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ABSTRACT 

 

There is a steady increase in cargo handled in ports, there is a tendency of increase in the ships size 
seeking to optimize logistics, as evidenced by recent data for Porto of Santos operations. Once the 
adjustment of port infrastructure occurs more slowly, it may increase the risk of navigation in shallow 
waters and narrow port channels, especially in adverse meteorological and oceanographic conditions. 
In order to minimize this risk the Port of Santos, through the private placement of Praticagem de São 
Paulo (SP Pilots), implemented a Coordination, Communications and Traffic Operations Center (in 
Portuguese known as C3OT). Among the various tools and features present in this center, there is a 
real-time meteorological and oceanographic monitoring system, which includes five weather stations, 
five tide gauges, four moored ADCPs throughout the Port of Santos navigation channel, thus providing 
support for navigation along this channel. The Coastal Ocean Observing Systems (COOS), as known 
in literature, appear as a way to leverage the investments made in terms of data collection, sensor 
networks and large scale numerical modeling. Such systems aim to provide efficient decision-making 
support in specific coastal activities (e.g. ports, water companies, ship owners, civil protection, and water 
sports practitioners) by providing stakeholders with real time data and forecasts for their various 
operations. In this sense, NPH-UNISANTA through the partnership with Hidromod and Mercoshipping, 
implemented a tool with the COOS concept at Port of Santos region. The AQUASAFE platform 
(www.aquasafeonline.net), developed by Hidromod and distinguished by IWA was used. This platform 
allows you to manage different data sources and high-resolution numerical models to provide forecasts, 
control the interface with users through different clients (desktop, web, mobile) and send automated 
reports and alerts. At this time, the platform connects different external sources of local and global data, 
such as SP Pilots monitoring system, the weather station of the Santos Air Base and several rain 
gauges. In addition, it connects to six external numerical models: a global weather model (GFS), two 
local weather models, a global model of waves, a global hydrodynamic model and astronomic tide model 
with global scale. In addition, two downscaling systems with hydrodynamic and wave models were 
developed, providing high-resolution (~50m) forecasts for the Port of Santos area. This paper presents 
the description of the COOS implemented for the area of Port of Santos, with focus both on the 
characteristics of the system and validation of high-resolution models, as on the uncertainties and the 
best ways to disseminate the results to support decision-making. 
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INTRODUCTION 

 

Currently, with the advancement of technology and knowledge, operating observations systems and 
metocean forecasting, both in large, regional and costal scale are quite widespread. Great examples 
are the CMEMS (Copernicus Marine Environment Monitoring Service) in Europe and the IOOS® 
(Integrated Ocean Observing System) from NOAA in United States. These kinds of initiatives are 
intended to provide new tools and forecasts to support decision, thus improving safety, protecting the 
environment and human life. Most of these initiatives are based on a partnership between government, 
academy and the private sector, with a high public investment involved. 

The Coastal Ocean Observing Systems (COOS), as known in literature, appear as a way to leverage 
the investments made in terms of data collection, sensor networks and large-scale numerical modeling. 
Such systems aim to provide efficient decision-making support in specific coastal activities (e.g. ports, 
water companies, ship owners, civil protection, and water sports practitioners) by providing stakeholders 
with real-time data and forecasts for their various operations. 

As described in Mateus et al. (2012), the importance of numerical modeling in operational activities is 
already established, on scales ranging from the global ocean to the coast and it is applied at different 
levels of complexity for different objectives and end users. In general, institutions with a significant 
capacity in technical and financial terms have been promoting these COOS. According to Leitão et al. 
(2015), one of the main challenges is the democratization of coastal operational modeling systems. 

This paper presents the description of the COOS implemented for the area of Port of Santos, with focus 
both on the characteristics of the system and validation of high-resolution models, as on the 
uncertainties and the best ways to disseminate the results to support decision-making. 

 

 

PORT OF SANTOS 

 

The Port of Santos, located in the central portion of the São Paulo state coast, was officially opened in 
1892 when the Santos Dock Company (CDS, Companhia Docas de Santos, in Portuguese) delivered 
206 meters of quay in an area called Valongo. 

