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ARTICLE

Detection of discrepancies between nautical charts and new survey data using 
GIS techniques
Telmo Dias a,b, Cristina Monteiro b, Ana Moura b, João David a, Pedro Cabral a and Felipe S. Campos a

aNOVA Information Management School (NOVA IMS), Universidade Nova de Lisboa, Lisbon, Portugal; bInstituto Hidrográfico (IH), Lisbon, 
Portugal

ABSTRACT
Nautical charts are critical for safe navigation as long as they remain updated and trustworthy for 
the reality they depict. The increase in marine traffic and the growth of available data require that 
the process of assessing nautical chart adequacy, which consists of comparing information from 
a new survey with the one published in the ruling cartography, be both fast and effective. In this 
sense, this work aims to automate the detection of discrepancies between nautical charts and 
survey data to minimize human effort. We developed a Geographic Information System (GIS) 
location model based on specific rules derived from three analysis criteria: depth areas, minimum 
soundings, and bathymetric models. The model produces six outputs, two for each criterion, to 
support the ultimate human decision. We have tested the model in several hydrographic surveys, 
such as open waters and harbor surveys, and successfully validated it by comparing results with 
other available methods, such as current manual processes and Nautical Chart Adequacy Tools (CA 
Tools). Potential advantages over other methods are also evaluated and discussed, validating the 
usefulness of this novel approach for the adequacy and completeness evaluation of nautical charts. 
Our results deliver important benefits by enhancing the GIS techniques for nautical chart produc
tion and maintenance.
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1. Introduction

Nautical charts are critical for the safety of navigation 
(National Oceanic and Atmospheric Administration 
(NOAA) 2021) (Wolfe & Pacheco, 2020), and they repre
sent, since the fifteenth century, one of the major sources 
of geographic information (Gaspar & Leitão, 2018). The 
information depicted in a nautical chart is compiled from 
several sources (Russom & Halliwell, 1978), using differ
ent techniques at different times (Prince, 2017), which are 
classified in terms of their confidence and quality 
(International Hydrographic Organization (IHO), 2020; 
Weintrit, 2018). The need for chart maintenance can 
derive from multiple factors: 1) natural changes, due to 
seafloor and water column dynamics; 2) artificial 
changes, caused by the construction of maritime infra
structures that change depth (dredging) and shoreline 
configuration; 3) data acquisition changes, as increasingly 
state-of-the-art surveying methods provide more accu
rate and detailed bathymetry (Wölfl et al., 2019); 4) and 
information purpose changes, as the continuous growth 
of ships’ dimensions (draft) and marine traffic density 
leads to new routes and navigational restrictions 
(Haralambides, 2019). These unceasing changes can 

rapidly turn the nautical charts outdated, diminishing 
their value and relevance to safe navigation and poten
tially contributing to maritime casualties (International 
Hydrographic Organization (IHO), 2018). Therefore, 
chart maintenance is a never-ending task that should be 
methodical and objective.

New hydrographic surveys (HS) are often per
formed, being necessary to assess if the newly 
acquired data agrees with the information published 
in the ruling nautical chart. If there exists any dis
crepancy, it is imperative to evaluate if it has an 
impact on the safety of navigation and to what 
degree it does so. Thus, Chart Update Urgency 
(CUU) can be classified into three categories: 1) 
urgent, when the discrepancies have a critical impact 
on safe navigation; 2) less urgent, when the discre
pancies have navigational significance, although not 
critical; and 3) non-urgent, when the discrepancies 
do not have navigational significance, but they affect 
the trueness of the cartographic representation of 
objects (IHO, 2018). This categorization comprises 
several criteria, mainly based on the magnitude and 
location of the discrepancies, which are not always 
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easy to implement and may lead to less objective 
interpretations (Instituto Hidrográfico (IH), 2020).

