Improved Prediction of MH370 Crash Location
Based on Drift Modeling of Floating Debris

Bobby Ulich, Ph.D. and Victor lannello, Sc.D.

August 30, 2023

Zone 1B is
the area
between 1
and 1A

Bobby Ulich and Victor lannello  June 6, 2023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



Table of Contents

O [0 1 oo [¥ ot i o] FE TP PPV U PR VOTRTOUSPRPRON 5
2. SUMMAIY OF RESUILS....eiiiii ittt e e et e e e st ee e e e bee e e ssabeeeessabeeeeesnbeeeesnnseaesennseeeesnnsens 6
2.1, MH370 debris drift probability.......cc.ceiiiiiiiiiie e s s 6
2.2.  Overall probability of MH370 crash [QtitUde........cccuviiiiiiiieeciie et 7
2.3, Search area recomMmMENAAtiONS .....c..eiiiiiiiiieeiee ettt et sb e s bt e st st st e b e beennees 8
K T 1l o] o -1 o1 1 AV 1V 1= Vo T TR 10
3.1, CSIRO AFifE traCKS .eeeeeeiieiieeetee ettt ettt et e s bt e e st esabe e s be e e s be e e be e e s abe e s beeesareesanes 10
N V.| o I {0 e 1= o g =T o Lo (PR SS 10
. O N T e [y (Y oY =] o [P S 13
3.4.  Probability density FUNCHION ........ooiiiieie et e et e e e bee e e e eaba e e e e eabeee e eeanes 13
3.5, Time and diStanCe WINGOWS .........eoiiiiiiiieiiieeieesiee ettt sttt e st e st e s bt e e s bt e s ateessbeesnaeesabeesanes 13
4. Prediction MELNOM | .....ooiiiiieee ettt ettt et e st e e it e e s bt e s bbe e st eeesabeesabeesbeeesabeesneeas 14
A1 DISEANCE Mttt ettt ettt sttt b e b e s bt e sbe e sab e et e et e e sbeesaeesabesabeenbeenbeennees 14
4.2, Time WINAOW WIth...cooueiiieee et ettt e sbe e s ae e st et e b e e b e nneas 14
e T 0T o Yo T T T=de [ - YA PSPPI 14
5. Validation Tests Of MR |.....c..coiiiiiiieeee et 15
5.1.  Non-blind and partially blind test reSUILS.......cccuueiiieiieie e 15
5.2, BN tEST FESUILS...cuteitieitie ittt ettt e s bt e s bt e sae e sate st e et e e bee bt e saeesaaeeateeneens 16
LT TR Volo{U [ - {1V Aol \Y/ =1 1 o o Yo I IR 17
6. Prediction Methods Used in Prior Drift STUGIES .......ceevvieiiiiiereeie e 18
6.1.  Limitations of prior drift StUIES ........ueiiiiiiiie e e e ee e e e 19
7. Prediction IMEENOMO 1. ..ottt ettt b e s bt e sat e st e et e e bt e be e beesbeesaeeeateebeens 20
A T o P oY= oY Y/ = i o Vo Yo T =] B PR 20
7.2, Trial-day iNfOrmMation ......ceieii et e e et re e e e e e e e e eabr e e e earaes 21
7.3.  Trade-off between latitude bin width and SNR threshold...........c..ccoceiieriniiiiieeee 22
7.4.  Example of trial Origins Map.....cueii i rre e e e e e et re e e e eba e e e e eabree e enanees 23
7.5. Example of debris SItE MaP .cciiccuiii ettt e et e e e e et e e e e bt e e e e e ba e e e e abaeeeeeabeeeeeeanees 23
8. Prediction MEthOd Tl ... ..o et s e st e st e s be e e sa s e e saneesneeesreeenneeens 25
8.1.  Transit speed correction factor (TSCF)......uciiiiieiiee ettt e et e e re e e ete e ertre e s ebeeestreesbeeebaeesareeeanes 25
S R |V 1= o o To e N | F PSPPSRSO PRRTRRPRRTRON 25
8.3.  Comparison of prediction Methods ...........ueeiiiiiicicceee e e e e e e e rrrae e e e e e 25
S 1 - o T A o T =Y o oY PSSR 26
8.5.  Bayesian probability of transit speed correction factor .........ccceeveeii i 27
T =% T o o] [Ny 1Y/ 11 Vo o I || PR 29

Bobby Ulich and Victor lannello  June 6, 2023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



L VT oY= a ToT a1 a Vo) il 1 =Y o 1T o Yo WU 30
8.8.  Latitude dependence 0N aVerage TSCF ... .. i iiieie ettt ettt e ebee e e sbee e e s bee e e ssabeee s ssnbeeesssnees 31
8.9, BESE-Ait TSCF VAIUES ...ttt ettt sttt et sttt et e st e st e s bt e s bt e e sabe e e beeesabeesabeeesareesans 32
8.10. Best-fit WindOW diMENSIONS .....cc.eiiiiiieeeeeee ettt e s s 33

1 O [ ] o | o] o = o 11 [ WV D L= o Y VAN o101 s [t 4 oY o RS R 34
9.1, IMHBT70 JOINE PDF ..ttt ettt st sttt e bt e bt e sb e e saeesate st e e b e e beenbeesneesnaeenneenneens 34
10. Y Yo ko) N N 1D g =Y I T PSPPSR 36
10.1. Trial drifter tracks from -34° reaching MH370 debris SiteS .......cccveveeeiiiieieiiiee e e 36
10.2. Trial drifter tracks from =34° ... e ettt et e 36
10.3. Flaperon trial drifter tracks reaching La REUNION...........ceiiiiiiieeciiec ettt e 37
10.4. Trial drifter tracks for Debris # 15 .....coiiiiiii et s 38
11. 0cean Model LOCAlIZAtiON EFTOF .....cccuiiiiiiiiieeeite ettt ettt ettt e st e e s e st e s bt e e sabeesbeeesnreesaneeesaneesas 38
11.1. Bayesian PDF of BRAN2015 10€alization @ITOr .......coccuiiieieciie ettt e 38
12. DTl e o] o T=1 o 11 [ A RSP 39
12.1. Joint PDF with localization error inCluded ..........ocuieriiiiiiiiieee et 39
13. Comparisons With Prior Drift SEUIES ......eeiiiiiii e ree e e e sebee e e e 40
13.1. Comparisons with previous predictions using CSIRO drift tracks ........c.cocceeereiieeiiiiiiee e 40
13.2. Comparisons With other drift STUAIES.........ccccciiiiiciiee et e e e ette e e e e beeeeeeaes 42
14. Other MH370 Crash Latitude DiSCrimiNators . ........cocuiiiueeiienienienieeie ettt sttt s saee e eee e 43
14.1. Lo TUL Ll oo o =] o 11 1 Y28 RSP SPR 43
14.2. UL [ o] o] o= o 11 11 Y PSSP 44
14.3. Glide range Probability.........occuieie i et e et e e e erte e e e eateaaeaans 45
14.4. Route/fuel/glide range probability ..........cocveeiuiiiiiii ettt ettt e 46
14.5. Aerial Search Probability .........ccuiii i e e e e nre e e e araea s 46
15. Overall Probability of MH370 Crash LatituUde .........cooieiiiiiiiiiec et 47
15.1. Joint PDF including all fAaCtors ....evvee ittt e s bae e e ae e e e 47
16. IMpact Zones With ASSUMEM COUISE ...ueiiiiiiiiiiieee e e e ecciite e e e e e e e ecittre e e e e e s eessbaeeeesaeeesssstesaeeeesesaanssseneseasanan 49
16.1. LEP ROULE BOUNAIIES ..cuveieiiieiiiieeiiee ettt ettt ettt sttt e sab e s e e sme e e s b e e sas e e saneesaneeesmreesaneeas 49
16.2. Search Area Al from UGIB (2020) ......ccoecuueiiiiiieeeieiieeeeeeieeeeeeetteeeeerveeeeetveeeeseareeeesseeeeeseseeseessseeseesnns 51
17. SEarch RECOMMENAATIONS. .. .iiiiiiiiieteeeeeere ettt sbe e sttt e s bt e sseesaeesaresneereennees 51
17.1. Prioritised SEArCh ZONES .........eiiiiiiiee et st s ne e e b e e neeas 51
18. ACKNOWIEAGEMENTS ......uiiiieeei ettt e e e e e ereb e e e e e e e e s e etabeeeeeeeeeeaesaraaeeaeeeseansssasaeeaesesaanssraneeeananan 53
19. [T o) Y o =Y g o | Tol T3 SRR 53
20. 271 o [To = =T o] o 1V PP 54
Appendix A - Drift Probability TREOIY .......uviie et rae e e e bae e e aare e e e 63

Bobby Ulich and Victor lannello  June 6, 2023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



A.l. Type classification of MH370 debris r@POItS.....ccccuiiiieiiiiiieiieee et e e sree e e aaaee s 63
1 B M oY o F- | o 11 [ n YA ole] g Ty o [=T = (o) o - ST 64
A3, Probability @QUAtIONS .....oiiiiiiee e e e re e e e araee s 65
A, CalCUlation WINAOW ....c...ciiiiiiiiiieiieesee ettt ettt et et st e s bt e e sabeesbeeesnseesabeeesaseesanes 66
A.5.  Statistical noise considerations for validation test Cases.........ccocvrviriienieniencnc e, 66
A.6. Distance and time window optimizations for validation tests using Method | ...........cccceeeunneee. 67
A7, ENCOUNTEr @XCIUSION FUIES ..covviiiiiiiieieetee ettt ettt st e bee e 68
A.8. Joint probability distribution fUNCLION ......cocciiiiiiie e 69
A.9. Iterating the region of interest (ROI) when using Method | ........cccevcieiiieeccie e 69
A.10. Interpolating the Peak Iatitude ........cccuiii i e e e 70
Appendix B - Description of Processing Method...........cocciiiiiciiii ittt 71
B.1.  Selection of debris r@COVEIY SITES ......oiiiiiiieiieeee e e e e e e e abee e e e 71
= 20 0o 0 4 o101 - | o] o |- SO P PP P UOPPTPPPPTON 72
B.3.  Characteristics of trial drifter arrivals ........cooiioriiiii et 73
Appendix C - Probability Equation for Validation TeStS ........ccccieiieeiiii ettt e 77
C.1. Probability equation for NON-MH370 TSt CASES ......uvviieeeiiieeeeiiee et eetee e e ree e e eree e e e bae e e e aaes 77
C.2. Latitude dependence of arrival probability........ccceeuiiiiieiiiii 79
C.3.  MH370 latitude prediction using only debris 0CatioNS ........ccccveviiiiieiiiciee e, 81
Appendix D - Comparison of Positive and Negative Debris REPOItS.......cccceviivciieeiiiiiee e 82
D.1. Characteristics of positive debris rEPOIS .....cccuveiieciiieecciee e e e e e e e e 82
D.2. Characteristics of negative debris rEPOITS ......c.viiieccuiiee e e e e e e e 83
D.3. Discussion of lack of reported debris in Western Australia.......ccccccceeeiiiiieeeniiee e 85

Bobby Ulich and Victor lannello  June 6, 2023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



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 semi-periodically during the flight between the Airborne
Earth Station (AES) onboard the aircraft 9M-MRO and the Inmarsat Ground Earth Station (GES) at Perth
via the Inmarsat geostationary satellite 3F-1 serving the Indian 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
degree of certainty, the crash occurred in the Southern Indian Ocean (SIO) near the “7th Arc” [see pp.
16-33in ATSB (2014a)]. Arc 7 is a line of constant distance from the satellite to the aircraft circa 00:19:30
UTC on 8 March 2014, shortly after fuel exhaustion occurred and not long before the crash. Subsequent
analysis, using maximum likelihood estimation theory, of the statistical properties and degrees of
correlations of these recorded BTO and BFO parameters indicates a most-likely Last Estimated Position
(LEP) near Arc 7 at latitude -34.2 + 0.5° [Ulich et al., or “UGIB” (2020)]. The final BFO measurement at
00:19:37 UTC indicates a very high rate of descent [Davey et al. (2016) and Holland (2018)].

Post-crash aerial searches from 18 March 2014 to 28 April 2014 were coordinated by AMSA (2014) and
JACC (2014). These failed to detect a drifted floating-debris field [see Section 4 in Griffin et al. (2016)].
Portions of Arc 7 from -33° to - 42° latitude were incompletely searched [see Figure 4.1 in Griffin et al.
(2016)].

Shortly after the crash, during the period 21-23 March 2014, space-based synthetic aperture radar
[lannello (2021a)] and visual-band imaging [Minchin et al. (2017)] detected several large floating objects
predicted to be near -35.4°N, 92.8°E on the crash date [lannello (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 larger than the
fragments of floating crash debris from MH370 which were later recovered at distant shorelines, and
which indicated a violent, high-speed 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.

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 (2017a-2017r)]. Twenty debris were confirmed (or deemed to be from
“likely” to “almost certain”) to be parts of the B777-200ER aircraft with serial number 9M-MRO, which
was flown on 7-8 March 2014 as Flight MH370.

Rydberg (2015) used the drift model by van Sebille et al. (2012) to predict a POI latitude of -34 + 1° for
the origin of the Flaperon found at La Réunion. The 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 BRAN2015 [Griffin et al. (2016, 2017) and
Griffin and Oke (2017a and 2017b)]. CSIRO used 86,400 trials of this model and the MH370 debris reports
to predict the POl was near the 7th Arc in a zone at latitudes -32° to -36° (and more likely near -35°).
Wijeratne and Pattiaratchi (2017) used their ocean drift model to predict a POI latitude of -32.5 + 0.4°
[see also Thomas (2017)]. Godfrey (2020) predicted -34.13 + 1.06° using the CSIRO drift tracks. Our
analyses indicate prior estimates of crash location based on analyses of MH370 debris reports have
deficiencies which cause systematic probability errors and underestimated uncertainties.

In this paper, which represents three years’ work, we present a new method with multiple refinements for
processing the CSIRO ocean drift model tracks to provide more accurate estimates of the most-likely POI latitude
and especially the relative values and uncertainties of the probabilities at different locations along Arc 7. We
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combine this new drift-based prediction, applying maximum likelihood probability theory and Bayesian statistics,
with an improved estimate for the fuel/route/glide range probability (matching the SATCOM and GDAS data)
and with the aerial search probability, to 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

Figure 2.1-1 presents our prediction, based on MH370 debris reports and CSIRO drift tracks, of the latitude
dependence of the probability of 9M-MRO crashing near Arc 7.

30%
25%
Probability 20%
Density Function
(% /°) 15%
of the CSIRO
Floating Debris
1
Drift Model 0%
Matching the
MH370 Debris 5%
Reports
0%
-5%
-45 -40 -35 -30 -25 -20 -15 -10
Point of Impact Latitude (° N)

Figure 2.1-1 The PDF of 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 the PDF curve of
unity, corresponding to the assumed 100% probability that the aircraft crashed near Arc 7 in the Southern Indian
Ocean. The black dashed lines are the * 16 uncertainties in the PDF value, taking into consideration both the
statistical errors and the localization error of the CSIRO ocean model.

The most-likely Point of Impact (POI) is at -34.0° latitude. This new impact latitude prediction is only 41 NM
northeast along Arc 7 from the Last Estimated Position (-34.23 + 0.5°N, 93.79°E) previously predicted by UGIB
(2020) based on the satellite and weather data. The agreement between these two independent methods
predicting crash location provides confidence that they are both substantially correct.

