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ESTABLISHMENT OF THE 2010 VERTICAL DATUM
FOR ECUADOR

By Jorge ALAVERA' & Jorge NATH? (Ecuador)

% Abstract

In Ecuador there are two types of official cartography: land mapping and nautical charting
developed by the Military Geographic Institute and the Oceanographic Institute of the Navy
respectively. This paper aims to describe the methodology established to obtain a vertical
datum from the sea level variation records at the Principal Station “La Liber-
tad” (02°13’04”S, 80°54°23"W).

l‘ Résumé

En Equateur, il existe deux types de cartographie officielle : la cartographie terrestre et la
cartographie marine qui sont développées respectivement par l'lnstitut géographique
militaire et par I'Institut océanographique de la Marine. L’article qui suit a pour objectif de
décrire la méthodologie établie pour obtenir un systeme de référence verticale a partir des
enregistrements de la variation du niveau de la mer a la station principale «La
Libertad » (02°13'04”S, 80°54°23"0).
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“ Resumen

En Ecuador hay dos tipos de cartografia oficial: la cartografia terrestre y la cartografia
nautica, elaboradas por el Instituto Geografico Militar y el Instituto Oceanografico de la
Marina respectivamente. El objetivo de este articulo es describir la metodologia establecida
para obtener un datum vertical a partir de los registros de la variacién del nivel del mar en
la Estacion Patron de “La Libertad” (02°13°04”S, 80°54'23”0).

! Hydrographic Department, Oceanographic Institute of the Navy, Ecuador, levantamiento@inocar.mil.ec
2 Hydrographic Department, Oceanographic Institute of the Navy, Ecuador, jnath@inocar.mil.ec

Figure obtained from the electronic address www.danotario.com/articulos/articulo15.php




INTERNATIONAL HYDROGRAPHIC REVIEW

INTRODUCTION

No matter its objective, any cartographic proc-
ess needs both horizontal and vertical refer-
ences (horizontal and vertical datum respec-
tively). These references provide a starting
point to relate field geodetic, topographic and
hydrographic measurements to a two dimen-
sion surface, such as maps, nautical charts
and plans. In general, geodetic reference
systems may be classified in two types (i)
those that can be described by mathematical
models and (ii) those described by physical
models. Whilst a mathematical model refer-
ence is made to the ellipsoid, the geoid consti-
tutes the reference surface for the physical
model.

Land maps and nautical cartography are pro-
duced in Ecuador by the Military Geographic
Institute (IGM) and the Oceanographic Insti-
tute of the Navy (INOCAR) respectively. This
paper describes the establishment of a verti-
cal datum based on the sea water level varia-
tion records registered at Station “La Liber-
tad”. Paredes (2004) describes the develop-
ment and need to establish an official Vertical
Datum and to install a tide gauge station at La
Libertad (originally installed in 1948). The
determined Datum is then applied and
referred to the benchmarks that IGM refer-
ences to all cities in Ecuador.

Vertical Reference Surface for Land Maps

A reference system seeks to define the shape
and dimensions of the earth. The Geoid
(Figure 1) is defined as the equipotential
surface of the gravity field force and therefore
is a function of the mass distribution of the
earth. This constitutes an excellent vertical
reference surface for planning, execution and
control of engineering works, disaster plan
management, tsunami modeling as well land
cartographic tasks. This Vertical Reference
Surface or Vertical Datum can be expressed
by the Mean Sea Level and it is important that
it is determined through the record of the
variation of the sea water level registered
during a certain period.
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The Oceanographic Institute of the Navy
(INOCAR) is the State advisory agency for
technical matters related to Nautical Cartogra-
phy. It has determined the establishment of a
permanent National Tide Gauge Network with
the objective to continuously monitor the
variation of the water level in the coastal zone
as well as along the River Guayas. This
allows the determination of different vertical
reference surfaces, including the oldest
station installed being “La Libertad”.

