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Executive Summary
Lakes Rotorua and Rotoiti are connected via the Ohau Channel. Lake Rotorua has a history of high
nutrient loading, and it has been recognised that the flow of nutrient rich water out of Lake Rotorua
into Lake Rotoiti represents a significant proportion of the latter’s nutrient load.
The study of Gibbs (1991) showed that particulate nutrient levels in Lake Rotorua were high at the
shore near the channel, but dropped off midway across the shelf, before rising again at the lake end of
the shelf. Based on this finding, it was suggested that if the channel entrance were extended to about
midway across the shelf, then the nutrient loads entering it might decrease. It has been suggested by
Environment Bay of Plenty that this might take the form of a pair of groynes projected from either side
of the channel entrance out into the lake.
Groynes will not reduce the dissolved nutrients entering the Ohau Channel, but they can potentially
reduce particulate nutrients that settle out of the water column during calm conditions and are
resuspended and transported during energetic conditions.
In 2004, NIWA was commissioned by Environment Bay of Plenty to investigate the potential of
groynes to improve the quality of water flowing through the Ohau Channel by:
•

estimating the potential effectiveness of the groynes in reducing sediment and nutrient load to
the Ohau Channel;

•

estimating the impact of the groynes on the surrounding lake circulation, the lakebed
morphology, and estimate sediment trapping rates in the lee of the groynes.

Wind events and the temperature structure of the two lakes control the migration and fate of nutrients
passing through the Ohau Channel. Engineering structures must be effective during a wide range of
environmental conditions, and to predict their success requires an understanding of nutrient passage
between the lakes. This was achieved by studying sediment and associated particulate nutrient
pathways to the Ohau Channel and the physical processes responsible for their mobilisation and
transport. It required a multi-faceted approach combining water sampling and analysis with numerical
modelling of hydrodynamics, waves and sediment-transport.
A field programme was initiated to determine how, where and under what conditions nutrients and
suspended sediments are entrained into the Ohau Channel. Concentration profiles were measured
perpendicular to the shoreline across the shallow shelf offshore of the Ohau Channel entrance under a
range of wind conditions. Wave gauges and a current-meter were deployed to relate the concentration
profiles to physical forcing.
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A series of coupled numerical models were used to estimate sediment and particulate nutrient transport
rates entering the Ohau Channel and their impact on the surrounding lakebed. This involved a windwave generation model, to relate wind forcing to wave height, a hydrodynamic flow model to describe
water movement, a combined wave and current sediment-transport model, and an analytical sediment
resuspension model.
A total of 24 sediment-transport simulations were undertaken, consisting of combinations of four wind
scenarios, the existing bathymetry with and without 200 m- and 400 m-long groynes added, and coarse
and fine sand. The four wind scenarios were the median wind speed of 3.1 m s-1 from approximately
west-southwest (250° true) and the 95th percentile wind speed of 7.7 m s-1 approaching from the west,
southwest and south. Annual transport loads to the Ohau Channel were estimated by weighting the
transport rates during each wind scenario by its frequency of occurrence.
The key findings of the study are:
•

Background inorganic suspended solids, volatile (organic) suspended solids, and biological
oxygen demand loads to the Ohau Channel of 2.3, 2.8, and 1.1 t day-1 respectively, were
measured during calm or northerly winds. Sediment-transport modelling estimated that for the
median wind scenario (3.1 m s-1 from 250º T) in the absence of groynes, transport rates of
coarse (inorganic) sand into the Ohau Channel were 3.0 t day-1, and 9.8 t day-1 for fine sand.
These estimates are higher than those from the field measurements, because they include the
bedload component missed by mid-water-column sampling.

•

Under strong winds the total suspended solids loads increase dramatically, and accumulated
annual load into the Ohau Channel (without groynes), weighted by wind velocity and
direction, was estimated at about 10,300 t yr-1, which compares closely to the previous
estimate of about 12,000 t yr-1 (Gibbs et al. 2003).

•

Modelling indicated that the 200 m-long groynes were most effective in reducing the sediment
load to the Ohau Channel, reducing the resuspended inorganic sediment load by 64% and 76%
for coarse and fine sand respectively. Groynes would therefore be effective in reducing the
total suspended sediment load within the Ohau Channel.

•

Analytical modelling suggests that groynes would be effective in reducing about 15%
(340 t yr-1) of the total (2500 t yr-1) volatile (organic) suspended solids load, and a similar
percentage of particulate nitrogen and phosphorus by inference.

•

If the Ohau Channel is diverted directly into the Kaituna River in future, the groynes will have
the additional benefit of reducing silting and particulate nutrient loads to the river.
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•

If 200 m groynes are constructed, we estimate an average sediment buildup on the lakebed of
4 cm yr-1 on both the north and south sides, within 50 m of shore. From 50–200 m offshore we
estimate 4 and 2 cm yr-1 on the south and north sides respectively.

•

A maximum downward lakebed erosion depth of 13 cm was predicted adjacent the groyne
tips, during a strong wind of duration less than 24-hours. The groynes would need to be
engineered to withstand the erosion associated with a series of windy events, such as occurred
during this field study, say 2–3 times the maximum observed erosion, or about 40 cm at their
offshore ends.

•

No clear evidence was found that Ohau Channel water was flowing directly to the Kaituna
River during the existing conditions.
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1.

Introduction
Lakes Rotorua and Rotoiti are connected via the Ohau Channel, which drains from the
former into the latter, which in turn flows via the Kaituna River to the ocean. Lake
Rotorua has a history of high nutrient loading, historically through the discharge of
treated sewage effluent into its waters. Although this effluent has now been diverted
out of the lake, Lake Rotorua still receives a high loading of nutrients from diffuse
sources within the catchment (Rutherford, 2003). It has been recognised that the flow
of nutrient rich water out of Lake Rotorua into Lake Rotoiti represents a significant
proportion of the latter’s nutrient load and in 1987 this flux from Lake Rotorua was
implicated as the cause of decline in water quality in Lake Rotoiti. Recently, concern
has been growing over apparent acceleration of the rate of decline in water quality in
Lake Rotoiti.
In 1990, a study was undertaken to assess the distribution and speciation of nutrients
across the wide (600 m), shallow (0.8–1.5 m) shelf from which the Ohau Channel
draws its water, and track the nutrient travel through the channel (Gibbs 1991). The
study showed that particulate nutrient levels were high at the shore near the channel,
but dropped off midway across the shelf, before rising again at the lake end of the
shelf. Based on this finding, it was suggested that if the channel entrance were
extended to about midway across the shelf, then the nutrient loads entering it might
decrease. It has been suggested by Environment Bay of Plenty that this might take the
form of a pair of groynes projected from either side of the channel entrance out into
the lake.
In 2004, NIWA was commissioned by Environment Bay of Plenty to further
investigate the potential of groynes to improve the quality of water flowing through
the Ohau Channel by:
•

estimating the potential effectiveness of the groynes in reducing sediment and
nutrient load to the Ohau Channel;

•

estimating the impact of the groynes on the surrounding lake circulation, the
lakebed morphology, and estimate sediment trapping rates in the lee of the
groynes.

To achieve these aims it is necessary to understand nearshore circulation patterns and
sediment resuspension processes in the vicinity of the Ohau Channel intake, under a
wide range of weather conditions, to allow estimation of sediment transport and
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nutrient mobilisation with respect to entrainment into the channel flow. This has been
approached using a combination of field, laboratory and numerical modelling
techniques.
A field programme was initiated to:
1. Determine how, where and under what conditions nutrients and suspended
sediments are entrained into the Ohau Channel, by measuring concentrations
in profiles perpendicular to the shoreline across the shallow shelf offshore of
the Ohau Channel entrance under a range of wind conditions.
2. Collect wave, hydrodynamic and sedimentological data to support the
development and calibration of numerical hydrodynamic and sedimenttransport models, to allow quantification of the likely effects of groyne
structures on the quality of water entering the channel.
A series of coupled numerical models were used to estimate sediment-transport. This
involved a wind-wave generation model, to relate wind forcing to wave height, a
hydrodynamic flow model to describe water movement, a combined wave and current
sediment-transport model, and an analytical sediment resuspension model. Changes in
lakebed morphology around the groynes resulting from the expected sediment
dynamics were also addressed with this approach. Particulate nutrients can be related
to sediment transport in general, as the organic particles behave similarly to inorganic
sediment particles, albeit with different size and density spectra. Transport of
dissolved nutrients is much more difficult to predict with this type of model, as their
relationship to sediment disturbance is complex and variable. Dissolved nutrient
dynamics must generally be approached using observation-based relationships.
This report outlines the methods, results and conclusions of the study, and makes
recommendations as to the effectiveness of the groynes in achieving their objectives.
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2.

Methods
2.1.

Field sampling

2.1.1.

Wind
Wind data were obtained from the monitoring station at Rotorua Airport. These data
are available as hourly averages – it is inevitable that gusts will considerably exceed
these means.

2.1.2.

Temperature
Lake water temperature was recorded using Tidbit (Onset Instruments Inc)
temperature loggers located at a 10.5 m deep site in the main body of Lake Rotorua,
close to the Ohau Channel at the surface and bottom of the water column. Similar
temperature loggers were deployed at 150, 350 and 500 m from the Ohau Channel
entrance, and in the Ohau Channel itself.

2.1.3.

Water sampling
Water samples, (3-litre) were collected for the analysis of nutrients, BOD, and
suspended solids concentrations on four occasions under contrasting wind conditions:
Calm (28 January 2004); Northerly (2 February 2004); Westerly (16 February 2004);
South-westerly (25 February 2004). Samples were collected around midday (NZST) in
the Ohau Channel and at 50-m intervals along a transect across the 600-m width of the
coastal shelf adjacent to the Ohau Channel outlet from Lake Rotorua (Figure 1).
Samples were all taken at a depth of about 0.5 m below the lake surface. Note this
implies that distance of sampling from the lakebed varied with water depth, and no
samples were obtained to allow a vertical profile of SS. In hindsight, it is possible that
this sampling protocol may have biased shallow samples towards higher SS
concentrations, if there is a gradient of increasing SS concentration close to the
lakebed. Additional water samples for suspended sediments (SS) analysis were
collected from the DOBIE sites (see below), to provide more data for development of
backscatter vs. sediment concentration relationships (Appendix 1).
A time-series of water samples were collected twice daily (morning and afternoon)
from the Ohau Channel and the Kaituna River outlet from 14 to 22 February 2004
during a strong west to south-westerly wind event. These were analysed for nutrients,
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SS, and chlorophyll a. Nutrient data was augmented with hourly samples collected
using an auto-sampler for 48 hours from midday 16 February (Appendix 1).
2.1.4.

Analytical methods
The water samples were well mixed and subsampled for analysis of nutrients (Waikato
University) chlorophyll-a and SS analyses (NIWA). Inter-laboratory comparisons
were performed on dissolved inorganic, dissolved organic, and total N and P
measurements for a subset of the samples.
Dissolved organic N and P were generally too high. As a complete re-analysis of all
samples was not possible, the university data for total N and P are presented with the
assumption that the analytical error was proportionally constant and those data are
used for determination of spatial patterns but not quantification of nutrient loads.
Aliquots of well mixed water were filtered: SS were determined gravimetrically on the
material retained on a preweighed, precombusted 47 mm Whatman GF/C glass fibre
filter after drying in an air-oven at 60 ˚C for 24 hours; volatile SS (VSS) were
determined gravimetrically after combustion of the SS filters at 550 ˚C for 3 hours.
Inorganic suspended solids (ISS) were estimated as (SS-VSS).
Samples for particle size analysis were pre-treated by digesting in 6% hydrogen
peroxide for 48 hours to remove organic matter, and dispersed using Calgon. Sediment
fractions were determined by wet sieving (for particles > 63 µm) and by using a Galai
particle analyser for smaller size fractions (Galai Cis-100; Galai Productions Ltd.,
Midgal Haemek, Israel).
Chlorophyll a was determined on the fraction retained on a Whatman GF/C glass fibre
filters from a measured aliquot using the 95% acetone extraction and
spectrofluorometric method of Strickland and Parsons (1972).
Biochemical oxygen demand was measured as the loss of oxygen from whole water
samples incubated in the dark for 5 days in sealed 250 ml glass ‘BOD’ bottles at 20ºC,
corrected using distilled water blanks.
Dissolved reactive phosphorus (DRP), ammoniacal-nitrogen (NH4-N), and nitrateplus-nitrite-nitrogen (NO3-N), were analysed simultaneously on filtered samples using
a Lachat Instruments FIA (flow injection analyser), using standard methods (Lachat
manual). Total dissolved phosphorus and nitrogen (TDP and TDN) were also
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determined on filtered samples while total phosphorus (TP) and total nitrogen (TN)
were determined on unfiltered samples. TDP and TP, and TDN and TN were
estimated as DRP and NO3-N, respectively, after digestion with peroxodisulphate
using the modified method of Erina et al. (1983) i.e., 5 ml oxidation solution and 5 ml
sample in a sealed tube were digested in an autoclave for 30 min at 120˚C before
analysis.

