with any degree of
accuracy.

Neither of these lowprobability substitutions can occur in the region of interest (which is centered at the
predicted latitude) because of the minimum and average count requirements in that zone. They can only slightly
affect the lowprobability wings ok PDF, to prevent any probability from having a value of zero (which should
not occur anyway if the number of trials were sufficiently large).

A.6.Distance and time window optimizationsor validation tests using Method |

We optimize thewidths of the distance and time windows for each encounter using an evolutionary
maximization process in EXCEL. The FOM to be maximized is the output of the convolution of a matched filter
(MF) with the singlalebrissite PDF. The matched filter has values &, 1/3, and 1/3 across the-Bin wide

ROI. So, the centdsin PDF value is equally weighted with the values in the two neighboring bins. This flat
topped matched filter is needed to avoid biasing the latitude prediction for the génesacase in which the
assumed crash latitude is not an integer number of degrees. The ROI location process is such that its central
latitude will converge to be one of the two integer latitudes nearest the true POI latitude, the true latitude being
either on the higher side or the lower side of the center bin in the ROI (if not in the center bin). We ubad a 3
GARS KGWZLIYI 6OKSR TAL GSNE | aa dzMdrgcHatitidi aréi always B thé BA  y S |
and therefore are used in theimdow optimization FOM. In addition, averaging three bins rather than using just
one bin reduces the noise in the FOM.

Using a ROI allows finding the POI region that is most sensitive to POI location, because over that ROI the
probability functions are similar in shape, being primarily different by a shift in arriving time, and narrower in
time than when at moralistant PQregions. Note that the maximum likelihood estimator of the POI location is

not simplythe bin within the ROI with the highest probability. Instead, we use the ROI to identify the POI bins
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near the probability peak, to which we then fit a continuous probability function, the ceptak latitude of
which is the maximum likelihood estimator of the POI latitude.

Typically, the separation of peaks in a siFdgbrissite PDF is-8 . Using a 3wide ROI excludes all the peaks
but one, minimizing the bias which would be introduced if multiple peaks occurred within the matched filter.
¢tKdzas GKS Cha FAEGSNIAAa aYlI GOKSRe¢ G2 GKS GBLAOKE g

We did not use a matched filter narrower thanifl latitude because it can optimize a noise peak in a single bin,
which is undesirable because it results in bias error in the predicted latitude.

We excluded encounters with very wide windows having distance limits larger than 56 km and time limits greater
than 100 days. Those predictions would have poor origin discrimination and would degrade the latitude
resolution of the Joint PDF.

The time window width is typically less than half the duration of one arriving wave when the trial density is high
at the debris site. When the trial density is low, the time window width approaches the duration of an arriving
wave to achieve adequate statics.

Note that, because the PDF is constrained by scaling to have unity area, the window optimization process can
increase the PDF in the ROI by two means. First, itncagasethe number of trials in both the distance and

time windows inside the ROI. Second, it caducethe number of trials in both windows at other latitudes
outside the ROI. When the latter occurs, the PDF values in the ROI are increased by the scaling to maintain unity
area. Thus, the window optimization effectively maximizes the diffexénthe average probabilities inside and
outside the ROI.

For the validation tests using Method lewiind initial guesses for the window dimensions by first increasing the
distance limit so that we get an average of about fifteen trials in the distance window per latitude bin in the ROI.
Then we increase the time error limit so that we get an averagdigtitly more than five trials in both windows

per latitude bin in the ROI. This starting point assures the minimum threshold values are met, and typically we
find the optimum solution is not far away.

Because various combinations of distance and temer limits can result in similar numbers of trials being in

both windows, the optimization of th&lethod Iwindow sizes is complicated by the presence of multiple local
peaks in the FOM we are maximizing. Therefore, one must use an optimization method which can, by trial and
error, locate the global maximum and exclude other local maxima, within the allonafdes of the two fitted

window sizes. This wide area search of the solution plane (implemenfed/\8 G KS GS@2ft dziA2y|
EXCEL) is quite time consuming, even when allowing only integer values of the distance and time error limit,
because there are thousands of combinations of the two window dimensionga. &¥bit personal computer

with 8 cores at 2.89 GHa,single evaluation of the FOM &8 secondsandthe window optimization process

typically takes about 15 minutes to converge for one encounter, depending on the initial guesses of parameter
values.

Note this initial analysigasing Method fits window dimensions which are assumed to be independent of POI
latitude for a given debris. Making that simplification allows the processing to be completecbmvaniently
shorttime over the entire latitude range. However, it introduces small errors in the PDF values because at some
different latitudes the RGbased window dimensions are not close to the optimum values.discussed
previously in this paper, Methods Il and Ill avoid this error and were usédei MH370 caseThis slightly
improves the PDF prediction accuracy, but at a very high cost in processingrtime we used the initial,
approximateMethod Ito predict the POI latitude and to validate tgeneral approachThen we used the more
accurateMethod Il to obtain ourMH370result.

A.7.Encounterexclusionrules
We exclude encounters from thjeint PDF calculation when any one of the following rules is not met:
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a) Asdescribedabove, in all test cases we exclude encounters from inclusion ijothePDF which do not
have a have minimum number of trials in both the distance and time windows of at least two and an
average number of at least five per latitude bin in the ROI. Otherwise, the PDF is too noisy because of
inadequate trials for this delsisite and arriving date.

b) We alsoexclude any encounters for which the end of the biistime window exceeds the calculation
window of 1027 days after crash. Eliminating these debris sites avoids biasing the predicted latitude due
to clipping different portions of the arriving frequendistribution of each latitude bin which would have
arrived after the end of the calculation window. We note here that this rule does not exclude any of the
debris sites in the MH370 test, because CSIRO set the calculation window sufficiently long sotimelud
trials from thoseseventeen debris sites we useHowever, it does exclude a few rtiH370 singledebris
site PDFs because some of the randomly selected dates fall too close to the end of the calculation window
to avoid the time window extending beyond the end of the calculation window during the atiron
process. We found that, despite having fewer dates for the-MhB370 test cases, we were still able to
make precise predictions. One co@dsurethat no dates were excluded by this rule by limif the range
of dates over which an arriving date is randomly selected for a test case, but we found this to be
unnecessary. However, the additional noise for POls A€aresults from the calculation window limiting
both the number of trials in the distance window as well as excluding a few trials with late arriving dates.
This additional noise increases the uncertainty in the-lB@ude predictionof validation test casesirca
-40 by a factor as large as two or three compared to POls 13dar

