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Coupling pattern of estuarine and surf zone longshore
currents at tidal frequencies: Case study of S. E. coast

of Nigeria

Effiom E. Antia

Abstract

Within the coastal flow-field system, the hydrodynamic coupling between the tidal channel and surf zone is among the
most important, implicated in shoreline morphodynamics, river mouth bar dynamics, and the recreational quality of
nearshore waters. The nature of the coupling has seldom been empirically evaluated at tidal frequencies spanning
lunar cycles. This investigation is directed at filling this gap in information based on 50-day successive tidal cycle flow
monitoring in an estuary—surf zone setting, S. E. coast of Nigeria. Results show a reversing flow pattern at all monitoring
stations at tidal frequencies. The estuary indicated ebb-asymmetric tidal cycle residual flow velocities which at spring
tide (30-38 cm/s range) act as an expanding jet relative to the flanking surf zone residual longshore current counterparts
(typically < 5 cm/s). The western and eastern flanking surf zones showed westward- and eastward-asymmetric tidal
cycle residual flows, respectively with coastwise decreasing asymmetry reflecting the weakening impact of the estuary
outflow. Coupling of surf zone — estuarine residual flow vectors indicated a higher frequency of threshold coefficient
(r = 0.7) at ebb than at flood stage. The observed pattern of strong estuarine residual outflow velocities and modally
divergent weak surf zone flows is a favourable condition for the estuary mouth bar development. However, the
eastward-skewed bar configuration fits more to the effect of eastward-directed momentum flux associated with water
mass transport of the obliquely-shoaling southwesterly waves given that breaking wave-generated longshore currents in
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the western surf zone display a westward-asymmetry over a tidal cycle.
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1. Introduction

Interests in flow interactions in the vicinity of tidal
inlets and estuaries derive primarily from the practical
importance of navigational safety, defining pathway of dis-
persion of estuary-emanating effluents in the near- and
off-shore waters, and modeling sediment transport pro-
cesses driving the development, morphodynamics, and
configuration of depositional sand bodies associated with
the tidal channels. Moreover, the nature of the hydro-
dynamic coupling impacts on the contiguous shoreline
erosion-accretion patterns leading to the development of
shoreline offsets as commonly observed on coasts with
shore-projecting engineering structures.

While investigations on the configuration and geome-
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try of these sand bodies have provided initial insights into
their major processes and possible interactions in a qual-
itative and semi-quantitative sense (Todd, 1968; Oertel,
1975; Hayes, 1980; Davis and Fox, 1981; FritzGerald, 1984;
Sha and van den Berg, 1993; Guillou and Chapalain, 2012),
knowledge of the flow field seaward of the tidal channels
is mainly theoretical and model-based (Joshi, 1982; Ozsoy
and Unluata, 1982; Chao, 1990; Rusu et al,, 2011; Dodet et
al,, 2013; Olabarrieta et al.,, 2014; Zainescu et al., 2021).

A review report by Anthony (2015) noted a dearth of
field-based investigations on the interactive processes at
river mouths. It was opined that the interacting processes
play crucial roles in the growth and stability of their associ-
ated mouth bars, which subsequently become a modulator
of the wave and longshore current pattern. In essence, the
coupling between a tidal channel and nearshore flows has
not been fully espoused in the literature from an empirical
time-series perspective. The foundation for unraveling the
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pattern of the coupling is monitoring at tidal frequencies in
settings characterized by reversing flow directions, which
is the focus of this study.

2. Study area and methods

This investigation was conducted on the western (Itak
Abasi) and eastern (Ibeno) beaches adjoining the Qua Iboe
River estuary, located on the southeastern coast of Nige-
ria (Figure 1). Monitoring stations W1 and E1 are re-
ferred to as western and eastern estuary-proximal stations
while W2 and E2 are estuary-distal counterparts. The estu-
ary monitoring station (Q) is within 100 m of the estuary
mouth. The coastal setting has a coastal plain physiog-
raphy, and is typically composed of fine-grained sands.
This coastal segment has a moderate wave energy climate
(1-1.5 m and 8-12 s modal wave height and period) with
prevailing waves being southwesterly.

