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plotted as black lines on the map view plot, and the TSS values are shown in the plot below each map
view plot, plotted as the distance in km from the river mouth. Panel d shows a slight increase in
discharge from the Wairoa River, causing the initial TSS in the transect to reach above 50 mg 1"' then
abruptly drop within 2 km of the river mouth. These days both show the plume from the Wairoa River
traveling up the coast where the TSS transect extends much further than the other rivers. An elevated
TSS region from the Wairoa River is also visible after a moderate discharge event with S to SW

winds (Fig. 2.7d), again causing transport upcoast for all rivers.

Figure 2.7 Example of a river discharge event in the winter of 2017 from June 15 to August 15. A time series of
forcing variables is shown including a) river flow (m*s™!) for the main rivers, b) significant wave height (m) in
black on the left axis and the wind speed and direction (coloured) on the right axis. The gold lines marking the
times of TSS (mg 1"!) panels numerically listed in a). Transects of TSS along plume centrelines are shown in the
lower right for each corresponding day for each river plume, unless no clearly defined plume was observed for

that river or day. The scale bar for the TSS map view plots is shown in the lower right (range 0-50 mg I'1).

A large storm event occurred on July 15, and a MODIS image was acquired two days after
(Fig. 2.7¢). During the storm event, wind speeds exceeded 10 m s from the SW, the significant wave
height exceeded 5 m, the Wairoa River discharge reached 2100 m?s™, and the other rivers discharges

exceeded 500 m®s™'. The TSS offshore of the rivers were elevated until ~6 km from the river mouths
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and large areas of the Bay showed increased TSS as compared with the other days during this period,
potentially due to the large wave and high winds over the previous two days. Another discharge event
occurred (~400 m*s™") on July 22, followed by a MODIS image collected on July 24 (Fig. 2.7f) with
westerly winds causing plumes to be directed offshore and to the left. With the river discharge still
elevated, the wind direction then shifted from N to NE to E, causing plume directions to shift
accordingly. A southerly wind event (> 10 m s™'; Fig. 2.7i) with a significant wave height of ~3 m
occurred on July 28 which caused widespread increased TSS in the northern region of the Bay, and
increased TSS advected northward from Cape Kidnappers. Likely remnant increased TSS from this

wind event is then observed two days later (Fig. 2.7j).
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Figure 2.8 Example of elevated TSS due to wind and waves from February to March of 2006. A time series of
forcing variables is shown including a) river flow (m*s™!) for the main rivers, b) significant wave height (m) in
black on the left axis and the wind speed and direction (coloured) on the right axis, with the panels showing TSS

(mg I'") at the numeric labels plotted in a).

At other times, moderate to high TSS values are found after significant wave or wind events

without substantial river discharge occurring, indicating resuspension of sediment from the inner
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shelf. For example, Fig. 2.8 shows a period from February to March of 2006 with two small discharge
events with moderate surface TSS expression, followed by periods of moderate to large waves (from
2 to 3.7 m significant wave height) and a wind event. Panel ¢ shows the remnants of the discharge
event from the Wairoa River (peaked at 170 m® s™') and SW wind which caused upcoast transport
towards the Mahia Peninsula, while panel d shows a return to low magnitudes of TSS in the Bay, as
river discharge magnitudes further drop. Panels e-h show a period with increased wave heights greater
around 2 m and regions of increased TSS in depths less than 20 m. On March 4, a 3.7 m wave event
occurred along with moderate SW winds, and on March 5 the TSS in the Bay is greatly increased
compared to background conditions, with TSS of 5-15 mg 1" throughout most of the Bay. The day
after, the wind speed increased to around 15 m s'! from the E, and the TSS substantially increased,
particularly in the Southern region of the Bay, advecting material offshore in the Southern region of

the Bay and northward around the Mahia Peninsula in the Northern region of the Bay.

2.4.4 Typical spatial variability of TSS

The average spatial variability of TSS in the Bay is revealed by the percentage of time that the
remotely sensed TSS concentration was above a threshold value, relative to the number of
observations available at each pixel. Here, these percentages were computed for the 5, 15, and 45 mg
1" thresholds (Fig. 2.9). In all cases, the most frequent occurrences were near the inlets of the main
rivers, with the Mohaka and Wairoa Rivers exhibiting prominent half-circular regions of higher
occurrence for both the 5 and 15 mg 1" intervals (Fig. 2.9a-b). The 50% occurrence for 5 mg I"! for
these two rivers extended roughly 2.5 km from the inlet. The same 50% occurrence contours for the
Tukituki and Ngaruroro/TttackurT Rivers merged to form a continuous band roughly 2.5 km wide.
The contours widen at Cape Kidnappers to 3.75 km from the shoreline, potentially due to enhanced

sediment supply to the nearshore from cliff erosion and wave resuspension.
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Figure 2.9 The percentages of occurrence for a range of TSS values. a) 5, b) 15, and ¢) 45 mg I'! is shown for

each pixel in the bay. The percentage was computed using the number of days that each pixel had available data.
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The contours for the 15 mg 1" threshold (Fig. 2.9b) follow similar spatial patterns as the 5 mg
1" threshold. However, they are greatly reduced in areal extent for the 45 mg 1" threshold (Fig. 2.9¢),
where high values are restricted to areas directly adjacent to the river inlets. For example, the 1%
occurrence of the greater than 45 mg I"' contour was located 2, 0.9, 2.5, and 1.5 km from the shoreline
for the Wairoa, Mohaka, Ngaruroro/Tiitackuri, and Tukituki rivers. For the rest of the coastline, the

contours are typically 250 m offshore or not present.