Figure 1. Shape of the geoid from orbital
perturbations of geodetic satellites.*

To establish Mean Sea Level, it is necessary
to determine the appropriate time series
required for its calculation. However before
doing so, it is necessary to understand the
tide generation forces. Basically the genera-
tion forces are the sun and moon attraction
forces. The forces of the moon are 2.5 times
bigger than the sun. This is despite the moon
having a mass 352 times less. Therefore, the
oscillatory movement of the sea is significantly
influenced by the moon’s movement. The best
known moon movements may be described
by the cycles of high and low water quadra-
ture, apogee and perigee, declination and the
least known, the cycle of Meton or precession
movement, the period of which is 18.9 years.
This is the reason why several Hydrographic
Offices have agreed to adopt 20 years of ob-
servation as the ideal period to make any type
of tidal height analysis.
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METHODOLOGY

Before making the statistical analysis of the
sea level variation records, it is necessary to
ensure that all data is referred to a common
reference level. Each time the sensor is re-
moved for maintenance, a new reference level
is created to which the recording is referred
(Figure 2).

Planos de Referenica Generados
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Figure 2. Records with different reference levels

As a second step the quality of the data is
reviewed using the graphical method (Figure
3). Observations seen to be outside the nor-
mal patterns are removed.
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Figure 3. False records withdrawal

To determine the difference between the gen-
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erated reference levels, first select the leveling
reference or starting point, and later through
direct subtraction, determine the value that
shall be added algebraically to the registered
data in the series. The difference between the
reference levels will be obtained after sub-
tracting from the value adopted as a starting
point, the values of the benchmarks calculated
referred to that level in each leveling survey
executed. It is important that each leveling
include the date of execution of the leveling to
relate the difference found with the records.

RESULTS

The leveling survey executed between the
zero of the tide pole and the tide benchmarks
associated to the tide station “La Libertad”,
concluded that the best benchmark to be se-
lected as reference is the benchmark called
BM 48 (02°13'13" S, 80°54' 16"W). This is due
to the benchmark having a higher density of
leveling data.

In accordance with the proposed methodol-
ogy, the differences between the various
levels, is due to the variation of the location of
the sensor’s zero over time. These differences
are calculated, taking as the starting point the
leveling executed in 1952, (see Table 1). This
methodology was used by Paredes (1986)
and Vera (2004).

Once the related differences between the ref-
erence levels are calculated, such corrections
are applied to the records following the dates
in which the leveling was executed. This is
followed by the descriptive statistical analysis.

Considering that the average is a statistic re-
sult influenced by extreme values, this meth-
odology proposes the elimination of the
anomalous values. Vera (2004) states that the
withdrawal of the extreme values may not be
replaced with mean values. The values in the
years when atypical conditions of the sea level
exist are included. This includes those influ-
enced by events “El Nifio” y “La Nifia” that oc-
curred between 1982 - 1983 and 1997 — 1998,
thereby avoiding any bias in the overall re-
sults.
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Eatacion | FECHA | 14071952 | 20011/1952 | 20061553 | 1500111955 | 161071955 | 17041556 | 0RNS5T | 2011857 | 19011958 | DEIIF/1967 | 25021570 15021871 | 24101571
BM B |18 | M77 | 14T | wm7 | wess | a7 | 7m0 | 14732 | e | 16 | 14061 | 14358 | 488 | 14480
DIF 52 | BN 43| .00 0,000 e | omd | 0ms | oms | 0w | odm | 04se w1 | 85 | 05w
Eatacion | FECHA |26 14672 1081073 | 24051375 [18404577| 24041083 | MAMMGE4 | 0385 | 040541568 | 11084087 | 1081288 | 20M0M1023 | 28041 050 127101200
BM B | 1343 14178 14.183 14178 14155 14T 12411 14411 14417 14 415 14.413 14415 14 478 14,450
DIF52 | BN 43| 0538 | o 1| ez | oam 306 | 0306 | 0305 | om0z | osed | oz | ame | oo
Eatacion | FECHA | 141021581 04051391 | 03051552 | 270301993 | 150051585 | 2710301596 | 20031933 | 160272000 | 08047002 | DE/D4/2003 | 210572004 | 011 12006 020572006 | 12052009
BM B | 1043 14.857 14623 14476 14.476 14.406 14.503 14.506 14445 14.477 14515 14.525 14.549 14,533 14,573
DIF52 (B 43| o0 [ oos4 | 02¢1 | oz | 02 0214 | 021 023 | nx0 | 02 Rk 0164 | 0145

Table 1. Historical leveling surveys at “La Libertad” station
ANALYSIS (5 minute intervals) and therefore it is neces-

Until 1999, only hourly records of the variation
of the sea level were kept. The uncertainty
associated in determining the average is lar-
ger than using more frequent recorded data

sary to determine this difference comparing
averages obtained using both the hourly
and 5 minute interval data during 2002-2007

the

period. (See Table 2).

