
ORIGINAL

Estuary rejuvenation in response to sea level rise: an example
from Tairua Estuary, New Zealand

Z. Cathy Liu1
& W. P. de Lange1

& K. R. Bryan1

Received: 27 February 2019 /Accepted: 24 September 2019 /Published online: 24 October 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Under stable sea level conditions, estuaries tend to accumulate sediment resulting in changes that can be conceptualised as a
progression from a juvenile system to maturity. Sea level rise results in an increase in accommodation space within the estuary that
can effectively reverse the progression towards maturity. This effect was investigated for Tairua Estuary, New Zealand, using a set
of MIKE 21 HD (hydrodynamic) and MIKE 21 ST (sediment transport) numerical models forced by tides, wind and fluvial
discharges. A range of scenarios of sea level rise and changing fluvial inputs were simulated. The simulation results predicted a
general trend of increasing tidal range with sea level rise, which was partially offset by higher fluvial discharges within high fluvial
input scenarios. Under present conditions, the estuary is ebb-dominated with predominantly fluvial inputs, but with increasing sea
level, the estuary becomes increasingly flood-dominant and the transition from fluvial to marine sediments within the estuary
progressively moves landward. If the sediment supply increases in tandem with the accommodation space, the result would be no
significant change to the estuary’s hydrodynamics and sediment transport patterns. Under present conditions, observations and
modelling indicate that sediment is exported by ebb-dominant conditions, suggesting a capacity to compensate for increasing
accommodation space. However, modelling indicates a sediment deficit at higher projected sea levels, resulting in sediment being
scavenged from the seaward margin of the sandy barrier spit enclosing the estuary. Scavenging would increase the coastal erosion
hazard for the residents of the barrier spit. This situation does not arise if the rate of increase in accommodation space remains
below the annual fluvial sediment supply. Ultimately, our results show the importance of considering catchment-derived sediment
supply and morphological complexity, when predicting how the changing hydrodynamics modulate the interplay between sedi-
ment stored within the estuary and the open coast, and determining the fate of the coast during sea level rise.

Introduction

Low-lying coastal areas are particularly vulnerable to sea level
rise (SLR) (Nicholls et al. 1999; Cahoon et al. 2006), and
creating useful adaptation plans requires a robust understand-
ing of the change in hazard and risk across the coastal zone.
Within estuarine systems, changes in inundation regimes are
dependent on the ability of fringing intertidal land to trap
enough sediment to keep pace with SLR (van Maanen et al.
2013; Kirwan et al. 2016). If insufficient sediment is available,
the estuary may Broll-over^ or migrate landward while
retaining its general form (Townend and Pethick 2002). In
contrast, if sufficient sediment is available, increased

accommodation space results in accretion and potentially
infilling of the estuary (Kieft et al. 2011; Lorenzo-Trueba
and Ashton 2014).

Sediment may be supplied to the estuary by fluvial trans-
port from a terrestrial source, or by a combination of tidal and
wave-induced transport from a marine or coastal source, or
formed in situ by biogenic processes (Dalrymple et al. 1992;
Masselink et al. 2011). Suspended sediment discharge from
New Zealand rivers is largely dependent on precipitation with-
in the catchment, and bedload sediment discharge is assumed
to follow the same dependency (Hicks et al. 2011). On the
open coast, sediment supply from estuaries and cliffs is need-
ed to compensate for sediment removed from beaches as a
consequence of increased erosion due to potential and ob-
served changes in storminess (e.g. Hemer et al. 2010; Godoi
et al. 2016). This suggests that the response to sea level rise
may be mediated by other climatic changes that affect sedi-
ment availability (viz. Palmer et al. 2019). However, the re-
sponse of the estuarine system is likely to be highly localised,

* K. R. Bryan
karin.bryan@waikato.ac.nz

1 School of Science, University of Waikato, Hamilton, New Zealand

Geo-Marine Letters (2020) 40:269–280
https://doi.org/10.1007/s00367-019-00603-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00367-019-00603-0&domain=pdf
http://orcid.org/0000-0002-4480-740X
mailto:karin.bryan@waikato.ac.nz


depending on, for example, the catchment properties, the un-
derlying geology, the tidal range and the fluvial discharge.

Here, we explore the effect of sea level rise on a barrier-
enclosed estuary on the North Island of New Zealand using
numerical modelling techniques. The focus of this study is on
changes to hydrodynamic processes within the estuary and the
consequences for sediment transport.