Tides are semi-diurnal, mesotidal and show a well-
marked fortnightly lunar cycle pattern (Figure 2) based on
field monitoring at station Q. Flow monitoring was based
on the Lagrangian drogue-type technique as described by
Hughes (2002). The drogue object in this study was a 7-8
cm diameter Nypa palm fruit placed about 10-20 m from
the estuarine shoreline; travel time and direction were
tracked over a 10 m distance. In the surf zones, the Nypa
palm fruits were placed at a seaward distance of about
10 m from the shoreline and the time duration and direc-
tion of drift over a 10 m marked distance on the beach
were noted. An average of three observations was usually
recorded for all measurements which were simultaneously
conducted at all the five established stations (Figure 1) for
50 successive day-light complete tidal cycles at half-hourly
intervals between January 30 and March 20, 2012.

3. Results

3.1 Estuarine flow pattern

The tidal cycle variation in flow velocities in the Qua Iboe
River estuary is exemplified for successive neap and spring
tides in Figure 3a-b. The southward-directed ebb flows
during spring tide attained peak velocities of 100-150
cm/s range, while the northward flood flow velocities were
typically < 100 cm/s. At neap tide, ebb and flood flow
velocities were mostly < 50-75 cm/s. The tidal cycle di-
rectional net averaged (residual) flow velocity pattern in
the estuary over the study period given in Figure 4 was
predominantly southward or ebb-asymmetric. A tendency
towards flood-asymmetry was observed during neap tide
(February 2, February 16, March 2 and March 16). Maxi-
mum residual velocities coincided with spring tides (Febru-
ary 9, February 22 and March 9).

3.2 Surf zone flow pattern
The tidal cycle variation in longshore flow in the western
and eastern surf zones at the neap tide and succeeding
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spring tide is presented in Figure 5a-b for the same south-
westerly wave regime. The flow was reversing at both tidal
phases, with the western surf zones (estuary-proximal and
distal) indicating eastward flow direction during the flood-
ing stage and westward during the ebbing stage. The east-
ern surf zone showed an inverse direction pattern of the
western surf zone during the tidal stages, i.e. westward
flow direction at the flooding stage and eastward flow di-
rection at the ebbing stage. The longshore flow velocities
in the eastern surf zones were typically < 20 cm/s at both
tidal stages while the western surf zone longshore flow
velocities were in the 20-40 cm/s range. While the spring
tide results in Figure 6a followed the inverse longshore
flow direction pattern given in Figure 5, the neap tide re-
sults (Figure 6b) showed the flow directions in both the
western and eastern surf zones to be synchronous.

The tidal cycle residual flow patterns for the western
and eastern surf zones in Figure 7a-d show the residual
flow direction to be reversing, with velocities predomi-
nantly < 5 cm/s. Itis observed that at the western proximal
and distal surf zones (Figure 7a-b), the residual longshore
flow is westward-asymmetric but with an eastward asym-
metry tendency around neap tides. The eastern surf zone
showed a pronounced eastward-asymmetric residual flow
velocity at the estuary-proximal surf zone
(Figure 7c), and a strongly bimodal pattern at the distal
surf zone (Figure 7d).

3.3 Estuarine — surf zone flow directional coupling
The scatter plots of the estuarine and surf zone residual
longshore flow vectors for 50 tidal cycles are shown in
Figure 8a-d. For the western estuary-proximal and distal
surf zones (Figure 8a-b), the coupling of the westward
surf zone and southward residual flow vectors (W-S) is
most pronounced. The eastern estuary-proximal surf zone
(Figure 8c) shows the dominance of eastward surf zone
and southward residual flow vectors (E-S) coupling, while
the distal counterpart shows a bimodal occurrence of W-S
and E-S residual flow coupling.