2.4.5 Length scales of TSS concentrations in river plumes

The remotely sensed TSS can be used to infer the extent of the offshore transport in the
surface layer. This can be altered by ambient subsurface currents and bed stresses which can prevent
bed deposition. However, determining the length scales of the initial step of offshore transport is a key
step for understanding the sediment transport to long-term depositional areas, determining regions of
increased turbidity in the water column, and for assessing the health of benthic communities. Length
scales of cross-shelf transport are dependent on the plume velocity to advect sediment, the plume
thickness, and the sediment setting velocity. For example, Geyer et al. (2004) defined a general length
scale of sediment deposition from a river plume as L = uh/w;g, where u is a characteristic along

plume velocity (neglecting lateral advection), h is the plume thickness, and wy is the settling velocity.

To quantify the length scales of initial deposition, the daily TSS transects for three of the
rivers are used and two different length scale metrics are defined, including the e—folding distance
(the distance following the transect until 37% of the initial TSS) and the distance to the 5 mg I"' value.
We note that not every TSS transect may reach the thresholds for an e—folding value or reach 5 mg 1.

The e—folding distance is dependent on the gradient of TSS along the plume, which is controlled by
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sediment advection and fallout from the plume. The 5 mg I length scale is additionally used as a

general outer boundary value of the river plume.

a foldi b
) e folding method - 80 )
—o&—Tukituki e-f
250 =0= Tukituki 5 mg I’
- Mohaka e-f
60 P
200 Mohaka 5 mg |
~&—\Wairoa e-f
4 =0~ Wairoa 5 mg I"’
150 & 40 M
o)
1100
20
50 9/
0 0L g
0 20
c) 5mgl! method d
) 9 300 100 )
250
200
w
150 =
a
1100
50
0

Depth (m)

Figure 2.10 The estimated locations, transit distances, and depths of likely initial sediment deposition from two
methods. a) The number of occurrences on a 1 km grid on e—folding locations computed for the Tukituki,
Mohaka, and Wairoa Rivers. b) Histogram counts of the e—folding distance of TSS for along plume centerline
transects for each river. The solid lines are the e—folding metric (named e-f), and the dashed lines are the
distance of the 5 mg I'! TSS value. ¢) The number of occurrences on a 1 km grid on 5 mg I'! locations computed
for the Tukituki, Mohaka, and Wairoa Rivers. d) Histogram counts of the depth corresponding to each location
for each river. The solid lines are the e-folding metric, and the dashed lines are the distance of the 5 mg I'' TSS

value.

For each major river where a TSS plume was clearly identified, the distance from the edge of
the river mouth inlet to the e—folding location and depth at that location, as well as the distances and
depths to the 5 mg 1! value (dashed lines), are shown in Fig. 2.10b,e. In general, the larger rivers have
greater distances that extend further offshore to deeper depths, and the 5 mg 1" metric is generally

further offshore and deeper than the e—folding metric. Spatially, the southern rivers e—folding
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locations are mostly inshore of the 10 m isobath clustered around the rivers (Fig. 2.10a). In contrast,
the locations are inshore of the 20 m isobath for the Mohaka River, and even further offshore for the
Wairoa River (Fig. 2.10a). The e—folding locations for the Tukituki River is well distributed in all
directions from the river mouth while the northern rivers are mostly distributed directly offshore and
down coast (in the direction of Kelvin wave propagation) from the river mouths. In comparison to the
e—folding locations, the locations of the 5 mg 1" value (Fig. 2.10d) show similar patterns but with
more instances found, and generally exacerbated patterns that reflect the ending location of the

transect.

The e—folding distance for all rivers has broad distributions with most transects having
distances from 2—6 km, with a peak for the Wairoa and Mohaka Rivers around 3—4 km and 2-3 km
for the Tukituki River (Fig. 2.10b). The histogram for all rivers shows a tail with distances greater
than 10 km extending to 20 km, with more instances found for the Wairoa and Mohaka Rivers. The
distances to the 5 mg 1" value are slightly shifted to further distances but follow similar patterns. The
similarities between the two metrics likely reflect commonly occurring TSS values offshore of the
river mouths (10-15 mg I'') that would give e—folding values around 5 mg 1", The peak depths of the
e—folding locations are deepest for the Wairoa River (21 m), followed by the Mohaka River (15 m)
and the Tukituki River (11 m), which reflect a combination of the traversed distance offshore and the
bathymetry offshore of the river. The initial transect TSS value shows weak linear relations with daily
river discharge (r* from 0.1-0.2), and the e—folding distance displays higher scatter (r*~0.025) than the
distance to the 5 mg 1" value (1’~0.21) when related to daily river discharge. This likely signifies that
the e—folding distance metric and TSS gradients are also controlled by other hydrodynamic and
sediment processes, while the distance to the 5 mg 1" is more related to advection related to river

discharge.

Using general settling velocities for clay (0.01 mm s™), fine silt (0.1 mm s™), and aggregated
particles or coarse silt (1 mm s), along with plume velocities ranging 0.2—1 m s™ and plume
thicknesses ranging 0.5—-4 m (Geyer et al. 2004), we can estimate the distances over which different
sediment sizes are advected offshore before exiting the plume layer. Clay particles can be advected
over tens to >100 km because of their low settling velocity, whereas fine silt particles travel anywhere
between a few to a few tens of km. Particles with settling velocities of 1 mm s likely travel a few km
at the most. Aggregated particles have been shown to be deposited proximity to the river inlet due to
their high settling velocity (Milligan et al. 2007, Warrick et al 2008). These results imply that the bulk
of suspended sediment falls out of plumes within roughly 5 km from the river inlet and that the bulk
settling velocities are 0.1 mm s™' or higher. The furthest distances found here (>10 km) are likely
dominated by particles with low settling velocities (~0.01 mm s™'). However, without additional data
to constrain the hydrodynamics of the river plumes, it is not possible to further constrain estimates of

settling velocities.
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2.4.6 Plume directionality

The direction of the river plume has important implications for determining which processes
are most important for sediment dispersal in Hawke Bay. The main processes important for directing
river plume transport in addition to the river momentum and buoyancy forcing are the Coriolis force
(steering the plume down coast and northward in the direction of Kelvin wave propagation), wind
driven currents, including upwelling and downwelling processes that can modify the plume structure
(Horner—Devine et al. 2015), the inlet configuration (Geyer et al. 2000), and tidal modulation
(Basdurak et al. 2020). If the length of the plume is greater than the baroclinic Rossby radius of
deformation, which is on the order of 10 km for typical conditions, the Coriolis force is more likely to
steer the plume towards the left and create a buoyancy-driven coastal current, and in the absence of

other forcing with steady discharge, a recirculating bulge can form (Horner—Devine et al. 2015).

