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This report presents the development and calibration of a three-dimensional hydrodynamic and
water quality numerical model of Honokohau Harbor, Kona Kai Ola and the surrounding coastal
areas using a state-of-the-art numerical modeling system. Existing hydrodynamic and water
quality conditions have been accurately reproduced with the numerical model, which indicated
that the model can be used as a tool to predict the hydrodynamic and water quality conditions
expected after construction in the new harbor system. A large number of future scenarios have
been simulated with the numerical model in order to predict changes in water quality conditions
after construction of the development. The model was also used to identify possible
modifications to the conceptual master plan for the marina that could lead to acceptable water
quality conditions of the new marina system.

Jacoby Development, Inc. has selected Moffatt & Nichol (M&N) to develop and apply a
numerical hydrodynamic and water quality model of the existing Honokohau Harbor and the
proposed development. This new development, Kona Kai Ola, is an environmentally sustainable
marina featuring a mix of uses including: visitor and resident-serving commercial enterprises,
hotels and time-share units, marina services, and open space and community-benefiting facilities
(such as public infrastructure improvements) in a pedestrian-friendly setting surrounding the
marina and seawater lagoons. The proposed Kona Kai Ola Conceptual Master Plan includes a
new 45-acre 800-slip marina that shares the entrance to the ocean with the existing Honokohau
Harbor.

1. INTRODUCTION

Kona Kai Ola Marina

Hydrodynamic and Water Quality Study

Orthophosphate is the dissolved form of phosphorous that is immediately available for bio-uptake.

2
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Bienfang (1980) presents datasets as arithmetic means with standard deviations for various depths (0.5 m from surface, 1.5 m and
3 m) at four Harbor sites and one outside the mouth of the Harbor (to represent oceanic conditions/control). OI Consultants (1991)
presents results from seven Harbor stations and various outside stations for surface (0.5 m from the surface), mid-depth (variable)
and bottom (variable) for low and high tides. Ziemann (2006) presents samples at eight stations throughout the Harbor for surface
(0.2 m from the surface) and bottom (0.5 m above the bottom), without a tidal cycle designated.

3

2

The DO degradation benchmark will be presented as % DO Deficit, the difference between the saturation DO for the specified
temperature and salinity, and the measured DO.

1

2.1
Harbor Waters
It was necessary to characterize water quality at specific sites throughout the Harbor in terms of
vertical location in the water column, tidal cycle (when available) and time. Only small
amounts of data were available for the Baseline and subsequent studies. Other complications
precluded direct comparisons of the datasets3, however, the relative changes in the water quality
benchmarks are discussed. The applicable stations and benchmark concentrations for each study
are presented in Appendix A (Figure A-1 through A-4 and Table A-1 through Table A-2,
respectively).

The information collected and compiled by Bienfang (1980) and Bienfang and Johnson (1980)
provide baseline information that will enable the State and other agencies to distinguish between
background (pre-1980) and future man-made loadings/impacts. It is important to note that the
studies (Bienfang, 1980 and Bienfang and Johnson, 1980) do not provide insight as to
undisturbed conditions, as the harbor is a man-made entity in and of itself. These conditions
only represent baselines in the sense that they describe conditions before the expansion
conducted in 1978, and help to clarify and identify impacts after this time The results of the
baseline assessment will be utilized to determine whether subsequent development in and near
the harbor has resulted in degradation of the water quality since the expansion in 1978.

The historical data for specific water quality and hydrologic parameters for the Honokohau
Harbor near the Kaloko-Honokohau National Historical Park, Hawaii are presented concisely in
the following sections. The Harbor was built in 1970 and expanded in the late 1970’s.
Monitoring had been on-going for five years following the completion of the initial construction
(1970-1975). The monitoring was performed with the purpose of investigating the resulting
water quality conditions in addition to examining the colonization and ecological development
within the Harbor. Because of the isolation of the Harbor from developments (absence of
National Pollutant Discharge Elimination System-permitted dischargers (point source) and
river/stream runoff (nonpoint source) within two miles of the Harbor), the Harbor provided a
unique opportunity to “delineate valuable ecological cycles and describe important phenomena
that may influence…coastal developments of this sort” (Bienfang, 1980). In short, baseline
conditions were monitored and documented for future reference. Subsequent to these conditions,
more recent studies have indicated that the Harbor’s water quality has apparently improved since
the post-construction survey. This conclusion is based upon increased dissolved Oxygen (DO)1
for the temperature/salinity regime. Several benchmark parameters were used in this assessment
to evaluate the DO improvements: ortho-phosphate (o-P)2, nitrate-nitrogen (NO3-N),
ammonium-nitrogen (NH4-N), Chlorophyll a (CHLa) and reactive Silica (Si).

