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ABSTRACT

The present study seeks to evaluate tidal propagati the Guama-Capim river system, in the
Amazonian region, considering hydrodynamic and gephmological aspects. Available data sets on
fluvial discharge and water level variations weomgidered, besides several methods of measuring
the tides (currents, water levels and discharges)rded at different stations and in different pdsi

The main point argued is that fluvial dischargehe key-factor in tidal distortion and tidal bore
formation in the system investigated, whereas thve rielief of the area would be the main factor
contributing to landward tidal incursion. The résushow an impressive upward tidal incursion of
more than 200 km, including substantial distortigncreasing upstream - of the tidal wave, of which
the ebb phase lasts up to 5 hours longer tharidbé, fincluding higher flood current velocitiesfas

as 161 km upstream. Generally, only hyposynchrotidas response was observed. Seasonally, the
fluvial discharge varies about 10 times in the Gaamnd 4 times in the Capim River. The increase of
the fluvial discharge results in an increasingaisin of the tide, besides a weak increase of the
attenuation. During high fluvial discharge periagdsonjunction with equinoctial tides (e.g. March-
April), a tidal bore occurs in the system, alsoréased by the generally low relief. Therefore, the
conclusions include: low relief and the distorticelated to high fluvial discharges are the main
factors controlling tidal propagation along theteys and tidal bore formation. Furthermore, the
system could be classified as a tidal river, inawhinassive regional fresh water input results in
virtually non-existent salinity throughout the Gua@apim system.

ReEsuwmoO

O presente estudo teve como objetivo investigaropgnacao da maré no sistema fluvial Guama-
Capim, na regido amazonica, considerando aspeatoddgicos e geomorfolégicos. Os métodos
empregados incluem dados histéricos de vazdesaftueiniveis d’agua, além de medicbes proprias
de maré em diferentes locais e periodos ao longsisiema. Os principais pontos defendidos no
presente trabalho incluem a vazdo fluvial como qgpm fator para a distorgdo da maré e
consequente formacg&o de pororoca no sistema, assit 0 baixo relevo da area seria responsavel
por incremento na incursédo da maré para o conénéds resultados revelam uma penetracédo da
maré de mais de 200 km, ocorrendo também uma flmtermacdo da maré, se intensificando
gradualmente a montante, resultando em uma vaathtehoras mais longa que a enchente 161 km
a montante, apresentando também velocidades deergaclevemente superiores, incluindo o
decaimento continuo da altura da maré, intensificagartir desse ponto. Sazonalmente, a vazéo
fluvial aumenta 10 vezes no rio Guama e 4 vezesonGapim. Durante periodos de alta descarga,
combinados com marés equinociais (e.g. margo-abrifgndmeno da pororoca ocorre no sistema,
em associacdo ao baixo relevo da area. Desta fasv@incipais conclusGes sdo de que a forte
deformacdo da maré relacionada a altas descargaaidl e o baixo relevo da area sdo os fatores
preponderantes na propagacéo da maré no sisteonaacfio de pororoca. Mais além, o sistema foi
classificado comdidal river, onde a enorme descarga de agua doce na regitr&@snazonica
resulta na préatica auséncia de salinidade no siststudado. Assim, seu estudo vem contribuir na
definicdo e classificagdo de sistemas estuarinos.

Descriptors: Fluvial discharge, Tide propagatioidalrivers.
Descritores: Vazao fluvial, Propagagdo da marés Reomarés.

INTRODUCTION research fields around the world, being the sulpéct

discussion regarding definitions, classificationsd a

Estuaries are one of the most Complex anéubdivisions since the mid-tﬁocentury. Common
intriguing targets of scientific studies in variousknowledge simply regards estuaries as the coastal
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portions of rivers substantially influenced by tbea result in events such as tidal bores, as occuthen
into which they flow. As distinct from fluvial dels, it Guama-Capim river system, highlighted in this study.
can be said that in an estuary, the landward inflae Salt intrusion and its vertical/longitudinal graclig

of marine forces (e.g. tides) is more evident thiam also present important spatial and temporal diffees
opposite. However, due to different geologicalbetween neighboring estuaries.

physical, chemical and biological processes which Within the theme of this paper, some
determine estuarine characteristics, origin anémportant work has already been produced on the, are
evolution, the definition and classification of see who identified the absence of salinity at the Guama
coastal environments is not a simple task and theiiver mouth and very low values in the Guajara Bay,
study in the search for more concise understandin@to which it empties. Furthermore, there is no
has been highly interdisciplinary. information on salt intrusion upstream.

The majority of studies on the definition and An important study on the area has been
classification of estuaries were developed primanl undertaken by Gregério and Mendes (2009), including
Europe and North America (PRITCHARD, 1955;the analysis of the sedimentary deposits and bottom
CAMERON; PRITCHARD, 1963; PRITCHARD, morphology of the Guajara Bay and Guama mouth.
1967; HANSEN; RATTRAY, 1966; NICHOLS; The authors have identified the strong action délti
BIGGS, 1985; DALRYMPLE et al 1992). Their and river currents causing intense erosive prosease
classical definitions and classifications are sgiiplied also reported. Based on the definition proposed by
worldwide, including that of the Amazon CoastalWells (1995), Gregério and Mendes (2009) have
Zone (ACZ) where several estuaries, the subject afassified the Guajara Bay as a Tidal River, where
recent important studies, are found and in which #dal effects are substantial, but no sea watelt (sa
macrotidal regime and the Amazon River dominate thimtrusion) is to be observed.
regional scenario. Rossetti and Santos-Janior (2004) have