The river plume directionality was classified as spreading either down coast (northward), up
coast (southward), or offshore, by classifying the location of the end location of the TSS transect in
three 60° windows extending from each river mouth (Fig. 2.11a). Both the Mohaka and Wairoa
Rivers plumes were predominately directed down coast ~65% of the recorded times, with less
occurrences directly offshore (29%), and a small percentage of times the plumes directed up coast
(<10%). In contrast, the plumes from the Tukituki and Ngaruroro/TttackurT (not shown) Rivers
predominately were directed offshore (52%), with comparable instances (~25%) directed either up or
down coast. The dominant plume directions can also be seen in the locations of the TSS transect

points (Fig. 2.10c).
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Figure 2.11 The river plume directionality and relation with wind direction. a) Plume directionality of each TSS
transect for each river, in 60-degree sections offshore of the coastline at each river, computed using the location
of the end point of the TSS transect. Down coast is oriented northward and up coast southward. b—d) Wind
direction and speed (m s!) from the nearest wind station, averaged over the previous six hours to satellite image
collection compared with plume direction for the Tukituki, Mohaka, and Wairoa Rivers. The grey shading
represents the land boundary for each river, and the coloured shading corresponds to the colours from a). The

coastline orientation is shown by Google Earth images at each of the river mouths.

Using the plume directions for each river, the angle of the river plume from the river mouth to
the end of the TSS transect was computed and compared with the wind speed and direction (Fig.
2.11b—d) from the nearest weather station, where the wind speed and direction was averaged over the
6-hour period prior to satellite image collection. Downwelling winds from the SE to W (for the
southern and northern regions of the Bay respectively) would be expected to vertically thicken and
horizontally compress the plume along the coastline, while upwelling winds (NW to E) would be

expected to thin and expand the plume in the cross-shore direction (Fong and Geyer 2001).

In general, the plume directions show weak linear relations with wind direction, with lighter

winds showing more scatter than higher wind speeds. For the Tukituki River when wind speed is >5
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m s, a linear response is shifted such that the river plume is typically directed ~30° to the left of the
wind direction, predominately during W—SW winds where the plume is directed offshore. For the
Mohaka and Wairoa Rivers, the strongest winds came from the W—SW, where most of the correlation
between wind direction and plume direction is found, with lighter winds from other directions
showing higher scatter. Relatively few instances of higher wind speeds for wind directions other than

W-SW were observed for the available plume transects.

These results indicate that the river-plume directionalities are sensitive to the predominant
W-SW winds, which typically exhibited greater wind speeds. High scatter and low wind speeds for
other wind directions limit the understanding of the plume response for those conditions. In the
Merrimack River plume, Kakoulaki et al. (2014) found that the plume responded to wind speeds
greater than 4 m s™', comparable to the speed threshold observed here. However, Kakoulaki et al.
(2014) shows that the plume direction was typically offset from the wind direction by 45° due to
Coriolis deflection. The Tukituki River displays a leftward shift related to wind direction but there is

too much scatter for the Mohaka and Wairoa River plumes to discern any relation.

Other processes not considered here that likely influence plume trajectories include the inlet
configuration, which for the Eel River was found to be important for setting the initial direction of the
near—field plume (Geyer et al. 2000). The inlets in Hawke Bay can form complex morphologies which
direct the near—field plume either up or down coast (e.g. Fig. 2.11b—d). Tidal motions have been
shown to influence small discharge plume direction to either down coast or up coast depending on the

tidal stage (Basdurak et al. 2020).

2.4.7 Relation between TSS and forcing mechanisms

Although the river forcing is likely the dominant driver of TSS variability, other processes
including resuspension from wave bed shear stress and wind driven currents are likely important for
resuspending sediment, potentially mixing to the surface layer, and advecting sediment throughout the
Bay (e.g., Fig. 2.8).To illustrate this, the average TSS values are computed for varying forcing
conditions (Fig. 2.12), including wind speed (averaged over the previous six hours), total river
discharge into the Bay (the maximum value over the previous two days) and the significant wave
height (averaged over the previous day). Additionally, for the wave height averages, days were

selected on whether the total river discharge was greater than 500 m’s over the previous 7 days.

The averaged composites show that river discharge is a key factor in the magnitude of TSS
variability adjacent to the rivers and the inner shelf in general. Roughly half of the wave events
greater than 2.5 m co—occur with elevated river discharge, leading to higher TSS during times of a
past discharge event than without. However, wave events during low discharge also show elevated

TSS in the northern nearshore region of the Bay as well as the Cape Kidnappers region, indicating
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that wave resuspension alone is an important driver of TSS variability. Additionally, broad regions of
the Bay show elevated mean TSS concentrations (~15 mg 1""). For more moderate wave events (1-2.5
m), there is noticeably lower TSS away from river mouths, although elevated values are still seen
around Cape Kidnappers. The TSS shows a slight increase in relation to increased wind speeds, but no

clear pattern is apparent.
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Figure 2.12 Average composites of remotely sensed TSS (mg I'!) for various environmental conditions. The
number of days averaged is shown for each plot. The left column averages wave conditions (using the 24-hour
average significant wave height prior to image collection) when a greater than 500 m? s peak total discharge
flowed into the Bay over the previous 7 days, and the middle—left column shows the same wave height ranges
but when the total discharge did not reach a 500 m? s peak over the previous 7 days. The middle right column
shows averaged days in total river discharge ranges (using the maximum value over the previous two days). The
right column shows the averaged days under varying wind speed values (using averages over the previous 6

hours) measured from Napier Airport.

