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[1] A two‐dimensional numerical model is used to study tidal hydrodynamics and
distribution of bed shear stresses in the Fly River delta, Papua New Guinea. The model
describes the propagation of the tidal wave within the delta and along the river. Model
results indicate that tidal discharge at the mouths of the distributary channels is between
10 and 30 times larger than the river discharge, and that the upstream part of the delta
is flood‐dominated, whereas near the mouth, the delta is ebb‐dominated. Numerical
simulations allow us to investigate the sensitivity of fluxes and bottom stresses with
respect to the variations of sea level and the area of delta islands. The results suggest that a
decrease in the total area of the delta occupied by islands increases the tidal prism and,
therefore, the bed shear stresses. Similarly, an increase in sea level reduces the dissipation
of the tidal signal and speeds up the propagation of the tidal wave within the delta, thus
yielding higher discharges and increased bed shear stresses.
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1. Introduction

[2] The Fly River is one of the major hydrographical
systems draining the island of New Guinea. It originates in
the tectonically active highlands of Papua New Guinea,
crosses an extensive alluvial, low‐gradient flood plain, and
then flows into the Gulf of Papua through funnel‐shaped
distributaries, which form a classical example of a tidally
dominated delta [Galloway, 1975; Syvitski and Saito, 2007].
Tidal deltas characterize the mouth of many large rivers,
often hosting major cities (e.g., Calcutta and Dhaka along
the Ganges/Brahamputra delta and the Yangon along the
Irrawaddy delta) and densely populated areas of great societal,
economical, and agricultural importance. Given its classical
configuration, the Fly delta has thus been the subject of a
number of investigations focusing on water and sediment
dynamics [Wolanski and Eagle, 1991;Wolanski et al., 1995a,
1995b, 1997;Harris et al., 2004], sedimentation patterns, and
stratigraphic records [Harris et al., 1993; Baker, 1999;
Dalrymple et. al., 2003]. More recently, the attention has also
been concentrated upon the lowland reaches of the Fly and its
main tributaries (i.e., the Strickland and the Ok Tedi) in order
to gain a better understanding of the response of large sand‐
bed rivers and adjacent floodplains to changes in sediment
supply, base level, and mean sea level [Dietrich et al., 1999;

Swanson et al., 2008; Aalto et al., 2008; Day et al., 2008;
Parker et al., 2008; Lauer et al., 2008].
[3] Despite the increasingly large body of knowledge

gathered on the Fly River system, little information is cur-
rently available on the detailed movements of tides in the
Fly delta and in the tidally influenced reach of the river
(approximately corresponding to the lower Fly). The aim of
this work is to gain a better understanding of tidally induced
hydrodynamics within both the delta and the lower Fly River
and to use the simulated flowfield to infer some information
on the possible morphodynamic tendencies of the system.
Tidally induced currents are analyzed by considering a high‐
resolution bathymetry of the delta and by solving the shal-
low water equations through a finite‐element model, suitably
modified to account for wetting and drying processes [Defina,
2000] and forced by typical tidal oscillations occurring at
the delta front (see also Fagherazzi and Overeem [2007] for
a discussion on numerical models for delta morphology).
[4] The morphodynamic tendencies of the system are

assessed by considering the spatial distribution of maximum
bed shear stress during spring tides that are responsible for
the sediment fluxes throughout the delta and, to a certain
extent, for the export of river‐supplied material to the pro
delta. A sensitivity analyses has been performed by observing
the following.
[5] 1. Changes in the total area of the delta affect the tidal

prism (i.e., the volume of water exchanged in a tidal cycle)
and the spatial distribution of maximum bed shear stress by
both modifying discharges and channel cross sections.
[6] 2. Variations in sea level also modify the distribution

of bed shear stress, both because of changes in water depth
and tidal propagation speed within the delta.
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[7] We thus investigate how progradation/retreat of delta
island banks and how changes (regression/transgression) in
mean sea level might affect erosive processes within the
system.
[8] The rest of the paper is organized as follows. Section 2

provides a detailed overview of the study site. In Section 3,
we describe the fundamentals of the mathematical model
used to investigate the hydrodynamics of the Fly River delta,
the external forcings used in the simulations, and the model
calibration. Section 4 discusses the model results, with par-
ticular emphasis on the spatial distribution of maximum bed
shear stresses throughout the delta, as well as on the vari-
ability of this distribution for different sea‐level elevations
and different scenarios of retreat/progradation of the delta
islands. In Section 5, we discuss how the system could respond
to variations in external forcing, considering both erosion‐
dominated and deposition‐dominated limiting conditions.
Finally, in Section 6m we draw some conclusions.

2. Study Area

[9] The Fly River is the second longest river, after the
Sepik River, of Papua New Guinea. It originates in the Star
Mountains, crosses the southeastern lowlands, and then flows
into the Gulf of Papua through a fan‐shaped tide‐dominated
delta that spans almost 100 km of coastline (Figure 1a). The
principal tributaries of the Fly River are the Ok Tedi and the
Strickland Rivers that flow into the Fly at the D’Albertis and
Everill Junctions, respectively, dividing the Fly River into
three regions: the upper, middle, and lower Fly (Figure 1a).
[10] The Fly River and its tributaries are tropical rivers

characterized by remarkably small variations in freshwater
discharge, even though significant discharge reductions have
been observed during exceptionally strong drought periods
associated with El Niño [Wolanski et al., 1997;Dietrich et al.,
1999]. The rivers usually tend to be in flood for as much
as 10 to 40% of the time [Pickup, 1984], the average annual
flow on the Fly being about 1900 m3/s below D’Albertis
Junction and 5250 m3/s at Everill Junction, with a contribu-
tion provided by the Strickland of about 3100 m3/s [Higgins,
1990; Dietrich et al., 1999]. The average freshwater dis-
charge at the delta is thus estimated to be about 6000 m3/s,
with typically ±25% seasonal variations [Wolanski et al.,
1997].
[11] Despite the relatively small area of the catchment

