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EFFECTIVELY MAPPING AND CHARTING
OF REMOTE LOCATIONS WITH SATELLITES,

LASERS AND ACOUSTICS
By B. Cooper (New Zealand - LINZ)
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= -~ Abstract

In 2018, Toitd Te Whenua Land Information New Zealand (LINZ) commissioned hy-
drographic survey work in the Ha’apai island group in the Kingdom of Tonga to up-
date the charts in the area to improve maritime safety. A combination of sensor
I technologies were used in the survey, comprising Satellite Derived Bathymetry
M (SDB), Airborne Laser Bathymetry (ALB) and Multibeam Echo Sounder
& (MBES). The novel approach allowed for efficient utilisation of resources during the
P data acquisition phase. Commencing with SDB, the subsequent ALB extents were
m refined after a review of the SDB coverage. Similarly, the MBES extents were re-
¥ viewed based on the achieved ALB coverage. This ensured the efficient and effec-
m tive use of each technology. Before incorporating the data into charts, each sensor
® dataset and combinations of datasets were analysed to assess data quality. This
informed the decision on how best to portray the data and quality attributes on the
E charting products.

z l‘ Résumé

i En 2018, Toitd Te Whenua Land Information New Zealand (LINZ) a fait realiser des
® |levés hydrographiques dans l'archipel d’Ha'apai du Royaume de Tonga afin de
M mettre a jour les cartes marines de la région pour améliorer la sécurité maritime.
Une combinaison de technologies de capteurs a été utilisée pour les levés, incluant
la bathymétrie dérivée par satellite (SDB), la bathymétrie laser aéroportée (ALB) et
les échosondeurs multifaisceaux (MBES). Cette nouvelle approche a permis d'utili-
W ser efficacement les ressources pendant la phase d'acquisition des données. Aprés
| avoir commencé par la SDB, les balayages ultérieurs de I'ALB ont été peaufinés
¥ aprés un examen de la couverture de la SDB. De méme, les balayages MBES ont
| été revus a partir de la couverture ALB obtenue. Cela a permis de garantir I'utilisa-
tion efficace et efficiente de chaque technologie. Avant d'incorporer les données
dans les cartes marines, chaque jeu de données de capteurs et les combinaisons
de jeux de données ont été analysés pour évaluer la qualité des données. Cela a
permis de décider de la meilleure fagon de représenter les données et les attributs
de qualité sur les produits de cartographie marine.
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. Resumen

En 2018, Toitt Te Whenua Land Information New Zealand (LINZ) comision6
trabajos de levantamientos hidrograficos en el archipiélago Ha’apai en el Reino de
Tonga para actualizar las cartas del area y mejorar la seguridad maritima. En este
levantamiento se usé una combinacién de tecnologias de sensores, incluyendo
Batimetria Derivada por Satélite (SDB), Batimetria por Laser Aéreo (ALB) vy
Ecosonda Multihaz (MBES). Este nuevo enfoque permitié el uso eficiente de recur-
sos durante la fase de adquisicion de datos. Después de comenzar con SDB, los
siguientes barridos ALB se afinaron después de una revision de la cobertura SDB.
De manera similar, los barridos MBES se revisaron basandose en la cobertura ALB
alcanzada. Esto asegurd el uso eficiente y efectivo de cada tecnologia. Antes de
incorporar los datos en las cartas, se analizé el conjunto de datos de cada sensor y
las combinaciones de los datos, para valorar la calidad de los datos. En esto se
basé la decisién de como representar los datos y los atributos de calidad en los
productos cartograficos.
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1. INTRODUCTION

Traditional approaches to mapping remote, shallow waters are often expensive and challenging.
In 2018 a combination of satellite, aircraft and vessel based sensors were used to survey and
map the seafloor in the Ha’apai island group in the Kingdom of Tonga, an area last mapped in the
late 1800’s using leadline and sextant. The latest surveys were undertaken for Toitd Te Whenua
Land Information New Zealand (LINZ) in partnership with New Zealand’s Ministry of Foreign Af-
fairs and Trade (MFAT) as part of the New Zealand Aid Programme Pacific Regional Navigation
Initiative (PRNI). LINZ is the New Zealand agency responsible for producing and maintaining offi-
cial nautical charts for New Zealand and a number of pacific island countries including Tonga, the
Cook Islands, Niue, Samoa and Tokelau. LINZ contracted survey companies iXblue, Geomatics
Data Solutions (now Woolpert Inc.) and EOMAP to undertake the work in Tonga.

Recent developments in Satellite-Derived Bathymetry (SDB) provided a way to map these remote
shallow water areas with some confidence'. Combined with Airborne Laser Bathymetry (ALB)
and multi-beam echo sounder (MBES) technology, it was possible to sequence data collection
using SDB, ALB then MBES. This novel approach enabled LINZ and the contractors to review
and refine the extent of subsequent data acquisition phases, ensuring greater efficiency and an
effective survey campaign.