The study was conducted in the Tairua Estuary located on
the east coast of the Coromandel Peninsula, North Island of
New Zealand (Fig. 1). The estuary is separated from the open
ocean to the east by the 2.7-km-long Pauanui sand spit to the
south and the 1.2-km-long Ocean Beach tombolo to the north
(Hume and Gibb 1987). Paku Mountain anchors the southern
end of the Ocean Beach tombolo and constrains the northern
boundary of the tidal inlet.

The Tairua catchment is steep and mountainous, rising to a
maximum height of 830 m above mean sea level (MSL) at the
headwaters of the Tairua River. The total catchment area is
282 km2, with almost half the catchment covered by indige-
nous forest (Hume and Gibb 1987). Tairua Estuary is

characterised by a shallow narrow basin, narrow estuary
mouth and relatively small fluvial input except during
intense rainfall events. The tidal prism reported by Bell
(1994) for October–November 1983 varied from 4.0 Mm3

(neap) to 6.1 Mm3 (spring), while Barnett Consultants deter-
mined a spring tide prism of 5.0 Mm3 in 1991 (Liu 2014). The
ratio of total estuary volume to tidal prism is low (Hume and
Herdendorf 1988); thus, the estuary has a relatively short tidal
flushing time. As a consequence, it varies between category C
(fluvially dominated) and category E (tidally dominated) es-
tuarine conditions following the classification of Hume et al.
(2007).

The estuary is largely infilled with Holocene sandy sedi-
ment, with evidence for several phases of deposition, poten-
tially linked to fluctuating sea levels up to 1.5 m above present
(Kennedy 2008), and Holocene marine terraces at approxi-
mately 1.3 m and 5 m above MSL (Hayward and Morley
2014). Sediment texture varies within the estuary from very
coarse to coarse sand in the deeper tidal channels, to fine sand
on the upper tidal flats (Felsing and Giles 2011). Sediment

Fig. 1 Locationmap of Tairua Estuary showing the positions occupied by
instruments during calibration and validation field deployments, and the
boundary of the higher resolution numerical model used by the study (the

low-resolution boundary matches the extent of the mapped area to the
north and west and extends 3.5 km southward). Background image is an
aerial photograph provided by Land Information New Zealand
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deposited with the estuary is assumed to be mostly derived
from fluvial sources at a rate of 10,000 ± 2000 m3 year−1

(Gibb and Aburn 1986). Sedimentation rates have been esti-
mated as 6 mm year−1 for the intertidal flats, increasing to 10–
19mm year−1 close to fluvial sources, and up to 22 mm year−1

at the entrance to the estuary (Hume and Gibb 1987).
The high rates of sedimentation at the entrance appear to be

derived frommarine-sourced sediment (Liu 2014). Tairua and
Pauanui beaches on the seaward margins of the barriers
enclosing the estuary (Fig. 1) are comprised of medium to
coarse sand (Gibb and Aburn 1986; Smith and Bryan 2007).
The seabed of the offshore embayment is composed of sandy
sediment; however, grain size varies appreciably (Liu 2014).

The specific objectives of the study were to determine the
potential effects of sea level rise and fluvial discharge changes
on (1) the tidal amplitude and asymmetry, (2) the extent of
intertidal area and (3) the sediment import/export to the shelf.
Changes to the tidal inundation characteristics, along with
being a controlling force in the delivery of sediment to the
intertidal and coastal land-building, can also change the dis-
tribution of estuarine species, many of which like mangroves
occupy depths with specific inundation regimes (e.g. Chen
and Twilley 1998).

Methodology

The study began by assessing available data and projected
impacts of climate change to determine scenarios for SLR
and fluvial discharge that encompassed a likely range of estu-
arine forcing changes by AD 2115. Field data were collected
to calibrate and validate a hydrodynamic model, which were
combined with existing sediment data (Felsing and Giles
2011), to also model sediment transport.

Historical data and scenarios

Over the twentieth century (1900–2009), the linear least
squares trend in global SLR was 1.7 ± 0.02 mm year−1

(Church and White 2011). Hannah and Bell (2012) estimated
that the average relative SLR trend derived from tide gauges
around New Zealand is 1.7 ± 0.1 mm year−1 over a similar
time period. They also determined that the relative SLR trends
for the locations closest to Tairua were 1.7 ± 0.14 mm year−1

at Auckland and 1.9 ± 0.2 mm year−1 at Moturiki (Mount
Maunganui). Vertical uplift rates for the Coromandel
Peninsula, including Tairua Estuary, are considered negligible
(Kennedy 2008).