(75,000 km2), the Fly River is the 17th largest river in the
world in terms of sediment discharge [Galloway, 1975;
Milliman and Syvitski, 1992]. Sediment is mainly supplied
from the steep headwater regions (occupying about 30% of
the entire basin [Dietrich et al., 1999], where a high erosion
rate occurs (3–4 mm/yr according to Pickup [1984]) due to
the combination of high rainfall (>10 m/yr [Harris et al.,
1993]) and the presence of easily weathered volcanic, sed-
imentary, and weakly metamorphosed bedrocks. Before recent
anthropogenic modifications of the river watershed, the mean
annual sediment discharge at D’Albertis Junction was about
6.9 Mt/yr, while the mean annual load carried by the
Strickland at Everill Junction was roughly 70–80 Mt/yr
[Dietrich et al., 1999]. Mining at the headwaters of the
Ok Tedi, started in 1985, and of the Strickland, started in
1991, is estimated to have caused a 40% increase in the
sediment discharge [Eagle and Higgins, 1990; Wolanski

et al., 1995a]. Despite this high sediment load, the sedi-
ment concentration in the upper and middle Fly are relatively
low (100 mg/l on the Fly below the D’Albertis Junction and
770 mg/L on the Strickland just upstream of the Everill
Junction, according to Dietrich et al. [1999]). As a conse-
quence, long‐term sedimentation rates over the flanking
floodplain are relatively low [Dietrich et al., 1999;Day et al.,
2008; Swanson et al., 2008], and most of the suspended
load carried by the river (including fine sand) is conveyed to
the Fly delta, determining its progradation at a rate of about
6 m/yr [Dalrymple et al., 2003].
[12] The Fly delta is characterized by three distinct dis-

tributary channels, the far northern, the northern, and the
southern channels, departing from a common bifurcation
point located 110 km inland (i.e., at the delta apex). These
channels are 5–15 m deep and are bordered by numerous
elongated sand‐mud islands (Figure 1b), stabilized by man-
grove vegetation [Wolanski et al., 1995a]. The largest
island, Kiwai Island (Figure 1b), is approximately 60 km
long, 5–10 km wide, and hosts more than 10 villages with
several thousands of inhabitants [Lawrence, 1995]. The
northwestern part of the island is covered mostly by sago
swamp, whereas in the southern part, taller vegetation and
trees prevail, owing to the higher ground elevation. Purutu
Island (Figure 1b) is also characterized by high elevations,
with an old village located at the northeastern corner of the
island [Lawrence, 1995]. The other larger islands are mainly
supratidal, and their inner portions are characterized by
freshwater swamps and dry savannah. The small‐ andmedium‐
sized islands, on the other hand, are at lower elevations, with
swamps, mangroves, and nipa palms [Lawrence, 1995].
[13] Despite the increased sediment discharge induced

by mining activities, the comparison of bathymetries and
remotely sensed imagery [Baker, 1999;Wolanski et al., 1998]
indicates that, while islands are actively changing, under-
going rapid erosion and sedimentation processes, especially
near the delta apex, their overall area, as well as the area of
distributary channels, has not experienced major variations
in the last 50 years. It has thus been suggested that, at the
decadal time scale, the delta is in a dynamic equilibrium
with the tidal regime [Harris et al., 2004].
[14] The tidal regime is characterized by semidiurnal

tides, with a large diurnal inequality and spring‐neap vari-
ability. Peak‐to‐trough fluctuations at the mouth are up to
4–5 m during spring tides and about 1 m during neap tides
[Wolanski et al., 1997]. The flow in the distributary channels
is therefore controlled by tides, and the daily tidal flux
through the delta has been estimated to be about 18 times the
average freshwater fluvial discharge [Spencer, 1978]. Tidal
influence propagates upstream of the Everill Junction, about
400 km inland and, during low‐river stages, can possibly
reach Manda, 570 km upstream from the Gulf [Dietrich
et al., 1999].
[15] A significant downstream fining occurs along the Fly,

with sediment coarser than fine to very fine sand prevalently
deposited in the middle and lower reaches, where the river
flows along the low‐gradient part of the foreland basin
[Dietrich et al., 1999]. As a consequence, in the delta, the
bar deposits at the distributary mouths are composed by fine
sand, while the bottoms of the distributary channels usually
consist of fine to very fine sand overlaid by mud deposits
[Baker, 1999; Dalrymple et. al., 2003].
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[16] The mud deposits usually form after spring tides in
the zone of elevated suspended sediment concentrations
(turbidity maximum) extending from the distributary‐mouth
bar area to the delta apex [Wolanski et al., 1995a; Wolanski
and Gibbs, 1995]. Fluid‐mud bodies up to 1 m thick, with
concentration larger than 10 g/L, form in the deepest parts of
the distributary channels during slack‐water periods and are

dispersed to varying degrees when the tidal current accel-
erates [Wolanski and Eagle, 1991].
[17] Although suspended sediment concentration rarely

falls below 0.5 g/L [Wolanski et al., 1998; Dalrymple et al.,
2003], the bulk of sediment transport mainly occurs within a
few days of each month, during spring tides, when mean
values of the depth‐averaged concentration are in the range

