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ABSTRACT

Less, D.F.S.; Ward, N.D.; Richey, J.E., and Da Cunha, A.C., 2021. Seasonal and daily variation of hydrodynamic
conditions in the Amazon River Mouth: Influence of discharge and tide on flow velocity. Journal of Coastal Research,
37(6), 1181-1192. Coconut Creek (Florida), ISSN 0749-0208.

Hydrodynamics characteristics control various biogeochemical processes related to the phenomena of transport of
particulate materials, biogeochemical components, and greenhouse emissions; however, the hydrodynamic conditions in
the North Channel of the Amazon River Mouth is relatively little understood. The seasonal and tidal variability of
hydrodynamic characteristics in the North Channel of the Amazon River Mouth were investigated using an acoustic
measurement technique. The measurements of discharge (), water velocity (U), and water level (k) were performed
during a semidiurnal tidal cycle in a 12 km wide transect during four hydrological seasons. The hydrodynamics are
mainly controlled by the river discharge, being directly related to the rain pattern with a well-defined time lapse for the
Amazon Basin. The amplitude of the tides, the mean discharge, and the velocity of the natural flow presented during
high discharge season were 3 m, 12,423 m® s™! and 1.18 m s, respectively. The analyses of tidal effects showed a phase
opposition between the water level, river discharge, and water velocity; the water velocity was ~42% higher during the
ebb tide with a duration ~1 hour and 30 minutes longer than the flood phase. The U and & are inversely proportional (R =
—-0.72, p < 0.01); significant variations in velocity throughout the tidal cycle are associated with the highest values
observed at ebb tide, when the velocity and level of the water are significantly influenced by both diurnal and seasonal
components. Thus, the results can contribute to the evaluations of more detailed potential interactions of the advective
processes, such as mixing and dilution of passive agents of the natural flow, which are very poorly recorded in the
existing literature.

ADDITIONAL INDEX WORDS: Hydrodynamics, river-tide interactions, estuaries, Acoustic Doppler Current Profiler.

INTRODUCTION

Estuaries are transitional areas between oceans and inland
waters where hydrodynamic processes are controlled by
oceanic tidal waves and fluvial discharges (McLusky and
Elliott, 2004; Zhang et al., 2018). In addition, these hydrody-
namic processes control the flow of sediments, nutrients,
biogeochemical components, and the emission of gases, which
are transferred from soil and rivers to the atmosphere, coastal
area (e.g., mangroves, estuaries, deltas) and the ocean (Ward et
al., 2017, 2020). These processes are mainly influenced by the
weather, especially rainfall, which results in significant
variability in river discharge (Freitas et al., 2017; Santos et
al., 2018).

Interactions between land, river, and ocean and the
variability of water hydrodynamic conditions play an impor-
tant role in the transfer, exchange, and dispersion of sediments
transported by rivers. These interactions impact estuarine
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deposits, coastal deposits, erosion, and accumulation areas (Ji,
Pan, and Chen, 2020). In this way, the upstream water flows
are significant modulators of the environmental characteristics
of estuaries due to the contribution and transport of particulate
and dissolved compounds (Garel and D’alimonte, 2017; Haslet,
2009; Montagna, Palmer, and Pollack, 2013).

In coastal ecosystems, ideal hydrodynamic conditions and
the large supply of allochthonous and autochthonous organic
matter transported by rivers enable the intense processing of
these compounds, modifying their structure and concentration.
Many studies describe estuaries as heterotrophic systems that
filter terrestrial materials, with the majority classified as a
source of carbon dioxide (CO3) to the atmosphere. For these
reasons, estuaries are characterized as important components
of the global and regional carbon cycle (Abril et al., 2000; Borges
and Abril, 2011; Cai et al., 1999; Frankignoulle et al., 1998;
Valerio et al., 2021).

Under natural conditions, tidal rivers usually exhibit
temporal variability of their hydrodynamic conditions, includ-
ing tidal fluctuations and seasonal variations of discharge
(Kosuth et al., 2009; Matte, Secretan, and Morin, 2014). The
seasonal variability of discharge is a key component of
hydrodynamic patterns in river systems, and daily variability
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is equally important in tidal systems (Abreu et al., 2020; Cunha
et al., 2021). During the past two decades, the scientific
community has recognized the importance of the lower reaches
of rivers and the coastal zone to the global carbon cycle (Borges,
2005; Cai, 2011; Sawakuchi et al., 2017; Wollast, 1998).
However, the role of estuaries and their influence on
hydrodynamic conditions remains uncertain. This uncertainty
can be attributed to geographic size and complexity; geomor-
phology; high spatial and temporal heterogeneity; variable
hydrological conditions; and the tide, wave, and wind features
of estuaries dominated by the river or ocean (Borges, 2005;
Chen et al., 2013).