For planning and decision timeframes out to the 2090s
(2090–2099), based on the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment reports (AR4),
the New Zealand Government recommended a base value
SLR of 0.5 m relative to the 1980–1999 average,

accompanied by an assessment of the potential consequences
from a range of possible higher SLR scenarios (Ministry for
the Environment 2008). At the very least, all assessments
should consider the consequences of a mean SLR of at least
0.8 m relative to the 1980–1999 average. Following the re-
lease of the IPCC Fifth Assessment reports (AR5), SLR rec-
ommendations for New Zealand were revised (Ministry for
the Environment 2017). The projected sea levels until AD
2020 for all AR5 scenarios fall within the 0.5–1.2 m range
based on the AR4 projections. The exception is an extra H+

scenario based on the upper tail of RCP8.5 projections, which
exceeds 1.2 m in AD 2110. The RCP8.5 H+ scenario is
intended to Bstress-test dynamic adaptive pathways, policies
and new greenfield and major infrastructure developments^
(Ministry for the Environment 2017, p. 105), which is beyond
the scope of this study.

The average annual rainfall is 1600–2400 mm year−1 at
Tairua (Waikato Regional Council 1998). The river flow du-
ration percentiles for the Tairua River at the Broken Hills
Station from 2 July 1975 to 1 May 2012 show that 20% of
river discharge observations were < 1.48 m3 s−1, 50% were <
2.82 m3 s−1 and 80% were < 6.11 m3 s−1. However, the catch-
ment of the Tairua Estuary can be subjected to heavy rainfall,
with maximum 24-h levels recorded along the crest of the
Coromandel Peninsula since 1975 ranging from 236 to 426
mm. The maximum discharge recorded at Broken Hills was
9.52 m3 s−1.

For New Zealand, climate change at the end of the
twenty-first century is projected to increase westerly winds
in winter and spring, resulting in more rainfall in the west
of the North and the South Islands and drier conditions to
the east and north of the country. Conversely, in summer
and autumn, climate models suggest decreased frequency
of westerly conditions, with drier conditions in the west of
the North Island and a possible increase in rainfall in the
Gisborne and Hawke’s Bay regions (Ministry for the
Environment 2008). More detailed regional projections
were developed by downscaling CMIP5 models (Ministry
for the Environment 2018).

For Tairua, the projected impact on rainfall, and hence flu-
vial discharge, by the end of the twenty-first century is for no
change in annual precipitation, but minor seasonal changes of
4–8% consisting predominantly of an increase in winter and a
decrease in spring. No change in the frequency of extreme
events is expected, which is consistent with a projected de-
cline, or no change, in the frequency of storm events and
strength of extreme winds. However, it is also suggested that
extra-tropical storms will likely be stronger, with heavy rain
and strong winds, which appears to contradict specific rainfall
and wind projections. Overall, the projected changes are
smaller than the present interannual variability. Although im-
pacts on future rainfall are projected to be minor, the observed
discharge of the Tairua River varies from 0.02 to 9.52 m3 s−1.
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The present-day conditions and three scenarios of 0.5 m,
0.8 m and 1.2 m SLR for the time period 2010–2115 were
used for the modelling, in combination with three scenarios of
annual average Tairua River discharge, which can apply to
future climate and extreme weather events: 2.5 m3 s−1 (less
rainfall or drought), 5 m3 s−1 (no change) and 10 m3 s−1

(higher rainfall or extreme flood).

Field deployment

To provide data for numerical model calibration and valida-
tion, two field deployments were undertaken (more details
provided in Liu 2014) from 27 July to 4 September 2010
and from 8 June to 11 July 2011 (Fig. 1). Both deployments
involved the same instruments at the same locations. Two
InterOcean S4ADWs were mounted in fixed frames 0.93 m
above the seabed offshore from the Tairua and Pauanui
beaches, where they measured water elevation, horizontal cur-
rent velocities and wave height and period. A SonTek
Acoustic Doppler Current Profiler (ADCP) was deployed at
the harbour entrance to record water elevation and a profile of
horizontal current velocities. Three SonTek Acoustic Doppler
Velocity (ADV) current meters were deployed along the main
channel of the lower reach of the estuary to measure water
elevation and horizontal and vertical current velocities. One
RBR tide gauge was deployed in the Tairua River at the SH25
bridge (Hikuai) to record water elevation. Precipitation data
were obtained from the Waikato Regional Council (WRC) for
the Pinnacles rainfall gauge in the nearby Kauaeranga River
catchment (not shown in Fig. 1). Wind data were obtained
from the National Institute of Water and Atmospheric
Research (NIWA) for the weather station on Slipper Island.