Figure 2.1-1 also indicates that, while the peak in drift probability is at -34.0°, the probability at nearby latitudes
is significant over a considerable latitude range from -30° to -36°. This is not unexpected, because of the limited
number of verified MH370 debris, their very long transit times (years), and especially because the debris
windages and arriving dates are generally not well known. As discussed in Appendix D, having no reports of
MH370 debris in Western Australia implies the possibility that the crash could have been slightly north of -34°,
and possibly as far north as -31.4°. However, crash latitudes north of -33° appear to be ruled out by the aerial
search.

Factors we used in making this drift probability prediction include the following:
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10.

seventeen reliable MH370 debris reports with unique locations and finding dates,

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

86,400 drift trials predicted by CSIRO using the BRAN2015 ocean model with regional debiasing and
CSIRO-estimated wind-induced drift parameters of generic (non-flaperon) debris,

the range of possible windages for generic MH370 debris, as estimated by CSIRO,
a Bayesian statistic for the localization error of BRAN2015 drift tracks, based on a CSIRO estimate,

errors in the BRAN2015 near-surface current speeds, and in the wind speeds at 10 m height, as estimated
by us,

minimum and maximum reporting delays (i.e., the elapsed time between a debris arriving and being
found) based on three classes of barnacle encrustation (many, few, or no attached barnacles), as
estimated by us,

maximum likelihood estimation theory,

a processing method for computing a PDF and estimating its uncertainty, which is performed identically
at each latitude “bin” of drift trial origins along Arc 7,

a Bayesian statistic for accommodating a large range of allowable windages (estimated by CSIRO) of
generic MH370 debris, by means of adjusting the average transit drift speed of the CSIRO-generated
trials, and

validation of the basic processing method, through non-blind, partially blind, and blind tests, which
demonstrated the POl-latitude prediction accuracy given seventeen arriving dates at the MH370 debris
sites.

2.2. Overall probability of MH370 crash latitude

Figure 2.1-1 below is our new prediction of the MH370 POI latitude based on the following factors:

1.

the predicted probability of an autopiloted post-19:41 route matching the BTO, BFO, and GDAS data
[i.e., the “route probability”, which is unchanged from UGIB (2020)],

the predicted probability of such a route matching the fuel exhaustion time [i.e., the “fuel probability”,
which is updated from UGIB (2020)],

the probability of the post-fuel-exhaustion glide range (i.e., the “glide range probability”, which is a new
Bayesian statistic),

the probability of the post-crash aerial search not detecting the floating debris field (i.e., the “aerial
search probability”), and

the probability of crash latitude based on our analysis of MH370 debris reports (i.e., the “drift
probability” as given in Figure 2.1-1 above).

The solid black line in Figure 2.2-1 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 dashed vertical lines in
Figure 2.2-1 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 (i.e., £ 10).

The close agreement of these two predictions, as indicated in Figure 2.2-1 below, implies the post-fuel-
exhaustion glide range is probably less than 47 NM. A search from -32.9° to -36.4° along Arc 7, as indicated by
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the two vertical green lines, and within 94 NM of Arc 7 would achieve about 90% cumulative detection
probability (CDP).

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

—Latitude boundaries for 90% CPD

- « Estimated Pleiades object latitude on crash date [lannello (2021a)]
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Figure 2.2-1 Probability of MH370 crash latitude

Appendix D presents a discussion of the possible range of effects on the MH370 search zone of (a) 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 recommendations for a future sea-floor search for the MH370 debris field are as follows:

1. Closelyinspect those portions of the area from -32.9° to -36.4°, and within the previously searched width
along Arc 7, which are:

a.
b.
c

d.

holidays (i.e., unsearched areas),

areas with difficult terrain,

areas with lower-quality sonar data, and

previous contacts by GO Phoenix and Ocean Infinity which could be misclassified.

This Zone 1 is the area enclosed by the white rectangle in Figure 2.3-1 below. When those portions listed
above are completed, Zone 1 includes 22% of the cumulative detection probability (CDP). We
recommend prioritising the portion of this Zone 1 which is also within the predicted 00:21:07 boundary,
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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.

If #1 is unsuccessful, then widen the search to + 70 NM from the UGIB Arc 7. This Zone 2 achieves a 90%
CDP, and it is indicated by the purple racetrack in Figure 2.3-1.

If #2 is unsuccessful, then widen the search to * 140 NM from the UGIB Arc 7. This Zone 3 achieves a
98% CDP, and it is indicated by the very large green racetrack in Figure 2.3-1.

These three recommended search zones (Zones 1-3) and the possible 00:21:07 boundary (which segregates Zone
1A from Zone 1B) are shown in Figure 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 probability and the assumption that it is
reasonably accurate. If the aerial search probability were excluded, the northern ends of the recommended
search zones would move 3.1° north, 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 a starting date) 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 destination at different times, at different destinations at the same time,
and at different destinations at different times. Despite these limitations, we can use conditional probability
theory, the method of maximum likelihood estimation, Bayesian statistics, and 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 dates). A drift “trial”
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, and, in most cases, we 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 destination or (b) from one assumed origin, finding
the highest probability of arriving at one among many assumed destinations (i.e., a floating debris recovery site)
at a time consistent with the arriving date. This forward-drift method works particularly well when matching
historical data from undrogued drifters, which is used to verify and calibrate the 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 to Arc 7 in the SIO. Thus, our origin search is effectively a one-dimensional
probability-optimization problem. In this work, we used POI latitude as the origin search dimension. Having the
POl 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 POl near Arc 7, using 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 86,400 predicted trial drifter tracks using the ocean model BRAN2015. Each
trial was assumed to have originated at a unique location near Arc 7, in an array with a fairly uniform areal
density and within 25 km of Arc 7 between -8° 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 crash (DAC). We call this time span from
0to 1,027 DAC the “calculation window”. We call the time and location data for each trial as 1,028 “trial-days”.
So, we have 86,400 trials, and each trial has 1,028 trial-days, with one trial-day comprising one location and one
date for one trial. One set of 86,400 trials used the drift parameters CSIRO determined for the flaperon by sea
trials with a cut-down flaperon. The other set was for non-flaperon debris and used a zero leeway angle and a
1.2% windage (with wind speed at 10 m height).

3.2. MH370 debris reports

There are twenty-one “positive” reports of 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 (2017a-2017r)]. Three of these debris finds are redundant in location and time,
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and two debris arrived too late to be analysed using the 1028-day calculation time window 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 (2016a
- 2016f)].

We did not include Debris Site # 4 (i.e., “D4”, the debris called “Roy”) in our predictions because it is a low-
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 cases (our 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 twenty-three (likely or better) MH370 reports, we analysed
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 basic processing method for probability estimation.

We did 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 then collected 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 analysis methods.

Table 3.2-1 lists the MH370 positive debris reports. The seventeen items we analysed in detail are indicated by
the cells shaded green. Appendix D provides additional details concerning our analyses of “negative” debris
reports in Western Australia.
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Table 3.2-1 MH370 debris reports
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3.3. Trial drifter origins

Figure 3.3-1 shows the locations near Arc 7 of the origins of the 86,400 trial drifters, the 23 MH370 debris sites,
and those 17 debris sites we used in our analyses.
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Figure 3.3-1 Trial drifter origins and MH370 debris sites

Each 1°-wide latitude bin along Arc 7 contains an average of about 2,300 trial origins.

3.4. Probability density function

For MH370, we calculated the POI-latitude probability density function (PDF, with units of % / °) as the (area-
normalized) fraction of trials, originating in 1°-wide POl-latitude “bins” of trial origins near Arc 7, which fall within
both distance and time “windows” at a given debris site for a given arriving date. A trial-day which is within both
the time and distance windows is a plausible match to the debris report. The binned probabilities are then scaled
so the sum of the probability densities over all POl-latitude bins is unity, matching the known probability (100%)
that a MH370 debris was reported to have been found there 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 the time and distance windows, and the reporting delay (which sets the center of the time
window), are variables which are adjusted to maximize the likelihood (i.e., the probability) that a trial drifter
originating near Arc 7 in one bin of POI latitudes will be counted simultaneously within both time and distance
windows at the debris reporting site, and thus be considered as an acceptable match in location and time to the
MH370 debris report. We restricted the counting process so that a trial was never counted more than once for
one debris even when there were multiple trial-days from the same trial in both windows. When that occurred,
we counted only the trial-day nearest the debris site.

Because of the low average drift speed, a trial 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 counted at more than one debris site. Each single-debris PDF uses all 86,400 trials.
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4. Prediction Method |

The most basic probability prediction method (which we call Method 1) applies the same time and distance
window dimensions to all POl-latitude bins for a given debris. For debris found with no barnacles or with a few
attached barnacles, the actual arriving date is unknown because the debris could have arrived months prior to
being found. So, except for the flaperon, the center of the time window is a third fitted parameter, called the
reporting delay, which is the elapsed time between the predicted arrival of the debris and the date it was found
and reported. In our probability-maximizing fits, the reporting delay is simply the time between the center of
the time window and the reporting date. Thus, the time window has two dimensions: the reporting delay sets
its center date, and the half-width parameter sets its duration.

4.1. Distance limit

We allow the integer distance limit (p) to vary from 10 to 56 km. The upper limit of p corresponds to a maximum
circle diameter of 112 km = 60 NM = 1.0° of arc within which trial drifters are counted as being within the
distance limit. When a trial-day is in the “distance window” it is counted as being a plausible match to a landfall
at the debris report location.

4.2. Time window width

We allow the integer half-width of the time window (t) to vary from 7 to 100 days. The full width of the time
window is 2:1 + 1 days. We found that the full width of the optimized time window is typically about the
duration of an arriving wave. The upper limit on 1T of 100 days limits the number of arriving waves of trial
drifters which may be inside the time window to about two. 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 the POIl-latitude prediction, especially if those
additional debris reports were for barnacle-free debris and therefore had loose constraints on the arriving
dates. When a trial-day is in the “time window” it is counted as being a plausible match to the debris report
finding date.

4.3. Reporting delay

The reporting delay is bounded by a range of many months’ duration for barnacle-free debris, but it is otherwise
free to vary within its bounds because we don’t know the actual arriving date, only that it was found after an
unknown but possibly considerable length of time. Barnacle-free debris are typically less effective in
discriminating crash latitude because the arriving date is loosely constrained. Barnacle-free debris depend
primarily on their finding locations to discriminate crash latitude, rather than on their arriving date.

We allow the reporting delay (8) to be from 10 to 150 days for debris with no barnacles attached, from 5 to 30
days for the two debris we analysed (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 an
allowed range 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 (about 5 months plus the half-width of the time
window). Therefore, the PDFs of those debris will suffer degraded temporal resolution, and they will 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 differences to be discriminated.

We also imposed a limit of 200 days prior to the reporting date for the earliest date in the time window for
barnacle-free 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 POl can be inferred. We tested for that possibility by conducting
multiple numerical experiments, in which we chose a hypothetical POl and used the CSIRO model to determine
a synthetic set of seventeen arrival dates, from which we then attempted to infer the (known, but not to the
inference algorithm) POI latitude. As we show below, these tests showed good agreement between the
predicted POl and the hypothetical POI, demonstrating that seventeen is indeed a more-than-adequate number
of debris reports, because of their geographically dispersed locations. These tests assume that the CSIRO model
is “truth”, which cannot be totally accurate, so while our experiments say something about the error due to the
limited number of debris items, they do not provide an estimate of the total POI prediction error (which is
included in our analysis as discussed later in this paper in Section 11).

We conducted two test exercises to develop, refine, assess, and validate a method for predicting the POl latitude,
given a set of randomly selected arriving dates at the seventeen MH370 debris sites. The POl locations assumed
in these exercises were located close to the UGIB (2020) Arc 7. We conducted both “non-blind” and “blind”
validation tests of Method | with 1° latitude bins. In the “non-blind” tests, one of the authors (lannello) provided
sets of seventeen “synthetic” arriving dates and the associated hypothetical POI latitudes to the other author
(Ulich). In the “blind” tests, lannello provided only the arriving date sets to Ulich, without the associated assumed
POI latitudes. The accuracy of the prediction Method | was evaluated by comparing the assumed (by lannello)
POI latitudes with the predicted (by Ulich) POl-latitude values for the non-blind and the blind tests. All
comparisons matched closely, validating the accuracy of the method we used to determine the POI latitude.

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 loosely-constrained 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 dates were poorly determined. This degrades the latitude
resolution in the MH370 case compared to that of the validation tests.

We call each set of seventeen arriving dates a “test case”. It comprises one randomly selected arriving date for
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 selected dates fall 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 conducted two non-blind tests and one partially blind test using the basic processing Method I. For the
non-blind tests, the correct value of the assumed POl 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 needed against known POI latitudes.

The general process was for lannello to assume one specific latitude of trial origins and then select one trial-day
from the CSIRO list which passed near each of the seventeen MH370 debris sites. The input data for Ulich to
evaluate the latitude retrieval process was this list seventeen 17 arriving dates, one at each MH370 debris site.

We started with two non-blind “tests” of the POI-latitude retrieval process, with four “cases” for each test. That
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 determination of an approximate mean 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 on a single case. Having four cases provides a
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useful degree of statistical analysis, using the estimated mean and the standard deviation of the latitude
prediction errors.

For the two non-blind tests, lannello assumed the POI latitudes were -28.0° 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 POl latitudes. We evaluated the precision and the accuracy of the prediction for each test case at
these two latitudes.

lannello also provided one test which was “partially blind”. In this test, lannello communicated the POI latitude
to Ulich as -30.0 £ 0.5°. So, for this test only, lannello indicated the true latitude was one of two values (-29.5°
or -30.5°) which are 1° apart. This is a useful test, because a successful prediction method should have a latitude
resolution and accuracy better than 1°, and this would indicate a useful prediction was possible. There were four
cases for the partially blind test, the same as for each of the two non-blind tests.

Table 5.1-1 presents the results for the two non-blind tests and the one partially blind test.

Table 5.1-1 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
2EC Joint | Sites Used (o) r:or
: ) PDF | in Joint )
Latitude |Longitude PDE Value # 1o
(°N) (°E) (°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
Paryally 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 analysed the four cases for each of these three tests. The twelve predicted POI latitudes are listed in the
third column from the right in Table 5.1-1 . The 1-c uncertainties in these predictions were 0.16-0.69°. The
second column from the right lists the prediction errors as the number of sigmas of estimated error, which
ranged from +1.01 o to -1.49 . Therefore, no statistically significant prediction errors occurred in these twelve
test cases. Thus, the prediction accuracy is confirmed to be within the estimated prediction error, for these non-
blind and partially blind tests.

The method used by Ulich for the validation tests was to inspect the Method | PDFs for a large number of debris
sites. Then a 3-bin wide Region of Interest in latitude was located so it included the largest common peak. The
window dimensions were then optimized by maximizing the average probability in the ROI for each debris site.
Occasionally, the ROI was iteratively shifted by one or two bins so that the two highest joint PDF values were
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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The purpose of the “blind” test exercise is to determine the accuracy of the retrieved POI latitude, using the
same method developed during the non-blind test exercise. If the demonstrated accuracy is acceptable, then
the POl 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.

Table 5.1-1 presents the results for the four blind tests with four cases each.