The Amazon River has a maximum watercarried out an important stratigraphic investigatio
discharge of around 200 x 3@n’s and suspended approximately 250 kilometers upstream from the
sediment load of the order of 3.5 x®1tBns per day Guajard Bay, along the Capim River, based on the
(MEADE et al., 1985). At the present time, theanalysis of sedimentary sequences exposed by the
Amazon sediment plume is mainly driven northwardsmining activities on the banks of the river. The
in association with the Guyana current (LENTZ, 1995information extracted revealed the tidal action
On the other hand, other rivers of the region seem evidenced by the sedimentation processes in deposit
have but secondary relevance as regards the sedimé&om the Miocene (Tertiary). The above-mentioned
supply to the coastal zone, but the various estsaridata and the geographical setting of the area revea
associated with the rivers are important as sedimethat tidal propagation extended at that time many
traps. kilometers further upstream than it does today,

An important distortion in tide propagation probably in association with old marine transg@ssi
occurs within the estuaries along the ACZFurthermore, considerable channel meandering has
substantially affecting the sediment transport gltre  taken place since that period, by reason of whieh t
river-estuary-ocean continuum. However, there ardeposits described are now found 4 kilometers away
substantial variations between the different egtgar from the present Capim River thalweg. Besides, there
as a consequence of the relative size of the caechm is no reported paleontological information which
areas (i.e. as affecting their fluvial dischargaprage supports or refutes salt intrusion up to the refitarea
capacity (size of intertidal/mangrove areas) an@nabling one to classify the past system eithea as
general geomorphological configuration. Furthermoretidal river or a typical macrotidal estuary.
there is a strong overall seasonal variation in the The term “tidal river” might have been
fluvial discharge, as a consequence of the regionaitroduced by Cohen and McCarthy (1963), though it
climate, which is determined mainly by seasonaWas also applied later by Kjerfve and Magill (1989)
changes in the position of the Inter-tropicaland Kjerfve (1994) to the lower reaches of fluvial
Convergence Zone (ITCZ), including the highvalleys subject to tidal action though without sali
precipitation in the first months of the year. Thisintrusion. Later, Wells (1995) defined tidal riveas a
pattern results in substantial seasonal variations special case of macrotidal estuaries into whichtitte
fluvial discharge which during the rainy seasori@s penetrated much further than the salt and disstiat
to 20 times (in terms of monthly averages) largant from it. The Amazon and La Plata rivers are quated

that of the dry season (ANA, 2011). examples. However, these characteristics are also
Nevertheless, these processes have still nébund in many of the typical macrotidal estuaries.
been deeply investigated in the Amazon region. In Further, several authors have also applied

some of the dozens of estuaries existing in theoneg the term to estuaries where river flow is of great
the processes mentioned affecting tidal propagatiosignificance (CHAPPELL; WOODROFFE, 1994,
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CHUN-YAN; O’'DONNELL, 1998; SHIH, 2002; MAaTERIAL AND METHODS

VRIEND, 2003; CARR et al., 2004). Sometimes the

term tidal river also appears as a synonym forefriv Study Area

dominated estuaries” or even for the uppermostgfart The study area is located on the northern
an estuary, beyond any detectable salinity, buh witcoast of Brazil and focused on the Guama-Capim tidal
tidal co-oscillation (COOK et al., 2007). river system (Fig. 1). The mouth of the river syste

Emeka et al. (2010) have made an importanétudied is located about 130 km from the Atlantic
contribution to the definition and applicability 8ie  Ocean, emptying into the so-called Guajara Bay,
term tidal river by their investigations into suchwhich also receives the Moju and Acara rivers aasl h
environments in Nigeria, Africa. The authorsay drainage area of approx. 87,400 km2 (GREGORIO;
postulated that a tidal river does not empty diyect MENDES, 2009). Further, the Guajard Bay
into the ocean, for instance. itself empties into the Maraj6 Bay, which receiwes

Based on existing literature and the observethrge fresh water discharge from the Tocantins and
environmental characteristics of the study areds it para rivers, besides the Guajara Bay.
believed that the term tidal river can properly be The tides in the eastern sector of the Amazon
applied to several environments within the Amazoroast semidiurnal tide region reach ranges of 3 o
Coastal Zone (ACZ). A tidal river is, therefore, hereglong the coast and up to 6 m in the estuariesguri
defined as a fluvial environment subject to dynamigpring tides (SOUZA- FILHO et al., 2003).
tidal action, without salt intrusion and which doest The wide, funnel-like shape of the Marajo
empty directly into the ocean, being part of a éarg Bay makes the substantial tidal incursion throughout
estuarine system, especially one dominated bihe system possible, although the fluvial discharge
macrotides (e.g. Marajé Bay Estuary/Para River) anghentioned maintain low to zero salinity in the Bay,
extending from the river mouth up to the Tidal limi depending on the season rainfall and resultingidluv
Zone inland. Conceptually, tidal rivers might bedischarge (BEZERRA et al., 2011).
considered as intermediate between typical maerotid As has already been mentioned, the climate
estuaries and tidal-dominated river deltas. Then the Amazon coast is determined mainly by sedsona
definition adopted here is strongly supported by thchanges in the position of the Inter-tropical
work of Emeka et al. (2010). Convergence Zone (ITCZ), which is situated in