Figure 1:

2.1.5.

Location map. Instrument deployment sites are marked + and water-sample transect
sites are marked o. (Grid = 100m). Shaded depths are relative to the approximate
shoreline, 279.8 m above Moturiki Vertical Datum.
Waves
Wave data were collected using DOBIE wave gauges to calibrate the wave model and
assist with analytical calculations (Figure 2).
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Figure 2:

2.1.6.

A DOBIE wave gauge (canister) with an optical backscatter sensor attached at the end
of the black cord.
Currents in the Ohau Channel
Currents in the Ohau Channel were measured using an Aanderaa RCM9 current-meter
(Figure 3) to provide discharge information for forcing the hydrodynamic model. The
current data were combined with a river stage-based flow gauging undertaken at the
current meter site, to provide continuous discharge information for the study period. A
history of flow gaugings shows that the cross-sectional area has remained stable at the
current-meter deployment site, giving confidence in discharge estimates.
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Figure 3:

2.2.

RCM9 current-meter mounted on a concrete block, ready for deployment in the Ohau
Channel.

Modelling methods
Numerical modelling was undertaken using three models. A wave model (SWAN)
was first used to predict wind-wave growth and propagation in Lake Rotorua. A
hydrodynamic flow model (MIKE21) was used to predict circulation in the lake due to
wind-driven currents and flow through the Ohau Channel. A non-cohesive sedimenttransport model (MIKE21-ST) was then used to calculate sediment-transport rates
near the Ohau Channel based on the combined wave-current interaction.
Calibrations were undertaken for both the wave and hydrodynamic models by
comparing predictions with data obtained at the study site over specific periods of
time. Aside from the calibration runs, the sediment-transport modelling output focused
around four wind scenarios, wind being the major forcing mechanism for the lake.
Scenario one was the median wind speed (3.1 m s-1) from the mean direction of all
winds between the 20–80th velocity percentiles (250°). This scenario is used as
indicative of long-term conditions, giving long-term average rates and directions of
sediment suspension and transport. Scenarios two to four addressed strong winds from
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directions most likely to result in sediment suspension and transport, because often
most of the transport occurs during a limited number of high-energy events. As our
strong wind we selected the 95th percentile wind velocity (7.7 m s-1) and ran
simulations using approach directions from W, SW, and S. By choosing three
approach directions, we aimed to identify sediment-trapping trends around the groynes
caused by changing littoral drift conditions.
2.2.1.

Model grids
All models use a regular square bathymetry grid. A 5 m square cell bathymetry was
built for the area near the Ohau Channel entrance, 5 m being sufficient to resolve the
hydrodynamics near the channel entrance and groynes (e.g., Figure 1). This 5 m
bathymetry was used for all the hydrodynamic, wave and sediment-transport runs. To
ensure that large-scale processes such as wind set-up or longshore drift were
represented in the detailed 5 m grid, hydrodynamics were simulated over the whole
lake at 50 m resolution, and from these simulations, boundary conditions were
extracted to force the detailed 5 m area. For the same reasons, the wave model also
used larger grids to establish boundary conditions for the 5 m grid, stepping from
200 m to 25 m to 5 m (Table 1, Figure 4).
The bathymetry grids were created using a combination of data digitised from an
existing hydrographic chart, and detailed data surveyed in the Ohau Channel
embayment by the University of Waikato specifically for this project.
Groynes of length 200 and 400 m were added to the 5 m bathymetry (Figure 5). The
groynes were positioned in the direction of the shortest distance to the shelf-break.
Each groyne was a single 5 m-cell width wide and they were spaced 5 cells apart, with
a depth of 1 m. The cross-sectional area between the groynes was therefore 25 m2,
which is very close to the cross-sectional channel area at the flow gauging transect
~40 m downstream from the weir (24.6 m2, width 28 m).
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Table 1:

Figure 4:

Cell-size and limits (New Zealand Map Grid coordinates) of the four regular grids
used for numerical modelling.
Cell size (m)

X lower-left

Y lower-left

X top-right

Y top-right

200

2792200

6334450

2802200

6347050

50

2792250

6334550

2802050

6347000

25

2801000

6344650

2802200

6346250

5

2801200

6344850

2802000

6346050

Spatial extent of the four bathymetry grids (Table 1) built for the numerical modelling,
marked by the black frames. Colour shading represents water depth, and white dots
show surveyed and digitised depth estimate points.
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Figure 5:

2.2.2.

Bathymetry map showing the location of the simulated 200 m and 400 m long
groynes. The groynes were a single 5 m-cell wide, with depth 1 m between. Axes
show 5 m-spaced model grid cell numbers.
Wave-model: SWAN
SWAN is a numerical wave model developed to obtain realistic estimates of wave
parameters in coastal areas, lakes and estuaries from given wind-, bottom-, and current
conditions. The model is based on the wave action balance equation (or energy
balance in the absence of currents) with sources and sinks. SWAN (acronym for
Simulating WAves Nearshore) is a third-generation wave model with first-, secondand third-generation options. Good introductions into the background of SWAN are
(Young 1999) and (Booij et al. 1999).
The following wave propagation processes are represented in SWAN:
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recti-linear propagation through geographic space;

•

refraction due to spatial variations in bottom and current;
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•

shoaling due to spatial variations in bottom and current;

•

blocking and reflections by opposing currents;

•

transmission through, blockage by or reflection against sub-grid obstacles.

The following wave generation and dissipation processes are represented in SWAN:
•

generation by wind;

•

dissipation by whitecapping;

•

dissipation by depth-induced wave breaking;

•

dissipation by bottom friction;

•

wave-wave interactions (quadruplets and triads).

In addition the wave-induced set-up of the mean sea surface can be computed in
SWAN.
Diffraction is not modelled in SWAN, so SWAN should not be used in areas where
variations in wave height are large within a horizontal scale of a few wavelengths.
Because of this, the wave field computed by SWAN will generally not be accurate in
the immediate vicinity of obstacles and certainly not in harbours.
The SWAN model was forced by winds measured at Rotorua Airport. SWAN expects
that wind inputs are measured at 10 m elevation above the water surface. The Rotorua
Airport wind station is about 3.2 m above the mean lake level so a wind speed
correction factor was first applied: W10 m =

W
1

z
( )7
10

, where z = height at which W is

measured (Beer 1983). The winds are applied over the entire model grid, and can vary
with time or remain stationary.
SWAN was run using default physical parameters, that included third-generation
mode physics, wave breaking, bottom friction, and quadruplet and triad wave-wave
interactions in deep and shallow water respectively.
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2.2.3.

MIKE21 hydrodynamic flow model
The MIKE 21 hydrodynamic flow model is a modeling system for 2-dimensional freesurface flows. MIKE 21 is applicable to the simulation of hydraulic and environmental
phenomena in lakes, estuaries, bays, coastal areas and seas. It may be applied
wherever stratification can be neglected. Lake Rotorua is often stratified in deep areas,
but the wide shallow shelf areas around much of the lake edge (including near the
Ohau Channel) are well suited to a 2-dimensional model.
At the 50 m grid resolution it was necessary to schematise the Ohau channel into a
single 50 wide cell of depth 1.07 m below datum. This gives the same cross sectional
area as derived from the gauging. From the gauging data the relationship between the
measured speed and the discharge was calculated as follows:

Q = 23.207 * S * W
where Q is the discharge (m3 s-1), S is the measured speed (m s-1) and W is the
measured water level (m). Figure 6 shows the measured speed and discharge derived
from equation 1 for the calibration period (21/4/2004 10:50 – 27/2/2004 10:50).
Additional input data for the model consist of winds and rainfall data. Winds were
factored to give the equivalent speed 10 m above the mean lake level. To derive the
total precipitation input to the lake a factor of 27% was added to the daily rainfall
(Figure 7).
With these inputs the model was run for the calibration period. Figure 8 shows the
measured and modelled water levels at the Mission Bay water level site (NZMG:
2801600, 6345500).
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Measured speed [m/s]

Discharge [m^3/s]

0.80
40
0.70
35
0.60

Speed (m/s)

0.50

25

0.40

20

0.30

0.20

10

0.10

5

0.00

Figure 6:
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00:00
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00:00
02-20

00:00
02-25

Discharge ( m3/s)

30

0

Measured Ohau Channel current speed and calculated discharge derived from equation
1 for the calibration period (21/4/2004 10:50 – 27/2/2004 10:50).
60
55
50
45

Daily rainfall (mm)

40
35
30
25
20
15
10
5
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Figure 7:

00:00
2004-01-26

00:00
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Rainfall measurements during the study period.
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Modelled Elevation [m]
Mission Bay
[m]

Rotorua water level calibration

0.20

Water level (Datum 279.8m above MSL)

0.15
0.10
0.05
0.00
-0.05
-0.10
-0.15
-0.20

Figure 8:

2.2.4.

00:00
2004-01-26

00:00
01-31

00:00
02-05

00:00
02-10

00:00
02-15

00:00
02-20

00:00
02-25

Measured and modelled water levels at the Mission Bay water level site (NZMG:
2801600, 6345500).
MIKE21 sand transport model
MIKE 21 ST is the module of the MIKE 21 modelling system that calculates the rates
of non-cohesive sediment (sand) transport for both pure current and combined waves
and current situations. Apart from the sediment-transport components, the initial rates
of bed level change associated with the time-averaged - over the user-defined
simulation period - transport field are also output from a MIKE 21 ST simulation.
The ST model reads the output of the hydrodynamic model to get the water level and
flow information, and it reads significant wave height, wave period and mean wave
direction from the SWAN model.
Grain size analyses were used to choose sediment parameters for the sedimenttransport model (Section 3.4). The average median grain size (d50) and gradation (σg =
d84/d16) were 0.539 mm and 5.9 respectively. These values were used in a series of
coarse-sand simulations. A series of fine-sand simulations were run using d50 =
0.184 mm and σg = 4.4 (from the inshore site which was predominently a fine-sand
with a single modal peak).
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Bijker's total-load transport method was used to calculate sediment-transport in
combined current and waves. A quartz-density of 2650 kg m-3 was assumed for the
sediment and an aproximate water temperature of 20°C applied. The default porosity
of 0.4 was used.
A total of 24 sediment-transport simulations were undertaken, consisting of
combinations of the four wind scenarios outlined in section 2.2, the existing
bathymetry plus groynes positioned 200 m and 400 m offshore, and coarse and fine
sand.
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3.

Results and discussion
3.1.

Wind
Winds recorded at the Rotorua Airport weather station have been used for analysis and
modelling. Land-based wind stations are notorious for suffering topographic steering
effects, e.g., (Hsu 1986). Rotorua Airport is fortunately sited on flat ground near the
lake edge, and so should be reasonably representative of winds blowing across the
majority of the lake surface. In particular it is unobstructed from the south through
west, which are the important wind directions affecting sediment resuspension at the
Ohau Channel.
Wind speed and direction are recorded as 10-minute averages each hour, and the
historical hourly record dates back to 27 October 1991, 11:00. Data gaps of smaller
than 6-hours duration were filled using linear interpolation before analysis, which left
data gaps in just 1.0% of this historical record to 1 March 2004, and a total of 107,118
valid readings. The long-term wind rose is plotted in Figure 9, and a further
breakdown of the wind rose is provided in Table 2 and Table 3.
The mean wind speed was 3.6 m s-1 from 260°T. From Table 3 it can be seen that 27%
of all winds blow from the N or NE, and 50% of all winds blow from S–W. A similar
trend is observed for the 99th percentile winds (winds ≥ 10.3 m s-1, that occur 1% of
the time, Table 2), and just 14% of winds faster than the 95th percentile (≥ 7.7 m s-1)
approach from other directions. Therefore, winds from these sectors are dominant on
Lake Rotorua and should be represented in modelling studies.
Strong wind events are often dominant for wave-driven sediment-transport, because
the strong winds create large waves with strong bed orbital velocities, which entrain
sediment into the water column from the lakebed. However, the large wind events are
relatively infrequent, and the average wind (and thus wave) climate can be equally
important for sediment-transport, particularly if the sediments of interest are easily
entrained by these lower energy events. Winds smaller than the 50th percentile (<
3.1 m s-1) have a stronger directional bias to the south, with 25% blowing from S
directly, and 75% from NE–SW, i.e., relatively few from W–N.
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Figure 9:

Wind rose of hourly winds measured at Rotorua Airport from 27 October 1991, 11:00
to 1 March 2004, 00:00. Wind speeds are as recorded and no elevation correction has
been applied.

