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ABSTRACT-

Hydrographic surveying is fundamental to safe navigation, marine spatial planning, offshore infrastructure development, and coastal risk assessment. Traditional
hydrographic workflows, relying primarily on acoustic sensors such as multibeam echosounders and side-scan sonar, have advanced rapidly in spatial resolution.
However, the challenge of ensuring positional accuracy, managing data complexity, and achieving effective visualization of survey products remains significant.
Geographic Information Systems (GIS) offer a powerful platform to address these challenges by integrating geospatial data management, coordinate

transformation, spatial analysis, and advanced visualization in a cohesive environment.

This study investigates how GIS can enhance the positional accuracy and interpretability of hydrographic survey data. The research objectives include assessing
the improvements in spatial consistency introduced by GIS-based workflows, evaluating the visualization benefits of integrating bathymetric, backscatter, and

ancillary environmental layers, and developing a conceptual framework for adopting GIS tools in modern hydrographic operations.

A mixed-methods approach was employed, combining a systematic literature review with a case study using multibeam bathymetric data processed through
ArcGIS and QGIS platforms. Accuracy assessments were conducted by comparing survey outputs with established ground-truth control points, and visualization
effectiveness was evaluated through a user-centered qualitative assessment. Results indicate that GIS-based workflows improved positional accuracy by an

average of 20-30% compared to legacy processing pipelines and provided enhanced visualization through seamless layer integration and 3D seabed modeling.

These findings highlight the transformative role of GIS in modern hydrography, emphasizing its potential to streamline data management, increase analytical
rigor, and improve the interpretability of marine spatial data. Ultimately, leveraging GIS in hydrographic practice offers a robust pathway toward safer navigation,
more efficient marine operations, and improved stewardship of coastal and offshore environments.
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1. INTRODUCTION

Hydrographic surveying is the science and practice of measuring and describing the physical features of oceans, seas, coastal areas, lakes, and rivers,
with a primary emphasis on supporting safe navigation and marine infrastructure development (International Hydrographic Organization [THO], 2020).
These surveys provide essential data for nautical charts, port maintenance, offshore installations, habitat mapping, and emergency response planning.
Traditionally, hydrographic data are collected through acoustic methods, including multibeam echosounders, side-scan sonar, and single-beam echo
sounders, supported by positioning systems such as GNSS and inertial sensors (Calder & Mayer, 2003).

Accuracy in hydrographic surveying is paramount. Inadequate or imprecise bathymetric information can endanger vessels, threaten human life, and
lead to costly errors in the planning and construction of offshore facilities (Jakobsson et al., 2020). As maritime commerce and offshore development
expand, the demand for high-resolution, highly accurate seafloor data continues to grow.

Equally important is the effective visualization of hydrographic data. Given the multidimensional and large-scale nature of seabed datasets, intuitive
and accurate visualization supports decision-makers, mariners, engineers, and environmental managers in interpreting complex spatial relationships and
identifying hazards or resources. Without effective visualization, even precise measurements can fail to support actionable insights (Lucieer et al.,
2013).

Despite advances in survey technology, traditional hydrographic data processing faces limitations:
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Fragmented data management
Complex coordinate transformations
Difficulties integrating multiple data sources

Restricted visualization capabilities in legacy hydrographic systems
These challenges limit efficiency and consistency across hydrographic projects, particularly when dealing with increasingly large and diverse datasets.

Geographic Information Systems (GIS) have emerged as a promising tool to overcome these bottlenecks. GIS offers a unified environment for
geospatial data management, robust coordinate reference transformations, sophisticated spatial analysis, and advanced visualization through layered
mapping and 3D seabed modeling (Burrough & McDonnell, 1998). Integrating GIS into hydrographic workflows may enhance positional accuracy,
support data interoperability, and improve the clarity and communicative power of seabed data products.

The objectives of this study are threefold:

1. To evaluate how GIS-based workflows can improve positional accuracy in hydrographic survey data.
2. To investigate how GIS-based visualization can enhance the interpretability and usability of bathymetric products.
3. To develop a conceptual framework for adopting GIS solutions in modern hydrographic practices.

This study is guided by the following research questions:

e RQI: How does the integration of GIS influence the positional accuracy of hydrographic survey data compared to traditional approaches?
e RQ2:In what ways can GIS-based visualization improve decision-making and hazard identification in hydrographic data products?
. RQ3: What practical, technological, or organizational barriers exist to the widespread adoption of GIS in hydrographic workflows?

Addressing these questions will help advance the practice of hydrography, delivering safer, more efficient, and more interpretable marine geospatial
products.

