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Abstract

Mangroves have been shown to protect shorelines against damage from the com-
bined hydrodynamic forces of waves and tides, owing to the presence of roots
(pneumatophores) and tree trunks that enhance vegetative drag. However, field
measurements within these environments are limited. We present field obser-
vations of flows from the seaward coast of Cu Lao Dung Island (S6c Triang
Province) in the Mekong Delta, Vietnam. Measurements were made in two dif-
ferent seasons along a transect that crosses from mudflats to mangrove forest.
Flows are also explored using an idealised numerical model. Both the data and
model capture the flow transitions from mudflat across the fringing region to the
forest interior. We observe a rotation of the obliquely incident flows toward an
orientation nearly perpendicular to the vegetated/unvegetated boundary. The
momentum balances governing the large-scale flow are assessed and indicate
the relative importance of friction, winds and depth-averaged pressure forces.
In the forest, drag coefficients were 10-30 times greater than values usually ob-
served for bottom friction, with particularly effective friction in the regions of

dense pneumatophores at the fringe and when water depths were lower than
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the height of the pneumatophores. Pressure gradient balances suggest that the
drag induced by bottom friction from pneumatophores was dominant relative
to drag from the larger, but sparser, tree trunks.

Keywords: Mekong Delta, mangroves, flow rotation, drag coefficients,

Vietnam, friction

1. Introduction

Mangrove forests across the globe support a myriad of physical and ecosys-
tem services, and there has been increasing recognition of the economic value
of this natural resource (Costanza et al., 1997; Barbier et al.; 2008; Perillo
et al., 2009). These highly productive ecosystems provide vital habitat for di-
verse fauna (fish, birds, reptiles and shellfish) (Kathiresan and Bingham, 2001;
Alongi, 2002). Moreover, tropical mangrove forests, in particular, also have
high carbon-burial efficiency (Chmura et al., 2003; Donato et al., 2011; Mcleod
et al., 2011). In addition to the ecological services provided, mangroves have
been shown to buffer shorelines from damage by tidal currents (Mazda et al.,
1997a), waves (Massel et al., 1999; Mazda et al., 2006; Vo-Luong and Massel,
2008; Bao, 2011; Horstman et al., 2014) and tsunamis (Danielsen et al., 2005;
Wolanski, 2007; Alongi, 2008). However, despite their ecological and physical
utility, around half of total global mangrove coverage has been lost since pre-
industrial times (Giri et al., 2011). The most dramatic changes have occurred
in developing and densely populated areas such as the Mekong Delta in Viet-
nam, largely owing to resource requirements and land-use changes in the last
few decades, (e.g. the conversion of mangrove regions to shrimp aquaculture
ponds; Thu and Populus, 2007; Nguyen et al., 2013). Indeed, recent studies of
the Song Hau distributary in the Mekong Delta have reported a lower sediment
supply to the coast (Nowacki et al., 2015) than previous estimates, likely owing
to construction of dams upstream (Wolanski et al., 1996) and secondarily to a
significant increase in channel-bed sand mining over the last decade (Anthony

et al., 2015).
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Furthermore, the vulnerability of these regions is also increasing in the face
of climate change and sea-level rise (Nicholls et al., 1999; Sallenger et al., 2012;
Knutson et al., 2010). Understanding the ability of mangroves to exert hydro-
dynamic drag, and consequently to trap and retain sediment to mitigate against
erosion, is therefore a key step in the prediction of the geomorphic evolution of
these regions. In particular, a key question is whether mangroves can promote
sufficient accretion (acting as ‘ecosystem engineers’) to allow the forest to keep
pace with sea-level rise, as hypothesized may occur with salt marshes (Kirwan
et al., 2010; Mariotti and Fagherazzi, 2010; Kirwan et al., 2016).

Aquatic vegetation (including mangroves) enhances drag and dissipates hy-
drodynamic energy (Nepf, 1999). This reduction of energy induces slow flow
zones which encourage sediment deposition (e.g. Krauss et al., 2003; Walsh and
Nittrouer, 2004). The extent to which drag is enhanced depends strongly on the
form of the mangroves (Mazda et al., 1997b) and the width of the vegetation
cover. Mullarney and Henderson (2017) suggest that a forest or marsh width
of L = (2gDn/a)'/? is required to dissipate longer period flows (assuming a flat
bed, and where a is the frontal-area density of the vegetation, g is acceleration
due to gravity, and 1 and D are the surge/tide height and duration, respec-
tively). However, even for smaller widths L, vegetation has ability to alter flow
directions, attenuate shorter-period waves and modify turbulence characteris-
tics (Norris et al., 2017, this issue). In particular, vegetative drag dominates
over bottom friction for most forms of aquatic vegetation (when al > 4 x 1073,
where [ is vegetation height, see Mullarney and Henderson (2017) for scaling
analysis). Although field observations from mangrove forests are still relatively
rare in comparison to similar measurements from salt marshes, previous mea-
surements have reported large friction coefficients in dense mangrove forests
(Furukawa et al., 1997, observed Manning friction coefficients within the for-
est as four times greater than those measured in adjacent tidal creeks). This
vegetation-induced friction can result in complex flow paths with jets, eddies
and stagnation zones. Flow paths within mangroves can depend strongly on

bathymetry, which is often complex and channelised. Recent work from a trop-
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ical mangrove forest with incised creeks reported rotation of the flow, from
creek-parallel in the channel to creek-perpendicular within the mangroves at
higher water levels (Horstman et al., 2013).