A.8.Joint probability distribution function

The overall probability that the testase2 NA 3AYy A& 0 | IAGSYy thL fFGAGdAZRS
singledebrissite PDFs. The Joint PDF is simply the product of all the individual PDFs for each debris site (up to
seventeen of them), because the overall probability is based ordhéitionthat a trial debris arrived at each

of the seventeen sites. So, theint probability is the probability that a debris arrived at Siteafhd a debris

arrived at Site 2anda debris arrived at Site 3te This is computed by taking the product of the PDFs at Site 1,

Site 2, Site 3, etc.

Thejoint PDF is therefore the product of the 17 selected shulgbrissite PDFs:

Equation) W2 Ay { t15COnstanEPpI 5€C05%. X X _ 03X
where the singledebrisa A 4GS t 5 C06 5 X . Exjuadion §) asiPidz: BHAMBSAD and ByEquation B) as
PDFq for all nonMH370 test cases. We use the producEiquation $) because the Joint PDF is the conditional
probability thatall the events are true. Therefore, the combined probability is the product of the individual

probabilities that each of the events are true. The constarEguation §) is chosen so that the area under the
joint PDF is unity (i.e., the cumulative joint probability is 100% over crash latitudes8roon-44 ):

Equation§) Constant 1/1, [Ppt 5C05%Z. X" Z_0 60
The peak value of th@int PDF indicates the P@titude bin which is nearest the true latitude.
Every set of debris locations and every POI has a ufiguiePDF. No twgoint PDFs are the same.
A.9.lterating theregion ofinterest (ROlwhen using Method |

The process of estimating the POI latitude to locate the ROI is iterative. First, we view the seventeen single
debrissite PDFs, calculated using fixed time and distance windows, to identify one or more common peaks.
Then, we set the latitude of the ROI i$® center is aligned with the latitude of thmostcommon peak. Next,

we compute the singlelebrissite PDFs (each with unique optimized window dimensions) angbthePDF. If

the joint PDF has its two largest adjacent values within the ROI, we cottsgdROl to be converged. We repeat
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this process, if needed, by adjusting the center of the ROI to include the peak bin and itsvailgieel neighbor.

If there are multiple peaks in theint PDF which have amplitudes of the same order, then we repegbthe

PDF calculation with the ROI located at the other peaks. In all cases we found that one peak is clearly higher
valuedby alargefactor. The latitude of the actugbint PDF peak is then approximated by the latitude of the
central bin in the ROI, as an initial value, when fitting jinat PDRwith a gaussianjo obtain the maximum
likelihood estimator.

A.10. Interpolating the peak latitude

Once the ROlis convergedandjpeA y i t 5C Kl a 0SSy RSGSNXYAYSRZI jotS LIS NJ
PDF valuesofthef I GAGdzZRS oAya ySFENI GKS LISF1{® 28 FAd Go2 LI
which is then binned to 1to match the I-wide POlatitude bins. We fit the central latitude and width)(as

free parametersThe amplitude is then computed so the area is always ukty.minimize the sum of the

squares of the residuals within the ROI. We use fractional residualseditting errors when the binnegbint

PDF value is greater than 1% because the fractional noise of the Joint PDF values is relatively constant over the
principal peak. For binngdint PDF values less than 1%, we use the unmodified fitting residual.

We do not fit the peak amplitude of the gaussian Joint PDF as a free parameter because it can be calculated
directly from thefitting parameters and theum over the ROI of tHeint PDF. Note that the areas of the discrete,
OAYYSR 3l dzaaAly FyR GKS dzyoAyySR 3l dzaaily W2Ayd t5
gaussian area to be one minus the sum of the (binned) Joint PDF values outside the ROI. Thisteaigd cons
assures the sum of the binned gaussian area inside the ROI and theairiee., sum) of th@int PDF binned

values outside the ROI is unity. In many cases the area inside-thiel @ ROl is 989% of the total area (which

is 100% by definition). In addition, since the gaussian area = constant X peak amplitude X width, the area
constraint allows the peak amplitude to be directly calculated based on the value of the (free) widthgtar

and thejoint PDF area inside the ROI. Thus, we do not need to fit the peak amplitude as a free parameter.

The besffit POI latitude of theunbinnedgaussiarjoint PDF at its peak amplitude is the final, interpolated-POl
latitude prediction (i.e., the maximum likelihood estimatiarsing Method |I.

Empirically, we find the binned gaussianifiithe validation test cases excellent. This interpolation method
allows estimating the POI latitude between bin centers to within a fraction .of 1

The T width of the bestfit (unbinned) gaussian Joint PDF indicates theuhcertainty in the POlatitude
prediction when the number of trials is very large. Thus, the estimated standard deviation of thatiR@é
prediction is at best the 1width of the bestfit gaussiarjoint PDF. The area of theint PDF between the &1
and-1s latitude limits is 68%, so 68% of the time theak locatioris within Is of the true value. The width of

the peak in thgoint PDF depends on the statistical noise (mooese = broader peak) as well as on the latitude
selectivity of the ocean drift processes and our prediction method, which varies by test case. Less latitude
selectivity (i.e., less discrimination) results in a broader peak. Each test case has a udiljuanditherefore a
unique value of standard error limit in the estimated POI latitude. The noise level jpithd’DF varies from

test case to test case, because the number of usable steflessite PDFs varies from 414. The assumed POI
locationsfarther from the true MH370 crash location have fewer usable sidglerissite PDFs, because a few
MH370 debris sites are unlikely destinations for the assumedcastPOl. These unlikely destinatiods not

always have an adequate number of arrivals to compute a meaningful slaghéssite PDF, and the statistical
noise for that debris site would then be unacceptably high. In addition, some randomly selected arriving dates
occur after the end of the calilation window, and those PDFs avecluded.