Figure 1. Plan view of the Fly River, Papua New Guinea: (a) overall catchment and (b) tidal delta
(courtesy of NASA World Wind).
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of 1–4 g/L [Wolanski et al., 1995a, 1998]. Conversely, little
movement of fine sediment and no turbidity maximum
occur during neap tides, when the tidal range is typically
lower than 2 m [Wolanski et al., 1998].
[18] Sediment movement within the delta is essentially

controlled by tidal currents, with erosive and resuspension
processes prevailing during spring tides, while deposition is
enhanced around water slacks, especially during prolonged
periods of weak currents characterizing neap tides. The role
of waves is of limited importance, as suggested by the
scarcity throughout the delta of beaches located at mean
high water [Dalrymple et al., 2003]. Wave energy in the
Gulf of Papua is usually highest between May and October,
when the monsoons blow onshore, but the significant wave
height in the delta is not larger than 1.3 m [Thom and
Wright, 1983]. Shallow distributary‐mouth bars, in fact,
block all but short‐period waves, most of which are generated
locally [Dalrymple et al., 2003].
[19] Baroclinic circulations are negligibly small during

spring tides, when mixing enhanced by strong tidal fluxes
and by lateral shear due to the meandering of the thalweg
around the shoals and islands inhibits vertical and horizontal
stratification [Wolanski and Eagle, 1991; Wolanski et al.,
1995a, 1997]. However, estuarine circulation driven by
salinity gradients is favored only during neap tides when
suspended sediment tends to settle and sediment fluxes
are relatively small. Combined tide‐ and wave‐induced
resuspension, as well as barotropic return flow associated
with storm surges, are potentially important for explaining
the export of fine sediment from the distributary mouths,
across the delta front, to the pro delta [Harris et al., 2004].
Finally, Coriolis‐induced circulations are negligibly small,
since the Fly River delta is situated close to the equator.

3. Numerical Model

3.1. Governing Equations

[20] We use a two‐dimensional finite‐element model to
study the hydrodynamics of the Fly River delta. The model
solves the two‐dimensional shallow water equations, suit-
ably modified by phase averaging the classical Reynolds‐
averaged Navier‐Stokes equations and integrating over depth,
in order to incorporate wetting and drying processes [Defina,
2000; Canestrelli et al., 2007; D’Alpaos and Defina, 2007].
The equations read
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where t is time, r is water density, and g is gravity. The other
quantities appearing in equations (1)–(3) result from aver-
aging over an elementary representative area (i.e., over a
typical element of the computational grid) and denote the

flow rates per unit width qx, qy, along the directions x, y, the
horizontal Reynolds stresses Rij, the components tbx, tby, of
the bed shear stress, the free‐surface elevation h, the
effective water depth Y, defined as the volume of water per
unit area actually overlaying a given computational cell, and
the local fraction of wetted domain h, accounting for the
actual cell area that can be wetted or dried by the flow.
Assuming that bed elevations within each computational
element are distributed according to a Gaussian probability
density function, h and Y are given by the relationships
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where erf (·) is the error function, ar is the typical height of
bed irregularities (approximately twice the standard devia-
tion of bed elevations), and zb is the average bed elevation
within a given computational cell. The Reynolds stresses Rij

in equations (1) and (2) are assumed to be proportional to
the strain rate tensor through an eddy viscosity coefficient
and are computed using the model proposed by Stansby
[2003]. Finally, expressing the energy dissipation by the
Glauckler‐Strickler formula, the bed shear stress can be
written as
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where ks is the Strickler roughness coefficient accounting
for the overall flow resistance and D is an equivalent water
depth that can be expressed through the interpolation formula
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We refer toDefina [2000] for further details on the derivation
of equations (1)–(7).
[21] The model does not incorporate the effects of stratifi-

cation, density‐driven currents, Coriolis acceleration, or the
generation and propagation of wind waves. As described in
the introduction, although all these processes likely play some
role in determining water circulation and sediment transport,
they can be neglected to a first order of approximation, at
least during spring tides.

3.2. Computational Mesh and Bathymetry

[22] Previous hydrodynamic studies of the lower Fly River
were limited to the delta part and were carried out with a low‐
resolution bathymetry of the delta [Wolanski et al., 1990;
Wolanski and Eagle, 1991;Wolanski et al., 1995a, 1997]. In
this contribution, we model both the tidal reach of the river
and the delta, using the high‐resolution bathymetry provided
by Daniell [2008] and presented in Figure 2. The computa-
tional grid extends up to Everill Junction in order to capture
the propagation of the tide along the lower Fly, and it is
closed downstream at the delta front, where a prescribed
tidal elevation is imposed.
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[23] The bathymetric data of Daniell [2008] include only
the deltaic part of the river, extending from the delta front to
60 km upstream of Lewada Village (see Figure 1). There-
fore, satellite images have been digitized, and a constant
slope equal to 1.5 × 10−5 [Parker et al., 2008] has been
applied to determine the bed elevation of the upper part of
the river. In the absence of more detailed data, the river has
not been allowed to flood its extensive floodplains. Finally,
landform elevations higher than 10 m a.m.s.l. (i.e., the larger
delta islands) have been excluded from the computational
domain.

3.3. Boundary Conditions

[24] The boundary conditions to be prescribed in the
model are the upstream freshwater discharge at the conflu-
ence (Everill Junction) of the lower Fly with the Strickland
and the tidal wave at the delta front (Figure 1b). Although
the Fly river is characterized by small seasonal variations of
freshwater discharge (see section 2), in our simulations, we
have considered both the mean annual freshwater discharge
and the anomalously low river discharges occurring during
drought periods forced by the interannual action of El Niño
[see, e.g., Ogston et al., 2008]. Figure 3 shows a typical
example of neap and spring tidal waves obtained by
adopting the tidal harmonic constituents provided by the
National Tidal Centre, Australia, referring to a gauge located
at Umuda Island (Figure 1b).