To estimate the relative contributions of forcing mechanisms with the surface TSS for each
location on the MODIS grid, we use linear regression against three primary drivers (Fig. 2.13)

including: 1) combined freshwater discharge into the Bay, 2) wind speed from the nearest wind
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station averaged over six hours prior to image capture, and 3) bed stress due to waves. The linear
regression (where significance levels are greater than 0.05) shows the river discharge is the dominant
driver of TSS variability (Fig. 2.13a), particularly offshore of the Tukituki and Ngaruroro/Ttitackurt
rivers where the r* value is around 0.5 extending about 10 km offshore of the river inlet. Offshore of
the Mohaka and Wairoa Rivers, high coefficients of determination of around 0.4 are found, and a
broad portion of the Bay inshore of the 50 m isobath has elevated r* values of around 0.25. The linear
correlation with the wave bed stress (Fig. 2.13b) has a broad region of moderate correlation with r*
values greater than 0.2 for areas less than 50 m deep, and with higher correlations outside of regions
of high correlation with the river forcing. The correlation with the wind speed is low throughout the
entire Bay (Fig. 2.13c). However, the linear regression does not account for the temporal history of

the TSS, as well as the expected nonlinearity in the relation between the bed shear stress and sediment

resuspension.
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Figure 2.13 The coefficient of determination (r?) between remotely sensed TSS and forcing mechanisms. The r?
value for each pixel is based on the linear regression of TSS with a) the combined river discharge into the Bay,
b) the wave bed shear stress, and c) the wind speed from the nearest wind station. The scale bar corresponds to

all plots and only r? values where significance levels are greater than 0.05 are shown.

The bed stress due to waves, computed from modelled wave statistics, shows the wave
climate of the Bay is often large enough to resuspend fine sediment that is deposited from the rivers
(Fig. 2.14). The rivers predominately transport suspended sediment from clay to coarse silt sizes.
Therefore, general critical erosion thresholds of 0.05 N m™ for a fine silt sized particle (Fig. 2.14a)
and 0.1 N m? for a coarse silt (Fig. 2.14b) are used here to gauge the frequency of exceedance (as the
percentage of time) of the critical shear stresses for sediment deposited from the rivers. The bed stress
exceedances show spatial variability associated with variable bottom roughness, as there are multiple
rocky zones within the Bay (Fig. 2.1), as well as due to wave shadowing from the geometry of the

Bay. The rocky zones within the Bay have persistently high enough shear stress values to resuspend
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any material that was deposited there. Inshore of 30 m depth, roughly half of the time fine silt will be
able to be resuspended. Coarse silt can be resuspended approximately a quarter of the time. Offshore

of 50 m depth, fine sediment is likely resuspended for the largest wave events.

a) % of time > 0.05 N/m? b) % of time 7> 0.1 N/m?

Figure 2.14 The spatial relationship between bed stress and surface transport regions. a) The percentage of time
(evaluated at the time of image collection) of exceeding 0.05 N m? and b) 0.1 N m'!. Bathymetry contours are
shown in red and labelled on a). The blue to turquoise lines represents the contours of 100, 50, and 5

occurrences of the 5 mg I'! TSS value (as seen in Fig. 10c¢) which was computed on a 1 km grid.

In the regions of likely initial deposition, here using the locations of the 5 mg I"' TSS (Fig.
2.10c¢) transect points for occurrence values of 5, 50, and 100 (Fig. 2.14), shear stress exceedances for
the fine and coarse silts are frequent, particularly for the higher occurrences (blue lines). However,
this simple comparison does not consider the complexities of sediment erosion, including sediment
consolidation, cohesion, and aggregation (Grabowski et al. 2011), and only provides a speculation

into subsurface processes.

2.4.8 Length scales of plume transport

The derived length scales of likely sediment deposition found in this work largely corroborate
prior studies of marine dispersal dominated river systems (Walsh and Nittrouer 2009), with relatively
short length scales of surface transport that are typically further transported subsurface by processes
that are not captured by satellite remote sensing. We found that the depths of the e—folding locations
are typically shallow enough for material to be suspended upon common wave events, but more work
is needed in Hawke Bay to further document these processes. For example, in the Waipaoa River (just
north of Hawke Bay), the aggregate and coarser particles settle in the bay and slightly offshore (<7
km offshore), while finer sediment is more dispersive (Moriarity et al. 2015). Some sediment was

found to be stored in long-term mud deposition areas located at bathymetric low points, but a majority

51



would be resuspended by wave orbital currents in the thin wave boundary layer, which can reach
concentrations high enough to form hyperpycnal currents transporting sediment offshore (Hale and
Ogsten 2015). If river flood events co—occurred with significant waves, sediment was likely
transported offshore immediately, but if they did not co—occur, sediment would be stored temporarily
in the bay and on the shelf (Bever et al. 2011, Moriarity et al. 2015). Kniskern et al. (2010) used
isotopic dating to show that muddy sediments are stored ephemerally between 30—-50 m, and that
longer term deposition was found offshore at 80—120 m. Similar subsurface processes likely occur in
Hawke Bay, and more detailed measurements are needed to investigate how initial surface transport

relates to long term sediment transport and deposition in Hawke Bay.