A comparison of residual flow directional coupling for
the estuary-proximal western and eastern surf zones given
in Figure 9a suggests surf zone flow divergence to be as-
sociated with southward-directed residual estuarine out-
flow. On the eastern surf zone of Ibeno Beach, eastward
surf zone residual flow coupling with residual southward
estuarine outflow constitutes 74% of the data set, while
the western surf zone counterpart of Itak Abasi Beach has
70% westward surfzone flow coupling with the southward
residual estuarine outflow. The occurrence of the W-S cou-
pling is relatively consistent in the estuary-distal western
surf zone (68%), whereas the eastern counterpart shows
a marked decrease in the E-S coupling to 52%. Quite un-
like the estuarine outflow, the estuarine inflow (northward
directed) showed a < 10% coupled relationship with the
surf zone flow directions.
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Figure 1. Study location showing Qua Iboe River estuary and the western (Itak Abasi) and eastern (Ibeno) shoreline
monitoring stations (Q, W1, W2, E1 and E2) (Google Earth 2013).
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Figure 2. Variation in tidal amplitude of Qua Iboe River estuary during the study period.
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Figure 3. Tidal cycle variation in flow velocities of Qua Iboe River estuary at spring and neap tides of a) February 2 and

8,2012,b) March 16 and 9, 2012. Vertical discontinuous lines mark low water (0 hr) and high water (+ 6 hr).
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Figure 4. Variation in tidal cycle-averaged net flow velocities of Qua Iboe River estuary (January 30-March 20, 2012).
Vertical discontinuous lines mark neap tides.
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Figure 5. Tidal cycle variation in longshore residual flow velocities in western and eastern estuary-proximal and -distal
surf zones of Itak Abasi and Ibeno Beach at a) neap tide (February 1) and b) spring tide (February 8, 2012). Vertical
discontinuous lines mark transition between tidal stages.
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Figure 6. Tidal cycle variation in longshore residual flow velocities in western and eastern estuary- proximal and

distal surf zones of Itak Abasi and Ibeno Beach at a) spring tide (March 9). and b) neap tide (March 16, 2012). Vertical
discontinuous lines mark transition between tidal stages.
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Figure 7. Variation in tidal cycle-averaged residual flow velocities of a) western Itak Abasi Beach proximal surf zone
(January 30-March 20, 2012), b) western Itak Abasi Beach distal surf zone (January 30-March 20, 2012), c) eastern Ibeno
Beach proximal surf zone (February 1-March 20, 2012), d) eastern Ibeno Beach distal surf zone (January 31-March 20,
2012). Vertical discontinuous lines mark neap tides.
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Figure 8. Scatter plot of tidal cycle residual flow vectors (January 31-March 20, 2012) for a) Qua Iboe River estuary and
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Figure 9. Histogram of frequency of directional coupling of a) estuary and western Itak Abasi Beach and eastern Ibeno
Beach proximal surf zone flow, b) estuary and western Itak Abasi Beach and eastern Ibeno Beach distal surf zone flow
for the study period (E - East; W - West; S - South; N - North).
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Figure 10. Correlation of ebb-tidal stage flow velocity vectors of a) Qua Iboe River estuary and proximal western (Itak
Abasi) and eastern (Ibeno) surf zones, b) Qua Iboe River estuary and distal western (Itak Abasi) and eastern (Ibeno) surf

zones for the study period.
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Figure 11. Pattern of western and eastern surf zone longshore flow at a) ebb stage of estuarine outflow and b) flood
stage of estuarine inflow. MWL is surf zone mean water level; WL is instantaneous wave-driven water level; E and 6W
are eastward- and westward-facing wave breaker angles.



Coupling pattern of estuarine and surf zone longshore currents at tidal frequencies ...

The strength of coupling between the estuarine flow
and the proximal surf zone flows as statistically evaluated
from their measured flow vectors over 50 tidal cycles is
presented for ebb and flood stages in Figure 10a-b. Also
evident is that in the western surf zone, the flow vectors
showed a predominantly positive correlation with the estu-
arine counterpart, while the eastern counterpart showed
a predominantly negative correlation, implying that the
direction of longshore flow in both surf zones is a mirror
image of each other. The positive correlation coefficient
values indicate that the estuarine outflow (negative sign)
correlates with the westward (negative sign) longshore
flow, while the negative correlation coefficient indicates
that estuarine outflow (negative sign) correlates with the
eastward (positive sign) longshore flow. During the ebb
stage, the longshore and estuarine flow had a threshold
correlation coefficient r > 0.7 in 50% of the data on the
estuary-proximal western surf zone as against 64% for the
eastern surf zone counterpart. The corresponding values
at their respective distal surf zones were 48% and 66%.