Furthermore, the efforts summarized in theatitudes around 14° N during August and September,
present study focus on the interaction of rivenfend  migrating southwards as far as around 2° S, exactly
tidal propagation within a system where both fagtorover the Amazon region, during March and April
are intense, going further than the pure searchafor (SOUZA-FILHO et al., 2009). Thus the region
conceptual definition or classification of tidabeis. A experiences heavy rainfall in the first months foé t
similar study has been conducted by Kosuth et ajear, with 73% of the total annual fall occurring
(2009) on the Amazon River, also motivating thepetween January and April, while September, October
present investigation. and November are especially dry months (MORAES

The authors of this present paper support thet al, 2005). The annual regional rainfall is high, thus
classification of the Guama-Capim river system as gontributing to estuarine development, and variemf
tidal river, as it presents typical Amazonian2 300 to 2,800 mm (MORAES et al., 2005), the
characteristics, such as high fluvial dischargey lo rajniest month usually being March and the driest
relief, extensive dynamic tidal action and subs&nt October. However, inter-annual variations are
seasonality. considerable.

The aim of this study is, therefore, to Further, there are also important local spatial
highlight the hydrodynamic processes involved i@ thyariations in precipitation, whereby the area
tidal propagation along the Guama-Capim fluvialsurrounding the Maraj6 Bay may be classified as
system, based mainly on field measurements ofyithout a dry season”, since during the driest then
discharge, currents, water levels and basin hypsgme rainfall is still as intense as 100-150 mm (ANA12).
The main argument presented is that fluvial disgbar On the other hand, to the south and east of thejklar
is the key-factor to tidal bore formation in the Bay, where the sources of the Guama-Capim river
investigated system, whereas the low relief isnti®n  system are located, precipitation is of the orde2@®
factor determining the impressive landward tidaBo mm during the dry period, which might last asgo
incursion. Further, the results obtained are used fs 5 months. During the rainy months, precipitat®n

propose a discussion on estuarine classifications aof the order of 400-500 mm overall (MORAES et al.,
the relevance of fluvial discharge for estuarinezQs).

hydrodynamics.
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Fig. 1. Study area location and positions of theang stations (distances along the river course).

The database used in this study was built up Currents were also measured at the points
through field activities, in addition to incorpareg a referred to above with an Acoustic Doppler Current
variety of time series data on water levels, deptid  Profiler (ADCP - Teledyne RDI™) model Workhorse
currents from the AHIMOR (Eastern Amazonian1200 kHz during complete tidal cycles. The ADCP
Waterways Administration), data from the tide gaugewas mounted on a boat, undertaking cross-sectional
of the DHN (Brazilian Navy's Hydrography and profiles continuously. Due to the entire cross-isect
Navigation Directory) and the hydrometric statiais measurements, along/cross-stream component analysis
ANA (Brazilian Water National Agency). The rainfall was dispensable and cross-sectional averages of
and fluvial discharge time series used here wereurrent velocities were obtained directly.
obtained for the Guama (km 232 / point 9 — Bom The ADCP settings used mostly follow the
Jardim Station) and Capim (km 258 / point 13 -default configuration and are suitable to the ctons
Badajos Station) rivers (Fig. 1), beyond tidal iefigce  in the areas measured. They include a mean sampling
(ANA, 2011). frequency of 1.5 sec. (deltatime) and a bin siz8.25

Further, the measurements carried out as pam. Most cross-sections were covered in 1 to 5 msut
of this study include variation of water level @)d with the exception of the measurements made at the
currents and discharge in different periods and aystem's mouth, which took up to 15 minutes. The
different locations along the river channels. unmeasured top and bottom parts of the velocity

As regards the measurements taken in 201profile were estimated using the power method with
(June and September), water level variation wathe default value of 1/6 for power. On the othemdha
monitored initially (in June) using a centimeter-the near-shore unmeasured velocities and discharge
graduated scale on the Guama River at points 4a (kwere estimated on the basis of a triangular shageaa
108), 5 (km 161), 7 (km 208) and 8 (km 229), whereacoefficient of 0.35 for decay, based on the last
later (in September) pressure sensors developed bpsemble measured and the equipment-shore distance,
Solar Instrumentacd® model SL2000 were installed which was measured using a digital laser distance
at 4a (km 108), 5 (km 161), and 6 (km 194), asneter DLE-70 (Bosch).
presented in Figure 1. In all cases water leveleewe Similarly, during the years 2008 and 2009
measured every 10 seconds and averaged/recordedr seasonal measuring campaigns (October/08,
every 5 minutes for a minimum period of 13 hoursJanuary, April and July/09) for currents and disgba
Further, at each point measured water levels wergere undertaken at the Guama river mouth (point 2),
referred to the local mean water level. to evaluate the effects of fluvial discharge vaoias in

an essentially tidal sector of the system.
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Therefore, the water level and current data It may be observed that at points 09 (Fig. 3)
sets used here cover diverse periods (rainy to dignd 13 (Fig. 2) the general rainfall pattern isisim
season, neap to spring tidal cycles) from the yeatbere being is a clear distinction between theyrain
1998, 1999, 2008, 2009 and 2010, as summarized g@ason, in the first half of the year, and thesdgson,
the table below (Table 1). in the second half of the year. However, the rainy

season at point 13/Badajos Station (Capim River) lasts
Table 1. Temporal and spatial coverage of the datal in  from December to May, whereas at point 09/Bom

this paper. Jardim Station (Guama River) it includes the period
PERIOD KIND OF MEASUREMENT from January to May: On the othe.r hand, the dry
AND LOCATION season can be considered as lasting from July to

1998 (Dec) — 1999 water levels: river mouth to km  October for the Capim, and August to November for

(May and July) 183 upstream, on both Guama  the Guama River, despite the existence of transition
and Capim Rivers periods.

