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INTRODUCTION

The chart datum (CD) is a permanently fixed 
surface, to which the depths displayed on the nau-
tical charts and the tide tables heights refer. The 
3/1919 resolution of the International Hydrographic 
Organization (IHO) suggests that the lowest astro-
nomical tides height (LAT) must be used as CD in ar-
eas with tidal ranges greater than 0.30m (IHO, 2010). 
The LAT is defined as the lowest astronomical tide 

level which can be predicted to occur under aver-
age meteorological conditions and under any com-
bination of astronomical conditions. Thereby a water 
level below LAT can only occur due to meteorological 
effects. IHO (2010) recommended that LAT must be 
calculated either over a minimum period of 19 years 
using harmonic constants derived from a minimum 
of one-year observations or by other proven meth-
ods known to give reliable results. A minimum pe-
riod of 19 years, coincident with the Metonic cycle, 
is chosen because tide predictions are very similar at 
19-year intervals (Pugh et al., 2014). However, some 
works have shown that in some regions the lowest 
astronomical tide occurs in periods exceeding 19 
years. Hansen et al. (2015) detected in the Eastern © 2021 The authors. This is an open access article distributed under 

the terms of the Creative Commons license.
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The datum for sounding reduction is a permanently fixed surface, to which the depths displayed on the nautical charts and 
the tide tables heights refer. The International Hydrographic Organization recommends adopting the lowest astronomical 
tide as a chart datum, although its calculation can be complex because it varies both spatially and temporally. The ever 
increasing accuracy of 3D positioning with Global Navigation Satellite Systems requires that the chart datum is referenced 
to the ellipsoid WGS84. The aims of this paper are to calculate the lowest astronomical tide and to develop an empirical 
model to determine the distance between the lowest astronomical tide and the WGS84 ellipsoid, for a region of the 
Southwest Atlantic Ocean between latitudes 36°S and 54°S and longitude 54°W, on a 5km x 5km grid. Harmonic constants 
from the Centre for Topographic studies of the Oceans and Hydrosphere are used to calculate the lowest astronomical 
tide. To refer it to the WGS84 ellipsoid, results from mean sea level models and along-track sea level heights provided by 
Archiving, Validation and Interpretation of Satellite Oceanographic data are utilized. The final product has been designed 
for open waters and will be useful both for the development of relevant marine activities in the area, as well as to increase 
the efficiency of hydrographic surveys while contributing to more precise navigation in critical areas.
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North Sea to Central Baltic Sea region, the highest as-
tronomical tidal range in 74.4 and 55.8 year periods, 
which are multiplies of 18.6 year modulation cycles. 
Haigh et al. (2011) suggested that regions where the 
18.6-year nodal tide modulations are largest occur in 
areas where large diurnal tides form and range over 
4 m. It also shows that in regions where the semidi-
urnal tide exceeds 6 m, the 4.4-year cycle becomes 
more important. These variations are mainly related 
to the response of each basin to astronomical forc-
ing. Different geographies, continental shelves and 
latitudes generate different tidal types in each place. 
The LAT is not easy to determine in terms of the tidal 
harmonic components. If each amplitude is added up 
(which would be the case when all the components 
are in phase), values would be too extreme since the 
components are not physically independent (Pugh 
et al., 2014). An example of this dependence occurs 
when the semi-diurnal components are slightly re-
duced if the diurnal components are larger. One of 
the problems that makes CD calculation difficult is 
that it varies both spatially and temporally. Likewise, 
the need for accurate harmonic constants over large 
regions of the ocean and with a homogeneous spatial 
distribution has only been resolved with the advent 
of satellite observations. These observations have 
made it possible to obtain sea height series of more 
than 27 years duration, leading to the development 
of global astronomical tide models and the possibil-
ity of obtaining astronomical tidal constants through 
harmonic analysis in the global ocean, as has been 
done by the Centre for Topographic studies of the 
Oceans and Hydrosphere (CTOH) (http://ctoh.legos.
obs-mip.fr/). A great number of human activities re-
quire precise knowledge of the LAT, and if this is also 
referenced to the same reference system used by 
global navigation satellite systems, the WGS84 ellip-
soid, important benefits are obtained. Some of these 
benefits include decreasing the cost and increasing 
the efficiency of hydrographic surveying, enabling 
the integration of data over the land/sea interface, 
and potentially contributing to precise navigation in 
critical areas (Turner et al., 2013). In the case of nauti-
cal charts, the depths that they provide are calculated 
as the distance between the seabed topography and 
the CD. These depths are obtained from soundings 