Currently, it has a quay length of 15.960 meters, a total area of 7.8 million square meters, 55 marine 
terminals, 65 berths of which 14 are private terminals, thus covering the municipalities of Santos, 
Guarujá and Cubatão. Moreover, State of São Paulo Dock Company (CODESP, Companhia Docas do 
Estado de São Paulo, in Portuguese) is the port authority responsible for managing the organized port 
area (CODESP, 2016). 

The port navigation channel has a length of about 29km, of which 24km are in the organized port area, 
divided into four sections ranging from coastal region to the region called Alemoa. The remaining length 
of 5km, called Piaçaguera Channel, goes from Alemoa to Usiminas and Vale private terminals  In the 
region of the sections I to IV, the maximum draft operation in June 2016 ranges from 13.2m (sections I 
and II) to 11,2m (section IV); it may have an increase of 1.0 meters in high spring tide conditions. 

Considered one of the biggest ports in Latin America and in Southern Hemisphere, the Port of Santos 
recorded in 2015 about 120 million tons of cargo handled in 5,144 stopovers of ships. While in 2014 it 
recorded approximately 111 million tons of cargo handled in 5,193 stopovers. In the last fifteen years, 
consecutive increases in cargo handling and consequently the number of stopovers at the Port of Santos 
were recorded, but from 2011 it is noted that even with the increases in cargo handling, there is a 
downward trend in the number of stopovers (Figure 2). 

This trend is partly a result of works for deepening and widening of the harbor channel finished in 2011, 
thus allowing the entry of larger ships. According to CODESP (2016), in 2014, 31 ships measuring more 
than 330 meters, made 220 stops in the Port of Santos; in the same year about 70 different ships, 
measuring 300-330 meters, made 448 stops in port. In 2015, the largest ship in length making a stopover 
in the Port of Santos was the Prague Express (335.94m), and in 2016, this mark was surpassed by 
Henry Hudson Bridge ship with 336 meters long, 45.8 meters wide and 14.04 meters of maximum draft 
(Figure 3). Clearly, this fact optimizes port operations, but may increase the risk of navigation in shallow 
waters and narrow port channel, especially in adverse meteorological and oceanographic conditions. 
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Figure 1: Port of Santos region, showing the location of the navigation channels. The colors indicate the 
local depth in meters. 

 

 
Figure 2: Cargo handled (million ton.) and number of stopovers per year at Port of Santos. 

Source: Adapted from SP Pilots (2016) 

 

The organization responsible for pilotage navigation in the Porto of Santos is the Praticagem de São 
Paulo (SP Pilots). Seeking greater agility and safety on maneuvering of ships, SP Pilots implemented a 
Coordination, Communications and Traffic Operations Center (in Portuguese known as C3OT). Among 
the various tools and features present in this center, there is a real-time meteorological and 
oceanographic monitoring system, which includes five weather stations, five tide gauges, four moored 
ADCPs throughout the Port of Santos navigation channel, thus providing support for navigation along 
this channel. 



PIANC-COPEDEC IX, 2016, Rio de Janeiro, Brasil 

4 

 

 
Figure 3: Container Ship Henry Hudson Bridge navigating in sheltered waters on the section I of the Port 
of Santos Channel. Source: http://www.pbase.com/smera   

 

 

METHODOLOGY 

 

NPH-UNISANTA - through the partnership with Hidromod and Mercoshipping - implemented a tool with 
the COOS concept at Port of Santos region. The AQUASAFE platform (www.aquasafeonline.net), 
developed by Hidromod and distinguished by IWA was used. This platform allows you to manage 
different data sources and high-resolution numerical models to provide forecasts, control the interface 
with users through different clients (desktop, web, mobile) and send automated reports and alerts. The 
following sections present a description of this platform, observing systems and the implementation of 
high-resolution numerical modeling forecast at Port of Santos both integrated on this platform. 

 

AQUASAFE platform 

 

AQUASAFE is a software platform supported by modeling tools and advanced data analysis, based on 
a client-server architecture and developed with a modular philosophy. It can integrate real-time data 
captured by sensors (local and remote) and run periodic number models (scheduled at user-defined 
intervals) to produce automatic reports for custom data analysis and comparisons between model 
results and measured data (HIDROMOD, 2016). 

The establishment of this platform in the Port of Santos followed the same concept as other AQUASAFE 
applications (e.g. LEITÃO et al., 2013; SILVA et al., 2016.), considering the following components: 1) 
server; 2) analysis and verification; and 3) spread. 