2. WATER QUALITY AT HONOKOHAU HARBOR (1975-2006)

Kona Kai Ola Marina
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3.

2.

Overall, 2 moles of O2 are required for each mole of ammonia oxidized:
Oxygen required:
2 moles * 32 g-O/mole = 64 g
Ammonia to be oxidized:
1 mole * 14 g-N /mole = 14 g
64/14 = 4.57 g-O/g-N

3
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“Phosphate” referred to in the Baseline study (Bienfang 1980) is actually ortho-phosphate, which is bio-available, inorganic
phosphate.

6

5

Respiration is the consumption and decomposition of heterotrophs (animals, bacteria and fungi)/ rate of destruction of organic
matter in the water column.

4

While “nutrient” effects are generally spoken of with respect to algal production, in reality, the
mechanisms of nutrient loading and consequent degradation of the system are significantly
different. Ammonium (NH4) will quickly oxidize to nitrate, requiring 4.57 g-O/g-N, the
theoretical oxygen demand for nitrification to NO3,5 exerting an immediate oxygen demand in the
water column. Nitrate (NO3) and ortho-phosphate (o-P)6 are already oxidized, and do not exert

As a substance enters the water body, constituents either dissolve, settle, or are suspended in the
water column for later dissolution, degradation or settling. Soluble constituents such as
ammonium, may create "hot spots" of DO depletion, in which water column bacteria
immediately seize the constituents as a food source, requiring large amounts of oxygen to
degrade the materials. The strength of these materials is usually measured as biochemical
oxygen demand (BOD). The BOD effect may be further qualified as carbonaceous or
nitrogenous oxygen demands (CBOD or NBOD, respectively), depending upon the energy
source in the waste (carbon or nitrogen) utilized by the consuming bacteria.

Reaeration at the air-water interface, and
Photosynthesis by the algae and macrophytes.

1.

DO SOURCES (PRODUCERS):

Respiration by micro algae and macrophytes.

4

Benthic oxygen demand, utilizing oxygen in the upper, oxygenated (aerobic) layer of sediment;
Nitrification of ammonia and organic nitrogen to nitrites and nitrates; and

2.

4.

Deoxygenation of biodegradable materials by bacteria and fungi;

1.

DO SINKS (CONSUMERS):

Table 2-1: Summary of DO sinks and sources

Baseline DO concentrations are of major concern as they show how the oxygen content was
affected by the addition or subtraction of nutrients or other effects. Dissolved oxygen content is
often used as an indicator of overall water quality. DO concentration is a response to various
sources and sinks of which numerous relationships exist, including those listed in Table 2-1.
Dissolved oxygen is depleted by oxidation of organic carbon, benthic oxygen demand,
nitrification and respiration, and is replenished through phytoplankton production and reaeration
at the surface.

2.1.1

Kona Kai Ola Marina

Hydrodynamic and Water Quality Study

T = deg. Kelvin
Chlorinity = salinity / 1.80655

4
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Hawaii WQ standards require minimum DO concentrations > 75% of DOSat. Both the Back and Front Berthing Basins (stations
1 and 3, respectively) failed this standard in surface samples.