During the flood stage of northward estuarine inflow
(positive sign), proximal surf zone - estuarine flow cou-
pling (Figure 10b) indicated a similar pattern to that of
the ebb stage but a lower frequency of data exceeding
the threshold correlation coefficient. The western surf
zone with eastward longshore flow had 36% of data above
threshold correlation coefficient as against 56% at the east-
ern surf zone where the longshore flow was westward, im-
plying convergence of surf zone longshore flows towards
the estuary mouth. The corresponding values at the distal
surf zones were 38% and 50%, respectively.

4. Discussion

The results presented earlier show that flow in both the
estuary and the adjoining surf zones reverses within tidal
frequencies. Of particular interest is the origin of the cou-
pling pattern between the estuarine and surf zone flows.

4.1 Tidal stage flow pattern

This ebbing stage was marked by southward (ocean-ward)
residual flow from the Qua Iboe River estuary. Flow during
this tidal stage at the western surf zone (Itak Abasi Beach)
had 70% of the residual velocity data directed westward at
the proximal surf zone and 68% at the distal counterpart.
This means that over a tidal cycle, the averaged westward
longshore flow was mostly swifter than the eastward coun-
terpart. By contrast, 74% eastward residual longshore
flow on the eastern proximal surf zone (Ibeno Beach) will
imply that the averaged westward flow was less swift. This
frequency decreased to 60% at the distal surf zone.

The fact that longshore flow in the surf zone reverses
in direction within tidal frequencies under the same wave
regime suggests that their mechanisms of generation vary
with the tidal stage. In the case of the western surf zone,
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longshore flow at the ebb stage results from a westward-
directed shore-parallel pressure gradient (Figure 11a) de-
veloped when the estuarine outflow is trapped in the surf
zone by the water mass associated with the southwesterly
shoaling waves (Antia, 2024). This is attested to by the
lower intensity of westward residual longshore currents
at neap tide than at spring tide (February 8, February 22
and March 9) in Figure 7a-b, largely because the southerly
residual estuarine flows are also much swifter at spring
than neap tide (Figure 4).

However, the expectation that during flood stage the
southwesterly waves will propagate to breaker point and
generate eastward longshore currents was shown to be in-
consistent with the predominantly westward-facing breaker
angle (Antia, 2024). A more likely mechanism compati-
ble with the westward-facing breaker angle is eastward-
directed shore-parallel pressure gradient developed when
the estuarine inflow drags a segment of the wave crest
within its strongest influence resulting in differential in
water elevation in the surfzone (Figure 11b). The pressure
gradient at flood stage will in most cases be milder than
that of the ebb stage counterpart. Consequently the tidal
cycle longshore flow residual on the western surf zone will
be mostly westward.

On the eastern surf zone, where the ebb-stage long-
shore current is eastward, Antia (2024) showed that this
current direction was inconsistent with the westward-facing
breaker angle. Consequently, it was postulated that refrac-
tion of southwesterly waves by mouth bar morphology
(and possibly the estuarine outflow) to southeasterly on
the eastern shoreface enhanced the trapping of the es-
tuarine outflow, thereby creating an eastward-directed
pressure gradient driving the longshore flow as shown
in Figure 11a. However, at an ebb stage, the westward
longshore flow may result from at least two mechanisms.
The first is the estuary mouth bar refraction of southwest-
erly waves to southeasterly in which case the momentum
flux of the breaking waves is westward-directed. Due to
the predominantly eastward-facing breaker angle at this
tidal stage reported by Antia (2024), this mechanism is not
primary. The second mechanism as detailed by the latter
and represented in Figure 11b requires the development
of westward-directed pressure gradient which is a conse-
quence of differential drag of the segment of the shoaling
southwesterly within the strongest influence of the estuar-
ine inflow. This segment creates a lower water level than
the portion of crest experiencing less drag. This mech-
anism is compatible with the reported eastward-facing
breaker angle.