The server component is responsible for all data management (e.g. in-situ networks, external models) 
and numerical models processing in forecast mode. External sources are all data acquired through 
download and internal sources are all information generated that uses the models implemented within 
the AQUASAFE platform. The information generated in this process is underpinned by a privacy policy 
and complies with standard formats and ensuring metadata that all data are cataloged by certain 
prerequisites, namely, data type, data provider, restrictions use, measurement location, depth 
measurement, the measured parameter, among others. The second component aims to ensure that all 
chain processes required to produce forecasts are performed effectively and involves the transfer of 
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large volumes of data in different formats and resolutions, the process of data in order to verify the 
respective integrity and translate them into standard formats and performance of models with 
dependencies on each other. 

Finally, the dissemination of data is done through the AQUASAFE desktop client, installed by some 
users and institutions, which allows the visualization of data from all internal and external sources in 
different formats (e.g. time series, maps, tables and numerical values), AQUASAFE also disseminates 
data through automatic forecast reports and validation reports for a predefined list of emails. 

 

External sources 

 

At this time, the platform connects different external sources of local and global data, such as SP Pilots 
monitoring system, the weather station of the Santos Air Base, several rain gauges. In addition, it 
connects to six external numerical models: a global weather model (GFS), two local weather models, a 
global model of waves, a global hydrodynamic model and astronomic tide model with global scale. Table 
1 summarizes the main external sources from the AQUASAFE platform and Figure 4 shows real-time 
stations connected to AQUASAFE platform. 

 
Table 1: External sources connected with AQUASAFE platform. 

NAME / LOCATION TYPE PARAMETER SOURCE 

Ilha das Palmas 

Praticagem 

Capitania 

Ilha Barnabé 

COSIPA 

Real-time 

tide gauge 
Water level SP Pilots 

Ilha das Palmas 

Praticagem 

Capitania 

Alemoa 

Real-time 

Moored ADCP 

Current speed and direction, pressure and 

water temperature 
SP Pilots 

Ilha das Palmas 
Real-time 

Moored ADCP 
Significant wave high and peak period SP Pilots 

Ilha das Palmas* 

Praticagem* 

Capitania 

Alemoa 

COSIPA 

Real-time 

Meteorological 

station 

Wind speed and direction, visibility. 

*includes: air temperature, air pressure and 

precipitation 

SP Pilots 

Santos Air Base 

Real-time 

Meteorological 

station 

Wind speed and direction, visibility, air 

temperature, air pressure and precipitation 
REDEMET 

34 rain gauges 
Real time 

Rain gauge 
Precipitation 

CEMADEN 

São Roque Radar 
Meteorological 

Radar 
INPE 

GFS (50km) 
Meteorological 

model 

Wind speed and direction, relative humidity, 

air temperature, air pressure and precipitation 

NOAA 

ETA (15km) CPTEC/INPE 

BRAMS (5km) CPTEC/INPE 

CMEMS 
Hydrodynamic 

model 

Current speed and direction, water level, 

water temperature and salinity 
CMEMS 

FES Tide model Water level (astronomic tide) AVISO 

WW3 Wave model Significant wave high and peak period NOAA 
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Figure 4: Real time stations connected to AQUASAFE Platform: a) Meteorological stations; b) Tide gauges; 
c) Moored ADCPs; and d) Rain gauges. 

 

Internal sources:  High-resolution models 

 

Two downscaling systems with hydrodynamic and wave models were developed, providing high-
resolution forecasts for the Port of Santos area. 

The hydrodynamic downscaling system, presented by Ribeiro et al. (2015), uses the MOHID Water 
Modelling System. A set of four nested numerical grids (Figure 5) using similar methodology as Leitão 
et al. (2005). The first numerical grid, called Level 1, is a 2D barotropic model, as well as the three 
subsequent grids. Level 1 ocean boundary was forced with space variable astronomical tide, calculated 
from the harmonics of the global tide model FES2012 (CARRÈRE, 2012). The second grid is forced, in 
the ocean boundary with the conditions from the Level 1 grid (high frequency) and low frequency tides 
coming from the CMEMS model (LELLOUCHE & REGNIER, 2015). The conditions generated by the 
Level 2 grid are imposed at the boundary of Level 3 grid, which provides boundary conditions for Level 
4 grid. At surface boundary, four grids use the results from metrological model GFS (50km) provided by 
NOAA. 

