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on an estuary and theoretical comparisons
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Two identical homemade prototypes are used to monitoring the tide levels on two strategic points of the&®eesthary. This monitoring

was realized along a period close to the new moon phase. From the analysis of the experimental results, the average height of the tid
is determined between each period of high-tide and low-tide. These estimations show discrepancies minors than half order of magnitude.
compared to the theoretical predictions of the static and dynamic oceanic tide models. Also, the amplification effects of the tide in the estuary
head can be quantified exhibiting a maximum gain of 1.33, which is observed in the new moon phase.
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1. Introduction Here, Mm and Ms are the masses of the Moon and the Sun;
rm andrs are the distances from the center of the Moon and
For many years, several models about tide generation hayge Sun to the Earth’s surface, respectivélfe andR are the
been realized using the basic knowledge of mechanics [1,2lnass and radius of the Earth. Then, there are two induced el-
and these approximations are based on the gravitational intefipsoidal deformations, which are caused by the MoBm)
action of the Moon and the Sun with the Earth. Also, there isynq the Sun 7's), respectively. Analyzing the Moon dis-
another elegant and complex formalism to model this interacp|acementm displayed in Fig. 1(A) and assuming a similar
tion [3]. In the same sense, there are not analytical equationgnfiguration for the Sun displacemest the minimum val-
to predict the tide in coasts, bays, lakes and estuaries; Whe[Rs of [ are reached atm = s = /2,37 /2 (at the first
the height h is normally amplified. This is due to the strongsnd third quarter of the moon period), which happens when
dependence on the shape of their soil layers and the narrowhe semi-major axis of both ellipsoids are orthogonal as is

ing of their cavities [4]. _ o shown in Fig. 1(B). The maximuril occurs when they are
On the other hand, the experimental determination of tharallels,i.e., 9m = s = 0, (full and new moon, respec-

tide height is typically carried out with tide gauges or mare-tjyely) (Fig. 1(C)).
ographs. Several devices have been developed for this pur-

pose including graduated rules, manometer gauges, satellit%{ — Hm 4 Hs — Mm <R>3R(3 cos? m — 1)
measurements [5], accelerometers systems [6], microwave 2Me \ rm

interferometers [7] and ultrasonic devices [8]. This last kind 3

of tide meters takes advantage of the versatility of the ultra- Ms (R> R(3cos?0s — 1) (1a)
sonic transducers, to carry out the liquid volume monitored. 2Me \rs

At this respect, several works describe low cost devices to Mm [/ R\ -
automatically determine and control the liquid level inacon- h = 9 ( ) R {(3 cos?m —1) — (3 cos® = — 1)]

tainer without contact and using Arduino technology [9-12].
In this work, two identical cheap homemade prototypes are 3
b b P Ms <R) R{(?)cos2 77—1)—(30052 7T—l)} (1b)

rm

built to determine the tide height in places near coasts and +2Me s
they are based in ultrasonic signals detection.

rs

The main aim of this work is to compare the measure- , _ , Mm <R>3R+ g Ms <R>3R
ments of h with the simplified model of oceanic tides and 2Me \rm 2Me \ rs
then to determine the tide amplification effect in the mouth Mm  Ms
of the Serinham estuary. = 413( 3 3 ) (1c)
m S
2. Theoretical Background Due to the sinusoidal dependence over time, the max-

imum total expected tide heighii for oceanic water is
Assuming the Moon and the Sun as static spheres and the weomputed as the difference between maximum and min-
ter deformation as ellipsoids [1,2,13], at any time, the oceaniémum H values ( = H max —H min) [1,2], given by
tide heightH can be calculated using the following Eq. (1a). Egs. (1b) and (1c). Hence, substituting the next values [14]:
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FIGURE 1. (A) Free body diagram of the Moon-Earth system separated for rm, (B) the first quarter of the lunar phase and (C) the new and
full moon phase.