2.5. Conclusion

Using a twenty-year record of satellite ocean colour data, we assessed the spatial and
temporal variability of suspended sediment concentration offshore of several small mountainous
rivers. The use of satellite remote sensing, here combined with an empirical regression for TSS based
on in-situ data, allowed for an unprecedented number of discharge events to be captured for multiple
rivers as compared with traditional in-situ measurements of river plume sediment transport. Longer
temporal records enabled a full range of discharge events, wave, and wind conditions to be captured.
TSS offshore of the main rivers in the Bay showed strong seasonal cycles related to seasonal changes
in river discharge, but that the majority of the TSS variance offshore of rivers occurred at timescales
shorter than seasonal. Although there were interannual differences in sediment flux into the Bay,
typical of small mountainous river systems due to the importance of individual events, the interannual
TSS variations from remote sensing were small in comparison. This is likely due to the short time
scale of the events, which may not be captured due to cloudiness from remote sensing. The empirical
algorithm used here was well suited for general conditions (0-80 mg I"') but may not accurately

estimate the higher range of TSS values possible during the largest discharge events.

The use of remote sensing allowed detailed spatial information of three separate river plumes
to be tracked over time. We found that river plumes spatial extents are highly related to the river
discharge magnitude, which sets the outflow velocity, buoyancy, and sediment concentration of the
river plume. Rivers with larger freshwater fluxes have a larger corresponding inner-shelf footprint of
persistent TSS conditions. Plume length scales were defined using the distance to the 5 mg 1" TSS
value as well as a metric based on the TSS gradient (e—folding distance of TSS) along the plume
centerline. Length scales of the TSS plume extent (to the 5 mg I"' value) were most commonly
between 2—-8 km offshore, with the larger rivers (Wairoa and Mohaka Rivers) having further
distances. The e—folding distance was shorter, with peak values ranging 2—6 km. The transport
distances and depths were consistent with the previously established notion that coarser particles settle

from the plume in the range of a few km from the river mouth, with the bulk of sediment typically
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falling from the plume within ~6 km, while finer particles can be transported further offshore greater
than 10 km. The prevailing wind direction relative coastline orientation were important for the

observed river plume transport directions.

In Hawke Bay, the dominant contributor of the TSS signal was river discharge followed by
waves. Waves were shown to cause elevated surface TSS even during low river discharge. Wind was
not as important of a driver for TSS signals at the surface of the Bay but was important for advecting
river plumes. Further work in Hawke Bay should address subsurface processes to better understand
how surface sediment transport in river plumes, and the patterns that can be detected from satellite
remote sensing, is related to long-term sediment deposition. Future satellite remote sensing work of
small mountainous river plumes will benefit from using datasets with higher accuracy TSS retrievals
at high TSS, higher resolution imagery particularly in the near-field plume and coupling with in—situ
data of plume circulation can lead to new insights about sediment deposition and settling from river

plumes.
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Chapter 3: Circulation and cross-shelf sediment fluxes in an energetic

bay with multiple small mountainous rivers
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3.1 Introduction

The delivery of terrestrial sediment into the coastal ocean can cause impacts on the shelf and
nearshore ecosystem, such as limiting light penetration and blanketing the benthic environment with
fine sediments, ultimately changing the structure and function of these areas (Thrush et al. 2004).
Sediment stressors are particularly relevant for coastal oceans that receive river discharge from small
mountainous river systems, where high levels of sediment can be transited quickly to the coastal
ocean (Walsh and Nittrouer 2009). In such cases, the longer-term fate of the material is dependent on

inner shelf processes which can redistribute sediment across the shelf (Geyer et al. 2000).

In this study, we characterize the inner shelf circulation and cross-shelf sediment transport
response of an embayment with multiple small mountainous rivers that is exposed to an energetic
coastal ocean using a numerical model. The study is focused on Hawke Bay, Aotearoa New Zealand,
where little oceanographic information is available, and the region is highly susceptible to devastating
storm events, such as Cyclone Gabrielle in 2023 and Cyclone Bola in 1978. The region has steep
deforested catchments and erodible soils that have the potential to cause widespread ecological
damage to the near shore and shelf seabed during such events. A three-dimensional hydrodynamic
sediment transport model is verified against observational data and used to explore the relative
importance of environmental drivers in determining sediment fluxes throughout the Bay. This study
sets out to describe the circulation patterns in Hawke Bay comprehensively for the first time, as well
as investigating how environmental conditions impact small mountainous river plumes and cross-shelf

sediment transport.

3.2 Background

3.2.1. Regional setting: Hawke Bay

Hawke Bay is a large southeast facing embayment, roughly 40 by 80 km, on the east coast
of the North Island, extending from the Mahia Peninsula in the North to Cape Kidnappers (Fig. 3.1).
The continental shelf offshore of the bay is relatively broad and gently sloping compared with the
narrower shelf north and south of the Bay. Steep coastal mountains combined with high rainfall rates
produce significant episodic river discharge events that transport on average 11 million tons (MT) of

suspended sediment to the Bay each year (Hicks et al. 2011).

The Bay is susceptible to strong wind and wave forcing at times. The average significant
wave height recorded off Napier was 1.2 m, but high wave events can be from 2.5 — 3.5 m, and the
largest events are greater than 8 m (Komar 2010). Waves on average approach from the east-
southeast, are larger in winter, and wave heights in the bay can be spatially variable for a given swell
due to wave refraction. Waves create longshore currents that are important for sediment transport and

beach erosion in the southern Bay (Komar 2010). The spring tidal range is ~1.9 m and neap are ~1.2
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m as measured at the Napier Port. Current patterns in the Bay have received limited investigation, but
early work suggests general current patterns of inflow at the Bay center and outflow at each headland
(Ridgeway and Stanton 1969) as well as the presence of expansive freshwater plumes (Bradford et al.

1976).

There are two dominate currents that flow offshore of the Bay: the warmer and saltier East
Cape Current (ECC) that flows from the north and the cooler and fresher Wairarapa Coastal Current
(WCC) from the south (Stevens et al. 2021). Chiswell (2002) showed that water from the WCC can be
advected into Hawke Bay. Kerry et al. (2023) studied the offshore circulation in much higher detail
than has been done previously and showed that for mean conditions the WCC flows northward on
shelf slope offshore of the Bay until roughly 1 km depth about 100 km from shore, where then the
ECC predominately takes over with southward transport. The transport displays seasonal variability

with larger southward ECC transport in summer (Kerry et al. 2023).