3.4. Model Calibration

[25] The validation of the model has been carried out by
comparing the numerical results with data provided by
Snowy Mountains Engineering Corporation [1983] navi-
gation charts. Table 1 reports the mean phase lag and the
tidal range attenuation observed and calculated for a typical
spring tide at four locations along the river, namely, Sagero,
Lewada, Burei, and Ogwa (see Figure 1a). It clearly appears
that, because of the low topographic gradient in the lower
Fly River, the tide propagates up to almost 400 km land-
ward. Sagero and Lewada (the latter located 95 km further

upstream) have a very similar tidal range, but the high‐ and
low‐tide lags at Lewada are about 3 and 4.5 h, respectively.
Further upstream, the tidal range rapidly drops between
Burei Junction and Ogwa, where it is only a few percent of
the value at Sagero, with a phase shift of more than 12 h.
[26] The best fit has been obtained, imposing throughout

the delta a Strickler friction coefficient of 65 m1/3s−1 (i.e., a
Manning coefficient of 0.015 m−1/3s) quite similar to the
estimate given by Wolanski et al. [1997]. This relatively
small value of the Manning’s coefficient may be due to the
presence of a near‐bed fluid mud layer [Wolanski et al.,
1995a] over which the bulk of the water column slips,
thereby decreasing bed friction [King and Wolanski, 1996].
Upstream of the delta apex, the Strickler coefficient was
progressively decreased to 45 m1/3s−1 in order to ensure a
reasonable agreement between numerical results and obser-
vations (Table 1).

4. Results

4.1. Water Discharges and Tidal Ranges

[27] Typical time variations of water discharge at the
mouth of the three distributary channels during spring tide
conditions are shown in Figure 4a. The water discharge peaks
are around 100,000200,000 m3/s, the southern channel peak
being almost 10–30% greater than the other two. In any case,
these values are significantly larger than the mean annual
river discharge, thus confirming that freshwater flow varia-
tions do not appreciably affect the flowfield in the delta
region.
[28] The peaks of water discharge are larger at the dis-

tributary mouths (Figure 4b), where the tidal prism reaches
its maximum value, and decrease land inward. In particular,
the flood peak vanishes about 20 km upstream of Burei,
when funneling effects cease; that is, the cross‐sectional
width is nearly constant along the river. In the upstream part
of the lower Fly, the discharge eventually matches the
prescribed value (−6000 m3/s, ebb discharge being defined
as negative).

Figure 2. Bathymetry of the lower Fly River and its delta. The data of Daniell [2008] have been used for
the delta, while an average slope 1.5 × 10−5 has been assumed for the lower Fly [Parker et al., 2008].
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[29] Figure 4c shows the longitudinal variation of tidal
range (continuous line) during typical spring conditions,
confirming the overall picture emerging from the localized
field observations reported by Wolanski et al. [1997]. The
tide first increases in amplitude from the delta front to
the distributary mouths, then it decreases rapidly along the
channels before reaching the delta apex. Upstream of the
apex, the tidal range slightly increases for about 80 km. At
that location, characterized by the presence of an island
located close to the inner bend of a meandering reach
(Figure 1a), the tidal range experiences a dramatic drop.
Moving further upstream, the channel progressively narrows
to a roughly constant, much smaller width, and the tidal
range, after a first recover, drops progressively to a value of
0.2–0.3 m at Everill Junction.
[30] The tidal wave is distorted during its propagation along

the distributaries. In fact, due to the large ratio of tidal ampli-
tude to water depth, friction causes the troughs of the wave to
propagate slower than the crests. The resulting tidal asym-
metry produces stronger flood currents with a shorter duration

[Friedrichs and Aubrey, 1988, Lanzoni and Seminara, 1998].
These results agree with field observations byWolanski et al.
[1997], showing that, at the delta apex, the duration of the
flood is shorter, resulting in stronger flood currents.
[31] As previously stated, the Fly River exhibits relatively

small oscillations in freshwater discharge. The comparison
between the hydrographs measured at Kiunga and Obo
(Figure 1a) indicates that flood pulses are largely dissipated
by the time at which the flood reaches the lower middle Fly
[Day et al., 2008]. Nevertheless, the Fly River occasionally
experiences anomalously low‐stage periods associated with
strong droughts driven by El Niño cycles having a 3–8 year
periodicity [Walsh and Nittrouer, 2004]. Minimum water
discharge measured during the El Niño cycle of 1997 was
around 700 m3/s at Obo (see Figure 1a andDay et al. [2008]).
In order to investigate the effects of this exceptionally low
discharge on tidal propagation in the lower Fly, considering
the Strickland River contribution and using a conservative
value, we prescribed a discharge of 1000 m3/s at Everill
Junction. Figure 4d shows the longitudinal variation of water

Figure 3. (top) Amplitude A and phase � of the tidal harmonic constituents at Umuda Island (Figure 1b)
and corresponding water surface oscillations. (bottom) Details of typical (left) neap and (right) spring
tides. Courtesy of Tidal Paul Davill, National Tidal Centre.

Table 1. Comparison Between Calculated and Observed Tidal Lags and Tidal Range Ratios in Three Sections
(Lewada, Burei, and Ogwa) Located Upstream of Sagero (see Figure 1)a

Sagero River Junction Lewada Burei Junction Ogwa

River distance (km) 0 95 112 370

Calc. Obs. Calc. Obs. Calc. Obs.

Tidal lag MHWS (h) 0 3.1 3.0 5.6 5.5 12.5 12.3
Tidal lag MLWS (h) 0 4.3 4.5 7.2 7.0 13.4 13.5
Tidal range ratio (%) 100 93 97 81 83 8 9

aTidal lags are defined as the difference of the mean high‐water slack (MHWS) and the mean low‐water slack (MLWS) arrival
times between a given section and the Sagero River station. Tidal range ratios are defined as the ratio of the tidal amplitude at a
given section to the tidal amplitude at Sagero. Calc., calculated; Obs., observations.
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discharge computed for this scenario. Under drought condi-
tions, the point of null maximum flood discharge shifts
upstream, and the tidal influence becomes important at Ogwa,
where the tidal range is about 1 m. On the contrary, tidal
ranges and tidal discharges in the delta region are almost
unaffected by the low‐riverine stage.
[32] As far as flood conditions are concerned, Parker et al.