This article outlines the approach taken by LINZ and the contracted survey companies in conduct-
ing a successful multi-sensor survey. The article then looks at the ways the technologies were
assessed and how datasets were combined for use in charting products. Finally, some recom-
mendations are made on how the multi-sensor approach to survey can be improved.

2. SAFE SHIPPING IN THE SW PACIFIC

In 2012, in partnership with MFAT, LINZ completed a novel approach to hydrographic risk
assessment® of the Tonga region. Using GIS to build a multi-layered risk model, the approach
identified shipping routes at risk, in relation to traffic type, size, density as well as volume of pas-
sengers, and compared it against a number of consequence criteria. The resulting heat-maps in-
dicate the location and level of risk. These were then used in 2016 as the basis of discussions
with Tonga to identify and prioritise a hydrographic survey programme.

The Tonga archipelago comprises 169 islands scattered over an area of 700,000 km?, stretching
approximately 800km north to south. The region typically comprises clear water, fringing reefs
and subsea volcanoes.

Figure 1 : Location of Tonga
archipelago in SW Pacific
Ocean

! EOMAP, Satellite Derived Bathymetry Survey Report, HYD2017/18-03 (HS60), Phase 2, 2018
2 MFAT, LINZ, Marico Marine NZ Ltd, South West Pacific Regional Hydrography Programme, Tonga Risk Assessment,
Report Number 14NZ262-TM (https://www.linz.govt.nz/sea/maritime-safety/improving-maritime-safety-pacific)
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Ha'apai Group

Tongatapu
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Figure 2 ; Ha’apai Island Group

It is only relatively recently that some of the charts for Tonga have been modernised and
produced in terms of WGS84 and depths in metres. A number of small scale charts were
modernised in the early 1990’s with a significant number of large scale charts remaining on
undetermined datums. Even then, the charts that were modernised were compiled from previous-
ly published British Admiralty charts dating from the 1900’s and incorporated ‘new’ surveys. Of
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Figure 3 : former fathoms chart of Ha’apai Group in Tonga
mined datum.
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Using satellite-based vessel traffic data (Automatic Identification System or S-AIS) the
hydrographic risk assessment highlighted the risks to safe navigation using such charts. The
images below show the tracks of domestic shipping and recreational yachts navigating in the
Ha’apai islands.

w2 ()1 S191110M
S 39°0%).. SO e
w2 2B A gy 2~ aink &

- S 5 s S
”ff,. i R | ,B,‘_A:n 188 & A
633971dM 7 s 24 75, \_d?’ . p
B 26 / --..3,»( e ey ored Sl\fnd e &
3 “n Vds a5 i eenl
o 445 = ;
ar TRer
) d 2 :ﬁ [ J 62
B B sa { .
AW w0 0"
a9 ) a“ 49 {4 52
a5 /G > /
¢ dn NS P a

Figure 4 :S-AlS ship traffic over former chart on an undetermined datum

The remote location of Tonga together with the vast area of water surrounding the archipelago
presented a challenge to map effectively and efficiently.

In response to this problem, LINZ took a phased approach by using SDB, ALB and MBES
technologies. Specifications based on existing charts established the survey extents for each
sensor. As some of the charts were on undetermined datums, LINZ understood there would be a
need to adjust the survey extents to ensure data was collected in the right location. The SDB
data was processed in early 2018; the ALB data was acquired mid-2018; and the MBES data was
acquired in late-2018.

The first phase used SDB to provide coverage throughout the entire Tonga archipelago, to a wa-
ter depth of approximately 15m with a 2m resolution bathymetric dataset. This resulted in approxi-
mately 6,000km? of the (often challenging) shallow zone being mapped. Using the SDB dataset
the fathom charts were aligned so that the islands matched the observed drying line. For greater
charting confidence in higher risk areas ALB and MBES survey areas were planned in the areas
‘Eua, Nomuka, Ha'afeva, Lifuka, Tofua and Kao islands. The SDB enabled LINZ and the contrac-
tors to adjust the initial flight plan for the ALB phase. This included moving flight lines from areas
of deep water to cover previously uncharted isolated reef areas identified by the SDB, to fully de-
lineate the feature with respect to least depth, position and extent. This approach was repeated to
adjust the extent of the MBES survey, based on the ALB coverage. Similarly, a number of
planned MBES lines were realigned to cover features identified in the ALB or just on the edge of
the ALB coverage. At the MBES planning phase, coverage commenced at the 20m contour as
defined in the ALB data. This decision was based on factors such as ALB system capabilities
(maximum planned depth penetration), charting requirements and budget constraints.