2008 (Oct) — 2009 discharge and currents at Guaméa Besides, during the rainy season monthly

(Jan, Aprand Jul) River mouth mean precipitation is around 400 mm in the Capim

2010 (Jun and Sep) discharge, currents and water  piyer area and 300 mm for the Guama River area.
levels on Guamé and Capim

During the dry season these values are about 30 and
50 mm for the Capim and Guama Rivers, respectively.
Furthermore, rainfall results show very high

. . values for April-May/2009, which could be related t
using the equipment software WINRIVER I, the effects of the La Nifia event in the region.

considering mainly cross-sectionally averaged curre ccording to Marengo et al. (2011), El Nifio and La

velocities and discharges. Further, data were alj%iﬁa events mav often have serious environmental
analyzed and correlated using a convention y .
consequences for the whole Amazon region. In fact,

electronic worksheet, on which the different dats s the rainfall at the Badajés Station (Capim River)
were represented graphically and correlated. attained around 650 mm in May/2009 and 570 mm in

River basin limits, courses and thalweg . . . P
elevations were established based on satellite eiEnag'A‘p”VZOOQ.at Bom Jardim Statlon (Guama.Rlver).
Figures 2 and 3 illustrate the daily-averaged

(Landsat 5TM and ALOS PALSAR, with 10 m and 15, . . ) h
fluvial discharge in non-tidal sectors over 20 gear

m resolution) and SRTM (Shutie Radar Topograph howing substantial seasonality (Figs 2B and 3B),

Mission) data, including approx. 90 m of spatiatli dn . ; . )
m of vertical resolution (JARVIS et al., 2008).TheseW'th a clear difference between the .h'gh dlschar_ge
eriod (March — June) and the low discharge period

data was also used to develop a Digital Elevatio temb D b includi t itional
Model (DEM), used then to carry out the hypsometric( eptemper — December), including transitiona

analysis. The DEM was built up using the softwar .eriods. As expected,. the fluyial djscharge i.s giy)s
Surfe® v.9.3, where the interpolation method use inked to the seasonality of rainfall in the regiiigs

was triangulation with linear interpolation, inclod Aand 3?' id ¢ int | iati
200 m of grid spacing. The relationship of area and _besides, - greal —interannual - varation,
r%cludlng shifts of the rainy season, duration and

elevation of each basin analyzed was graphed éntensity variations, can also be observed.

hypsometric curves, enabling geomorphologicab : .
comparisons to be made between the basins, edpeci ever.the'less,.both discharge and rainfall §hovxearcl
uantitative difference over the year, registerthg

based on the classic work of Strahler (1952), wherg. . . .
further details about the method are to be found. %lghest dllscharges QUrlng May, as a reflectionhef t
heavy rains in the first months of the year, reaghi

their peak mainly during the months of March and
ResuLts April.

Rivers

The ACDP data were initially analyzed

It can be observed that during the wet season
the discharge maximum of the Capim River varies

As mentioned, points 13 (Capim River) andfrom 700 to 1,700 fits, whereas in the dry season it is
09 (Guama River), correspond to hydrometric stationsetween 200 and 400%s. The discharge maximum
of the ANA (2011), where precipitation and fluvial of the Guama River during the wet season reaches 250
discharge are monitored. The results corresporiding to 600 ni/s. During the dry season the discharge is
the years of interest are presented in Figuresd23an around 20 to 50 f¥s. The total fluvial discharge of the
respectively. Although the dataset considere€apim River is, therefore, up to 3 times greater than
represents 20 years of daily recordings, there atbat of the Guama. In the dry season the Capim River
several gaps in the time series. Nevertheless, onilysually accounts for 9/10 of the total fluvial discge
consistence-checked data were considered. of the system.