Table 2:

Percentile wind speeds for the Rotorua Airport long-term record. Wind speeds are as
recorded and no elevation correction has been applied.
Percentile

Speed (m s-1)

50

3.1

60

4.1

70

4.6

80

5.7

90

6.7

95

7.7

99

10.3
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Table 3:

Wind speed and direction percentages from the long-term Rotorua Airport record
binned according to approach sector and speed. Numeric values are percentages of
107,118 valid readings, except last column, which is mean direction for that
percentile. Percentile speeds are given in Table 2.
N

NE

E

SE

S

SW

W

NW

Mean
vectoraveraged
direction

0.4

0.3

0.0

0.2

0.3

0.1

0.7

0.2

310°

1.5

1.0

0.1

0.5

1.1

0.8

2.9

0.7

282°

3.6

5.6

4.7

5.3

10.5

5.4

3.5

3.4

194°

%ile

10.0

12.1

5.6

7.1

16.4

13.5

11.2

6.0

245°

All

12.6

14.0

5.9

8.0

18.4

15.5

16.3

7.1

260°

≥ 99th
%ile
th

≥ 90
%ile

th

< 50
%ile

th

≤ 80

Wind speed and direction during the study period (defined as 20 January – 27
February) are shown in Figure 10. The study period was actually very windy, the 99th
percentile speed of 10.3 m s-1 was reached or exceeded 3.4% of the time and the 95th
percentile wind speed of 7.7 m s-1 was reached or exceeded 14.3% of the time, i.e.,
there were about 3 times as many strong wind events as normal. Winds of median
speed or less occurred 43.5% of the time.
Wind conditions during and immediately before the four main sampling occasions
were:
1. “Calm” – 28 January - light winds from the NE during sampling, preceded by
several days with afternoon winds of up to 6 m s-1, from variable northerly
quarters.
2. “Northerly” – 2 February – persistent winds of 7-10 m s-1 from the north,
during and prior to sampling.
3. “Westerly” – 16 February – winds of 7.5 m s-1 from the west and southwest
during sampling, preceded by northwest winds of similar velocity.
4. “Southwest” – 25 February – 7-10 m s
during sampling.
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Figure 10:

3.2.

Wind speed and direction measured at Rotorua Airport during the study period (20
January to 27 February). The thick vertical dashed lines mark the times that crossshore transects were sampled.

Temperature
Lake temperatures at the 10.5 m deep site offshore of the Ohau Channel intake showed
a marked difference between surface and bottom waters in late January (Figure 11),
indicating that the lake was thermally stratified. Surface temperature shows a weak
diurnal pattern. The surface and bottom temperatures came together briefly during the
northerly wind event indicating at least localised deepening of the thermocline at that
time. The prolonged period of strong westerly winds from 15th February onwards
coincides with isothermal conditions at the offshore site, and a steady decline in lake
water temperature.
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Figure 11:

31-Jan

5-Feb

10-Feb

15-Feb

20-Feb

25-Feb

Thermistor chain data in Lake Rotorua adjacent to the Ohau Channel in 10.5 m water
(Data courtesy of D. Burger). Separation between the lines indicates a temperature
difference and thus a period of potential thermal stratification. The cross-shelf transect
sampling times are marked with the appropriate wind conditions.
A diurnal temperature pattern much stronger than that seen in the lake surface waters
was evident at all shelf sites and in the Ohau Channel (Figure 12). Night temperatures
in the Ohau Channel were up to 5ºC cooler than the surface waters of the open lake,
and day temperatures were marginally warmer (Figure 13). Diurnal temperature
cycling was evident at all sites on the shelf, but declined with increasing distance out
in to the lake, being was most pronounced in the Ohau Channel and at the site just 50
m offshore.
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25-Feb

Cross-shelf temperature data during the study period for the Ohau Channel and at
different distances from shore. The cross-shelf transect sampling times are marked
with the appropriate wind conditions.
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Figure 13:
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Comparison between water temperatures in the lake surface adjacent to the shelf and
in the Ohau Channel during the study period 2004.
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3.3.

Waves
Wave statistics measured at the four DOBIE sites (Figure 1) are shown in Figure 14–
Figure 17. The wave statistics plotted are significant wave height, Hs (calculated using
spectral moments, but approximately equal to the average height of the highest 1/3rd of
the waves observed during the sampling burst), significant wave orbital velocity at the
lakebed, Us (approximately equal to the average of the highest 1/3rd of the estimated
velocities), and spectral peak wave period, Tp (the wave period at the peak of the
energy spectrum).
Wave gauges 2 (Figure 15) and 4 (Figure 17) experienced power failure relatively
early in the study, gathering data only until 2nd and 3rd February respectively. Wave
gauge 1 (Figure 14) was interfered with and was temporarily removed for servicing
between 30 January and 2 February. Wave gauge 3 suffered damage early in the study,
but was replaced on 28 January (Figure 16). The records from gauges 1 and 3 provide
the most complete information for the study period, and the instruments functioned
successfully through the strong wind events.
The 16 February westerly wind event with speeds up to 9.3 m s-1 created the largest
measured wave heights of nearly 0.4 m. The most important statistic for sediment
resuspension is the wave orbital velocity at the lakebed, faster velocities mean more
sediment entrainment. In Figure 14, the theoretical critical erosion velocities for
cohesionless, medium-sized sand and silt have been plotted based on wave period
(Komar & Miller 1975). Examination of Figures 14 and 16 shows that during the
westerly and southwesterly sampling periods these theoretical thresholds were
exceeded for considerably periods of time.
Wave height (and therefore energy) increases offshore. Site 4 was particularly
energetic for the short measurement duration, there was subsequently less energy at
site 3, and sites 1 and 2 had least energy with little difference between them. The
energy gradient occurs as waves dissipate energy across the shallow shelf through
wave breaking and bottom friction. Site 4 was near the shelf-break and was exposed to
waves that propagate for long deep-water fetches. It was therefore exposed to some
large unbroken waves and would be in a zone of wave breaking during strong S–W
winds. Aside from high energy at site 4, the measurements show that wave energy and
other wave statistics were similar across most of the shelf, from at least site 3 inward.
This means that wave-induced sediment resuspension would be similar across much of
the shelf, because the shelf depth remains similar between sites 1 and 3.
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Figure 14:

Wave statistics measured by wave gauge 1, 50 m from the entrance to the Ohau
Channel. Hs = significant wave height, Us = significant wave orbital velocity, Tp =
peak wave period. The thick vertical dashed lines mark the times that cross-shore
transects were sampled, and the dots mark times that suspended sediment samples
were collected next to the wave gauge. The blue and green lines mark the theoretical
critical erosion velocities for cohesionless medium sand and silt respectively (Komar
& Miller 1975).

Figure 15:

Wave statistics (defined in Figure 14 caption) measured by wave gauge 2, 150 m from
the entrance to the Ohau Channel. The thick vertical dashed lines mark the times that
cross-shore transects were sampled, and the dots mark times that suspended sediment
samples were collected next to the wave gauge.
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Figure 16:

Wave statistics (defined in Figure 14 caption) measured by wave gauge 3, 350 m from
the entrance to the Ohau Channel. The thick vertical dashed lines mark the times that
cross-shore transects were sampled, and the dots mark times that suspended sediment
samples were collected next to the wave gauge.

Figure 17:

Wave statistics (defined in Figure 14 caption) measured by wave gauge 4, 550 m from
the entrance to the Ohau Channel. The thick vertical dashed lines mark the times that
cross-shore transects were sampled, and the large red dots mark times that suspended
sediment samples were collected next to the wave gauge.

3.4.

Lakebed and suspended sediments
Lakebed sediment samples collected at four of the DOBIE sites were analysed for
grain size using a Galai laser particle sizer with a 0.01–3.6 mm aperture lens installed.
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Figure 18 shows that the shelf sediments are mostly sandy and contain very little silt
by volume. The 3 offshore sites are classified as coarse sands, while the inshore site is
fine sand. The two middle sites also contain a significant fine sand mode. When reanalysed using a finer 0.002–0.6 mm aperture lens, the three inshore sites had an
average median grain size of 0.184 mm, that is, fine sand. Figure 18 shows sediment
grain size parameters from samples collected at the DOBIE sites, the gradation (σg =
d84/d16) gives an indication of the sample distribution about the median. The offshore
site was located on a slightly raised area compared with the surrounding bathymetry,
which would expose it to relatively higher energy than sites around it. Furthermore,
the offshore site is located close to the shelf break, so waves generated in the deep lake
can reach the site with little attenuation due to bed friction and depth-induced wave
breaking (e.g., compare Figure 17 with Figure 14). The high energy of the site
probably explains the lack of fine sand found there.

Figure 18:

Lakebed grain size distributions at four DOBIE sites (Figure 1). The y-axis scale is
percentage occurrence by volume. The vertical dashed red lines mark boundaries of
the Wentworth size classification system. Key: Silt = silt, vfs = very fine sand, fs =
fine sand, ms = medium sand, cs = coarse sand, vcs = very coarse sand. The vertical
dashed green lines mark the median sand size for each sample. Distributions were
measured using a Galai laser particle sizer with a 0.01–3.6 mm lens.
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Table 4:

Sediment grain size parameters from laser particle size analysis of surficial lakebed
sediment samples collected at the DOBIE deployment sites.
Site

Easting

Northing

Median
grain size,
d50 (mm)

Gradation,
σg (d85/d15)

Second
mode d50
(mm)

1

2801775

6345316

0.207

4.4

0.181

2

2801754

6345182

0.626

9.3

0.191

3

2801581

6345068

0.643

6.4

0.179

4

2801432

6344976

0.678

3.4

NA

Three suspended sediment samples were also analysed for grain size distribution
(Figure 19). The suspended sediment samples were collected about 0.5 m below the
water surface during a high wind and wave energy event from the west. The first
observation is that the grain size distributions are relatively uniform between the Ohau
Channel, shoreline and 50 m-offshore samples. This indicates that wave and current
entrainment of the sediments is reasonably uniform within 50 m of the shore and that
the sediment is being maintained in suspension as it travels through the weir and into
the Ohau Channel.
The second observation is that the suspended sediments in the upper water column are
considerably finer than the lakebed sediments. This is expected, because a coarse sand
particle falls much faster (about 0.45 m s-1) through the water column than a fine sand
particle (about 0.03 m s-1). This would indicate that most of the sediment travelling
down the Ohau Channel in the upper water column in large wave events is in the very
fine to fine sand range, with a small volume of silt. However, the suspended sediment
samples taken from 0.5 m depth do not represent sediment-transport lower in the water
column, where more coarse particles are likely to be found, saltating along the bottom
as the bedload.
The particle size analyses do not tell us the size class of the volatile organic sediment
component of which the particulate nutrients are composed. If they were algae, then
they would most likely be about 5–20 µm diameter, depending upon the dominant
species present. Our data (section 3.5) indicate these volatile organic sediments may
remain in suspension long after the inorganic sand component has settled to the
lakebed. This implies that they are well mixed through the water column and
consequently, the suspended sediment samples will represent the transport of this
material throughout the water column.
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Figure 19:

3.5.

Suspended sediment grain size distributions collected 16th February 2004, 11:15, 40 m
downstream of the weir in the Ohau Channel, near the shore, and 50 m offshore at 3 of
the regular cross-shore sampling transect positions (Figure 1). The y-axis scale is
percentage occurrence by volume. The vertical dashed red lines mark boundaries of
the Wentworth size classification system. Key: Silt = silt, vfs = very fine sand, fs =
fine sand, ms = medium sand, cs = coarse sand, vcs = very coarse sand. The vertical
dashed green lines mark the median sand size for each sample. Distributions were
measured using a Galai laser particle sizer with a 0.002–0.6 mm lens.