The images below show the progression of assessing the coverage, aligning the chart to the SDB
data, and the coverage achieved by the ALB and MBES. The final image shows the combined
ALB and MBES coverage over and around Nomuka.
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Figure 5 : Progression of the multi sensor survey on the Nomuka dataset(s)
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In order for SDB and ALB to be accurately depicted on charting products the two respective
technologies needed to be understood. Two crucial pieces of information were needed: how
accurate was the data; and, what were the feature detection capabilities of each sensor. The
overlap of the datasets from the different sensors provided a good opportunity to assess the
different sensors on a very large scale. As the data was applied to a wide range of product scales
a more “data centric” approach was used when assessing the data.

The ALB system used for this survey was the Leica Chiroptera 4X, a shallow water system with
an elliptical scan pattern. As a shallow water system the ALB was planned to capture depths to a
maximum of 20 m.

3. ASSESSMENT OF ALB

To assess the ALB datasets the MBES data was used as the “control” dataset. This was done as
MBES has a proven track record for LINZ with its sources of error well understood and because
the ALB data had been reduced to sounding datum utilising Geoid separation data, whereas the
MBES used tide observations. The MBES data was gridded at a resolution of 0.5 m, this was then
compared to the 0.5 m gridded ALB data. Both ALB and MBES datasets were gridded using the
CUBE statistical algorithm which assisted comparison as limited bias had been applied in
gridding. Although the ALB was specified to collect depths to 20 m, depths to 35 m are included
in the comparisons.

As the table below indicates there is generally good vertical agreement between the ALB and
MBES data. The mean difference of each dataset is within expected accuracy tolerances of the
two methods and suggests that the reduction of soundings to datum is accurate. It can also be
seen that the mean difference grows in areas of deeper water covered by the ALB. This is
perhaps a reflection of the growing uncertainty with depth of each source dataset. In some areas
the mean and standard deviation increases quickly with depth, this is particularly the case in
Ha’afeva and Tofua and Kao Islands where the standard deviation doubles in the last two depth
bands. The standard deviation and range of the difference is quite high, as the data was gridded
at a very high resolution (0.5 m) it is unlikely this can be attributed to gridding.

Tables 1, 2 and 3 : Difference comparison statistics across the different depth bands for all survey areas

Area Nomuka ‘Eua
Depth Range (m) | 5-10 | 10-15 | 15-20 20-25 25-30 | 30-35 5-10 10-15 | 15-20 | 20-25 | 25-30 | 30-35
Mean Diff (m) -0.04 | -0.01 0.01 0.07 0.12 0.18 0.01 0.02 0.13 0.19 0.21 0.22
StDev (m) 0.18 0.24 0.20 0.15 0.15 0.18 0.25 0.40 0.35 0.29 0.22 0.18
Max Diff (m) 3.96 5.06 6.23 8.08 5.39 442 3.60 5.87 7.20 5.51 472 2.64
Min Diff (m) -3.15 | -6.73 -8.33 -13.04 -8.32 -5.14 -219 | 648 | -7.32 | 989 | -8.63 | -2.87
Area Ha’afeva Lifuka
Depth Range (m) | 5-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35 | 5-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35
Mean Diff (m) -0.07 | -0.02 0.09 0.16 0.24 0.27 0.03 -0.01 -0.02 0.04 0.11 0.19
StDev (m) 0.36 0.44 0.35 0.34 0.34 0.75 0.29 0.53 0.54 0.4 0.31 0.28
Max Diff (m) 10.36 | 947 8.04 5.38 5.05 2.87 7.27 9.93 8.5 10.87 7.16 5.57
Min Diff (m) -439 | -9.98 | -14.33 | -18.31 | -27.74 | -28.13 | -7.45 | -11.73 | -17.59 | -19.01 | -20.56 -21
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Area Tofua and Kao
Depth Range (m) 5-10 10-15 15-20 20-25 25-30 30-35
Mean Diff (m) 0.04 0 -0.03 -0.01 -0.01 -0.04
StDev (m) 0.35 0.33 0.32 0.35 0.64 1.35
Max Diff (m) 35 -10.11 -19.09 -24.51 -29.6 -33.56
Min Diff (m) -4.18 15.52 12.29 8.05 5.62 4.59

It is likely the steep nature of the seabed and beam footprint size contribute to the high standard
deviation and range of differences. This is supported when the assessment is repeated with high
sloping areas removed, resulting in a reduction of the standard deviation and range of diffe-

rences. This reduction is more pronounced in areas of steeper seabed slope such as Tofua and
Kao islands

Tables 4, 5 and 6 : Difference comparison statistics across the different depth bands for all survey areas,
grids with slope greater than 15° excluded

Area Nomuka ‘Eua

3;,’)"’"’ Range 5-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35 | 5-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35