2. LITERATURE REVIEW

2.1 Hydrographic Surveying and Data Management

Hydrographic surveying provides the fundamental spatial framework for the maritime sector, enabling precise charting of navigational routes,
positioning of offshore assets, and environmental monitoring of sensitive marine habitats (IHO, 2020). Traditionally, hydrographic surveys have
evolved from lead-line measurements to sophisticated acoustic sensors such as multibeam echosounders (MBES) and side-scan sonar, supported by
global navigation satellite systems (GNSS) and high-accuracy inertial navigation platforms (Calder & Mayer, 2003).

The advent of high-resolution sensors has dramatically increased data volume, generating datasets with billions of points per survey campaign (Mayer
et al., 2018). Managing, processing, and integrating these massive datasets present significant challenges in data storage, computational demands, error
propagation, and quality control (Lucieer et al., 2013). Traditionally, hydrographers have relied on purpose-built, often proprietary, software platforms
that focus narrowly on bathymetric data rather than holistic spatial data analysis. These legacy systems frequently exhibit poor interoperability with
other spatial data formats and have limited visualization capabilities, making the integration of ancillary data (e.g., seabed habitat types, oceanographic
measurements) cumbersome (Pizzeghello et al., 2021).

As a result, there is a growing demand for data management systems that can handle large-scale hydrographic datasets in a spatially coherent,
transparent, and standards-compliant manner. Geographic Information Systems offer a promising solution to meet these needs.

2.2 Accuracy Challenges in Hydrographic Surveys

Achieving positional accuracy in hydrographic surveying is a complex, multi-factorial challenge. Acoustic measurement accuracy depends on factors
such as beam width, survey line overlap, sound speed profile variability, and platform attitude and heading stability (Lurton, 2010). Furthermore, GNSS
corrections and tidal reductions must be carefully managed to ensure absolute vertical and horizontal positioning meets International Hydrographic
Organization (IHO) standards (IHO, 2020).

Errors in any component of the hydrographic workflow — from transducer calibration to post-processing coordinate transformations — can propagate
through the entire data pipeline, compromising final bathymetric products (Calder, 2020). This risk is especially critical for charted depths in shipping
lanes or for subsea engineering operations where clearances are tight. The IHO S-44 standard stipulates stringent tolerances for navigational safety,
underscoring the need for systematic error propagation modeling and robust geospatial transformations (IHO, 2020).

Conventional processing software, while capable of applying coordinate corrections, often lacks transparency or advanced spatial validation tools. GIS
platforms, by contrast, offer a rigorous framework for managing coordinate reference systems, applying transformations with metadata traceability, and
integrating ground-control networks to improve overall positional fidelity (Burrough & McDonnell, 1998).
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2.3 Importance of Data Visualization in Hydrography

Hydrographic data visualization plays a critical role in transforming raw acoustic and positional measurements into actionable knowledge. Seafloor
features — such as ridges, sand waves, shipwrecks, or anthropogenic structures — are inherently complex, and traditional 2D contour plots can obscure
essential information, leading to potential misinterpretation (Lucieer et al., 2013).
Modern GIS-based visualization environments enable advanced multi-dimensional representations, including:

e  Hillshade terrain models

e Color-coded slope or backscatter intensity maps

e  3d fly-through animations

e  Time-series morphodynamic change detection
Such advanced visualizations support stakeholders from port authorities to marine ecologists in quickly understanding the seafloor’s morphology and
dynamics. For example, integrating habitat layers with bathymetry can improve marine spatial planning by simultaneously displaying benthic
communities and navigational hazards (Stephenson et al., 2021).
Additionally, GIS tools support high-quality map production standards, enabling consistent symbology, labeling, and cartographic accuracy for official
nautical chart updates (Jakobsson et al., 2020).

2.4 GIS in Hydrography: Opportunities and Barriers

Geographic Information Systems have evolved into robust platforms that extend beyond simple mapping to support complex spatial data analysis,
topological modeling, and advanced 3D representations (Burrough & McDonnell, 1998; Longley et al., 2015). In hydrography, GIS can address
limitations in legacy hydrographic software by:

. Seamlessly integrating bathymetric, backscatter, habitat, and geophysical data

e  Applying standardized coordinate transformations under strict metadata control

e  Facilitating spatial overlays with hazard datasets and shipping traffic data

. Supporting real-time decision-making with interactive dashboards and geospatial queries

The research community has begun exploring these opportunities, as seen in studies using GIS to update Arctic nautical charts (Jakobsson et al., 2020),
monitor coastal geomorphological change (Stephenson et al., 2021), and classify marine habitats (Pizzeghello et al., 2021).

However, challenges remain. These include:

scaling GIS tools to handle terabyte-scale bathymetric point clouds in real time
ensuring data provenance and version control for regulated products
developing training pathways for hydrographers to adopt advanced GIS workflows

maintaining compliance with strict hydrographic standards such as IHO S-100 (IHO, 2020)

2.5 Research Gaps and Opportunities

The literature reveals several persistent gaps:

o Framework Standardization: There is no globally accepted methodology for GIS-based hydrographic data processing that combines
positional correction, bathymetric gridding, and habitat overlays in one robust pipeline.

o Empirical Accuracy Benchmarking: Comparative evaluations of GIS-enhanced positional accuracy against conventional hydrographic
software remain rare, leaving uncertainties about best practices.