10

~_ gl 2000 2001 2002 2003 2004 2005 2006 2007

mes min | Hr | min | Hr [min| Hr [min| H | min| H | min | H [ min | HC | min | Hr
Enera 2h9 | 2568 (253252 | 250|257 | 258 | 260 | 255 |20 261 | 260
Febren 243 | 243 | 258 | 208 (263 | 262 | 250|253 | 259 | 261 | 257 (250 | 268 | 268 | 254 | 251
Marzo 255 | 255 | 253 261|259 | 257 | 256 (258 | 272 | 274 | 260 | 260 | 254 | 253
Abril 262 | 262|249 | 249 (260 | 260 | 256 | 257 | 256 | 257 | 280 (283 | 261 | 261|255 | 204
Mayo 265 | 265|249 | 248 (263 | 261|260 (261 | 266 | 266 | 274 (273 | 266 | 266 | 262 | 261
Junio 204 | 263 | 248 260 [ 253 | 255 | 272 (272 269 | 272 | 261 | 261 | 260 | 259
Julio 253|254 | 248 | 249 (256 | 255 | 257 | 260 | 251 | 291 261|260 | 259 | 253
Agasto 247 | 247|251 | 249 | 258 | 259 | 254 (254 | 265 | 268 | 260 | 260 | 257 | 256
Sepfiembre | 253 (253|250 | 250 (256 | 253 | 254 | 254 | 253 | 256 | 268 | 272 | 262 | 262 | 256 | 255
Qchubre 255 | 254 | 256 | 206 [ 260 | 258 | 260 261 | 258 | 261 | 264 (271|264 | 264 | 257 | 255
Moviembre (2350 (250 | 255 | 254 (268 | 266 | 261 | 263 | 254 | 257 | 273 | 276 | 260 | 260 | 262 | 261
Diciembre | 254 (254 | 254 | 253 (267 | 265 | 265 | 267 | 254 | 256 | 264 | 268 | 260 | 260 | 261 | 261

Table 2. Average comparison - hourly versus 5 minutes interval
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1984 1985 1986| 1997 19m) 1W9) 1990 1953) 1994 1995 1996 1999) AN0| 20Ed| 02| 00D N4 NG| MG| MW7) N4 NS
EMERD 1470 | 14R0 | 7580 | 1690 | 2380 | 1520/ | 1610 1608 | 1.610 | 2650 | 1.530 | 2540 1586 | 1531 | 2584 | 15B1 | 2545 | 2654 | 160G 3%
FEBRERD 1330 | 1510 ] 2480 | 1770 | 2380 | 1550 | 1570 1620 | 1.570 | 2540 | 1.550 | 2520 | 1483 | 2382 | 1633 | 2.551 | 15BE | 1565 | 2675 | 2.538
MARLD LELD | 1530 | 2550 2380 | 1540 | 2540 | 152 0 | 1551 | 2530 | 1605 | 2582 | 1561 | 2.715 | 2600 | 2540
AERIL 2350 | Lald | 1570 2650 | 1570 | 2520 | 1.51 0 | 162d | 2495 | 1600 | 2565 | 1557 | 1 2607 | 1553
A0 23550 | Lald | 250 1680 | 1610 | 2550 | 154 1A5] | 2485 | 1627 | 1.5 GE1| 1737 | 2455 | 161
IR Z 2 4530 | Lel0 | 2.520 2640 | 1540 | 2560 | .51 163 | 2483 25 Z 2613 | 1556
LUl 2 2620 2570 | 1550 | 2500 2380 | 2570 | 2560 | 2520 | 2520 | 255 | 2481 | 1561 | 23 1512 - | 2605 | 1585
AGOSTD 2570 | 2540 [ 2570 [ Rea0 [ 2540 | 1550 2530 2550 | 1350 | 2500 0 (2500 [ 2467 [ 2514 | 2581 | 2540 ) 1640 | 2505 | 1566 | 2514 g
SEPTEEMBRE | 2550 [ 2540 | 2550 | 1620l | 2540 | 1560 | 2500 2550 2350 | 25102 A030 | 2503 | 1555 [ 2543 [ 1530 ) DAB4 | 2R1% | L56l | 2617
OCTUBRE 1540 | 1540 | 2630 | 1630 | 2520 | 1600 | 1570 1380 | 1630 | 2520 | 1.500 0 | 1547 | 2559 | 1558 | 2599 | 1583 | LG35 | 2641 | 2.566 | 2601
NOVIEMBRE | 2540 | 1510 | 2650 | 1610 | 2500 | 1610 | 2.550 1680 | 1670 | 2500 | 1.510 | 2480 | 1499 | 2345 | 1679 | 2608 | 1543 | 171R | 1603 | 2613 | 2603 | 1.757
DIOEMBRE | 2560 | 1550 | 2590 | 1570 | 2520 | 1600 | 2.550 1670 | 1.6E0 | 2480 | 1.510 | 2480 | 1543 | 2.535 | 1670 | 2647 | 1535 | 154 | 2603 | 2610 | 2615 i
PROMEDIO | 2550 | 1530 | 2580 | L640 | 2550 | L5BD | L550 L6 | 1570 | 2540 | 1510 | 2520 | 1550 | 2.520 | 1600 | 2580 | L5BD | LGA0 | 162 | 1580 | 164D | LT10