Mean Diff (m) -0.02 0.02 0.02 0.06 0.11 0.18 0.02 0.05 0.12 0.15 0.19 0.21

StDev (m) 015 | o016 | o012 o010| 013| 017 | 022 o030]| 017 | o012| 013| o015
Max Diff 363 | 506 | 560 | 334| 424| 442 227| 582 491 423 | 472 | 202
Min Diff 288 | 557 | -749| -768| -455| 392 | 202 | -648| 732 | 622 | -748| -1.34
Area Lifuka Ha’afeva
gy‘;’f”’ Range 5-10 | 10-15 | 1520 | 20-25 | 25-30 | 30-35 | 5-10 | 10-15 | 15-20 | 20-25 | 25-30 | 30-35
Mean Diff (m) 006 | 0.6 003 | 006 | o010 o018 ] 000 | 005| 012 | 018 | o024 | 030
StDev (m) 018 | 034 033 | 021 014 | 017 | 024 | 026 | o019 | o020] o021 0.28
Max Diff (m) 587 | 825 638 | 455 | 525 | 256 | 809 | 947 | 370 | 28| 370 | 287
Min Diff (m) 714 | <1086 | -16.09 | ., - | 20.56 | -19.57 | -4.39 | -9.38 | -14.33 | -18.31 [ -27.74 | 2813

Area Tofua and Kao
Depth Range (m) 5-10 10-15 15-20 20-25 25-30 30-35
Mean Diff (m) -0.03 -0.05 -0.05 -0.02 0.01 0.05
StDev (m) 0.21 0.21 0.2 0.16 0.34 0.36
Max Diff (m) 21 8.59 9.46 6.77 4.19 4.09
Min Diff (m) -2.78 -10.11 -18.49 -20.19 -29.6 -27.47

Due to the growing differences observed with depth the decision was made to exclude depths
greater than 30 m before merging the ALB data with the MBES data. Another consideration was
the physical properties of the ALB system meant that seabed returns were intermittent beyond
30 m depth. Although the above numbers would suggest that across all depths MBES and ALB
agree within respective tolerances, leaving some areas of deeper ALB data in the product would
result in intermittent coverage and likely create issues with later sounding selection and contour
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creation. It is worth noting that the inclusion of this dataset to 30 m water depth exceeds the
expectations of the planning phase where the ALB data was only supposed to be used in depths
<20 m.

4. FEATURE DETECTION

ALB data has historically been quite sparse with point spacings approximately 0.5-5 m apart. The
data density of the Leica Chiroptera 4X system (approx. 16pts per square metre) indicates that
feature detection of a 2x2 m target should theoretically be possible. During the accuracy assess-
ment it was shown that steep features were an issue, suggesting that footprint size was a
limitation in the technology. To assess the ALB feature detection capability, data was viewed
against MBES data on overlapping features. Feature detection is considered demonstrated if nine
returns register on the target and the height from the surrounding seabed is similar between the
MBES and ALB datasets, a definition that aligns with LINZ HYSPEC?. A selection of features at
different depths were investigated to understand the difference between the two systems at defin-
ing features.

Across the areas investigated some features were detected whilst others were not, examples of
these are contained in the following Figures.

10.00 -

12.00 -

14.00 -

2.00 4.00 5.00 a.00 10.00

Figure 6 : 2m subset slices showing the MBES data (in yellow) and ALB data (in maroon). Feature is
detected in the MBES data but not in the ALB data.

3 LINZ/NZHA, HYSPEC, Contract Specifications for Hydrographic Surveys Version 2.0 'httos://www.linz.govt.nz/sea/
charts/standards-and-technical-specifications-for-our-chart-and-hydrographic-work)
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Figure 7 : Plan view of the feature above in the combined ALB/MBES surface
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Figure 8 : 2m subset slices showing the MBES data (in yellow) and ALB data (in maroon). Feature detection is
similar (in terms of the relationship between seabed and least depth) between the two systems.

70



INTERNATIONAL HYDROGRAPHIC REVIEW NOVEMBER 2021

Figure 9 : Plan view of the feature above in the combined ALB/MBES surface

In some cases, the shape of the feature detected by the ALB is not as well defined as the same
feature in the MBES data. More importantly the least depth is not comparable to the MBES data.
This was generally observed on features in deeper water (approximately 20m).
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Figure 10 : 2m subset slice showing the MBES data (in yellow) and ALB data (in maroon). The feature is rounded
off in the ALB point cloud.
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Figure 11 : Plan view of the feature above in the combined ALB/MBES surface

Viewing the data across the different areas it is noticed that feature detection varied in different
areas. In one of the survey areas it is noticed that feature detection is similar between the MBES
and ALB across all depths. This area was Tofua and Kao Islands, two volcanic islands where a
band of higher intensity seafloor reflectance can be seen around both islands.
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Figure 12 : 2m subset slice of MBES (yellow) and ALB data (dark green) over target seabed features
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Figure 13 : Plan view of the feature above in the combined ALB/MBES surface

Further investigation is required to determine why feature detection is very good in that one area
and less so in others. It seems that seabed type has an influence on feature detection capabili-
ties.