Despite substantial vegetation heterogeneity, models for flows within man-
grove forests often assume uniform (macro) roughness and dispersion coefficients
(Wolanski et al., 1980; Struve et al., 2003; Mazda et al., 2005; van Maanen et al.,
2015). Here, we report measurements of flow dynamics from a mangrove forest
in the Mekong Delta, Vietnam. The primary objective was to quantify how
drag varies over the differing environments in the system (mudflat, fringe and
forest interior) and to explore how any changes in drag affect current speeds
and directions. The focus here is on wave-averaged currents (for examination of
wave dynamics, see Henderson et al., 2017, this issue). Unlike many forests con-
sidered by previous studies, the forest here is exposed directly to waves from the
Vietnamese East Sea (also known as the South China Sea). Moreover, strong
winds were common over the tidal flats adjacent to the forest. The forest fringe
is characterised by a relatively straight edge, with no creeks in the vicinity of
the instrument deployment sites. Section 2 describes the field site and instru-
ment deployments, Section 3 presents the data in which we observe a dramatic
large-scale flow rotation abruptly as the flow enters the forest on flood tide. In
Section 4, we consider momentum balances to obtain estimates for drag coeffi-
cients and discuss the implications of the underlying dynamics. These balances
are further explored with use of an idealised numerical model in Section 5, and
values are compared with previous work. Finally, conclusions are presented in

Section 6.

2. Field Measurements

2.1. Field site

Field observations were taken in a mangrove forest which lines the seaward
shore of Clt Lao Dung Island of the Mekong Delta, Vietnam (Figure 1a) (Wright,

1985). The fringe region of the forest is predominantly composed of Sonnera-
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tia caseolaris trees. Tree density is greatest at the fringe with cover becoming
sparser farther into the forest (Bullock et al., 2017, this issue). The wide south-
west side of the forest is prograding rapidly, with a relatively sandy substrate
and a gentle topographic slope of approximately 1 in 800 (Figure 1b). Con-
versely, on the northeastern side, the forest is narrower, older and the muddy
substrate is eroding. The NE side is also steeper with a topographic slope of
about 1 in 200 (Bryan et al., 2017, this issue). In front of the island, a shallow
tidal flat of interlaminated mud-and-sand deposits extends for several kilome-
tres (Fricke et al., 2017, this issue). Wave energy from the South China Sea
can propagate directly over this flat into the fringe. Field experiments were
undertaken in September to October in 2014 and March 2015. Conditions were
relatively quiescent in September and October 2014, with lower wind speeds
and small wave heights, whereas conditions during March 2015 were marked by
stronger winds and larger waves (significant wave heights near the forest fringe

reached a maximum of 0.72m).

2.2. Measurements

Measurements were focused around two transect lines covering the mudflat-
to-fringe transition, with instruments deployed up to 150 m either side of the
fringe (z = 0). Velocimeters (ADVs), Acoustic Doppler Current Profilers (AD-
CPs), and pressure sensors were moved around over a number of short-term
deployments (1 to 2 days) with total experiment durations of 6 and 7 days
on the SW side in 2014 and 2015, respectively, and 2 days on the NE side
in both 2014 and 2015. Velocimeters (Nortek Vectors) and pressure sensors
(RBR Solo-P) sampled continuously at 32 and 0.5 Hz, respectively. ADCPs
(2MHz Nortek Aquadopps) operated in pulse-to-pulse coherent mode to ob-
tain high-frequency measurements at 8 Hz almost continuously (burst lengths
of 512 with a 3-s separation between bursts). Aquadopps sampled at 25-mm
vertical resolution over short profile lengths of 0.45m (SW side) and 0.22m
(NE side). Throughout the 2015 field campaign, a weather station (Hobo U30)
was placed ~ 130m in front of the fringe at the SW side of the island, 3.6 m
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Figure 1: (a) Mekong Delta showing location of Cu Lao Dung Island (black rectangle). (b)
shows the main experimental sites (black x) on the relatively sandy SW and muddier NE sides
of the island. (c) to (e) show instrument deployments on the SW side: (c) ‘Flats to Forest’
(F2F) experiment 2014, (d) ‘Flats to Forest’ (F2F) experiment 2015, (e) ‘Fine Scale Study’
(FSS) 2015. (f) shows the deployment on the NE side in 2015. Different symbols indicate
different instrument types. The transition between mudflat (brown) and forest (light green)

corresponds to the x = 0 location on across-shore transects.

above the tidal flats, and recorded atmospheric pressure, wind speed and di-
rection every minute. Wind speeds inside the forest (z = 30m at a height
of ~ 3.5m above the bed) were also measured for a period of about 6 days.
In 2014, only atmospheric pressure was recorded, so 6-hourly wind veloci-
ties (at 10m) were obtained from the NCEP/DOE AMIP-IT Reanalysis Model
(https://www.esrl.noaa.gov/psd/data/gridded /data.ncep.reanalysis2.html). De-

ployment settings are summarised in Table 1).



Table 1: Summary of the instruments deployed in September 2014 and March 2015 (Figure 1). ADCPs (Nortek Aquadopps) were deployed with

centre of profile ~ 0.3 m above the bed and ADV sampling volumes were ~ 0.4 m above the bed. Pressure sensors (P) were placed in vented, thermally

insulating flasks, buried a few cm under the sediment surface. Across-shore positions are also given for these instruments, which were interspersed

with pressure sensors along the transect. These instruments are listed in order, from outside of the fringe inwards.