Another important aspect is the insufficient quantity of
information related to tropical estuaries, especially the lower
reaches of major tropical rivers such as the Amazon and Congo
Rivers, compared with that of temperate and boreal estuaries
(Cotovicz et al., 2016; Richey et al., 2021). There are few studies
related to hydrodynamic conditions in the lower Amazon River
(Gabioux, Vinzon, and Paiva, 2005; Kosuth et al., 2009;
Rosario, Bezerra, and Vinzén, 2009). Considering the global
importance of the Amazon River, investigations related to the
drivers and influencing factors of its hydrodynamic behavior
are necessary to understand biogeochemical cycles and climate
change scenarios (Abreu et al., 2020). In addition, that
information is essential to allow future calibration of numerical
models (Abreu et al., 2020; Cunha et al., 2021).

The Amazon River is the largest river system in the world; it
discharges ~16%—20% of the world’s fresh water to the ocean,
emitting 25% of COq from inland waters to the atmosphere and
transporting approximately 1.2 X 10° tons of suspended
sediments per year. Thus, its plume extends up to 1.39 x 10°
km? into the Atlantic Ocean (Chong et al., 2016; Raymond et al.,
2013; Richey et al., 2002; Valerio et al., 2021).

Tidal effects can be observed along the lower Amazon River
up to 1000 km from the mouth of the river, with a more
significant influence observed at the Almeirim station located
500 km upstream of the mouth (Kosuth et al., 2009; Ward et al.,
2015). This occurs because the oceanic tidal waves propagate
along estuaries and up the lower reaches of rivers when
gradients are low. Thus, the Amazon River presents a very low
gradient along its lower 1200 km, with 11.5 mm km™ between
Ponta do Céu and Santarém (Kosuth et al., 2009).

At the mouth, the river flow reverses and is completely
influenced by the semidiurnal tidal cycle, increasing the
residence time of the water and the vertical mixing. This
promotes the daily connectivity between coastal water bodies
(primarily lakes) and enhances the exchange of energy and
materials between the soil, river, atmosphere, and Atlantic
Ocean (Cunha and Sternberg, 2018; Freitas et al., 2017; Kosuth
et al., 2009).

Considering this scenario, the present study aims to fill a
relevant scientific gap about the seasonal variability of
hydrodynamics in a representative stretch of the lower Amazon
River, the North Channel of the Amazon River Mouth, by
describing for the first time the seasonal patterns of tide-river
dynamics and the possible influence of an intense seasonal
cycle of rainfall. An Acoustic Doppler Current Profiler (ADCP)
was used in this investigation to capture rapid discharge
measurements, and it continuously monitored the variations in

discharge during the tidal cycle (Guyot, Filizola, and Guimar-
des, 1998; Kosuth et al., 2009).

These data can support ecological studies such as the
quantification of nutrient flux, greenhouse emissions, sedi-
mentation processes, oxygen balance, mineralization, and
primary production. Sanitation issues such as self-depuration,
residence time, and dilution capacity may be addressed as well
(Abreu et al., 2020; Braunschweig et al., 2003; Cunha et al.,
2021; Gagne-Maynard et al., 2017; Sawakuchi et al., 2017,
Valerio et al., 2018; Ward et al., 2016).

This study investigated the hypothesis that the hydrody-
namic behavior of the lower reaches of the Amazon River,
particularly water velocity, is strongly influenced by seasonal
and daily variation of river discharge and tidal amplitude. It is
hypothesized that the highest water velocities would be
observed during the ebb tide in the deepest zones of the
channel due to, in part, the decreased influence of bed friction.
In this way, it is expected that velocity has an inversely
proportional relationship with river depth.

METHODS
The influence of seasonal and diurnal tidal cycles on the
hydrodynamic conditions (discharge, water velocity, and water
level) of the North Channel, mouth of the Amazon River, was
analyzed based on measurements performed during the four
hydrological seasons (rising, high, falling, and low water)
between 2014 and 2016.