Table 5.2-1 Blind test results

Mean Origin of Trials A o
Used to Generate the - ;‘::Eif °| Predicted POI Mean
Random Date List for Test | Sites | Arriving Latitude True B fin Pl;zgit:tti]c?n
Test Type | Test# One Test Case | ,[Usedin| Dates of Sigmas -
BES Joint |Sites Used (o) E:)Or
Latitude |Longitude PRI 'nljsl':"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 observed close agreement between the “blind” test latitudes and the predictions. These sixteen POI-
latitude predictions had 1o uncertainties ranging from 0.19° to 1.08°, and their prediction errors were in the
range from -1.30 o to +1.40 . Therefore, over the latitude range from -27° to -40°, the blind tests verified the
prediction accuracy of Method I, with the caveat that a debris in fact drifted at the same average transit speed
predicted by the CSIRO ocean model. Deviations in drift speed produce different arriving dates from the same
POI, or the same arriving date from different POls. The uncertainties in the actual drift speeds of MH370 debris
are evaluated quantitatively later in this paper in Section 8, because this is a contributor to the uncertainty in
the predicted MH370 POl latitude (and which is not addressed by the validation tests).

5.3. Accuracy of Method |

Figure 5.3-1 compares the validation test predictions with the true latitude values.

Each prediction of a validation test is shown by an “X” symbol in Figure 5.3-1. They all lie close to the line at 45°,
which marks perfectly accurate latitude retrieval. Each retrieved (i.e., predicted) latitude has + 1c error 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 vicinity of -40° or -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 in Figure 5.3-1 are smallest near the center of the latitude range, where more trials
are predicted to arrive at MH370 debiris sites.

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

= =Perfect predictions

28 ,h’ {

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

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

Assumed POI Latitude (°N)

Figure 5.3-1 Results of validation tests

These results demonstrate the approximate precision with which the retrieval algorithm can predict the most
likely MH370 POl 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 destinations for 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 prediction should 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. Prediction Methods Used in Prior Drift Studies

Minor variations of the basic prediction Method | were used in all previous studies of MH370 debris drift.
Probability predictions using Method | contain errors because the window dimensions are not optimal at all POI
latitudes. That is, in Method | the likelihood is not maximized at all latitudes on Arc 7. Choosing one set of
time/distance window dimensions enhances the predicted probabilities at certain crash latitudes but generally
degrades the predicted probabilities at other crash latitudes. Our 28 validation tests demonstrated that it is
possible to locate a single dominant latitude bin (or a pair of adjacent bins of comparable value) using multiple
iterations of Method |, but the true probability at this “peak” latitude will be overestimated by a significant but
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unknown factor. In addition, the probabilities of secondary peaks will be underestimated by significant and
unknown factors. Therefore, in Method | the relative probabilities among peaks in the probability density
function of POI latitude are highly uncertain. This deficiency lessens the utility of all prior published drift
predictions for planning a search for 9M-MRQ’s debris field on the sea floor.

6.1. Limitations of prior drift studies

We illustrate this deficiency of Method | in Figure 6.1-1 and in Figure 6.1-2 below. Figure 6.1-1 is a plot of the
PDF for the flaperon with window dimensions optimized for -34° POI latitude. In this case there is a huge peak
at the optimized latitude bin. Note also in Figure 6.1-1 that we compute (and carry forward) the error bars on all
latitude bins in drift PDFs. In this case the errors are statistical and result from the finite number of trials being
processed and counted. This type of error analysis was not done in previous MH370 drift studies, and it is useful
in assessing the reliability of conclusions regarding the crash location.
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Figure 6.1-1 Method | probability for flaperon with windows optimized at -34°

Next, Figure 6.1-2 below is the same type of plot but with the window dimensions optimized at -38° POI latitude.
Now the dominant peak is at the optimized bin at -38°, and a secondary peak is at -34°. Note the ratio of the
two peaks at -34° and at -38° changed dramatically. Which one is correct: Figure 6.1-1 or Figure 6.1-2? The
correct answer is that neither one is accurate.

We believe that the MH370 latitude prediction will always be biased using Method I, no matter how one chooses
the single set of window dimensions. There is no “subjective” or “objective” way to do this which does not favor
one bin or one latitude region and disfavor others. The deficiency arises from using one set of window
parameters across the whole latitude range, no matter how the that one set of window parameters is
determined.

As we have demonstrated above, prediction Method | (used in all prior drift studies) fails to produce an accurate
probability curve. This deficiency impedes efficient searching for the aircraft debris field along Arc 7. Method |
can, if used with care and in certain cases, be used to find the most probable latitude, but it can’t be used to
determine the relative probabilities of secondary peaks with a useful degree of accuracy.
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Figure 6.1-2 Method | probability for flaperon with windows optimized at -38°

7. Prediction Method 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 we fit the time and distance window widths and the reporting
delay at each POl-latitude bin. Since there are dozens of POl-latitude bins (generally we used latitude bins 1°
wide), the enhanced accuracy of Method Il comes at a very large cost in computing time compared to Method
l.

7.1. Flaperon Method Il PDF

The PDF for the flaperon using prediction Method Il is shown in below in Figure 7.1-1.

The two PDF peaks in Figure 7.1-1 are quite different in relative probability than was indicated by the two
Method | examples shown above in Figure 6.1-1 and in Figure 6.1-2. 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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Figure 7.1-1 Method Il probability for flaperon with windows optimized at each latitude bin

7.2. Trial-day information

Figure 7.2-1 below is an example of the CSIRO trial-day information, in this case for Debris #23 (the Pemba flap).
Each black diamond represents the arrival of a trial which falls within the distance window. The arrivals in the
distance window are segregated by their latitude bin of origin and by their arriving date. All the relevant dates
are indicated by 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 bin ¢ = -36°, a distance limit p = 34
km, a finding date A = 835 days after crash, a reporting delay 6 = 18 days, and a time window half-width 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 optimized 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 trial-days 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 of the previous arriving wave.
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Figure 7.2-1 Plot of CSIRO arrivals in distance window for each POIl-latitude bin

7.3. Trade-off 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 spatio-temporal resolution, and thus improved POl-latitude discrimination,
increases the statistical noise because the number of trial-days in both windows is reduced. Wider windows
contain more trial-day counts (reducing the statistical noise and increasing the SNR) but have reduced latitude
discrimination. Thus, there is always a trade-off in the optimization process, for both the distance and time
windows, between spatio-temporal resolution and statistical noise, given that one has a finite number of
predicted trials and given that a SNR threshold must be met to assure reliable predictions.

We found empirically that POI-latitude bins 1° wide with a single-bin SNR threshold of 6.5 is a good compromise
between latitude resolution and SNR. This allowed most of the 17 MH370 debris we analysed to achieve a useful
SNR in probability per latitude bin, even with the prediction enhancements we developed.
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7.4. Example of trial origins map

Figure 7.4-1 shows, for this example case of D23 at -36°, a map of the origins of trials arriving in both the time

and distance windows (the red squares).
i // - CSIRO trial origins
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--Boundaries of selected
latitude bin
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Figure 7.4-1 Map of origins of CSIRO trials in selected latitude bin arriving in time and distance
windows

The blue dots show the portion of the 86,400 trial origins within the selected latitude bin. The black line is Arc 7
from UGIB (2020). It is about 5 NM “inside” the arc used by CSIRO to generate the set of trial origins.

7.5. Example of debris site map

Figure 7.5-1 is a map of the region around the D23 finding location (i.e., the Point of Recovery) with red squares
indicating the trial-day locations for those trials from the selected latitude bin which are within both the distance
and time windows at the debris site.

The selected trial-days are on the east (ocean) side of the Tanzania coast.
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Figure 7.5-1 Map of trials from selected latitude bin arriving at debris site in distance and time
windows

Figure 7.5-2 plots the miss distance versus arriving date for the selected trial-days.
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Figure 7.5-2 Miss distances of trials from selected latitude bin arriving at debris site

There is no obvious difference in the frequency of occurrence of miss distance of the trials in both windows
compared to the trials only in the distance window.
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8. Prediction Method il

8.1. Transit speed correction factor (TSCF)

Even the improved Method 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 drift model. Previous
drift predictions did not allow for the fact that the drift parameters are only known for two of the debris [the
right flaperon and “Roy”, whose drift characteristics were empirically determined by CSIRO in sea trials; see
Griffin et al. (2016)]. Therefore, if the windage, for example, of a particular debris is different from the value
assumed in the ocean drift model, errors will certainly occur in the predicted arriving dates, thereby producing
errors in the POI probability curve for that debris. Large windage errors can shift the probability peak by at least
several degrees of POl latitude. Therefore, it is necessary to (a) use only debris whose drift speeds and directions
have been characterized, or (b) use a prediction method which can compensate for this lack of knowledge, at
least for debris with near-zero leeway angles. We followed option (a) for the flaperon and option (b) for the non-
flaperon debris we analysed.

None of the previously published drift studies attempt to compensate for a transit speed error, or even include
it as a specific contributor to a prediction error budget.

We minimized the impact of a windage error by allowing the average drift speed for each trial drifter transit to
be adjusted by a fitted parameter, called the transit speed correction factor (TSCF) at each latitude bin. We then
recalculated the times (in days after crash) for each trial-day as the CSIRO time value divided by 1+ TSCF. For
example, with a +5% TSCF, the predicted locations are reached about 5% earlier in time, and for a -5% TSCF the
predicted locations are reached about 5% later in time. In effect, the time interval between trial-days is thus 1/
(14TSCF) days.

8.2. Method Il

In a new Method Ill, we allow the TSCF to vary for each debris and for each assumed POI latitude, if needed.
Making only transit speed adjustments assumes the leeway angle is close to zero, as CSIRO assumed for their
generic drift track predictions. In addition, we assume the drift track is unchanged in location, and only the time
axis is adjusted. Clearly this is a crude approximation, but it is a necessary one because we have only two sets of
CSIRO tracks to process (for the assumed flaperon and non-flaperon drift parameters). So, for each debris and
for each assumed POl-latitude bin, we fit three variables in Method llI: (1) the distance radius, (2), the time error
limit (i.e., the half-width of the time window), and (3) either the reporting delay (which moves the center of the
time window) or the TSCF (which shifts the predicted arriving dates).

8.3. Comparison of prediction methods

Table 8.3-1 summarizes the features and differences of the three POI prediction methods we developed and
assessed.

Bobby Ulich and Victor lannello  June 6, 2023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



26

Table 8.3-1 POl-latitude prediction methods

Method
Parameter Symbol
| 1l m
Distance Limit T Chosen
subjectively or
Half-Width fi.tted to one Fitt_ed sep.arately fo!' e.j;\ch
of Time Window p IatltuFie or one latitude bin to maximize
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

For the barnacle-free debris, there is already a partial accommodation of transit speed errors because of the
wide range of acceptable reporting delays (we allowed from 7 to 150 days). One cannot fit both the reporting
delay and the TSCF simultaneously because they have the same effect of moving the predicted arrivals relative
to the time window. Therefore, they are not independent variables, but are highly correlated. Moving the time
window earlier in time by increasing the reporting delay has approximately the same effect on probability as
making the TSCF more negative, which shifts the predicted arrivals to later dates. So, in Method Ill, we first
allow the center of the time window to move within the acceptable bounds of the reporting delay and with TSCF
set to zero. If a greater time shift is needed (either earlier or later) to reach the probability peak during the
optimization process, then the TSCF is varied while holding the reporting delay fixed at its boundary value. In
this Method llI, we still fit only 3 variables for each latitude bin, as in Method I, but we fit the reporting delay
first with TSCF = 0, and then, if needed and in a second fit, we hold the reporting delay fixed at its boundary
value and adjust the TSCF (as indicated in the last column in Table 8.3-1 above).

The TSCF values are affected by three drift speed errors in the CSIRO model:
1. The effect of Stokes drift may vary from the 1.2% windage value assumed for generic MH370 debris.
2. The windspeed at 10 m height used in the BRAN2015 model may be in error.
3. The near-surface ocean current speeds in the BRAN2015 model may be in error.

Table 8.4-1 summarizes our analysis of these error sources contributing to transit drift speed errors in the
CSIRO trials. The cells in Table 8.4-1 colored yellow contain parameter values estimated by Dr. David Griffin of
CSIRO [private communication (2023)]. Note the near-surface water current contributes about 80% of the net
trial drifter movement, and the wind induces the remaining 20% (at the nominal 1.2% windage 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, but none of the recovered debris appear obviously to require windages that high. Therefore, 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 speed will be 5X lower, or -6.7% to +13.3% (as shown in the
eighth column in Table 8.4-1).
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Table 8.4-1 Uncertainties in CSIRO model drift speed for floating MH370 debris

Fractional Error

Estimated Fractional in Debris Drift Speed

Error in Component

_ Estlrpated . - 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 t1c 2.4% 1o
speed with regional debiasing
Wind speed at 10 m height 5.0% + 1o 1.0% *tlc
Minimum 0.8% -33% 60.65%
wind drift 20% o 6.7% | -lo -6.7%
Debris |\ ominal | 1.2% 100%
windage
0, 0,
Maximum | 2.0% | 67% | 60.65% | >°% | *lo 13.3%
-7.16% -lo -14.31%
Total drift 100%
13.58% + 1o 27.17%

The cells colored green in Table 8.4-1 contain error estimates we made. We estimated the average near-

surface current speed to have a 1-c error of 3%, and the 10 m height windspeed data to have a 1-c error of
5%.

8.5. Bayesian probability of transit speed correction factor

We combined the errors due to windage, near-surface currents, and 10 m windspeed in quadrature, assuming
they are independent. That results in a combined error range of -7.2% to +13.6% in average transit drift speed
(as shown in the last two rows colored blue in Table 8.4-1

Table 8.4-1 Uncertainties in CSIRO model drift speed for floating MH370 debris
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Fractional Error

Estimated Fractional in Debris Drift Speed

Error in Component

. Estlmated . - Drift Speed (Transit Speed Correction
Drift Fraction of Quantity Contributing Factor)
Component | Total Dcl;ift to Drift Speed Error Relative
Spee Probabilit
y at - -
0, 0,
% Estimated % Probability Limit
Value
Currentdrift | 80% |C AN 2015 near-surface current | - g0 1o 24% | 1o
speed with regional debiasing
Wind speed at 10 m height 5.0% +1loc 1.0% t+lo
Minimum 0.8% -33% 60.65%
wind drift 20% Debri 6.7% | -lo -6.7%
- Nominal 1.2% 100%
windage
0, 0,
Maximum | 2.0% | 67% e0.65% | 133% | tlo 13.3%
-7.16% -lo -14.31%
Total drift 100%
13.58% + 1o 27.17%

). We next assumed that, within that range, all TSCF values were equally probable, since we have no windage
estimates for the 16 generic debris we analysed — just for the flaperon. Therefore, from -7.2% to +13.6% the
TSCF probability was assumed to be a constant (=1). However, TSCF values outside that range were less

probable. We assumed that decay in probability was a gaussian out to twice the + 1c range, and zero beyond
those limits.

Our assumed Bayesian probability statistic for TSCF is shown in Figure 8.5-1 below.
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Figure 8.5-1 Assumed relative probability of TSCF for non-flaperon debris

In the Method Il process, we maximized the PDF value for each latitude bin, and when 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 shown in Figure 8.5-1. So, from -7% to +14% there is no penalty for non-zero
TSCF values. However, when TSCF was outside that range the penalty increased substantially and reduced the
probability for that latitude bin by the factor indicated in Figure 8.5-1 above.

8.6. Example of Method lli

Figure 8.6-1 below shows, as an example of Method lll, the results for the PDF and the best-fit TSCF values for
the flaperon. The purpose of this exercise was to check Method Il by looking for significant drift speed “errors”.
CSIRO calibrated the drift speed of an instrumented cut-down flaperon and adjusted their model parameters to
match their observed drift speeds. Therefore, one would expect the flaperon analysis to show a TSCF value close
to zero from the true POI latitude. This notion was tested in Figure 8.6-1, and indeed that 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 date. Adjusting TSCF shifts the predicted
arrivals with respect to this “stationary” time window.