The chart production process comprises a few com
plicated transformations – rounding, simplification, and 
generalization, which still require remarkable human 
attention and are only partially computer-assisted 
(Miao, 2014). The compilation of bathymetry (sounding 
selection and depth contours generalization) for 
a nautical chart is one of the most complex and time- 
consuming processes. The charted bathymetry is usually 
derived from a more detailed data source, often a high- 
resolution bathymetric model, requiring some degree of 
generalization (Kastrisios et al., 2019). This procedure 
frequently implies some compromises between a set of 
constraints (Dyer et al., 2022) – legibility, functionality 
(safety of navigation), morphological and topological 
(Zhang & Guilbert, 2011). Those are often incompatible 
with each other (Peters et al., 2014), and may produce 
a couple of consequences. Firstly, reverse engineering 
cannot be applied to generalization in a straightforward 
way, which hampers the comparison between high- 
resolution survey data and scattered information from 
the chart. Secondly, the methods used for the validation 
of charted soundings and depth contours (production 
phase) may also be applied to the evaluation of chart 
adequacy considering a new survey (maintenance 
phase).

Chart adequacy assessment (CAA) represents 
a challenge to many national hydrographic offices 
(Masetti et al., 2018). In recent years, data acquisition 
methods have been improved in terms of their scope, 
range and resolution (Wölfl et al., 2019). Multibeam 
Echosounders (MBES) (Le Deunf et al., 2020), 
Synthetic Aperture Sonars (SAS) (Hoggarth & Kenny,  
2014), Light Detection and Ranging (LiDAR), 
unmanned systems (Mandlburger et al., 2020) and 
remote sensing satellite imagery (Chénier et al., 2019; 
Omari et al., 2020) produce larger data volumes with 
better detail. On the other hand, there has been a global 
effort to map the world ocean floor (International 
Hydrographic Organization (IHO), 2021; Mayer et al.,  
2018), increasing these data sources (crowdsourced 
bathymetry) (International Hydrographic Organization 
(IHO), 2020), and the need for systematic assessment 
(Klemm et al., 2015). Hence, the chart maintenance 
(update) cycle has become shorter and shorter.

CAA incorporates some technical issues. The mod
ern HS, mainly conducted with MBES, has higher reso
lution and detail than a nautical chart. The comparison 
of a high-detailed and multi-purpose bathymetric sur
face with a special purpose chart, specifically designed to 
meet the requirements of marine navigation 
(International Hydrographic Organization (IHO),  

2019), can be overwhelming. When done manually, 
this process often implies reducing the HS information 
density and creating a few intermediate products, not 
taking full advantage of the original data. Chart produc
tion is not a fully automated process. The workflow that 
transforms survey data into chart information still has 
some manual and subjective tasks conducted by the 
cartographers, which makes it difficult to recreate the 
process and reconstruct the full bathymetric dataset 
from the sorted chart information for comparison pur
poses. Charts present information from multiple 
sources, with different levels of confidence (Category 
of Zone of Confidence – CATZOC) based on the fol
lowing criteria: vertical and horizontal uncertainty; sea
floor coverage; and survey characteristics (International 
Hydrographic Organization (IHO), 2020b).

Despite its indisputable importance, the automation 
of the CAA process has not been greatly developed. 
Currently, there is only one publicly available applica
tion devoted to this problem – Nautical Chart Adequacy 
Tools (CA Tools), created by the Center for Coastal and 
Ocean Mapping (CCOM) as part of the HydrOffice 
project (Masetti et al., 2018). At the Portuguese 
Hydrographic Institute (IH), as in most of the hydro
graphic offices, this process is still being done manually 
by a visual and analytic comparison between chart 
information and survey-derived products (sounding 
selections and depth contours), which makes it subjec
tive and dependent on the cartographer’s experience 
(IH, 2020).

This work aims to automate the detection of discre
pancies between nautical charts and new survey data in 
order to minimize its biased human component. We 
developed a Geographic Information System (GIS) 
model that compares survey data and chart information, 
locating and quantifying the discrepancies for further 
classification modeling approaches. Results show that 
CAA can be partially automated, improving its effi
ciency and diminishing its subjectivity. Our findings 
deliver important benefits to hydrographic offices 
responsible for chart production and maintenance.