One of the limitations in the analysis was that there were not many features in depths <10m to
investigate. This is a result of the MBES coverage generally commencing from the 10m water
depth and so overlapping data in depths <10m was limited. Further investigation is required to
determine if the ALB system accurately delineates targets in depths <10m. Another limitation is
that the comparison process across all areas was manual rather than automated, which introduc-
es a bias in the comparison. However, this approach was necessary to understand feature detec-
tion at a data centric level but adds a level of subjectivity to the results. The analysis revealed that
approximately half the features sampled were not fully detected by the ALB in terms of extent and
least depth. As a hydrographic authority the appetite for risk is very low and if there is any doubt
in the representation of hazards on the seabed then this needs to be communicated to the mari-
ner.

A more systematic approach could be achieved by comparing sounding selections from the differ-
ent sensors (SDB, ALB and MBES). This would allow the impact to be assessed for the purpose
of charting products. Of course, this approach would mean the data has only been assessed at
the one scale which would mean that the assessment would need to be repeated for any larger
scale products made from the data in the future. The other limitation is that coverage between the
sensors should be similar and cover features across a wide range of depths. In the case of this
survey, as full MBES coverage was not required in depths <10m, shoals detected by the ALB in
depths <10m were not fully identified by the MBES.
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Due to the variable nature of feature detection the decision was made to designate the ALB data
to Category of Zones in Confidence (CATZOC)4B rating as opposed to an A1 rating which
reflects the achieved accuracy. It is possible that feature detection is improved in critical depth
areas (depths <10m) or in areas with greater seabed reflectance but it is difficult to prove with
certainty. Even if that is the case it would add a level of complexity to the CATZOC information
populated in the chart products if the ALB data were split into different Zones of Confidence
based on depth. More understanding of the feature detection capabilities of the sensor is
required before assigning a higher CATZOC to the ALB data. Ideally this would involve conduc-
ting a feature detection test over different areas of surrounding seabed, ideally at different depths.
This may also guide innovation in the way the ALB data is processed to improve feature detection
across different areas.

Position Depth Accuracy * Seafloor Coverage Typical Survey
Accuracy * Characteristics °
=0.50 + 1%d Full area search Controlled, systematic survey ® high
undertaken. position and depth accuracy
Depth (m) | Accuracy (m) | Significant seafloor achieved using DGPS or a minimum
Al +5m+ 5% features detected ~ three high quality lines of position
depth 10 +06 and depths (LOP) and a multibeam, channel or
30 +08 measured. mechanical sweep system.
100 +1.5
1000 +10.5
=1.00 + 2%d Full area search Controlled, systematic survey ®
undertaken. achieving position and depth
Depth (m) | Accuracy (m) | Significant seafloor accuracy less than ZOC A1 and
A2 +20m features detected using a modern survey
10 +12 and depths echosounder’ and a sonar or
30 +16 measured. mechanical sweep system.
100 + 3.0
1000 +21.0
= 1.00 + 2%d Full area search not Controlled, systematic survey
achieved; uncharted achieving similar depth but lesser
Depth (m) Accuracy (m) | features, hazardous position accuracies than Z0OC A2,
to surface navigation | using a modern survey
+50m 10 +12 are not expected but echosounder °, but no sonar or
B 30 +18 may exist. mechanical sweep system.
100 +3.0
1000 +21.0
=2.00 + 5%d Full area search not Low accuracy survey or data
achieved, depth collected on an opportunity basis
Depth (m) Accuracy (m) | anomalies may be such as soundings on passage.
expected.
c + 500 m 10 £25
30 +3.5
100 +7.0
1000 +520
Worse than Worse than ZOC C Full search not Poor quality data or data that cannot
D Zocc achieved, large depth | be quality assessed due to lack of
anomalies expected. information.
U Unassessed - The quality of the bathymetric data has yet to be assessed

Figure 14 : Admiralty CATZOC table, https://www.admiralty.co.uk/news/blogs/category-zones-of-confidence

4 IHO S-57 feature object (M_QUAL) attribute, for more on S-57 see https://iho.int/en/standards-and-specifications
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For use on the charting products the ALB CUBE surface was merged with the MBES CUBE
surface. Merging with the MBES was done based on a shoal bias approach, acknowledging that
both datasets were very close vertically and that the most risk averse surface was used for
charting. Merging with a shoal bias was prudent with the uncertainty associated with ALB data in
steep areas. In terms of the S-57 M_QUAL object for the merged dataset, the TECSOU attribute
was populated with found by multi-beam’ in the area where the ALB and MBES overlap.

Assessment of SDB

The overlapping MBES and ALB data acquired during the survey provided an excellent opportuni-
ty for assessment over a very large area with different characteristics such as water depth/seabed
types and water clarity. As the MBES and ALB data was comparable in most areas the two
CUBE surface deliverables were combined into one shoal biased grid, at 2m resolution. The SDB
grid was produced at the spatial resolution of the Worldview 2/3 sensor, 2m. This meant that the
two grids could be easily compared. Only vertical accuracy was assessed as unlike ALB the data
density of the SDB product did not fully support feature detection, as defined by LINZ HYSPEC,
i.e. a 2m resolution dataset is unable to achieve multiple returns on a 2m target.