Study Area

Four field campaigns were conducted between 2014 and 2016
in a section of the North Channel (00°04'841” S, 50°59'624” W)
of the Amazon River Mouth (Figure 1). Approximately 30% of
the discharge of the Amazon River flows through the North
Channel (Ward et al., 2017). This stretch is influenced by meso-
tides that drive a variation of about ~2.8 m in the water column
amplitude with a reversal of river flow. This flow reversal does
not result in any changes in salinity or seawater influence due
to the high freshwater discharge (Sawakuchi et al., 2017). At a
location 150 km downstream of Macap4, the channel width
continues to increase and is distributed between large islands
until it disconnects from the mainland and the riparian zone
(Cai, 2011; Cunha and Sternberg, 2018; Ward et al., 2015). The
water mass that flows into the ocean still retains its freshwater
characteristics on the surface approximately 60 km from the
mouth (Molinas et al., 2014; Valerio et al., 2018).

Near the mouth of the Amazon River, the water flow reverses
(flood and ebb). This increases the connectivity of the main
channel with large, flooded areas, lakes, and adjacent channels
(Cunha and Stenberg, 2018; Santos et al., 2018) in addition to
significant tributaries (Eom, Seo, and Ryu, 2017; Sawakuchi et
al., 2017). When mixed, the waters show the intense interac-
tion capacity between runoff and water quality (Santos et al.,
2018).

Locally, the primary characteristics of the astronomical tide
can usually be synthesized according to its periodic, predict-
able, and regular water-level oscillation. This magnitude is
variable in level over periods of 12 hours (semidiurnal).
Frequent tidal fluctuations caused by the flood and ebb phases
are associated with tidal currents, with variable lagging
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Figure 1. Study area and location of transects in the North Channel near the mouth of the Amazon River and the city of Macapa.

upstream and downstream depending on local conditions
(Alfredini and Arasaki, 2009).

The mean water level at the river mouth gauging station
Punta do Céu (0°45'54.37” N, 50°7'7.33” W) does not vary
throughout the year (~0.04 m). This reflects the lack of
influence of the Amazon River hydrological regime on the
mean water level at Punta do Céu, which is related to the local
mean sea level (Kosuth et al., 2009). The semidiurnal tidal
amplitude (difference between high tide and low tide water
levels for a given tidal cycle) varies from 1.9 m to 4.5 m, with an
average amplitude of 3.3 m. High amplitudes occur during the
new moon or full moon phases (spring tidal or syzygy tidal),
with maximum values in September—October and March—April
(Abreu et al., 2020; Kosuth et al., 2009).

The climate of the study area is classified as tropical monsoon
(category Am), according to the Koppen classification (Képpen,
2020); it is a tropical rainy monsoon climate, with a short period
of rainfall of less than 60 mm per month (usually from
September to November). The average monthly air tempera-
ture is 26.0 = 0.4°C, with maximum and minimum values
between 31.5 = 0.7°C and 22.0 + 0.3°C, respectively (Costa et
al., 2013).

The annual average rainfall and wind speed in the study area
according to the last Climatological Normal (1981-2010) is
2450 mm and 3 m s, respectively (National Institute of
Meteorology — INMET, 2020).

For the Lower Amazon River, the hydrological seasons are
classified as rising water (from January to March), high water
(from April to June), falling water (from July to September),
and low water (from October to December) (Valerio et al., 2018).
The experimental campaigns occurred on 20 September 2014
(falling water), 25 February 2015 (rising water), 6 October 2015
(low water), and 26 May 2016 (high water) during complete
semidiurnal tidal cycles. These campaigns covered ebb (conti-

nental to ocean current), flood (reverse flow, ocean to
mainland), and transitional times (between both extremes).

Hydrodynamic Measurements

The discharge (@), depth (z), and water velocity (U) were
measured with an ADCP, (Sontek Riversurveyor M9) during
four field campaigns conducted between 2014 and 2016
according to the hydrological cycle. All measurements were
performed during neap tides due to field logistics and to remove
spring/neap variability as a confounding factor. For the lower
sector of the Amazon River, where the river width can reach 12
km, the ADCP technique provided a precise measure of the
river discharge in roughly 1 hour and monitored discharge
variations in a tidal cycle.

Cross-channel transects with a width of 12 km were
performed (approximately seven to eight times) using an
ADCP during a semidiurnal tidal cycle (8 to 13 hours). This
procedure is required to evaluate and quantify the flow reversal
and net discharge (difference between ebb and flood tide),
enabling the average river discharge and water velocity from
the section to be precisely calculated (Cunha et al., 2012;
Sawakuchi et al., 2017; Ward et al., 2016).