that must be corrected for several factors, such as the 
tidal correction, which is traditionally estimated from 
sea level observations in locations near or within the 
bathymetric survey area, stands out due to its mag-
nitude. Obtaining the tidal correction through the 
ellipsoidal height of the water level provided by the 
global satellite navigation systems requires that the 
CD is also referenced to the ellipsoid, simplifying the 
calculation and improving the accuracy of the tidal 
correction applied to the depth soundings (Oreiro et 
al., 2016) (Figure 1). There are programs that link the 
CD to the ellipsoid, such as: VDATUM in the United 
States (Myers et al. 2005), AUSHYDROID in Australia 
(Martin and Broadbent 2004), BLAST for the North 
Sea (Slobbe et al. 2013) and VORF for UK and Irish wa-
ters (Iliffe et al. 2007). 

Accurate knowledge of the LAT may also be required 
in various oceanic endeavors, for example, offshore wind 
power installations, in the case of needing international 
industry certification, knowledge of the LAT is required 
to reference tidal levels (Ko et al., 2017). The LAT is also 
necessary for the installation of oil platforms or different 
means of obtaining marine energy. 

The aim of this work is to calculate a 5km x 5km 
empirical model of LAT surfaces for a region of the 
Southwest Atlantic Ocean between latitudes 36°S 
and 54°S and longitude 54°W, referenced to the 
WGS84 ellipsoid. This model is calculated using mean 
sea level surfaces obtained from model results such 
as MSS CNES CLS15 (https://www.aviso.altimetry.fr/
en/data/products/auxiliary-products/mss/mss-de-
scription.html) and DTU10MSS (https://www.space.
dtu.dk/english/research/scientific_data_and_mod-
els/global_mean_sea_surface). Although the MSS 
CNES CLS15 model used a longer data series for its 
development than the DTU10MSS model, both be-
ing global models, they do not always perform in the 
same way in all regions. Furthermore, given that the 
study domain is quite large and presents dynamic 
particularities, we tested which of these models best 
fits the study region. For this purpose, satellite obser-
vations are used where the astronomical tide is cor-
rected using predictions calculated with harmonic 
constants provided by CTOH. The same harmonic 
constants are used to calculate the LAT from predic-
tions made for a 75-year period.
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Figure 1. Diagram of the main surfaces and distances involved in a sounding measure.

Methods

Global mean sea level models

The DTU10MSS global mean sea level model is the 
updated version of the DNSC08MSS model created by 
the DTU Space – National Space Institute (Andersen et 
al., 2010). This model uses 17 years (1993-2009) of satel-
lite altimetry measurements from ERS, Topex/Poseidon 
(T/P), Jason1 (J1), ICESAT and ENVISAT missions. The 
DTU10MSS model incorporates new geophysical cor-
rections with respect to the previous version, including 
the dynamic atmosphere correction obtained from the 
MOG2D_IB model, and the ocean tide correction ob-
tained with the GOT4.7 model (Andersen, 2010). The 
DTU10MSS model is distributed in ASCII format on a 
regular 1’ x 1’ grid, in the reference system used by T/P, 
J1 and Jason2 (J2) satellite altimeters (http://www.space.
dtu.dk/english/Research/Scientific_data_and_models/
downloaddata). 

The MSS CNES CLS15 model is the updated version 
of the MSS CNES CLS11 and is based on 1 Hz measure-
ments of sea level height made by different altimeters. It 
was created by Collecte Localization Satellites (CLS) and 
distributed by Archiving, Validation and Interpretation of 
Satellite Oceanographic data (AVISO), with the support 
of Centre National d’Etudes Spatiales (CNES). It utilizes 

21 years of satellite altimetry measurements, referenced 
to the TOPEX ellipsoid. Table 1 summarizes the satellite 
missions and periods used to generate the MSS CNES 
CLS15 model (Pujol et al., 2018). The data resolution of 
this model is also 1’x 1’.