The tidal cycle residual longshore flow eastward in the
eastern surf zone indicates that the pressure gradient at
ebb stage is stronger than at flood stage. Finally, unlike the
southward residual flow, the northward (upstream-ward)
residual flow in the estuary rarely occurred (Figure 4) and
thus this directional coupling with surf zone longshore
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residual flows is represented in < 10% of the data set.

4.2 Strength of estuarine—surf zone hydrodynamic cou-
pling and implications

From the results in Figure 10 and based on the correlation
coefficient threshold of r > 0.7, the estuarine flow mod-
ulates more the longshore flow in the eastern surf zone
than the western counterpart. This is evident from the
higher frequency of the former having a contrast relative
to the latter of 14% at ebb and 20% at flood tidal stages in
the proximal surf zones. The distal surf zone also showed
a contrast ranging from 18% at an ebb stage to 12% at
a flood stage. This result will have implications for the
relative dispersal and concentration of estuary-emanating
pollutants across both surf zones. In particular, the reten-
tion of estuarine-emanating effluents will be higher in the
eastern than western surf zone.

The surf zone - estuarine coupling of residual flow ve-
locities in Figure 9 is more pronounced for the estuarine
outflow than inflow, such that surf zone flows are typically
divergent during estuarine outflow. This tidal cycle resid-
ual flow pattern will play a significant role over a long time
in the development and stability of the estuarine mouth
bar, which currently extends close to 1.7 km from the shore-
line (Figure 1), compared to about 800 m in 2007 imagery.
This river mouth bar progradation translates to an annual
(2007-2013) average of 150 m.

Given that the surf zone width in the study area seldom
extend beyond 100 m from the shoreline, the eastward-
skew of the mouth bar configuration is unlikely to be wholly
the result of the breaking wave-generated eastward cur-
rents in the western surf zone. Moreover, the tidal cycle
residual flow is westward and relatively weak (< 5 cm/s).
Consequently, a plausible cause for the eastward asymme-
try of the estuarine mouth bar is the effect of the eastward-
directed momentum flux associated with water mass trans-
port of the obliquely-shoaling southwesterly waves on the
western shoreface.

5. Conclusions

The pattern of estuarine - surf zone hydrodynamic cou-
pling was examined in a field setting marked by reversing
flow directions at tidal frequencies. Results show that
the estuarine residual outflow acts as an expanding jet
such that surf zone residual longshore flows have 60-70%
westward-asymmetry on the western surf zone (Itak Abasi
Beach) flanking the Qua Iboe River estuary as against
54-78% eastward-asymmetry on the eastern flanking surf
zone of Ibeno Beach. The lower frequencies occurring at
the distal surf zone monitoring stations suggests dimin-
ishing influence of the estuarine jet. The observed pat-
tern of surf zone flow is inconsistent with the predicted
eastward-directed longshore current given the predomi-
nantly southwesterly breaking waves in the surf zone. The
divergent surf zone longshore flow during the estuarine
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outflow stage is amenable to explanation by interaction of
the southwesterly waves with both the estuarine outflow
as well as the estuary mouth bar morphology.

Statistical analysis shows surf zone - estuarine flow
vector correlation coefficient r > 0.7 in 50% of the west-
ern surf zone data and 64% on the eastern counterpart at
ebb stage, as against 36% and 56% respectively at flood
stage. This indicates that estuarine outflow is a more ef-
fective modulator of surf zone flow pattern than the flood
currents. The pattern of strong estuarine residual outflow
velocities and modally divergent weak surf zone flow coun-
terparts is considered a favourable condition for estuary
mouth bar development and stability in the study area.
Given the weak and westward residual longshore flow in
the western surf zone, the eastward-asymmetric configu-
ration of the estuary mouth bar is more likely a response to
processes beyond the < 100m-wide surf zone of breaking
waves. Such a process is related to the interaction between
the highly dissipated momentum flux of the estuarine jet
in the offshore region and the stronger eastward-directed
momentum flux associated with water mass transport of
the obliquely-shoaling southwesterly waves on the west-
ern shoreface.
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