Panel Year Experiment Duration Instruments Profiling Sampling Across-shore
Figure 1 (M2 tides) range (m) frequency (Hz) positions (z, m)
(c) 2014 F2F 2 ADCP x4, Px4 0.45 8, 0.5 -65, 5, 45,75
(d) 2015 F2F 4 ADCPx3, Px4 0.45 8, 0.5 -50, 5, 95

(e) 2015 FSS 6 ADVx2, - 32 -40, 125

() 2015 NE 2 ADV, ADCPx2 0.22 8, 32 -20, 10 ,12
(d-f) 2015 Al all Weather station, ADV - 1/60, 32 -130, -40
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Pneumatophore characteristics within a 1-m? quadrat placed in the vicinity
of the acoustic instruments were obtained using both hand measurements and
the photogrammetric method of Liénard et al. (2016). These vegetation statis-
tics were used to calculate the frontal-area density a (m~!) (the plant area in
the plane perpendicular to the flow, per unit volume) as a function of height z

(m). In total, 9 quadrats within the fringe and forest area were analysed.

2.3. Data analysis

ADCEP velocities were processed to remove low-quality data (correlations<
70 %) and phase wraps (Lohrmann et al., 1990). ADV velocities were also
processed to remove low-quality data (low correlations < 70% or low signal-
to-noise ratios) and spikes (Goring and Nikora, 2002). Data gaps were filled
with a linear (small gaps < 100data points) or spectral fill (larger gaps) and
cubic interpolation after despiking. All velocity data were rotated into across-
shore (u), along-shore (v), and vertical (w) components. RBR (solo D) pressure
sensors were leveled approximately to the same datum by assuming a flat water
level at high tide (referenced to the instrument on the flats). These instruments
were placed in thermally insulated flasks with small openings at the top to
reduce temperature-dependent errors and were buried and covered by a few cm
of sand, so that the resulting smooth seabed created minimal disturbance to
pressure and flow fields. In 2015, the ADV on the flats was used to estimate
significant wave heights every ten minutes, calculated as 4 times the standard
deviation of the detrended sea-surface elevations after using linear wave theory

to transform from measured values to surface values.

3. Observations

8.1. Hydrodynamic and vegetation observations

In both seasons, high-tide water depths at the fringe were generally 1 to 1.5m
on the SW side, and 1.8m on the NE side owing to the steeper bed gradient
(Figure 2 and see also Fricke et al. (2017), this issue). In March 2015, conditions
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on the mudflat were more energetic, with strong along-shore winds measured
on most days (mean wind speeds up to 10ms™—! and gusts to 13ms™!, Figure
2). Winds decreased rapidly to nearly zero inside the forest (~ 1ms™! from
wind sensor inside forest, not shown). Significant wave heights measured on the
mudflat just in front of the forest reached 0.31m in September and 0.72m in
March, with average periods of between 2 and 6s. On some days wave breaking
was observed offshore of the forest and at the forest fringe (for water depths
2 0.5m). Occasional wave breaking was observed at locations that were up to
100 m inside the forest.

September/October 2014 March 2015
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Figure 2: Time series of conditions during the field experiments in 2014 (b,d,f) and 2015
(a,c,e and g). (a) Wind speed and directions, (b,c) Water depth, (d,e) significant wave height
and (f,g) average wave periods. In panels ¢ to g, the solid black line shows conditions from
the mudflat just in front of the vegetation edge and coloured lines show data from different
instruments inside the forest. In 2014 blue, orange, and yellow lines show instruments at x
= 35, 75, and 50 m, respectively. In 2015, blue, orange, purple, and yellow, show data from
instruments at x = 95, 120, 70 and 40 m, respectively. Times to the left and right of the

dashed line indicate experiments on the SW and NE side of the island, respectively.
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Synoptic data from the differing environmental regions (mudflat, fringe and
forest) in September showed (5-minute averaged) velocities reaching up to 0.35 ms™
on the mudflat and 0.15ms™! inside the forest during flood tide (within 0.5m
of the bed) (Figure 3). As the tide propagated into the forest there was little
reduction in the across-shore velocities but along-shore velocities were signifi-
cantly reduced, indicating a substantial and abrupt rotation in the flow direction
towards fringe-perpendicular (Figure 4). Across-shore pressure gradients and
velocities reversed at high tide. Flow rotation was observed in both breaking
and non-breaking conditions. The most rapid rotation occurred near the fringe,
although additional rotation did occur farther into the forest (Figure 4a, b). A

similar rotation of flows to a fringe-perpendicular direction was seen at the NE

deployment sites (Figure 4c).
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Figure 3: Across-fringe (left-hand column) and along-fringe (right-hand column) velocities (5-
min averages) and pressure (black line) from the SW of island for ‘Flats to Forest’ experiment
in September 2014 (Figure 1c). Velocities from instruments: on mudflat x = —65m (a,b), at

the fringe # = 5m (c,d), and in the forest at « = 45m (e,f) and z = 75m (g,h).

Vegetation surveys revealed significant spatial heterogeneity between the

different deployment locations on the SW side. However, in general, pneu-

10
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Figure 4: Arrows indicating water and wind speeds during the ‘Flats to Forest’ (panels a and
b, 2 days each) and ‘NE side’ experiments in 2015 (panel c¢). Note the different scales between
wind and water speeds. The colour of arrows indicates different stages of the tide (red/orange

flood tide and light/dark blue are ebb tides).

matophores were larger (both taller and with larger diameters) and denser
within about 30m of the fringe than in the forest interior (Norris et al., 2017,
this issue). Pneumatophore statistics are shown in Table 2. The density of trees
also decreased with distance inland (Bullock et al., 2017, this issue), although
trees were taller in the interior (Nardin et al., 2016). On the NE side of the
island, trees were older but more sparse in the fringe (Nardin et al., 2016). Al-
though fewer quadrats were sampled, in general pneumatophores on this side
appeared to be larger in diameter, consistent with the differences in tree age.
Considering that the water depth at high tide was approximately 1.2m and 1.6
m on the SW and NE sides, the water levels at the fringe were above the mean
(maximum) height of the canopy for around 6 (3) hr and 9 (10) hr, respectively

(noting that we measured on the NE side during neap tide only).