Harmonic constants

The 73 harmonic constants (Table 2) provided 
by the CTOH are used in this work, called X-TRACK 
Coastal products (https://www.aviso.altimetry.fr/
en/data/products/sea-surface-height-products/
regional/x-tracksla.html), in the 6065 positions in-
cluded in the study domain (Figure 2), to obtain as-
tronomical tide predictions. These constants belong 

Table 1. Satellite missions and periods used to generate MSS CNES 
CLS15 model.

Satellite Time period

T/P + Jason 1 + Jason 2 1993-2012

T/P interleaved + Jason 1 
interleaved

Sep 2002-Oct 2005 and Feb 
2009-Mar 2012

Ers 2 + Envisat May 1995-Oct 2010

GFO 2001-Aug 2008

ERS 1 geodetic Apr 1994-Mar 1995

Cryosat 2 2011-May 2014

Jason 1 geodetic May 2012-Jun 2013
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Table 2. Harmonic components provided by CTOH.

Constituents

Diurnal Semidiurnal Short period Long period

2Q1, Sig1,Q1, Ro1,O1, MP1, M1, 
Ki1, Pi1, P1, K1, Psi1, Phi1, Tta1, J1, 

SO1, OO1, KQ1

OQ2, MNS2, E2, 2MK2, 2N2, Mu2, 
N2, Nu2, MSK2, M(SK)2, M2, 

M(KS)2, MKS2, La2, L2, T2, S2, R2, 
K2, MSN2, KJ2, 2SM2

2MK3, M3, SO3, MK3, S3, SK3, N4, 
3MS4, MN4, M4, SN4, MS4, MK4, 
S4, SK4, 2MN6, M6, MSN6, 2MS6, 

2MK6, 2SM6, MSK6, 3MS8

Sa, Ssa, MSm, Mm, MSf, Mf, 
MStm , Mtm, MSqm, Mqm,

Figure 2. a) Study domain and locations (6065), where the astronomical tide predictions are calculated using harmonic constants provided by 
the CTOH. b) Enlargement of Figure 2 a) where the locations of the satellite observations along the traces can be seen in greater detail.

to the Atlantic Zone of South America. The improve-
ments of the X-TRACK product and the gain in accu-
racy of nearshore data are analyzed and described 
by Birol et al., (2016), which motivates the use of this 
product among different existing global tide models. 
The positions of the locations with CTOH harmonic 
constant data are evidently coincident with those of 
the satellite observations, which allows to remove 
the astronomical tide from these observations with-
out interpolating the values, to calculate the mean 
observational sea level (MOSL), and subsequently 
use these results when comparing the global mean 
sea level models.

Satellite observations

To compare the global mean sea level models 
and choose the one that best fits the study region, 
the along-track sea level data provided by AVISO+ 
(https://www.aviso.altimetry.fr/) is used for the dates 
coinciding with those used to develop the mean sea 
level models to be compared. DTU10MSS model val-
ues are compared with satellite observations from 
1993 to 2009, while MSS CNES CLS15 model values 
are compared with satellite observations from 1993 
to 2013. These observations correspond to the TP, 
J1 and J2 missions. Observations on both main and 
interleaved tracks are considered. The tide-corrected 
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observational sea height (TOSH) is calculated accord-
ing to Equation (1). 