3.2.2. River plume and inner shelf flows

Transport of sediment within a river plume is dependent on the sediment characteristics,
which determine the downward settling velocity, as well as the lateral advection which transports
sediment particles horizontally (Geyer et al. 2000). The plume dynamics are dependent on the river
velocity at the inlet mouth, the density contrast between the outflowing water and ambient ocean
water, the barotropic pressure gradient, and ambient currents created by the wind or offshore currents
(Horner-Devine et al. 2015; Hetland 2005). In the near-field region, the transport is dictated by the
outflow momentum at the river mouth and behaves as a jet, being slowed down by shear mixing at the
base of the plume. During discharge events, the freshwater will generally detach from the bottom at

the mouth of the river inlet.

In the mid-field region, other processes become important. The density contrast between the
fresh and ocean water produces lateral spreading at the rate of the internal wave speed (Horner-
Devine et al. 2015). Local winds can create surface currents which transport the freshwater, as well as
provide vertical mixing if the Ekman layer depth is greater than the plume depth. Upwelling winds
have been shown to elongate the plume offshore, while downwelling winds tend to trap fresh water
near the coast (Fong and Geyer 2001). If the length of the plume is greater than the baroclinic Rossby
radius of deformation, the Coriolis force can steer the plume towards the left and create a buoyant
coastal current, and if other processes are absent, a recirculating bulge can form (Horner-Devine et al.
2015). The ambient currents on the inner shelf are influenced by waves (surface and internal), wind,
tidal forcing, and offshore flows such as boundary currents and submesoscale flows (Lentz and
Fewings 2012; Kumar et al. 2016; Wu et al. 2020). Wind driven upwelling and downwelling flows
can initiate cross-shelf and vertical velocities, and wave induced currents can drive cross-shelf,

vertical and alongshore currents in the nearshore (Lentz and Fewings, 2012).
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Wave current interaction offshore of the inlet and wave breaking near the inlet mouth can
significantly alter the plume structure and currents (Wright et al. 1980) and create strong vertical
velocities in the inlet region. Wright et al. (1980) documented enhanced deposition near the river inlet
due to wave breaking. The geometry of the inlet and existence of a shoal or submerged delta also play
key roles in the momentum structure of the inlet region (Olabarrieta et al. 2011). However, the
influence of these processes on sediment transport has not been studied in detail, and understanding
the role of these complexities in controlling zones of sediment deposition is essential to successful

management of these stressors.

3.3 Methods

3.3.1 Numerical model

To simulate hydrodynamics and sediment transport in Hawke Bay, the Coupled Ocean-
Atmosphere-Wave-Sediment Transport (COAWST) modelling system (Warner et al. 2008) was used.
From the COAWST system, we utilized the coupling of the Regional Ocean Modelling System
(ROMS), with Simulating WAves Nearshore (SWAN) and the community sediment transport model.
ROMS is a three-dimensional, hydrostatic, finite difference numerical model that approximates the
Reynolds averaged Navier-Stokes equations on a structured grid (Haidvogel et al. 2008). ROMS is
commonly used in inner shelf settings (e.g. Suanda et al. 2018, Kumar et al. 2016). SWAN is a
spectral wave model that solves the spectral density evolution equation (Booij et al. 1999) and
includes refraction, shoaling, and dissipation. Atmospheric forcing to the ROMS is configured using
the bulk fluxes formulation with atmospheric model data from the ERA-5 interim hindcast dataset

(Hersbach et al. 2020).

The Hawke Bay SWAN model is forced by a wave hindcast of Aotearoa New Zealand waters
by Alberqurque et al. (2022), which showed good skill at replicating wave height and period at the
local wave buoy located in Napier (Alberqurque et al. 2022). At the model boundaries, spectrally
averaged values were used to force SWAN at 2 km increments. SWAN was set up to compute the
wave action balance equation in the frequency range of 0.04 to 1 Hz with a resolution of 24 bins in 36
directional bins. Exchange of information between ROMS and SWAN was set to occur every 10
minutes. The vortex force formulation was used to model the effect of waves on current and currents
on waves (Kumar et al. 2012), and additionally modelled processes included wave driven mixing and

bottom streaming.

At the outer boundary of the coarse domain, ROMS is forced by the momentum and density
fields of a realistic hindcast simulation of Aotearoa New Zealand waters (De Souza et al. 2022, Kerry
et al. 2023), termed the MOANA hindcast model. The MOANA hindcast model is a 5 km resolution
ROMS model that performed well when compared to available sea surface temperature, and showed

high skill for water level variability, including sea level set up and set down. The boundary condition
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for the coarse grid for the density, velocity, and sea surface height fields use a radiation-nudging
condition, allowing information to propagate out the domain, with a strong inflowing nudging time
scale and a weak outflowing time scale (1 and 365 days respectively). At the open boundary, the
Chapman condition is used for the free surface, the Flather condition for barotropic velocities, and

gradient condition for the turbulent kinetic energy.

The MPDATA advection scheme is used horizontally and vertically for all tracers, as it is
well-suited for the modelling of areas of large tracer gradients and preserving positive values of
salinity and sediment concentration (Smolarkiewicz and Margolin 1998). Bottom roughness was
computed as a time dependent function of the sediment grain size. The horizontal diffusivity and
viscosity constants were set to 0.01 m?/s to reduce numerical instability. The k-e turbulence closure
model was used with default parameters, and mixing was formulated to occur along geopotential

surfaces for tracers and along constant sigma surfaces for momentum.