Mm = 7.35 x 10%2 Kg, Ms = 1.98 x 10%° Kg, Me = as the ratio between the peak to peak amplitdggof tide at
5.98 x 10%* Kg, rm = 384 x 10° m, rs = 150 x 10° m  a point near to the estuary heatl,,) in relation to the App
andR = 6.37 x 10° m, it is approximately estimated that value in the estuary moutii¢n,,), given by Eq. (2). This

h = 54 + 24 = 78 cm. In fact, this is the sum of the peak to definition could explain the relatio® > 1, because the tide
peak amplitudes offm and Hs. Now, if we considered the behavior in the estuary mouth is more similar to that of the
spin motion of the Earth (with angular velocity = 27/P,  ocean tide.
whereP = 24 h 22 min) plus its precession displacemént m
around the: axis @,, andd, are relative to the Moon and the G =7
Sun precessions respectively). Thus, in a point on its surface Amy,
placed with latitude\ and longitudep, the Eq. (1a) must be

replaced by Eq. 1(d) [2]. With this equation are modeled3  Materials and methods
the two increasing and decreasing sinusoidal tides, which are

produced in a day approximately, they are called high-tideThe development of this system (called TidalDuino) is re-

@)

and low-tide respectively. alized with the help of Arduino boards and ultrasonic sen-
3RY /Mm)\ [1 sors (transmitter plus receiver) and works as a data logger

H= 5 e (rmg) [2 sin 20y, sin 2\ cos(wt + ) for a long period of time. This apparatus is calibrated in our
physics lab by way of controlled experiments to determine

+ 10082 8y OS2 X cos(2wt + 200) + }(3 sin? A — 1) distances via ultrasonic waves, which were simulated under

6 established controlled conditions. TidalDuino sends an ul-

5 3RY /Ms\ 1 . ) trasonic wave with velocitys (340 m/s in the air), which
X (3sin 6y — 1>] + 9Me (T83> [2 sin 20, sin 2 later is reflected to the starting point (after a tifig") by an

obstacle placed at distandgthen it ideally satisfied Eq. (3).

1
x cos(wt + @) + 3 cos? 0, cos? A cos(2wt + 2¢) T.F

d = v,
2

) 3)
+ —(3sin®* A — 1)(3sin? 5 — 1)} (1d)
6 As v, in air depends on its temperature and humidity [17-

An example where the approximation of Eq. (1a-d) dra-19], it must be replaced for the corrected speed of saynd
matically fails is the Fundy bay in Canada, where h reachegiven by Eq. (4) in ms! units, which includes the air tem-
up to 20 m [15]. This amplifying phenomenon (like a water peraturel” in °C. Thew,, allows higher fidelity with regard
gain) is caused by the superposition of the periodic propagae the distance estimation of obstacles located in a medium
tion/reflections of water on the coast borders, which reach upvith variable temperature.
to a hydrological resonance in some cavities.

On the other hand, in geophysics an estuary is defined as Vse = 340 + 0.6T (4)

a partially enclosed coastal body in the ocean with at least a

river flowing into it and an extreme (called estuary mouth)  In Fig. 2, the block diagram of TidalDuino in operation
connected to an ocean. The closed extreme is called estuaoy an estuary segment is displayed. As is observed, the de-
head [16]. Physically, the estuary could be seen as an irregwice is subject to a metallic support; also, the Arduino UNO
lar cavity where water currents are periodically propagated. board is the main piece including an ATmega328 microcon-

Regarding the previously mentioned amplifying effect of troller. The board is connected to different peripherals of
the tide near coasts, we defined the tide @aiim an estuary hardware blocks: areal time clock integrated circuit DS1307,
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metal support echo terminal as a rectangular pulse. Thus, a digital input

| — — of the microcontroller will shift to a HIGH state during time
ultrasonic [i ( "":g’;oi t = T,F. Then, the air temperature is obtained to estimate
transducer ||| vse and the left side of Eq. (3), within the microcontroller. At
HC-SR04 the same time, the date and time are recorded by the DS1307.
v R| = Hence, the elapsed time plus its correspondipg are writ-
o | Ii-— IR ten in an electronic text file and stored in a flash memory for
T LM35 g offline analysis.
o) L \ﬂ_ > To increase the reproducibility of this device, the hard-
o — ware scheme and the elect.rlcal connecnon; petwegn the Ar-
hws g duino UNO board and the different analog/digital peripherals
= circuits and sensors are specified in Fig. 3, which is a very
' similar electronic circuit that the used in [9]. Specifically,
D?1T3co7 it is observed that the LM35 sensor output (central pin) is
P connected to the analog input AOQ, and according to the man-
Rotton ufacturer’s specifications, the relationship for conversion is