Regarding the characteristics of grids, Level 1 has a horizontal resolution of 0.02° and 37x72 points, 
Level 2 has 31x61 points and a resolution of 0.02°, Level 3 has a resolution of 0.004° and 85x130 points, 
the last grid (Level 4) has a resolution of 0.0005° (~ 50m) with 432x416 points. The bathymetry was 
obtained by scanning the nautical charts of DHN: 1,701, 1,711, 23,100 and 23,200, and by recent 
surveys conducted by SP Pilots and NPH-UNISANTA database. 

The wave downscaling system uses two different numeric models. First, to represent the generation and 
propagation of waves in deep water the model WaveWatch III (WW3) is used; a set of three numerical 
grids starting with a global grid with a horizontal resolution of 1.0° generates boundary conditions for a 
second grid with a resolution of 0.25° at the Brazilian coast. This grid generates boundary conditions for 
the third WW3 grid with 0.05° of horizontal resolution and a domain on the Southeast coast of Brazil 
(Figure 6). To represent the propagation of waves in shallow waters the SWAN model with two numerical 
grids is used, the first on the coast of São Paulo State with resolution of 0.01° and forced at ocean 

Ilha das Palmas 

Praticagem 

Capitania 

Alemoa 

Cosipa 

Base aérea 
Ilha barnabé 
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boundary with the last WW3 results. Lastly, a grid at Santos Bay with a horizontal resolution of 0.0005° 
(~50m) is used to provide forecasts with the appropriate level of detail for the region (Figure 7). 

 

 
Figure 5: Hydrodynamic numerical grids (left) and their bathymetry interpolated in numerical grids (right); 
the color scale represents the depth in meters. 

 

An important component of a COOS is the guarantee that the automatic processes - both to obtain 
information from external sources, and the execution of the processes necessary to get the results of 
internal sources and the quality of this results - information is disseminated, whether through their own 
tools or by sending reports and alerts. 

In this sense, an evaluation of the services implemented in AQAUSAFE platform was performed, 
considering the period from January 1 to July 1, 2016 (182 days). This review focused on demonstrating 
the operation of the system at the level of IT services and the quality of forecasts. 

Regarding the IT services, assessment was based on three indicators: a) the accessibility of server and 
AQUASAFE client interface; b) the availability of information sources (internal and external); and c) 
efficiency in sending the reports. Regarding the quality of the available forecasts, both coming from 
internal and external sources, we compared the results of numerical models with data from existing 
monitoring stations with the following statistical indicators; a) linear correlation coefficient (R); b) 
normalized root mean square error (NRMSE); and c) root mean square error (RMSE). 

 

 
Figure 6: WW3 grids: Global (top), Brazil (bottom left), and Southeast coast (bottom right). The color scale 
represents the depth in meters and the black polygons indicate the next level grids. 
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Figure 7: SWAN grids (São Paulo coast at left and Santos Bay at right). The color scale represents the depth 
in meters and the black polygon indicate the next level grid. 

 

 

RESULTS AND DISCUSSION 

 

The integration of high-resolution metocean forecast and observing systems at Port of Santos is 
available since the beginning of 2015 via an AQUASAFE desktop client installed by three local 
stakeholders (SP Pilots, Civil Defense of the city of Santos and the sanitation company, which operates 
in the city, SABESP). Figure 8 shows some examples of the desktop client interface. 

 

 
Figure 8: Examples of AQUASAFE desktop client interface: comparison forecast of currents' speed and 
direction (top left); Model results for currents' speed and direction, indicating the station location (bottom 
left); Comparison and forecast of significant wave height and peak wave period (upper right); and 
comparison and forecast of sea level at different tide gauges (bottom right). 

 

Furthermore, some information generated by AQUASAFE server is also available through automatic 
emails. Figure 9 shows the first page of two reports: a) one sent daily, containing the forecasts of external 
and internal sources; and b) the second sent weekly, containing the validation of high-resolution models 
implemented on the platform. 
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Figure 9: Examples of reports sent automatically with internal and external sources forecast (left) and 
internal sources' validation (right). 