Seasonality and fluvial discharge
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Tidal Damping and Distortion expected, tidal range decreases with increasingr riv
discharge (Capim River, Figure 06A). On the Guama
River, the measurements indicate that the atteruatio
Figure 4 illustrates the propagation of theof the upstream tidal range is gentler than on the
tidal wave along the Guama-Capim river system undeTapim River, at least during low-discharge periods
spring and neap conditions during high discharge- (A (Fig. 6B).
B), mean (moderate) discharge (C — D) and low However, these measurements correspond to
discharge periods (E — F). a spring tide situation, under equinoctial effeatsl
In general, it can be observed that both tidalith low fluvial discharge. Thus, tidal range
range and upstream tide incursion decrease withttenuation can be assumed to be minimal. Even
increasing fluvial discharge. At km 183 (point 12),hypersynchronicity might occur under these condgijo
tidal range reaches values of around 0.9 m dudng | since the tide could be amplified between the mouth
discharge periods, whereas tidal variation was neind km 108 (point 4), for which, unfortunately, réne
detected during high-discharge periods and a vaniat are no data available. Indeed, the tidal rangerobde
of only a few centimeters was observed under meawvas virtually the same at km 57 as at km 108, under
discharge conditions. mean-discharge conditions {1dul 1999, Figure 6A).
The measurements indicate that the tidal According to the simultaneous water level
incursion could reach up to 200 km inland duringdo measurements at different points along the channel,
discharge periods, and even during high-dischargg@e tidal wave requires about 9 h to move from
periods a tidal variation of around 0.7 m was detc Guajara Bay up to km 183 on the Capim River in the
at 161 km from the river mouth. There, the tidalga low-discharge period (Fig. 7A). In the high-disajear
attains values of around 3.2 m during spring tidegseriod the advance of the tide is very similahaligh
where fluvial discharge seems to have little infloe.  tidal variation was detected only up to km 161 ipoi
During neap tides the range was around 2.3 m durirg). On the Guama River, the tidal wave requires abou
high-discharge and 2.7 m during low-discharges.5 h to move upstream from Guajara Bay to km 194,
periods. Furthermore, it could be observed that in the low-
Measurements during spring equinoctialdischarge period and under equinoctial influence th
tides on the Guama River and during low-dischargéide advances faster in the uppermost portion ef th
periods (Fig. 5) show a similar pattern, as descib tidal river, where fluvial discharge is very sigoint
for the Capim River (Fig. 4). Under this extremeto the circulation.
condition, tidal range was around 3.8 m at therrive Concerning the water level and flow
mouth and the tidal incursion certainly advancesemo measurements taken at km 108 — Capim River (point
than 200 km upstream, where a tidal range of ardund4p — Figure 8) and the Guama River (point 4a — Eigur
m was measured at km 194 (point 6). 9) confluence, the patterns of current velocity,
It could also be observed that at all thedischarge and water level variation did not differ
measuring points the ebb-to-flood transition occursubstantially between the mean- and low-discharge
very quickly, unlike the inverse process, where theeriods.
flood-to-ebb transition occurs gradually. The tidal As expected, there was a significant increase
wave also becomes progressively more asymmetricil the relative flood discharge and current velpcit
upstream on both the Capim (Fig. 4) and Guama riveguring the low-discharge period. In this case,flbed
(Fig. 5). velocity maximum is about 18 % higher than the ebb
As regards the Capim River at spring tide,current velocity maximum on the Capim River (point
generally the tidal range decreases around 0.5emyev 4p). During the mean-discharge period, the flood
50 km, and the ebb phase becomes about 1.17 hrlong@rrent velocity maximum was around 9 % higher
than the flood along the same stretch of the Bverthan at the ebb. On the Guamé River (point 4a) these
course. A maximum phase duration difference ofiifferences were even bigger, as the flood velocity
around 5 h is observed at km 161 (point 5), incigdi maximum was 30 % higher than the ebb current
variations in neap tidal cycles and also when hiaid  velocity maximum. During the mean-discharge period
low-discharges are compared (Fig. 4). the flood current velocity maximum was around 16 %
It may be observed in Figure 4 that on thenhigher than at the ebb.
Capim (A) as well as the Guama River (B) the tidal Since the measurements were taken during
range decreases gradually upstream. However, iherethe conjunction of the low-discharge period and
a substantially greater decrease from km 108 (phint equinoctial effects, the tidal range was about 33 %
onwards. higher in this situation. Thus, current velocitigsre
Figure 6 summarizes the tidal rangeproportionally higher.
variation presented in Figures 4 and 5, for the @api
(Fig. 6A) and Guama rivers (Fig. 6B). As is to be
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If instantaneous values are comparedgeological effects at point 5 (km 161 — city of Sao
discharges on the Capim River are continuously two thliguel do Guama) are attributed to bedrock outcrops
three times greater than on the Guama River. Duringhich seem to lead to a substantially greater mean
the ebb the discharge maximum is about 4,000 tdepth and a consequent reduction in velocity (F&.
5,000 m3/s on the Capim River, whereas on the Guama Nevertheless, the results presented in Figure
River it was always below 2,000 m3/s. 10A were taken under mean-discharge conditions and

Comparing the measurements carried out ahe measurements presented in Figure 10B were taken
points 5 (km 161) and 6 (km 194) along the Guamaduring the low-discharge period and under equiabcti
River, the maintenance of the asymmetric pattern dffluence. Thus, the higher current velocities,
the tide, including a significant reduction of theespecially during the flood, observed in Figure 10B
discharge magnitude from km 161 to km 194, can bgm 194), in relation to those in Figure 10A (kmll6
observed. However, the current velocities seennat kare also the result of the more intense tidal isionr
194 are greater. For instance, the topographicainrto the system during low-discharge periods.
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Seasonal Hydrodynamics at the Tidal River Mouth significance of the fluvial discharge, as compated

the tidal flow (Fig. 11). The results show that albu

To better evaluate the seasonal variations dgfstantaneous velocities (cross-sectionally avetage
tidal propagation in the Guama-Capim tidal rivercurrent velocities) and discharges are observeihglur
system, measurements were also taken in fouhe flood. As a consequence of fluvial input, total
different situations at the river mouth (point @uring  discharge volume is higher during the ebb. Table 2
spring tides. summarizes the maximum current velocity and

In this sector the hydrodynamic seasonaliischarge data observed during the ebb and flood
variation is small, as a consequence of the reducgfhases for each seasonal period.