4. Estimates of drag coefficients

The rotation of flow as water entered the forest was observed on all days of

the experiments under multiple forcing conditions. Here, we consider the along-

11



Table 2: Summary of pneumatophore measurements. In each case the mean statistic is

followed by the maximum values in brackets.

Location =~ Number of Density, n Height Basal Diameter
quadrats (stems/m?) (m) (mm)

SW fringe 4 115, (159)  0.18, (0.82) 12, (37)

SW forest 3 69, (85) 0.07, (0.62) 9, (36)

NE fringe 1 88, (88) 0.21, (0.61) 11, (49)

NE forest 1 84 (84) 0.14, (0.6) 18, (55)

and across-shore pressure balances to estimate the drag coefficients in the forest

and fringe regions.

wo  4.1. Across-shore drag balance

In order to examine drag coeflicients, for simplicity we first neglect forcing
by winds and waves (these additional forcing terms will be discussed below),
assume steady conditions and neglect inertia. A depth-averaged across-shore

balance between pressure and friction yields:

dn
=—-C h. 1
g = ~Calulu/ )
195 During the ‘Flats to Forest’ experiment in 2014, winds were light (< 4.2ms™1),

and measured waves were small (Hs < 0.18 m at the Aquadopp on mudflat) over
the two tidal cycles. The left-hand side of equation (1) was calculated by differ-
encing pressures measured at x = —85, —20, 32 and 71 m, while values for |uju/h
were calculated from Aquadopps at © = —65, 5 and 45m (Figure 1c). Velocity
20 and pressure were averaged over 5-min intervals, and velocity was also averaged
over the depth of the measured profile (the bottom ~0.5m of water column).
The resulting measurements of gdn/dz and |u|u/h where then used in a linear
fit to provide a single estimate of the bulk drag coefficient Cp for the flooding
tide in different regions of the forest (Figure 5a, Cp = negative slope of best-fit

205 line). The significance of differences between fit coeflicients were determined at

12
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the 95% confidence level using unpaired t-tests (here and in following sections).
Outside of the forest (blue symbols), the pressure gradients were too small to be
accurately resolved by the pressure sensors. However, larger pressure gradients
across the fringe and forest regions yielded estimates of the drag coefficients as
Cp = 0.041 in the fringe and Cp = 0.032 in the forest (with r? = 0.75 and
0.84, respectively). Hence, the drag was largest in the fringe, the region of most
dense vegetation. Both values were an order of magnitude larger (18 and 14
times larger) than values typical of bottom friction in sand and mudflat envi-
ronments (Cp = 0.002). The strongest pressure gradients were observed when
water depths were low (unfilled symbols, Figure 5a). A fit for only these shallow
cases yielded slightly but significantly larger, drag coefficients of Cp = 0.047
for the fringe, but not significantly larger coefficients C'p = 0.033 for the for-
est (with 72 = 0.95 and 0.93, respectively). Therefore, friction appears to be
greater when the water depths were less than, or comparable to, the height
of the pneumatophores. Subtle differences between the incoming and outgoing
tides were also apparent at the fringe (with points during ebb appearing to fall
on a slightly steeper fit line).

If drag were predominantly supplied by the tree trunks that extend through
the depth of the water column at all stages of the tide, and not the pneu-
matophores that change from emergent to submerged as the water depth in-
creases, then the quality of the fit would be improved by instead plotting gdn/dx
against |u|u (hereafter, we call this the “emergent stem” model). However, in
this case, the quality of the linear fit deteriorates (r? values reduce from 0.75 to
0.65 for fringe data and from 0.84 to 0.70 for the forest data), suggesting that the
drag was dominated by the near-bottom friction induced by pneumatophores
rather than by the larger but sparser tree trunks.

Winds and waves could modify the balance in Equation (1) by inducing wind
or wave set up, particularly on the mudflat and near the fringe. Indeed, depar-
tures from Equation (1) were clear during the high wind and wave conditions of
the ‘Flats to Forest’ experiment in 2015 (Figure 5b). During this experiment,

1

wind speeds were between 3.5 and 6 ms™" and significant wave heights on the

13
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Figure 5: Data from the across-shore pressure balance (1) for (a) ‘Flats to Forest’ experiment
in September 2014, and (b) ‘Flats to Forest’ experiment in March 2015. See Figure 1lc,d for
instrument locations. Colours indicate the force balance over different regions of the system
(blue - mudflat, orange - fringe and purple - forest) and the symbols (triangles and circles)
indicate two different tides. Unfilled symbols indicate low water depths (0.25 to 0.5m) and
filled symbols show water depths > 0.5m. The solid and dashed lines show linear fits to
fringe and forest data, respectively. The gradient of the fit gives estimates for the bulk drag
coefficients: Cp = 0.041 (fringe) and Cp = 0.032 (forest) in 2014 and Cp = 0.18 (fringe)
and Cp = 0.019 (forest) in 2015. (Pressure gradients on the mudflat were too small to be

accurately resolved).

flats were up to 0.3m. Substantial scatter is apparent in both mudflat and
fringe data (blue, orange points) and drag coefficients obtained from the fits

were Cp = 0.18 in the fringe and Cp = 0.019 in the forest (with r% = 0.49 and

14
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0.81, respectively ). For both years, p-values associated with the gradients of
all regression lines were < 0.05, and differences in C'p between the two regions

were statistically significant.