Velocity, depth, and discharge data were collected using
aboard the B/M Mirage vessel equipped with an ADCP.
Velocity profiles were obtained as ensembles averaged over 5
seconds in cells 0.5 m thick.

Water level (h) was obtained from the National Oceano-
graphic Data Bank belonging to the Brazilian Navy relative to
the Porto de Santana station (0°3'25.17” N; 51°10'50.7” W)
located at the North Channel near the city of Macapa.

For the accompanying seasonal data of local rainfall
(Macapa) and rainfall at the beginning of the Lower Amazon
River (Obidos) located 900 km from the sampling station,
monthly rainfall data (2014-16) were obtained from the
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Table 1. Net discharge (Q), water velocity (U), depth, and water level (mean * standard deviation) measured during four hydrological regimes in the

Northern Channel of the lower Amazon River between 2014 and 2016.

Date Season Discharge 107 x (m® s7) Water Velocity (m s™) Depth (m) Water Level (m)
25 February 2015 Rising 124.23 * 129.62 0.43 = 0.89 16.34 = 0.62 1.74 = 0.91
26 May 2016 High 100.61 = 143.06 0.53 = 0.68 18.29 = 0.92 1.79 = 1.00
20 September 2014 Falling 63.42 + 123.41 0.29 = 0.63 17.86 = 0.74 1.75 = 0.87
6 October 2015 Low 55.18 = 111.45 0.26 = 0.57 18.14 = 0.65 1.71 = 0.78

National Institute of Meteorology (National Institute of
Meteorology — INMET, 2021) from the Obidos historic
downstream gauging station (82178, 01°54’05” S, 55°31'07”
W) and Macapa (82098, 00°03'00” N, -51°04'00) meteorological
stations.

Statistical Analyses

All variables were analyzed using descriptive statistics, by
which the means and standard deviations were generated. In
addition, statistical analysis of hypotheses such as the Shapiro-
Wilk test (p < 0.05) was applied to test the normality of the
distribution of the variables. For hypothesis testing of the
significant differences among the hydrological seasons and
tidal phases, ebb and flood were applied to the Kruskal-Wallis
and Mann-Whitney nonparametric tests, respectively. Spear-
man correlation and linear regression models were used to
correlate the dependent (U) and independent variables (@ and
h). A confidence level of 95% (p < 0.05) was applied in the
statistical analyses, which were all performed with the R
software (R Project for Statistical Computing, 2021).

RESULTS
Discharge, water velocity, water level, depth, and rainfall
data collected in the field campaigns performed between 2014
and 2016 and database analyses were organized considering
seasonal and daily variation (tidal cycles).

Seasonal Variation of Hydrodynamic Parameters

The highest net discharge obtained between 2014 and 2016
was during the rising-water season (124,233 + 129,622 m®s™1),
followed by the high-water season (100,608 + 143,058 m? s,
The average discharges during the falling- and low-water
seasons were 63,423 + 123,413 m® s and 55,183 + 111,449 m®
s7%, respectively (Table 1, Figure 2a). No significant variation in
discharge occurred between hydrological periods (Kruskal-
Wallis, p > 0.05), likely due to the high variability imposed by
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Figure 2. (a) Seasonal variability of river discharge and (b) diurnal
variability of discharge in the North Channel of the Amazon River Mouth
between 2014 and 2016.

the tidal flow reversal. However, considering the tidal phases,
discharge reached 233,119 m® s' during the ebb phase,
indicating a significant diurnal variation (Mann-Whitney, p
< 0.01), Figure 2b).

The highest values of velocity were obtained during the high-
and rising-water seasons (0.53 + 0.68 m s~ and 0.43 + 0.89 m
s7%, respectively). The lowest value (0.26 + 0.57 m s™%) was
observed during the low-water season; during the falling water
season, the mean was 0.29 = 0.63 m s~ (Table 1, Figure 3a). No
significant variation in the water velocity occurred between
hydrological periods, but significant diurnal variation occurred
in the tidal phases (Kruskal-Wallis, p < 0.01), where the mean
water velocity in the ebb phase was 0.78 + 0.28 m s and was
—0.47 = 0.17 m s ' in the flood phase (Mann-Whitney, p < 0.01,
Figure 3b).