10

where:

DOSat = -139.34411 + (1.575701 x 105 / T) – (6.642308 x 107 / T2) + (1.243800 x 1010 / T3) – (8.621949 x 1011/T4) Chlorinity[(3.1929) x 10-2) – (1.9428 x 101 / T) + 3.8673 x 103 / T2)]

9

During mineralization and de-nitrification, organic nitrogen (from dead algae) is broken down at the soil: water interface. If oxygen
in the bottom is in small quantities, NH4 may be returned to the water column, oxidize to NO3 and continue the cycle of DO demand
and fertilization. In an anoxic bottom environment, N2 may be formed during the process of de-nitrification and may result in N2
bubbles leaving the water column through release into the air.

8

% Organic materials in sediment cores were tested. Values were extremely low, ranging 0.79-2.81%, were determined to be
primarily inorganic, and showed no spatial distribution or trends

7

In the Baseline Harbor study (Bienfang 1980) DO values are considerably lower than the
respective DOSat9 for the temperature and salinity at each station and depth. DO deficits range
from 44% below DOSat in the Back Basin surface samples (0.5 m depth) to 24% below DOSat
in the ocean samples (5 m depth)10. By 1991, the Harbor DO deficits indicate significant
improvement; and in 2006, grab samples by Ziemann, corroborate this observation. Mid-Harbor

In classic eutrophication scenarios, the waters experience high “nutrient” levels, resulting in
algae blooms, die-off, and sedimentation with subsequent unsatisfied benthic oxygen demand,
leading to a DO collapse in the water column (EPA, 1985). In the Harbor water column, due to
density stratification, algae that dies and falls out of, or is carried away from, the system remains
out of the system. A review of the sediment samples7 (Bienfang, 1980) reveals little organic
matter on the bottom, indicating that algae do not die in sufficient numbers to build up an organic
blanket on the bottom, and mineralization or denitrification are not contributing to the nitrate in
the water column8. This is likely due to the high degree of flushing through the existing harbor.
Thus, Harbor DO deficit is expected to be primarily from nitrification of NH4 Æ NO3 and algal
respiration.

Detrimental effects to water bodies due to eutrophication can include the excessive quantity of
plant growth decreasing the water clarity and species naturally found in the water. In addition,
the growth and respiration of plants can affect the oxygen and carbon dioxide levels within the
water body. This can affect fish populations. The change in trophic state of the water body
significantly affects the entire natural population within the water body, and in the case of
Honokohau Harbor could have significant impacts on the coral populations present within the
Harbor (Costa et al., 2000).

an oxygen demand. However, they are plant nutrients and whether nitrogen or phosphorous is
found to be the limiting factor in algal growth, eutrophication can become a problem.
Eutrophication can often be referred to as “overfertilization” of a water body. Originally, this
was used to describe the natural progression of a lake to a marsh to a meadow, however the term
has been more predominantly used to describe the accelerated aging of a water body, whereby
plant-growth within the water body exceeds the expected natural conditions due to human
activities (Chapra, 1997)

Kona Kai Ola Marina

Hydrodynamic and Water Quality Study

Nutrients (NH4, NO3 and o-P)
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Ziemann (2006) provided only grab samples for the Harbor – one sample at each of the sites for the surface and bottom depths,
so the single observations may not be representative of the Harbor water quality.

11

Figure 2-1 shows the NH4-N differences over the eight stations described in Ziemann (2006). It
can be seen that in 1991, there is a significant increase in concentration between stations 4 and 6.
This indicates that there could be an input into the system around this area. Suspected NH4-N
inputs into the Harbor include: septic sources, anchialine ponds and wildlife. From the historic
data, inflows are also apparent at locations mid-Harbor and near the mouth. Mid-Harbor
measurements (approximately between Ziemann (2006) stations 4 and 5) correspond to inflow
from two restroom facilities: 1) between the Harbor Back and Front Berthing Basins and 2) north
of the Harbor on the Honokohau Beach in the National Park (Hoover and Gold, 2005). The
concentrations of NH4 from these suspected sources are expected to be higher than that measured
in groundwater; however, no corroborating inflow data has been collected at these sites.