The black line in Figure 8.6-1 below is the PDF using Method IIl with the TSCF optimized at each latitude bin. It
is like the Method Il PDF previously shown in Figure 7.1-1. We believe this Method Il result shows the relative
probability of the two peaks at -34° and -38° latitude most accurately among all methods.

The red line in Figure 8.6-1 below indicates the best-fit TSCF values are essentially zero at crash latitudes from -
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 arrive in La Réunion in 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 a 6° latitude range). North of -31° all TSCF values are negative,
as expected. South of -42° all TSCF values are positive, again as expected.
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Figure 8.6-1 Method Ill PDF and best-fit transit speed for flaperon

Figure 8.6-1 demonstrates that the crash-latitude 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 4° of latitude. The combination of the two plots in Figure 8.6-1 demonstrates that the predicted
arrivals from -33° to -38° are highly overlapping temporally, but still can be discriminated spatially (by the
distance window) and by the width of the time window. The time window width allows us to discriminate among
arriving waves of trial drifters if they differ in the numbers of trials. Temporally “dense” waves allow narrow time
windows, which can discriminate against overlapping but less dense arriving waves from other latitudes.

We also note that because the best-fit TSCFs for the flaperon are zero for latitude bins between -33° and -38°,
one should favor those latitudes for the MH370 POI based on this flaperon drift speed match alone.
8.7. Superiority of flaperon
The flaperon is the best debris for assessing POl latitude. There are three reasons for 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 zero (for 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 we need to fit only two parameters for the time and distance window widths, since 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 at -34° is also seen in many other debris PDFs. However, the secondary flaperon
peak at -38° does not appear in the PDFs for generic debris found at other locations. This demonstrates the
benefit of spatial diversity in finding locations, because some peaks will be rendered undetectable in the joint
PDF even though they are significant in one or even several single-debris PDFs.
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For use in computing the joint PDF of all debris, we used the special case of Method lll for the flaperon, with
both the reporting delay and the TSCF fixed at zero, as discussed previously. This result is shown in Figure 8.7-1
below which differs only slightly from Figure 8.6-1.
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Figure 8.7-1 Method lll flaperon PDF with zero reporting delay and zero TSCF

8.8. Latitude dependence on average TSCF

We also tested the assumption that non-zero TSCFs would shift the best-fit latitude in a systematic way when
using all 17 debris in the joint PDF. Figure 8.8-1 shows the result when we assumed the same value of TSCF for
all 17 debris and solved for the latitude which had the highest probability in the joint PDF (i.e., the peak of the
product of all 17 PDFs).

In Figure 8.8-1 we see a systematic shift in the predicted most-likely crash latitude using Method Il depending
on an assumed transit speed adjustment to the CSIRO drift model. Note that TSCF = 0 corresponds to -34° crash
latitude. The slope is about -5% / °. More northerly latitudes require negative TSCFs, and more southerly
latitudes require positive TSCFs, as expected based on the general northerly drift near Arc 7. Figure 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 Figure 8.6-1 for the flaperon).
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Figure 8.8-1 Latitude dependence on transit speed correction factor of joint PDF using 17 debris

8.9. Best-fit TSCF values

As indicated in Figure 8.9-1 below, fitting the TSCF using Method Ill was needed in only four of the twelve generic
debris which met the SNR threshold.
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Figure 8.9-1 Best-fit TSCF values at -34° latitude for non-flaperon MH370 debris
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Figure 8.9-1 is a plot of the occurrence frequency of TSCF values at one latitude bin (-34°). Most debris are well
fitted with TSCF = 0 (13 out of 17 debris favored this). In all four cases of non-zero TSCFs, the 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 many (but not all) of the MH370 non-flaperon debris. None of the debris
with many barnacles (the right flaperon found in La Réunion) or with a few barnacles (the storage closet door
found in Rodrigues and the outboard flap found in Pemba, Tanzania) needed a non-zero TSCF to achieve good
consistency between the drift model predictions and the debris reports.

Note the four non-zero TSCFs in Figure 8.9-1 above are all positive. It is possible this is partly because the 1.2%
windage used by CSIRO for the non-flaperon debris is slightly below the actual average windage. However, there
is a bias in the fitted TSCF values to be positive, because many of the debris have a very large range of acceptable
reporting delays. Negative TSCFs are not allowed unless the estimated arriving date occurs prior to the earliest
date allowed by the largest value of the reporting delay. So, we can’t tell the difference between a long reporting
delay or a modest reporting delay plus a negative TSCF. In both cases the time window dates and counts can be
almost identical. Thus, we won't always find negative TSCFs when they occur, because even at zero TSCF the
best arriving wave is often accessible by means of the reporting delay parameter.

Fitting the TSCF in Method Ill has several effects:
1. The error introduced by using an incorrect average drift speed in the model is significantly reduced.

6. Asomewhat larger signal-to-noise ratio in predicted probability is required for accommodating the third
fitted variable (i.e., either the reporting delay or the TSCF). This SNR requirement (we used a threshold
of 6.5 per bin) eliminates four marginal cases. Those debris with too few predicted arrivals to be used in
the joint PDF included the engine right fan cowl, the upper fixed panel forward of the left flaperon, the
wing-to-body fairing, and the right engine inner vortex generator. It is noted that including these four
debris in the joint PDF does not alter any of the conclusions presented in this paper. Reliable detection
of a PDF feature requires a SNR of at least 1 in each PDF and at least 4 overall. The minimum detectable
contrast in the joint PDF is roughly the inverse of the SNR. Therefore, with SNR = 6.5 per bin per PDF,
the minimum detectable contrast is about 17% per debris when using 13 debris.

7. Secondary peaks of significant probability now appear in the Method Il joint PDF at nearby POl latitudes,
because the global peak is reduced in probability and the secondary peaks are increased in probability.
by the two accuracy enhancements we incorporated in Method Il compared to Method I:

a. maximizing the likelihood at each POI-latitude bin, and
b. allowing the average drift speed to be adjusted if needed.

By studying the fitted TSCF values in Method lll, 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 predicted 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 POl latitude and on the
debris finding location.

8.10. Best-fit window dimensions

The values of all the best-fit Method Ill parameters for each debris at -34° latitude are listed in Section 3 in Table
3.2-1. Figure 8.10-1 below is a plot of the best-fit window widths at one latitude bin (-34°) using Method lII.
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Figure 8.10-1 Method IlIl window dimensions for MH370 debris at -34°

The red dashed lines in Figure 8.10-1 indicate we allowed 10-56 km for the distance limit and 7-100 days for the
half-width of the time window. The label below each plotted point is the identification number of the debris. For
example, D2 is the flaperon. Due to its finding location and its proximity to Arc 7, it has the sharpest windows
with the smallest “volume” (surface area times duration). Therefore, we expect the flaperon to be superior
among MH370 debris for crash-latitude discrimination because 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 maintaining a
sufficiently high number of counts to meet the SNR threshold.

9. Joint Probability Density Function

9.1. MH370 Joint PDF

The MH370 single-debris PDFs using prediction Method Ill, and their joint PDF (i.e., their product), are shown in
Figure 9.1-1 below. Note the latitude scale (the abscissa) only extends northward to -22° in this plot because
between -22° and -8° the joint probability is negligibly small.

The seventeen black lines in Figure 9.1-1 are the PDFs (each normalized for plotting so the peak probability = 1)
for the seventeen MH370 debris we analysed. 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 ordinate scale. Four of the seventeen individual
PDFs are flat lines at 100%, because D10, D11, D13, and D29 had inadequate statistics to be processed using
Method lll (i.e., their SNRs were too low). The red line in Figure 9.1-1 is the joint PDF of the ensemble, which is
the product of the 13 individual PDFs, scaled so its area is unity. We use the product rather than the sum because
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the joint probability is conditional upon all the debris matching their reported sites and dates. The conditional
joint probability is the product of all the single-debris probabilities when the condition is that all are TRUE.
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Figure 9.1-1 Individual and joint PDFs for MH370 debris probability

Note the + 1o error bars (the vertical dashed red lines) on the joint PDF values (the red dots) in each POI-latitude
bin. Note the vertical error bars at -34° and at -31° overlap, so it is likely, but not nearly certain, that -34° has a
higher probability than -31°. The vertical dashed blue line is the latitude of the LEP from UGIB (2020). Note the
secondary peak in the joint PDF at -31° using Method Il is about half the probability at -34°. Method | does not
show this secondary peak at a significant probability.
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Inspection of the plot above reveals that the highest peak in the joint PDF is at -34° POI latitude, very close to
that of the UGIB LEP at -34.23°. However, only three debris (D2, D15, and D23) have their individual PDF peaks
at -34°. The error bars on the joint PDF in Figure 9.1-1 are a relatively constant percentage of the joint PDF value.
Hence, the highest peak also has the largest uncertainty, and the SNR is relatively constant across the POI-
latitude bins. Figure 9.1-1Error! Reference source not found. is not our final prediction of the debris probability b
ecause systematic localization errors in the ocean drift model have not yet been included (this is done in Section
11 later in this paper).

10. Maps of Trial Drifter Tracks

10.1. Trial drifter tracks from -34° reaching MH370 debris sites

Figure 10.1-1 illustrates trial drifter tracks originating from the vicinity of Arc 7 near -34° and reaching all the
MH370 debris sites we analysed. In this figure we selected the one trial per debris site which gave the closest
match in the time and distance windows.
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Figure 10.1-1 Trial drifters from -34° arriving at all debris locations analysed

In Figure 10.1-1 above all the debris initially drift eastward away from the 7™ Arc and then turn northward, but
none make landfall in Western Australia. Then the South Equatorial Current sends the floating debris westward
toward Madagascar and the intervening islands. Figure 10.1-1 demonstrates that the paths of those trials which
best matched the MH370 debris finds generally passed about 200 km or more to the west of the West Australia
coastline.

10.2. Trial drifter tracks from -34°

Figure 10.2-1 below shows a larger number (75) of randomly selected trial paths which originated near -34° close
to Arc 7.

Note in Figure 10.2-1 that some of those trial paths pass very near the Western Australia coastline. Some trials
are also predicted by CSIRO to reach very shallow water there, although no MH370 debris were reported (other
than possibly the towelette packet).
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Figure 10.2-1 Seventy-five CSIRO-predicted drift tracks originating near -34°

10.3. Flaperon trial drifter tracks reaching La Réunion

Figure 10.3-1 below shows flaperon trial drifter tracks from the entire range of latitudes on Arc 7 which reach La
Réunion (where the flaperon was found) within the distance and time windows.
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Figure 10.3-1 Trial drifter tracks in both distance and time windows for the flaperon at La Réunion

The red dots in Figure 10.3-1 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 less diverged 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 date at La Réunion. Figure 10.3-1 demonstrates that
trial drifters from a wide range of locations on Arc 7 can arrive in La Réunion, but there they can be somewhat
discriminated by their arriving dates. Figure 10.3-1 also shows that very few flaperon trials that fall within the
time and distance window at La Réunion start north of -30° latitude.

10.4. Trial drifter tracks for Debris # 15

Figure 10.4-1 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
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Figure 10.4-1 Trial drifter tracks in both distance and time windows for Debris 15 at Madagascar

The non-flaperon debris like D15 take more northerly tracks across the SIO when travelling westward (because
of their zero leeway angle). The flaperon was experimentally found to drift to the left of the non-flaperon debris
paths, based on the CSIRO drift tests [Griffin et al. (2017)] which used a model of the recovered flaperon.
Therefore, the non-flaperon debris tend to miss La Réunion on the north side, heading toward Madagascar.

11. Ocean Model Localization Error

Dr. David Griffin of CSIRO has estimated the BRAN2015 relative location error to be at most + 1.0° of arc [private
communication (2022)].

11.1. Bayesian PDF of BRAN2015 localization error

We assumed the 1.0° of arc to be 2o of a gaussian probability density function. The relative location error (or
“localization” error) is the uncertainty (relative to the origin) in the position of a drift track (i.e., a trial-day
location) after a lengthy transit, such as occurred for the MH370 debris crossing the Southern Indian Ocean. The
same localization error may be applied when predicting the origin based on knowing the finding location. Figure
11.1-1 below shows the Bayesian localization error PDF.
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Figure 11.1-1 PDF of BRAN2015 localization error

12. Drift Probability

12.1. Joint PDF with localization error included

We incorporated the estimated BRAN2015 localization error by convolving the joint PDF in Figure 9.1-1 with the
localization error PDF shown in Figure 11.1-1 above. This convolution has the effect of blurring the joint PDF
such that peaks are reduced in probability and valleys are increased in probability. Our result for the “drift
probability” with the localization error included is shown in Figure 12.1-1 below.

30%
’\
T
25% —
ey
1Y
i 20% N
Pr.obablllty. I -
Density Function / \'- N
(% /°) 15% 4 “~' 4
of the CSIRO "
Floating Debris i N
a H N v
Drift Model A \‘
Matching the ,:/'f b CHE o
i 5% = N
MH370 Debris s NN
Reports ,/’{'-' TN
0% — N
-5%
-45 -40 -35 -30 -25 -20 -15 -10 -5
Point of Impact Latitude (° N)

Figure 12.1-1 MH370 drift probability
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The solid black line in Figure 12.1-1 above is the joint drift PDF (i.e., the MH370 drift probability) including
consideration of the model localization errors. The two black dotted lines indicate the + 1o errors in the drift

Figure 12.1-2 below is an enlarged plot of the drift probability covering the latitude range of non-zero probability.
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Considering the systematic BRAN2015 localization errors, the most likely POl is at -34.00 + 0.54°N, 94.07 +
0.65°E. This new estimated impact position prediction is only 41 NM northeast of the Arc 7 location (= -34.23 +

0.5°N, 93.79°E) previously predicted by UGIB (2020) as the “Last Estimated Position” based on the satellite and

weather data (and indicated by the vertical dashed red line in Figure 3.34-2 above). The proximity of the peak
drift probability to the LEP implies the post-fuel-exhaustion glide distance may be less than 50 NM. The
asymmetry in the drift probability in Figure 12.1-2 implies the course deviation after flame-out was more likely

to the left of the autopilot course.

Arc 7 Latitudes between 29.9° and 35.7° constitute all locations which are within a factor of 4X lower than the
peak value of the debris probability. This is the latitude zone for the debris field location which is indicated by
the drift analysis alone. However, portions of this latitude range are effectively nullified by other considerations,
primarily the fuel modeling and the post-crash aerial search for floating debris, producing a smaller latitude

range when all factors are considered.

13. Comparisons with Prior Drift Studies
13.1. Comparisons with previous predictions using CSIRO drift 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 between 32-36°S, with the most
likely latitude being 35°S. Our new result is consistent with the CSIRO latitude range, although our northern limit
is slightly farther north at -31°. This difference is partly caused by our inclusion of the localization error, which
broadens our drift probability. Our most likely POI latitude (-34°) is slightly to the north of CSIRO’s most likely
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 (Figure H-1 in that paper) is
shown below in Figure 13.1-1
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Figure 13.1-1 Figure H-1 from UGIB (2020) for comparison with new prediction

This initial result indicated a POI latitude of 33-37°S as being more likely. Our new result is consistent with, but
more precise and more accurate than, our initial 2020 prediction.