Numerical modelling

Two-dimensional hydrodynamic and sediment transport
models (MIKE 21 HD and ST release 2011, Service Pack 6)
supplied by DHI Water & Environment were applied in this
study (Liu et al. 2011; Liu 2014). MIKE 21 is a numerical
modelling system for the simulation of water levels and flows
in estuaries, bays and coastal areas. It simulates unsteady two-
dimensional flows in single-layer (vertically homogeneous)
fluids, using an alternating direction implicit technique to in-
tegrate the equations for mass and momentum conservation in
the space-time domain. The equation matrices that result for
each direction and each individual grid line are resolved by a
double-sweep algorithm (DHI 2017).

The bathymetry for the model was derived from LiDAR,
multi-beam echo sounder and single-beam echo sounder mea-
surements provided by the WRC and NIWA. Manifold soft-
ware was used to combine the data and interpolate onto the
grids. Median grain size (D50) data provided by the WRC
were mapped and showed that D50 ranged mainly from 0.36

to 0.49 mm for the lower reach of the estuary. To reduce the
influence of boundary conditions on the interior model do-
main and to avoid bisecting offshore islands, a large-domain
coarse grid (50 m × 50 m resolution) that encompasses the
entire Tairua Estuary and adjacent shelf area was used. A
higher-resolution (20 m × 20 m) small-domain model, cover-
ing only the estuary channel, was nested within the coarse
model. The modelling time step was set to 8 s resulting in
Courant numbers between 1 and 5.

The model was forced with a time series of tidal elevation,
Tairua River discharge and wind velocity. Tidal elevations rel-
ative to mean sea level were extracted fromNIWA’s tidal model
every second from 27 July 2010 to 4 September 2010 to pro-
vide forcing at the offshore tidal boundaries. Each boundary
was interpolated between 20 selected points at 1-min time in-
tervals. Tairua River discharge data were obtained fromWRC’s
Broken Hills Station, which is measured upstream of the max-
imum tidal influence. Wind velocities were recorded by an
Automatic Weather Station on Slipper Island (AWS 31827
B75091, 37.052S 175.943E) maintained by NIWA. The model
results were subsequently saved every 75 time steps (10 min).

Calibration of the hydrodynamic model was performed by
adjusting the bottom stress as represented by Manning rough-
ness coefficients (Manning number m1/3 s−1). A uniform
Smagorinsky factor of 0.5 (velocity based) was selected as
the eddy viscosity for the whole model. The Manning coeffi-
cients reflect the median grain size distribution within the
estuary: with very coarse to coarse sand in the deeper chan-
nels, ranging to fine sand on the upper tidal flats. The initial
coefficients estimated frommedian grain size were adjusted in
order to obtain a good overall agreement between observed
and modelled water levels and velocities. The final Manning
numbers ranged from 32 to 44 m1/3 s−1, with different values
for the intertidal flats, estuary tidal channels and offshore.

The model was then forced with time series data from the
second field deployment, and corresponding discharge and
wind data from the same sites as for calibration. Modelled tidal
elevations and velocities were extracted as close as possible to
instrument locations with the estuary and compared with ob-
servations (Liu 2014). A statistical analysis of the model fit
with observations was performed using the methodologies
summarised by Winter (2007) for elevations, and the
methodology of Van Rijn et al. (2002) for velocities. The ad-
justed mean absolute error (AMAE) values for elevation varied
over 0.007–0.072 (excellent) within the estuary (Table 1) and
0.042 (excellent) at the SH25 bridge location, which is domi-
nated by fluvial discharge. The relative mean absolute error
(RMAE) values ranged from 0.097 to 0.495 (excellent to rea-
sonable). Theworst fit was for the ADCP located on the side of
the tidal inlet (Table 1), and this is attributed to small-scale tidal
eddies not incorporated in the model.