Relationships to wind stress
Wind stress on the water surface transfers momentum to the water column. It forces a
current to flow in the direction of the wind, and it causes waves to develop on the
water surface. These waves and currents build in strength with wind speed, duration
and fetch across the water surface; wind speed and fetch being the important controls
in lakes of dimensions such as Lake Rotorua.
The resulting currents will lift (or entrain) sediment off the lakebed if they become
strong enough. The currents have two components, that due to the uni-directional
horizontal flow in the water column and that due to the oscillating wave orbital
velocities that occur under waves. Wave orbital currents are particularly effective at
entraining sediment because of their accelerating and decelerating flows. Therefore we
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would expect the most entrainment to occur at a site when it was exposed to strong
winds with a long fetch, creating large waves and strong currents.
In Figure 20 the significant wave height is plotted against the total suspended
sediment concentrations measured across the shelf and at the Ohau Channel currentmeter. For all samples, the wind speed and fetch has been averaged over the 3-hours
before the sample was collected, and the significant wave height HJ calculated using
the empirical fetch-limited sea-wave Jonswap equation HJ = 0.0163W10√F. Thus HJ is
effectively a weighted surrogate of wind speed and fetch. Aside from samples
coinciding with HJ = 0.6 m, there is a trend for increasing suspended sediment
concentration as wave energy increases.

Figure 20:

Significant wave height HJ calculated using an empirical wind speed- and fetch-based
formula versus total suspended solids (TSS). Key: CM = Ohau Channel current-meter
site, D1–4 = DOBIE sites 1–4, XS = cross-shelf transects. TSS samples were collected
0.5 m below the water surface.
Total suspended solids (TSS) is the sum of VSS + ISS, where ISS is the ‘sand’
component and VSS is the organic component. Because of physical differences in
particle size and density, VSS behaves differently to ISS. VSS being lighter tends to
suspend first at relatively low HJ but, at our study site, reaches a maximum
concentration of about 10 g m-3 (Figure 21A). Beyond an apparent threshold of about
7 g m-3, ISS begins to suspend and becomes the main component of TSS (Figure 21B).
Figure 20 suggests that the switch from VSS to ISS dominance is likely to occur at HJ
above 0.15, and that above 0.3 to 0.4 m HJ, VSS concentration will plateau.
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This means that while strong winds mobilise a lot of inorganic material, they produce
little more organics than moderate winds. Conversely, because they occur more
frequently than strong winds, light to moderate winds are likely to produce the
majority of the resuspended organic material entering the Ohau Channel.
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Figure 21:

Total suspended solids (TSS) relationships with A) volatile suspended solids (VSS),
and B) inorganic suspended solids (ISS) on the shelf zone adjacent to the Ohau
Channel entrance. The broken line in (A) indicates the apparent maximum VSS level.
Comparison of VSS with BOD (Figure 22) shows a general relationship where BOD
is about half VSS; hence VSS is a reasonable proxy for BOD in this data. Given the
plateau effect of VSS versus TSS, this implies that the BOD load entering the Ohau
Channel is likely to be limited to a maximum of about 5 g m-3. It is likely that the
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ellipse of points centred on 2 g m-3 VSS and 1 g m-3 BOD represents the background
values of the lake.
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Figure 22:

3.5.1.

The relationship between volatile suspended solids (VSS) and biochemical oxygen
demand (BOD) indicates that VSS is a good proxy for BOD. [BOD ≈ 0.5 x VSS]. The
ellipse draw in the lower left corner may represent the background BOD and VSS of
the lake water (see text).
Suspended sediments in cross shelf transects
Cross shelf transects (Figure 23) show that TSS is highest for onshore winds from the
west (16 February) and southwest (25 February). Expanded graphical presentation of
the TSS and VSS data (Figure 24) includes for comparison historical data for strong
southwesterly winds in summer 1990 (from Gibbs 1991). There is essentially no
difference between the 1990 and 2004 data under similar southwesterly wind
conditions.
The VSS data clearly demonstrate how the upper threshold for organic matter is
reached across the entire shelf under strong onshore winds, while ISS values peak
close to shore. Under the calm and northerly samplings, VSS represents almost all of
the TSS, whereas under the onshore, windy conditions, VSS is less than half of TSS.
The increase in VSS concentration close to shore under calm conditions (28 January)
may be the legacy of the moderate northwesterly wind event 24 hours earlier and, if
this is the case, indicate that once lifted into the water column, organic matter may be
slow to settle. This level of VSS suspension for a moderate wind, marginally onshore,
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is consistent with the paradigm that VSS components are light and are the first to be
suspended in any wind event. These data imply that the VSS load entering the Ohau
Channel is likely to remain elevated for at least 24 hours following an on-shore wind
event.

Figure 23:

Plot of total suspended solids (TSS), volatile suspended solids (VSS), inorganic
suspended solids (ISS) and biochemical oxygen demand (BOD) for the four crossshelf sampling occasions.
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Figure 24:

Expanded plots of A), total suspended solids (TSS) and B), volatile suspended solids
(VSS) across the shelf on the four cross-shelf sampling occasions in 2004 compared
with historical 1990 for a southwesterly wind event. (Data from Gibbs 1991).
The distribution pattern across the shelf is also suggestive that under light to moderate
winds (< 6 m s-1) there is likely to be a larger difference between near-shore (0-50 m)
and mid-shelf (200-400 m) VSS concentrations than under stronger on-shore winds,
when VSS concentrations are more uniform across the whole shelf.
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3.5.2.

Ohau Channel suspended sediments
The time-series SS data from the Ohau Channel seen in the 1990 study (Gibbs 1991)
(Figure 25) show a strong correspondence with onshore wind speed, with a simple
pattern of wind-induced peak followed by recession. The wind pattern was more
complex in 2004; instead, in 2004 we saw a period of rather sustained moderately high
winds of 4-10 m s-1, an approximately sustained VSS of 6.0 ± 0.5 g m-3 (mean ± s.e.)
and a more variable ISS of 10.5 ± 1.4 g m-3. It is not clear whether the lower peak
TSS seen in 2004 is due to the slightly higher wind speeds in 1990, the sampling
techniques and locations used or lower water levels in 1990.
A striking feature of all of the cross-shelf transects is that most particulate components
are present in the Ohau Channel at concentrations less than immediately offshore.
Such a situation implies deposition of material at the intake – unlikely to be
sustainable in the long term. It is perhaps most likely that this effect is an artefact of
sampling at approximately 0.5 m depth from the surface. The Ohau Channel is over 1
m deep a the point of sampling, thus the sample is taken well clear of the channel bed,
whereas the lake edge sample is taken from close the lake bed and is likely to include
the “bedload”.
Assuming that the edge water (0 m) data (Figure 23) is representative of the amount of
material entering and travelling down the Ohau Channel, the new data, combined with
an average water flow of 15 m3 s-1, indicate maximum ISS loads of up to 65 t day-1 and
maximum VSS and BOD loads of about 17 and 5 t day-1, respectively, during strong
west to south-west winds. These data also suggest background ISS, VSS, and BOD
loads of 2.3, 2.8, and 1.1 t day-1, respectively, during calm or northerly to easterly
winds. These background loads give conservative minimum annual load estimates for
ISS, VSS, and BOD through the Ohau Channel of 840, 1020, and 400 t yr-1,
respectively.
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Figure 25:

Time-series Ohau Channel data for total suspended solids (TSS) versus wind speed in
A) 2004 and B), 1990. Below 10 m s-1 the TSS values are comparable but are
significantly different at higher wind speeds.
These instantaneous load estimates can be extrapolated to annual load estimates by
accounting for wind conditions. In Section 4.4 it is estimated that the critical wind
velocity for resuspension of VSS is 3–4 m s-1, and resuspension occurs ~40% of the
time, but VSS is in suspension ~70% of the time (because it is slow to settle). An
estimate of the annual VSS load due to onshore winds might be made by assuming
that plateau concentrations occurred during onshore winds > 3 m s-1 and background
loads occurred at all other times (this allows for the delay in settling after a wind
event). From Section 3.1, onshore winds greater than 3 m s-1 occur about 30% of the
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time. This gives an estimated annual VSS load of 2500 t yr-1 of which 1600 t is
attributable to onshore winds of > 3 m s-1 [365 × (17.1-2.3 t day-1) × 30% + 365 ×
2.3 t day-1 × 100%]. A similar calculation can be made for the annual TSS load, which
indicates a potential annual TSS load through the Ohau Channel of about 10,300 t yr-1,
of which about 8,500 t yr-1 can be attributed to onshore winds of > 3 m s-1.

3.6.

Nutrients
Nutrients are present in the lake water in various dissolved (DRP, NH4-N, NO3-N,
DOP, DON) and particulate (PP, PN) forms, with total nitrogen and phosphorus (TN,
TP) being the sum of all N and P components. Dissolved reactive phosphorus (DRP),
ammoniacal nitrogen (NH4-N), and nitrate nitrogen (NO3-N). No reliable data on
DON or DOP were obtained during this study.

3.6.1.

Dissolved inorganic nutrients
In order to interpret the data obtained in this study it is necessary to consider the
sources of various species of nutrients. The major source of dissolved nutrient species
DRP, NH4-N, and NO3-N in the Ohau Channel water is the open waters of Lake
Rotorua, due to the release of DRP and NH4-N from the sediments and subsequent
nitrification of NH4-N to NO3-N (the latter confined to oxic waters). Additional
sources may be interstitial waters of the shelf sediments during wind events, or longshore drift of low-density riverine inputs, as described in Gibbs et al. (2003).
The concentrations of DRP, NH4-N, and NO3-N in water advected into the Ohau
Channel are affected by the physical conditions in Lake Rotorua that can modify the
microbial activity and phytoplankton uptake rates in the lake. Seasonal temperature
changes will alter their release rates from the sediment, potentially reducing the lake
concentrations in winter, while changing light levels will alter the uptake rates of
phytoplankton, reducing their concentrations in summer to a much greater extent than
in winter. The balance between these two effects may result in higher dissolved
nutrient concentrations in the Ohau Channel in winter than in summer.
Wind-induced mixing in Lake Rotorua also plays an important role, by keeping the
nutrients released from the sediments dispersed through the water column where they
can be utilised by phytoplankton. In the absence of wind for a few days in summer
thermal stratification can develop, isolating the deeper sediments from the upper water
column and thus trapping DRP and NH4-N released from those sediments below the
thermocline. If stratification persists for long enough for oxygen to be depleted in
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these bottom waters, nitrification (which requires oxygen) will decline and NO3-N will
increasingly denitrified to N2 gas. This ultimately leaves only DRP and NH4-N to
accumulate in the bottom waters, and these can reach high concentrations in long
stratification periods. Consequently, when the next wind event mixes the lake once
more, there can be a sudden increase in both DRP and NH4-N in the water column
throughout the lake that lasts until phytoplankton uptake can reduce those nutrient
levels.
3.6.2.