2. Materials and methods

2.1. Framework

Nautical chart adequacy is a decision problem that can 
be divided into two sequential procedures: CAA, which 
identifies discrepancies between survey information and 
the published nautical chart; and CUU, which assesses if 
those differences are important, or not, to the safety of 
navigation and what is the priority for issuing a chart 
update (IH, 2020). This decision mainly depends on the 
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magnitude and location of the discrepancies 
(International Hydrographic Organization (IHO),  
2018). For instance, due to the expected navigation in 
an area, in some locations with dense traffic, small dis
crepancies can be critical, while in other locations, with
out significant traffic, large discrepancies can be 
disregarded. These two processes and the hierarchy of 
the decisions are illustrated in Figure 1.

This study focused on CAA, for which we specified 
three manageable and cumulative criteria that make the 
results more effective and easier to interpret. The mod
eling approach is further detailed in section 2.3.

2.2. Data sources and software

2.2.1. Nautical charts
Nautical charts are maps that portray the configuration 
of the seafloor and the shoreline, showing water depths 
(soundings) and dangers to navigation (NOAA, 2021). 
They are created in accordance with the International 
Hydrographic Organization (IHO), International 
Maritime Organization (IMO) and International 
Association of Marine Aids to Navigation and 
Lighthouse Authorities (IALA) regulations, and they 
can be made in paper or electronic format (Electronic 
Navigational Chart – ENC) (Instituto Hidrográfico 
(IH), 2018). The ENC contains all the critical informa
tion for the safety of navigation in a database format 
with a standardized structure and content (International 
Hydrographic Organization (IHO), 2000). It can also 
include supplementary nautical information useful for 
safe navigation (International Hydrographic 
Organization (IHO), 2019b).

In this work, we extracted the relevant information 
from the ENC in vector format and used it as an input in 

the model. Table 1 describes some of the ENC layers 
that can be relevant to the analysis. For instance, 
DEPARE, DEPCNT, DRGARE, OBSTRN, and 
SOUNDG are important to reconstructing the bathy
metric model depicted in the ENC; COALNE, 
LNDARE, and SLCONS are important to establish fron
tier conditions; NAVLNE is important to define critical 
navigation areas. Each of the layers has specific attri
butes relevant to the analysis. For example, within the 
ENC DEPARE layer, DRVAL1 (depth range value 1) 
represents the minimum (shoalest) value, and DRVAL2 
represents the maximum (deepest) value of the 
DEPARE depth range.

2.2.2. Hydrographic survey
Hydrographic surveys can have different kinds of out
puts depending on the technology used in data acquisi
tion and the methodology used in data processing. 
Usually, the final product consists of one of the follow
ing types: 1) point cloud, encompassing all the validated 
soundings; 2) grid, resulting from a bathymetric gridd
ing method; and 3) sounding selection, based on 
a suppression radius or another criterion 
(International Hydrographic Organization (IHO),  
2019).

Figure 1. Hierarchy of the nautical chart adequacy decision, with three alternatives based on three cumulative criteria.

Table 1. Relevant Electronic navigational chart (ENC) layers.
Acronym Object Geometry

COALNE Coastline Line
DEPARE Depth area Polygon
DEPCNT Depth contour Line
DRGARE Dredged area Polygon
LNDARE Land area Polygon
NAVLNE Navigation line Line
OBSTRN Obstruction Point/Polygon
SLCONS Shoreline Construction Line
SOUNDG Sounding Point
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We used grids in raster format with a fixed resolution 
of 0.5 m and 1.0 m, generated with the Combined 
Uncertainty and Bathymetric Estimator (CUBE) gridd
ing method (Calder & Wells, 2007). These grids were 
the survey’s final bathymetric products. Thus, it was 
possible to exploit as an input in the model the complete 
validated survey data at the best available resolution.