Four models (S1–S4) were run with 0.0, 0.5, 0.8 and 1.2 m
SLR, with all other forcings held the same as for calibration
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and verification. These four models were used to calculate
residual currents within Tairua Estuary over 2 consecutive tidal
cycles using the MIKE Zero toolbox. To assess how the aver-
age sediment transport rate may change with SLR, two-
dimensional sediment transport models (MIKE 21 ST) were
created based on the hydrodynamic model S1 to S4, and run
for 30 model days. The sediment used in sediment transport
models was based on the observed grain size and was set to
non-cohesive sand with a median diameter of 0.36 mm.

Nine models (S5–S13) were also run with different annual
average fluvial discharge scenarios of 2.5 m3 s−1, 5 m3 s−1 and
10m3 s−1 (i.e. constant discharges) and 0.5 m, 0.8 m and 1.2 m
SLR scenarios to study the combined effects of fluvial dis-
charge and SLR.

Results

All model runs indicate that the tidal wave becomes increas-
ingly asymmetrical with distance from the entrance due to

distortion caused by the shallow water depth and friction.
Figure 2 shows the progression of changes at each of the
instruments from outside the harbour (ADP, top panel) to the
most-shoreward deployment (RBR, bottom panel). However,
increasing SLR reduced asymmetry and increased tidal range,
with the effect becoming greater with distance into the estuary,
suggesting that the tidal influence progressed further upstream
within the estuary and Tairua River. Relative to run S1 (pres-
ent sea level), for the S4 run (1.2 m SLR), tidal range progres-
sively increased by 0.012 m (0.66%) at the tidal inlet (ADCP),
to 0.286 m (19.28%) at the upstream boundary of the lower
estuary (ADV3), and by 0.889 m (107.97%) at the RBR site at
the SH5 bridge (Fig. 2, bottom left).

The changing shape of the tidal wave was also reflected in
the tidal velocities (Fig. 2, right panels). Increasing SLR re-
sults in changing tidal velocities, but the pattern of change
differs along the estuary. At the tidal inlet (ADP, top panel),
both flood and ebb velocities increase by similar proportions
with SLR. In the lower estuary (ADV1 to ADV3), ebb veloc-
ities tend to decrease, while flood velocities increase. The

Table 1 Statistics for the fit between measured hydrodynamic conditions and the modelled conditions for the large 50 m × 50 m model and the nested
20 m × 20 m model (in italics)