Dissolved inorganic nutrients in cross-shelf transects
Cross-shelf transects show a reduction in concentrations of both DRP and NH4-N from
the lake to the shore under calm and westerly conditions, an increase in both under the
northerly wind, and a more irregular pattern during the southwesterly samplings both
in 2004 and 1990 (Figure 26). As the northerly sampling event (2 February) coincided
with the first strong wind after an extended period of calm or light winds (Figure 10),
and occurred while Lake Rotorua was thermally stratified (Figure 11), it is likely that
the high concentrations relative to other samplings, were due to a mixing event in the
lake. Median DRP and NH4-N concentrations in the Ohau Channel in 1999-2003 have
been 5 and 16 mg m-3 respectively (EBoP data) and DRP and NH4-N concentrations
during the entire sampling period of this study remained elevated relative to expected
concentrations. This duration for elevated concentrations is unexpected and may
indicate atypical nutrient concentrations in Lake Rotorua in 2004.
The reasons for the reduction in DRP and NH4-N concentrations across the shelf under
calm and westerly conditions and the increase under northerly are not identifiable
from the existing data, but may involve biotic transformations in shallow water.
In contrast to the DRP and NH4-N, NO3-N concentrations across the shelf were
generally low at 10-20 mg m-3 during the calm, northerly and westerly wind
conditions (Figure 27). There was also little cross-shelf variation under these
conditions, though, NO3-N concentrations at the offshore site (600m) increased to
about 30 mg m-3 during the westerly. The southwesterly sampling on 25 February was
quite different, with high NO3-N offshore (>70 mg m-3), increasing to 500 mg m-3 at
the nearshore site (Figure 27B). The high offshore NO3-N is consistent with
nitrification of the NH4-N mixed from the hypolimnion into the oxic surface waters,
but we suspect a second source for the dramatic nearshore peak.
High nearshore NO3-N concentrations under a south-westerly wind condition are
almost certainly due to long-shore drift of water from the Waiohewa Stream to the
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south of the Ohau Channel (Gibbs et al. 2003). This stream has a DIN concentration of
>1200 mg m-3 and, because of geothermally influence, is warm when it enters Lake
Rotorua. The warm influent water will be buoyant and is likely to ‘pool’ on the lake
surface, rather than dispersing into the lake as would be expected of a cooler inflow.
This ‘pool’ of nitrate-rich water is susceptible to wind influence and is predicted to
move along the shoreline as a plume of NO3-N rich water. Southwesterly winds would
cause it to move to the north and thus enter the Ohau Channel.
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Figure 26:

Comparison of cross-shelf data for A), dissolved reactive phosphorus (DRP) and B),
ammoniacal nitrogen (NH4-N) under four different wind conditions. Historical data for
a southwesterly wind in 1990 is also included.

Ohau Channel Groynes

37

It is estimated that the Waiohewa Stream discharges about 10 t of DIN into Lake
Rotorua annually. The DIN is mostly derived from the Tikitere hot springs and, as it is
a small flow with a high concentration, it would be possible to intercept this nitrogen
input to Lake Rotorua at source.
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Figure 27:

Comparison of cross-shelf concentrations of nitrate nitrogen (NO3-N) under four
different wind conditions: A) full scale and B) expanded Y-axis to show detail at low
concentrations. Historical data following a southwesterly wind in winter 1990 are also
included.
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3.6.3.

Particulate nitrogen (PN) and particulate phosphorus (PP) in cross-shelf
transects
As P and N are components of the organic matter or VSS, there is an expectation that
PP and PN should, at least in part, follow similar mobilisation and transport patterns to
VSS. Analytical problems meant that very few reliable estimates of PN and PP are
available to explore this relationship. VSS, PN and PP data are available only for four
samples from each of three of the cross-shelf transects, these being calm, northerly
(low VSS) and westerly (high VSS). The spread of these data make them
inappropriate for regression analysis, though within samplings, there is a suggestion of
consistent relationships between PN or PP and VSS (Figure 28) suggesting that VSS
may be a useful proxy for particulate nutrients.
PN:PP ratios of all three groups of samples in Figure 28 are similar, at approximately
7. PN:PP ratios of around 7 are consistent with the material being of algal or
cyanobacterial origin. At the time of the study, chlorophyll-a concentrations in Lake
Rotorua were high (40-50 mg m-3), around twice the concentration of PP. The
stoichiometery of algae often results in PP and chlorophyll-a having similar
magnitudes when algae make up the bulk of PP; this appears to be the case in our data
under conditions of low energy and resuspension, strengthening the suggestion that
background PP (and by inference PN) are primarily due to algae from the lake water.
Somewhat different relationships were observed in the Ohau Channel data during the
1990 study (Gibbs 1991) when the overall N:P ratio was 3.9. At that time this was
considered consistent with the bulk of the PN and PP in the VSS being derived from
sediment resuspension. The 1990 data are from winter when algal blooms would not
be expected, although the organic legacy of the summer blooms would be in the
detritus component of the shelf sediments. The possibility that VSS nutrient content
varies seasonally reinforces the need for cautious interpretation.
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Figure 28:

Relationships between volatile suspended solids (VSS) and A) particulate nitrogen
(PN) and B), particulate phosphorus (PP). PN and PP data from NIWA analyses
(Table 5).
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Table 5:

3.6.4.

NIWA laboratory analysis results for total, dissolved and particulate nitrogen and
phosphorus (mg m-3).
Date

Location

TN

TDN

PN

TP

TDP

PP

PN:PP

28 Jan

Channel

533

326

207

47

20

27

7.7

28 Jan

0m

700

28 Jan

50 m

585

299

286

52

19

33

8.6

28 Jan

200 m

527

326

201

45

20

25

8.0

28 Jan

600 m

505

43

36

7

2 Feb

Channel

648

77

61

16

5.8

2 Feb

0m

542

2 Feb

50 m

655

581

74

81

67

14

5.3

2 Feb

200 m

641

541

100

76

55

21

4.8

2 Feb

600 m

689

487

203

71

44

27

7.4

16 Feb

Channel

1493

394

1099

165

33

132

8.3

16 Feb

0m

1532

16 Feb

50 m

1047

279

768

116

22

94

8.2

16 Feb

200 m

1306

458

848

172

45

127

6.7

16 Feb

600 m

1215

569

645

171

53

118

5.5

62

556

92

64

168

Dissolved nutrients in the Ohau Channel
The time-series data from the Ohau Channel included both manual samples twice
daily (morning and evening) plus a period of hourly sampling by autosampler for 48
hours. The autosampler data (Figure 29) show a marked difference in the time-series
pattern between the DRP and NH4-N data and NO3-N data. These data show a pattern
of close coupling between DRP and NH4-N concentrations consistent with these
nutrients being from the same source; i.e., the open waters of Lake Rotorua. The
NO3-N concentration pattern, however, is clearly different and thus not related to the
lake source but is consistent with an episodic movement of water from the Waiohewa
Stream into the Ohau Channel due to long-shore drift.
Comparison of the NO3-N data from the grab samples and the autosampler (Figure 30)
show that the grab sample data fits with the autosampler data and indicates further
elevated concentrations occurred after the auto sampling was completed. However, the
rapid changes in NO3-N concentration in the autosampler were not always seen in the
grab samples, indicating that our grab samples were underestimating the nutrient load
transported through the Ohau Channel.
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Figure 29:

00:00

12:00
17 Feb 2004

00:00

12:00

0
00:00

18 Feb 2004

Comparison of dissolved reactive phosphorus (DRP), ammoniacal nitrogen (NH4-N)
and nitrate plus nitrite nitrogen (NO3-N) in the Ohau Channel collected by
autosampler at 1-hourly intervals.
This should be remembered when evaluating long term data sets based on single
monthly grab samples from the Ohau Channel — if the sample catches a low in the
midst of high concentrations, it is an underestimation for that month, but if it were to
catch the high in an otherwise low concentration period, it is an overestimation for that
month.
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Figure 30:

3.6.5.

Comparison of nitrate plus nitrite nitrogen (NO3-N) data from grab and autosampler
collection with A) wind direction and B), wind speed. Ellipses indicate periods during
the autosampler run when wind direction (between south and west) and velocity (not
calm) would favour long-shore drift of NO3-N rich water from the Waiohewa Stream
to enter the Ohau Channel.
TN and TP in cross shelf transects
The TN and TP data reflect the patterns of PN and PP, and DIN and DRP across the
shelf and in the Ohau Channel. In general, the TN and TP data show the same pattern
as measured in the 1990 study for a southwesterly wind (Figure 31). The TN
concentrations at the shore (0 m) were almost double the concentrations measured at a
distance of 200-400 m offshore during the southwesterly wind in both studies – due to
the high NO3-N thought to derive from long-shore drift. There is no TP data from the
southwesterly wind event in the 2004 study to compare with the 1990 study although
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the same inshore – offshore difference was found in 1990. During other wind
directions in the 2004 study, the inshore – offshore difference was not as large or was
absent.
As discussed earlier (section 2.1.4), no estimate can be made of the DOP or DON
component. While DOP is typically low (< 10 mg m-3), the DON component may be
large (> 50 mg m-3) but is often mainly refractory nitrogen (i.e., not readily available
for biological utilisation).
Based on the NIWA-analysed data (Table 5) and assuming flow in the Ohau Channel
of 18 m3 s-1, the TP and TN load to the Ohau Channel is in the range of 67–267 and
785–2382 kg day-1, respectively. The estimated particulate component of this load,
which may be largely associated with VSS resuspension, is in the range 11–205 and
115–1709 kg day-1, respectively. It is this particulate component that could be affected
by the groyne structure.
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Figure 31:

Cross shelf data for A), total nitrogen (TN) and B), total phosphorus (TP) under the
four wind conditions. Historical data from a southwesterly wind event in 1990 is
include for comparison. There was no TP data for the 2004 southwesterly wind event.
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3.6.6.

Relationships between the Ohau Channel and Kaituna River
Time series SS and nutrient data collected from the Ohau Channel and at the Kaituna
River at the Okere Falls control gates (Figure 32, Figure 33), show no apparent
correlation between the two sites, using the whole data set. However, because the
temperature data show a substantial amount of night-time cooling of the water
entering the Ohau Channel (Figure 13), only the afternoon water samples would be
expected to be warmer than Lake Rotoiti and flow towards the Kaituna River outlet
(c.f. Gibbs et al. 2003). During the morning the Ohau Channel water, being colder,
would form a density current that would move towards the eastern basin of Lake
Rotoiti.
Using the data separated into morning and afternoon samplings, we found a nonstatistically significant positive correlation between the VSS concentrations in the
Ohau Channel and the Kaituna River, but not for ISS.
For nutrients, we found a marginally statistically significant positive correlation
between the two sites for afternoon DRP (P < 0.005, r2 = 0.69, n = 6) (Figure 33A),
but not for NH4-N or NO3-N (Figure 33).
For both SS and nutrients, concentrations were lower in the Kaituna River indicating
processes of sedimentation and dilution in Lake Rotoiti that are masking any direct
relationships, i.e., any link between the Ohau and Kaituna is too diffuse to be
identified by the simple approach of comparing concentrations, under existing
conditions.
Considering that the sampling times between the Ohau Channel and the Kaituna River
were not lagged to allow for time of flow between sampling sites (probably at least 5
hours), the degree of agreement for VSS is surprisingly good, again perhaps reflecting
the slow sinking rate and persistence of VSS. Alternatively, it may simply be that the
factors promoting the accumulation of VSS in the upper waters of lakes Rotoiti and
Rotorua may be similar, and the correlation between these datasets is spurious.
Further work using tracers is really necessary to examine the linkage between the
Ohau and the Kaituna.
It can be concluded that in general the quality of water in the Ohau is a poor predictor
of quality in the Kaituna. The bulk of the ISS entering the Ohau Channel is deposited
in Lake Rotoiti. VSS will settle more slowly and may be carried for some distance in
the flow of water from the Ohau Channel. When the temperature differential between
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the Ohau Channel and Lake Rotoiti is such that the channel water floats, entrained
VSS is likely to short-circuit directly to the Kaituna; when the channel water is cold
relative to Rotoiti and has a tendency to sink, it will be transferred into the eastern
basin of Lake Rotoiti.
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Comparison of A), total suspended solids (TSS) and B), volatile suspended solids
(VSS) in the Ohau Channel and the Kaituna River sampled at the Okere Falls control
gates during a strong onshore westerly wind event in February 2004. Because of the
diurnal temperature influence on water entering Lake Rotoiti from the Ohau Channel,
only afternoon data (lines) are expected to show any correlation.
As with the VSS data (Figure 32), the nutrient data collected show no direct
relationship between nutrient concentrations in the Ohau Channel and those in the

Ohau Channel Groynes

47

Kaituna River measured at the Okere Falls control gates, based on the whole dataset.
Separating out the morning and afternoon data to allow for the flow direction
influence of the diurnal temperature differentials between the Ohau Channel and
western basin of Lake Rotoiti water temperatures,
Ohau
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Comparison of A) dissolved reactive phosphorus (DRP), B) ammoniacal nitrogen
(NH4-N), and C) nitrate plus nitrite nitrogen (NO3-N) concentrations in the Ohau
Channel and the Kaituna River sampled at the Okere Falls control gates. Only
afternoon data are expected to be correlated between the Ohau Channel and the
Kaituna River due to diurnal temperature changes influencing the direction of water
flow in Lake Rotoiti.
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4.

Modelling
4.1.