 

It was noted - through the evaluation considering the period of the first half of 2016 (182 days) - that the 
operating platform was accessible either directly by the server, as the client interface in 99.7% of the 
time. Internal sources (high-resolution models) had an efficiency level of 81% and the numerical models 
of external sources over 86%. The availability of real-time measurements obtained from external 
sources for the period audited ranged between 90% and 98% (Table 2). 

 
Table 2: Efficiency level of information sources (internal models, external models and real-time data). 

SOURCE DESCRIPTION EFFICIENCY (%) 

Internal (high-resolution models) 
Hydrodynamic model 80.8 – 83.0 

Wave models  92.3 – 98.9 

External (numerical models) 

Hydrodynamic model 86.3 

Wave models 97.8 – 98.4 

Meteorological models 94.2 – 97.8 

External (Real-time data) 

Capitania tide gauge 95.9 

Ilha das Palmas tide gauge 97.9 

Ilha de Barnabé tide gauge 89.7 

Praticagem tide gauge 99.1 

Cosipa tide gauge 98.4 

Ilha das Palmas wave data 91.2 

 

Forecast reports were sent daily, without any loss in the availability of information. Only in two days the 
daily report was not sent automatically at the usual time due to a problem in the e-mail configuration. 
However, the information was made available normally via manual report sent. 

Table 3 summarizes the statistical comparison between the data collected by real-time stations in Port 
of Santos with the results of the implemented numerical models or external sources. For sea level a 
comparison with tide prediction based on harmonic constants was also made. In general, the results 
derived from the high-resolution hydrodynamic model had a better linear correlation and fewer errors 
than tide prediction based on harmonic constants when compared to the data collected in real time. 
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Regarding the significant wave height it was observed that the model represented satisfactorily the data 
obtained by real-time station (86% linear correlation, 14% of RMSE and 23 cm RMSE) for the peak 
period RMSE was 2.4 s, 25% of NRMSE and 57% of linear correlation. 

Concerning external sources of meteorological models, wind speed forecasts provided by models 
showed an error of about 24-33% and a low correlation, which results in a 2-3 m/s of root mean square 
error. Atmospheric pressure predictions showed an approximately 4-9% error and correlation above 
90% which translates into an error of approximately 1 mbar. 

 
Table 3: Statistics between the data collected and model forecasts for the main alert parameters. Validation 
is as forecast a day. 

PARAMETER 

/ STATION 
SOURCE NAME R NRMSE RMSE 

Sea level  

Capitania 

Hydrodynamic model MOHID (50m) 0.94 9% 15 cm 

Harmonic tide prediction DHN tide table 0.87 14% 23 cm 

Sea level  

Cosipa 

Hydrodynamic model MOHID (50m) 0.90 14% 20 cm 

Harmonic tide prediction DHN tide table 0.85 14% 20 cm 

Sea level  

Ilha de Barnabé 

Hydrodynamic model MOHID (50m) 0.93 10% 18 cm 

Harmonic tide prediction DHN tide table 0.87 14% 25 cm 

Sea level  

Ilha das Palmas 

Hydrodynamic model MOHID (50m) 0.91 11% 17 cm 

Harmonic tide prediction DHN tide table 0.78 16% 26 cm 

Sea level  

Praticagem 

Hydrodynamic model MOHID (50m) 0.89 12% 20 cm 

Harmonic tide prediction DHN tide table 0.78 19% 32 cm 

Significant height 

Ilha das Palmas 
Wave model SWAN (50m) 0.86 14% 23 cm 

Peak period 

Ilha das Palmas 
Wave model SWAN (50m) 0.57 25% 2.4 s 

Wind speed 

Ilha das Palmas  

Global meteorological model GFS (50km) 0.36 24% 2.0 m/s 

Regional meteorological model ETA (15km) 0.21 30% 2.5 m/s 

Regional meteorological model BRAMS (5km) 0.37 33% 2.6 m/s 

Atmospheric pressure 

Ilha das Palmas  

Global meteorological model GFS (50km) 0.95 8% 1.0 mbar 

Regional meteorological model ETA (15km) 0.93 9% 1.2 mbar 

Regional meteorological model BRAMS (5km) 0.96 7% 0.8 mbar 

Wind speed 

Praticagem  

Global meteorological model GFS (50km) 0.39 24% 1.9 m/s 

Regional meteorological model ETA (15km) 0.23 28% 2.3 m/s 

Regional meteorological model BRAMS (5km) 0.55 22% 1.7 m/s 

Atmospheric pressure 

Praticagem 

Global meteorological model GFS (50km) 0.99 4% 0.9 mbar 

Regional meteorological model ETA (15km) 0.97 6% 1.2 mbar 

Regional meteorological model BRAMS (5km) 0.99 4% 0.8 mbar 

 