Instrument Variable ME MSE RMSE MAE RMAE γ RMAE (van Rijn) Qualification

ADP Water level − 0.008 0.003 0.058 0.046 0.100 0.994 0.17 Reasonable

− 0.009 0.003 0.057 0.046 0.100 0.994 − 0.38 Excellent

ADV1 Water level 0.041 0.020 0.141 0.162 0.260 0.944 − 2.37 Excellent

0.007 0.003 0.057 0.044 0.103 0.994 − 0.57 Excellent

ADV2 Water level 0.041 0.028 0.166 0.135 0.313 0.948 − 2.01 Excellent

0.011 0.007 0.086 0.069 0.160 0.986 − 0.79 Excellent

ADV3 Water level 0.047 0.017 0.129 0.103 0.191 0.965 − 1.12 Excellent

0.030 0.010 0.098 0.074 0.182 0.978 − 0.45 Excellent

RBR Water level − 0.258 0.098 0.313 0.259 0.255 0.990 − 0.18 Excellent

0.058 0.068 0.260 0.163 0.120 0.988 0.04 Excellent

ADP Current speed 0.064 0.023 0.151 0.115 0.514 0.882 0.29 Good

0.110 0.031 0.176 0.131 0.588 0.907 0.50 Reasonable

ADV1 Current speed − 0.109 0.035 0.188 0.155 0.318 0.959 − 0.23 Excellent

− 0.111 0.028 0.167 0.132 0.272 0.974 − 0.23 Excellent

ADV2 Current speed − 0.106 0.030 0.174 0.145 0.400 0.940 − 0.29 Excellent

− 0.009 0.013 0.113 0.088 0.244 0.960 − 0.03 Excellent

ADV3 Current speed 0.057 0.005 0.073 0.063 0.856 0.940 − 0.48 Excellent

0.057 0.005 0.073 0.063 0.657 0.943 − 0.53 Excellent

ADP Current direction 0.005 0.020 0.143 0.062 0.129 0.965

0.038 0.014 0.118 0.059 0.123 0.980

ADV1 Current direction 0.057 0.023 0.151 0.084 0.230 0.951

0.050 0.012 0.111 0.066 0.179 0.975

ADV2 Current direction − 0.008 0.050 0.224 0.105 0.347 0.844

0.111 0.056 0.236 0.186 0.608 0.874

ADV3 Current direction − 0.288 0.306 0.553 0.391 0.683 0.555

0.269 0.202 0.450 0.271 0.476 0.864

The statistical parameters and qualifications follow the methods of Winter (2007) for elevation and van Rijn et al. (2002) for current speed and direction
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largest ebb decrease occurs at ADV3, while the largest flood
increase occurs at ADV2. All sites in the lower estuary (ADP
to ADV3) display a change in the phase (timing) of slack
water and peak flows.

Changing the fluvial discharge also affected the shoaling
behaviour of the tidal wave within the Tairua Estuary, without
the effects of SLR (S5–S7) (not shown in Fig. 2). Reduced
discharge (2.5 m s−1) decreased the asymmetry of the propa-
gating tide, which was accompanied by an increased tidal
range, a reduction in ebb velocities and a slight increase in
flood tidal velocities. Increased fluvial discharge (10 m s−1)
caused increased asymmetry by increasing the ebb duration,
which was associated with increased ebb velocities and re-
duced flood velocities. Increasing fluvial discharge also
changed the density structure of the estuary. Figure 3 shows
the changing Richardson number (RiE) at the harbour entrance
for different tidal current velocities and fluvial discharges.
This demonstrates that increasing tidal current velocities
drives the estuary towards well-mixed conditions, while

increasing fluvial discharge drives it towards more stratified
conditions. CTD data obtained during the second deployment
indicated that the estuary became strongly stratified during
flood events, so the depth-averaged MIKE 21 HD results
may not be realistic for high discharges.

Water surface areas within the estuary were calculated for
spring tide during maximum fluvial discharge as an indication
of the maximum estuary extent. Areas were determined by
counting the number of grid cells covered by water multiplied
by the cell area (2500 m2), and were determined for high and
low tides and separately for cells between high and low tides
(Fig. 4). With SLR, the spring high tide + flood discharge area
increased from 6.4 to 10 km2. Due to the hypsometry of the
estuary, the low-tide area increased faster than the high-tide
area for SLR from 0.8 to 1.2 m, resulting in a reduction in
intertidal area for the maximum SLR modelled relative to
lower SLR scenarios. Because the tidal range does not change
much with SLR (Fig. 2), we expect the tidal prism to scale
with area, and so increase linearly.

Fig. 2 Predicted tidal elevations (left column) and speeds (right column)
at the ADCP, ADV1, ADV2, ADV3 and RBR instrument locations (top
to bottom) for different sea level scenarios: S1, 0 m SLR, solid black line;

S2, 0.5 m SLR, dashed blue line; S3, 0.8 m SLR, dotted red line; and S4,
1.2 m SLR, dash-dot green line
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The residual currents (Fig. 5) show changing net circula-
tion systems within the estuary as SLR occurs. These currents
change in response to the increasing area of the estuary and
changing distribution of intertidal and subtidal areas. The key
feature as SLR occurs is a decreasing flow concentration with-
in the main tidal channels within the estuary. The added ac-
commodation space means that flow is less likely to be forced
into estuarine drainage channels. The residual current analysis
did not show any significant changes offshore from the tidal
inlet with SLR.

Sediment transport rate (flux) was determined over 30 days
of constant tidal forcing for different SLR scenarios. The hy-
drodynamic conditions were extracted from 1 day (13 August
2010 corresponding to spring tidal range) of the MIKE 21 HD
models and repeated to create a 30-day time series. The model
results were extracted and scaled to the annual flux (m3 year−1

m−1) and plotted (Fig. 6). Positive fluxes were defined as
seaward sediment transport, and negative fluxes represent
landward transport. With increasing SLR, the sediment fluxes
within the estuary change from being seaward (sediment ex-
port) in the main channels to landward (sediment import). The
intertidal areas showed trends of mild increases in sedimenta-
tion with increasing SLR.