10 mV per°C. Meanwhile, the trigger and echo terminals of

FIGURE 2. Block diagram of TidalDuino in operation on an estu- HCSRO04 are connected to (DIO7) and (DIO8), respectively.

ary segment, with the HCSRO04 sensor fixed in a metallic support! '€ former is configured as digital output and the latter as
from a distancé to the estuary bottom. digital input. In addition, as is observed in the bottom of

Fig. 3, the SCL and SDA terminals of the integrated circuit
DS1307 are connected to A4 and A5 analog inputs. This

e circuit is powered by another battery of 3.3 V and is also
Batt - complemented with a 32.768 kHz quartz clock to transmit
T (111 l' the data and hour to the Arduino board. The complete code
g3 aret|— |, [— O for automation can be freely downloaded from the following
UOE  PCeom gndl— 15k O electronic address: http://dfisweb.uefs.br/tide/tide.rar.
12 2 1 miso E . Vee
11 = 21051 (&) || Echo
o | g S [ @ F‘ Tigee 3.1. Calibration of TildalDuino
E ng‘, DO . —.] {
§ £ g — O In order to analyze the TidalDuino performance, an exper-
A I iment is conducted for calibration in the laboratory while
L #-Lgnd maintaining controlled conditions. For this purpose, Tidal-
Al o T af— et Duino was placed on the top of a water tank attached to a
I LM3S fixed platform, as is displayed in Fig. 4, at a distarige
from the tank bottom. Indeed, a very similar calibration pro-
3.3 Batt cedure is performed in [9]. In this figure, the water lekg)
T *
é%“ g% g = P metal support

DS1307

FIGURE 3. Schematic diagram of Arduino UNO board connected

with HC-SR04 and LM35 sensors, also the DS1307 clock and SD TidalDuino
card, powered with 12 V batteries but is regulated to 5 V. e T R
£ o
flash memory of 2 GB, ultrasonic transmitter/receiver HC- ' é LM3"’J:““ 3
SR04, temperature sensor LM35, battery bank 12V/9A, and o5 L] |[o S Roaes
a PC with display, which is optional because the system is - o
able to work autonomously. The HC-SR04 transducer op- §3 hws| 2
erates through piezoelectric effect using ultrasonic pulses toéf E Variable Water Surface
determine the distance to the water surfage by adapting 9 |E At Eank
the called time of flight method. For this purpose, when a J E. P
trigger signal provided by the ATmega328 excites the trans- — bottom %

mitter during 10us, it sends a sequence of ultrasonic pulses
of 40 kHz through the air. If the waves are reflected (echo)FiGURE 4. Schemes of the calibration experiment measuring the
by the water, this reflection is detected by the receiver in thevater level simulating the tide motion, respectively.

Rev. Mex. 5. 65 (5) 489-495



492

J. A. LEYVA-CRUZ et al,

39°10'0" W 39°0'0" W
J;

&

13°40'0" S

Atlantic
Ocean

S B 13°50'0" S

NS
)
e et o, ] 14°00'0" S

F2 1

FIGURE 6. Map of the study site Serinkan estuary, situated in

Ecopolo Il of APA do Pratigi, Bahia State, Brazil. On the right is
shown a close up view with the point A is the estuary head and B
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FIGURE 5. (A) Temporal evolution of1,,; inside the water tank,
simulating the increasing and decreasing of tillg;rp is mea-

sured with TidalDuino (dark symbol) and manually,;»;z (open

symbol). (B) The correlation between the experimental data.
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inside, to manually measure,;. Then, an arbitrary func-

1 tion of the water variation along the time was performed to
simulate the tide level, starting & = 140 cm. Thus, ini-
tially h.,; was manually set and it is softly diminished each

5 minutes. Later the drain speed is increcresedais increased
. the drain speed, reaching approximately 20 cm. Finally

is lineally increased up to 142 cm. In this experimént;

was directly measured using the rulér,{,;z) and it was
simultaneously estimated applying Eq. (5) with TidalDuino

hwl = hbt - hws (5)

