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Abstract 

Résumé 

Resumen 

In coastal areas that have a great meteoceanographic influence in sea-level variabil-
ity, the Chart Datum (CD) can be computed using the statistical method (SM), which 
considers the tidal and the non-tidal sea-level components. However, that method 
was not systematically evaluated along the Brazilian coast. In this work, the SM is 
compared with the harmonic method used to define the CD in Brazilian Nautical 
Charts. Both methods were applied in five tidal gauge stations, with simulations 
performed for different time range series. The results show that the method found a 
safe value in all the cases, being consistent even at microtidal regimen with 
significant meteorological influences. 

Dans les zones côtières où la variabilité du zéro hydrographique est fortement 
influencée par la météorologie, le zéro hydrographique (ZH) peut être calculé à 
l'aide de la méthode statistique (SM), qui tient compte des composantes de la 
marée et des composantes non soumises à la marée dans le niveau de la mer. 
Cependant, cette méthode n'a pas été systématiquement éprouvée le long de la 
côte brésilienne. Dans l’article qui suit, la méthode statistique  est comparée à la 
méthode harmonique utilisée pour définir le ZH dans les cartes marines brési-
liennes. Les deux méthodes ont été appliquées dans cinq observatoires de marées, 
avec des simulations effectuées pour différentes séries temporelles. Les résultats 
montrent que la méthode a trouvé une valeur sûre dans tous les cas, en étant 
cohérente même dans le cas d'un régime de micro-marée avec d'importantes 
influences météorologiques. 

En áreas costeras con gran influencia meteo-oceanográfica en la variabilidad del 
nivel del mar, se puede calcular el Cero Hidrográfico o Datum de la Carta (CD) 
mediante el método estadístico (SM), que considera los componentes de mareas y 
no de mareas en el nivel del mar. Sin embargo, ese método no se evaluó sistemáti-
camente en la costa de Brasil. En este trabajo se compara el SM con el método 
 armónico usado para definir el CD en las Cartas Náuticas de Brasil. Se aplicaron 
los dos métodos en cinco estaciones de mareógrafos, y se realizaron simulaciones 
en diferentes series de abanicos de horas. Los resultados muestran que el método 
proporcionó un valor seguro en todos los casos, manteniéndose consistente incluso 
en régimen micromareal con influencias meteorológicas significativas. 
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1. INTRODUCTION

The signatory countries to the SOLAS Convention (Safety of Life at Sea - International Maritime 
Organization) are committed to preparing and publishing documents and nautical charts to 
provide safe navigation. In order to fulfill this responsibility, member countries seek to follow the 
terms and guidelines of the International Hydrographic Organization (IHO), whose international 
standards are intended to reduce uncertainties that may result in accidents to navigation. The pa-
rameters used for hydrographic surveys, making nautical charts and other activities inherent to 
hydrography were then standardized to ensure that this uncertainty reached the acceptable value 
range, guaranteeing 95% reliability (SOLAS, 2014 and IHO, 2008). 

Within this scope we have the Chart Datum (CD), also known in some literature as Water Level 
Datum or Sounding Datum, which is the reference plane used to reduce the depths represented 
on nautical charts (IHO, 2005).  Although there are specifications for hydrographic surveys and 
for the various activities that involve this work, IHO has concluded that each Hydrographic 
Service in each country will have the responsibility to choose the methods and prepare their 
standards, as long as they are able to do so and fulfill the minimum requirements for Safety of 
Navigation (IHO, 2008). This means that there is not a single method used by Hydrographic 
Services in different countries for the hydrographic activities that are within the competence of 
each. This is true of the identification of CD, as each country uses a method that it considers 
appropriate. 

In the case of Brazil, the Directorate of Hydrography and Navigation (DHN) chose to use the 
Balay method to determine CD, associated with the Courtier Criterion for tide classification 
(BALAY, 1952, COURTIER, 1939). However, this method is the result of the sum of the most 
significant components of the astronomical tide, which means that it does not consider the effect 
of noise and meteorological tide, the non-tidal components (FRANCO, 2009). This factor causes 
the method to deviate from the ideal in places with great influence of that component. 

The Balay method is consolidated, and its use has allowed the DHN to make nautical charts that 
comply with the concept of safe navigation. Nevertheless, the method is a sum of harmonic 
constituents of the astronomical tide. The greater the influence from shallow water constituents or 
from the non-tidal component, the greater occurrence of sea-level heights observed below the 
CD. 