In the low-water season, the average water velocity was —0.38
+ 0.06 m s at flood tide and 0.64 = 0.28 m s™* at ebb tide
(Figure 4a,b). During the rising-water season, the average
velocity was —0.69 + 0.29 m s~* at flood phase and 0.99 = 0.20 m
s! at ebb phase (Figure 4c,d). The variation and flow reversals
were captured through the profile depicted in Figure 4a; water
velocity can substantially decrease regardless of depth (e.g., the
left margin in Figure 4a). At other time intervals, water velocity
tended to be higher at the deepest part of the channel. During
the low-water season, water velocity was higher near the right
margin during flood tide, whereas at ebb tide, U was higher near
the left margin. During rising-water season at flood tide, the
water velocity was higher near the left margin, whereas during
ebb tide, U was similar near both margins.

It is important to note that tidal amplitude fluctuations occur
that add to seasonal hydrological variations. The highest depth
value was obtained during the high-water season (18.29 + 0.92
m). The lowest mean value was obtained during the rising-
water season (16.34 = 0.62 m). During the falling- and low-
water seasons, the depths were 17.86 = 0.74 m and 18.14 =+
0.65 m, respectively (Table 1, Figure 5). The depth showed
significant differences between hydrological periods (Kruskal-
Wallis, p < 0.05). The longitudinal variations of depth show the
presence of three subchannels: Depth in the first subchannel
(from the left to the right side of the channel) reached ~28 m,
the central part of the channel had ~18 m, and the right side
reached 27 m.

The highest mean water level was obtained during the high-
water season (1.79 = 1.00 m). The lowest value was observed
during the low-water season (1.71 = 0.78 m). During the
falling- and rising-water seasons, the mean water levels were
1.75 = 0.87 m and 1.74 * 0.91, respectively (Table 1, Figure
6a). Tidal amplitude (Figure 6b) was higher during the high-
water season (2.97 m), and the lowest value (2.32 m) was
obtained during the low-water season. However, no significant
variation occurred in the mean water level between the
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Figure 3. (a) Seasonal variation in the water velocity and (b) tidal phase (ebb and flood) variation in the water velocity in the North Channel of the Amazon River
Mouth between 2014 and 2016.

hydrological periods (Kruskal-Wallis, p > 0.05). It is important The highest rainfall obtained between 2014 and 2016 at
to note that this nonsignificant variation corroborates the Obidos was during the high-water season (404 mm, April 2014,
hypothesis of the depth averages in Figure 4a—d; however, this Figures 7 and 8a) followed by rising-water season (381 mm,
is due to the relatively high depth scale of the Lower Amazon March 2016, Figures 7 and 8a). Following this pattern, rainfall
River along this reach. at Macapa was 584 and 554 mm during the same high- and
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Figure 5. Seasonal variability of the depth in the North Channel of the
Amazon River Mouth between 2014 and 2016.

rising-water seasons, respectively (Figures 7 and 8b). The
annual variability was more relevant at Obidos (Figure 8,
Table 2), where the accumulated rainfall was higher in 2014
(1812 mm) compared with 2016 (1530 mm) and 2015 (1465
mm). At Macapa, accumulated rainfall was 2529 mm in 2014,
2490 mm in 2016, and 2422 mm in 2015.

The average rainfall during high water season was 358 =
144 mm at Macapa; at Obidos the highest average was during
rising water (261 * 84 mm). The averages during falling- and
low-water seasons were 39 + 38 mm and 38 + 24 mm at Obidos
and 85 = 54 mm and 44 = 94 mm at Macapa, respectively
(Table 2, Figure 8a,b). Significant variation occurred in rainfall
between hydrological periods (Kruskal-Wallis, p < 0.01). That
is, the distance factor between Macapa and Obidos, with
approximately 900 km, is capable of causing significant
differences in the pattern of rainfall (mm) in the same region.

Hydrodynamic Variability during the Tidal Cycle
During the field campaign of September 2014 (falling water),
the discharge peak during ebb tide was 197,324 m® s™1. In the
flood phase, the highest value was —117,884 m® s (Figure 9a),
with significant variability during the tidal phases (Kruskal-
Wallis, p < 0.05). The water velocity U reached 0.99 m s~ at
ebb tide (197,324 m® s7!) and presented a strong and positive
relationship with @ (RZ=0.99, p < 0.05, Figure 9b). The water
level was high in the flood phase at 2.8 m, and during the ebb
phase, the minimum value was 0.63 m (Figure 9c). This
hydrodynamic (or hydraulic) pattern is quite regular and can
be extremely useful, for example, for the elaboration of key
curves. That is, elaborate curves that relate to U=aQ® and z =
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Figure 7. Monthly precipitation in Obidos and Macapa between 2014 and
2016 and the net discharge measured in the four hydrological periods in the
North Channel of the Amazon River Mouth.

cQ? and then the installation of a representative hydromete-
orological station for the stretch of the Lower Amazon River.