Ammonium concentrations have decreased in the Harbor over time from the mid-Harbor
maximum of 18.8 µg-N/L in the Baseline dataset (Bienfang, 1980) to a minimum11 of <1 µg-N/L
in the 2006 study (Ziemann 2006). Mean values in the Harbor (18.8 µg-N/L) and in the
groundwater (14 µg-N/L) will each require < 0.09 mg O/L oxygen to fully oxidize NH4 Æ NO3.
These loads are insufficient to explain the high Harbor DO deficit calculated during Baseline or
subsequent conditions. It is probable that the source of NH4-N is not being characterized by the
sampling sites (too variable or not near enough to the source), or it is loaded through an
intermittent inflow, such as a rainfall/runoff event. It is also possible that other sources of
oxygen demand are present.

Ammonium (NH4)

A review of the Baseline nutrient data showed that soluble nutrients are variable throughout the
Harbor. Maximum NO3-N, o-P and NH4-N concentrations were observed during ebb tide,
surface samples of the Back Berthing Basin in the Baseline study (Bienfang 1980). Since, for all
depths, nutrient concentrations are higher toward the back of the Harbor and become lower along
Transect A-A’ (Figure A-1) towards the ocean (as a result of tidal flushing/dilution), the source
of nutrients appears to be in or near the back of the Harbor, corresponding to groundwater
inflow.

2.1.2

surface DO deficits have improved from a maximum of -44% (1980) to -26% (1991) to -15%
(2006) with the greatest improvement seen towards the back of the Harbor.
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Figure 2-1: Ammonium surface concentrations
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Bienfang (1980) states that coastal groundwater is high in NO3 due to the geochemistry of the confining layer.

If groundwater, which is the primary load of NO3-N into the Harbor, is constrained to the
average concentrations that were collected, the Harbor NO3-N values would be expected to be
lowered significantly because of dilution. Dilution was sufficient to explain the Harbor NO3-N
concentrations at most sites. Unexplained increases in NO3-N in mid-Harbor suggest that
additional NO3-N is being “created” in the Harbor from nitrification of NH4 Æ NO3 or loaded
directly into the Harbor. Thus, the loading of NH4-N into the Harbor must be higher than the
groundwater NH4-N measurements suggest, or there are additional unidentified loads of NH4-N

Nitrate concentrations have increased over time, where the lowest concentrations were measured
in 1991 (OI, 1991) and the highest in 2006 (Ziemann, 2006). In addition to the nitrification of
NH4 as a source of NO3-N in the Harbor, the dominant source of nitrogen in the Harbor is from
groundwater12. Thus, characterization of this major source is critical to understanding the water
quality evolution in the Harbor. One characteristic value for both NO3-N and o-P in groundwater
was provided in the Baseline study (Bienfang, 1980). Concentrations are significantly higher for
groundwater than within the Harbor itself, but there are insufficient data to characterize the
“groundwater signature” for the baseline conditions. Supplemental studies were consulted to
provide additional characterizations of groundwater into the Harbor (Waimea Water Services,
2006 and Hoover and Gold, 2005). Marked variations in concentrations were seen across the
sampled wells; however, using values nearest to the Harbor (Waimea Water Services, 2006), the
values were fairly consistent with Bienfang (1980). In addition, the groundwater was studied by
Hoover and Gold (2005) and nutrients were found to have a linear relationship with salinity.
This corroborates the discussion by Oki et al. (1999) which describes the groundwater system
with respect to oceanic inflow. This is further discussed in the hydrodynamics section. However,
it suffices to say that a linear relationship of the nutrients found in the groundwater with salinity
also corroborates values found by Bienfang (1980) and Waimea Water Services (2006).
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Orthophosphate is the dissolved form of phosphorous that is immediately available for bio-uptake.
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Ortho-phosphate in the Harbor has decreased over time. The highest concentrations were
measured in the Baseline study (Bienfang 1980 and 1982). The values decreased in 1991 and are
at their lowest in 2006. These reductions in Harbor concentration imply that o-P loading has
decreased, possibly due to improvements in nearby wastewater systems. An unidentified load of
o-P is introduced near the Harbor mouth (between Ziemann stations 6 and 7), which is shown in
Figure 2-3. The slight increases seen in Ziemann (2006) and OI Consultants (1991) are
unattributable. They could be due to any number of factors; however, the fact that they do occur
in two datasets indicates that it is not a data anomaly, but some sort of consistent source of
nitrate and phosphate at this point. Stations 6 and 7 are located in different areas of the Harbor,
with 6 being located in a narrow channel connecting the front and back berthing bays. Station 7
is located in a cul-de-sac of sorts immediately outside of this narrow channel. It could be that