For the first case, calculating the Lowest Astronomical Tide (LAT) from a harmonic forecast would 
be a solution that would allow the identification of a more accurate CD. For the second case, even 
a harmonic forecast can deviate from the desired value. For the case of a microtidal regime with 
great meteorological influence, as is the case in the south of Brazil, LAT can constantly present 
negative values for the height of the sea level. A statistical method allows the use of both the 
astronomical portion and the meteorological portion for the calculation of CD, being a solution for 
both cases.    

During this study, the level of reduction was calculated using a statistical method, with the CD 
being calculated from Probability Density Functions (PDF) for the astronomical tide and non-tidal 
components of the sea-level, for different tide stations throughout the Brazilian territory. This 
calculation was carried out for the periods of 15 days, 30 days, 3 months, 6 months, 1 year and 5 
years, being limited superiorly by the size of the existing sample for each of the stations. This 
result was then compared with those observed using the Balay Method to identify which would be 
more stable and which would be more secure. 

Although the statistical method is relatively old, it has not been applied consistently along the 
Brazilian coast, nor considering the diversity of the types of tides and adverse meteoceanogra-
phic conditions. Also, this methodology might be implemented in areas where sea level records 
are scarce or poorly reliable. Thus, it may be valuable for planning and building port and coastal 
infrastructure, as well as for implementing risk reduction measures. 
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2. AREA OF STUDY

The present study looked for places with different tidal characteristics and meteorological 
influence throughout the Brazilian territory. The astronomical tide follows semidiurnal patterns, 
typically two high waters (HW) and two low waters (LW) are observed during a lunar day. This 
pattern can vary according to the region and according to the local geography or latitude, among 
other aspects that alter the harmonic constituents (PUGH and WOODWORTH, 2014). 

In the extreme north of the country, the prevailing tide is macrotidal, with hipertidal being found in 
some cities. From 4ºS to 18.5ºS the mesotidal regimen prevails, and between 18.5ºS and 33ºS 
the microtidal regimen is predominant. Also, the semidiurnal tide pattern (SD) is observed from 
the extreme north to 22ºS, and between 22ºS and 30ºS, predominant tidal pattern is the 
semidiurnal tide with diurnal inequalities (SDI). From 30ºS to the extreme south of the Brazilian 
Coast the prevailing tidal patterns are mixed tide and diurnal tide (D) (VELLOZO and ALVES, 
2005). 

In order to cover those different tide patterns, the tide stations of Pecém Port, Recife Port, 
Shipyard Naval Base (EBN), Itajaí Port and the Southern Nautical Signaling Service (SSN-5) 
were selected, where simulations were carried out within the existing continuous data limit for 
each of the stations. All tide gauge stations in this study used a float operated shaft encoder, 
presenting discrete data with sampling rates between 5 minutes and 1 hour. The tide stations on 
the Brazilian coast can be seen in Figure 1. 

Figure 1. At left, geographic location of South America. At right, geographic location of Brazil and the 
distribution of the tide gauge stations along the Brazilian continental margin. The red dots represent the location of the 
tide gauge. In 1 and 2 we observe mesotidal regimens and semidiurnal patterns. In 3 we observe mesotidal regimen 
and semidiurnal pattern tide with diurnal inequalities. In 4 and 5 we observe microtidal regimen, being semi-diurnal 
pattern tide with diurnal inequalities at Itajaí Port and mixed-tidal pattern at the SSN-5. Source: the authors. 
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The tide datasets used at the Pecém Port station have a temporal resolution of 5 min, starting on 
November 12, 2016, at 00:00 and ending on February 02, 2017, at 23:55. This data set was the 
same processed by DHN for the calculation of the station's Mean Sea Level (MSL) and CD, and it 
was possible to use this result as a reference for the calculations performed. For the Recife Port, 
the data set had a sampling rate of 1 hour, starting on November 9, 1978, at 00:00, and ending 
on October 31, 1986, at 23:00. The tide dataset of the EBN station has a temporal resolution of 
10 minutes, starting on May 24, 2014, at 00:00, and ending on May 24, 2015, at 22:00. For the 
port of Itajaí, the dataset has a temporal resolution of 1 hour, starting on March 31, 1960, at 00:00 
and ending on March 22, 1961, at 23:00. Finally, the tide station of the SSN-5 has a dataset with 
a 5-minute temporal resolution, from January 1, 2015, at 00:00 until January 1, 2016, at 23:55, 
also being processed by DHN for calculating the station's MSL and CD. 

3. METHODS

During this work, the Harmonic Method and the Statistical Method were applied in the tide 
datasets for the calculation of the CD, to compare the results obtained for the simulations carried 
out. At first, the consistency of the dataset was analyzed, looking for time series gaps, and 
checking whether the tidal curve and the MSL were consistent with what was expected at the site. 