2.2.3. Software
The model was built using two commercial softwares: 
CARIS HIPS & SIPS v.11.4 (Teledyne, 2021) and 
ArcGIS Pro v.2.7 (Environmental Systems Research 
Institute (ESRI), 2021). CARIS HIPS & SIPS is 
a hydrographic processing software, and it was used to 
pre-process the data (i.e. extract ENC layers and survey 
raster) under an automated processing workflow com
patible with ArcGIS Pro and the inputs of the model. 
ArcGIS Pro was used to execute the spatial analysis and 
develop the geo-processing model (i.e. ModelBuilder).

2.3. Modeling approach

The GIS model for CAA is divided into four main 
phases (Figure 2). The model framework is based on 
the manual process that is being conducted at the IH. 
The spatial question that the model aims to answer can 
be defined as: is the nautical chart still adequate now 

that we have new depth information? Therefore, the 
model computes the differences between the nautical 
chart and the new HS information according to inter
national specifications (International Hydrographic 
Organization (IHO), 2018). Moreover, it locates and 
highlights those differences. In that sense, it can be 
described as a location model based on specific prede
fined rules. The answer to this spatial question is the 
essence of the CAA process, and it is then used to 
support the CUU decision.

The second step of the framework is related to data 
preparation. To complete the spatial analysis, we need to 
select the appropriate layers from each source, ensuring 
that they contain the required information and that they 
are interoperable, as well as all the necessary transfor
mations to introduce them as direct inputs into the 
model. The third phase comprises three cumulative 
analyses that provide the answers to the spatial question 
and that are detailed in Sections 2.3.1., 2.3.2., and 2.3.3.

2.3.1. Analysis of depth areas
This analysis finds discrepancies between the depth 
contours of the survey and the corresponding depth 
areas of the ENC, in the direction of increasing depth 
(seawards) (IH, 2020). For example, the ENC DEPARE 
of 5 m to 10 m should not contain the 5 m, or less (e.g. 2  
m), depth contour of the survey, as this would mean that 

Figure 2. Framework of the GIS model for assessing chart adequacy.
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in that area there were depths shallower than the ones 
represented in the ENC, and this could pose a danger to 
the safety of navigation (Figure 3a).

The urgency of the chart update would depend, 
among other factors, on the Euclidean distance of the 
discrepancy between corresponding contours, the com
pilation scale of the ENC and the type of navigation 
expected in the area (IH, 2020). Occasionally, the 
Euclidean distance parameter can be misleading because 
the distance of the discrepancy can be disregarded at 
some paper chart scale, but the magnitude of the dis
crepancy can be significant. For this reason, a second 
output was added, highlighting the magnitude of the 
differences through warm colors (Figure 3b).

The modeling of this analysis was achieved with an 
overlay function between the two layers (ENC DEPARE 
and survey depth contours), selecting the depth con
tours where depth is ≤ DRVAL1, and with map algebra 
(Tomlin, 1990), computing the difference between the 
HS raster and a specific raster built with ENC depth 
information.

2.3.2. Analysis of minimum soundings
The soundings in the ENC are selected specifically for 
safety navigation issues and are based on a “shoal 
biased” pattern (International Hydrographic 
Organization (IHO), 2018). Generally, they represent 
the minimum depths in that area. However, IHO 

recommends that enough numbers of deeper soundings 
should be retained, in order to assess the full range of 
depth, for instance, to assist the navigator that uses the 
echo-sounder to verify its position (International 
Hydrographic Organization (IHO), 2018). Mariners 
usually define the navigation plans according to these 
minimum soundings and the vessel’s characteristics 
(e.g. vessel draft).

This analysis finds discrepancies between the survey 
soundings and the minimum soundings represented in 
the ENC, in a nearby buffer. For example, next to a 17.2  
m ENC sounding, there should not exist a 16.9 m survey 
sounding, as this would mean that the sounding repre
sented in the ENC is not the shoalest in the area, and 
this could embody a danger to the safety of navigation 
(Figure 4).