Phosphorus is one of several macronutrients required for the growth of marine organisms. In
open ocean marine ecosystems, phosphorous is often present in low and, often limiting,
concentrations for microalgal and bacterial populations. In the assessment of phosphorous from
the various studies in the Honokohau Harbor, “phosphorous,” “phosphate,” “orthophosphate”
and “soluble reactive phosphorous (SRP)” were measured. Identification of the analytical
methods used for all samples indicated that the constituent measured, in all cases, was inorganic
ortho-phosphate (o-P)13.

Orthophosphate (o-P)
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or NO3-N flowing into the Harbor. Nitrate inflows are apparent in several studies at mid-Harbor
stations (between Ziemann stations 4 and 5), corresponding to a restroom facility between the
Back and Front Berthing Basins) and near the mouth (between Ziemann stations 6 and 7
(Ziemann, 2006)) as is shown in Figure 2-2.
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This species of algae “fix” nitrogen directly from the atmosphere. This is considered a “nuisance” algae in managed waters, but
may be essential in naturally nutrient-poor waters.

15

Literature states that the stoichiometric ratio of C:N:P taken up by algae during photosynthesis is 106:16:1 and the stoichiometric
composition of the diatom and the typical green algae is O:C:N:P (109:41:7:2:1). (Chapra, 1997)

14

Chapra (1997) claims that typical marine waters and estuaries have an inorganic nitrogen to
inorganic phosphorous ratio of about 2. However, in the waters offshore of Honokohau Harbor,
the ratio of inorganic nitrogen to inorganic phosphorous is about 7.5 indicating that the system is
fairly neutral as to its limiting nutrient.

The nitrogen to phosphorous ratio (N:P)14 is revealing as an indicator of pollutant origin. In
nitrogen-limited waters (where nitrogen is the limiting nutrient), this ratio is expected to be
<7.2:1 (Chapra, 1997). Waters where N:P>7.2:1 indicate that phosphorous is the limiting
nutrient.
Where nitrogen is severely limited, nitrogen-fixation15 by blue-green algae may
occur. In waters receiving wastewater effluent, the ratio is about 4 or 5:1 (Thomann and
Mueller, 1987 and Chapra, 1997).

N:P Ratio

2.1.3
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there is a nutrient source near to this cul-de-sac, however it cannot be determined from this data
what this source may be.
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Bienfang (1980) discusses ratio N:P=15 within the groundwater, which is the ratio in the unconverted/non-normalized datasets
(ug-atom/L), whereas the actual N:P ratio is approximately 7.

16

As a result of photosynthesis, algae strip CO2 from the water column, resulting in increased pH,
which is another indicator of eutrophication. Bienfang and Johnson (1980) verified that pH
values were highest in samples taken at 3 m depths (corresponding to maximum CHLa
measurements), but did not present data. Lowest pHs were found in the brackish surface samples
(0.5 m depth), which is also not surprising due to generally low pH in groundwater.

Algae (phytoplankton) affect the DO through photosynthesis and respiration. Diurnal DO
measurements are usually made to verify and quantify the impacts of eutrophication. These data
are not provided in Bienfang and Johnson (1980), but Primary Production was calculated and
presented. Overall, the Harbor contains low phytoplankton biomass (measured as CHLa). CHLa
is lowest in the brackish surface layer (0.5 m), increasing with increased salinity and warmer
temperatures found at the lower depths. CHLa is highest in the mid-Harbor (Back Basin,
approximately in between stations 4 and 5 of Ziemann (2006)) at the 1.5 m and 3.0 m depths,
followed by the connecting channel (approximately between stations 5 and 6 of Ziemann (2006))
and falling off at the Front Basin (approximately at station 7 of Ziemann (2006)). In the Back
Basin the measured values (weight and numbers) were about 28 times higher than those
measured in both the Front Basin and the Ocean/control sampling stations (Bienfang, 1982). It
appears that the phytoplankton select for the more quiescent conditions in the back basin at middepth (1.5 – 3.0 m depth) which optimizes salinity, temperature, light, and nutrients as observed
in Bienfang (1982) and OI Consultants (1991). Pheophytin (a breakdown product of CHLa) was
measured, yet provided no additional information or trends.