Both methods were initiated by carrying out the tide harmonic analysis, in order to identify the 
harmonic constituents. Those studies were made using the software PacMare, a package of tidal 
analysis and prediction based on frequency domain. The PacMare was developed by Franco 
(2009) according to the harmonic analysis method proposed by Franco and Rock (1971). 

3.1  Harmonic Method 

For the tide classification, the Courtier criterion, “C”, was used, which uses the harmonic constitu-
ents obtained by the harmonic analysis. For this, the method must be  able to correctly identify 
the diurnal principal lunar (O1), diurnal principal lunar and solar (K1), semidiurnal principal lunar 
(M2) and semidiurnal principal solar (S2) constituents (PUGH and WOODWORTH, 2014), 
applying them in equation 3.1. The result obtained represents the tide class observed at the 
location, from the values present in Table 1. 

(3.1) 

Table 1. Tide classification as a function of C. 
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 For the case of the semidiurnal tide with diurnal inequalities, which is divided into three types, it is 
also necessary to verify the type of diurnal inequality, using equation 3.2 (BALAY, 1952). Then, 
the Balay method is used to calculate the distance between the MSL and the CD. It 
depends directly on the Courtier Criterion C and the diurnal inequality 2K, and the equations for 
calculating the level of reduction can be seen in Table 2. During this work, all the CD calculated 
by the Balay Method will be called as BCD. 

(3.2) 

Table 2. Equations for calculating the distance between the Mean Sea Level 
and the Chart Datum, depending on the values of C and 2K. 
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 3.2  Statistical Method 

For the calculation of CD using the Statistical Method (SCD), the probability distributions of the 
tidal and the non-tidal components of sea-level are considered separately (PUGH and VASSIE, 
1978). Separating those tidal and the residual non-tidal components allows us to evaluate the 
influence of the observed residual component over the sea-level variations that were found at the 
astronomical tide (PUGH and VASSIE, 1978). 

To separate the astronomical tide from the noise, the sea level must be considered as a function 
of time, containing 3 main components, as given by equation 3.9 : 

(3.9) 

where is the height of the tide referred to the zero of the tide gauges as a function of time, 

 is the astronomical component of the tide,  

 is the non-tidal component as a function of time and 

 is the local MSL (FRANCO, 2009).  

The astronomical tide is the sum of periodic constituents generated mainly by the Earth-Moon 
and Sun-Earth systems interaction, with their physical representation presented by equation 3.10. 

(3.10) 

Since  is the amplitude of each of the harmonic constituents, 

 the angular velocity of each constituent,  

 the equilibrium phase and  

 the phase difference in relation to the equilibrium tide (PUGH and VASSIE, 1978). 

The identification of the non-tidal component will depend directly on the size of the sample. This is 
because for a few days, such as 15 days or 1 month, few meteoceanographic phenomena 
generating significant anomalies at sea level may have occurred, making it difficult to differentiate 
between the first ones and the astronomical component. In addition, some important astronomical 
tidal constituents cannot be identified by the harmonic analysis, which means that the astronomi-
cal tide will not be completely reliable.  In such cases, that will be shown at the non-tidal compo-
nent. 

In general, the non-tidal influence can be considered small, when compared with the astronomical 
tide (PUGH and VASSIE, 1978), which allows investigating the extent to which that component 
affects the reliability of the method for smaller samples. 
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An important observation to be made is that equation 3.9 considers that the components are 
independent of each other, due to the generating force of each one of them (PUGH and WOOD-
WORTH, 2014). Thus, it is possible to consider that the astronomical and non-tidal components 
have their Probability Density Function (PDF), with zero covariance (PUGH and VASSIE, 1978). 

From this concept, if        is a given tidal height, the probability of occurrence of  is equal to the 

sum of the probabilities of all products of the probabilities of the possible combinations of astro-

nomical and non-tidal heights that result in . . 

Thus, being  , the PDF for the astronomical component and  the PDF for the non-

tidal component, the PDF for sea level is given by the convolution of the PDF’s, resulting 

in equation 3.11 below. 

(3.11) 

Bearing in mind that the tide gauge data offers data in a discrete distribution, equation 3.11 can 
be rewritten in the form presented in equation 3.12. To calculate the probability associated with 
each height, 10 cm class intervals were used (FRANCO, 2009). 

(3.12) 

With the probabilities associated with each height     , it is possible to find the Cumulative Distribu-

tion Function (CDF) for any level  of interest, as can be seen in equations 3.13 and 3.14. 