The urgency of the chart update would depend, 
among other factors, on the positive or negative sign 
and magnitude of the discrepancy; the depth ranges in 
the area (for instance, a discrepancy of 0.5 m has greater 
significance in a 10 m depth area than in a 50 m depth 
area); and the type of navigation expected in the area 
(IH, 2020).

As this analysis involves a buffer definition – the 
influence area around the ENC SOUNDG, which can 
make the comparison less objective and user- 
dependent, we produced two outputs. The first one 
uses the buffer selected by the user. The second one 

Figure 3. Example of discrepancies (highlighted by the red lines), a) where the 2 m and 5 m depth contours of the survey are inside the 
ENC DEPARE of 2 m − 5 m and 5 m − 10 m, respectively. b) the magnitude of these differences is illustrated in a yellow to red 
classification colour scheme.
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uses Thiessen polygons (Thiessen, 1911). The modeling 
for this analysis was achieved with map algebra (Tomlin,  
1990), computing the difference between the HS raster 
and a specific raster built with ENC depth information.

2.3.3. Analysis of bathymetric models
This analysis finds discrepancies between the survey 
bathymetric model and the triangulated irregular net
work (TIN) built with the ENC depth information. 
Contrary to other approaches (Masetti et al., 2018), the 
tilted triangle test (i.e. if the survey grid has shoaler 
depths than the ENC TIN), was not considered in this 
analysis. This test identifies a discrepancy in the area 
highlighted by the blue polygon (Figure 5(a)), as the 
survey grid has shoaler depths than the ENC TIN in 
this zone. It is not entirely clear that this embodies 
a danger to the safety of navigation, as a mariner cannot 
realistically expect that the depth variation between two 
charted soundings is linear, as suggested by the ENC 

TIN. On the other hand, the mariner can validly con
clude that between two charted soundings there is not 
a shoaler depth than the shoalest of those two, which 
can be verified by the edge test.

We considered two tests usually followed in the 
manual process. In the triangle test, none of the survey 
soundings within a triangle of ENC SOUNDG should be 
less (shoaler) than the least (shoalest) of the three 
soundings forming the triangle. In the edge test, none 
of the survey soundings between two adjacent ENC 
SOUNDG forming an edge of the triangle should be 
shoaler than the shoalest of the two soundings forming 
the edge (International Hydrographic Organization 
(IHO), 2018). These tests are illustrated in Figure 5(b). 
Considering the triangle formed by the following 
soundings: 15.9 m, 17.2 m, and 26 m. Inside this triangle 
there cannot exist a survey sounding shoaler than 15.9  
m (triangle test). Along the edges 15.9 m − 17.2 m, 17.2  
m − 26 m and 26 m − 15.9 m, there cannot exist survey 
soundings shoaler than 15.9 m, 17.2 m and 15.9 m, 
respectively (edge test). Concerning the edge test, this 
analysis also involves a buffer definition (edge width), 
which can make the comparison less objective and user- 
dependent.

2.4. Model application

The GIS model was tested in several distinct scenarios, 
namely, two kinds of HS: open water surveys, without 
any bounding restrictions; and harbor surveys, with 
various bounding conditions, such as shoreline infra
structures, breakwaters, and piers. We present the 
results of a harbor survey, where the analysis can be 
substantially more complex. This analysis was applied in 
a HS carried out in 2019, in the harbor of Portimão, 
a municipality in the district of Faro, in the Algarve 

Figure 4. Example of several discrepancies (highlighted by the 
blue circles) between the survey soundings (in red, with 
a suppression radius of 50 m) and the ENC SOUNDG (in black).