Godfrey (2020) analysed 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 drift speed error or localization error). Godfrey’s prediction method has
multiple limitations, including the following:

a) It uses the number of trials arriving at a location within fixed distance and time windows from a given
crash latitude [i.e., N(D,®,p,t,0), as 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 error, and it
suffers from the deficiencies inherent in Method I|. Since the single-debris-site PDFs are not
probabilities, neither is their joint 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.
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Godfrey’s prediction method is unvalidated and slightly degraded in accuracy. His result depends almost solely
on the large peak at 34°S for the flaperon at La Réunion. The error estimation is overly simplified (for instance,
it does not use the width of the joint PDF) and incomplete (because systematic model errors are not included).
Despite these drawbacks, Godfrey’s prediction of the most probable crash latitude is consistent with our new
result, although his PDF overestimates its probability relative to nearby latitudes.

13.2. Comparisons with other drift studies

Rydberg (2015) analysed the Flaperon track to La Réunion using the drift model of Erik van Sebille et al. (2012)
incorporated in the online calculator at adrift.org.au (2015). Rydberg concluded “the most likely origin of the
Flaperonis currently a 2 by 2-degree area, centered at (34S, 94E).” The precision of Rydberg’s estimate is coarser
than our new result because of fewer trials. It appears not to consider localization error or the difference in the
windage and drift angle parameters which Griffin et al. (2017) measured to be significantly different for the
flaperon than undrogued drifters. Nonetheless, it is impressive what Rydberg accomplished with the relatively
coarse tools and simple methods available in 2015.

Triananes et al. (2016) studied MH370 floating debris drift and said: “Our results indicate that areas within the
Indian Ocean subtropical gyre, including the search area, could be a source of the debris found on La Réunion
Island. We also identify zones that can be excluded as potential crash sites and provide estimated travel times
and probable ashore positions of plane debris through an analysis of the historical surface drifter dataset.” They
made no specific prediction of crash latitude.

Wijeratne and Pattiaratchi (2017) also modeled the drift of MH370 floating debris. They said: “Of the 22 pieces
of debris found the location of 18 were predicted by our UWA model. Those not predicted were in Mauritius
and Rodrigues Islands which may not be well represented in the oceanographic model. The debris origin for this
was at 96.5°E and 32.5°S along the 7th arc.” The error in their latitude prediction is quoted by Thomas (2017) as
being 40 km (or 0.4°), but no explanation of its derivation is provided. We also do not know whether the effects
of Stokes drift and leeway were included. Neglecting these effects would under-predict the mean drift speed
and bias the POI prediction to the north. Wijeratne and Pattiaratchi’s prediction for the MH370 POI latitude at
32.5 £ 0.4°S is within our predicted range. We expect our result to be more accurate because we have used:

a) more matching debris predictions (twenty-two debris sites when the redundant cases are included),
b) many trials (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.
Corrado et al. (2017) used four undrogued drifter tracks to predict a POI latitude of 35 + 5°S.

Gao et al. (2018) concluded: “The results suggest that the north part of the UWSA is the most likely area to be
the crash site of MH370.”

Nesterov (2018) also studied the MH370 crash location as follows: “The drift study of MH370 debris was
conducted by means of numerical modelling using a forward particle tracking technique. A total of 40
hypothetical locations of the crash site along the seventh 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 La Réunion; (3) the spatial distribution of the debris washed ashore . ... Obtained results indicate the
likelihood of the crash site to be located between 25.5°and 30.5°S, with the segment from 28° to 30°S being the
most promising.” Nesterov discounted the region from 30.5°S to 34.5°S because “Excellent aerial coverage of
the debris cloud originating from this segment makes the crash site unlikely to be located within it.” We disagree
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with this conclusion because Figure 13.2-1 below demonstrates the aerial coverage there was incomplete. We
took Figure 13.2-1 from Figure 4.1 in Griffin et al. (2016), which was also used as Figure 20 in ATSB (2017).
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Figure 13.2-1 Probability of detection of the surface search [Figure 4.1 from Griffin et al. (2016)]

The right panel in Figure 13.2-1 shows the probability of surface debris detection for origins near the 7 Arc. It
indicates the probability was extremely high, close to 100%, for POI latitudes north of -32.7°. 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 between -33.3° 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 (2017) of -32.5°S lies in the
area where the aerial search had an extremely high probability of detecting surface debris, so it is an unlikely
location.

Durgadoo et al. (2021) considered drift trajectories which originated within the maximum aircraft range and
within 550 km of the 7™ Arc. There they found “. . . the most probable region for the crash site around the Arc
lies between 30—35°S . ...” This result is entirely consistent with our prediction.

The previously published drift predictions discussed in this section are all consistent with our more accurate drift
PDF. The prediction by Wijeratne and Pattiaratchi (2017) is within our drift probability range, but it is unlikely
because it falls in the area where the aerial search was highly effective in determining a negative result.

14. Other MH370 Crash Latitude Discriminators

14.1. Route probability
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Figure 14.1-1 below shows the route probability from UGIB (2020). This is the probability that an autopiloted
post-19:41 route matches the SATCOM and GDAS data. The most probable route is the LNAV 180° BEDAX route
at LRC at FL390, but many other routes are possibilities.
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Figure 14.1-1 Probability of the UGIB (2020) route model matching the SATCOM/GDAS Data

14.2. Fuel probability

Figure 14.2-1 below shows the fuel probability. UGIB (2020) estimated the fuel required to achieve main engines
fuel exhaustion (MEFE) circa 00:17:30 UTC (as implied by the SATCOM data) for each of the routes found
otherwise plausible and therefore included in the route probability.
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Figure 14.2-1 Revised probability of the UGIB (2020) fuel model matching the known endurance

We revised the fuel probability from UGIB (2020) by including additional routes intersecting Arc 7 between -35°
and -36° which were subsequently identified 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 about -36.5°.

The product of the route and fuel probabilities is shown in Figure 14.2-2. 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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Figure 14.2-2 Product of the route and fuel probabilities

14.3. Glide range probability

To process the compound route/fuel probability in Figure 14.2-2 above with the aerial search and drift
probabilities, we must modify Figure 14.2-2 so it corresponds to the time of impact, not the time of MEFE. While
we don’t know the exact time of impact, except that it must be at least several minutes later than MEFE and
probably prior to 00:44 UTC, we can accomplish this by adding an unpowered “glide” from cruising altitude to
the sea surface. We parameterize this glide by the horizontal distance (i.e., the glide range) covered during the
descent from the MEFE altitude and position to the POI.

Figure 14.3-1 presents our assumed glide range probability as a function of the horizontal distance traveled.
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Figure 14.3-1 PDF of glide range after fuel exhaustion
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We model the glide range probability as a Bayesian statistic. We assume a gaussian distribution with 3¢ = 140
NM, which is the maximum glide range possible for a Boeing B777-200ER if ideally flown by an experienced pilot
maintaining maximum lift-to-drag ratio. This glide range probability would have a range of 16 =47 NM =0.78°
of arc or less 68% of the time, 2o = 94 NM or less 95% of the time, and 30 = 140 NM or less 99.2% of the time.
We apply this glide range in the N-S latitude direction, as a worst case, understanding that glides at other
bearings would shift the crash latitude by a smaller projected distance on the latitude axis.

14.4. Route/fuel/glide range probability

Because the glide range applies to all points on Arc 7, we convolve the glide probability in Figure 14.3-1 above
with the route/fuel probability from Figure 14.2-2 above to obtain the route/fuel/glide range probability at
impact, as shown below in Figure 14.4-1.
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Figure 14.4-1 PDF of POI latitude using route/fuel/glide probabilities

The glide range probability blurs the fine structure in the route probability, so what remains is a broader, smooth
function with two blended peaks. The larger peak is near -35° and the slightly smaller peak is near -32°. The
probability is within a factor of 3X of the peak from -29° to -37°, which is quite a large range. Incorporating the
glide range increases the extent of acceptable impact latitudes, as expected.

14.5. Aerial search probability

The next step is to incorporate the aerial search probability, which is shown below in Figure 14.5-1. This is the
probability that the aerial search did not detect the floating debris field in the vicinity of Arc 7 within a few weeks
after the crash [private communication from David Griffin (2019) as published by UGIB (2020)].

We calculated the one-dimensional aerial search PDF shown here as Figure 14.5-1 based on the two-dimensional
probability map shown previously as Figure 13.2-1. Note the lack of aerial search coverage south of -33° results
in a high estimated probability MH370 could have crashed there.
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Figure 14.5-1 Aerial search probability of MH370 crash latitude
15. Overall Probability of MH370 Crash Latitude

15.1. Joint PDF including all factors

To obtain our final compound PDF, we use the product of the route/fuel/glide probability (in Figure 14.4-1), the
aerial search probability (in Figure 14.5-1), and the debris drift probability (in Figure 12.1-2). This compound
route/fuel/glide range/aerial search/drift probability is the joint PDF shown below in Figure 15.1-1.
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Figure 15.1-1 Probability of MH370 crash latitude 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 probability. The drift probability is aligned with the zone between those limits and enhances
it.

We effectively have three independent indicators of a crash in the vicinity of -34°:
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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 good indication that the aircraft crashed not too far from -34°. How else could all three be
substantially wrong and by the same amount?

An expanded view of the compound PDF over the latitude range of interest is shown in Figure 15.1-2.
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Figure 15.1-2 Probability of MH370 POI latitude near Arc 7

The solid black line is the compound probability that the 9M-MRO point of impact was at a given latitude near
Arc 7 considering route, fuel, glide range, aerial search, and debris drift probabilities.

The latitudes from -32.9° to -36.4° (as indicated by the two vertical solid green lines) are within about 8X of the
peak probability (which occurs at -34.3°). This latitude region, with a width of + 94 NM from Arc 7, contains
about 90% of the cumulative probability distribution (CPD).

The two vertical dashed red lines in Figure 15.1-2 are the boundaries of the latitude range of the Last Estimated
Position (LEP) predicted by UGIB (2020) plus and minus the estimated probable glide range of 47 NM (i.e., £ 15).
The close agreement shown in Figure 15.1-2 implies the post-fuel-exhaustion glide range is more likely than not
to be less than 47 NM.
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The estimated location on the crash date of the COSMO-SkyMed/Pleiades objects at -35.4°N, 92.8°E [lannello
(2021a)] is not ruled out by Figure 15.1-2. This location is shown by the blue dotted line in Figure 15.1-2.

16. Impact Zones with Assumed Course

We estimated the boundaries of MH370 locations at the times of various events in the vicinity of Arc 7, assuming
the route from BEDAX to the UGIB LEP was 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 within our recommended zones (which make
no assumption regarding this particular route).

16.1. LEP Route Boundaries

Our predictions of the MH370 locations at various times near fuel exhaustion, assuming the UGIB LEP route was
flown, are shown in Figure 16.1-1 below.

LEP Route

The black dashed vertical line is the best-fit southbound track from UGIB (2020). This course passes through
waypoint BEDAX and has a true bearing of 180°. The blue diamond is where that auto-piloted course intercepts
Arc 7 (shown by the blue line) circa 00:19:29. This is the Last Estimated Position (LEP) from UGIB (2020).

Arc6at 00:11:00 UTC

The green diamond is the estimated aircraft position at Arc 6 (the curved green line) at 00:11:00 UTC. The green
parallelogram is the 2-sigma boundary of the aircraft location at 00:11:00. The “width” of this parallelogram is
derived from the uncertainty in the fitted route longitude (as indicated by the pair of vertical black dotted lines).
The “height” of the parallelogram (i.e., the range error perpendicular to Arc 6) is due to the noise present in BTO
readings. Thus, if the route assumption is correct, there is a 90% probability the aircraft was inside the green
parallelogram at 00:11:00 UTC. We therefore have a fairly precise estimate of the aircraft location at 00:11:00.
However, the location error grows with time thereafter.

Fuel Exhaustion at 00:17:30 UTC

The next time of interest, in the end-of-flight timeline for MH370, is the fuel exhaustion at 00:17:30 UTC. The
aircraft location at that time is inside (at 2-sigmas) the gray parallelogram. Note that its width in longitude is the
same as the width at 00:11:00 (the green box). That's because the autopilot was maintaining the track in the
interim, although the ground speed is somewhat uncertain. The uncertainty in average ground speed between
00:11:00 and 00:17:30 makes the gray box larger in the direction parallel to the course. We know the aircraft
probably suffered one engine flame-out prior to 00:17:30 (which is when the second engine flamed out), but we
don't know exactly when the first engine flamed out. Therefore, the 00:17:30 box dimension along the track
allows the first engine fuel exhaustion to occur at any time between 00:11:00 (our earliest estimate) and
00:17:30 (our latest estimate). If the first engine flamed out nearer 00:11:00 (which we think is more likely), then
the aircraft would have slowed more and would be nearer the northern end of the gray box. If the first engine
flamed out close to 00:17:30, the aircraft would be nearer the southern end of the gray box. Note 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 dots in Figure 16.1-1 are the splash points of the Boeing simulations, when their starting courses are
aligned in time and also shifted to be due south on the assumed track from BEDAX. Note most of
the Boeing splash points are to the "left side" of the autopilot track.
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Arc 7 at 00:19:30 UTC

The aircraft location at 00:19:30 is shown by the black dashed "box" centered on Arc 7. Its width perpendicular
to the 7th Arc is set by the BTO noise. Its width along Arc 7 is set by the maximum distance the aircraft could
have flown from all points within the 00:17:30 box in the 2-minute interim (which is 16.6 NM). Now we know
the boundary of the aircraft position at 00:19:30 (the black dashed boundary).

Missing SATCOM Transmission at 00:21:07 UTC

The time of the expected, but not detected, In-Flight Entertainment (IFE) transmission is 00:21:07 UTC. It 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 satellite, or possibly the APU ran out of fuel. The solid
red line bounds the aircraft location at 00:21:07 UTC, using the maximum possible ground speed for the 1:37
elapsed time between Arc 7 and the IFE transmission. So, if the aircraft had crashed by 00:21:07 in this scenario,
the POI should be inside the red zone. In this case there would have been no piloted, extended glide.

70 NM Glide until 00:33:00 UTC

The large brown “racetrack” boundary shows an additional 70 NM glide range (from Arc 7 at FL200). We believe
it is highly probable in this scenario that the MH370 debris field is within this 70-NM-glide zone.

140 NM Glide until 00:44:00 UTC

The very large black racetrack indicates the 140 NM maximum glide boundary from the maximum possible
altitude (43,200 feet) at MEFE at 00:17:30 UTC, and with an impact not later than 00:44:00 UTC. This boundary
provides close to 100% certainty of containing the POI if the BEDAX route were flown.

16.2. Search Area Al from UGIB (2020)

The orange rectangle in Figure 16.1-1 above is the proposed Search 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 recommendations for a future sea-floor search for the MH370 debris field are as follows:

1. Closelyinspect those portions of the area from -32.9° to -36.4°, and within the previously searched width
along Arc 7, which are:

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

b. areas with difficult terrain,

c. areas with lower-quality sonar data, and

d. previous contacts by GO Phoenix and Ocean Infinity which could be misclassified.

This Zone 1 is the area enclosed by the white rectangle in Figure 17.1-1 below. When those portions
listed above are completed, Zone 1 includes 22% of the cumulative detection probability (CDP). We
recommend prioritising the portion of this Zone 1 which is also 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 to + 70 NM from the UGIB Arc 7. This Zone 2 achieves a 90%
CDP, and it is indicated by the purple racetrack in Figure 17.1-1.
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3. If #2 is unsuccessful, then widen the search to + 140 NM from the UGIB Arc 7. This Zone 3 achieves a
98% CDP, and it is indicated by the very large green racetrack in Figure 17.1-1.