A gaussian function was selected for the model of the aghiat PDF because many noise processes have
gaussian probability distributions. In addition, the convolution of several functions, even with different PDFs,
tends to become gaussian. Our choice of gaussian is validated by the excellent fits of the JoinsPDlnly

two free parameters to fit three data points with extremely small residuals.
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Appendix B- Description of Processing Method

B.1.Selection of debris recovery sites

We used seventeen of the MH370 floating debris recovery sites for théaBte prediction. These selected
locations have a high probability of recovered debris being from MH370, and all are weppres. We did not

use the additional reports, when multiple debris were reported at the same place and at the same time. Those
reports are redundant because we only have one reporting date at such places for the MH370 case. Thus, if we
used multiple random arwing dates at the same place for the test casksy would have an unfair advantage
compared to the MH370 case. We use the same number of random arrivingfdatbe test cases as we have
available for MH370 (seventeen locations and seventeen dates). Thus, the accuracy demonstrated in the test
cases wilapproximately correspontb the MH370 case

The accuracy of the MH370 Pl@titude predictionis improved comparetb the test cases at different assumed

POI latitudesdbecause the MH370 debris sites statistically represent likely destinations for MH370 debris, but
less likely (on average) destinations for origins at other POI latitudes. As a result of this fact, not all the seventeen
debris sites can be used to figureethrobability when the assumed POI latitude differs markedly from the actual
MH370 POl latitude. Some MH370 debris sites have aiuffly low probability of arriving, or a sufficiently late
arrival, that they cannot be used to predict the probability of origin from different latitudes using the available
CSIRO drift tracks. As a result of having fewer usable debris sites, thénnbiseverall predicted POI latitude

is increased. In addition, the noise in the probability density function (PDF) equatiamdasedfor the non
MH370 tests than for the MH370 PDF calculation, because a different probability equation must be used.
However, those noise increases are offset by the fact thanon-MH370 test cases have zero reporting delays,
which improves the latitude discrimination.

ForthePOM | GAGdzZRS NBGNARASGIE LINRPOS&aazr ¢S dzaS GRf ety >nnn
(2016and201®® ¢ KSasS LI GKa INB O2YLJziSR dzaAy3d GKS /{LwhQ
Centre forMediuraw I y3S 2 S GKSNJ C2NBOFadtaqQ NBlIylfeara 2F (KS
estimates of the ocean currents (and other propertiesDdf (latitude and longitude) resolution, relying on

satellite data for dayto-day accuracy. For this application, CSIRO assessdd h® dzNJ O& 2 Beali KS Y
surface velocities for the period of interest using satellitecked drifters (drogued and undrogued drifters being

treated appropriately), resulting in an estimate of thegionaltime-mean model bias which was removed to
compute trajectories more accurately. CSIRO computedfidqgeron D2 trial paths separately from other

debris, using a windage parameter and drift offset angle which were empirically determined by GBtiRCef

al (2017) using a genuine 777 flaperonfield tests. Each of the 86,400 trial paths begins within 25 km of the
CSIRO"Arc with an areal density which is constant per unit arc length, but which varies with latitude

David Griffin of CSIRO has kindly provided the predicted daily location of each trial drifter,0ptalays after

crash (DAC). Counting the crash date, we call this-FOR&® RdzN> GA 2y F2NJ G6KS / {Lwh L
gAYR2g¢é¢d 2S5 OFff SIOK RIAREBRELRBRAARY2YD ¢KdANX I S RK
position for eab of the 1028 days for each of the 86,400 trials. The CSIRO predictions -ofayiglsitions are

fully determined by the starting conditions. Thatrigpeating the same calculation, using the same origin and

crash date, always produces the same predicted drift path. What produces the randomness of the predicted
drift paths arevery minor changes in the origins. Thus, a tight cluster of assumed starting positions produces a
GOf 2dzR¢ 2F GNAIFfT RNAFGSNEEZ YAYAO(AYy3I GKS RAALISNEAZ2
created by higkspeed impact of aircraft 9NIRO wih the ocean.
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B.2.Computations

The CSIRO trial paths (a series of latitude and longitude positions) contain 86,400 X 1,028 X 2 = 177.6 E6 numbers.
In 64-bit Microsoft EXCEL, each number requires 64 bits or 8 bytes, so the storage required just for the CSIRO
trial drifter tracks is 1.4E9 bytes, or 1.3 GB. To make the necessary data manipulation possible to run in EXCEL
on an extremely fast PC in an acceptable amount of time and within memory limits, we first use a Python filtering
AONRLIG G2 LINBaSt-BIO& & 4 ¥naraBahldraieBidarwitifird56 &nNg¥) ledch debris site.

This radial distance is 30 NM, or ¥2 degree of arc on the sea surface. So, the diameter of the circle around each
RSONARAE aAildS 6KAOK O2y il Ay aRH &4 ¢ ldkdsattneAea Snfkle, tReBamie K A &
as the 1 wide latitude bins we chose for the trial origins. Thus, all the arrivingdegs in a latitude bin start

within a+ 0.5 wide band in POI latitude and arrive within O& arc from each debris site.

Next, from the list of arriving triadays (that fall within 56 km of a debris site), we select the earliest date on
which the trialday distance from the debris site is equal to the minimum distance for that trial, using only days

that fall within both the distance and time window limits. This date of closest approach is the most likely
LINSRAOGSR FNNAGAY I RI SIS GREARGK ¢FR2 NOISIHEOKI KINAG o S & Gd 1l
those distance and time windows. Note that the date difest approach for a given trial can vary with both the
distance and time window dimensions.

We further segregate the counted drift trials by starting location intordde bins centered on integer POI
latitudes between8 and-44 .