Period / Tidal

Phase

October/2008

January/2009

April/2009

July/2009

Maximum current velocities were slightly 11B) flow discharge and velocities are substantially
higher during the ebb only in July/2009, as aigher during the flood, as tidal asymmetry suggest
consequence of very high discharges observed durittpwever,
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Table 2. Maximum current velocities and dischameSuama River mouth.

FLOOD
Max. Curr. Velocity (m/s)

1.156 20,000

1.200 19,000
1.265 22,000

1.169 20,500

June-July of that year (Figs 2 and 3). For all obp=g

hours for the flood.

During periods of

Max. discharge %)

439

EBB
Max. Curr. Velocity (m/s) Max. discharge
(m¥s)
1.105 15,000
1.110 16,000
1.252 18,500
1.181 17,000

during the

high-discharge
(April/l2009 — Figure 11C and July/2009 — Figure
situations the ebb phase lasted longer than ttoel flo 11D), the differences in maximum velocities almost
with mean durations of 7.2 hours for the ebb arid 5.vanish, although there is still a greater maximum
discharge during the flood. Furthermore, maximum
low discharge (e.g. velocities and discharges were observed duringl Apri

October/2008 — Figure 11A and January/2009 — Figur@and minimum ones in October, as expected.

period
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Drainage Basin Hypsometry Capim basin is significant, since the usual limit &
basin to be classified as mature (in equilibriumpi4
Due to the relevance of the basin (channel}]STRAHLER, 1952).
elevation for the upstream tidal propagation anthef
catchment area for the fluvial discharge, hypsoimetr

analysis of the study area was performed (Fig. 12). DiscussioN ANDCONCLUSIONS
If the two parts of the drainage basin are
considered separately, it can be observed that the The spatial and temporal discharge

gr?glirt]; (Ij?rlgfnraiqse %r;);Edistgfoslr?:jefsmlﬁr;?nfés(g%afB)variations observed are coherent with the diffeesnc
that of the Guama River (Fig. 12D). The entire gyste registered in precipitation pattems and geomitey

size and elevation) of the two sub-basins investija
pres_ents a catqhment area of around 48,000akmi a These differences were important for the tidal
maximal elevation of around 400 m.

Evaluating the fluvial thalweg one can propagation along the Guama-Capim system.

. During its propagation upstream, the tidal
?hb:'ixgrtr;g;ﬁﬁ)g ci‘e(tzlzcérscr%r?ﬁetlhse a]:lrreStIcz)\(l)vo a'fq“émffrlatwave can be greatly modified by the friction betavee
Furthermore, after 210 km from the system mouth ththe bed and the current and the funneling effect

G 4 Ri b levated than the C YER, 1995). If the frictional effects prevail, the
uama River becomes more elevated than the Capyy,, range and currents will be continuously reztlic
River (Fig. 12B).

As for mean altitudes, the values obtainedas they progress upstream and the estuary (or tidal

8 ) river) is then classified as hyposynchronic.
on the basis of the DEM undertaken, were: 95 m for Conversely, if there is a landward increment

';hetre]:ntge sys,temda(r;d 59 k')n gnd 123 m, respectlvele the tidal range (and currents) along the tidkadrr
orthe iamla an ﬂ?p"; ?sj'ns'lt.t de in t f(funneling effect), before the final attenuationecio
nalyzing the basin's atitude In 1erms ofg, ;o) discharge and elevation, then the systemhtni
hypsometric integral (area-elevation correlaticig be called hypersynchronous. If the tidal range dugs
values of 0.3 for the system as a whole, and 189 fchange significantly along the low and middle sexto

thbet _Cagln_wrhand 0'41| for trt1e f(?#a”t:z ba3|tn etrgf the estuary, the system is considered synchsgnou
obtained. The general aspect of the two parts @ rhlthough this situation seems to be rare in nature

basin is, therefore, quite similar (Fig. 12C). .
Nevertheless, the slightly higher value of the(NICHOLS’ BIGGS, 1985).

hypsometric integral of the Guama basin than of the
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When the tidal ranges measured along thehase. However, flood current velocities were not
Guama-Capim tidal river are compared, it may be seesubstantially higher and this is to be attributedhe
that hyposynchronic conditions were observed i botfluvial discharge effect.
the dry and wet seasons. However, the distance A flood-dominant response is typical of
between measuring stations is, in some cases, almdypersyncronous estuaries, where the tidal range is
50 km. Hypersynchronic conditions might, thus, accularge compared with the water depth (DYER, 1995).
without being detected. Despite a tidal range of more than 3 m at the river