4.2. Along-shore drag balance

A second expression for drag coefficients can be obtained from the measured
flow rotations. Neglecting waves, inertial terms and assuming steady state as

before, an along-shore balance between pressure gradient, wind, and friction,

gives
_ on, .
Cp,lu v, = —gha—y7 (inside forest), (2)
on_ ,
Cp_|lu_|v_ = —gha—y + 7, (outside forest), (3)

where subscripts + and — denote values immediately onshore and offshore of
the fringe, respectively, and v = along-shore water velocity, the along-shore wind
stress inside the forest is neglected, and the along-shore wind stress 7 outside
the forest is estimated as

(A &Ca|ua‘va7 (4)

w

in which p, and p,, are the density of air and water, respectively. Velocities
with subscript a denote wind velocities and C,, is the air-side drag coefficient.
Equating the along-shore pressure gradients on either side of the fringe (i.e.

on, /0y = 0n_/dy, to ensure continuity of pressure across the fringe) yields

(1) " = (222) (o), + (CD> e

in which we have used u, = u_ (by mass conservation) and defined r = v/u =

tan(@), where 6 is the angle relative to fringe-perpendicular. The second term
on the right-hand side of (5) is a measure of the relative importance of wind

stress to drag, and can be written as parameter R using (4),

~ paCalualvg
R=foEn G (6)
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Taking po/pw ~ 1.3 x 1073 and C,/Cp_ ~ 1 (Donelan, 1990), (6) can be

reduced to
[Ualve

— -3
R=13x107"x ——. (7)
+
In cases with no wind, (5) reduces to an expression for ratios of drag coefficients

inside and outside of the forest

Cp, _ (1 * r%>1/2 "~ : (8)
Cp- (1—|—ri>1/2 T,

which is a nonlinear analog of standard expressions for flow rotation at a bound-

ary between porous materials of different hydraulic conductivity (e.g. equation
5.54 of Bear, 1979). We will use (8) to determine whether observed flow ro-
tations were consistent with tidal currents and the drag coefficients estimated
in Section 4.1, and we will use (7) to examine whether discrepancies can be
explained by wind forcing.

The expressions above were evaluated using data from the ‘Flats to Forest’
experiment in 2015 (see Figures 1d and 4). During this experiment, winds were
moderate (3.2 to 7.7 ms ! with an average speed of 5.3 ms~!) and predominantly
along-fringe. Significant wave heights of up to Hs; = 0.32m were observed on
the flats. When evaluating the ratio r, low across-shore velocities introduce
substantial scatter, so, in the analysis that follows, cases with very low velocities
(u, < 0.04ms~') have been discarded. Results from the fringe (triangles)
and forest (circles) are shown in Figure 6 and have been separated into cases
with smaller values of the parameter R (R < 17, unfilled symbols) and larger
R (R > 17, filled symbols). This ‘critical’ value for R has been arbitrarily
selected to show overall trends; however, in general, greater R corresponds to
shallow depths and/or greater wind speeds. In these shallow cases, the neglect
of depth variability in (7) and (8) may lead to significant model errors (in these
cases, the small difference in seabed elevation between flats and fringe/forest
locations was appreciable compared with the total depth). The gradient and
intercept of the linear fits give bulk estimates for Cp, /Cp_ and R. Fits for
smaller R (solid lines), give drag-coefficient ratios of 16 (fringe) and 19 (forest),
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(r? = 0.38 and 0.5, with p-values< 0.05) and bulk R values in the forest of 19.
At the fringe, the bulk R value is not statistically different from 0 (p-value>
0.05). Differences between fit parameters across the fringe and forest were not
statistically significant (with the exception of the bulk R values). Moreover,
including all values for R, does not significantly change fit parameters, yielding
only slightly larger drag coefficient ratios of 18 (fringe) and 26 (forest) and
bulk R = 17 in the forest. These values are in reasonable order-of-magnitude
agreement with those from Section 4, although, in contrast to earlier estimates,
these values imply larger drag coeflicients in the forest interior. These differences
could result from the neglect of advective terms (especially udv/0x) in the force
balance. Additionally, the effects of wave breaking were not considered, despite
visual observations of wave breaking in the fringe region on some days in 2015

(with relatively rare breaking in the interior).

150 T
°® A fringe
O forest
100 B
J
<
+

Figure 6: Rotation values from the forest compared to those from the mudflat for ‘Flats to

1/2
Forest’ experiment in 2015 over 4 flood tides. The graph shows (1 + ri) r, plotted against