Despite the oceanographic models, especially the hydrodynamic model with linear correlation of at least 
90%, and even the wave model with linear correlation of 86%, the maneuverability of ships in the Port 
of Santos is mainly restricted during the occurrence of extreme events, which pose a risk to navigation 
into the narrow entrance of port channel. Especially in storm events with strong winds and heavy waves 
occurring. In this case, it highlights the event on April 27, 2016 in which waves were recorded with a 
significant height of 4 meters and winds at 35 knots by the monitoring system of the SP Pilots, and 
consequently the AQUASAFE platform. During this event, the Port of Santos entrance channel was 
paralyzed for at least 30 hours and according to information released to the press caused a U$ 1 million 
loss due to delays as well as damaging city structures in the coastal region. 

In this sense, it is necessary to reproduce and forecast this type of event correctly, thus supporting 
decision-making and planning of maneuvers of ships. During the 182 days of the evaluation period 
(January 1 to July 1, 2016) storms occurred that were identified by the decrease in atmospheric 
pressure, increase in wind speed and in significant wave height. Although these events are detectable 
by AQUASAFE platform, it can be seen that the predictions are not always able to reach values, which 
are recorded by the monitoring stations. In meteorology, the model with horizontal resolution of 50 km 
(GFS) and 15 km (ETA) have results with a time step of 3 hours while the BRAMS model (5 km of 
horizontal resolution) only shows predictions of 6 in 6 hours. The frequency of obtained results of these 
models does not predict storms duration of those which occurred between 26 and 29 April 2016 (Figure 
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10). The forecasts for waves also failed to reproduce the increase recorded by the monitoring system 
of the SP Pilots. When analyzing the predicted significant heights over 1 meter there is an approximate 
24% of error. However, it was found that in extreme cases the errors might be superior (Figure 10).  

 

 

 

Figure 10: Significant wave height (m) in the Ilha das Palmas station and wind speed in the Praticagem and 
Ilha das Palmas stations for the period 25 to 29 April 2016. 

 

6 hours 

Wind speed (knots) 

Wind speed (knots) 

Significant wave height (m) 
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In order to improve the forecasts presented in AQUASAFE platform, it is recommended that 
improvements occur in meteorological models, increasing the frequency of forecasts in the first phase 
and improving meteorological model in the second phase. Regarding the wave model, it is 
recommended that improvements be implemented in the parameterization and meteorological forcing. 

The continuous improving of the Santos maritime weather forecasting system presented above is based 
on regular audits where analysis like the one presented for extreme wave events is used to define 
specific developments needed 

 

 

CONCLUSION 

 

The integration of high-resolution metocean forecast and observing systems at Port of Santos was 
achieved successfully through AQUASAFE platform. Considering the evaluation period of the first half 
of 2016 (182 days) it was noted that the operating platform was accessible either directly by the server, 
as the client interface in 99.7% of the time. Numerical models of external sources had an efficiency level 
of 86%. The availability of real-time measurements obtained from external sources for the period audited 
ranged between 90% and 98%. 

High-resolution models implemented had an efficiency level of 81% and their results for water level had 
a linear correlation about 90%-94% when compared with the data collected in real time. Regarding the 
significant wave height, it was observed that the model represented the data obtained by real-time 
station satisfactorily (14% of error), but when analyzing the predicted significant heights over 1 meter 
there was an approximate error of 24% and in extreme cases the errors might be superior. 

This large amount of information sources, data and numerical models, are characteristic of these COOS 
in order to cope with the uncertainty of the various numerical predictions and collected data and maintain 
redundancy in the process of decision-making not only for navigation, but also for dredging activities, 
marine pollution emergencies, water quality and related civil defense alerts. 
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