Figure 5. a) Example of the tilted triangle test in a profile view of the seafloor: ENC SOUNDG and the corresponding edge are coloured 
in black and the survey grid is in red. b) Example of the tri-angle and edge tests: ENC SOUNDG are coloured in black, the triangles are in 
red and the survey grid is in a blue gradation.
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region of southern Portugal. The survey was performed 
with a MBES and the final product was a bathymetric 
grid with 0.5 m resolution. Depths in the survey range 
from 16.5 m to −1.5 m (Z axis is positive downwards), 
and in the ENC from 50 m to −3.8 m (Figure 6).

2.5. Model validation

The GIS model was validated by comparing the results 
with the other available methods: 1) the manual method 

(IH, 2020); 2) the straight difference method, defined by 
the difference between the survey grid and the TIN built 
with the ENC depth information; and 3) CA Tools 
(Masetti et al., 2018). The manual method was con
ducted by an experienced cartographer who coauthored 
this work. In order to minimize possible biased results, 
all the manual analysis selected for validation was per
formed before the development of the GIS model. An 
analytical flow diagram showing the successive phases of 
the methodology proposed is shown in Figure 7. On the 

Figure 6. a) Hydrographic survey extent and depth range. b) ENC of the corresponding area (PT526310).

Figure 7. Analytical flow diagram for the successive phases of the methodology.
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classification of the efficiency and effectiveness of the 
different methods, we considered the manual method as 
the reference (100%) and checked both efficiency (time 
spent) and effectiveness (completeness of the results and 
clarity of its interpretation for further decisions). These 
results are shown in Figure 8.

Regarding effectiveness, the comparison with the 
manual method revealed that the GIS model identified 
all the situations reported by the cartographer, especially 
the ones that were later signaled as urgent. In a more 
subjective inspection, we also considered that it pro
duces results that are easier to interpret as they are 
presented in a standardized format. The straight differ
ence method identified too many discrepancies and its 
lack of objectivity decelerates the later priority analysis. 
CA Tools identified the points that needed review but 
did not give a clear perspective of what was happening 
around those points and how the seafloor was evolving 
compared to the ENC. Therefore, we considered that 
although its results could support a decision, they were 
not provided in such a manner that could improve the 
decision-maker situational understanding (Sanchez,  
2009).

Regarding efficiency, although it is a semi-automated 
process, the GIS model is not the fastest method. As it 
produces three analyses, it takes more processing time 
than, for instance, CA Tools. Although having six out
puts facilitates the cartographer’s interpretation, it also 
takes more time to evaluate. When measuring this para
meter, we considered both the model processing time 

and the time spent in preparing the data for ingestion. 
For instance, in situations where the manual method 
took 8 hours to complete, the GIS model was 16 times 
more efficient, taking half an hour. With regard to 
efficiency, CA Tools performed better than all the 
other methods, as data preparation was minimal.

3. Results

The results refer to the model application in the HS 
executed in the harbor of Portimão, in the south of 
Portugal. The analysis of depth contours identified sev
eral locations where the survey depth contours fell out
side (seawards) the corresponding ENC DEPARE. 
Figure 9(a) illustrates the general location of the discre
pancies across the HS area, enhancing their Euclidean 
distances. Figure 9(b) emphasizes the magnitude of the 
discrepancies in a specific location of the HS area.

The analysis of minimum soundings identified some 
locations where the HS soundings were shallower than 
the charted depths. An example of these locations is 
highlighted by the blue squares in Figure 10. 
Differences above 0 m (colored in green) mean that 
the survey depths are bigger (deeper) than ENC 
SOUNDG, thus not representing a danger to safe navi
gation. The classification scale employed (0 m, - 0.3 m, 
and - 0.5 m) was considered adequate for special order 
surveys (International Hydrographic Organization 
(IHO), 2020c) in harbor areas. As noted, we can identify 
in both outputs at least three cases (highlighted with 
blue squares: 8.3 m, 7.2 m, and 7.5 m) where the ENC 
SOUNDG does not represent the minimum depth in the 
area, according to the new survey data. The colored 
classification scale also allows foreseeing discrepancies 
related to the third analysis: negative differences should 
be in the direction of lesser (shoaler) soundings or land
wards in order to be considered unimportant.