1/2
(1 + ri) r_, with each point being an average over 5 minutes (see Eq. 5). Points have
been separated into R < 17 (unfilled symbols) and R > 17 (filled symbols). Lines show fits to
low R values (solid lines) and all data (dashed lines). The slope and gradient of the fit lines

give bulk estimates of C’DJr /Cp_ and bulk parameter R, respectively. See text for details.
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The effect of waves is examined by considering results from the ‘Fine Scale
Study’ (FSS) of 2015. Over the three days of this experiment, significant wave
heights varied from moderate (0.3 m) to the largest observed during the field
campaign (0.7 m). The drag balance from Equation (5) (equivalent to Figure 6)
is shown in Figure 7 and the changes with wave forcing are clearly apparent. As
wave heights increase, both the intercept and gradient of the fit lines increase.
The drag-coeflicient ratios are estimated as Cp, /Cp_ =5.5,5.8 and 14.5 and
bulk-R = 6.1, 7.6 and 0.88 for experiments with increasing wave heights (day 2,
day 1 and day 3 of the FSS experiment). Fits were of high quality with 7% = 0.85,
0.76 and 0.88 with all p-values< 0.05. The difference in drag coefficients was not
significant between days 1 and 2, when waves heights were very similar, however,
the increased ratio of drag coefficient from day 3 is significant (corresponding
to much steeper purple line). Differences between bulk-R values were only
significant when comparing day 1 to the others days. We note that in general
the values on the ordinate are lower for the F'SS experiment (Figure 7) than F2F
(Figure 6), which just represents the different flow directions on the mudflat
during this experiment. We conclude that forcing of currents by breaking waves
may account for significant departures from (8) on days with relatively energetic

waves.

5. Numerical model

5.1. Model set up

To explore the dynamics of flow rotation in the mangrove forest, we set
up a schematic numerical model using Delft3D-FLOW (Lesser et al., 2004).
Delft3D-FLOW is a process-based hydrodynamic solver for the unsteady non-
linear shallow-water equations that has been used in a number of studies of
vegetation effects on flow characteristics (e.g. Horstman et al., 2015; Ashall et al.,
2016). In the present study, we use Delft3D-FLOW in pure hydrodynamic, 2D
depth-averaged mode. For a full 3D model of the Mekong River system, see
Thanh et al. (2017, this issue).
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(1+r_2)”2 r

Figure 7: Rotation values from the forest compared to those from the mudflat for ‘Fine Scale

1/2
Study’ experiment in 2015 over 6 flood tides. The graph shows (1 e ri) r, plotted against

(1 + 7"3)1/2 r_, with each point being an average over 5 minutes (see Eq. 5). Points have
been separated into R < 17 (unfilled symbols) and R > 17 (filled symbols). Lines show fits
to all data (dashed lines). Data have been split into three days of two tides each. Mean
significant wave heights over each day were 0.3 m (orange squares), 0.33m (blue circles) and
0.5m (purple triangles). The slope of the linear fits gives estimates of Cp, /Cp_ as 5.5
(orange squares), 5.8 (blue circles) and 14.5 (purple triangles).

The setup of our model is as follows. The domain is 12 and 10km long
in the along-shore and across-shore directions, with 52 and 265 grid cells, re-
spectively. The grid cell size varies between 250 m offshore and in the interior
of the forest to 5m at the forest fringe. The bed slope was set to 1 in 1000,
consistent with field observations (Bryan et al., 2017, this issue). A spatially
varying roughness is used, and specified as a Chézy value, in order to simulate
the differing flow behaviours on the non-vegetated intertidal flat, and the for-
est featuring pneumatophores and trees. While Delft3D-FLOW can simulate
vertically distributed vegetation drag, accounting for stem height and density
(Klopstra et al.; Baptist et al., 2007), we simply used variable Chézy coefficients
to facilitate comparison with the variable drag coefficients noted in Section 4.

The specified roughness transitioned linearly from mudflat to forest values over
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Table 3: Summary of numerical parameters.

Run Chézy values Tidal range Along-shore wind
numbers flats, forest (m'/2s71)  (m) speed (ms~1)

1- 4 65, 5 1 0,2, 5, and 10
5-8 65, 5 2 0, 2, 5, and 10
9-12 65,15 1 0,2, 5, and 10
13-16 65, 15 P 0,2, 5, and 10

a 30-m simulated transition zone. The viscosity and diffusivity, respectively
representing vertical and lateral mixing, were set to spatially uniform values of
1m?s~! and 0.1m?s™!, respectively. Coriolis forcing was neglected. The off-
shore water level boundary forcing consisted of a semi-diurnal progressive tide of
1m or 2 mrange, resulting in maximum water depths at the fringe of 1.8 m and
2.3m. The lateral boundaries were imposed as water-level gradient boundaries
(Roelvink and Walstra, 2004). A predominantly along-shore directed wind with
a small onshore component (20% of along-shore component) was imposed only
on the non-vegetated tidal flat, to mimic the observed absence of appreciable
wind forcing inside the forest. Air pressure was assumed to be spatially uniform
with a value of 1013 hPa. The time step was 3s. Parameters used in the numer-
ical simulations are shown in Table 3. Chézy values of 5, 15 and 65 correspond
to bottom friction coefficients of 0.39, 0.044 and 0.0023, respectively (Deltares,
2017).

9.2. Results

The numerical simulations reproduced the flow rotation, with instantaneous
across-shore velocities remaining similar inside and outside of the forest, but the
along-shore velocities were greatly reduced (Figure 8a,d). Depth-averaged flow
speeds for a 2-m tidal range were around 0.2 to 0.3ms™! on the mudflat close
to the fringe, roughly consistent with field observations (which were measured

closer to the bed). Simulated bed stresses were larger during the ebb than flood
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Figure 8: (a) Example of flow rotation during a flooding tide, from numerical simulations
with an offshore tidal range of 2m, no wind forcing and a ratio of Chézy roughness values of
C, /C_ of 0.23 (corresponding to Cp, /Cp_ ~ 20), (run 13, Table 3) . The vectors represent
10-min averaged model output plotted once every 50 min. Depths ranged between 0.35 and
1.6 m inside the forest. Background image: Google Earth. Maximum bed shear stress (colors)
and maximum velocities (black contours) during flood (b) and ebb (c) phases of the tide.
(d-f) are the same as (a-c) except show the case with an along-shore wind speed of 10 ms™!
(run 16, Table 3). Contour intervals are 0.05ms~! in (b,c) and 0.02 in (e,f) unless explicitly

indicated otherwise.

tide, with maximum values occurring at the fringe and in the forest during the
flood and ebb, respectively (Figures 8b,c,e,f).