TOSH = SLA(AVISO) + Tide(AVISO) + Mean Sea 
Level(AVISO)

- Tide prediction calculated with CTOH constants
Equation (1)

These series of heights from satellite altimeters 
have a sampling interval of 9.9156 days, which does 
not remain constant between consecutive data due 
to missing observations for anomalous measure-
ments or when using heights corresponding to a 
crossing of traces. These heights have the disadvan-
tage that they are not observed in exactly the same 
position in each pass of the satellite, which can vary 
by 1 km (Chelton et al., 2001). To resolve the differ-
ence in the satellite observation position, we consid-
er the heights inside circles of 1 km radius centered 
on the chosen position (the one reported by CTOH 
for the harmonic constants), for each model (Figure 
3). The barycenter of these observations is then 

calculated and the original theoretical position is re-
defined and used to compare the MOSL and that of 
each mean sea level model. The MOSL is obtained by 
calculating the arithmetic mean of the TOSH values 
included in each circle of each model. By averaging 
the values, the anomalies present in the TOSH data 
are attenuated.

Lowest astronomical tide 
For the calculation of the LAT, it was decided to 

use 75 years of hourly astronomical tidal predictions, 
given the large extent of the study area and the lack 
of precise knowledge for each location about the im-
portance of a nodal cycle greater than the Metonic 
one. This period is arbitrarily chosen from 1/1/1990 
to 12/31/2064. In addition, tidal predictions are cal-
culated to coincide with the dates on which there are 
satellite observations in the development period cor-
responding to each mean sea level global model. 

Equation (2) is used to calculate the predictions, 
which does not include the angular velocity of the 
tidal components, thus making predictions of more 

Figure 3. Location of the satellite observations corresponding to the period used in the development of the global mean sea level model 
MSS CLS15, within a circle of 1 km radius, with center at the position reported by CTOH for its harmonic constants (marked in red, located at 
coordinates 43°23'24 "S and 64°51'33 "W).
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than one-year duration more accurate, since the 
nodal factor and the equilibrium argument are recal-
culated for each height. When the angular velocity 
is used, it is convenient to extend the prediction to 
a maximum of 1 year, since the variation of u is not 
taken into account (Oreiro et al., 2014 and D’Onofrio 
et al., 2016).

( ) . . (( ) )cosh t H f V u gj
n

j f j j1R= + -=    Equation (2)

where h(t) is the predicted tidal height at time 
t, where t is the observation time, Hj the harmonic 
constant amplitude of the j component, fj the nodal 
factor of the j component at time t, (V+u)j the equi-
librium argument of the j component at time t, gj the 
modified epoch of the j component and n the num-
ber of tidal components used. The equilibrium argu-
ments and nodal factors are calculated considering 
the new time scales presented by Cartwright (1985).

Comparison of global mean sea level models 
To decide which model best fits the region, the 

models are compared with the MOSL obtained for 
the position of the barycenter of the observations. 
The gridded data from each model are interpolated 
to the coordinates of each barycenter and the mean 
sea level for each location is obtained. The arithmetic 
mean and standard deviation of the difference be-
tween the value of each model and the correspond-
ing MOSL is calculated for all positions, and the mod-
el with the smallest standard deviation is chosen.

Finally, to calculate the correction needed to convert 
the mean level heights referenced to the TOPEX ellipsoid 
into heights referenced to the WGS84 ellipsoid (Table 3), 
the program “ICESat/GLAS and WGS-84 ellipsoid and ge-
oid conversions” (Di Marzio, 2007) is used. 

Since the differences in elevations between these 
ellipsoids are so small as latitude varies, it is possible 
to approximate the change in elevation between el-
lipsoids for a given latitude using the empirically cal-
culated Equation (3) (Haran T.,2004):

Table 3. Characteristics of Topex and WGS84 ellipsoids.

Characteristics TOPEX WGS84

Equatorial radius (a), [m] 6378136.3 6378137

Polar radius (b), [m] 6356751.601 6356752.314

Flattening (1/f) 1/298.25700000 1/298.25722356

(( ) * ( ) ( ) * ( ) )cos sinh h h a a b b2 1 2 1
2

2 1
2{ {D = - =- - + -

( ) ( ) * ( ) )b b sin2
2 1

2{ {+ -             Equation (3)

where φ is the latitude, h1 y h2 are the elevations 
of ellipsoids 1 and 2, a1 and a2 are the equatorial ra-
dius of ellipsoids 1 and 2 and b1 and b2 are the polar 
radius of ellipsoids 1 and 2, respectively. This equa-
tion greatly simplifies the calculation of the change in 
elevation compared to the exact method.