In summary, we do the following:

a) We make a list of those trialays whose positions are within 56 km of each debris site. This is done only
2y 0S® 9 OK RSONRA aA uRS eRiAca 10 2yQIS At yAZa Y F2yFe Al NNANRE ZBAS
numerous trialdays. That is, typicalla trial track is within the distance limit for several to dozens of
days because of the low average drift speed. In addition, the same trial may be on the distance lists for
multiple debris sites.

by 2S OIFff SIFOK O2YoAylLaAz2y 2F (Sad OFasS o6Hgp0d YR
= 493 encounters, we optimize the time and distance window sizes to maximize a Figure of Merit (FOM)
based on a calculated PDF.

c) For each encounter (i.e., the uniqgue combination of test case and debris site), we first count the number
of trials with origins in each P@ititude bin which have at least one trday within the distance limit
without regard to when this occurs. Thisthe number of trials in the distance window (per f&ditude
bin).

d) For each trial and considering all included tdals that are within the distance limit, we find those trial
days which are also within the time error limit, if any. We use integer days for both the DAC and the
time error limit. Among those triadays,we find the (integer) day on which the closest approach occurs,
g KAOK A dappiodch trigiFol Seastid ¢ KSy ¢S O2dzy (i Kappsoach frigildy G NJR |
which falls within both (time and distance) windows. So, for each pair of values of taragidimit and
the time error limit, we count the number of trials which have a day falling within both the distance limit
and the time error limit, from each P@titude bin. If this occurs on more than one day, we select the
first day on which the disince is minimized (among those trial days in both windows).

e) For each encounter, we find the distance and time error limits which maximize a PDF FOM using (a) the

number of trials per P@atitude bin, (b) the number of trials per P@titude bin which are within the
distance window and (c) the number of trials ge®Hatitude bin which are within both the distance
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and time windows. In some instances, a harrow distance window optimizes thatR@le selectivity
(by maximizing the PDF FOM). At other encounters a narrow time window is superior. In many situations,
modest windows for both distance and time provideximaum PClatitude selectivity.

f) The ratio of the distancevindow counts to the total trials originating in that R@titude bin is the
LINEOFOAEAGE F2NI I GNRFE RNATFAISNI G2 | NNAGS GGKSI
window.

g ¢KS NIGA2 2F GKS @&RA & datityd®Bn td tieRotalitdaly SartingOr2tiolay D& LIS N
frGAGdzRS 0AYy A& GKS LINPoloAftAGE F2NJ I GNRFf RNA
to analysethe MH370 test case only.

h)y ¢KS NIXGA2 2F GKS aRA&GFYOS YR (G4AYSE¢ Oz2dzyida (2
F NNA PGS aiKSyés AAGBSYy GKFEG AG F NNR O SMH70tdsticSeE ¢ & ¢

Altogether, we processed 493 encounters comprising twenitye test cases, each with seventeen singgdris
site PDFs.

The probability density function is simply the probability per-R@iude bin. The sum of the PDF over all bins is
100%, because it is virtually certain (i.e., 100% probability) that MH370 debris arrived at each of the seventeen
debris sites we procesbpm somewhere nealrc 7. Therefore, we accumulated 29 X 17 = 493 optimized PDFs
for computing the twentynine Joint PDFs, one per test case. The peak value in the JointiPDDE imostlikely
POHatitude bin.

B.3.Characteristics of trial drifter arrivals

To assess how well a method for retrieving the POI latitude can work in principle, it is useful to understand the
drift characteristics of floating debris in the SKgure B.3L shows an example of the predicted arriving dates

at one debris site, from each R{@titude bin, which are within a distance window only (shown as black dots)
and within both the distance window and a time window centered on the arriving date (shown dst®d
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Predicted Arrivals Within Distance Limit
for Each Crash Latitude Bin for One Debris Site for One Test Case
= CSIRO predictions within distance limit -- Start of time window
-- End of time window —Predicted POI Latitude Bin
---Boundaries of POI latitude ROI —50 X % Probability of landfall here from POI latitude
= CSIRO predictions also in time window —1000 X PDF for Test Case # 8 and Debris Site # 8
-- End of Calculation Window —Frequency of occurrence of arriving date
--Estimated Arriving Day
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Figure B.3-1 Arriving times for each POI latitude bin

We show the density functions versus latitude on the left side (the latitude axt#yafe B.3l and at the bottom
along the horizontal (time) axis. We found the common drift characteristics of floating debris in the SIO
(illustrated in the 493 plots we computed likégure B.3L to be as follows:

a) Dirift trials from the same POI vicinity arrive at a debris site over a wide range in time of months to years
in duration. Note the horizontal time axis kigure B.3L spans about three years.

b) The arriving frequency at a debris site fluctuatesseB NA 2 RAOlI f f @ d ¢KIF G A&aX (K¢
caused by water circulation patterns (eddies) near the debris site. Typically, ther®aeig@ing waves.

c) Each arriving wave has a period of typical280 days, depending on the debris site and on the elapsed
time. There is evidence that the duration of an arriving wave increases with drift time. That is expected,
since the longer a field of debris drifthie more it disperses in space and in time. This characteristic
implies thatshorter drift durations will be more discriminating in POI latitude.

d) Each arriving wave contains trial drifters from a wide range of POI latitudes.

e) The average (over POI latitudes) arriving frequency of an arriving wave at a debris site tends to have a
unique Weibull distribution shape. A Weibull distribution may be used to represent ocean surface
current speedsAshkenazy and Gildor (20),1&nd this causes the arriving frequency to also have a
Weibull distribution. Ashkenazy and Gildor (2011) concluded the scale and shape parameters of the
Weibull distribution could vary over distances as short as a few kilometers. Although the noige in th
arriving frequency for a single latitude bin is significant, one can obtain -adis® average shape by
estimating the mode in each latitude bin, shifting the arrivals so the modes align for all latitude bins, and
then finding the arriving frequency dhe time-aligned arriving dates. We show an example of this
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process irFigure B.2. Note that this plot is for illustration purposes only, and we do not use the mode
alignment process in our latitude prediction method.