(3.13) 

(3.14) 

Considering η the CD, the value of          found in equation 3.13 shows the probability of finding a 

safe level for navigation, that is, a level higher than that shown in the chart, while the value found 

by equation 3.14 presents a Complementary CDF, calculating the probability of being below the 

CD, that is, below     (PUGH and VASSIE, 1978). 

With the CDF curve in hand, it is possible to identify the accumulated density for each value of   , 

or to identify an associated    value for each accumulated density. During this study, the probabili-

ties of 0.5%, 1% and 5% were chosen as SCD in order to compare with the BCD. 

With this method it is possible to make different combinations of the astronomical and non-tidal 
components. In this way, it will be possible to analyze a component of the astronomical tide 
resulting from an equinoctial spring tide combined with the largest surge observed. Although this 
simultaneous occurrence is rare, it still is possible, and that methodology includes such cases in 
the range of probabilities. (PUGH and VASSIE, 1978). 
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For the application of the statistical method, it was considered that the portion of the astronomical 
tide is equivalent to the predicted tidal curve from the harmonic constituents calculated for each of 
the sampled periods. The non-tidal component was calculated from equation 3.9. Although this 
approximation deviates from reality, the further away from the actual value the predicted tide 
height is, this error is inserted in the non-tidal values, and appears to maintain safe results during 
the simulations. 

In order to verify the results obtained by the tide harmonic analysis carried out, it was necessary 
to use a low-pass filter, which would allow the identification of the daily variation of the sea level in 
each of the analyzed samples. A simplified application of the Godin filter was used for this opera-
tion (FRANCO, 2009). This filter methodology causes the first and last 36 hours to be lost, but it 
allows the results to be compared to those obtained by the main methodology. 

The implementation of the statistical method and process automation was made in a Python envi-
ronment. In addition to the CD values, the code aided the analysis with the comparative graphs of 
the observed tide, predicted tide and the non-tidal residual, in addition to histograms and graphs 
of the PDF calculated for each of the locations and periods, probability graphs for each of the 
classes of astronomical tide, noise and non-astronomical tide as a function of time, and the PDF 
values and the accumulated density for all possible tide heights found. 

4. RESULTS AND DISCUSSIONS

In order to discuss whether the method currently used to define CD is superior to the statistical 
method, the tide data observed in some ports on the Brazilian coast were analyzed in the light of 
the literature, each of which was analyzed for periods of 15 days, 30 days, 3 months, 6 months, 
1 year and 5 years, with the upper limit of the sample size provided by the DHN. The distance be-
tween the MSL and the CD (Z0) values obtained from the methods is summarized in Table 3. 

Following the concept that the CD should be “a plane so low that the tide rarely drops below 
it” (FRANCO, 2009), among the results obtained, the calculated Statistical CD (SCD) of 0.5% 
proved to be the safest, as it has the lowest occurrence of negative heights. The exceptions 
occurred in the 3-month sample for the Port of Recife and in the 15-day sample for the EBN. 
Observing the variation of the SCD of 0.5% between the samples of 6 and 3 months, it is noticea-
ble the reduction in the value of Z0 calculated for the tide gauges of Port of Recife, Port of Itajaí 
and SSN-5. As the variation between the other samples presented a random profile, and due to 
the small number of repetitions, it is not possible to assess whether there is a trend. It is important 
to consider that, apart from the tide observed by the SSN-5 tide gauge, the results obtained in the 
tide forecasts were able to similarly represent the astronomical tides for the periods of 6 and 3 
months, indicating that the variation present in the SCD of 0.5% resulted from extra-tidal effects, 
which, in turn, are predominantly random. 

The forecast for the 15-day sample of EBN tide gauge data, in addition to the significant variation 
in the SCD, also showed a large variation in the calculated MSL. This joint variation may be due 
to the presence of a meteorological effect in the period, causing an increase in the local Sea 
Level during the period. 

In all ports, the closest proximity between the Z0 values calculated for the different simulations 
was observed in the calculated CD using the Balay Method (BCD), making it possible to consider 
this as the most stable method. In the SSN-5, for example, the difference between the highest 
and lowest BCD calculated was 1.87 cm, while the SCD 0.5% varied by 18 cm. This is already 
expected, considering that the statistical method uses the data present in the sample, and 
extremes do not occur very often, which is why years of observation are needed to identify tidal 
extremes (PUGH and VASSIE, 1978). 
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Table 3. Distance between the Mean Sea Level and the Chart Datum calculated, in centimeters, 
separated by tide station and sample size. 