In the field campaign of February 2015 (rising water), the
discharge peak during ebb tide was 230,754 m® s~*. During the
flood phase, the highest value was —124,503 m® s (Figure
10a). The net discharge presented significant variability during
the tidal phases (Kruskal-Wallis, p < 0.05). The maximum
water velocity reached 1.19 m s™! at ebb tide (174,334 m® s™1)
(Figure 10a) and presented a significant relationship with @
(R%2=0.70, p < 0.05, Figure 10b). The water level was high in
the flood phase at 2.99 m, but during ebb phase, the lowest
value was 0.57 m (Figure 10c).

In October 2015 (low water), the discharge peak during ebb
tide was 189,052 m® s7!, and at the flood phase, the highest
value was —104,954 m® s™'. The net discharge presented
significant variability during the tidal phases (Kruskal-Wallis,
p < 0.05). The maximum water velocity reached 0.94 m s™* at
ebb tide (189,052 m? s (Figure 1la) and presented a
significant and positive relationship with discharge (R%Z =
0.98, p < 0.05, Figure 11b). Similar to the other seasons, the
water level was high in the flood phase at 2.85 m, and during
ebb phase, the minimum value was 0.65 m (Figure 11c).

In May 2016 (high water), the discharge peak during ebb tide
was 233.119 m® s At the flood tide, the highest value was —
103.636 m® s'. The net discharge presented significant
variability during the tidal phases (Kruskal-Wallis, p < 0.05).
The maximum water velocity reached 1.11 m s™* at ebb tide
(232,339 m® s71) (Figure 12a) and presented a strong positively

‘Water Level (m)
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0 2 4 6 8 0 12 14 16 18 20 2 24
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Figure 6. (a) Seasonal variability of the water level in the North Channel of the Amazon River Mouth between 2014 and 2016 (Porto de Santana station,
0°3'25.17” N; 51° 10'50.7” W). (b) Water level behavior during the tidal cycle during the four hydrological periods.
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relationship with discharge (R®=0.99, p < 0.05) (Figure 12b).
Following the pattern, water level was higher at the flood phase
at 3.16 m, which was the highest value observed during all
hydrological periods; however, during ebb phase, the minimum
value was 0.58 m (Figure 12c).

DISCUSSION

The highest water flow was obtained in the rising water
season (Table 1) in a measurement performed at the end of
February 2015, and the second highest discharge was mea-
sured during the high-water season in May 2016. Considering
that the Amazon River presents great regularity in the annual
rainfall regime (Figure 7), there are well-defined variations in
the flow rate and consequently in the velocity and depth of the
rivers during the four hydrological periods (Callede et al.,
2002). The seasonal variability of the location of the Intertrop-
ical Convergence Zone promotes an intense seasonal cycle of
rainfall in the Amazon Basin, specifically in the region of the
Amazon River main channel (Fisch, Marengo, and Nobre, 1998;
Marengo, 2009; Marengo and Espinoza, 2015; Marengo et al.,
2011; Wang and Fu, 2007).

Sea-surface temperature anomalies in the Pacific and
Atlantic oceans influence variations in volume and the
distribution of rainfall and discharge in the Amazon River
Basin (Garel and D’alimonte, 2017; Marengo, 2009; Marengo et
al., 2011; Schongart and Junk, 2007; Vale et al., 2016). Years
with decreased or increased rainfall due to the influence of El
Nifio or La Nifia can consequently result in decreased or
increased discharge in the river basin (Cunha and Sternberg,
2018; Vale et al., 2016).

As a consequence, the occurrence of a strong El Nifio event in
2015-16 (Jiménez-Munoz et al., 2016; Figure 7, Table 2) can
explain the decreased discharge observed in the high-water
season compared with that in the rising-water season, as well
as the lack of significant seasonal variability. El Nifio and La
Nina events are becoming more frequent, resulting in
increasingly common droughts and floods and causing changes
in the hydrological cycle that impact river flow and associated

Table 2. Seasonal and accumulated rainfall (year) at Macapda and Obidos

physical and biogeochemical processes (Cunha and Sternberg,
2018; Gloor et al., 2013; Vale et al., 2016).