2.1.4

Except for the connecting channel between the Back and Front Berthing Basins (mid-Harbor),
most stations indicated non-human origins. However, the increased bacterial counts and FC/FS
ratios>1 in the Berthing Basins, indicates that sewage effluents are leaching from the septic
facility near this location, because of the permeability of the lava walls within the Harbor
(Bienfang, 1980).

Enteric bacteria levels (total coliform, TC; fecal coliform, FC; and fecal streptococci, FS) in the
water column are indicators of sewage contamination. The nature and source (human versus
nonhuman) of the contaminants can be ascertained through measurements and ratios of the
constituents. Waters that have ratios of FC/FS >1 are more likely to have been contaminated by
human wastes. Bienfang and Johnson (1980) pointed out that possible sources of nitrogen and
bacteria in the Harbor were from nearby “leaking/leaching septic sources and wildlife usage”.

Bacteria

The N:P relationship for the waters within the Harbor and groundwater sources ranged in the
region of 6:1-10:116 for all datasets (indicating nitrogen-limitation), except for the grab samples
presented by Ziemann (2006), in which N:P ranged from 14-30 in surface samples and from
12-40 in bottom samples. The Ziemann (2006) data suggest that the system has become
significantly phosphorous-limited since the 1991 intensive survey.
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Regardless of tidal cycle or area of highest loading (Back Basin), the turbidity is greater than
90% transmittance, indicating that the high flushing is maintaining the water clarity
(Bienfang and Johnson (1980)). Bienfang (1982) claims that the source of most of the turbidity
within the water column is due to phytoplankton, and that post-expansion, the areas within the
expanded harbor were most turbid. The clarity of the water allows penetration of light to deeper
depths and acts as an enhancement to algal and coral growth.
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The vertical grid consists of layers bounded by two sigma planes, which are not strictly
horizontal but follow the bottom topography and the free surface. Because the σ-grid is boundary
fitted both to the bottom and to the moving free surface, a smooth representation of the

The numerical model grid is shown in Figure 3-1. The model extent is approximately 9,700 m
alongshore and 2,500 m cross-shore. Grid size is variable throughout the domain. The largest
grid cells are located near the open boundaries with dimensions on the order of 180 m by 270 m,
while the smallest grid cells are located at the existing harbor with a resolution of approximately
25 m by 25 m. The offshore boundary is located at a depth of roughly 650 m.

Existing Conditions

3.2

Delft3D-FLOW’s system of equations consists of the horizontal equations of motion, the
continuity equation and the transport equations for conservative constituents. The equations are
formulated in orthogonal curvilinear coordinates. In curvilinear coordinates, the free surface
level and bathymetry are related to a flat horizontal plane of reference. Flow forcing may
include tidal variation at the open boundaries, wind stress at the free surface and pressure
gradients due to free surface gradients (barotropic) or density gradients (baroclinic). Source and
sink terms are included in order to model the discharge and withdrawal of water.
Delft3D-FLOW solves the Navier-Stokes equations for an incompressible fluid, under the
shallow water and Boussinesq approximations. In the vertical momentum equation, the vertical
accelerations are assumed to be negligible and are neglected; this leads to the hydrostatic
pressure equation.