SWAN wave model calibration and results
Figure 34–Figure 37 compare wave statistics measured by the DOBIE wave gauges,
and output by the SWAN model at the DOBIE sites.
The plots show that the simulated wave heights tend to be slightly higher than
“measured”. The wave period is the most important statistic for estimating the critical
erosion threshold for sediment entrainment. The critical erosion threshold velocity
required to mobilise a sand grain decreases with wave period. So the shorter the wave
period, the smaller the bed orbital velocity needs to be to lift it, because the
accelerative forces under the wave are greater (Komar & Miller 1975). Simulated
mean wave periods were lower than measured by the DOBIE. In a sediment-transport
model this would therefore tend to increase the amount of lakebed erosion if simulated
values were used. The reason for the models under-prediction of the mean wave
period is not clear but the spectral shape is obviously different to measured. The peak
wave periods show a much better agreement. This occurs because the peak period is
the period associated with the peak of the energy spectrum, which we would expect
the model to predict well. Because the mean wave period is averaged over the
spectrum it is more likely to disagree if the measured and modelled spectra have
different shapes. Fortunately the sediment-transport model is able to use either the
mean or peak wave period statistics for calculating sediment-transport, so we can use
the best-calibrated parameter.
The wave orbital velocities create the direct shear stress on the lakebed sediment; the
faster the velocities, the more sediment is entrained. Because they were measured next
to the lakebed, we can be confident that the orbital velocities from the DOBIE are
accurate, so they provide a good comparison for model calibration. Wave orbital
velocities increase with both wave height and period. Therefore, because the simulated
wave heights and periods are higher and lower respectively than the “measured”
parameters, the wave orbital velocities “meet in the middle” and give a reasonable
calibration for most of the large events. The simulated are slightly high at times, which
will lead to higher sediment-transport estimates if simulated statistics are used.
Other discrepancies between model and DOBIE can be explained further. At times the
model predicts the occurrence of waves when the DOBIE shows a “zero”
measurement. These occur during northerly wind events when the waves are small and
their pressure signal falls below the DOBIE noise level, effectively they are
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incalculable by the DOBIE. On 4th and 18th February the simulated height and period
were much lower than measured, because the stationary wind field input to the model
did not reflect the more energetic history of the wind conditions. During winds from
the northerly quarter the model sometimes under-predicted wave height and period.
The most likely reason is because local wind directions were slightly different to those
measured at the Rotorua Airport, due to topographic steering over the land to the north
of the lake. Fortunately both the Ohau Channel and Rotorua Airport wind station are
largely unobstructed from the main wave-generating directions from S–W, and this
shows with the best calibration occurring during these wind conditions.
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Figure 34:

Wave statistics measured by wave gauge 1; Hs = significant wave height, Us =
significant wave orbital velocity, Tmean = mean wave (crest) period, Tp = peak wave
period. The thick vertical dashed lines mark the times that cross-shore transects were
sampled. The pink dots are statistics predicted from stationary SWAN model
simulations. The blue and green lines mark the theoretical critical erosion velocities
for cohesionless coarse and fine sand respectively (Komar & Miller 1975).
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Figure 35:

Wave statistics measured by wave gauge 2; Hs = significant wave height, Us =
significant wave orbital velocity, Tmean = mean wave (crest) period, Tp = peak wave
period. The thick vertical dashed lines mark the times that cross-shore transects were
sampled. The pink dots are statistics predicted from stationary SWAN model
simulations.

Figure 36:

Wave statistics measured by wave gauge 3; Hs = significant wave height, Us =
significant wave orbital velocity, Tmean = mean wave (crest) period, Tp = peak wave
period. The thick vertical dashed lines mark the times that cross-shore transects were
sampled. The pink dots are statistics predicted from stationary SWAN model
simulations.
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Figure 37:

Wave statistics measured by wave gauge 4; Hs = significant wave height, Us =
significant wave orbital velocity, Tmean = mean wave (crest) period, Tp = peak wave
period. The thick vertical dashed lines mark the times that cross-shore transects were
sampled. The pink dots are statistics predicted from stationary SWAN model
simulations.
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The ability of the numerical model to produce detailed wave data over a large area is
illustrated by the example in Figure 38. Detailed spatial data such as this are input to
the sediment-transport model in order to predict sediment-transport across the grid.

Figure 38:

Simulated significant wave height, mean wave direction, mean wave crest period and
significant wave orbital velocity for a 3.1 m s-1 wind from 250°. Wave gauge
deployment sites are marked +.
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4.2.

MIKE21 circulation
Figure 39 shows simulated current flow maps for two different wind conditions both
with and without groynes. The strong southerly wind scenario has been chosen for this
comparison because it forces a relatively swift littoral drift current for comparison
with the average wind scenario. Plots of circulation during the other output scenarios
are included in Appendix 2.
Under median wind conditions the flow speed across most of the shelf is less than
0.02 m s-1. Currents are slightly faster in shallow water along the shore, caused by
depth averaging of the wind stress in shallow water. The venturi effect (sucking) of the
Ohau Channel causes current speeds to increase to ~0.2 m s-1 within about 20 m of the
weir. It also causes a general convergence of currents towards the channel within the
5 m model grid.
The addition of the 200 m groynes shifts the venturi effect offshore to the end of the
groynes, so that currents now converge on the new channel mouth with similar
magnitude to the existing entrance. Currents at the original Ohau Channel entrance
become very small because:
•

the venturi effect has been removed;

•

the groynes form a barrier to alongshore flow in the vicinity of the original
channel entrance.

Building the groynes out to 400 m offshore does not significantly change circulation
in the embayment from the 200 m case, during the median wind scenario.
When strong winds are present the groynes have a more prominent impact on
circulation in the embayment. In the simulation with no groynes it is seen that the
strong southerly winds caused a pronounced littoral drift current towards the north of
about 0.1 m s-1 inshore and 0.14 m s-1 offshore. The venturi effect still occurs in the
vicinity of the Ohau Channel of similar magnitude to the average wind case, but
currents in the wider embayment are dominated by littoral drift.
When 200 m long groynes are added they form a barrier to alongshore flow, causing a
pronounced deflection of the littoral drift current around the end of the groyne. This
causes a squeezing of the flow with a corresponding jet forming at the end of the
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groynes. Current speeds are raised substantially above that caused by the venturi effect
alone, reaching about 0.6 m s-1 adjacent to the tip of the southern groyne. Currents of
this magnitude have considerable ability to scour sediment around the groynes,
addressed further below. Currents inshore in the shadow zone of the groynes drop
considerably, creating obvious potential sedimentation areas.
The 400 m groynes have a similar effect to the 200 m groynes, except the squeezing
effect is slightly more pronounced with maximum jet speeds at the groynes tips
reaching about 0.7 m s-1, and larger potential sedimentation zones occurring in the
groyne lees.
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Figure 39:

Simulated current flow maps for 3.1 m s-1 wind from 250° (left-hand-side) and
7.7 m s-1 wind from 180° (right-hand-side), for existing bathymetry with no groynes
(upper), with 200 m-long groynes (middle), and 400 m-long groynes (lower).
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4.3.

Sediment-transport modelling
The estimate for coarse sand transport during median winds is 3.0 t day-1, and
9.8 t day-1 for fine sand, compared to the 2.3 t day-1 estimate made in section 3.4.3
from collected samples. This is a good comparison; the model estimates are averaged
over the entire water column, whereas the samples were collected 0.5 m below the
water surface, which would underestimate the total load because suspended sand
concentrations often follow an exponential decrease with distance above the lakebed
(Green & Black 1999). The maximum transport of 21.4 t day-1 occurred during windscenario 2 using fine sand and no groyne. We note that in this section, reference to
sediment transport refers to resuspended sediments and ignores the background
concentrations present in the lake water.
One of the main aims of the study was to determine the effectiveness of the groynes in
reducing resuspended sediment (and particulate nutrient) load to the Ohau Channel.
Figure 41 shows estimates for the 24 simulations. For median wind conditions
(scenario 1), the groynes are effective in eliminating re-suspended sediment from
entering the Ohau Channel, ranging from 94.8% for the 200 m groyne with fine sand
to 99.7% for the 400 m groyne with coarse sand.
The modelling, however, indicates that the groynes will have the opposite effect in
strong wind events, with up to 234% more re-suspended sand entering the Ohau
Channel for wind scenario 3 with 400 m groyne and coarse-sand. In other words the
groynes can more than double the amount of sediment entering the Ohau Channel in
strong wind events. This occurs because of the obstructing and current-jetting effect
that the groynes have on the strong littoral drift currents that are set up by strong
winds, as discussed in section 4.2.
So if the groynes effectively reduce loads for winds of median speed, but increase
them during strong wind events, are they worth constructing? This question must be
qualified in terms of the frequency of occurrence of the wind events. By multiplying
the values in Table 6 by the frequency of occurrence of wind events (Table 3) we
observed that 95th percentile wind speeds cause from 3 to 26% of the median sediment
flux, depending on their approach direction and the grain size used.
On summing the occurrence-adjusted sediment-transport rates we estimated that the
200 m groynes reduced the total sediment load by 64% and 76% for coarse and fine
sand respectively, and the 400 m groynes reduced the sediment load by 41% and 68%
for coarse and fine sand respectively. So the 200 m groynes are most effective in
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reducing the sediment load, because they are equally as effective as the 400 m groynes
in median wind conditions, but cause less sediment entrainment in storm conditions.
We are uncertain about the threshold wind strength under which the groynes would
begin to enhance sediment-transport down the channel rather than reduce it. This
places uncertainty on our percentage reduction estimates above. If we assumed that the
transport rates from simulated wind scenarios occurred 5% of the time each, then the
200 m groynes would reduce 28% and 49% of the total load for coarse and fine sand
respectively.
The sediment-transport rates have been calculated for sand-sized particles, but not for
organic particles (VSS), which may have sizes of the order of 5–10 µm and settling
rates of about 1 m day-1. The available numerical models are not capable of simulating
sediment-transport for particles this small, so an analytical model was developed to
address resuspension of inorganic particles (section 4.4).
During the sediment-transport scenario modelling the lake water level was set to the
long-term median level of 279.8 m above mean sea level. No adjustment was made for
changing lake water levels, which generally range from 279.66–279.97 m. As
demonstrated in section 4.4, sediment-resuspension rates will increase when lake
levels drop and vice-versa. However, the magnitude of these changes will not be great
and the estimated sediment-transport rates should provide a reasonable average
estimate.
We stress again that the sediment-transport rates predicted by the model assume no
prior sediment load in the water column, i.e., they ignore baseload transport and relate
only to transport of resuspended sediment of the specified grain size and density
during the simulated event.
With the sediment-transport modelling, it is important to keep in mind that the
simulation is performed on the basis of the hydrodynamic conditions that correspond
to a given bathymetry. No feedback of the rates of bed level change on the waves and
the hydrodynamics, as in the case for a full morphological model, exists. Hence, the
results provided can be used to identify potential areas of erosion or deposition and to
get an indication of the initial rate at which bed level changes will take place, but not
to determine an updated bathymetry at the end of the simulation period. This requires
a work-around to estimate morphological changes such as sediment trapping behind
the groynes. To make these estimates we calculated transport rates though two
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transects, positioned to the north and south of the groynes (Figure 40). Fluxes were
calculated from 0–50, 50–200 an 200–400 m (Table 6, Figure 42, Figure 43).
We observed that the sediment-transport fluxes far from the groyes were similar
whether or not groynes existed or how long they were; in other words the alongshore
fluxes converging on the channel entrance area were unaffected by the presence of the
groynes. But the groynes had a significant impact on flow patterns near the channel
entrance area, with large shadow zones forming where deposition would be expected
to occur (Figure 39). How much of the converging sediment would drop out in the
shadow zone of the groynes?
The answer was estimated as the difference in the sediment-transport fluxes with and
without the groynes present, and converted into a depth of sediment per square-metre.
If 200 m groynes are constructed, we estimate 4 cm yr-1 between the groyne and the 0–
50 m transect line, on both the north and south sides. From 50–200 m we estimate
4 and 2 cm yr-1 on the south and north sides respectively. If only the median wind
scenario is considered, then we expect 1-2 cm yr-1 deposited between 0–50 m.
The model predicts initial depths of erosion and depostion. Areas of maximum erosion
occur near the groyne tips, as currents increase in speed due to the venturi effect, or
due to jetting of littoral drift currents past the groyne tips. Maximum erosion of 5, 8
and 13 cm were predicted for strong wind scenarios 1–4 respectively, in the cell
adjacent the groyne tip. These erosion depths are averaged during 24-hour long
simulations, which is about the maximum duration of a strong wind event. The
groynes would therefore need to be engineered to withstand a series of windy events,
such as occurred during this field study, say 2–3 times the maximum observed
erosion. In other words, groynes should be engineered to settle or withstand erosion of
about 40 cm at their tips. Scour holes can be expected to refill to some degree during
mild wind conditions.
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Figure 40:

Shaded bathymetry map showing the location of the simulated 200 m and 400 m long
groynes. The white boxes mark the 135 m2 areas for which sediment-transport fluxes
entering the Ohau Channel were calculated. Sediment-transport fluxes through the
transect lines to the north and south of the groynes were calculated to estimate
sediment trapping rates behind the groynes. The transects are divided into 0–50 m,
50–200 m and 200–400 m lengths. Results are given in Table 6.
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Fine,Scenario4,200m
groyne

Coarse,Scenario4,400m
groyne

Coarse,Scenario4,No
groyne

Fine,Scenario3,200m
groyne

Coarse,Scenario3,400m
groyne

Coarse,Scenario3,No
groyne

Fine,Scenario2,200m
groyne

Coarse,Scenario2,400m
groyne

Coarse,Scenario2,No
groyne

Fine,Scenario1,200m
groyne

Coarse,Scenario1,400m
groyne

Coarse,Scenario1,No
groyne

m3/yr/m

Fluxes entering Ohau Channel

250

200

150
400m

200m

100
Inshore

50

Simulated sediment fluxes (m3 yr-1 m-1) entering the Ohau Channel for wind scenarios 1–4, coarse (0.539 mm) and fine (0.184 mm) sand, and
0, 200 and 400 m groynes.
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Table 6:

Simulated sediment-transport flux rates (m3 yr-1 m-1) through the north and south
transects, and entering the Ohau Channel (e.g., Figure 40). Values can be converted to
t day-1 of quartz-sediment by multiplying by 0.1815.
South transect
0-50 m

50-

North transect
200- 0-50 m

200 m 400 m

50-

200- 400 m 200 m

0m

200 m 400 m

Coarse, Scenario1, No groyne

0.02

-0.03

Coarse, Scenario1, 200 m groyne

0.00

0.00

Coarse, Scenario1, 400 m groyne

0.00

Fine, Scenario1, No groyne

0.21

Fine, Scenario1, 200 m groyne

0.03

Fine, Scenario1, 400 m groyne

0.03

Coarse, Scenario2, No groyne

1.45

0.15

Coarse, Scenario2, 200 m groyne

0.17

0.12

Coarse, Scenario2, 400 m groyne

0.18

0.08

Fine, Scenario2, No groyne

2.73

0.41

Fine, Scenario2, 200 m groyne

0.69

0.20

Fine, Scenario2, 400 m groyne

0.71

0.15

Coarse, Scenario3, No groyne

4.32

4.26 10.03

Coarse, Scenario3, 200 m groyne

1.87

0.56 14.47

Coarse, Scenario3, 400 m groyne

1.92

0.30

Fine, Scenario3, No groyne

7.88

7.75 13.72

Fine, Scenario3, 200 m groyne

3.12

0.98 19.37

-0.03

-0.14

Fine, Scenario3, 400 m groyne

3.12

0.62

2.10

-0.02

0.00

Coarse, Scenario4, No groyne

1.89

1.29

6.76

Coarse, Scenario4, 200 m groyne

1.22

0.23 10.98

Coarse, Scenario4, 400 m groyne

1.56

0.07

Fine, Scenario4, No groyne

4.07

4.20 12.42

Fine, Scenario4, 200 m groyne

2.26

0.58 18.49

Fine, Scenario4, 400 m groyne

2.16

0.20
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Groynes

16.74
0.36
0.05

-0.16
0.00

54.03

-0.04

2.81

-0.01

1.22

-4.33

-1.92

-6.17

1.15

-1.40

-1.54

-6.69

0.25

-0.87

-0.04

-4.72 131.23

-6.54

-4.50

-8.99

1.72

-2.55

-3.39

-9.89

0.40

-1.96

-0.18

-6.69 171.18

1.33

0.62

1.33

74.27
76.75

118.15
118.20

55.60
-0.01

-0.02

0.00

0.00

87.45
185.85
103.71
121.67
205.45
74.77
100.90
151.44
73.46
158.85
234.36
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Figure 42:
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Coarse,Scenario4,400m
groyne

Coarse,Scenario4,No
groyne

Fine,Scenario3,200m
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Coarse,Scenario3,400m
groyne

Coarse,Scenario3,No
groyne

Fine,Scenario2,200m
groyne

Coarse,Scenario2,400m
groyne

Coarse,Scenario2,No
groyne

Fine,Scenario1,200m
groyne

Coarse,Scenario1,400m
groyne

Coarse,Scenario1,No
groyne

m3/yr/m

Fluxes from north

-12

-10

-8

-6
0-50m

50-200m

200-400m

-4

-2

0

Simulated sediment fluxes (m3 yr-1 m-1) flowing north to south through the transects marked in Figure 40, positive fluxes towards the north.
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Coarse,Scenario4,No
groyne

Fine,Scenario3,200m
groyne

Coarse,Scenario3,400m
groyne

Coarse,Scenario3,No
groyne

Fine,Scenario2,200m
groyne

Coarse,Scenario2,400m
groyne

Coarse,Scenario2,No
groyne

Fine,Scenario1,200m
groyne

Coarse,Scenario1,400m
groyne

Coarse,Scenario1,No
groyne

m3/yr/m

Fluxes from south

25

20

15
0-50m

50-200m

10
200-400m

5

Simulated sediment fluxes (m3 yr-1 m-1) flowing south to north through the transects marked in Figure 40, positive fluxes towards the north.
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4.4.

Resuspension of organics
The numerical sediment-transport model could not undertake simulations for particles,
as small as the organic (VSS) particles are expected to be. To compensate, an
empirical model was constructed to predict the frequency of resuspension events for
5 µm particles, and compare with those for fine sand sized particles. The model works
by recognising that a given wind speed and direction will occur for a certain
percentage of the year, and that given wind speed and direction will produce certain
wave conditions, that may or may not resuspend a sediment particle depending on its
grain size.
The model was constructed as follows:
1. Binning the long-term wind record (e.g., Figure 9) according to approach
direction (from N, NE, E, SE, S, SW, W and NW) and speed (from 0–1, 1–2,
…, 11–12, >12 m s-1), to determine the percentage occurrence of winds for
each speed and direction.
2. Determining the exposure of the output site to wind energy by measuring the
fetch from each of the direction bins, and the average water depth along that
fetch.
3. Calculating the wave height, period and orbital current speeds at the lakebed
for each wind speed, direction, fetch and depth, using the TMA wind spectrum
generation formula, which is designed for fetch and depth limited conditions
such as at Lake Rotorua (Young and Verhagen 1996).
4. Calculating the critical erosion threshold wave orbital current speed (the
current speed under the wave at which a particle would be lifted off the
lakebed) for a given particle size (e.g., organics or fine sand), using the
formula of Komar and Miller (1975). This will be accurate for the fine sand
and approximate for organics that may approach the limits of the Komar and
Miller (1975) theory.
5. Multiplying the binned percentage wind occurrence by 1 if the critical erosion
threshold of the sediment particle was exceeded, and by 0 if it was not.
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The output site was chosen as the offshore DOBIE site, because the wave generation
formula did not account for wave shoaling and breaking, and the offshore site is close
to the shelf-break. This is likely to be an acceptable simplification as VSS
sedimentation rates are slow and field data rarely showed changes in concentration
across the shelf. The water depth was set to 1.13 m as measured for this site at the
start of the fieldwork, when water depths were close to the median depth of 279.8 m
for Lake Rotorua (e.g., Figure 8). The model was run for sediment sizes of 5 and
184 µm, to represent organic VSS and inorganic fine sand respectively. The results are
shown in Figure 44, resuspension was predicted to occur when winds approached
from S–NW, once winds exceeded about 3–4 m s-1. Resuspension of organics was
predicted to occur 34% of the time and fine sand 19% of the time.
The predictions are quite sensitive to water depth, because wave orbital velocities
attenuate rapidly below the water surface. The target range for water level control in
Lake Rotorua is 279.5–280.11m above mean sea level, the median is 279.8 m, and the
90th and 10th percentiles are 279.66 and 279.97 m. Based on these values a prediction
was made for a 0.2 m lower water depth of 0.93 m, which predicted that organics
would be resuspended 40% of the time at the chosen site. Most of the shelf is about
0.85 m deep at median lake levels, which would result in resuspension of organics
about 44% of the time, neglecting wave shoaling effects.
So resuspension of organics is expected to occur for 34–44% of the year on the shelf
adjacent to the Ohau Channel. Fine sands will be resuspended less frequently, and will
settle relatively rapidly as wave energy dies away, within about an hour. But the
organics will tend to remain in the water column, sinking at a rate of about 1 m in 24hours during calm conditions. Periods of wind consecutively ≤ 4 m s-1 for ≥ 24, 16 and
12 hours occurred about 17, 32 and 43 % of the time respectively (after applying a 7hour running average window to the 107,118 wind readings in the long-term wind
record). Therefore, although resuspension of organics is only expected about 40% of
the year (higher in shallow areas at the shore), significant volumes are likely to remain
in suspension for about 70% of the year. The “recovery” phase when VSS particles are
not being actively resuspended, but have not completely settled out of the water
column would occur about 30% of the year.
In Section 3.4.2 Figure 24 it was seen that VSS concentrations were generally evenly
distributed across the shelf, except during the settling phase following a wind event
(e.g., 28 Jan) when concentrations on the inner shelf near the Ohau Channel were
about twice those on the mid-shelf (a difference of about 2 g m-3). We expect these
conditions to occur about 30% of the time. Therefore, if groynes were constructed we
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would expect the volume of VSS to be reduced by about 340 t yr-1 compared to an
estimated total VSS load of 2500 t yr-1 (Section 3.4.2). In other words, the groynes
would likely be effective in reducing about 14% of the total VSS load, and by
implication, the total PN and PP load.

Ohau Channel Groynes

68

Figure 44:

Predicted percentage resuspension occurrence (the % of the year that resuspension
occurs, on average) of 5 µm organic sediment and 184 µm fine sand at the offshore
DOBIE site (1.13 m depth).
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5.

Conclusions
5.1.

Field observations

Ohau Channel Groynes

•

Surface and bottom lake temperature data indicated that Lake Rotorua was
thermally stratified in January but mixed during February 2004.

•

Differences between surface temperatures in Lake Rotorua and in the Ohau
Channel followed a pattern of strong night-time cooling across the shelf, with
maximum differences of up to 5° cooler in the Ohau Channel.

•

Total suspended solids concentrations at the lake margin increase with
increasing wind speed and fetch.

•

Total suspended solids (TSS) = Inorganic suspended solids (ISS) + Volatile
(organic) suspended solids (VSS). VSS is easily suspended but concentrations
plateau at about 10 g m-3. ISS increases in a near linear relationship with TSS,
above TSS concentrations of about 7 g m-3.

•

Under windy conditions, particulate nitrogen (PN) and particulate phosphorus
(PP) constituted about 65 and 75% of VSS respectively.

•

Under calm conditions the PN and PP relationship with VSS and chlorophylla are consistent with pelagic phytoplankton being the main source. Under
windy conditions a second source of resuspended VSS may be implicated.

•

Background ISS, and VSS loads into the Ohau Channel of 2.3 and 2.8 t day-1,
respectively, were measured during calm or northerly winds. We have termed
these load the background loads.

•

Under strong winds the TSS loads increase dramatically, and accumulated
annual load weighted by wind velocity and direction was estimated at about
10,300 t yr-1, which compares closely to the previous estimate of about
12,000 t yr-1 (Gibbs et al. 2003).

•

Dissolved nutrients come mainly from Lake Rotorua rather than interstitial
water from the shelf sediments.
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5.2.

•

The nutrient concentrations in summer 2004 were atypically high relative to
long-term sampling (EBOP), throughout the month-long study period. High
concentrations appeared to be associated with a period of thermocline
deepening in the main body of Lake Rotorua.