Discussion

Increasing SLR effectively rejuvenates the estuary by revers-
ing the general pattern of estuarine evolution (viz. Dalrymple
et al. 1992), which involves a shift from importing marine
sediment (immature estuary) to exporting fluvial sediment as
the estuary infills and evolves towards maturity (Masselink
et al. 2011; Carrasco et al. 2016). Our results confirm this,
with higher sea level rise causing a reduction in distortion, a
shift to reduced ebb dominance and a reduction in the sedi-
ment export. Assuming no compensating sedimentation with-
in the estuary, SLR will increase the tidal prism (National
Research Council 1987), which should increase tidal veloci-
ties given that the tidal duration will not change significantly
(Sinha et al. 1997). An increased tidal prism would also
change the salinity structure of the estuary by increasing the
volume of seawater relative to the freshwater input (Hong and
Shen 2012). This assumes that no sedimentation and morpho-
logical change occurs, which is likely to not be valid (Carrasco
et al. 2016). Morphological models which include sedimenta-
tion and the feedback of morphology on hydrodynamics show
that morphology adjusts upward to compensate for SLR; the
latter is not too extreme (van Maanen et al. 2013). Another
response is for the estuary to migrate landward (Broll over^)
such as the transgressions that occurred as sea level rose dur-
ing the Holocene (Townend and Pethick 2002), which de-
pends on whether the coast is protected, and the steepness of
the surrounding catchment.

The model results show that increasing SLR results in de-
creasing distortion of the tide within the estuary. This is asso-
ciated with an increase in tidal range and a small phase shift,
so that low and high tides occur earlier in the tidal cycle. These
results are consistent with previous and recent studies (viz.
Sinha et al. 1997; Palmer et al. 2019). Increasing fluvial dis-
charge has the opposite effect. Climate projections suggest
that future changes to precipitation patterns are minor and less
than the current variability. The model results suggest that for
the lower SLR scenarios (≤ 0.8 m), the changes in tidal range

Fig. 3 Estuarine Richardson
number (RiE) calculated for the
entrance to Tairua Estuary for the
range of fluvial discharges and
tidal current velocities observed
and modelled for the estuary.
Average conditions are a fluvial
discharge of 9.8 m3 s−1 and tidal
current velocity of 0.6 m s−1,
corresponding to a partially
mixed density structure

Fig. 4 Thirty-day average water surface areas within the Tairua Estuary
during a high tide and low tide, and intertidal area inundated by the tide
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and phase will be within the variation caused by weather-
related precipitation variability.

Changing in tidal elevation distributions in response to
SLR induces tidal velocity changes, which largely involved

a balancing between flood and ebb velocities as the tides be-
come more symmetrical. The two-dimensional models indi-
cate the largest changes occur in the deeper channels within
the estuary. However, the models predicted significant spatial

Fig. 5 Residual currents determined over 2 consecutive spring tidal cycles to allow for the diurnal inequality in tidal range present at Tairua. Four SLR
scenarios were modelled as discussed in the text, and flood conditions were included to produce the maximum velocities with the estuary
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variability, even over relatively short lengths of the main tidal/
fluvial channel between the Tairua River and the tidal inlet,
impacting the residual current circulation within the estuary
(Fig. 5). Residual flow plays an important role in the long-
term material transport process in the coastal area (viz. Lopes
and Dias 2007). The spatial variability highlights the impor-
tance of detailed numerical investigations when planning for
adaptation for SLR at a specific site.

The intertidal and subtidal surface area within the Tairua
Estuary increases with SLR. In our case, the estuary has been
allowed to expand by reclaiming new land at its boundaries. In

many more modified catchments, much of the area which
could accommodate increasing sea level has been reclaimed
by seawalls and stop banks, disrupting the ability of the estu-
ary to respond naturally (Townend and Pethick 2002). Due to
variable elevations of the inundated topography, the increase
in tidal volume is not a linear function of SLR. Similarly, the
change in accommodation space resulting from increased wa-
ter depth and area inundated with SLR is not a linear function.
The model results indicate that accommodation space in-
creases at an accelerating rate for SLR ≤ 0.8 m, but at a de-
creasing rate at higher SLR. Implications of the change in

Fig. 6 Annual sediment transport rate derived from an average of the transport rates predicted by 30-day simulations, and scaled up to 365-day totals
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intertidal area are cascading. Species such as mangroves can
only tolerate specific inundation regimes and so will need to
contract their range to respond to SLR. Recent studies show
that light-dependant species such as seagrass rely on exposure
to compensate for low light regimes caused by turbid waters
(Drylie et al. 2018). Therefore, reduced intertidal extent will
increase stress associated with turbidity. Changes to primary
productivity can initiate effects on the entire food web.