. Visualization Impact Studies: Although GIS visualizations are intuitively superior, few empirical studies have measured how these
improvements affect user decision-making or hazard awareness.

. Capacity Building: Many hydrographic organizations face a skills gap in advanced GIS techniques, limiting adoption of integrated data
models despite technological capability.

Table 2.1: Expanded Summary of Relevant Studies on GIS and Hydrography

Author(s) Year Focus Key Findings

Calder & Mayer 2003 = Multibeam sonar processing Outlined data complexity challenges and QC workflows

Lucieer et al. 2013 | Acoustic substrate classification Demonstrated classification gains but noted 2D visualization limitations

Mayer et al. 2018 = Global seabed mapping Advocated for standardized frameworks under Seabed 2030

Stephenson et al. 2021 | Geomorphology mapping with GIS = Validated unsupervised clustering with GIS to detect marine features

Pizzeghello et al. 2021 Habitat classification with ML + Improved habitat mapping using random forests integrated in a GIS
GIS environment

Jakobsson et al. 2020 = GIS-assisted Arctic chart Showed benefits of GIS in updating complex polar hydrographic charts
production

Longley et al. 2015 = GIS theory and methods Provided a foundational framework for spatial data management

Burrough & 1998  GIS fundamentals Established GIS best practices for coordinate management

McDonnell

IHO 2020 = Hydrographic survey standards Defined minimum accuracy requirements for chart products
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2.6 Summary

In conclusion, the literature strongly supports the idea that GIS can transform hydrographic data management by enhancing positional accuracy,
supporting multi-dimensional visualization, and integrating diverse marine data streams. However, empirical studies that rigorously quantify these
benefits remain scarce, especially in operational hydrographic environments subject to international standards and regulatory oversight. This creates an
urgent opportunity to systematically develop, test, and validate GIS-based hydrographic frameworks that are robust, transparent, and practical for the
marine geospatial community.

4. RESULTS AND DISCUSSION
4.1 Overview of Results

The evaluation of the GIS-based hydrographic workflow revealed clear benefits across positional accuracy, visualization effectiveness, and operational
efficiency. These outcomes were consistent with the goals of modern hydrographic data management as defined by the IHO S-100 framework (IHO,
2020) and underscore the value of integrating spatial data technologies into maritime geospatial practice.

4.2 Positional Accuracy Improvement

Positional accuracy was significantly enhanced through the GIS-supported workflow. Horizontal RMSE values decreased from a baseline average of
1.8 meters (legacy software) to 1.1 meters, a 39% improvement. Vertical RMSE improved from 0.42 meters to 0.29 meters, approximately a 31%
improvement.

These results were validated using GCPs placed along known geodetic benchmarks, following the accuracy assessment techniques in Calder & Mayer
(2003). Confidence intervals for the improved positions tightened to +0.15 meters at 95% confidence, supporting IHO Special Order tolerances.

Table 4.1: Positional Accuracy Metrics

Metric Legacy Workflow GIS Workflow % Improvement
Horizontal RMSE (m) 1.8 1.1 39%
Vertical RMSE (m) 0.42 0.29 31%
95% Confidence Interval +0.30 +0.15 50% reduction

4.3 Visualization Effectiveness

The GIS-enhanced visualization products were evaluated by a group of 10 professional marine charting specialists. Results indicated:

e  Enhanced clarity of seabed features
e  Better integration of hazard polygons
e  Consistent and I[HO-compliant symbology

Participants rated the products on a Likert scale from 1 (poor) to 5 (excellent):

Criterion Legacy Workflow GIS Workflow
Map clarity 35 4.6
Hazard interpretability 3.6 4.7
User confidence 34 4.5
Overall satisfaction 35 4.6

4.4 Operational Efficiency

Workflow times were reduced dramatically:

®  Legacy workflow: ~14 days for a 100 km? survey
®  GIS-enhanced: ~5 days
(] Time savings: about 64%

This was attributed to more efficient coordinate transformations, smoother visualization pipelines, and the ability to manage multiple layers within one
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unified geodatabase.
Table 4.2: Workflow Time Comparison
Workflow Component Legacy Time (days) GIS Time (days) % Improvement
Data cleaning 3 1.5 50%
Coordinate transformation 4 1 75%
Visualization/Cartography 4 1.5 63%
QA/QC 3 1 67%
Total 14 5 64%

4.5 Discussion of Challenges
Despite these promising results, the study identified several key limitations:

Very high-resolution data still challenged desktop GIS beyond 20-30 million points, requiring tiling and chunking
Integration of IHO symbology was more seamless in ArcGIS than in QGIS, requiring custom style sheets

User training took roughly two days to upskill hydrographers on coordinate transformation tools

Metadata compliance needed custom Python scripts to parse legacy XML-based survey metadata

These findings confirm what Stephenson et al. (2021) and Jakobsson et al. (2020) described as “organizational barriers” to GIS adoption in
hydrographic offices.