In Fig. 5(A), the experimental results @f,; are dis-

played. The maximum observed discrepancies do not exceed
3 cm, and they are always observed at the time whgn

is diminishing between the hours 14:30 and 15:00, due to
the quick water level diminution in this interval. In contrast,

whenh,,; increased, the maximum discrepancy was less than
was controlled with a system for draining and refilling using a2 cm. It is important to emphasize that the observed discrep-
valve. Through this means it is connected with another smalincies in this experiment were due to instability of the water
container of the same height and a graduated ruler is placeslirface; this was more evident when the water escaped to the

FIGURE 7. TidalDuino system installed under the piers of (A) ltudend the (B) Barra do Serinfan.
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draining deposit. Other spurious uncertainties could have In the final experiments, the acquisition and storing of
been due to the surface curvature of water. In Fig. 5(B), thé,,; increased to 15 min. Hence, the measurements were
correlation betweet,,;,sr andh,;rp is shown. With the simultaneously carried out at both poimdssand B during
help of a simple analysis using fitting straight line, it could beSeptember 12 - 17, 2015, in the new moon phase. In
concluded that this device exhibits a slope= 1.000+0.003 Fig. 9(A), the stored measurements are plotted. In this case,
with a Pearson coefficient of 0.999, confirming the linear pertwo deformed triangular-like waveforms were obtained, de-
formance of TidalDuino and improving the correlation pa- spite the Fig. 8 is sinusoidal. As was observed, few spurious
rameters reached in [9]. measurements or artifacts are introduced. Indeed, the big ar-
tifact observed at poinA (after 18 hours of operation) was
due to an induced delay in the transmitter/receiver system to
4. Experimental results and discussions replace a power battery. However, during that period the real

o ) ) ~ time clock continues working. In the same way as Fig. 8,
After calibrations, TidalDuino was ready to work in situ,

and the chosen place was the Seréthaestuary situated in 5
Ecopolo Il APA do Pratigi (Environmental Protection Area, . R
Portuguese acronym) in the lower South of Bahia State, about 4 §3

110 km from the state capital, Salvador. In Fig. 6, the map of
Serinh&m estuary is shown as well as its close-up view, indi-
cating its geographical localization between paralles303
and 1200’ S latitude, and meridians 380" and 3940’ W
longitude.

The first TidalDuino was placed at the poiAton the 1
pier of ltubea (estuary head with GPS coordinate$ 43’ o)
9.7188” S and 398’ 47.6304” W) and the other &, lo- 0
cated on the pier of the Barra do Seriéha (estuary mouth sl R A -
with GPS coordinates 230’ 40.902" S and 390’ 34.938” e ey -

W), which disembogues info with the Atlantic Ocean. Both 4+ —o—ltubera
points were separated by 29.5 km and in Fig. 7(A) and (B),
the images of the installed devices in each pier are shown.

An initial test in situ was carried out on poirt over
24 hours. Then, the initiak,; was measured with a grad-
uated tide-rule of 4.5 m long, and this value was introduced
to TidalDuino as initial parameter corresponding to the ini-
tial time 00:00 hours. The system was programmed to mea-
sure hws and then to compute and store the mean value o
h; every 5 min. In Fig. 8, this measurement is displayed, oo prerr— T
showing the expected sinusoidal behavior and exhibiting two e = <o " pale
undulations with peak to peak amplitudes of 1.98 mand 1.74  so . . i i
m. Other important observations are a spurious artifact that
occurred at 13:15 min of operation and a clear flat trend in
the two minimum values and in the second maximum value,
indicating no significant differences in,; along of approxi-
mately 45 - 60 min.
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135 _—Cl— Gé\in véluesl l I I I I l I g ber 17) ar%hppmaXimum: 4'19. m am.jAmppmaXimum: 3'74. .
I ® ] m, which are more than 4.8 times higher than h. In addition,
130 | i 2 minimum amplitudes (in September 18} ppminimum = 2.34
| : m and Amppminimum = 2.20 m were observed, which were
f more than 2.8 times higher than In the same sense, in
{A | Fig. 10 is plotted~ vst using the later values and Eq. (2) and
?—9_ ] the maximum observed gain (8,,,, = 1.33. This value is
/ \ e g reached between September 13 and 14 of 2015, which coin-
4% | | '\ -] cides with the lunar phase where the semi-major axis of both
| / ] ellipsoidal deformations of water are completely parallels, as
105 | Y N - is illustrated in Fig. 1(C).
T L7 N 1 Another observation was the minimum observed gain
ol ® ° ] G = 0.992 after 55 hours of measurement. Thus, in this
: : ! ! : . time, Am was slightly higher thamh. In addition, it was re-
0 20 o 60 109 markable that the value$hppmaximumand Amppmaximumwere
Elapsed fimeith) not necessarily related 6,,... Moreover, the presence of
FIGURE 10. Graph of the estimated gad# for each elapsed time.  the last maximum value was contradictory to the described
theoretical background. Hence, this phenomenon must have
again a flat behavior on the peaks of the deformed triangulaseen related to a superposition of water waves in the estuary
shapes is evidenced in a zoomed view of Fig. 9(B), indicatcavity.
ing non-significant differences in,,; during 45 - 60 min.
Although the shape of the signals was deformed triangles
which is unexpected by comparing with Fig. 8 and the the~-