Calculation of CD surfaces 
Once the predictions have been made, the LAT is 

calculated by determining the lowest hourly height and 
the two heights before and after it for each prediction. A 
cubic spline is adjusted to these 5 heights to determine 
the lowest point that represents the LAT.

To obtain the CD referred to the WGS84 ellipsoid, the 
LAT value obtained in each position is subtracted from 
each mean sea level value, already referenced to WGS84. 
The geographic coordinates of each point of the domain 
are transformed to planar coordinates Gauss-Krüger 
Argentina zone 4, and then proceed to the interpolation 
of the distances of the CD to the WGS84 ellipsoid.

From this interpolation a 5km x 5km grid is obtained 
with the distances between the CD and the WGS84 el-
lipsoid. To perform this interpolation, different methods 
are tested: minimum curvature, Kriging, inverse of the 
weighted distance, modified Shepard, nearest neighbor, 
radial basis function and triangulation with linear inter-
polation. The Kriging method is chosen, as it presents 
the lowest mean squared error of the differences be-
tween the lowest tide heights obtained for the positions 
of the sea level height series and the corresponding ones 
for those positions, calculated by interpolation between 
the values of the grid nodes.

Results 

Selection of the mean sea level model

The arithmetic mean and standard deviation val-
ues calculated for each model with respect to the ob-
servational data are shown below (Table 4). As can be 
observed, the lowest standard deviation value corre-
sponds to the MSS CLS15 model, which is why this 
model was chosen to refer the CD data to the WGS84 
ellipsoid.
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Table 4. Results of the calculation of the mean value and standard 
deviation of the DTU10MSS and MSS CLS15 models referenced to 
the observational data.

Model Mean value (m) Standard deviation (m)

DTU10MSS -0.0259 0.0222

MSS CLS15 -0.0397 0.0177

It is important to mention that standard wave-
form tracking systems aboard altimetry satellites do 
not provide reliable sea level information at a dis-
tance of less than 20-25km from shore. Even when 
the most advanced tracking systems are used, the 
gap in data coverage can still be a few kilometers 
(e.g., Deng et al. 2002; Sandwell and Smith 2005; 
Deng and Featherstone 2006). Because of this, the re-
sults of mean sea level models are less reliable in the 
vicinity of the coasts. Moreover, there is not enough 
mean sea level data for the coastal region from per-
manently installed tide gauges referenced to the el-
lipsoid. Figure 4 shows the mean sea level obtained 
from the MSS CLS15 global mean sea level referenced 
to the WGS84 ellipsoid.

LAT and CD surfaces referenced to WGS84 el-
lipsoid

The results of the LAT calculations, referring to a 
mean sea level of 0m, are presented in Figure 5. These 
values were obtained from astronomical tide predic-
tions made for a period of 75 years, with harmonic 
constants provided by CTOH. For better visualization, 
the values obtained at the grid points were interpo-
lated using the Kriging method. Figure 5 shows the 
large range of the tide over the Patagonian shelf, 
with the greatest distances between the LAT and the 
mean level of 6.4m. It can also be seen how these dis-
tances gradually decrease in an offshore direction un-
til reaching less variable values in a big area outside 
the shelf.

Finally the CD referenced to the WGS84 ellipsoid 
are presented in Figure 6. Due to the inaccuracy of 
the mean level values in the 20-25 km band from the 
coast, the surfaces represented are considered accu-
rate from the mentioned distance. Following the rec-
ommendations of the IHO for the choice of the CD, 
curves of equal value with an equidistance of 0.3m 

were determined. It is important to note that some 
meteorological conditions can result in water levels 
below the LAT, especially in shallow waters (Slobbe 
et al., 2013); therefore in these regions the effects of 
negative storm surges can be significant.