Modelled sediment transport patterns (Fig. 6) demonstrate
that there is a high spatial variation within the estuary.
However, some generalisations can be made. With increasing
SLR, the main subtidal channels switch from sediment
exporting to sediment importing in the lower estuary, whereas
the intertidal areas remain as sediment depocentres, although
the loci of deposition move in response to residual circulation
changes. Ignoring fluvial sediment input, this implies that sed-
iment is likely to be transported from the ebb tidal delta into
the estuary. This is evident in the model results, but the model-
ling did not allow for sediment transfer to the ebb tidal delta
from the nearshore along the Pauanui barrier spit. Theoretical
morphodynamic models (e.g. Lorenzo-Trueba and Ashton
2014) have suggested that barrier islands respond to sea level
rise by changing their geometry (width and height) and mi-
grating landward (also called Broll-over^), which would affect
sediment supply to the back barrier lagoon (estuary in the case
of Tairua). There are few models that have dynamically
coupled the changes to estuaries with the changes to the bar-
riers that enclose them.

If fluvial sediment input is included, the future response
will be affected. There are no data for the bedload sedi-
ment yield of the Tairua Estuary catchment. Suspended
sediment data are recorded for the Broken Hills site on
the Tairua River, indicating an average annual yield of
10,842 t of suspended sediment (Hicks et al. 2011). A
sediment yield model for the catchment underestimated
the measured yield (Hicks et al. 2011), suggesting that
the steep catchment and intense rainfall events result in a
sediment discharge response that differs from the majority
of New Zealand rivers. Although bedload for New
Zealand rivers is often estimated as 3% of the suspended
sediment, limited data indicates that this is a very unreli-
able approach (Hicks et al. 2011). Sediment accretion rates
within the lower estuary have been measured by Hume
and Gibb (1987) for the period 1933–1984, which was
linked to an average deposition of 10,000 ± 2000 m3

year−1 (~ 15,300 t year−1 assuming 1 m3 ≈ 1.53 t) of sandy
sediment. The numerical model results indicate that fluvial
discharge is the predominant source of sediment, which is
inconsistent with the suspended sediment data but is con-
sistent with the accretion patterns reported by Hume and
Gibb (1987).

The vertical accretion rates within the lower estuary ranged
from 2 to 22 mm year−1 with an average of 6 mm year−1

(Hume and Gibb 1987), which is consistent with the intertidal
flat vertical accretion rate of 6.6 mm year−1 since European
settlement (c. AD 1850) reported for Whangamata Estuary
(Sheffield et al. 1995) and for other estuaries around the
Coromandel Peninsula (Hunt 2019). If the observed accretion
rates continue with ongoing SLR, they are sufficient to miti-
gate the effects of the 0.5-m SLR scenario as reported for a
similar study of the Tamar Estuary in Australia (Palmer et al.
2019), but insufficient for higher scenarios. If the modelled
changes in sediment transport patterns occur, the extra sedi-
ment supply appears likely to mitigate the effects of the higher
scenarios, but with the potential for erosion of the nearshore
and beaches of the barrier spit.

Sedimentation responses to SLRwill likely lag the increase
in accommodation space, rejuvenating the estuary until
infilling catches up. This has occurred at least twice before
during the Holocene for Tairua Estuary (Clement et al. 2016).
These results indicate that better constraints on fluvial bedload
contributions to the Tairua Estuary are required to predict the
future behaviour of the estuary.

Conclusions

A range of sea level rise projections were combined with
fluvial predictions to provide simulations of the hydrodynam-
ic response of an estuary to predicted climate change.
Simulations were performed with a calibrated numerical mod-
el in Tairua Estuary. In general, the tidal range is expected to
increase, and the estuary is expected to shift slowly from ebb-
dominant (sediment exporting) to flood-dominant (sediment
importing). As long as supply remains sufficient, the increase
in imported sediment may compensate for increased accom-
modation space within the estuary. However, sediment re-
moved from Pauanui Beach might cause an increase in beach
erosion. Our modelling results show that responses to SLR,
although in general causing a rejuvenating effect on the estu-
ary, vary substantially in space. Detailed modelling investiga-
tions are essential when preparing adaptation plans around the
New Zealand coast which is complex, due to tectonic process-
es and a highly variable climate.
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