N(d,17 days,A®)

Average Arriving Frequency of Predicted Arrival Times

[ For fitting the reference arriving frequency, each selected latitude bin is shifted in time
to align its mode to the estimated arrival date |

== Weibull Model

» » Mode (= peak) of best-fit Weibull PDF

o Time Bin Counts

% Estimated Arrival Days After Crash

—Binned Reference Frequency

—Predicted Arriving Frequency
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Figure B.3-2 Example of modealigned average arriving frequency

The number of arriving trial drifters varies from arriving wave to arriving wave. Waves arriving later in time tend
to have fewer members.
f) The arriving frequency from one POI latitude comprises multiple arriving waves. It tends to have an
envelope which is Weibullian. It can be asymmetric.
The median arriving date at a given debris site varies depending on the POI latitude, due to spatially
variable drift patterns neaArc 7. This time dependence is not monotonic with latitudie Arc 7 In

addition, arrivals fronArc 7south of about31 are delayed by almost a year compared to origins north
of -31 . This delay may be caused in part by the presence of nearby bottom terrain, including the Ninety

East Ridge and Brok&idge.
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site vay from site to site and with time at a given site. Therefore, one must adjust the acceptance limits
for the distance and the time error for each encounter to maximize the discrimination among the POI

latitude bins.

C2NJ SI OK RSONXaA

aridsSs

4 S

ly2o

2y 8

2yS NI yR2Y

entire arriving frequency distribution, nor even the median or mean or mode of this distribution.
Therefore, we only have one date fromuaigue probability distribution which can be years wide, for
each debris site. Obviously, to predict the POI latitude with a high degree of precision, wanalyse

numerous debris sites, and we use seventeen.
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The question is, given only one arriving date within each unique arriving frequency distribution, how well can
one predict the maximum likelihood estimator, which is the POI latitude? We believe the answer is within a
fraction of a degree when seventeenlites sites are optimallgnalyseal.

Processing the test cases using our method is quite time consuming. Each of the-miventgst cases (two
non-blind tests, one partially blind test, and four blind tests, at four cases each per test, plus one test for MH370)
requires aboutlO hours (for one estimated Pddtitude bin), most of which is higbpeed computer processing

using apersonal computerunning Microsoft EXCEL. About eth&d of the total timeis spent onoperator

actions. One pass over all test cases, using a given processingdneghoires abouR90 hours of operator

time. More than a dozen variants of our processing method were evaluated and refined as needed until an
effective method (presented here) was developed and validated. Using scientific scripting languages such as
MATLAB or Python woul@duce the processing time, but the need for frequent human interaction would not

be eliminated during the development process. In addition, EXCEL has functions and display features which were
of great assistance during the lengthy aitfin development process, which toakore than 2 yeargo
complete.

All the validation testsverein the POlatitude range from27 to -40 . POls north of27 and south of40 are
inconsistent with the MH370 debris sites, having too few arriving trials to make meaningfhtidle
predictions.
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Appendix G Probability Equation foValidation Tests

C.1.Probability equation for noaMH370 test cases

In this sectiorwe illustrate the benefit of using a different probability equation for fdRI370 test casesigure
C.11 shows the probability per latitude bin of arriving for Test Case 4, for which odaft@dle prediction is
near-40 . This is a plot of PRM,. Z =Ny(D,, Z " Nsais(K ), fromEquation L), for the debris sit®2, which is
the right Flaperon founih La Réunion

POI Latitude Probability for One Debris Site
18%

=—POI Latitude Bins
16%

14%

12% * Probability per

I I | Degree for Debris
10% T T 1 Site # 2 and Test

| | 1 Case # 4 with p =
P)/® oo | N | 19 km
6% =Predicted POI
latitude bin at 40°S
4% L
2%
" ‘ | —PDF FOM and ROI

0%

-45 -40 -35 -30 -25 -20 -15 -10
POI Latitude (°N)

Figure C.E1P4O 5T HX, S " I'mp YO @DSNRERdzA thL I {37

The predicted latitude bin is set td0 . There is a 3wide ROI centered at this latitude and shown by the blue
vertical lines. The horizontal blue line indicates the matched filter FOM, which is the average PDF value of the
GKNBS tFGAGdzZRS o0Aya Ay GKS whL® Ly (Killed anSefeetive st S
compromise between statistical noise and crash latitude selectivity. The fraction of trials arriving within the
distance limit is only about half frord0 compared to the fraction from34 (i.e., our prediction for thenost
likelyMH370 crash latitude). The variation showrFigure C.4l above is mostly due to real circulation patterns

in the SIO and partly due to random noise caused by the limited number of arrivals per latitude bin (typically
about 25). The error bars shown Kigure C.4l are the 1s statistical noise considering the noise in the
numerator and denominator of the probability equation. We found empirically thattheervedl-s noise level

in the trial counts of the CSIRO drift model was well modeled by*8.B¢caise the coefficient (0.5) is < 1, the

noise is correlated between adjacent latitude bins. This behavior is expected because there amcdirge
features in the ocean current field which have dimensions greater thaf arc. These features will correlate

the trial counts in 1 bins with their neighbors, resulting in smaller apparent fluctuations over both space and
time than N2, Therefore, with about 25 counts per bin, the typichbervedsignaito-noise ratio (SNR) of each

PDF value in the peak irgBie 7.1 is about (25%/ 0.5 = 10:1Note the PDF showin Error! Reference source n

ot found. imposes the 1%&m distance window but does not impose a time window.

Note also that the area under PDF curves is always unity because the sum of all probabilities must be 100%,
given the condition that one debris arrivedtae debrissite.

Figure C.41 above demonstrates that trials frord0 are only about half as likely to arrivelzd Réunioms trials
from -34 . This is a significant factor which must be considered to obtain reliable latitude predictions in the
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vicinity of-40 . Another conclusion frorfrigure C.4l is that MH370 crash latitudes north €3 and south of
43 are strongly excluded.

Figure C.2 below shows the probability PREO 5 ~ . £~ EquationR)NR tife same Test Case 4 and with
an arriving date of 524 DAEigure C.2 is the probability that a trial will arrive at the debris site within both
the distance and time windows.

POI Latitude Probability for One Debris Site

18% —POI Latitude Bins
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Figure C.}2PDRea @5 I' H X . T~ Fl4vddays]verstis POI latitude

Figure C.22 demonstrates an ambiguity. There are two major peaks: on84t and one at40 . Which one is
correct? If we pick the slightly higher peak-34 , that would be incorrect in this instance. Becafsgure C.4
2 does not compensate for the fact that the probability of arrivind.atRéuniorfat any time) is not the same
for all latitudes, this PDF contains an cestimated peak at34 . The-34 peak appears iffigure C.2 because
a larger fraction of trials fror34 will arrive atLa Réuion than from-40 , as shown previously Figure C.AL.