[2008] pointed out that bankfull discharge is only slightly
higher than mean annual discharge, since the river tends be
in flood for as much as 10–40% of the time [Pickup, 1984].
Numerical simulations (not shown here) indicate that a flood
discharge 1.5 times larger than the mean annual discharge does
not change appreciably, the profiles are shown in Figures 4b
and 4c.

4.2. Spatial Distribution of Maximum Bed Shear Stress

[33] The flowfield resulting from the numerical simula-
tions can be used to investigate the spatial distribution of
maximum bed shear stress within the Fly delta. Following
Wolman and Miller [1960], we have considered the maxi-
mum discharge in the distributaries as a proxy of morpho-
logically formative events. Peak shear stresses attained during
spring tides are thus deemed responsible for shaping the
geometry of the channel distributaries, similarly to bankfull
discharges in rivers.
[34] Figure 5 reports the spatial distribution of maximum

bed shear stress within the delta for a typical spring tide.

Maximum bed shear stresses (and hence tidal energy) are
relatively small at the delta front and increase landward,
contributing to shape delta islands and distributary channels.
This behavior is opposite to that experienced by wind wave
energy, which is higher at the delta front and decreases
progressively when the waves propagate into the distribu-
tary channels [Dalrymple et al., 2003].
[35] The flow direction when the bed shear stress is max-

imum suggests that the seaward reaches of the distributary
channels are prevalently ebb dominated, while the inner parts
are flood dominated (Figure 5a). In the seaward portion of the
channels, the water flow is concentrated at the center of the
cross section during the ebb phase (see Figure 5c), resembling
a well‐defined hydrodynamic jet. On the other hand, water
entering the distributaries during floods flows radially, with
velocities almost uniformly distributed within the cross sec-
tion (Figure 5c). Therefore, the flow is faster during ebb, since
most of the discharge is concentrated in the channel center,
in accordance with the experimental results obtained by
Tambroni et al. [2005] for a funnel‐shaped movable bed
tidal channel. Figure 5 also indicates that both ebb and flood
channels can coexist within a given distributary. The detailed
distribution of maximum bed shear stresses at the southern
channel mouth, reported in Figure 5b, shows that most of
the cross section is ebb dominated, while the zones close to
the islands banks are flood dominated. This result is in

Figure 4. (a) Temporal variation of the total water discharge at the mouth of the three distributary chan-
nels. (b) Longitudinal variation of the maximum and minimum discharge within a tidal cycle when mean
annual discharge (|Q| = 6000 m3/s) is prescribed at the upstream boundary. (c) Longitudinal variation of
tidal ranges along the far northern channel when mean annual discharge during drought conditions (|Q| =
1000 m3/s) is prescribed. (d) Longitudinal variation of the maximum and minimum discharge during
drought conditions; s is an up‐gradient coordinate starting at the mesh boundary. Positive values of dis-
charge indicate flood flow.
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agreement with the measurements carried out byHarris et al.
[2004]. They observed the existence of mutually evasive
flood‐ and ebb‐dominated zones separated by elongated
tidal bars and located, respectively, close to the banks (stations
CM5 and CM7 of Figure 5b) and at the center (station CM6
of Figure 5b) of a given distributary. The existence ofmutually
evasive flood‐ and ebb‐dominated flow patterns appears to
be a common feature of estuarine environments, as also
documented by Harris and Collins [1988] for the Bristol

Channel and Dalrymple et al. [2003] for the Cobequid Bay‐
Salmon Estuary. In these channels, flood flow dominates
the region close to the banks, while ebb flow dominates the
central part of the channel.
[36] Figure 6a describes the percentage of the delta area

characterized by a given value of shear stress. The curve
displays a peak value, slightly above the critical shear stress
associated with the critical velocity for erosion (ucr ∼ 0.5m/s),
estimated byWolanski et al. [1995a] from mooring data. The

Figure 5. (a) Spatial distribution of the currents establishing within the delta when considering the
maximum bed shear stress attained during a typical spring tidal cycle. (b) Details of flowfield at the southern
channel mouth. The flood dominated regions near the channel borders are delimited by red lines. The loca-
tions of the three current meters (CM5, CM6, and CM7) used by Harris et al. [2004] are also shown.
(c) Sketch of tidal fluxes in a divergent delta channel showing flux concentration at the center of the
channel during the ebb phase and the radial distribution of the flow across the entire cross section during
the flood phase.

Figure 6. Percentage of delta area characterized by a given value of (a) bed shear stress and (b) discharge
per unit width.
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percentage of area having a specific discharge, reported in
Figure 6b, also displays a peak. The morphology of the delta
seems to dictate the overall distribution of water discharge
and, hence, of bed shear stresses, driving the system toward
a configuration in which variations in maximum shear stress
are limited and barely above critical conditions for sediment
motion (tcr ∼0.3 Pa, see next paragraph). These results sup-
port the theory suggested by Lanzoni and Seminara [2002]
for single funnel‐shaped channels and, more recently by
Fagherazzi [2008] for a whole delta, that in the presence of
constant external forcing, the system tends toward a dynamic
equilibrium configuration such that the maximum flow
velocity, and hence the maximum bed shear stress, is main-
tained almost constant along the channel, significantly
slowing down the silting/excavation of any part of the bed.
This does not mean that the delta configuration cannot evolve
in the long term, due to the very slow evolution (occurring on
centuries) associated with residual fluxes or changes in exter-
nal forcings. In other words, as suggested by Harris et al.
[2004], we can assume that the delta is in a short‐term
dynamic equilibrium with the current tidal regime.