In relation to the seasonal variations of discharge, it is
important to consider the existence of a time lag between the
period of highest rainfall and the increase in discharge in the
Amazon River. For the sectors located in the northern portion
of the basin near the mainstem, the months of highest rainfall
are March and April (Figure 7), and the months of maximum
discharge are June and July. Likewise, other variables were
related, such as water velocity (Figure 13) and water level. This
effect is determined by the water residence time in the soil and
the dynamics of the flooded areas (floodplains and igapds) and
canals (Abreu et al., 2020). Therefore, seasonal variations
during the complete hydrological cycle (rising, high, falling,
and low) between rivers in different regions of the Amazon
basin occur at different periods, with a ~3 month time lapse in
the flow of rivers that drain the southern (March—April) and
northern portion (peaks between June and July) of the basin
(Liebmann and Marengo, 2001).

The time lapse effects of the rain can also be observed when
comparing discharge measured in the North Channel by Ward
et al. (2018) in March 2016 (53,265 m® s™") and discharge
measured in the present study in May 2016 (100,608 m® s™).
This difference was likely influenced by the rainfall in
February, March, and April 2016 (Figure 7).

The average discharge at rising water was similar to
observed and predicted values obtained by Abreu et al.
(2020). The discharge during the low-water season was similar
to a measurement performed in November 2014 (61,539 m® s
by Ward et al. (2018).

As expected, the water velocity and water level increased in
the hydrological periods with higher discharge (Table 1, Figure
4c,d, Figure 6) and were also influenced by the rainfall pattern
(Figure 13). But, the tidal cycle U and the water level are
inversely proportional, presenting a negative relationship
(Spearman R = —0.72, p < 0.01, Table 3). As also expected,
the results showed a phase opposition between the water level
and river discharge (Spearman R =—-0.80, p < 0.01, Table 3),

between 2014 and 2016.

Seasonal Rainfall (mm)

Accumulated Rainfall (mm)

Station Rising High Falling Low 2014 2015 2016
Macapd 344 + 172 358 + 144 85 + 54 44 + 94 2529 2490 2422
Obidos 261 + 84 200 + 123 39 + 38 38 = 24 1812 1465 1530
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Figure 9. (a) Discharge and water velocity measured during the tidal cycle in the field campaign of September of 2014 (falling water) in the North Channel of the
Amazon River Mouth. (b) Relationship between U and @ (R?=0.59, p < 0.05). (¢) Discharge and water level measured during the tidal cycle.

which is similar to results observed in other sections of the
lower Amazon River (Kosuth et al., 2009).

The tidal amplitude reached ~3 m during the high-water
season, and the maximum difference in amplitude reached 0.65
m between the seasons. Compared with the spring tides that
occurred in the period, there was an increase of 10 cm to 2 cm in
water level, mainly at low-water season.

This result is similar to the experimental and predicted
results found by Abreu et al. (2020) and Abril et al. (2013). This
water-level oscillation indicates the storage and release of
water, which causes the river discharge to decrease and
increase, respectively. These results resemble a sine function
with a decreased duration for the flood tide and an increased
duration for the ebb tide, which can be related to the river flow
resistance that slows down during falling tides and releases
stored water after the flood tides. Thus, the water level does not
decrease as rapidly as the sea level, which, when added to the
duration of the tidal phases and their amplitude, demonstrates
the intense and predominant influence of river discharge on
specific hydrodynamic conditions, despite its relative proximity
(~150 km) to the ocean (Kosuth et al., 2009).

The amplifying function of river discharge can increase tidal
amplitudes, especially during the high-water season, as
observed in this and other studies (Table 1; Zhang et al.,
2018). Large tidal amplitudes can also be related to near-
bottom fluid mud layers, which have an important impact on

the tidal flow by reducing the energy loss and influencing the
water level (Gabioux, Vinzon, and Paiva, 2005).

Tidal rivers are characterized by oscillatory and nonsta-
tionary gradients of water velocity and level and are
controlled by interactions between river flow and tides
(Abreu et al., 2020; Cunha et al., 2021; Sassi and Hoitink,
2013). The storage and release of water controls the
variability in river discharge, water level, and water velocity.
The minimum or maximum discharge occurs at the maxi-
mum or minimum tidal level, respectively (Figures 9-12);
this variation is also corroborated by Kosuth et al. (2009).
This explains the higher water velocity observed during ebb
tide (~42%, Figure 3b, Figure 4b—d), considering that the @
and U are directly proportional, which is similar to findings
from other studies (Abreu et al., 2020; Quesada et al., 2019;
Wang, Sun, and Zhao, 2020).