Results from the Amazon River (KOSUTH, mouth, the channel is deep, up to 20 meters at the
et al., 2009) as well as from other estuarine syste mouth with the mean depth oscillating between 5 and
along the north coast of Brazil (KJERFVE;8 m along most of the tide-affected sector. Thies th
FERREIRA, 1993; SANTOS et al., 2005) also showsystem can be considered deep (FRIEDRICHS;
hyposynchronic conditions in systems with tidaldsor AUBREY, 1988) and a hypersynchronic response is
and substantial fluvial inflow. For those systerithw not to be expected, although the system is likelpe
large catchment areas and consequently large fluvilood-dominant.
inflow this seems to be the main cause of frictaoml As an exacerbation of this asymmetrical tide,
reduction of tidal range. Even for the tide didtont field observations and reports of the local comrtyuni
the fluvial discharge might be more significantrtha attest that the tidal bore phenomenon occurs in the
the narrowing of the channel (funneling effect). Inarea, especially on the Capim River from km 108
estuarine systems with small fluvial dischargestion  (point 4b) to the km 161 (point 10), where the wate
of the bed accounts for the upward reduction ialtid level can rise by up to 3 m in few minutes.
range. Furthermore, the tidal bore phenomenon

Furthermore, in the system analyzed there®ccurs in the area only during the conjunctionhsf t
are significant variations depending on tidal rangédigh-discharge period (river flood) and equinoctial
(spring-neap variation; equinox-solstice effectsd a tides (e.g. March - April), although in this siticet the
fluvial discharge. Under low- and mean-dischargattenuation of the tide is even more marked. Under
situations,  synchronicity, or even smooththese conditions, the tidal bore occurs as a bmgaki
hypersynchronicity, seems to occur on the Capinvave, but the occurrence of an undulating tidakhsr
River (Fig. 6A). The results presented in Figurdsba also expected during periods of extreme tidal range
suggest the possibility of a hypersynchronic patfer  (equinox) and low fluvial discharge (e.g. September
low-discharge periods. At the same time, under lovDctober).
fluvial discharge conditions and equinoctial effect To evaluate the propagation of the tide and
(e.g. in September), the Guama River seems toireséhe formation of the tidal bore in the area, it is
a synchronic circulation pattern. necessary to consider both attenuation and distorti

Besides the attenuation, a significantsimultaneously. The tidal attenuation, in termgiadl
distortion of the tidal wave is observed along theange reduction, and the tidal distortion, in terofis
system. Considering a spring tide during the highthe asymmetry expressed by the difference in the
discharge period on the Capim River (km 138), theluration of the ebb-flood phases, were, therefore,
ebb phase was more than 5 h longer than the floammpared (Fig. 13).
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It can be observed in Figure 13A that theduring the dry season, the discharge of the Capim
reduction in tidal range occurs at a more interade r River is around 10 times greater than that of the
on the Capim than on the Guama branch during thBuama River, thus, the tide incursion on the Guama
low-discharge period. On the other hand, thé&River might be intensified even during the low-
measurements were taken in two different periaas: idischarge period, but the distortion is reducedtatad
December 1998 on the Capim branch and ibores would not occur.

September 2010 on the Guama branch. However, both Kjerfve and Ferreira (1993) identified the
correspond to the dry season/low discharge sitnatiooccurrence of a tidal bore on the Mearim River
and the data presented in Figures 2 and 3 havenshofMaranhdo State, Amazonian region) and considered
that the years compared, 1998 and 2010, were similthe asymmetrical tide pattern, similar to the one
regarding precipitation and discharge pattern. Thdescribed here, as responsible for the phenomenon.
observed tidal range at the river mouth was only 6% he authors have observed tidal bore formationnduri
higher in September 2010 (2.58 m), than in Decembehe low-discharge period, but have perceived ttsat i
1998 (2.43 m). Therefore, the differences obseimed formation is more intense during the high-discharge
the tidal attenuation and distortion within thermaes period. On the other hand, in that system the flimgpe
are assumed to be the result of the generalffectis strong.

geomorphologic and hydrologic differences between Fluvial discharge seems, therefore, to be
the two branches/sub-basins. more important for tidal asymmetry and tidal bore

As expected, Figure 13B shows that theformation than the funneling effect on the Guama-
upstream tidal range reduction is more significan€Capim system. Although there is almost no increase i
during the high-discharge period on the Capim branclidal range along the channel, tidal bore occurs.
However, the tide becomes rapidly and intensively Beyond the so-called funneling effect, of
more asymmetrical upstream in this situationsecondary relevance for the tidal propagation atbeg
Therefore, in that situation the distortion of tige is  sector evaluated, the local geomorphology is inguart
greater than its attenuation. This might be caused especially in terms of the topography and hypsoynetr
intense and successive cross-sectional area reductof the basins.
upstream (funneling effect) or even by the fludiaiv As has already been demonstrated, the
against the incoming tide. drainage system is mostly of low relief, with few

As the reduction of the cross-sectional are@levated areas surrounding the main river sources.
is virtually the same during low- and high-discterg This general configuration seems to be the maitofac
periods, the fluvial flow appears as a decisivadiac responsible for the substantial landward incursién
for the increase of asymmetry and the occurrence dffie tide in the Guama-Capim river system.
the tidal bore. Indeed, at points 4 (km 108) andkhd The results indicate that under low-discharge
138) on the Capim branch the tidal bore is observecbnditions the spring tide reaches up to 220 km
during March-April (high discharge) at spring upstream on the Capim River, and around 200 km on
equinoctial tides. the Guama River. In the high-discharge period the

On the other hand, there are noreduction is of around 20%, but even so tidal rangfe
measurements or reports of the local communitaround 1 m are registered 160 km from the river
showing or making reference to the occurrence ef thmouth on the Capim River. Thus the present results
tidal bore during the spring equinoctial tides ofextend the tidal influence about 50 km upstreantesi
September/October when fluvial discharge is low.  previous studies have mentioned a tidal limit of