4.3. Effects of Delta Island Retreat/Progradation

[37] A key feature of the Fly River delta is the presence of
elongated islands, which determine the planform geometry
of the distributary channels. We have studied the possible

effects that variations of the islands’ areas have on the dis-
tribution of maximum bed shear stress inside the distributary
channels. Rather than exploring the evolution of the system
in time, we provide a hydrodynamic snapshot of the delta
for different sea‐level elevations and for different values of
the islands’ areas, and we discuss the consequences on the
bed shear stress distribution. Figure 7 shows the spatial dis-
tribution of maximum bed shear stress attained by consider-
ing four different morphological configurations beside the
present delta geometry. The new planforms have been
obtained by retreating or advancing the island borders of 0.5
and 1 km with respect to the present setting. In particular,
border retreat has been modeled by extrapolating inward the
bathymetry of the shallow areas surrounding the islands.
[38] In order to gain a synthetic measure of the bed shear

stress distribution characterizing each scenario, we introduce
two parameters: i.e., the specific erosional power (EP) and the
motion ratio (MR) [see also Fagherazzi and Wiberg, 2009].
Theymeasure, respectively, the average excess of shear stress
in the channel (a proxy for bed erosion, per unit area) and
the percentage of channel bed affected by erosion during a
spring tide. These parameters are defined as

EP ¼ 1

Aact

Z
Aact

� � �crð ÞdA; MR ¼ 1

A

Z
Aact

dA ð8Þ

Figure 7. Distribution of maximum bed shear stress attained during a typical spring tide for the five dif-
ferent scenarios of delta island geometry. (a) Island’s border retreat of 1 km, (b) island’s border retreat of
0.5 km, (c) present island’s configuration, (d) island’s border progradation of 0.5 km, and (e) island’s
border progradation of 1 km.
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where tcr is the critical bed shear stress for bed erosion, A is
the total delta area, and Aact is the area having a shear stress
larger than the critical one.
[39] The determination of these parameters requires an

estimate of the critical shear stress (or equivalently, of the
critical velocity ucr) at which the bed sediment starts to be
eroded. In the absence of a comprehensive survey of granu-
lometric bed composition within the whole delta, the value
of ucr has been set equal to the estimate (ucr ∼ 0.50 m/s)
given by Wolanski et al. [1995a], implying a tcr ∼ 0.3 Pa.
Clearly, the actual distribution of tcr, and hence that of EP
and MR, are affected by the variability of sediments, ranging
from fine sand to mud, composing the bed of the distributary
channels, the elongated bars that separate mutually evasive
flood‐ and ebb‐dominated zones and the tidal flats near the
islands’ banks [Dalrymple et al., 2003]. Nevertheless, the
overall picture emerging from the present numerical simula-
tions does not change qualitatively with different values of
tcr, and, hence provides potentially useful insight into the
delta hydrodynamics.
[40] Figure 8 shows the variations of EP andMR (Figures 8a

and 8b), as well as the maximum water discharge and tidal
prism (Figures 8c and 8d) as a function of the extent of a pos-
sible retreat/progradation experienced by island boundaries.
[41] Both EP and MR decrease with increasing island size:

i.e., with a decrease of distributary channel cross sections,
indicating that the increase in water discharge occurring when
the borders retreat prevails on the increase in channel cross
section, thus yielding a larger flow velocity and greater bed

shear stresses (Figure 8c). Interestingly, for the current delta
configuration, EP is similar for the three distributary chan-
nels, indicating that, at present, all channels have a similar
average excess in bed shear stress.

4.4. Effects of Sea‐Level Variations

[42] Another issue that is worth being addressed concerns
the possible effects of mean sea‐level variations on delta
hydrodynamics. To this aim, we have considered four dif-
ferent scenarios, beside the present configuration, assuming
the relative mean sea‐level increases/decreases of 1 and 2 m.
Figure 9 reports the distribution of the maximum bed shear
stress in five different scenarios. The maximum bed shear
stress tends to increase with a higher mean sea level, and a
similar trend is experienced by both EP and MR, as shown
in Figures 10a and 10b. These results are not obvious, since
two counteracting effects determine the behavior of the
maximum bed shear stress. According to equation (6),

��
q2

D7=3
ð9Þ

hence, the bed shear stress t decreases for larger flow depthD
and increases when the discharge per unit width q grows. A
higher sea level, however, implies both a greater flow depth
and a larger tidal prism: i.e., a higher water discharge, thus
affecting t, not straightforwardly. Note also that a higher
sea level is associated with both a faster propagation of the
tide and an increase in tidal amplitude along the distributary

Figure 8. (a) Erosion power (EP) (i.e., average excess of bed shear stress) as a function of island
progradation/transgression Dx. Positive values indicate island progradation. In the inner box, we report
the partition of the delta among the three channels. (b) Motion ratio (MP) (percentage of area affected by
erosion) as a function of island progradation. (c) Maximum discharge in the three different channels as a
function of island progradation. (d) Volume of water exchanged in a tidal cycle (tidal prism) as a function
of island progradation.
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Figure 9. Distribution of maximum bed shear stress for five different mean sea‐level scenarios, namely,
(a) decrease of 2 m, (b) decrease of 1 m, (c) present configuration, (d) increase of 1 m, and (e) increase of 2 m.

Figure 10. (a) Erosional power (EP) and (b) motion ratio (MR) as a function of mean sea‐level variations
Dz. (c) Maximum discharge and (d) volume of water exchanged in a tidal cycle (tidal prism) at the mouth of
the three distributary channels as a function of Dz. Positive values of Dz indicate an increase of sea level.
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channels induced by tidal distortion (see Tables 2 and 3).
This, in turn, implies a larger amount of water exchangedwith
the ocean and larger values of q, as depicted in Figures 10c
and 10d. The increase experienced by the maximum bed
shear stress, documented in Figures 7 and 8, can then be
explained by the fact that, in equation (9), the increase of
q prevails on that of D.