The peak at34 in these plots is not a random location. It results from the propensity of the MH370 debris sites
to match the MH370 POI latitude. So, you can see already in this plot, for only one debris, an indication that
MH370 impacted circe34 .

Figure C.B below shows PDIRO 5% . X X _ 03X gKAOK Aa (KBRuatda §),Rienkazy | §
flaperortlike debris arrives ata Réunion(which is debris site D2), that it arrives within the time window
centered on the given date.

Now the peak at40 is the largest peak, having been raised relative to the peak4tby the factor of two
seen aboveén Figure CAL. Figure C.Billustrates the improved probability calculation accuracy foriH370
test cases, although the PDBise is higher ifrigure C.43 than inFigure C.2, as predicted.
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POI Latitude Probability for One Debris Site
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C.2.Latitude dependence of arrival probability

In this section we provide illustrations of the difference in the crash latitude dependence of the arrival probability
with debris locationFigure C.43 above showed the probability thatfaperon trial arrives ilha Réunioiidebris
site D2 from each latitude bin alongrc 7.

Next, we look at a different debris site, in this case locaida, which is Kosi Bay Mouth in South Afrieigure
C.21is the same plot aBigure C.41 except the debris site is different (and the distance limit is 49 km versus 19
km). Note the major differences in probability of arrival in these two plots, especially no2d ofA comparison

of these two plots tells us what weanow instinctively that the map of likely landing spots for debris depends in
a significant way on the crash latitude.
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In addition, because of the expansion of the debris cloud with time and distance, debris sites fArdéréfsuch
as South Africa) are not very discriminating in crash location.

Next, we compare th#aperon/La Réuniomprobabilities for the-34.2 non-blind Test Case 18 and for the (blind)
MH370 caseFigure C.22is the PDiy for Test Case 18 and OD2a(Réuniohp As expected for an effective method,
there is a clear peak, in this case34 .
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Figure C.2B belowis a plot of PDkd for the MH370 Test Case #&ing Method for the flaperon atLa Réunion
The distance limit is 28 km, and the time limit is 14 days. Note the high degree of simil&itgrbiReference s
ource not found.C.22 andFigure C.8. A POI latitude close t84 is indicated in both figures.
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A moreaccurateestimate of MH370 crash latitude is obtained when all seventeen locationareadyse and
used to compute the Joint PDF.
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All nonMH370 test cases use the RRnetric in Equation 8). It provides unambiguous indicators of POI
latitude, although the noise level is slightly increased.
C.3.MH370 latitude prediction using only debris locations

A relevant question is, how well one can estimate the MH370 POI latitude if no arrival dates were known, just
locations?Figure C.& shows the equivalent singlgebrissite probability for MH370 debris sites when using
the probability of arrival PRQFD,. Z fron Equation {) and applying the same prediction method.

Equivalent Single-Debris PDF of One Test
Involving 14 Debris Reports
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Figure C.31[Jointt 5 C &™ verBus POlatitude

The quantity plotted irFigure C.& is the Mh root of the Joint PDF, when there are M debris sites used. So, this

guantity indicates how different the probabilities are among the latitudes for the equivalent of a single debris
site. The latitude selectivity is poor and is insufficient in this casketermine a reliable estimate. In addition,

the clipping of the finite calculation window significantly lowers the calculated arrival probabilities south of
about-30 . That is the cause of the downward slope south36F.

The lack of selectivity when using debris reporting locations only is caused by the fact that most debfiscfrom

7 are carried westward by the combined West Australia, South Equatorial, and East Madagascar Currents and so
end up in mostly the same locations. The more important discriminator is the variable length of time required
to reach the westward currents fromféérent parts of the arc. Therefore, the arriving times add significant
information which enable a precise Platitude determination thats not possible with only several dozen debris
recovery locations and no arriving times (as demonstratdeigare C.4 above).
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Appendix D- Comparison of Positive and Negative Debris Reports

The list of MH370 debria Table 3.2L contains no verified entry from Western Australi®lA), with the possible
exception ofthe Malaysia Airlinesowelette packet(D1). This itentould not be verified as being from MH370,
andits drift characteristics are unknown but are expected to be quite different from both drogued drifters and
undrogued drifters Its windage is expected to be very high, and at high wpekd it might skip across the sea
surface, making a very rapid transitpotentially useful fatis that no verifiable MH370 debris were reported

in WA. One would expect the probability of a debris beaching in WA to depend on the POI location (Griffin et al,
2017). The question is, therefore, can the lack of any debris reports from WA be usedtwerthe prediction

of POl location?

The seventeen debris reports wealys&k I Nipsitivee f F & yiRdach Bake a debrgasfound at a certain

place on a certain date. We also know that MH370 debris weteeported elsewhere than théstedlocations

during the 1,02&R I @ Ol £ Odzf A2y GAYR26 @ ¢ Kudegalive (i INENIER NIINKS 2182 (!
GKSNE alotn RSONARA ¢6SNBE y2iG T2 dzy R dfindirfg)Sdebdd répartshg G K S
the POI, the more information it may potentially contain regarding the crash location. The nearest land mass
where MH370 debis might have been recovered is Viivd yetno verifiable MH370 debris were reported there.

In this section wanalysethe negative debris report from WA to determine if it may assist in better defining the

POI.

It is instructive first to compare the information contained in positive debris reports and in negative debris
reports, because they are quite different in this regard.