•

Pulses of water with high NO3-N concentration, most likely from the
Waiohewa Stream, were observed to pass through the Ohau Channel during
south-westerly winds.

•

VSS, DRP and NO3-N data showed no clear linkage between Ohau Channel
and Kaituna River under the current conditions, although a linkage cannot be
discounted.

•

Winds from the west and southwest frequently produced waves of height >
0.3 m near the shelf-break and 0.2 m inshore, with peak wave periods at the
lakebed of 1.5–4 s. The associated wave orbital velocities often exceeded the
theoretical critical erosion threshold for medium sand.

•

The surface sediment on the shelf near the Ohau Channel consisted of coarse
sand, with a fine sand mode apparent within 400 m of shore. At the inshore
site near the channel the sediment was mostly fine sand.

Modelling
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•

A total of 24 sediment-transport simulations were undertaken, consisting of
combinations of four wind scenarios, the existing bathymetry plus groynes
positioned 200 m and 400 m offshore, and coarse and fine sand. The four
wind scenarios were the median wind speed and direction of 3.1 m s-1 from
250°, and the 95th percentile wind speed of 7.7 m s-1, approaching from W,
SW and S.

•

Sediment-transport modelling estimated that for the median wind scenario in
the absence of groynes, transport rates of coarse sand into the Ohau Channel
were 3.0 t day-1, and 9.8 t day-1 for fine sand. These estimates are higher than
those from the field measurements, because they include the bedload
component missed by sampling in the mid-water column across the shelf and
in the Ohau Channel.
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•

The addition of groynes was found to reduce the rate of sediment entering the
Ohau Channel under median onshore winds, but increases it during periods of
strong onshore wind.

•

Modelling estimated that for median onshore wind conditions (3.1 m s-1 from
250º T), the groynes are effective in eliminating most of the resuspended
inorganic and organic sediment entering the Ohau Channel, depending on the
groyne length and representative sediment grain size (94.8% for the 200 m
groyne with fine-sand to 99.7% for the 400 m groyne with coarse sand). This
reduction is for resuspended material only and will not apply to the
background load.

•

During sediment-transport modelling of the three strong onshore wind
scenarios, the presence of groynes increased the amount of sediment entering
the Ohau Channel by up to 234%, depending on wind direction and grain size.
These wind scenarios represent <5% of the average annual winds.

•

Although the groynes can increase sediment transport rates down the channel
during strong winds, most of the time they are actually reducing them, so the
frequency of occurrence of strong onshore winds must be taken into account.

•

Therefore, taken as a wind speed and direction weighted average, modelling
indicated that the 200 m groynes could reduce the resuspended inorganic
sediment load to the Ohau Channel by 64% and 76% for coarse and fine sand
respectively. The 400 m groynes reduced the sediment load by 41% and 68%
for coarse and fine sand respectively. Groynes would therefore be effective in
reducing the SS load within the Ohau Channel.

•

VSS particles are less dense than sand grains and more easily suspended and
retained in suspension. The available numerical models were not capable of
simulating the sediment-transport behaviour of VSS particles, but analytical
modelling indicated that effect of the groynes in reducing resuspended load is
likely to be smaller than for fine sand. The implication of this is that the
reduction achieved in particulate N and P will also be less than for fine sand.

•

Analytical modelling predicted that resuspension of VSS would occur for 34–
44% of the year on the shelf adjacent to the Ohau Channel. VSS particles tend
to remain in the water column, sinking at a rate of about 1 m in 24-hours
during calm conditions. Therefore, significant volumes are likely to remain in
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suspension for about 70% of the year. The “recovery” phase when VSS
particles are not being actively resuspended, but have not completely settled
out of the water column would occur about 30% of the year.

Ohau Channel Groynes

•

VSS concentrations were reduced on the mid-shelf relative to the nearshore by
about 50% during “recovery” conditions.

•

This suggests that groynes would be effective in reducing about 15% (340 t yr1
) of the total (2500 t yr-1) VSS load, and a similar percentage of PN and PP by
inference.

•

If the Ohau Channel is diverted directly into the Kaituna River in future, the
groynes will be beneficial to the diversion structure by reducing silting, and to
the Kaituna River by reducing particulate nutrient loads.

•

If 200 m groynes are constructed, we estimate an average sediment buildup of
4 cm yr-1 on both the north and south sides, within 50 m of shore. From 50–
200 m we estimate 4 and 2 cm yr-1 on the south and north sides respectively.

•

A maximum downward lakebed erosion depth of 13 cm was predicted
adjacent the groyne tip, during a strong wind of duration less than 24-hours.
The groynes should be engineered to withstand a series of windy events, such
as occurred during this field study, say 2–3 times the maximum observed
erosion. In other words, groynes should be engineered to withstand downward
erosion of the lakebed of about 40 cm at their offhshore ends.
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6.

The potential benefits of groynes to water quality in the Ohau Channel
Analysis so far has indicated that wind generated waves over the shelf have a
theoretical and observed ability to resuspend both organic and inorganic material,
which in turn can be advected into the Ohau Channel. In this section we bring together
the various threads of data relevant to this process, and assess how groynes may
impact on water quality in the Ohau Channel and its receiving waters, be they Lake
Rotoiti or the Kaituna River.
Groynes will not reduce the dissolved nutrients entering the Ohau Channel, but they
can potentially reduce particulate nutrients that settle out of the water column during
calm conditions and are resuspended and transported during energetic conditions.
Under windy conditions, TN and TP were elevated (TN up to 1500 mg m-3), and 66
and 76% of the total load for N and P respectively was in particulates (Table 5).
However, groynes would not stop the particulates entering the Ohau Channel, because
VSS and particulate nutrient concentrations are elevated right across the shelf (Figure
24, Figure 28).
The only situation where groynes would have reduced the particulate nutrient load,
was during the calm-weather sampling, when the lake was recovering between wind
events and VSS concentrations were reduced offshore by about 50%. We estimate that
“recovery” mode occurs about 30% of the time.
So we can weight the 50% reduction in VSS (which we infer means a 50% reduction
in PN and PP), by recovery time, and estimate groyne-induced N and P load reduction.
This gives an estimated VSS (and by inference N and P) load reduction of 15%, or
about 340 t yr-1 of a total 2500 t yr-1 VSS.
200 m-long groynes are expected to reduce the inorganic suspended sediment load to
the Ohau Channel by about 70% or about 5460 t yr-1 of a total 7800 t yr-1 ISS.
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9.

Glossary
TP – Total phosphorus
TN – Total nitrogen
TDP – Total dissolved phosphorus
TDN – Total dissolved nitrogen
NO3-N – Nitrate nitrogen



NO2-N – Nitrite nitrogen

 DIN (dissolved inorganic nitrogen)

NH4-N – Ammoniacal nitrogen



DRP – Dissolved reactive phosphorus
Chla – Chlorophyll a
DOP – Dissolved organic phosphorus; DOP = TDP – DRP
DON – Dissolved organic nitrogen; DON = TDN – (DIN)
PP – Particulate phosphorus; PP = TP – TDP
PN – Particulate nitrogen; PN = TN – TDN
BOD – Biological oxygen demand
SS – Suspended solids
TSS – Total suspended solids
VSS – Volatile suspended solids (organics, calculated by loss on ignition)
ISS – Inorganic suspended solids
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10. Appendix 1 – Sampling times and locations
Table 7:

Table 8:

Instrument deployment times and locations. All times are New Zealand standard time
and locations are in New Zealand Geodetic Datum 1949.
Instrument

Date

Time

Longitude

Latitude

Water depth

DOBIE 1 a

16 Jan 2004

12:18

176.32373°

38.04909°

0.98 m

DOBIE 1 b

02 Feb 2004

10:30

176.19392°

38.02807°

-

DOBIE 2

16 Jan 2004

12:39

176.32282°

38.04954°

0.89 m

DOBIE 3 a

16 Jan 2004

12:55

176.32090°

38.05062°

0.94 m

DOBIE 3 b

28 Jan 2004

10:30

176.32090°

38.05062°

-

DOBIE 4

16 Jan 2004

13:20

176.31924°

38.05150°

1.13 m

RCM9

21 Feb 2004

13:40

-

-

-

Cross-shore transect sample collection times and locations. All times are New Zealand
standard time and locations are in New Zealand Geodetic Datum 1949.
Location

Longitude

Latitude

28 Jan

02 Feb

16 Feb

25 Feb

RCM9

-

-

?

11:35

11:12

11:04

0m

176.32411°

38.04885°

10:50

11:18

11:20-30

11:01

50 m

176.32363°

38.04912°

10:55

11:15

11:20-30

10:59

100 m

176.32316°

38.04938°

10:59

11:13

11:20-30

10:40

150 m

176.32268°

38.04965°

11:06

11:21

11:20-30

10:41

200 m

176.32221°

38.04992°

11:12

11:24

11:50-10

10:44

250 m

176.32173°

38.05018°

11:17

11:27

11:50-10

10:46

300 m

176.32126°

38.05043°

11:21

11:46

11:50-10

10:48

350 m

176.32078°

38.05069°

11:28

11:44

11:50-10

10:52

400 m

176.32030°

38.05094°

11:55

11:49

11:50-10

10:53

450 m

176.31983°

38.05119°

11:50

11:52

11:50-10

10:56

500 m

176.31934°

38.05145°

11:44

11:55

11:50-10

10:30

600 m

176.31841°

38.05195°

11:39

11:00

11:30-50

10:28
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Table 9:

Approximate times of water sample collection for suspended sediment analysis at the
instrument sites (Table 7).
Date

Time

28 Jan 04

11:30

2 Feb 04

11:30

5 Feb 04

10:00

9 Feb 04

8:30

13 Feb 04

9:30

15 Feb 04

4:30

16 Feb 04

12:30

20 Feb 04

9:30

23 Feb 04

10:00

25 Feb 04

10:30
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Table 10:

Times of morning and afternoon water sample collection for Chlorophyll a, suspended
sediment and nutrient analysis in the Ohau Channel and Kaituna River.
14 Feb 2004
15 Feb 2004
15 Feb 2004
16 Feb 2004
16 Feb 2004
17 Feb 2004
17 Feb 2004
18 Feb 2004
18 Feb 2004
19 Feb 2004
19 Feb 2004
20 Feb 2004
20 Feb 2004
21 Feb 2004

Ohau Channel Groynes

Ohau Channel

16:30

Kaituna

16:37

Ohau Channel

6:25

Kaituna

6:32

Ohau Channel

16:06

Kaituna

16:55

Ohau Channel

7:05

Kaituna

7:12

Ohau Channel

17:00

Kaituna

16:42

Ohau Channel

7:00

Kaituna

6:50

Ohau Channel

17:02

Kaituna

17:10

Ohau Channel

7:00

Kaituna

8:03

Ohau Channel

15:02

Kaituna

14:55

Ohau Channel

7:35

Kaituna

7:44

Ohau Channel

18:42

Kaituna

18:48

Ohau Channel

6:55

Kaituna

7:03

Ohau Channel

16:02

Kaituna

16:10

Ohau Channel

5:05

Kaituna

5:14

81

11. Appendix 2 – Model plots

Figure 45:

Simulated current flow maps for 7.7 m s-1 wind from 270° (left-hand-side) and
7.7 m s-1 wind from 225° (right-hand-side), for existing bathymetry with no groynes
(upper), with 200 m-long groynes (middle), and 400 m-long groynes (lower).
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Figure 46:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of fine sand during wind scenario 1. Crosses mark DOBIE sites.
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Figure 47:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of fine sand during wind scenario 2. Crosses mark DOBIE sites.
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Figure 48:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of fine sand during wind scenario 3. Crosses mark DOBIE sites.
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Figure 49:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of fine sand during wind scenario 4. Crosses mark DOBIE sites.

Ohau Channel Groynes

86

Figure 50:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of coarse sand during wind scenario 1. Crosses mark DOBIE sites.
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Figure 51:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of coarse sand during wind scenario 2. Crosses mark DOBIE sites.
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Figure 52:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of coarse sand during wind scenario 3. Crosses mark DOBIE sites.
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Figure 53:

Predicted sediment-transport rate (left-hand-side) and direction of transport (righthand-side) of coarse sand during wind scenario 4. Crosses mark DOBIE sites.
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