5. Discussion

[43] Even though a model coupling hydrodynamics and
sediment dynamics is needed to quantify the morphody-
namic behavior of the Fly River delta and to determine the
response of the system to changes in external forcing, some
useful information can be obtained from the analysis of the
spatial distribution of the maximum bed shear stress estab-
lishing during spring tides.
[44] We consider two limiting scenarios: erosion domi-

nated and deposition‐dominated. The first scenario neglects
deposition processes. Under this assumption, the results
described in the previous sections suggest that, at least for
the parameter ranges considered here, the average maximum
bed shear stress increases with the larger area of the dis-
tributary channels and with the higher mean relative sea
level. Larger shear stresses would in turn promote erosion
and deepening, particularly in the mutually evasive ebb‐
dominated portions of the distributary channels, through
which the sediment can be exported to the ocean (see, e.g.,
Figure 5). On the other hand, further channel deepening
would increase bed shear stress in a positive feedback.
Deepening of the channels can also trigger bank failure in
the adjacent islands, and hence a reduction of island area.
As a result, larger tidal discharges would promote island
erosion, with a positive feedback. However, channel depth
and bed shear stress cannot increase indefinitely. As shown
in Figure 10a, the EP tends to achieve an almost constant
value when the mean sea level increases by about 2 m.
This implies that, even in the absence of sedimentation,
erosive processes cannot prevail indefinitely and, in accor-
dance with equation (9), for large enough sea levels, the
increase of water depth counteracts the increase of water
discharge.
[45] The second scenario assumes that the delta responds

to sea level rise by enhancing deposition processes. This
provides a stabilizing mechanism that counteracts the
increased erosion tendencies described in the first scenario,

favoring the conservation or even the accretion of delta
islands. In this case, both the EP and the MR decrease
(Figure 8a and 8b), and hence the overall intensity of erosive
processes characterizing the present morphological delta
configuration could persist for higher sea levels, thus con-
tributing to maintain a dynamic equilibrium condition.
[46] In addition to deposition processes, mainly occurring

during neap tide, other effects that are likely to stabilize the
delta configuration are the vegetation and substrate char-
acteristics. Lush and dense vegetation covering most islands
stabilizes the substrate and promotes sediment settling and
trapping. Composition of island banks, often consisting of
desiccated clay‐rich sediments [Walsh and Nittrouer, 2004]
further contrasts island retreat and channel enlargement.
Another mechanism that possibly reduces island erosion is
the concentration of ebb fluxes in the center of the distrib-
utary channels (see Figure 5b), promoting low tidal velocities
at the island banks. This mechanism is present in all scenarios
of sea‐level elevation. It is worthwhile to note that, sediment
settling and trapping are also enhanced by the increased fre-
quency of inundation of the island floodplains associated
with higher sea levels [D’Alpaos et al., 2006]. On the
other hand, water storage ensured by floodplain inundation
increases the tidal prism, likely promoting larger discharge in
the distributary channels, and hence larger bed shear stresses,
as shown by Seminara et al. [2010] in the case of lagoon
channels flanked by intertidal flats.
[47] Whether erosion balances deposition or prevails as sea

level increases, it depends on the amount of river‐supplied
sediment and the creation of accommodation space produced
by relative sea‐level rise. Tidal forcing could destabilize the
islands or, at least, remarkably enlarge channel cross sections
in the case of a much lower sediment discharge. Relative sea‐
level rise has two counteracting effects: on the one hand, it
tends to enhance tidal energy, and hence shear stress, in the
distributary channels (Figure 9), and on the other hand, it
leads to a decrease of energy slope by means of backwater
effects, thus favoring upstream deposition.
[48] Even though quantifying the dependence of deposition

processes on mean sea‐level rise is a difficult task, an indi-
cation of long‐term net deposition is provided byParker et al.
[2008]. They studied the altimetric response of the Fly River
to sea‐level rise by using a one‐dimensional numerical model,
neglecting tidal erosive effects. Their numerical results sug-
gest that the Pleistocene‐Holocene sea‐level rise has forced

Table 2. Difference (in h) Between the Tidal Propagation Time
Characterizing the Various MSL Scenarios and the Tidal Propagation
Time Determined for the Present Delta Configurationa

Sagero River
Junction Lewada

Burei
Junction Ogwa

River Distance (km) 0 95 112 370
MSL −2 m +0.3 +0.9 +1.2 /
MSL −1 m +0.2 +0.4 +0.4 +3.0
Present MSL 0.0 0.0 0.0 0.0
MSL 1 m −0.1 −0.4 −0.5 −2.8
MSL 2 m −0.1 −0.8 −0.8 −4.5

aThe four locations along the lower Fly River are shown in Figure 1.
Negative values indicate faster propagation of the tidal wave compared to
the present delta configuration. A mean sea‐level decrease of 2 m leads to a
tidal signal which is not detectable at Ogwa. MSL, mean sea level.