It was clear from the outset that SDB vertical accuracy decreases with depth. To understand this
better the merged MBES and ALB datasets were split into discrete depth bands (0-5m, 5-10m
and 10-15m). This was then compared to the SDB derived surface in two of the regions in Tonga
(Nomuka and Lifuka).

Nomuka Results

Table 7 : Summary table of the differences of SDB to MBES/ALB surface, split by depth range

Nomuka Area MBES/ALB to SDB Comparisons
All Data
Depth Mean Diff St Dev Mean+2SD Min Max Range
band (m) (m) (m) (m) (m) (m) Count
<5m 0.178 0.713 1.576 | -12.192 | 4.053 16.245 | 2039809
5-10m 0.558 1.122 2.757 | -5.955| 8.031 13.986 | 700277
10-15m 1.288 1.571 4.368 | -5.029 9.06 14.089 | 673514

As expected the differences in shallow areas are less than in deeper areas. The differences,
when binned into a histogram, closely follow the shape of a bell curve indicating a normal distribu-
tion. It is also noted that the distribution is skewed to the shoaler side for all depth bands in the
Nomuka area.
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Figure 15 : Differences in depths <56m, binned to 0.1m. Note bias towards positive (shoaler) difference.
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Figure 16 : Differences in depths 5-10 m, binned to 0.1 m. Widening range of differences as depth increases.
Note bias towards positive (shoaler) difference as above.
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Figure 17 : Differences in depths 10-15 m. Widening range of differences as depth increases.

To further understand how accuracy can change with depth, in particular what accuracy can be
obtained in depth critical areas (<2 m) the data was analysed at a more granular level. The SDB
data was assessed against the MBES/ALB data at increments of 2 m. The results are contained
in the Table below.

Table 8 : Summary table of the differences of SDB to MBES/ALB surface with slopes >15° excluded, split by
depth range

Nomuka Area MBES/ALB to SDB Comparisons - 2m increments
All Data

Mean | St .
Depth | Diff | Dey | Mean+2s | Min | Max | Range | coppy

(m) (m)
<2m 0.14 0.61 1341 -12.19 2.03 14.22 1434656
2-4m 0.22 0.89 1.96 -6.49 3.40 9.89 517057
4-6 m 0.43 0.91 2.21 -6.13 5.01 11.14 365271
6-8 m 0.50 1.08 2.62 -5.96 6.40 12.36 285653
8-10 m 0.69 1.27 3.18 -5.55 8.03 13.58 247755

The results of the 2 m increment are very similar to the 5m increment data and it can be seen that
accuracy quickly degrades with depth. It is worth mentioning that the shape of the distribution is
very similar between the 2 m increment bands and the 5m increment bands, both datasets show-
ing an increase of the distribution curve with depth.
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Early in the process it was evident that the differences were greater on steep sided features
(reefs/steep banks) so it was decided to exclude these areas from the analysis. This was done by
calculating the slope for the MBES/ALB surface and excluding areas with a slope greater than
15°. The reason for this is that gridded datasets do not represent steep areas well, particularly at
the base of the feature when dealing with a 2 m grid resolution in reef areas where a depth
change of 5m across a 2 m horizontal grid cell is possible.

Table 9 : Summary table of the differences of SDB to MBES/ALB surface with slopes >15° excluded, split by
depth range

Nomuka Area MBES/ALB to SDB Comparisons
Data with slope <15°
Depth Mean Diff St Dev Mean+2SD Min Max Range
band (m) (m) (m) (m) (m) (m) Count
<5m 0.209 0.670 1.523 | -12.190 3.874 16.064 | 2020213
5-10 m 0.581 1.053 2.645 | -4.855 6.256 11.111 523724
10-15m 1.345 1.599 4478 | -4.099 7.139 11.238 | 512465

Removing the slopes from the assessment has little impact and only slightly reduces the standard
deviation of the difference in two of the depth bands. It is interesting that the mean is made slight-
ly worse, perhaps indicating the systematic shoal bias of the SDB data. Removing steep slopes
however does reduce the range of differences in the dataset as one would expect.

Some small pockets of difference remain due to other environmental factors. One area of notice-
able difference is on the leeward side of a small reef. In this area the SDB is significantly shallow-
er than the MBES/ALB data. Assessing the satellite imagery, a patch of white water on the
leeward side of the reef, caused by a breaking wave, is creating this large difference. Spectral
properties of water would typically show white water as very shallow. Although this is a large
pocket of inaccurate SDB data it looks to be an isolated occurrence in the dataset and had little
impact on the depiction of the reef on the chart as it is generalised with the adjacent reef feature
at the chart scale.