There were no available data on tidal rangaround 161 km (point 5580 Miguel do Guamaéity)
and phase duration for the Guaméa branch under higtom the mouth (GREGORIO; MENDES, 2009).
discharges, but the results presented in Figure 13A Besides, the geometry of the river channels
suggest that the distortion on the Capim river bindac (e.g. substantial and spatially-limited increase of
substantially higher than on the Guama river branch sinuosity) suggests that the tidal influence readye
the distal portion of the tidal river, at the satmae to 230 km for the Guama and 250 km for the Capim
that the attenuation is greater on the Capim. ThiRiver, where both rivers present the same Ilow
pattern seems to be more evident during the higlelevation.
discharge period, since the tide distortion on the Furthermore, at the same time that the tidal
Capim branch is greatly intensified then. river as a whole constitutes a fluvial-tidal trdivsi

As presented in Figure 13A, during springzone (DALRYMPLE; CHOY 2007); there is rather a
equinoctial tides tidal bore formation would betidal limit zone than an absolute limit for tidal
possible during the low-discharge (dry) period ba t incursion. This is typical of the Amazonian regias,
Guama river branch, since the tide advances mare thwell as of other regions with marked seasonality,
100 km upstream without significant attenuationwhere the river flow varies significantly throughou
Again, fluvial discharge seems to play a major ede the year, since spatial tidal action is strongly
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conditioned by river discharge, as already desdribeon the Daly estuary, mainly due to the impoundifg o
by Kosuth et al. (2009) for the Amazon River. the estuary by shoals (WOLANSKI et al., 2006). This
The lesser reach of the tide on the Guaméould also be the case of the Guama River.
than on the Capim River, despite the much larger The slightly higher value of the hypsometric
fluvial discharge of the latter, could be explain®d integral of the Guama basin as compared to thtteof
their basin hypsometry. Capim basin might also indicate that the former is
From km 210 upwards, the Guama River isyounger and has less space to accommodate thg risin
higher than the Capim. Furthermore, at km 161 (poirttde. However, the relevance of hypsometric
5) there is a substantial bedrock outcrop on then@@u differences as between the Capim and Guama river
River bed, blocking almost the entire cross-sectioth basins, in relation to the differences in the dffet
resulting in a marked reduction of the local crossfluvial discharges on tidal propagation calls for
sectional area, thus substantially hindering the@rofound investigation.
upstream advance of the tide. This effect would als Figures 14 and 15 summarize the results
explain the substantial reduction in the asymmetryegarding tidal propagation along the Guama and
along the Guama branch from this point upwards. Aapim Rivers, based on the scheme proposed by
similar effect is described by Wolanski et al. (8p6n  Dalrymple and Choi (2007), taking tidal distortiand
the Daly estuary in Australia. The authors quoteattenuation/amplification in macrotidal estuariesoi
report tidal bore formation only during the dry sea consideration.
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Fig. 14. (A) Schematic representation of the tidafion along the fluvial channel, showing the wdgeel variation and
opposed the forces of river and tidal currents; dawsrd-directed (river and/or ebb) currents; Fahard-directed (flood)
currents; CR=Currents Reversals. (B) Hydrodynammngitudinal variation of tidal and river currenisreg the Guama River.
(C) Clipping of the study area (Guama river branalith emphasis on locations of measurements and tidal #one.

(Modified from Dalrymple and Choi 2007).
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Fig. 15. (A) Schematic representation of the tidafion along the fluvial channel, showing the wdgeel variation and
opposed the forces of river and tidal currents; dawsrd-directed (river and/or ebb) currents; Fahard-directed (flood)
currents; CR=Currents Reversals. (B) Hydrodynammgitudinal variation of tidal and river currenterag the Capim River.
(C) Clipping of the study area (Capim river branelith emphasis on locations of measurements aatiliidit zone. (Modified

from Dalrymple and Choi, 2007).

In general, the physical aspects of the systerthe ‘brackish’ concept, highlighting the Latin drigof
configuration and tidal propagation do not diffesrh  the word ‘estuary’ as meaning essentially tide. SThu
those of typical macrotidal estuaries, thus justfy tide incursion would be the main characteristicted
the use of Dalrymple and Choi's system (2007).,It igo the definition of an estuary, instead of saftugion
however, important to underline that the Guamaand dilution, as considered in hydrographic (sglini
Capim river system is better classified as a tidairr based) classifications.

Bokuniewicz (1995) has emphasized the The very open definition of estuaries
difficulties involved in the attempt to reconcile proposed by Kjerfve (1989) was considered the most
hydrographic  (salinity-based) classifications ofsuitable one by Tagliapietra et al. (2009): ‘An
estuaries with schemes based on geomorphologicastuarine system is a coastal indentation thatahas
and sedimentological features. The distinction of aestricted connection to the ocean and remains apen
tidal river type of environment has emerged withinleast intermittently’ (KJERFVE, 1989).
this context (WELLS, 1995). In the light of that definition, all tidal rivers

Tagliapietra et al. (2009) have conducted artould be included as estuarine systems, but thétses
extensive review of terms relating to estuaries andresented here have also demonstrated the need of
summarized the discussion regarding definitions isuch a category of estuarine systems as tidalstiver
terms of two main concepts: the ‘tidal concept'seer  with their own particular characteristics.
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