Discussion

In this work, the use of satellite heights, the har-
monic constants provided by the CTOH and the re-
sults of mean sea level global models, allowed the 
development of an empirical model of the distances 
between the CD and the WGS84 ellipsoid for a region 
of the Southwest Atlantic Ocean where there are 
very few sea height observations in situ. The devel-
oped model has a resolution of 5km x 5km and cov-
ers the region between 36°S and 54°S and 54°W. As 
mentioned above, having the distance between the 
LAT and the WGS84 ellipsoid is essential for mod-
ern bathymetric surveys using the RTK (Real Time 
Kinamatic) method for both vessel positioning and 
water level measurement. The RTK method measures 
the water level below the vessel more accurately 
than a tide pole or tide gauge, because it takes into 
account the variations of the tide as well as the ves-
sel draft during navigation (Scarfe, 2006). In addition, 
since the bathymetry may also be referenced to the 
WGS84 ellipsoid, the integration of the topography 
of the seabed and the coastal zone is achieved. 

The referred satellite products have constituted 
the raw material of this work, and in particular the im-
provement introduced by LEGOS by reprocessing the 
data with coastally-oriented algorithms (Cancet et al., 
2009), has allowed LAT surface values to be obtained 
even near shore. This is not the case with global mean 
sea level models as the errors near the coast can be on 
the order of one meter in the study region. However, 
the comparison of the two mean sea level models used 
with satellite data showed similar standard deviations. In 
the future, having information from the SHN coastal tide 
gauge network is expected, which at present consists of 
only 6 gauges for the study area: San Clemente, Mar del 
Plata, Quequén, Puerto Madryn, Puerto Belgrano and 
Puerto Deseado (http://www.hidro.gov.ar/oceanogra-
fia/mareografos.asp).
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Figure 4. Mean sea level referenced to the WGS84 ellipsoid, obtained from the MSS CLS15 global mean sea level model data.

Figure 5. LAT (Lowest Astronomical Tide) surfaces, referred to the mean sea level 0m, calculated from 75-year predictions obtained with 
harmonic constants provided by the CTOH.
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Figure 6. LAT (Lowest Astronomical Tide)  referenced to WGS84 ellipsoid. Contours are delineated every 0.3m. 

This work is the first empirical model for this ar-
ea, characterized by tidal ranges that can exceed 10 
m (D’Onofrio et al., 2016), among the largest in the 
global ocean. This characteristic is due to the fact that 
the width of the shelf is comparable with a quarter 
wavelength of a semidiurnal tidal wave, thus result-
ing in a near-resonant natural system (Buchwald, 
1980). However, this is a first step, since, as mentioned 
above, the modeling of the coastal zone remains to 
be performed. To overcome this drawback, it is nec-
essary to have sufficient in situ sea level observations 
referenced to the WGS84 ellipsoid or for global mean 
sea level models to increase their accuracy in the 
vicinity of the coasts. Moreover, regions close to is-
lands, such as the one surrounding Isla de los Estados 
or the Malvinas Islands should be modeled at a 
higher spatial resolution. The tide in those places not 
only presents an important range as in the rest of the 
domain, but also, given the local dynamics, there are 
variations that are not observed at this scale of analy-
sis. The tidal wave propagating from the south of the 
domain encounters the obstacle of Isla de los Estados 
and splits into two branches. One advances through 

Le Maire Strait and the other through the eastern 
end of the island, with both branches meeting to the 
north of the island (Glorioso et al., 1997). This causes 
a gradient in the tidal range on a spatial scale that is 
not possible to detect at the resolution used in this 
work. Similarly, in the region of the Malvinas Islands 
where the abrupt shelf slope interrupted to the east 
of the Malvinas Islands by the Malvinas Plateau, the 
coexistence of the four tidal regimes defined accord-
ing to the parameters established by Courtier has 
been found. It has been possible to also establish 
that the range of the semi-diurnal wave M2, which 
predominates in the region, varies between approxi-
mately 0.01 m and 1.10 m (Banegas, 2019). The re-
sults presented here are useful for the development 
of activities with great relevance in the area such as 
offshore hydrocarbon exploration and exploitation 
(de Haro, 2017) and shelf fishing associated with the 
presence of fronts that increase primary and second-
ary production (Olson and Backus, 1985). It is also of 
importance when considering the activities neces-
sary to obtain marine energies given the untapped 
potential that the region has in this field.
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