D.1.Characteristics of positive debris reports

A positiveType lidebris report identifies a MH370 debris being found at a given location on a given date. That
positive debris report has the following characteristics:

a) The probability density function of the POI latitude was given previousBgimtion 2) as PDkd
0553, Tcorstand - g0 5% . 3 4iak0 VU0 ®  B®K dza SepartRBF at dhéh POitkudeSbin
depends on the fraction of trials falling within both the distance and time windows matching the debris
report location andarriving R 10 S @ ¢ K dza ZNBILE2INI & LJ2t 35AQ0 anSd islgfivea 2 y f
LINPOIFOATAGE 2F | GNAFE RNATFGSNI 6SAy3d LINBRAOGSR
finding and reporting a debriat that location and at that time¥ independent of the debsiorigin, then
the PDF of arriving (there arttien), which has unity area, is identical to the PDF of a debris being
reported.

b) A positivereport PDF does not depend on how many debris existed which were generated by the crash
and potentially were findable and identifiable. However, the reporting of an actual MH370 debris does
demonstrate the finding location was accessible, it wagg visited by persons who might make a
MH370 debris report, and that flotsam were not preventing all aircraft debris from being recognized.
So, while a debris report does not tell us explicitly the value of the probability of a physically beached
debris being reported there, it does tell us that local conditions were then conducive to MH370 debris
being reported.

c) The positivereport PDF does not depend on how many trials are predicted by G8IR@ch very
shallow waterWe simply used a radial distance to define the distance window, and the humber of trials
within that distance window does not distinguish between trials passing close by and trials which are
predicted by CSIRONE I OK @SNE aKFIfft2¢ gl G§SNI 6 A dBehrgasolis2 & 0 &
for this choice are (a) the number of predictéaeachings is generally low compared to passersby (i.e.,
theNS | N Y2NB oaFfeéeoeae GKIFIY ao0SFOKAY3Ia£0X |yR
additional statistical noise, and (b) the beaching probability is less accurately known than are the
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offshore drift tracks.Forthe MH370 drift predictions CSIRO additionally minimizeggionaltime
average of the surface velocity error veciorBRAN2015using instrumented drifter datasge Figure

2.4.1 and Section 2.5 in Griffin et al (2Q1@&ach drifter provides a very large number of position
measurements, but the limited total number of drifters does not allow accurate determination of actual
beaching probabilities with sufficiently high spatial resolution along coastlines to be ueefalif
purpose. In addition, the CSIRO drift model has no actual beachestheitminimumwater depth is 15

m [private communication from David Griffin (20RZJhe CSIRO model simulates the movement of
water ¢ none of which moves onto the land and stays there. The only thing that makes floating debris
physicallybeach is windage. Thimethod isa crude way to simulate beaching quantitatively, but
probably not too badly in a relative senggi/ate communication from David Griffin (20RZ)hus, many
modelled tralswill 60 S aFf edoeaé NIGKSNI GKFIY doSEHOKAYyIEaeEd |y
achieve because it cannot be verified or calibrated with existing data. For example, a significant number
of undrogued drifters have washed ashore in WA (and afew hvé 8 G dzy 6 S OKSRé 0 & |
numbers of instrumented drifters are too low to provide spatial discrimination of their source or their
beaching positiongdrivate communication from David Griffin (20RZyherefore, it is not possible to

G OF t AlBKNG GISNBE RAOG SR 06SIFOKAYy3 LINRoOolFoAtAGeE f2y3 |
of instrumented drifters to do so. This was one of the reasons we did ndE 8#eredicted beachings

as a criterion for selecting trials when computing the positigort PDFs, nor should we use the
number of predicted beachings to compute negatreport PDFs without at least applying a scale factor.
Whether therelative values of predicted beaching probabilities from different origins are accurately
predicted ly the CSIRO model is unknown. Knowing the relative values of beaching probabilities is
insufficient to predict the relative probabilities of naaports, although it does indicate whether one

POl is more probable or less probable than another POIRgeee D.3l later in this section).

d) The positivereport PDF does not depend on the probability that a beached debris will be found and
reported. We already know all that is necessatiat one debris wagctually found and reported

The tremendous benefit of using positive debris reports to compute PDFs is that the only implicit assumption is
that the probabilities of beaching there, and then of being found and reported, are independent of the POI. This

is generallytrue for all specific MH370 debris finding sites, which are quite far from the 7th arc and are not
aLI GAFLEfte SEGSYRSR® Ly | RRanydebriy thereéwRrdzaltbydthyer) dor dp o R (i 2
need to know any of the beaching/finding/reporting probabilities.

In summary, to optimally extract the information in a single positive debris report, we only need to know the
debris report location an@estimated)arrivingdate and have the set of 86,400 predicted debris trajectories.

D.2.Characteristics of negative debris reports

. @ O2YLINR&A2YSZT O2YLIWziAYy FAYRAYA: TREYNRAY SBLRNDBS 3 44 )
addition, for locations not very near the POI, a negative debris report generally colgssnsformatiorabout

the POI than a single positive finding report. This occurs because (a) the time discrimination is missing altogether
in negative reports, and (b) the spatial discrimination is degraded because the locations of negative reports are
both extended anchecessarily on the periphery of the peipal drift patterns. If wanalysgust one location or

a small range of nereporting locations, the statistical noise is high because not many trials pass close to or are
predicted to beach in that small zone. On the other hand, we can use a large portion, or even the entirety, of a
shoteline to increase the number of trials passing nearby. However, the large spatial extent of the arriving zone
blurs the crasHatitude dependence, reducing the POI discrimination.

Therefore, there is no guarantee that helpful information can be extracted from negative reports, depending on
the distance and time separation of the negative report and the predicted debris trajectories. The closer the
report location is to the drift trgectories and to the POI, the greater is the information content and the more
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discriminating the negative report becomes. However, a negatpert PDF cannot even be computed unless
two additional parameters are known.

Equation 7) is the predicted conditional probability thahe debris willnot be reported from a crash at latitude
Y

Equation7) LetRr05 3+ I¢Na(5 S . Zrjpald 51 idsOK O b =

where NO5Z., "0 Ad (GKS ydzYoSNI 2/k06EADT 4 ALINEBRA O2FRAGA2Y
debris predicted to arrivevill be reported.

In Equation 7) the expected number of arrived and reported trials from the totgh®o - 0 G NA I f & 2 NA :
the PO I G A ( dzR 30 B R y Jpa 005 AHEquiiibn 7) demonstrates that one must know,R 6 5)along

I AK2NBfAYS Ay 2NRSNJ G2 LINBRAOG (GKS Lidbeéreportedindl @ &K
potential landing zone.