Table 3. Difference (in m) Between the Tidal Range Characterizing
the Various MSL Scenarios and the Tidal Range Determined for the
Present Delta Configurationa

Sagero River
Junction Lewada

Burei
Junction Ogwa

River distance (km) 0 95 112 370
MSL −2 m −0.61 −1.12 −1.58 /
MSL −1 m −0.15 −0.56 −0.88 −0.11
Present MSL 0.00 0.00 0.00 0.00
MSL 1 m +0.30 +0.59 +0.87 +0.24
MSL 2 m +1.13 +1.11 +1.48 +0.66

aThe four locations along the lower Fly River are shown in Figure 1.
Negative values indicate a smaller tidal range compared to the present tidal
oscillation. A mean sea‐level decrease of 2 m leads to a tidal signal which is
not detectable at Ogwa.
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the river mouth to transgress significantly since the last glacial
maximum. The rapid transgression was likely characterized
by sediment‐starved autoretreat, with abandonment of the
river delta and formation of a tidal embayment. Autoretreat
forces a high rate of sediment deposition and consequent bed
aggradation that propagates well upstream of the shoreline.
The bulk of deposition in the deltaic region, due to the
decrease of water surface gradients triggered by sea‐level rise,
mainly occurred in the last 6000 years, when transgression
stopped, and a new delta propagated outward to its current
configuration. Note that, according to Parker et al. [2008]
calculations, this propagation was of the order of the actual
extension of the delta. Clearly, this picture does not account
for erosion processes associated with tidal propagation and
does not explain why the present delta configuration is char-
acterized by a number of distributary channels separated by
elongated islands.
[49] Delta islands might be just the remnant of coastal

plain landforms that have been dissected by avulsions dur-
ing Holocene delta formation. Although sediment cores on
the delta islands are, so far, not available, we observe that most
of the current islands have an elevation of 5–10 m a.m.s.l. or
greater, with some inner areas above 20 m [Lawrence, 1995].
Hence, a significant part of the islands was unaffected by
tidal range during the postglacial period. Observational evi-
dence then suggests that the inner portion of the islands, at
least of the larger ones (i.e., Purutu, Kiwai, and Albinio, see
Figure 1b), is a relic of pre‐existent highs and was not
formed by recent depositional processes.
[50] The present model does not allow us to unambiguously

determine whether and how avulsions occurred: they could
have been favored by enhanced deposition in the lower Fly
River that led to river aggradation and progressive infilling of
the delta region, as well as by larger tidal fluxes, and perhaps
storm surges, associated with a higher mean sea level. In any
case, it can be reasonably assumed that new distributaries
were initially quite shallow and therefore conveyed a rela-
tively small amount of sediments, the bulk of the sediment
load being carried by the main distributary. The tidal energy
possibly concurred to rework these new distributaries by
deepening and increasing their area, leading to higher tidal
discharges and shear stresses (Figure 8), so that both the old
and the new distributaries were maintained flushed by the
tide without silting up [see also Fagherazzi, 2008].
[51] The actual delta configuration is then the result of the

complex interplay between avulsion processes, sedimentation,
and the action of tidal currents that determined, in the last
6000 years [Parker et al., 2008], a progressive progradation
of the delta that is still continuing [Dalrymple et al., 2003].
Under the present tidal regime and sediment input conditions,
observational evidence supports the idea that the balance
between erosional and depositional processes (including
island erosion and accretion) tends to keep the Fly delta
close to a dynamic equilibrium state at the decadal time scale
[Baker, 1999]. Selective deposition occurring along the
lowland reaches of the Fly implies that only fine‐grained
sediments reach the delta. Owing to the relative strength of
tidal currents establishing in the distributary channels, most of
these river‐supplied fine sediments bypass the delta and are
actively exported to the inner shelf [Harris et al., 2004]. The
amount of sediment depositing in the delta during neap tides

then appears to balance erosion and resuspension taking place
during spring tides.
[52] Finally, it is worthwhile to note that, as indicated by

Syvitski and Saito [2007], the total area of a delta is tightly
linked to river discharge and total sediment load. Therefore,
the long‐term evolution of the delta depends on the sedi-
ment budget between fluvial input and delta output, which
determines delta progradation or regression on a centuries‐
to‐millennia timescale. On the contrary, tides in macrotidal
deltas affect the local mechanisms of sediment delivery and
therefore control the shape of the distributaries and their
discharges.

6. Conclusions

[53] We have presented the results of a two‐dimensional
numerical model simulating the flowfield in the lower portion
of the Fly River and in its delta. In particular, we have studied
the spatial distribution within the delta of the maximum
bed shear stress associated with formative morphologic dis-
charges during spring tide.
[54] The main results obtained from the analysis of tidal

prism and maximum water discharge flowing in the dis-
tributary channels, as well as of the erosion ratio and MR
(two parameters introduced to characterize the spatial dis-
tribution of bed stresses), can be summarized as follows:
[55] 1. The tidal discharge at the distributary mouths is

10–30 times larger than the fluvial discharge, with tidal
discharge peaks of 100,000–200,000 m3/s.
[56] 2. During spring tide, the upstream part of the delta is

flood dominated, whereas near the mouth, the delta is ebb
dominated.
[57] 3. Tidal flow is concentrated in the deep center of the

channels during ebb, but it is uniformly distributed across
the delta during flood.
[58] 4. A reduction of the total surface of delta islands is

associated with an increase in tidal prism and thus of tidal
discharges. Higher discharges, in turn, give rise to higher
bed shear stresses, despite larger channel cross sections.
Similarly, a larger island’s surface is associated with a
decrease in tidal discharge and related shear stresses.
[59] 5. A mean sea level higher than the present value is

associated with an enhancement of tidal signal, with the tidal
wave traveling faster within the delta. As a consequence, a
higher volume of water is exchanged in a tidal cycle,
yielding higher discharges and bed shear stresses, despite
the larger water depth. Similarly, a lower mean sea level is
associated with lower shear stresses.
[60] The quantitative estimation of the long‐term variations

in delta morphology, as well as its response to variations in
external forcing, requires a coupled hydrodynamic and sed-
iment transport model accounting for both erosive and
depositional processes, for the presence of vegetation and for
gravity‐driven fluid mud flows. All these aspects need to be
addressed in future research. Moreover, the possible influ-
ence of tidal currents and/or storm surges on the triggering
of avulsions merits investigation both numerically and by
the analysis of sediment cores on the delta islands.
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