These three recommended search zones (Zones 1-3) and the possible 00:21:07 boundary (which segregates Zone
1A from Zone 1B) are shown in Figure 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 classification of MH370 debris reports
There are three possible types of MH370 debris reports:

1. Type lis a positive debris report with a specific finding location but no specific finding date. An example
of a Type | Report is that a MH370 spoiler panel (D35) was found in Ferreira Town, South Africa.

2. Type Il is a positive report with a specific location and a specific finding date. An example of a Type Il
report is that the MH370 flaperon (D2) was found in La Réunion on 29 July 2015.

3. Type lllis a negative report with a broad location and a very broad time window. An example of a Type
[l Report is that no MH370 debris were found in Western Australia.

The difference in the Type | and Type Il positive reports is having a specific finding date. All but one of the debris
listed previously in Table 3.2-1 are Type Il reports, because they have a specific finding location and date.

For Type | Reports (of a debris being reported at a specific location only), the crash latitude probability is 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 predicted to arrive = P;/q) only appears in the numerator of the PDF for Type | Reports. So, one cannot
compute a PDF for Type | Reports unless one knows or assumes the time dependence of Pr/pq. It is unnecessary
to know the location dependence of P,/ 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% probability). An unknown
constant is normalized anyway by the area constraint. Thus, one must assume the time dependence of Pr/pq, or
assume there is no time dependence, to compute a PDF for a Type | Report.

The unigue and significant advantage of a Type Il report is that no knowledge of additional parameters is
required. For a Type |l Report, the probability is the fraction of the trials (from a given POI-latitude bin) predicted
to arrive within a distance limit from the reporting site which also arrive in a time window (centered on the
estimated arriving date). For Type |l reports, it does not matter what the conditional probability of being
reported is, given that a debris was predicted to arrive, because it is the same for all POI-latitude bins. We don't
have to know its 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 all POl-latitude bins.

We also assessed the utility of a Type Il (negative) Report 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 the POIl-latitude range.

The Type Il (negative) Reports have a significant disadvantage compared to Type |l (positive) Reports because,
to compute the PDF of crash latitude, we 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 lll reports, the PDF is the A'th power of one minus the probability a debris was reported, for each crash
latitude bin, where W is the total number of debris which existed during the period of the non-report. So, for
Type lll reports, one must know the value of P,/q, and how it varies with location within the non-reporting 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 reports also don't have known areas (because no debris were found).

To summarize, for Type Il reports (with a finding location and date), we do not need to know or assume anything
about Pr/pa to compute the crash latitude PDF. For Type | Reports (giving a finding location but no date), we do
not need to know the value of Pr/q, but we must know if and how it varies with time. For Type Ill Reports (a
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negative report for a broad zone and a very broad time window), we must know the value of P,/q over the broad
zone and over time and we must know the number of debris N. Therefore, the information content is the highest
in Type Il Reports, and the lowest in Type Ill 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 the actual MH370 POI. That is, the MH370 debris sites will have generally favorable probabilities,
on average, of arriving from the true MH370 POI latitude. Tests 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 limit) and at 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 debris site and at the given time
(i.e., both there and then). It is conditional, based on knowing the location of the MH370 debris site. This specific
type of conditional probability is applicable to the MH370 case, but not to the other validation tests 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 latitudes. This 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 MH370 debris, but those 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 are quite different from the actual MH370 POl latitude, using this type of probability (of
arriving both there 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 non-MH370 test cases. The reason for this change in probability metric is that we do not have any lists of
actual debris reporting locations for different crash latitudes than the actual MH370 crash latitude (and we don’t
yet know that latitude for certain).

The best we can do for non-MH370 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 the conditional probability that a trial drifter which arrived at a MH370 debris site did so at the given
date? Given that a trial drifter arrived there, how likely is it that it arrived then (i.e., on the given date)?

For non-MH370 tests, we have less information available to us because the debris sites are generally distributed
differently for assumed POl latitudes different from the MH370 POl latitude. We have the same number of dates,
but there is more information in each of those dates for the non-MH370 tests because they are arriving dates,
not finding dates.

For MH370 we have a list of (reasonably likely on average) arriving locations and a list of finding dates. For non-
MH370 tests we have a list of arriving dates at the MH370 debris reporting locations. Therefore, the information
content is different.

Despite the different information content in non-MH370 tests, we found it possible to make accurate POI
predictions over a wide range of assumed crash latitudes. There is generally additional noise as a result having
a finite number of trials. With an infinite number of trials, the statistical noise for the non-MH370 test cases
would be comparable to the MH370 case. This increase in statistical noise for the non-MH370 test cases is more
than compensated by the fact that we have seventeen specific arriving dates, each 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 non-MH370 test
predictions, we analysed the various probability equations and determined the prediction noise.
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A.3. Probability equations
We define the various probabilities in the following equations.

Let N¢riats (d) = the number of trials originating in a 1°-wide latitude bin centered at crash latitude ¢ (which is an
integer). The sum of Ne#iais (¢) over the latitude range from -8° to -44° is 86,400. N¢riais ($) varies from 1,596 at -
9° to 7,714 at -44° because the density of trials along Arc 7 is nearly constant, but the slope of the arc trends
towards east-west as the latitude becomes more negative, allowing a more southern latitude bin to contain
more trials.

Let Ng (D,d,p) = the number of arriving trials from POI-latitude bin ¢ within a distance limit p (an integer in km)
of debris site D. Thus, these trials arrive (at “best approach”) within a circle of radius p at any time within the
CSIRO calculation window from 0-1,027 DAC. N4(D,d,p) is simply the number of trials per POI-latitude bin whose
best approaches fall inside the circular “distance limit”. Since the trials in the distance window are drawn from
the arriving trial-days 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 on the areal
density of the cloud of trial drifters near the debris site. A greater cloud density allows the use of a smaller
distance limit, improving the crash latitude discrimination.

Equation (1)  Let PDF4(D,d,p) = constant - Ng(D,d,p) / Ntrials (P)

be proportional to the fraction of trials from a given latitude bin ¢ which arrive at a given debris site D within
the distance limit p. PDFyis a probability density function, because it has units of probability per degree of POI
latitude. It is also a conditional PDF because it varies with the debris site D under consideration. The constant in
Equation (1) is determined so the sum of the PDF over all latitude bins is unity. So, the constant in Equation (1)
is simply the inverse of the sum of Ng(D,d,p) / Ntriais (d) over all .

Let Nt&d (D,®,p,T) = the number of arriving trials from POI-latitude bin ¢ within a distance limit p of debris site D
and within an integer time-error limit of T days of the arriving date. These are the trials which are within both
the distance and time windows for debris site D from crash latitude ¢. The time window has an integer half
width of t days and a full width of 2-t + 1 days. We allow the time-error limit t to be up to 100 days.

Equation (2) Let PDFtgq(D,d,p,T) = constant - Ntgd (D,d,p,T) / Ntriais (P)

be proportional to the fraction of trials from a given latitude bin which fall within both the distance and time
windows. PDFgg: is simply the probability per degree (i.e., the probability “density”) that a trial from a given
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 windows is equivalent to integrating the discrete probability density
function (PDF) between the window limits.

The combination of distance and time windows creates a pseudo-volume for counting trials. The “volume” is the
area of the distance window (i.e., a circle of radius p) times the duration of the time window (2-T + 1 days), with
units of km? - days. The larger the volume, the larger is the number of arriving trials inside, and the lower is the
noise, but the selectivity in POl latitude decreases. Finding the optimum window dimensions is key to maximizing
prediction accuracy, because that occurs when we achieve the best balance between noise and latitude
discrimination. The prediction accuracy will be degraded when this is not done or when one uses windows of
fixed dimensions for all POI latitudes or for all debris sites.

Equation (3)  Let PDFy/4(D,d,p,T) = constant - Ntgd (D,d,p,T) / Na (D, d,p)

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, PDF/ is 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 non-MH370 test cases.

One can combine the above three equations as follows:

Equation (4)  PDFy4(D,®,p,t) = constant - PDF:&q (D,d,p,t) / PDF4(D,d,p).

This equation demonstrates that the difference between what we use for the non-MH370 test cases (which is
PDFt/4) and what we use for the MH370 case (which is PDFtgq) is simply PDF4. PDFq 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 use PDFtgq for 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 multiplying the Equation (2) probability densities for each
debris site. That is, for Equation (2) 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 we analysed, the calculation window
extends past the optimized time window for each debris. However, for the non-MH370 test cases, we must use
Equation (3) for the single-debris-site PDFs. Recall that a PDF is simply the probability density distribution scaled
by a constant factor such that its area (when integrated over all POI latitudes) is unity. The denominator in
Equation (3) is Ng (D,d,p), 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 the calculation window were sufficiently long. From Figure 7.2-1
we can see that this occurs primarily for latitudes south of -30°. It also depends on the distance from Arc 7 to
the debris site, with closer destinations, such as La Réunion, suffering little or no loss 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 POl latitudes caused by the exclusion of late arrivals in the denominator of Equation (3). This
bias error tends to accentuate the probabilities near the southern end of Arc 7, especially circa -40°. 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 to 40°S, although the shape of the PDF in that
region is slightly affected and some distant debris sites are excluded, resulting in reduced precision.

A.5. Statistical noise considerations for validation test cases

Note from inspection of Equation (4) above that the fractional standard deviation of the statistical noise in PDFt/y
is larger than the fractional standard deviation of the statistical noise in the numerator PDF:gq by the quadrature
addition of the fractional standard deviation of the noise in the denominator PDFg4. Recall 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 PDFt/4 to be larger than the fractional noise in PDF:gg.

To assure the statistical noise in a PDF (computed using one of the probability equations listed above) is not
excessively high, for the non-MH370 validation test cases we applied two conditions using Method | over 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 additional single-debris-site PDFs to
be used in the Joint PDF in a few marginally adequate encounters.

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. Widening 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 noise level. Adjusting the windows to obtain an
average number of counts per bin in the ROI of 5-7 produces the narrowest Joint PDF peak, which has the best
POI-latitude selectivity for 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 time bin in any of the single-debris-site PDFs will have zero probability in the joint
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 of counts 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 low-probability bin as being of zero probability. In other words, in this
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 probability is very low.

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 trials in 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 low-probability 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 low-probability wings of a 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 optimizations for validation tests using Method |

We optimize the widths 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 single-debris-site PDF. The matched filter has values of 1/3, 1/3, and 1/3 across the 3-bin wide
ROI. So, the center-bin 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 general test case 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 used a 3-bin
wide “top-hat” matched filter, assuring that the two nearest bins to the correct latitude are always in the ROI
and therefore are used in the window 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 more-distant POl regions. Note that the maximum likelihood estimator of the POl location is
not simply the bin within the ROl 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 central-peak latitude of
which is the maximum likelihood estimator of the POI latitude.

Typically, the separation of peaks in a single-debris-site PDF is 3-5°. Using a 3°-wide ROl excludes all the peaks
but one, minimizing the bias which would be introduced if multiple peaks occurred within the matched filter.
Thus, the FOM filter is “matched” to the typical width of one peak in the PDF.

We did not use a matched filter narrower than 3° in 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 statistics.

Note that, because the PDF is constrained by scaling to have unity area, the window optimization process can
increase the PDF in the ROl by two means. First, it can increase the number of trials in both the distance and
time windows inside the ROI. Second, it can reduce the number of trials in both windows at other latitudes
outside the ROI. When the latter occurs, the PDF values in the ROl are increased by the scaling to maintain unity
area. Thus, the window optimization effectively maximizes the difference in the average probabilities inside and
outside the ROI.

For the validation tests using Method I, we find 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 average of slightly 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 time-error limits can result in similar numbers of trials being in
both windows, the optimization of the Method | window 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 allowable ranges of the two fitted
window sizes. This wide area search of the solution plane (implemented using the “evolutionary” method in
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 dimensions. On a 64-bit personal computer
with 8 cores at 2.89 GHz, a single evaluation of the FOM takes 8 seconds, and the window optimization process
typically takes about 15 minutes to converge for one encounter, depending on the initial guesses of parameter
values.

Note this initial analysis using 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 completed in a conveniently
short time over the entire latitude range. However, it introduces small errors in the PDF values because at some
different latitudes the ROIl-based window dimensions are not close to the optimum values. As discussed
previously in this paper, Methods Il and lll avoid this error and were used in the MH370 case. This slightly
improves the PDF prediction accuracy, but at a very high cost in processing time. Thus, we used the initial,
approximate Method | to predict the POI latitude and to validate the general approach. Then we used the more
accurate Method Il to obtain our MH370 result.

A.7.Encounter exclusion rules
We exclude encounters from the joint PDF calculation when any one of the following rules is not met:
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a) As described above, in all test cases we exclude encounters from inclusion in the joint PDF 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 debris site and arriving date.

b) We also exclude any encounters for which the end of the best-fit time 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 frequency distribution 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 to include the
trials from those seventeen debris sites we used. However, it does exclude a few non-MH370 single-debris-
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 optimization
process. We found that, despite having fewer dates for the non-MH370 test cases, we were still able to
make precise predictions. One could ensure that no dates were excluded by this rule by limiting 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 near -40° results 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 POI-latitude prediction of validation test cases circa
-40° by a factor as large as two or three compared to POls near -34°.

A.8.Joint probability distribution function

The overall probability that the test case origin is at a given POI latitude is the “joint” PDF of the appropriate
single-debris-site 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 on the condition that a trial debris arrived at each
of the seventeen sites. So, the joint probability is the probability that a debris arrived at Site 1, and a debris
arrived at Site 2, and a debris arrived at Site 3, etc. This is computed by taking the product of the PDFs at Site 1,
Site 2, Site 3, etc.

The joint PDF is therefore the product of the 17 selected single-debris-site PDFs:
Equation (5)  Joint PDF(d,p,T) = Constant - I1p PDF(D,d,p,T),

where the single-debris-site PDF(D,®,p,T) is given by Equation (2) as PDFg&t for MH370 and by Equation (3) as
PDF/q for all non-MH370 test cases. We use the product in Equation (5) because the Joint PDF is the conditional
probability that all the events are true. Therefore, the combined probability is the product of the individual
probabilities that each of the events are true. The constant in Equation (5) is chosen so that the area under the
joint PDF is unity (i.e., the cumulative joint probability is 100% over crash latitudes from -8° to -44°):

Equation (6)  Constant=1/%4 [ [1p PDF(D,0,p,7) ].
The peak value of the joint PDF indicates the POI-latitude bin which is nearest the true latitude.
Every set of debris locations and every POI has a unique joint PDF. No two joint PDFs are the same.
A.9. lterating the region of interest (ROI) when using Method |

The process of estimating the POI latitude to locate the ROl is iterative. First, we view the seventeen single-
debris-site PDFs, calculated using fixed time and distance windows, to identify one or more common peaks.
Then, we set the latitude of the ROI so its center is aligned with the latitude of the most common peak. Next,
we compute the single-debris-site PDFs (each with unique optimized window dimensions) and the joint PDF. If
the joint PDF has its two largest adjacent values within the ROI, we consider the ROI 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 its higher-valued neighbor.
If there are multiple peaks in the joint PDF which have amplitudes of the same order, then we repeat the joint
PDF calculation with the ROI located at the other peaks. In all cases we found that one peak is clearly higher-
valued by a large factor. The latitude of the actual joint PDF peak is then approximated by the latitude of the
central bin in the ROI, as an initial value, when fitting the joint PDF (with a gaussian) to obtain the maximum
likelihood estimator.