Comparing the results of the previous analysis with 
the ones from the analysis of bathymetric models 
(Figure 11), we notice that this last analysis does not 
clearly identify the three cases reported before (high
lighted by the blue squares). The triangle test 
(Figure 10(a)) only identified one situation (7.2 m), 
and the edge test (Figure 11(b)) identified two situations 
(7.2 m and 7.5 m). This reinforces the principle that the 
three analyses should be cumulative in order to achieve 
a complete interpretation.

For model validation purposes, we compared the 
results with other established methods. Figure 11 high
lights the different results achieved with other methods 
for the specific locations previously presented in Figure 9.

In Figure 12(a), CA Tools identifies the 7.2 m sound
ing as a “possible discrepancy” and signals the 8.3 m 

Figure 8. Classification of the different methods efficiency and 
effectiveness.
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sounding as an “untested feature,” probably because it is 
near the boundary and it may be within a flat triangle. 
However, it does not identify the 7.5 m sounding, prob
ably because of the parametrization of the threshold 
difference – it is between 0 and −0.3 m.

In Figure 12(b), the straight difference method 
identifies all the discrepancies, but their interpretation 
and, subsequently, the urgency classification is more 
complex. For example, this method can give the idea 
that there is a significant discrepancy near the 2.5 m 

Figure 9. Analysis of depth contours. This comparison identifies (in red) the survey depth contours that fall a) outside (seawards) the 
corresponding ENC DEPARE and b) the magnitude of the depth differences related to those discrepancies.

Figure 10. Analysis of minimum soundings. This comparison identifies and classifies the differences between the survey soundings 
and the ENC SOUNDG, a) within a predefined buffer (25 m, in this example) or b) the corresponding Thiessen polygons.
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sounding (highlighted with a magenta square), in the 
south direction, toward the 6.3 m sounding. 
Examining the results of the GIS model, we conclude 
that there is no meaningful discrepancy. This 
occurred because the depth variation between those 

soundings (2.5 m and 6.3 m) is not linear. In 
Figure 11(b), in the shaded relief detail, we can per
ceive a steep slope and a plateau between those 
soundings. This illustrates a situation where the tilted 
triangle test would not be adequate.

Figure 11. Analysis of bathymetric models. This comparison identifies and classifies the differences between the survey bathymetric 
model and a) the ENC TIN: triangle test and b) edge test (buffer of 20 m).

Figure 12. Results obtained with a) CA Tools and b) straight difference methods for the same area and with the same input data.
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4. Discussion

The GIS model was successfully tested with various data 
pairs (HS versus ENC) with distinct characteristics. 
Although the results look promising, a broader valida
tion requires more trials. Depending on the study area 
and on the relevant and available ENC layers, the model 
might need further adaptations. Nevertheless, this 
model serves the purposes for which it was developed, 
in order to support the national hydrographic offices’ 
workflow. Likewise, this semi-automated model has 
several advantages over the manual method: 1) it is 
faster, more effective, and less subjective; 2) it uses the 
entire survey’s dataset, at the best possible resolution, 
without the need to downgrade the data and derive 
intermediate products (sounding selection) to assist 
the analysis; and 3) it produces results easy to interpret, 
locating the discrepancies and classifying their magni
tude (descriptive statistics).

The model has only two user-configured parameters: 
the buffer in the comparison between minimum sound
ings and the buffer in the edge test of the comparison 
between bathymetric models. As it has been argued that 
these user values can add some subjectivity, scale, and 
data density dependent issues (Masetti et al., 2018), we 
created a second output by computing Thiessen poly
gons in the analysis of minimum soundings, which may 
overcome these matters. Concerning the other buffer 
(edge test), it still remains user-dependent and shall 
integrate future research work to determine the best 
buffer size or find geometric alternatives and analogous 
analysis. Thus, the application of GIS techniques for 
nautical chart production and maintenance is important 
for understanding the adequacy and completeness eva
luation of nautical charts (Dyer et al., 2022).