These relationships between tide and water velocity (Spear-
man R = -0.72, p < 0.01) were observed for all of the field
campaigns (Figures 9—12). Velocity and net discharge were also
directly proportional in all hydrological measurements and
throughout the tidal cycle (Spearman R =0.91, p < 0.01, Table
3). The flow reversal period was shorter (~4 h, 45 min)
compared with the ebb period (~6 h, 15 min) and was similar to
that measured by Abreu et al. (2020), Cunha et al. (2021), and
Kosuth et al. (2009). As the water flow normalizes, the water
velocity increases (Figure 4).
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Figure 10. (a) Discharge and water velocity measured during the tidal cycle in the field campaign of February 2015 (rising water) in the North Channel of the
Amazon River Mouth. (b) Relationship between U and @ (RZ=0.30, p > 0.05). (c) Discharge and water level measured during the tidal cycle.
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In general, the highest values of U were observed in the ebb
tide in the deepest zones of the channel (Figure 4b,d), which
was possibly due to the geomorphology and decreased influence
of bed friction (Abreu et al., 2020; Quesada et al., 2019). The
variation in discharge and tidal amplitude in the Lower
Amazon River can have a strong influence on hydrodynamic
characteristics, especially the variation of water velocity, as
hypothesized (Quesada et al., 2019; Wang, Sun, and Zhao,
2020). In addition, it is important to note the strong influence of
extreme weather events, such as the El Nino periods that
occurred between 2015 and 2016 (extreme drought; Cunha and
Sternberg, 2018), which increased the influence of the Atlantic
Ocean and tides (Santos et al., 2018). The increased tidal
influence appeared to spread upstream of the estuary,
significantly disrupting the hydrological-hydrodynamic flow
pattern and its main physical parameters (@, U, and h).

The highest discharge values were related to maximum tidal
amplitude and water velocities, which reached ~ 3 m and 1.18
m s!, respectively. The variation in discharge amplifying
factors enhanced the tidal amplitude in the Lower Amazon
River region and had a strong influence on water velocity
dynamics, which, along with the tidal effects, led to a variation
in water velocity, as hypothesized. Thus, physical parameters
such as river discharge and variation in tidal amplitude in the
Amazon estuary appear to be the primary factors determining
the hydrological dynamics of the study area (Rosario, Bezerra,
and Vinzon, 2009).

CONCLUSIONS

As hypothesized, the results of this study demonstrate the
intense influence of seasonal and daily variation of river
discharge and tidal amplitude on variability of water velocity in
the North Channel near the mouth of the Amazon River. The
seasonal and daily influences are also directly related to the
seasonality of rainfall when the highest net discharge (124,233
m? s71) was obtained during rising water.

Water velocity reached a maximum of 0.94 m s™! in the
hydrological periods with the highest net discharge, when
water levels were at their highest. The tidal phase durations
demonstrated the intense and predominant influence of river
discharge on hydrodynamic characteristics. A significant
influence of climatic events that disturbed the hydrodynamic
flow pattern in this region (@, U, and k) was also observed. On
the other hand, the hydrodynamic resilience of the flow was
verified, even under the impact of a significant hydroclimatic
event (El Nino 2015-16, for example). It was possible to observe
some similarity between the hydrodynamic flow pattern during
hydrologically normal periods and those considered hydrolog-
ically under the influence of extreme climatic events.

Considering that hydrodynamics play a relevant role in the
physicochemical and biological processes along the Lower
Amazon River, this examination of the seasonal and diurnal
patterns of tidal river flows provides new insight about the
physical characteristics and dynamics of this complex tidal
river reach.
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Table 3. Spearman correlations between Q, U, h, and depth and
correspondent p values.

Q (m?s™) U@ms™ h (m) Depth (m)
Q (m®s™) [ p <0.01 p <0.01 p <0.05
U(@ms™) 0.91 - p <0.01 p <0.05
h (m) -0.80 -0.72 - p > 0.05%
Depth (m) -0.40 -0.37 0.13% -

*No significant correlation occurred between the variables.

Although this study presents campaign-based hydrodynamic
measurements, tropical systems in general lack continuous
hydrodynamic monitoring, which will vastly improve the
understanding of these critical aquatic systems. Long-term
monitoring stations would support the analysis of the influence
of hydrodynamics on biogeochemistry, sediment transport,
nutrient, and the carbon cycle in this important region in the
context of climate change, which campaign-based measure-
ments alone cannot address.
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