A.10. Interpolating the peak latitude

Once the ROl is converged and the joint PDF has been determined, we perform an “interpolation” using the joint
PDF values of the 1° latitude bins near the peak. We fit two parameters of an assumed gaussian “true Joint PDF”,
which is then binned to 1° to match the 1°-wide POl-latitude bins. We fit the central latitude and width (o) as
free parameters. The amplitude is then computed so the area is always unity. We minimize the sum of the
squares of the residuals within the ROI. We use fractional residuals for the fitting errors when the binned joint
PDF value is greater than 1% because the fractional noise of the Joint PDF values is relatively constant over the
principal peak. For binned joint 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 the fitting parameters and the sum over the ROI of the joint PDF. Note that the areas of the discrete,
binned gaussian and the unbinned gaussian Joint PDFs are identical over the ROI. We constrain the “binned”
gaussian area to be one minus the sum of the (binned) Joint PDF values outside the ROI. This area constraint
assures the sum of the binned gaussian area inside the ROl and the integral (i.e., sum) of the joint PDF binned
values outside the ROl is unity. In many cases the area inside the 3°-wide ROl is 98-99% 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) width parameter
and the joint PDF area inside the ROI. Thus, we do not need to fit the peak amplitude as a free parameter.

The best-fit POI latitude of the unbinned gaussian joint PDF at its peak amplitude is the final, interpolated POI-
latitude prediction (i.e., the maximum likelihood estimation) using Method I.

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

The 1-0 width of the best-fit (unbinned) gaussian Joint PDF indicates the 1-o uncertainty in the POl-latitude
prediction when the number of trials is very large. Thus, the estimated standard deviation of the POI-latitude
prediction is at best the 1o width of the best-fit gaussian joint PDF. The area of the joint PDF between the +1c
and -1c latitude limits is 68%, so 68% of the time the peak location is within 1c of the true value. The width of
the peak in the joint PDF depends on the statistical noise (more noise = 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 unique width, and therefore a
unique value of standard error limit in the estimated POI latitude. The noise level in the joint PDF varies from
test case to test case, because the number of usable single-debris-site PDFs varies from 14-17. The assumed POI
locations farther from the true MH370 crash location have fewer usable single-debris-site PDFs, because a few
MH370 debris sites are unlikely destinations for the assumed test case POI. These unlikely destinations do not
always have an adequate number of arrivals to compute a meaningful single-debris-site 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 calculation window, and those PDFs are excluded.

A gaussian function was selected for the model of the actual joint 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 Joint PDFs, using only
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 the POl-latitude prediction. These selected
locations have a high probability of recovered debris being from MH370, and all are unique reports. 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 arriving dates at the same place for the test cases, they would have an unfair advantage
compared to the MH370 case. We use the same number of random arriving dates for the test cases as we have
available for MH370 (seventeen locations and seventeen dates). Thus, the accuracy demonstrated in the test
cases will approximately correspond to the MH370 case.

The accuracy of the MH370 POI-latitude prediction is improved compared to the test cases at different assumed
POI latitudes because 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 figure the probability when the assumed POl latitude differs markedly from the actual
MH370 POl latitude. Some MH370 debris sites have a sufficiently 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, the noise in the overall predicted POI latitude
is increased. In addition, the noise in the probability density function (PDF) equation is increased for 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 that the non-MH370 test cases have zero reporting delays,
which improves the latitude discrimination.

For the POIl-latitude retrieval process, we use the 86,400 “trial drifter” paths calculated by CSIRO [Griffin et al
(2016 and 2017)]. These paths are computed using the CSIRO’s “BRAN2015” ocean reanalysis and the European
Centre for Medium-Range Weather Forecasts’ reanalysis of the ocean surface winds. BRAN2015 comprises daily
estimates of the ocean currents (and other properties) at 0.1° (latitude and longitude) resolution, relying on
satellite data for day-to-day accuracy. For this application, CSIRO assessed the accuracy of the model’s sea-
surface velocities for the period of interest using satellite-tracked drifters (drogued and undrogued drifters being
treated appropriately), resulting in an estimate of the regional time-mean model bias which was removed to
compute trajectories more accurately. CSIRO computed the flaperon (D2) trial paths separately from other
debris, using a windage parameter and drift offset angle which were empirically determined by CSIRO [Griffin et
al (2017)] using a genuine 777 flaperon in field tests. Each of the 86,400 trial paths begins within 25 km of the
CSIRO 7" 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 up to 1,027 days after
crash (DAC). Counting the crash date, we call this 1028-day duration for the CSIRO predictions the “calculation
window”. We call each daily position of a trial drifter a “trial-day” position. Thus, we have a unique predicted
position for each of the 1,028 days for each of the 86,400 trials. The CSIRO predictions of trial-day positions are
fully determined by the starting conditions. That is, repeating 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 are very minor changes in the origins. Thus, a tight cluster of assumed starting positions produces a
“cloud” of trial drifters, mimicking the dispersion of the hundreds, if not thousands, of floating MH370 debris
created by high-speed impact of aircraft 9M-MRO with 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 1.42 E9 bytes, or 1.3 GB. To make the necessary data manipulation possible to run in EXCEL
on an extremely fast PCin an acceptable amount of time and within memory limits, we first use a Python filtering
script to preselect those “arriving trial-days”, for each trial, which are near (within 56 km of) each debris site.
This radial distance is 30 NM, or % degree of arc on the sea surface. So, the diameter of the circle around each
debris site which contains all the members of this “arriving trial-days” list is 1° of arc at the sea surface, the same
as the 1° wide latitude bins we chose for the trial origins. Thus, all the arriving trial-days in a latitude bin start
within a £ 0.5° wide band in POI latitude and arrive within 0.5° of arc from each debris site.

Next, from the list of arriving trial-days (that fall within 56 km of a debris site), we select the earliest date on
which the trial-day 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
predicted arriving date, which we call the “best approach trial-day”, for each trial at that debris site and within
those distance and time windows. Note that the date of a best 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 into 1° wide bins centered on integer POI
latitudes between -8° and -44°.

In summary, we do the following:

a) We make a list of those trial-days whose positions are within 56 km of each debris site. This is done only
once. Each debris site distance list of “arriving trial-days” contains many trials, and each trial may include
numerous trial-days. That is, typically a 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.

b) We call each combination of test case (29) and debris site (17) an “encounter”. For each of the 29 X 17
=493 encounters, we optimize the time and distance window sizes to maximize a Figure of Merit (FOM)
based on a calculated PDF.

c) Foreach encounter (i.e., the unique combination of test case and debris site), we first count the number
of trials with origins in each POI-latitude bin which have at least one trial-day within the distance limit
without regard to when this occurs. This is the number of trials in the distance window (per POI-latitude
bin).

d) For each trial and considering all included trial-days 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 trial-days, we find the (integer) day on which the closest approach occurs,
which is the “best-approach trial-day”. Then we count how many trials have a best-approach trial-day
which falls within both (time and distance) windows. So, for each pair of values of the distance limit 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 POl-latitude bin. If this occurs on more than one day, we select the
first day on which the distance 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 POI-latitude bin, (b) the number of trials per POI-latitude bin which are within the
distance window and (c) the number of trials per POIl-latitude bin which are within both the distance
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and time windows. In some instances, a narrow distance window optimizes the POI-latitude 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 provide maximum POl-latitude selectivity.

f) The ratio of the distance-window counts to the total trials originating in that POI-latitude bin is the
probability for a trial drifter to arrive “there” (i.e., at that debris site) at any time in the calculation
window.

g) The ratio of the “distance and time” counts per POl-latitude bin to the total trials starting in that POI-
latitude bin is the probability for a trial drifter to arrive “there and then”. This type of probability is used
to analyse the MH370 test case only.

h) The ratio of the “distance and time” counts to the distance counts tell us how likely a trial drifter is to
arrive “then”, given that it arrived “there”. This type of probability is used for all non-MH70 test cases.

Altogether, we processed 493 encounters comprising twenty-nine test cases, each with seventeen single-debris-
site PDFs.

The probability density function is simply the probability per POI-latitude 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 process, from somewhere near Arc 7. Therefore, we accumulated 29 X 17 = 493 optimized PDFs
for computing the twenty-nine Joint PDFs, one per test case. The peak value in the Joint PDF is in the most-likely
POl-latitude 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 SIO. Figure B.3-1 shows an example of the predicted arriving dates
at one debris site, from each POl-latitude 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 as red dots).
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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 axis) of Figure B.3-1 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 like Figure B.3-1 to be as follows:

a) Drift trials from the same POl vicinity arrive at a debris site over a wide range in time of months to years
in duration. Note the horizontal time axis in Figure B.3-1 spans about three years.

b) The arriving frequency at a debris site fluctuates semi-periodically. That is, the debris arrives in “waves”,
caused by water circulation patterns (eddies) near the debris site. Typically, there are 3-9 arriving waves.

c) Each arriving wave has a period of typically 80-200 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 drifts, the more it disperses in space and in time. This characteristic
implies that shorter 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 speeds [Ashkenazy and Gildor (2011)], and 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 noise in the
arriving frequency for a single latitude bin is significant, one can obtain a low-noise 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 of the time-aligned arriving dates. We show an example of this

Bobby Ulich and Victor lannello  June 6, 2023  Improved Prediction of MH370 Crash Location Based on Drift Modeling of Floating Debris



75

process in Figure B.3-2. Note that this plot is for illustration purposes only, and we do not use the mode-
alignment process in our latitude prediction method.
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Figure B.3-2 Example of mode-aligned 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)

8)

h)

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 near Arc 7. This time dependence is not monotonic with latitude on Arc 7. In
addition, arrivals from Arc 7 south of about -31° 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 Broken Ridge.

The surface areal density and the mean drift speed of the trial drifters in the “cloud” passing by a debris
site vary 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.
For each debris site, we know only one random arriving date (in “days after crash” or DAC), not the
entire arriving frequency distribution, nor even the median or mean or mode of this distribution.

Therefore, we only have one date from a unique probability distribution which can be years wide, for
each debris site. Obviously, to predict the POI latitude with a high degree of precision, we must analyse

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 seventeen debris sites are optimally analysed.

Processing the test cases using our method is quite time consuming. Each of the twenty-nine test 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 about 10 hours (for one estimated POI-latitude bin), most of which is high-speed computer processing
using a personal computer running Microsoft EXCEL. About one-third of the total time is spent on operator
actions. One pass over all test cases, using a given processing method, requires about 290 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 would reduce 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 algorithm development process, which took more than 2 years to
complete.

All the validation tests were in the POI-latitude range from -27° to -40°. POIs north of -27° and south of -40° are
inconsistent with the MH370 debris sites, having too few arriving trials to make meaningful POl-latitude
predictions.
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Appendix C - Probability Equation for Validation Tests

C.1. Probability equation for non-MH370 test cases

In this section we illustrate the benefit of using a different probability equation for non-MH370 test cases. Figure
C.1-1 shows the probability per latitude bin of arriving for Test Case 4, for which our POI-latitude prediction is
near -40°. This is a plot of PDF4(D,®,p) = Ng(D,d,p) / Niriais (&), from Equation (1), for the debris site D2, which is
the right Flaperon found in La Réunion.
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Figure C.1-1 P4 (D=2,¢,p=19 km) versus POI latitude

The predicted latitude bin is set to -40°. There is a 3°-wide 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
three latitude bins in the ROI. In this example the distance limit p = 19 km, which provides an effective
compromise between statistical noise and crash latitude selectivity. The fraction of trials arriving within the
distance limit is only about half from -40° compared to the fraction from -34° (i.e., our prediction for the most-
likely MH370 crash latitude). The variation shown in Figure C.1-1 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 in Figure C.1-1 are the 1-c statistical noise considering the noise in the
numerator and denominator of the probability equation. We found empirically that the observed 1-c noise level
in the trial counts of the CSIRO drift model was well modeled by 0.5N%2. Because the coefficient (0.5) is < 1, the
noise is correlated between adjacent latitude bins. This behavior is expected because there are large-scale
features in the ocean current field which have dimensions greater than 1° of 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 typical observed signal-to-noise ratio (SNR) of each
PDF value in the peakin Figure 7.1 is about (25)1/2/ 0.5 =10:1. Note the PDF shown in Error! Reference source n
ot found. imposes the 19-km 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 arrived at the debris site.

Figure C.1-1 above demonstrates that trials from -40° are only about half as likely to arrive at La Réunion as 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 from Figure C.1-1 is that MH370 crash latitudes north of -23° and south of -
43° are strongly excluded.

Figure C.1-2 below shows the probability PDF:&q (D,d,p,T) from Equation (2) for the same Test Case 4 and with
an arriving date of 524 DAC. Figure C.1-2 is the probability that a trial will arrive at the debris site within both
the distance and time windows.
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Figure C.1-2 PDF:gq [D=2,¢,p=19 km,t =14 days] versus POI latitude

Figure C.1-2 demonstrates an ambiguity. There are two major peaks: one at -34°, and one at -40°. Which one is
correct? If we pick the slightly higher peak at -34°, that would be incorrect in this instance. Because Figure C.1-
2 does not compensate for the fact that the probability of arriving at La Réunion (at any time) is not the same
for all latitudes, this PDF contains an over-estimated peak at -34°. The -34° peak appears in Figure C.1-2 because
a larger fraction of trials from -34° will arrive at La Réunion than from -40°, as shown previously in Figure C.1-1.

The peak at -34° 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 circa -34°.

Figure C.1-3 below shows PDF:/ (D,d,p,T), which is the conditional probability, using Equation (3), given a
flaperon-like debris arrives at La Réunion (which is debris site D2), that it arrives within the time window
centered on the given date.

Now the peak at -40° is the largest peak, having been raised relative to the peak at -34° by the factor of two
seen above in Figure C.1-1. Figure C.1-3 illustrates the improved probability calculation accuracy for non-MH370
test cases, although the PDF noise is higher in Figure C.1-3 than in Figure C.1-2, as predicted.
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Figure C.1-3 PDFy/4(D=2,0,p=19 km,t =14 days) versus POI latitude

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 location. Figure C.1-3 above showed the probability that a flaperon trial arrives in La Réunion (debris
site D2) from each latitude bin along Arc 7.

Next, we look at a different debris site, in this case location D24, which is Kosi Bay Mouth in South Africa. Figure
C.2-1is the same plot as Figure C.1-1 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 north of -24°. A comparison
of these two plots tells us what we know instinctively, that the map of likely landing spots for debris depends in
a significant way on the crash latitude.
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Figure C.2-1 PDF,4 (D=24,¢,p=53 km) versus POI latitude
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In addition, because of the expansion of the debris cloud with time and distance, debris sites far from Arc 7 (such
as South Africa) are not very discriminating in crash location.