Table with the results obtained from the carried simulations. For each station, the SCD of 0.5%, 
1% and 5%, the BCD and the MSL are presented in centimeters, separated by the simulation 
sample size. “-” was used when there were no results obtained for one sample size. 
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On the other hand, as mentioned, the calculated value of Z0 was much higher for the statistical 
method. Referring to the CD calculated from zero of the rulers, in the SSN-5, we have that the 
safest BCD was found for the 6-month sample (224.9 cm), while the less safe 0.5% SCD was 
found for the 15-day sample (218.9 cm), which was still 6 cm below the best BCD for the site. For 
the 6-month sample, the SCD of 0.5% was 188.4 cm, that is, 36.5 cm below the BCD calculated 
for the period. These results are shown in Figure 2. 

If we analyze each station individually, it is possible to observe that the value of Z0 calculated by 
the Balay Method varied little depending on the size of the sample. The greatest variation was 8.4 
cm, between samples of 6 months and 15 days for the Pecém Terminal. The MSL, however, 
changed more significantly, reaching 16.55 cm between samples of 6 months and 15 days for the 
SSN-5 station. 

The large difference observed between the calculated BCD and SCD of 0.5% for the 6-month 
sample is indicative of the ability to more safely identify the CD using the statistical method, when 
the influence of the non-astronomical tide is higher than the astronomical tide of a location. From 
the data in Table 3, we see that the BCD calculated for the SSN-5 from the data set with a period 
of 1 year was 237.77 cm in relation to the zero of the tide rulers, 6.62 cm above the MSL calculat-
ed for the 6-month period.  

5. CONCLUSIONS AND FINAL CONSIDERATIONS

In this work, two methods for calculating CD were compared. The first was proposed by Balay 
(1952), whose principle is harmonic, and the second was implemented according to that indicated 
by Pugh and Vassie (1978), whose principle is statistical. Both methods were applied and 
analyzed for the five stations along the Brazilian coast. 

Figure 2. Comparison between the most conservative BCD calculated (horizontal green line), the BCD 
calculated for the sample 1 year (horizontal orange line), the less conservative SCD of 0.5% (horizontal purple 
line) and the most conservative calculated SCD of 0.5% (horizontal red line).  In blue, the tidal curve observed for 
the period of 1 year on SSN-5.  All the CD were calculated for EBN. 
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Regarding the calculated Reduction Levels, it was possible to observe that in most of the simula-
tions performed, the calculated SCD of 0.5% was below the BCD found for the same temporal 
sample. The exceptions were the 3-month sample for the Port of Recife, in which the SCD of 
0.5% was 5.68 cm above, and the 15-day sample for the EBN, in which the 0.5% NRE was 
4.68cm above. 

One case that could not fail to be noticed was the CD calculated from the data from the SSN-5 
tide gauge. When comparing the SCD and the BCD, it is possible to notice that, if the SCD were 
used for the location, the reference plane used would be 42.39 cm below the one currently used. 
In other words, just by inspecting the nautical chart of the place, the navigator cannot be sure if 
his vessel can navigate the area, which represents a risk to the safety of navigation. 

It was also observed that the Z0 calculated by the Balay Method proved to be very stable since 
they present slight variation in their value, when different sizes of time series are used, consider-
ing the MSL to be fixed. The most significant variation was 8.4 cm between the 6-month and 15-
day samples from the Port of Recife. On the other hand, there was a remarkable variation in the 
values calculated by the statistical method, according to the size of the sample used. During the 
simulations, while the CD calculated by the statistical method varied with the sample size mainly 
due to the computed Z0 value, the CD calculated by the Balay Method changed with the sample 
size primarily due to the calculated MSL.  

It is important to note that CD is calculated as a function of both Z0 and MSL calculated from the 
sample used. As shown in Table 3, for the tide station of the SSN-5, when considering only the 
samples of six months and one year, it is possible to identify a difference of 10.99 cm. This signifi-
cant variation reinforces the need for tide stations with an observation period longer than one year 
to reduce the seasonal influence in the calculation of MSL. Also, since there was a high frequency 
of negative tide heights for the CD currently used in SSN-5, it is considered extremely important 
to use other methods, such as the statistical method presented here, for locations with high influ-
ence of meteorological tide. 

Those results show that the statistical method is feasible to be used to determine a safe CD, 
being a safe alternative for the Balay Method even when there are small time series or for data 
from tidal regimen such as those from the Brazilian south coast. Also, the statistical method was 
able to perform well for the four tidal patterns where the simulations were carried. 

For future work, it is recommended to reproduce these simulations in others tide gauge stations to 
see if there are influences that this study cannot see for different tidal patterns. Also, another 
suggestion would be to carry those simulations in rivers, in order to find if the method should be 
able to offer a safe CD in those places. 
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