oretlcz_il models, this effect is dL.Je o the d|m|n_ut|on of theIn this work, the tide height of the Serinkm estuary was ex-
sampling frequency and the centimeters resolution of the sys

L yerimentally analyzed. With the help of two portable home-
tem (1. cm). Nevert_heless, itis ex.pected that the parametePﬁciade remote sensing systems, it was possible determine the
of period and amplitude do not differ from the correspond-

ing sinusoidal shape, because we are sampling 24 times motrif'l—:je gain in the estuary mouth. These tide meters were de-
. - . . n reach a low manuf rin followin her
than the limit established by the Nyquist-Shannon sampli plgned to reach a lo anufacturing cost, fofowing othe

n X ; L
theorem [20]. %xperlmental setups previously performed to determine lig-

. : . uid levels in open containers. In addition, the calibration pa-
In Fig. 9(C), the Co”?p”t?d tide height through the (.jy' rameters obtained are according the reported in these experi-
namic model (Eq. (1d)) is displayed. In both geographlcalmental works
points, the approximated latitude (= 13°) and longitude L . . : . .
o : The average tide height determined in the experiments is
(1 ~ 39°) of the GPS coordinates are used, whereas the CO%ompared with two simplified theoretical models for oceanic
stant precession of the Moon dsn = 5.14. Although the P P

: . . . ) ) Hdes. The estimation with static approximation (78 cm)
precession of the Sun is variable, this value is approxmateShOWS discrepancies of 3% aporoximatelv. in relation with
to s ~ 0 due the closeness (September 23) of the sprin P PP Y.

. . . . %he dynamic model. Through the analysis of the obtained
equinox. By means of a quick analysis of this last graph, . : o o
. . ) gains and average amplitudes, a systematic tide amplifica-
the mean peak to peak amplitude= 75.5 cm is estimated, tion effect was corroborated in the estuary head. Also, the
this is less than 3% with the static finding of 78 cm, using y ' '

discrepancies between the measured amplitudes and the ana-
Eg. (1¢). . . .
. . . . Iytical models, showed differences minors than half order of
Following the discussion of these experiments, the pres- . ! ) . L
. . . o .. _“magnitude. Finally, the maximum observed tide gain in the
ence of two high and low tides daily was verified at both sites. . .
o . estuary mouth wa&' = 1.33 approximately and it occurs at
Also, an almost systematic increasetip; was observed at

the estuary head. The average values of the peak to peak aﬁ-e time of the new moon phase. As far as we know, this is
plitude in the estuary head A, >— 2.76+0.59 m and the e first time that the tide height and gain of the Seratha

estuary mouthc Am,, >= 2.49 + 0.49 m were estimated. estuary has been experimentally analyzed and compared with

: n analytical approximation.
Both values were calculated by averaging the measuremen?s Y PP

of Ah,,, andAm,, registered every 12 hours. The uncertain-

ties expressed correspond to the standard deviations. Thogecknowledgments
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