Rreaking wave

Small reel

Figure 18 : Left — Satellite imagery used in the SDB result, note white water on leeward (top of image) side of the
reef, Right — Difference surface over same area, differences of up to 6.6m shown
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Some areas were identified where the SDB depths were significantly deeper than the MBES/ALB.
These areas were around the edges of very shallow fringing reefs. This could be due to shading
or limitations in representing the seabed as a 2m grid. Several other areas were identified where
the reef/shoal was darker in colour than other sections of fringing reef. Several of these areas are
shown below. The first of the areas is within a reef structure so has no significance on the
charting outcome — the surrounding reefs will take precedence in most charting representations.
The second area may have an impact on charting products, particularly if the area was to be
represented on a larger scale chart as several isolated features were captured approximately
3-4m deeper in the SDB data than the MBES/ALB control data.

Difference =5.07m

Figure 19 : Left - difference result showing approx. 5m difference between SDB and combined MBES/ALB
surface, Right — true colour satellite imagery of the same area

Difference ~4m

Figure 20 : Left - difference result showing approx. 4m difference between SDB and combined MBES/ALB
surface, Right — true colour satellite imagery of the same area

78



INTERNATIONAL HYDROGRAPHIC REVIEW

Lifuka Results

All differences in the Lifuka area showed a deep bias. The table below presents the statistics of
the difference surfaces generated.

NOVEMBER 2021

Table 10 : Summary table of the differences of SDB to MBES/ALB surface with slopes >15° excluded, split by

depth range

Lifuka Area MBES/ALB to SDB Comparisons

All data

Depth St Dev Mean+2SD Min Max Range
band Mean Diff (m) | (m) (m) (m) (m) (m) Count
<5m -0.39 0.94 227 | -12.64 5.32 17.96 | 3376837
5-10 m -1.01 1.55 411 | -10.34 8.86 19.20 | 1219301
10-15m -0.65 1.70 4.05 -7.61 13.19 20.80 863198

The deep bias is best illustrated by viewing a histogram plot of the differences across the surface
(see Figure below). There is a significant number of differences which fall on the deep side and a
noticeable “bump” in the curve on the deep side. This is quite different to the results from the
Nomuka area and is a consequence of the difference between the two areas - Lifuka has a high-
er proportion of depth areas within the range of 5-15 m. Also noticed is the same characteristic of
a widening difference curve with depth, something seen in the difference statistics in the table

above.

Having large areas incorrectly portrayed as too deep, even if the relative error is not large, is a
concern for a charting authority, it also creates problems when merging the data with overlapping

datasets.

Compute Statistics

Input

Dataset: file:///D: HSE0/SDBE
Attribute layer: Diff

Feature layer: N/A

Attribute value bin size: 0.10m

Statistics
Minimum: -12.64 m

Maximum: 5.32m
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Mean: -0.39m Area: M/A
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Figure 21: Differences in depths <bm in Lifuka, a bump on the deep side can be seen in the
histogram indicating a deep bias
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Removing sloping areas, the differences improve slightly but the deep bias still exists. The table
below presents the results of comparisons after slopes greater than 15° were removed from the
surfaces.

Table 11 : Summary table of the differences of SDB to MBES/ALB surface, split by depth range

Lifuka Area MBES/ALB to SDB Comparisons
Data with slope <15°

Depth Mean St Dev Mean+2 | Min Max Range

band Diff (m) | (m) SD (m) (m) (m) (m) Count
<5m -0.13 0.58 1.29 -9.24 2.29 11.53 | 2310070
5-10 m -0.29 0.79 1.77 -10.44 4.19 14.63 | 3098956
10-15 m -1.35 1.60 4.55 -4.01 7.14 11.24 | 909096

It also seems that the differences and range of differences are similar in depths beyond 5 m and
that accuracy does not degrade with depth in the same way. This is different to the Nomuka area
and the reason could be a result of the contrasting images of the seabed, one being darker/
rockier, but both in the depth ranges of 5-15 m. The differences between the two areas can be
seen in the figure below. Both areas have similar depths.

Figure 22 : left satellite image shows in flat areas of approximately 10m water depth at Nomuka, the right
satellite image shows flat areas of approximately 10m water depth in Lifuka

From the assessment it appears the spectral databases used for the physics based SDB
approach may not be capturing subtle changes in seabed type from area to area.