Freshwater fluxes for most of the rivers that drain into the Bay are measured by the Hawkes
Bay Regional Council and recorded at 15-minute intervals
(https://www.hbrc.govt.nz/environment/river-levels/). For smaller ungauged rivers, including the
Nuhaka, Waihua, and Waikere Rivers, linear scalings based on watershed areas with nearby rivers
were used to estimate the discharge. The river freshwater flux entered the domain as a horizontal
momentum flux as a point source for all rivers, which was vertically evenly distributed for the upper
20 layers of the water column. The temperature of the river flux for all rivers was set to the measured
river temperature from data collected in the Tukituki River at Red bridge (Fig. 3.1). Two model runs
were performed from the period of March 2017 to December 2019, one with only ROMS and with
two-way ROMS and SWAN coupling. The coupled model is used for all analysis presented, and the
ROMS only run is used for comparison to assess how waves impact river plume circulation in Hawke

Bay.

3.3.2. Grids and bathymetry

Bathymetry used for the ROMS and SWAN grids are sourced from several datasets, including
a 250 m gridded dataset from NIWA, lidar and multi-beam sonar datasets sourced from the Hawkes
Bay Regional Council, where multi-beam datasets were focused on hard structure areas in the Bay.
All datasets were vertically referenced to mean sea level in the time-period of 2006-2016, then
merged and interpolated to the grid. The bathymetry was smoothed to meet the criteria of a maximum
stiffness value of 0.2, and the minimum depth was set to -2 m (where positive is downwards). Wetting
and drying was used with a minimum critical depth of 40 cm. The model used 22 vertical sigma layers

with greater vertical resolution at the surface and bed.
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Figure 3.1 Overview of the Hawke Bay region, data sources, and COAWST model grid. a) The bathymetry of
the north island of Aotearoa New Zealand (m), with the COAWST model domain shown in red. b) The ROMS
and SWAN model domain and bathymetry (m), where the red contour lines show the bathymetry deeper than
100 m. Major rivers are labelled, as well as the data locations used, including the HAWQi mooring, wave buoy,
tide gauge, and glider tracks. The blue dots represent freshwater and suspended sediment point sources. A 10

km scale bar is shown in the northern region of the Bay for reference.

The grid expands beyond the continental shelf and tens of kilometers north and south from
Hawke Bay to reduce impacts from the boundary on the flow in the Bay (Fig. 3.1). The grid resolution
is 500 m. The rivers and river inlets are not resolved by the grid and are implemented as point sources.
This approach does not accurately simulate the near field plume, which is dependent on the inlet
width, which is typically much narrower than 500 m, as well as estuarine processes which can impact

the outflow density and momentum.

3.3.3. Sediment characteristics
Suspended sediment transport is modelled in the Bay by using a fixed number of grain sizes
that represent the sediment characteristics in the Bay. The model options used in this work include

allowing morphological bed changes, the sediment in the water column contributes to the water
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column density, and only suspended transport considered. We use static sediment classes with no

cohesive processes such as flocculation or bed consolidation.

The bed sediment grain size is initialized with data sourced from a compilation dataset from
NIWA, with samples mainly collected in the 1960s, along with data collected by Hawkes Bay
Regional Council in the 2010s, and grain size data collected in the Tukituki River and inlet in 2022
(Atkin, 2022). The sediment characteristics in the Bay follow common continental shelf sedimentary
patterns, with coarse sand on beaches and muddy areas becoming progressively dominant with
distance offshore. There are also several gravel zones and rock reefs in the Bay, as described below.
Pantin (1966) comprehensively sampled and described the bed sediment characteristics in the Bay,
observing that coarse beach sand (with the median grain size (dso) around 250 mm) persists for a
relatively short distance offshore until fine sand becomes the dominant sand size in the Bay (in the
range of 63-150 mm, and around 100-125 mm in general; Marshall 1929, Pantin 1966, Hume 1989,
White 1994). Muddy regions offshore were recorded to have silt/clay to sand ratios of typically 70/30.

Gravel is found along the beaches of the southern Bay, including at the inlets of the
Ngaruroro/TutaekurT and Tukituki Rivers, as well as a few offshore regions such as offshore of the
Mohaka River (Pantin 1966, Atkin 2022). Grain sizes at the bed of the Tukituki River near the inlet
and up to 1.5 km upriver from the inlet range from 4-32 mm, with the average dso 16 mm. The
Mohaka and Wairoa River inlets also have coarse grain beaches with gravel sizes. Hard structure
rocky reefs areas in the Bay include the Pania reefs, Wairoa Hard, Clive Hard, and offshore of the
Mahia Peninsula. Seafloor classification for these areas has been done using sidescan sonar, which
classified sediment types (data from Hawkes Bay Regional Council). We use the derived maps from

these surveys to prescribe the sediment bed sediment class for these areas.

Bed grain size distributions have been measured in the Tlitackuri/Ngaruroro River (average
4% clay, 19% silt, 77% fine sand; Atkin 2022), and the Wairoa River (50% fine sand, 45% silt, and
5% clay; data from Hawkes Bay Regional Council). White (1994) reported suspended dspvalues from
the Tukituki and Ngaruroro/TutaekurT rivers with clay sized values around 4 pum for the Tukituki and
Ngaruroro/TutaekurT Rivers. More recent measurements collected by Hawkes Bay Regional Council
in the Tukituki River report bimodal peaks of suspended dso by volume of 15 and 45 um. Additional
measurements for suspended dso taken in 2021 had bimodal peaks of 7 and 34 um for the Wairoa
River, 6 and 25 pm for the Mohaka River, and 13.6 um for the Tukituki River. A small number (11)
of grain size samples were taken in the four main river plumes at various distances offshore had a

range of dso values from 3—15 um.
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Figure 3.2 Bed sediment grain size percentages interpolated to the model grid. a) Mud, b) sand, and ¢) gravel

sized sediments. These distributions were used to initialize the bed sediment model.