Snapshots of the across- and along-shore momentum balances for a fringe
water depth of 1.2m are shown in Figures 9a and 9b, respectively, for the case
with no wind forcing and Figures 10a and 10b, respectively, for a case with
strong wind forcing (10ms~! in the along-shore direction). In the across-shore

direction on the mudflat and in the forest, the bed shear stress is balanced by
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the pressure gradient with close to zero contributions from the other terms.
The dominant balances in the along-shore direction change between the flats
and the forest. Inside the forest the dominant balance remains between the bed
shear stress and pressure gradient. Farther out on the mudflat, the bed shear
stress is predominantly balanced by pressure gradient in cases with no wind,
but is balanced by the wind forcing for cases with strong winds. There are
some additional contributions from lateral momentum exchange in the region
immediately adjacent to the forest x ~ —250m to z = 0. This contribution
becomes more important closer to the forest (as the contribution from wind
correspondingly decreases). However in both cases, the along-shore momentum
balance shows that lateral momentum exchange is non-negligible in a ~ 80-m-
wide region around the fringe, corresponding to the start of the transition zone
over which the change in roughness coefficients is applied. In this region the
acceleration due to the shear stress (~ 0.00041 and 0.0012m/s? for Figures 9b
and 10b) is mostly balanced by the acceleration due to lateral momentum ex-
change (~ 0.0011 and 0.0004 m/s? in Figures 9b and 10b, respectively). Hence,
the neglect of advective terms in (5) is likely to cause errors near the fringe.
However, farther into the forest, the balance appears to hold.

As noted above, winds do not contribute substantially in the across-shore
momentum balance, however in the along-shore direction the contribution of
strong winds (> 10ms~1!) significantly enhances the bed shear stresses on the
tidal flat (0.1Nm~2 | compared to values of 0.03Nm~2 for wind speeds of
5msT!). Weaker winds have little effect in the force balance. Around the
fringe zone, where the wind influence decreases because of the presence of trees,
bed shear stress is again balanced by lateral momentum exchange.

The runs exploring the effects of a larger vegetation density (represented by
a smaller Chézy value), demonstrated similar balances, except that the width of
the region near the forest with high values of lateral momentum exchange was
narrower (eg. for C_/C_ of 0.077 the width was 25 m compared with the width
80m in Figure 8). in other words, the change in flow direction occurred more

abruptly over a narrower region for this case of higher simulated density. The
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absolute values of the dominant two terms were also larger, with acceleration
due to bed shear stress and that due to lateral momentum exchange reaching
0.0027 and 0.0024, respectively. Moreover, the pressure gradient and advection

terms were smaller when compared to the lower friction case.
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Figure 9: Momentum balance in the (a) across-shore direction for a simulation with an offshore
tidal range of 2m, no wind forcing, and a ratio of Chézy roughness values of C'| /C_ of 0.23
(corresponding to Cp, /Cp_ ~20) (run 13, Table 3). The depth in the forest fringe is 1.2 m.
Accelerations due to inertia (Ju/0t, circles), acceleration due to bed shear stress (7, ,/ph,
stars), acceleration due to the across-shore pressure gradient (¢gdn/dz, triangles), acceleration
due to streamwise momentum exchange (udu/Oz, inverted triangles), acceleration due to
lateral momentum exchange (vdu/dy, diamonds), and acceleration due to across-shore wind
forcing (=7, ,/ph, squares). The dashed line shows the position of the vegetation fringe and
the edge of the transition zone between the ‘forest’ and ‘mudflat’ drag coefficients. (b) shows
the equivalent terms in the along-shore direction. In (b) the peaks in acceleration at the
fringe due to bed shear stress and lateral momentum exchange reach 0.00041 and -0.0004,

respectively.

5.8. Discussion of dynamics and comparison with previous work

We have presented field observations of flow rotation as the tide enters a
tropical forest in the Mekong Delta. Such flow rotation has previously been ob-

served in other, very different, mangrove environments. Horstman et al. (2013,
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Figure 10: Momentum balance in the (a) across-shore direction for a simulation with an off-
shore tidal range of 2m, an along-(across-) shore wind velocity of 10 (2) ms—!, and a ratio
of Chézy roughness values of C /C_ of 0.23 (corresponding to Cp, /Cp_ =~ 20) (run 16,
Table 3). The depth in the forest fringe is 1.2 m. Accelerations due to inertia (Ou/dt, circles),
acceleration due to bed shear stress (7, ,/ph, stars), acceleration due to the across-shore
pressure gradient (gdn/dz, triangles), acceleration due to streamwise momentum exchange
(uOu/Oz, inverted triangles), acceleration due to lateral momentum exchange (vOu/dy, dia-
monds), and acceleration due to across-shore wind forcing (-7, , /ph, squares). The dashed
line shows the position of the vegetation fringe and the edge of the transition zone between
the ‘forest’ and ‘mudflat’ drag coefficients. (b) shows the equivalent terms in the along-shore
direction. In (b) the peaks in acceleration at the fringe due to bed shear stress and lateral

momentum exchange reach 0.0012 and -0.0011, respectively.