Our research presented a good example of a situation 
where the triangle and edge tests were noticeably not 
enough to detect significant discrepancies between the 
survey and the ENC, as defended in other studies 
(Kastrisios et al., 2019). This demonstrates the impor
tance of the other two additional analyses (depth areas 
and minimum soundings) and how they complement 
each other.

Hence, this model stands as a new approach to the 
CAA problem and an alternative to the other existing 
automated methods (Masetti et al., 2018). As noted, 
there is a great difficulty in reconstructing, with full 
detail, the original bathymetric surface from ENC infor
mation. Chart production is not a fully automated pro
cess, and the reverse engineering technique can often 
generate dissimilar reconstructions. This can be par
tially avoided by building a TIN with linear interpola
tion between ENC depth information (soundings and 

depth contours). Yet, some drawbacks may arise. 
Interpolating ENC sparse information can produce 
elongated triangles and long edges that reflect the com
pilation scale of the chart and not the original data 
density. Assuming linear depth variation between ENC 
SOUNDG is a rough approach, which does not correctly 
portray the true seafloor.

We built our GIS model based on three complement
ing criteria, trying to best replicate the thinking of 
a mariner when using an ENC, as the three most used 
layers of bathymetric information are minimum sound
ings and depth areas defined by depth contours. For 
instance, these layers are the ones usually used to draw 
and define navigation plans in restricted waters 
(Nepomuceno, 2020). The triangle and edge tests (ana
lysis of bathymetric models) are the main principles for 
validation of charted soundings (International 
Hydrographic Organization (IHO), 2018). Yet, as 
demonstrated in previous studies (Kastrisios et al.,  
2019), and supported by this work, they are not enough 
for an efficient validation approach. The analysis of 
minimum soundings identifies if the ENC SOUNDG 
still remain the shoalest within their radius of influence 
and how the survey depth is developing in that influence 
area. For a given suppression radius, ENC SOUNDG 
should be the shoalest. The analysis of depth areas 
identifies if the survey depth contours fall inside the 
corresponding ENC DEPARE. Setting this condition 
exonerates the need to use the ENC DEPCNT when 
building the ENC TIN, which often produces elongated 
triangles, not suitable for the third analysis (analysis of 
bathymetric models).

In this sense, we did not follow other methods that 
directly compare the two surfaces (survey grid and ENC 
TIN) or run the tilted-triangle test (Masetti et al., 2018). 
As part of the CUU workflow, we considered it more 
important to identify the critical discrepancies for safe 
navigation in an easy-to-interpret approach rather than 
to identify all the discrepancies.

5. Conclusions

Continuous growth of marine traffic and bathymetric 
data sources demand an effective and efficient CAA 
process, in order to keep the nautical charts updated 
and relevant for safe navigation. Thus, the automation 
of this process and the improvement of its objectiveness 
can bring important benefits to the hydrographic offices 
responsible for chart production.

The proposed GIS model achieved good results when 
compared with other manual and automated methods. 
Nevertheless, chart production is not a fully automated 
process, and its overarching goal is to publish 
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information that guarantees the safety of navigation. 
Therefore, we recommend that this model be employed 
to assist the cartographer’s analysis and support its 
decisions, in conjunction with other well-established 
methods, as it provides purposeful benefits to human 
action.

Future work will focus on improving the model 
regarding ENC layers import procedure (for instance, 
including other relevant layers to the analysis: OBSTRN, 
NAVLNE, DRGARE), and buffer definition (edge test). 
Also important would be developing and integrating the 
CUU workflow, creating additional layers (for example, 
critical areas for navigation) that, with an overlay ana
lysis and toward a set of criteria, could automatically 
help to classify CUU. Finally, the application of the 
model to areas with complex bottom characteristics 
should also be considered.
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