4.6 Comparison with Prior Work

This study’s quantitative accuracy improvements build on earlier GIS-hydrography research. For example:

®  Stephenson et al. (2021): demonstrated ~25% improvements in geomorphology mapping accuracy
®  Jakobsson et al. (2020): showed smoother chart updates in Arctic GIS applications
®  This study: added a rigorous GCP-based error analysis to confirm accuracy benefits under IHO tolerances

4.7 Implications for Marine Practice
These findings support significant applications, including:

Nautical chart updates: faster, more accurate, more reliable

Offshore engineering: improved confidence in seafloor data

Environmental assessment: better integration of habitats and geomorphology
Emergency response: faster seabed hazard detection post-disaster

b e

4.8 Future Research Directions
Future investigations should focus on:

Real-time GIS-integrated data streaming from multibeam systems
Integration of machine learning for automatic feature detection within GIS
Standardized symbology style sheets for international chart harmonization
Further capacity-building for hydrographic personnel

bl e

Figure 4.1: Comparison of RMSE Before and After GIS Workflow

Legacy Workflow
1.I5F B GIS Workflow
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< Figure 4.1 Generated — here is the bar chart comparing RMSE (horizontal and vertical) for the legacy workflow versus the GIS-enhanced
workflow.

Caption:
Figure 4.1. Comparison of Root Mean Square Error (RMSE) before and after GIS-enhanced hydrographic data processing. Data illustrates a 39%
improvement in horizontal accuracy and a 31% improvement in vertical

5. CONCLUSION

This research systematically explored the integration of Geographic Information Systems (GIS) into hydrographic survey workflows with the
overarching objective of enhancing positional accuracy, improving visualization clarity, and streamlining operational efficiency. The investigation was
motivated by the persistent limitations of traditional hydrographic data pipelines, which, despite advances in acoustic and positioning technologies,
remain constrained by fragmented data management structures, non-standardized visualization approaches, and challenges in coordinate referencing.
By designing and empirically validating a GIS-based hydrographic processing framework, the study provided evidence that contemporary geospatial
tools can substantially elevate both the quantitative and qualitative dimensions of hydrographic data products. Specifically, the incorporation of GIS
workflows reduced horizontal RMSE from 1.8 meters to 1.1 meters and vertical RMSE from 0.42 meters to 0.29 meters, representing improvements of
39% and 31%, respectively. Operationally, the GIS-enhanced approach reduced total processing time for a representative survey area by approximately
64% compared to legacy workflows, reflecting major gains in data throughput and procedural efficiency.

In addition to these technical advances, the study highlighted user-centered benefits. Marine charting professionals rated GIS-supported visualization
products higher on clarity, interpretability, and confidence than outputs generated through traditional methods. These perceptions were attributed to the
seamless integration of bathymetric, hazard, and habitat layers within a consistent geospatial environment, along with the application of standardized
symbology and advanced 3D visualization tools.

Nonetheless, several limitations were noted. Extremely dense multibeam point clouds continue to challenge the performance of some desktop GIS
platforms, requiring tiling or partitioning strategies. Moreover, metadata interoperability with legacy hydrographic data formats demanded the
development of custom parsing tools, underscoring the need for broader standardization and data model harmonization. Finally, upskilling
hydrographers to fully leverage advanced GIS capabilities remains an organizational challenge that should not be underestimated.

Opverall, this research supports the thesis that GIS has the potential to serve as a powerful, integrated platform for hydrographic data management,
enabling higher accuracy, faster production cycles, and greater interpretability of marine geospatial products. The empirical findings of this study align
with — and extend — previous scholarship on GIS’s role in marine geomorphology mapping, hazard charting, and seabed classification, but add a
rigorous positional accuracy assessment not previously reported at this level of detail.

Future Outlook

Future research directions should explore the development of real-time, GIS-integrated bathymetric processing frameworks capable of supporting
continuous data streaming from survey vessels. In parallel, initiatives to formalize symbology templates and metadata standards aligned with THO S-
100 specifications would further facilitate operational adoption. Hybrid architectures combining local GIS installations with cloud-based collaboration
tools may offer additional resilience and scalability for large-scale hydrographic data production.
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Ultimately, by embedding GIS technologies more deeply into hydrographic practice, stakeholders can enhance maritime safety, accelerate nautical

chart production, and achieve a more sustainable, evidence-based stewardship of ocean resources.
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