2015) observed and modelled flow rotation in a low-energy mangrove forest in
Thailand incised by creeks and similar flow patterns have also been observed in
subtropical riverine mangrove forests (Kobashi and Mazda, 2005). Chen et al.
(2016) reported flow rotation in an upper-estuary tidal flat and mangrove sys-
tem in southeast China. In our study, a rapid and pronounced reduction of flow
speeds occurred within very short distances after flow entered the vegetated
region; along-shore flow speeds reduced by 75% within tens of meters of the

boundary, similar to Chen et al. (2016) who observed 50% of flow speeds within
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10 m of the mangrove edge.

A simple balance between drag and pressure forcing appears to hold in the
forest interior. Linear fits to this balance give drag coefficients of 0.03-0.04
for flow over pneumatophore canopies. These values are around 20 times larger
than values typically associated with similar but unvegetated environments.
(For shallow water depths with emergent or barely submerged pneumatophores,
our results here are not conclusive but are weakly suggestive of higher drag
coefficients). Logarithmic boundary-layer models predict a drag coefficient of
[0.4/1log(2/20)]?, where z =velocity measurement elevation and zy =hbottom
roughness length. Therefore, representing the observed drag with such a model
would require a bottom roughness of about 4 cm. The drag coefficients obtained
in the present study are an order of magnitude smaller than those calculated
by Chen et al. (2016). These differences likely result from major differences
in tree morphology. Given the large trunk-to-trunk spacing of the large Son-
neratia trees considered here, the well-developed aerial root systems may have
contributed significantly to total drag. This suggestion is supported by the
relatively poor performance of the emergent stem model (Section 4). In con-
trast, the study by Chen et al. (2016) was in a mangrove forest dominated by
young Kandelia obovata and Aegiceras corniculatum, that did not have a well-
developed root system. The mean tree height was 1.6 m compared with the
O(10m) trees we observed, and water depths were sufficient that the lower part
of the tree canopy (including leaves and branches) was submerged. Hence, in
their system drag was provided by the whole trees themselves.

Vegetation density was an important control on drag, with largest values
of drag observed at the forest fringe (Figure 5), the location at which pneu-
matophores were largest and densest (Norris et al., 2017, this issue). Moreover,
the dynamics at the fringe were considerably more complex than in the for-
est interior. The obliquely incident flow (driven in part by strong along-shore
winds) likely advects along-shore momentum into the fringe, modifying the mo-
mentum balance. The dynamics of the fringe were further modified by the

presence of both breaking and non-breaking waves. Although neglected in the
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drag balance, experiments with larger waves yielded larger estimates of drag co-
efficients. Within pneumatophores, waves can increase turbulence and drag, and
can generate additional flows (‘wave streaming’) with the potential to transport
sediment (Luhar et al., 2013). Wave breaking in the fringe region may pro-
vide additional forcing of along-shore currents (by generating radiation stress
gradients), as is often observed on beaches (Longuet-Higgins, 1970a,b).
Coastal vegetation encompasses a wide variety of geometric characteristics
(Mullarney and Henderson, 2017). The pneumatophores in the present study
were, in general, wider and taller, but less dense than salt marsh vegetation or
seagrass. Nonetheless, aspects of the dynamics here are comparable to those
observed in other mangrove and salt marsh systems. In particular, Temmerman
et al. (2005) and Ashall et al. (2016) report field observations and numerical
modelling results of flows in meso- and macro-tidal salt marsh systems with
flooding and draining occurring in a direction perpendicular to the vegetation

line.

6. Conclusion

Mangrove forests have been shown to armour coastlines against destructive
hydrodynamic forces while simultaneously providing ecological benefits. Over
recent decades, these systems have undergone rapid but highly variable changes,
with some systems prograding while others retreat (Giri et al., 2011; Swales
et al., 2015). Understanding these changes will require examination of the inter-
actions between vegetation, currents, and the sediment supply, as the combined
effect may control the evolution of the coastline (Bryan et al., 2017, this issue).
Drag coefficients have previously been shown to be variable within mangrove
forests, owing to the variability in tree and root geometries and the variability
of the environmental forcing. Field observations from a mangrove forest on Cu
Lao Dung Island in the Mekong Delta, composed predominantly of Sonnera-
tia, yielded spatially variable estimates for bottom-drag coefficients, which are

~ 20 times larger than for non-vegetated systems. The drag coefficients were
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largest in the mangrove fringe, where the largest and densest pneumatophore
canopies were observed. As water flows into the forest, the increase in drag
associated with the pneumatophores causes a local change (rotation) in flow
direction relative to tidal velocities on the mudflat, with flows becoming close
to fringe-perpendicular. Mangroves further reduce flow speeds by sheltering the
water surface from wind forcing. Drag was enhanced when water depths were
low. The dynamics of the system, particularly within the fringe region were
also substantially modulated by the wind and wave energy. These observations
shed light on the dominant forcing terms, and quantify the frictional effects,
that control the transition from energetic offshore flows to relatively low-energy
flows within forests. This transition is fundamental to the ability of mangrove
forests to provide sheltered environments of rapid sediment accumulation.
Accurate drag parameterisations are essential to our ability to reliably model
the interplay between vegetation and deposition/erosion, and hence, our ability
to predict how mangrove systems may evolve under future changes in hydro-
dynamic forcing and upstream sediment supply. These predictions may ulti-
mately be required to construct and inform mangrove preservation and restora-

tion projects.
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