It is likely that the SDB will benefit from a 2 stepped approach to processing if a multi-sensor
survey is taking place. A first pass is useful for planning other sensors and detecting large
shallow features (e.g. larger than 2m, the pixel size of the image data). This first pass may also
be the final bathymetry data set for those areas where the other technologies are not able to be
deployed, due to remoteness of location. A second step could involve checking and if necessary,
re-processing the SDB based on overlapping data from the other sensors. With this second step
of reprocessing it is possible that SDB coverage can be extrapolated out to a wider area with
increased certainty of its accuracy.
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5. DATA PORTRAYAL AND CATZOC

When incorporating the data from multi-sensors on nautical products it was necessary to consider
how best to portray the data and capture CATZOC attributes for the M_QUAL object. With
multiple data sources (SDB, ALB and MBES) it was important to provide the mariner with a clear
picture of the data source and quality, without cluttering the chart - both ENC and paper.
Producing CATZOC polygons based on technique of sounding (TECSOU), sounding accuracy
(SOUACC) and water depth were not considered appropriate in this situation. A seabed com-
prising fringing reefs with steep topography and rapidly changing depths over short distances,
would result in numerous narrow polygons.

In the case of the Tonga SDB, the decision was made to clip all SDB data to depths <8m. This
was done primarily to remove vertical misalignment issues when merging with the ALB data.
When investigating a suitable way of portraying the SDB data on chart products, LINZ considered
the use of magenta polygons to define the areas. However, the Tonga charts already include
magenta polygons that depict other features such as Special Management Areas and
no-anchorage areas. Including another magenta polygon would increase clutter and possibly
cause confusion. Instead, the SDB data is treated as another data source and included in the
Source Data Diagram (below left) on the paper chart, and the TECSOU encoded as ‘satellite
imagery’ on the ENC. In addition, chart notes (below right) are included with the products indica-
ting that some depths were based on satellite imagery and could have an uncertainty of up to 3m
— a figure determined by the comparisons above.

fl N __qf_}.—-_—/’:’{ N SATELLITE DERIVED BATHYMETRY
A J __/' =0
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R Wt SN oD/ BN 3m. Uncharted dangers may exist. For further
b RS ) 5 /;,-/—"_j,/ '{\‘_\ B N information see Admiralty publication 'The Mar-
& A i i iners Handbook'.
- : i _,A @_\_/// | l\\ |||.'
il ;’I //;- _?Q{E:'-'_E/j .I) :'\I | I:l
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Figure 23 : SDB Portrayal on paper chart

In portraying the vertical accuracy of SDB data, another consideration was to display the uncer-
tainty as a percentage of depth. Stating that depths may have a vertical uncertainty of up to 30%
of the depth may provide the mariner with more understandable information. It also acknowledges
that in shallower locations (depths <5m) depths may be more accurate than the 2-3m vertical
uncertainty represented by a CATZOC C rating.

6. CONCLUSIONS

A multi-sensor survey approach has many benefits. It enabled the bathymetric coverage over a
very wide area with less effort than vessel-based techniques alone. The sequence of the survey
enabled more effective utilisation of resources and increased vessel safety in what was a sparse-
ly charted area. Since no mobilisation or fieldwork is required for the SDB, these data were
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delivered rapidly as a first phase of the project, contributing to the planning component and
further optimising the overall project timelines and resources.

The different sensors performed well in the Tongan survey areas and achieved excellent cove-
rage. The different sensors while providing the bathymetry required also acquired topographic
and imagery data to support activities beyond nautical charting.

As a result of the survey 12 ENCs and 7 paper charts were updated with plans to update 4 more
of each in the future. A maijority of which contain data from all three sensors.

In order for the different datasets to be displayed on charting products a better understanding of
the technologies was required. The results of the analysis were not simple; it is difficult to portray
“‘good in some areas, but not so good in others”. A degree of simplification was required for
placing the information on charting products.

The ALB data was very good and comparable to the MBES datasets in terms of vertical accuracy.
Some uncertainty remains as to the feature detection capabilities of the ALB system for safety of
navigation purposes. SDB vertical accuracy decreases rapidly with depth and therefore its uncer-
tainty is best captured as a percentage of depth. Furthermore, SDB is at odds with the current
CATZOC criteria, one that was developed with older positioning technologies in mind. Taking the
new IHO survey standards as guidance, a separate CATZOC category may need to be defined
for SDB, which takes into account both the relatively high horizontal accuracy as well as the depth
-dependent vertical accuracy term of the SDB data.

The multi-sensor approach would benefit from a few improvements. One improvement would be
to revisit and re-process some of the earlier acquired datasets using the later acquired data. For
an approach like this to be adopted more overlapping data would be required in shallower areas
which would provide the means to do additional processing. The area of overlap should not be a
factor but the spatial distribution of overlapping areas should be a key consideration. Ideally
several higher confidence MBES sites would be acquired in shallow water. Of course when plan-
ning this extra work there will be an additional cost and the benefits of the extra cost need to be
taken into consideration.

Furthermore a feature detection trial involving a target of known dimensions should be conducted
with the ALB sensor. Ideally this should be done in different areas and different surrounding sea-
bed types. The logistics of this may be difficult as these need to be placed or be found with ves-
sel resources in advance of the plane’s mobilisation. The additional trials will give more certainty
of how the sensor detects features and may also guide processing efforts later in the project or in
future projects.
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