Next, we compare the flaperon/La Réunion probabilities for the -34.2° non-blind Test Case 18 and for the (blind)
MH370 case. Figure C.2-2 is the PDF/4 for Test Case 18 and D2 (La Réunion). As expected for an effective method,
there is a clear peak, in this case at -34°.
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Figure C.2-2 PDF:/4 (D=2,¢,p=17 km,2=42 days) versus POI latitude

Figure C.2-3 below is a plot of PDF:gq for the MH370 Test Case #0 Using Method | for the flaperon at La Réunion.
The distance limit is 28 km, and the time limit is 14 days. Note the high degree of similarity of Error! Reference s
ource not found. C.2-2 and Figure C.2-3. A POI latitude close to -34° is indicated in both figures.
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Figure C.2-3 PDF:gq(D=2,¢,p=28 km,E=14 days) versus POI latitude

A more accurate estimate of MH370 crash latitude is obtained when all seventeen locations are analysed and
used to compute the Joint PDF.
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All non-MH370 test cases use the PDFty metric in Equation (3). 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.3-1 shows the equivalent single-debris-site probability for MH370 debris sites when using
the probability of arrival PDF4(D,d,p) from Equation (1) and applying the same prediction method.
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Figure C.3-1 [Joint PDF(¢)]¥™ versus POI latitude

The quantity plotted in Figure C.3-1 is the Mth 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 case to determine 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 south of -30°.

The lack of selectivity when using debris reporting locations only is caused by the fact that most debris from Arc
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 from different parts of the arc. Therefore, the arriving times add significant
information which enable a precise POI-latitude determination that is not possible with only several dozen debris
recovery locations and no arriving times (as demonstrated in Figure C.3-1 above).
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Appendix D - Comparison of Positive and Negative Debris Reports

The list of MH370 debris in Table 3.2-1 contains no verified entry from Western Australia (WA), with the possible
exception of the Malaysia Airlines towelette packet (D1). This item could not be verified as being from MH370,
and its 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 wind speed it might skip across the sea
surface, making a very rapid transit. A potentially useful fact is 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 used to enhance the prediction
of POl location?

The seventeen debris reports we analysed are all “positive” findings —in each case a debris was found at a certain
place on a certain date. We also know that MH370 debris were not reported elsewhere than the listed locations
during the 1,028-day calculation window. Thus, there are potentially very many “negative” reports of locations
where MH370 debris were not found. The closer the location of a “negative” (non-finding) debris report is to
the POI, the more information it may potentially contain regarding the crash location. The nearest land mass
where MH370 debris might have been recovered is WA, and yet no verifiable MH370 debris were reported there.
In this section we analyse the 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 positive Type Il debris 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 previously in Equation (2) as PDFigqd
(D,d,p,T) = constant - Ntga (D,d,p,T) / Ntriais (d). Thus, the positive-report PDF at each POl-latitude bin
depends on the fraction of trials falling within both the distance and time windows matching the debris
report location and arriving date. Thus, the “positive-report” PDF depends only on the relative
probability of a trial drifter being predicted to be both “there” and “then”. Assuming the probability of
finding and reporting a debris (at that location and at that time) is independent of the debris origin, then
the PDF of arriving (there and then), which has unity area, is identical to the PDF of a debris being
reported.

b) A positive-report 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 was being 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.

¢) The positive-report PDF does not depend on how many trials are predicted by CSIRO to reach very
shallow water. We simply used a radial distance to define the distance window, and the number of trials
within that distance window does not distinguish between trials passing close by and trials which are
predicted by CSIRO to reach very shallow water (i.e., to “beach” in CSIRO nomenclature). The reasons
for this choice are (a) the number of predicted “beachings” is generally low compared to passersby (i.e.,
there are more “flybys” than “beachings”), and the smaller number of beaching trials introduces
additional statistical noise, and (b) the beaching probability is less accurately known than are the
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offshore drift tracks. For the MH370 drift predictions CSIRO additionally minimized a regional time
average of the surface velocity error vector in BRAN2015, using instrumented drifter data [see Figure
2.4.1 and Section 2.5 in Griffin et al (2016)]. Each 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 useful for our
purpose. In addition, the CSIRO drift model has no actual beaches in it —the minimum water depth is 15
m [private communication from David Griffin (2022)]. The CSIRO model simulates the movement of
water — none of which moves onto the land and stays there. The only thing that makes floating debris
physically beach is windage. This method is a crude way to simulate beaching quantitatively, but
probably not too badly in a relative sense [private communication from David Griffin (2022)]. Thus, many
modelled trials will be “flybys” rather than “beachings”. An accurate beaching model is very difficult to
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 a few have also “unbeached”). However, the
numbers of instrumented drifters are too low to provide spatial discrimination of their source or their
beaching position [private communication from David Griffin (2022)]. Therefore, it is not possible to
“calibrate” the predicted beaching probability along a shoreline because there aren’t enough beachings
of instrumented drifters to do so. This was one of the reasons we did not use CSIRO-predicted beachings
as a criterion for selecting trials when computing the positive-report PDFs, nor should we use the
number of predicted beachings to compute negative-report PDFs without at least applying a scale factor.
Whether the relative values of predicted beaching probabilities from different origins are accurately
predicted by the CSIRO model is unknown. Knowing the relative values of beaching probabilities is
insufficient to predict the relative probabilities of non-reports, although it does indicate whether one
POl is more probable or less probable than another POI (see Figure D.3-1 later in this section).

d) The positive-report PDF does not depend on the probability that a beached debris will be found and
reported. We already know all that is necessary — that one debris was actually 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 generally true for all specific MH370 debris finding sites, which are quite far from the 7th arc and are not
spatially extended. In addition, you don’t need to know how many debris there were altogether, nor do you
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 and (estimated) arriving date and have the set of 86,400 predicted debris trajectories.

D.2. Characteristics of negative debris reports

By comparison, computing a PDF from a negative, “non-finding” debris report is fraught with difficulties. In
addition, for locations not very near the POI, a negative debris report generally contains less information about
the POl 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 and necessarily on the periphery of the principal drift patterns. If we analyse just one location or
a small range of non-reporting 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
shoreline to increase the number of trials passing nearby. However, the large spatial extent of the arriving zone
blurs the crash-latitude 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 trajectories and to the POI, the greater is the information content and the more
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discriminating the negative report becomes. However, a negative-report PDF cannot even be computed unless
two additional parameters are known.

Equation (7) is the predicted conditional probability that one debris will not be reported from a crash at latitude

ob:
Equation (7)  Let Ppr(D,d,0) = 1—Ng(D,$,p) * Pr/pa (D,p) / Ntriais (d) ,

where Ng (D,d,p) is the number of trials predicted to arrive and Pr/pq (D,p) is the conditional probability that a
debris predicted to arrive will be reported.

In Equation (7) the expected number of arrived and reported trials from the total Ntriais ($) trials originating in
the POI-latitude bin ¢ is Ng (D,®,p) - Pr/pa (D,p). Equation (7) demonstrates that one must know P4 (D,p) along
a shoreline in order to predict the probability that one debris from a crash latitude ¢ will not be reported in a
potential landing zone.

Note that when both Ng and P/yqare nonzero in Equation (7), then Pnr(D,d,p) must also be less than unity. Thus,
we can say that, in general, the probability of a MH370 debris not being found at a location like Western Australia
is between zero and unity, and it could be fairly high if P/pq is fairly low.

Next, let N = total number of findable, identifiable debris originating in the crash, each of which floated long
enough to potentially reach the negative-report zone within the 1,028-day calculation window. The probability

that none of the NV debris would be found and reported is the Nth power of Equation (7) and is given by Equation
(8):

Equation (8)  Pnrw(D,d,p,N) = [ Pnr(D,d,p) 1 7.

From Equation (8) the probability that no debris out of N were reported is the Nth power of the probability that

one debris would not be reported. Because N is possibly several hundred, then Pnra (D,d,p,N) < Pnr (D, d,p).
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) unless Pur (D,d,p) is very high (i.e., nearly 1).

Combining Equation (7) and Equation (8), we have:

Equation (9) Pnr/V(Dld)lplN) = [ 1- NG (Dld)lp) : PF/PG (Dlp) / Ntrfa/s (d)) ] N,
Based on Equation (9), a negative debris report has the following characteristics:

a) The probability of a POI-latitude bin producing no debris report depends on N, the total number of
findable, identifiable debris.

b) The probability of a POI-latitude bin producing no debris report depends on P,/yq, Which is the probability
that a predicted arrival is reported.

c) Errorsin the Py/pq (D,p) and N values can have a profound effect on the computed PDF P,y because of
the form of Equation (9).

d) Note the relative probabilities between two different origins depends on the value of P4 (D,p). So, if
one knows only the relative values of P,/ (D,p), and not their absolute values, one cannot predict the
relative values of P, (D,d,p,N).

Thus, to compute a negative-report PDF, it is necessary to know independently the number of findable,

identifiable debris and the probability that a debris will arrive and be reported. If the negative reporting zone is
spatially extended, such as is the case for WA, one must know the average P,/q within the non-reporting zone.
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Table D.2-1 presents the probability of no debris being reported in a zone depending on the number of findable
and verifiable debris and on the probability of one debris arriving from a latitude bin and being reported.

Table D.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% 133% | 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 than a 0.35% probability that one debris will be
reported to achieve a 50/50 chance that no debris will be reported from that latitude bin.

For the reasons discussed above, we don’t have a verified estimate of how P,/ (D,p) varies with D and p, and
we don’t know the total number of debris, so we can’t accurately predict the probability that no debris will be
reported for any assumed zone, including WA. However, because no debris were reported in WA, it is likely that
the actual single-debris reporting probability was less than 1%.

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

Figure D.3-1 a plot of the fraction of the trials which are predicted by CSIRO to reach very shallow water (not just
pass nearby) in Western Australia (WA) during the calculation time window. This is a plot of the value of Ny
(D,d,p) / Ntriais (d) in Equation (7), using 0.1 degree bins in POI latitude and assuming an estimated 0.3° of
localization error (+ 15) applied over the shorter transit from Arc 7 to WA. The probability of a washed-up aircraft
debris being reported in WA is expected to be higher than other locations because of the lack of flotsam (due to
the remoteness from large populations and the lack of persistent onshore winds), the high local interest in
MH370, the regularity of beach visits, and the annual beach cleanups. However, the lack of persistent onshore
winds also inhibits MH370 debris from being washed up on the WA beaches. So, one can surmise that 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 reported is above average.

Using Figure D.3-1 below, it is not possible to determine a unique POI-latitude bin which is consistent with no
debris reports in WA (i.e., having a low beaching probability in Figure D.3-1. For example, there are many peaks
in predicted beaching probability in Figure D.3-1 between -30° and -42°, and there are also many “valleys”. The
multiple peaks and valleys are a result of the complex currents near Arc 7. The reduced information content in
negative debris reports can therefore lead to multiple predicted origins, each of which is consistent with the
negative observation.
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Figure D.3-1 CSIRO-predicted fraction of trials beaching in Western Australia

The minimum in Figure D.3-1 circa -35° was used by CSIRO to predict the most likely POI latitude there [David
Griffin, private communication (2022)].

Figure D.3-2is a map of the origins (blue dots) and beaching locations (red dots) of the trials predicted by CSIRO
to beach in WA.
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Figure D.3-2 Trial origins and corresponding beaching locations predicted by CSIRO

The trials which are predicted to beach in WA cover the Arc 7 latitude range from roughly -28° to -44°. Similarly,
the beaching locations cover extended portions of the WA coastline.
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Figure D.3-3 shows the predicted probability that no debris would be reported in WA versus POI latitude using
Equation (9) and Figure D.3-1. Each colored line corresponds to a different assumed value of the conditional
reporting probability Pr/e which in this case is assumed to be the same as P, the probability of being reported
given it was predicted to “beach” by CSIRO. All the curves in Figure D.3-3 are compatible with zero debris reports
from WA.

Assumes CSIRO beaching predictions are accurate except for a scalar conditional probability (P,/pﬂ) of being
reported, given that the trial was predicted to arrive/beach;
also assumes there were 200 findable and identifiable MH370 debris.
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Figure D.3-3 Probability of no debris reports in WA using CSIRO-predicted beachings

Several independent predictions indicate the likely POl zone is between about -32° and -36°. Table D.2-1
demonstrates that if P;/pq < 0.033, the probability that no debris would be reported in WA is sufficiently high (>
~ 30%) over this POl-latitude range to be consistent with the observational value of zero reported MH370 debris.
Note in Figure D.3-3 the ratio of probabilities for two POI latitudes is not a constant, but rather that ratio depends

on both Pypgand M.

To summarize, making a reliable estimate of the probability of no MH370 debris being reported in WA, as a
function of POI latitude, is more difficult than it was for the case when a MH370 debris was reported, and the
information content of the debris non-detection is less. There are additional unknown parameters in the
probability Equation (9), and we don’t have a validated beaching and reporting probability model covering the
WA coastline. As a result, we cannot determine the proper value for P;/q , and we cannot know the correct PDF
for zero reports in WA. One can make a guess for the value of P,/ , and we must also assume it does not vary
along the WA coastline. However, we have not found an objective method to choose the value of P,/q which
avoids potentially biasing the predicted POI latitude.

Figure D.3-4 below shows the combination (i.e., the joint PDF) of the seventeen Type Il Reports (positive finds
with known locations and dates) from East Africa with the single Type Ill Report (a negative report) from WA, for
the range of assumed values of P,/,q and assuming 200 findable debris were generated by the crash.
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Joint PDF for MH370 Using 17 Type Il East Africa Reports & 1 Type Ill WA Report
(Assuming 200 Findable Debris)
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Figure D.3-4 Combined probability of no debris reports in WA with 17 debris reports in East Africa

Figure D.3-4 demonstrates that the primary peak location in the joint PDF (i.e., the product of the two
probabilities) remains at -34.0° for low reporting probabilities in WA. However, for higher reporting probabilities
in WA, the peak at -34.0° is reduced in amplitude while the peak at -31.4° is increased. With P,/ = 0.033 (i.e.,
the red curve in Figure D.3-4) the peak in the joint PDF at -31.4° latitude becomes dominant in the overall drift
prediction.

Because the beaching predictions in WA, or anywhere else in the SIO, are not validated or calibrated using
statistically significant numbers of instrumented undrogued drifters, it is not possible to compute negative-
report probabilities accurately because we don’t know P;/yq or N. As Figure D.3-4 demonstrates, the most
likely latitude based on debris drift could be in the range from -34.0° to -31.4° and still be consistent with no
debris being found in WA.

Whether or not -31.4° latitude should be seriously considered as a plausible MH370 crash location depends on
the other estimated MH370 probabilities, including the aerial search (see Figure 14.5-1) and the
route/fuel/glide range (see Figure 14.4-1). The route/fuel/glide range probability is about 84% of its maximum
value at -31.4°, so a crash there is not excluded by it. However, the aerial search probability is less than 5% of
its maximum value at -31.4°. Therefore, unless there are very large, unexpected errors in the aerial search
probability, it appears to rule out a crash at -31.4°. In hindsight, it would have been useful to seed the aerial
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search areas with a sufficient number of instrumented floating debris surrogates (such as drogued or
undrogued drifters, perhaps painted gray to more closely mimic aircraft debris), so the efficacy of the aerial
search could have been assessed, with the aerial search crews not being informed in advance of the locations
of the instrumented surrogates.

Figure D.3-5 is a plot of the overall probability ignoring the aerial search probability. It is the product of the
route / fuel / glide range PDF with the drift PDF (with and without the WA debris non-report).
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Figure D.3-5 Combined probability not considering the aerial search

Removing the aerial search probability means there is no longer a sharp cutoff north of -33.0°. In this case we
see two blended peaks, whose relative amplitudes depend on the parameters assumed for the WA non-
reporting probability. The possible latitudes range from about -30° to -36°. Therefore, the compound PDF
doubles in width if one excludes the aerial search probability.

The latitude range from -30° to -33° latitude is only excluded by the aerial search probability, because the
remaining probability factors indicate it is otherwise possible. A decision to search the sea floor in that zone is
driven primarily by an assessment of the reliability of the aerial search done there.
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