Note that when both Mand Ripaare nonzero ifEquation 7), then R0 5 = . =~ 0  Yed®ihan unify ahdis, 6 S
we can say that, in general, the probability of a MH370 defwidveing found at a location like Western Australia
isbetween zero and unityand it could be fairly high if/p4 is fairly low.

Next, letN * total number of findable, identifiable debris originating in the crash, each of which floated long
enough to potentially reach the negativeport zone within the 1,028lay calculation window. Therobability

that none of theN debris would be found and reportad theNth power of Equation®) and is given bquation

(®):

Equation8) Pww05 3. I mob50z .M "« t8

FromEquation 8) the probability that no debris out & were reported is théNth power of the probability that

one debris would not be reported. Becaulseis possibly several hundred, thepr 20 5 ZN)XRO 52 . 27 0 @
Thus, the probability that not one out of all the debris was reported cannot be moderately high (to be consistent
with the observation that none were reported there) unlessd®5 % . Yery bigh(i.€4, nearly 1).

Combiningequation 7) and Equation 8), we have:
Equation®) Punv0 5 IN)ZE[IENaO 5 X . %pa005 X wikksO kK BW.b 8
Basedon Equation 9), a negative debris report has the following characteristics:

a) The probability ofa POHatitude bin producing no debris report depends bin the total number of
findable, identifiable debris.

b) The probability oaPOHatitude bin producing no debris report depends apd£ which is the probability
that apredicted arrivaisreported.

c) Errorsinthe Fa0 5 =~ N valugsRan have a profound effect on the computed PRFtRcause of
the form ofEquation 9).

d) Note the relative probabilities between two different origins depends on the valug@fd®5 =~ 0 @ { 2 X
one knows only the relative values afpR0 52" 00X YR y20 GKSANI o6az2fdzi$
relative values of pv0 5 ZN)Z ~ X

Thus, to compute a negativeport PDF, it is necessary to know independently the number of findable,

identifiable debris and the probability that a debris waiftiveand be reported. If the negative reporting zone is
spatially extended, such as is the case for WA, one must know the avekageitRin the nonreporting zone.
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TableD.21 presents the probability of no debris being reported in a zone depending on the number of findable
and verifiable debris and on the probabildy onedebrisarriving from a latitude bin and beingported.

TableD.2-1 Probability of no reports

Total number of findable, identifiable
debris floating long enough to beach in
the negative-report zone
100 200 400 800 | 1600 | 3200
0.016% | 98.4% | 96.9% | 93.9% | 88.2% | 77.9% | 60.7%

0.031% | 96.9% | 93.9% | 88.2% | 77.9% | 60.6% | 36.8%

0.063% | 93.9% | 88.2% | 77.9% | 60.6% | 36.8% | 13.5%

0.125%| 88.2% | 77.9% | 60.6% | 36.8% | 13.5% | 1.8%

Probability that one debris
will arrive and be reported
from one crash-latitude bin

0.25% | 77.9% | 60.6% | 36.7% | 13.5% | 1.8% | 0.0%

0.5% | 60.6% | 36.7% | 13.5%| 1.8% | 0.0% | 0.0%

1% 36.6% | 13.4%| 1.8% | 0.0% | 0.0% | 0.0%

2% 13.3%| 1.8% | 0.0% | 0.0% | 0.0% | 0.0%

4% 1.7% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

8% 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%

With at least 200 total reportable debris, one must have less thar8s0 probability that one debris will be
reported toachieve a 50/50 chance that no debris will be reporfiean that latitude bin

C2NJ GKS NBElFIaz2ya RA&A0dzZAASR | 02 0SS 3pa®HI R yBHINIKS So A (i K
S R2y QG 1y2¢ GKS G201f ydzyoSNJ 2F RSoNxaz a2 S Ol
reported for any assumed zone, including WA. However, because no debris were reported in WA, it is likely that
the actual singlalebris reporting probability was less than 1%

D.3.Discussion of lack of reported debris in Western Australia

Figure D.3l a plot of the fraction of therialswhich are predicted by CSIRCréach very shallow waténot just

pass nearby) in Western Australia (WA) during the calculation time window. This is a plot of the vajue of N
05 2. Zuiagd . KEgalon 7), using 0.1 degree bins in POI latituded assumingan estimated 0.3 of
localization error (x4) applied over the shorter transit from Arc 7 to WiAe probability oAwashedup aircraft

debris being reported in WA is expected to be higher than other locations because of the lack of flotsam (due to
the remoteness fromarge populations and the lack of persistent onshore winds), the high local interest in
MH370, the regularity of beach visits, and the annual beach cleamigsever, the lack of persistent onshore
winds also inhibits MH370 debris from being washed up on the WA beaSbesine carsurmisethat the
probability that MH370 debris which are passing near WA will make landfall is below average, but the probability
that a debris making landfall would be found and reportedtieveaverage.

UsingFigure D.3lL below, it is not possible to determine anigue PO#atitude bin which is consistent with no
debris reports in WAi.e., having dow beaching probability ifrigure D.3l. For example, there are many peaks

in predicted beaching probability IFigure D.3l between-30 and-42> YR (GKSNB I NB | f a2
multiple peaks and valleys are a result of the complex currents Agar. The reduced information content in
negative debris reports can therefore lead to multiple predictejins, each of which is consistent with the
negative observation.
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Figure D.3-1 CSIR&predicted fraction of trials beaching in Western Australia

The minimum irFigure D.31 circa-35 was used by CSIRO to predict the most likely POI latitude there [David
Griffin, private communication (2022)].

FigureD.32is a map of the origindlue dots)and beaching locationged dots)of the trials predicted by CSIRO
to beach in WA.

FigureD.3-2 Trial origins and corresponding beaching locations predicted by CSIRO

The trials which are predicted to beach in WA coverAhe 7latitude range frontoughly-28 to -44 . Similarly,
the beaching locations cover extended portions of the WA coastline.

BobbyUlich andvictorlannello June 62023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