Table 3. Monthly average of sea level variation at “La Libertad” station

The descriptive analytical analysis applied to
the difference between the averages obtained
show that the monthly averages from hourly
records have an uncertainty of +/- 1.5 cm at a
95% confidence level with respect to the more
frequent records. We can infer the results by
comparison that the averages obtained until
1999 have the same uncertainty as those
found. It is worth mentioning that this uncer-
tainty is increased by the precision of the
sensor used to measure, and therefore it is
very difficult to determine any trend.

Considering the above-mentioned factors,
Table 3 provides details of the monthly aver-
ages of the sea level variation between 2000
and 2009. These values are from records
gathered at 5 minute intervals, while up to
1999, values are obtained from hourly
records.

The compiled averages in Table 3 and shown
in Figures 4 and 5, suggest that the mean sea
level has an oscillatory performance over the
last 20 years. Nevertheless starting in 2000, it
can be seen that a positive tendency in the
data exists without losing the aforementioned
behavior.

The positive tendency shown in the annual
data of the mean sea level in the last decade
may be better observed in Figure 4 and
expressed with the equation y = 0.014x +
2.518 thus indicating that the mean sea level
has been increasing at an annual rate of 1.2
cm approximately during this study period.
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The 1952 Leveling was used as the
commencement for the information process.
Considering that the present tide pole is gen-
erating another reference level, it is necessary
to refer the calculated mean sea level to the
zero of the actual tide pole.

Table 4 shows the resulting statistical analysis
of the annual averages between 1984 and
2009. The calculated mean sea level is
located 2.585 meters above the zero of the
1952 tide pole. In order to refer the calculated
mean sea level of “La Libertad” station to the
zero of the actual tide pole, subtract the differ-
ence found after comparing the level value of
the benchmarks BM48 in 1952 and in 2009. A
difference of 0.16 meters exists as seen in
Table 1. This results in the mean sea level
being 2.441 meters above the zero of the tide
pole.

B4-83 | 90-59 | ¢0-09 | 34-00 38-09

Ener 2560 | 2.5800 | 2590 | 3.5%0 2.590
Febrers 2570 | 2.620 | 2530 | 2.550 2.590
Marzo 2570 | 25580 | 2600 | 2.5%0 2.590
Abril 2580 | 2580 | 2620 | 2.600 2,500
Nayo 2530 | 2.600 | 2660 | 2.620 2.620
Junio 2580 | 2580 | 2640 | 2510 2510
Juliz 2570 | 2550 | 2570 | 2.560 2.560
Agosro 2570 | 2500 | 2570 | Z.550 2.530
Septlembre | 2 550 | 2.500 | 2530 | 2.550 2.550
Octubre 2580 | 2560 | 2610 | 2580 2.580
Moviembre | 2570 | 2580 | 2620 | 2.550 2.600
Diembre | 2570 | 2.580 | 2630 | 2.600 2,500
Promiedia 2570 | 2570 | 2el0 | 2.5B5 2.588

Table 4. Resume table of mean sea levels
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Variacion Anual Nivel del Mar
1984-2009
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Figure 4. 1984-2007 Mean Sea Level at “La Libertad”
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Figure 5. 1999-2009 Mean Sea Level at “La Libertad”
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