The initial bed composition was based on a spatial interpolation of the bed data to the model
grid (Fig. 3.2). For rock areas, we use the gravel class, which will remain immobile for these
simulations as only suspended transport is considered. Due to the ubiquitous presence of aggregated
particles that have been documented in other river plume studies (Geyer et al. 2004), the lack of
measurements that have been made in the region, and the significant influence that the effective
settling velocity has on sediment dispersal (e.g. Geyer et al. 2004), we assume that a fraction of the
river flux of suspended particles are aggregated and use commonly reported values for the diameter
and settling velocity. For the bed sediment fractions, all gravel and rock areas use the gravel class
with values measured from the Tukituki River (dso~ 16000 um), and all sand in waters deeper than 5
m was set to fine sand while shallower than 5 m was set to the medium sand class. In muddy areas the

mud percent was distributed as 50% coarse silt, 40% silt, and 10% clay.

Table 3.1 Sediment classes and characteristics used in the sediment transport model. The settling velocity was
computed from the Stokes settling velocity and the critical shear stress from the Shields critical stress. The

critical shear stress for erosion and deposition were set to the same value.

Sediment class | dso Settling velocity | River Critical
(um) (mm/s) fraction shear stress

(%) (N/m?)

Clay 4 0.014 30 0.03

Silt 10 0.1 30 0.05

Flocculated silt | 10 1 20 0.05

and clay

Coarse silt 50 2 20 0.1

Fine sand 125 10 0 0.145
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Medium sand 250 30 0 0.194

Medium 16000 | 800 0 12.2
pebbles

Given the range of observed suspended sediment sizes observed in the Bay, general size
values were chosen that were best thought to represent the observed variability in in-situ samples.
Sediment settling velocities were calculated based on Stokes settling velocities, and critical Shields
shear stress was used for each sediment type. Here the critical shear stress for deposition was set equal
to the value for erosion. All sediment densities are set corresponding to the density of greywacke,
2650 kg m™, and the sediment porosity was set to 0.6 for all classes. The erosion rate for all classes
was set to 5x10™* kg/m?, as was used for a ROMS modelling study directly north of Hawke Bay in
Poverty Bay (Bever and Harris 2014). Other options used include that sediment concentration is
included in the water column density calculation, and that morphology is active. Cohesive sediment
processes such as flocculation and bed consolidation were not modelled. The bed was modelled with

5 bed layers, where a new layer was created upon 10 cm of sediment deposition.

The suspended sediment fluxes from all rivers were estimated based on power-law
relationships between SSC and discharge, fit to data measured by Hicks et al. (2011). This data
measured discharge and point-values of SSC at a wide range of discharge conditions for the Wairoa,

Mohaka, Ngaruroro, Esk, Nuhaka, and TutaekurT Rivers.

3.3.4. Observational data

To validate the model performance, we use several different observational data sets that
encompass the different aspects of the hydrodynamics in the Bay, including the inner shelf flow and
vertical structure, tides, wave propagation, and surface sediment concentration. Water level is
measured at the Napier Port, and wave height is measured from a Triaxis wave buoy located directly
offshore of the Port (Fig. 3.1). A long-term mooring HAWQI has been deployed by Hawkes Bay
Regional Council directly north of the Port in 18 m depth, with three CTDs in the water column and a
downward looking ADCP at the surface. For one month in 2019, a Slocum 200 m electric glider was
deployed in the Bay and collected 8506 profiles (Fig. 3.1; O’Callaghan 2020). The glider was
equipped with a Seabird CTD and additional water quality sensors (additional details described in
O’Callaghan 2020). We utilize a derived surface Total Suspended Solids (TSS) dataset sourced from
daily MODIS satellite remote sensing imagery that used an empirical algorithm to estimate the TSS
(Chapter 2). This dataset gives a 250 m resolution surface TSS snapshot each cloud free day for the

entire period considered here.
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3.3.5 Model skill metrics
To assess the performance of the COAWST model of Hawke Bay, we compare observed data
with the numerical model output and use comparison metrics including the linear regression

coefficient, root mean square error, and a skill score. The skill score is defined as

1
S§=1-— ﬂzyzl(xobs - Xmodel)2 (3~1)
obs

(Murphy 1988), where s is the standard deviation.

3.3.6 River plume analysis methods

Due to the episodic nature of river discharge events and the varying spatial positioning of
river plumes, a set of analysis methods are described that allow for the systematic analysis of river
plume properties. River discharge events are identified based on a 50 m’s™ prominence threshold and
the duration of the event is defined as the width of the event at half of the prominence magnitude of
the event. This metric generally encompasses the rapid beginning of the event but does not cover the
tapering nature of the event, such that the duration metric does not fully account for the nonlinearity
of event signals. To identify the time-varying spatial patterns of river plumes, salinity contours are
computed and associated with each river through time. At each model output time, each major river
plume is characterized spatially based on the surface salinity contoured at the values of 33, 30, and 20

psu which are assigned to a river if present for a given time.

Several metrics are defined to quantify the importance of different processes on plume
vertical structure, mixing, and transport direction. As most mixing occurs vertically rather than at
plume horizontal boundaries (Horner-Devine et al. 2015), and we are generally interested in mixing
processes at the plume interface. The pycnocline depth is defined as the location of the maximum
vertical density gradient (0p/ 0z). We designate this location in the water column as the plume

interface and calculate stratification and mixing processes at that vertical location. The turbulence

2 2
production is defined as P = k,, (g—z + % ), where ki, is eddy viscosity. The buoyancy flux is
defined as B = gk, %, where [ is the coefficient of saline contraction and k, is the salinity

diffusivity from the model, is used to determine the intensity of plume mixing.

3.4. Results

3.4.1. Model evaluation and overview

Over the period from 2017-2019, multiple discharge events occurred typically during the
winter with event magnitudes surpassing 500 m® s (Fig. 3.3a). The model shows high skill at
reproducing the sea surface height at Napier Port (Fig. 3.3b) as well as the subtidal component of the
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