The Delft3D FLOW module was specifically used to simulate the hydrodynamics of Honokohau
Harbor. This module is capable of simulating two-dimensional (2D, depth-integrated) or
three-dimensional (3D) unsteady flow and transport phenomena resulting from tidal and/or
meteorological forcing, including the effect of density differences due to a non-uniform
temperature and salinity distribution (density-driven flow). This model can be used to predict
the flow in shallow seas, coastal areas, estuaries, lagoons, rivers and lakes. It aims to model flow
phenomena where the horizontal length and time scales are significantly larger than the vertical
scales. When the fluid is regarded as vertically homogenous with respect to temperature,
salinity, and thus density, a depth-averaged approach is appropriate.

3.1
Overview of Delft3D Modeling System
Modeling was performed using the Delft3D modeling system. Delft3D, which was developed by
WL| Delft Hydraulics, is a state-of-the-art integrated surface water modeling system based on a
flexible framework capable of simulating two- and three-dimensional interactions between flow,
waves, water quality, ecology, sediment transport and bottom morphology. The system gives
direct access to state-of-the-art process knowledge, accumulated and developed at one of the
world’s oldest and most renowned hydraulic institutes. Delft3D consists of a number of
well-tested and validated modules, which are integrated with one another.

3. HYDRODYNAMIC MODEL DEVELOPMENT
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Figure 3-1: Model grid and location of available data

topography is obtained. The number of layers over the entire horizontal computational area is
constant, irrespective of the local water depth. A total of 8 layers are used in the model.
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Figure 3-2: Model bathymetry
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The model bathymetry is presented in Figure 3-2. The near-shore bathymetry was created using
data collected by the SHOALS (Scanning Hydrographic Operational Airborne Lidar Survey)
system to a depth of -30 m MSL. At the harbor the bathymetry was created using the available
navigation chart. Offshore areas were constructed from surveys collected by the National
Oceanographic Service (NOS) of NOAA and available via their GEODAS system.

3.2.2
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The two stations closest to the project location also measured more recent data. These stations,
Kawaihae and Honokohau, were used to define the model boundary conditions. The distance
between these two stations is approximately 50 km. One year of data was used to compute the 8
main tidal constituents at these two stations. These 8 tidal constituents are described in Table
3-1.

Figure 3-3: Available water elevation stations in Hawaii.

The model was constructed with open-ocean forcing at its offshore boundaries. Detailed water
level measurements along this boundary are not available. Instead, tidal constituents derived
from available data can be used to construct a time series of water elevations. Water level
measurements along the west coast of Hawaii are available at 4 stations (see Figure 3-3). Three
of these gauges, Mahukona, Honokohau and Milolli are maintained by the Pacific Tsunami
Warning Center (PTWC), and the gauge at Kawaihae is maintained by the National Ocean
Service (NOS). Data at Mahukona and Milolli are on a 5 second interval and only available until
2004. Data at Honokohau are available on a 2-minute interval and available to the present. The
detailed location of this station is presented in Figure 3-1. Data at Kawaihae are available on a
6-minute interval and are available to the present.

3.2.3
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Salinity concentration and water temperature at the offshore boundary were selected as 34 ppt
and 25 ºC respectively. These values are constant with depth and are based on the farthest
offshore measured values presented in Ziemann (2006)

The hydrodynamic model was forced by water levels at the offshore boundary and water level
gradients at the lateral boundaries (north and south). These gradients were interpolated from the
two stations presented in Table 3-2. Water levels at the offshore boundary consist of tidal
predictions from interpolated tidal harmonic constituents of the two available stations. The phase
difference for each constituent between these two stations was also computed. These stations are
approximately 50 km apart while the model lateral boundaries are separated by 10 km; therefore
a fifth of the phase difference was applied between the north and south model boundaries.

Table 3-2: Extracted Harmonic Constituents at Kawaihae and Honokohau
Kawaihae (NOS)
Honokohau (PTWC)
Harmonic
Amp (m)
Phase (deg)
Amp (m)
Phase (deg)
Constituent
M2
0.200
58.2
0.196
45.0
N2
0.036
49.6
0.032
38.7
K2
0.020
55.6
0.016
36.2
S2
0.065
64.1
0.074
52.1
K1
0.158
226.3
0.154
219.4
P1
0.049
223.7
0.038
216.0
O1
0.089
214.0
0.083
209.8
Q1
0.013
204.3
0.012
198.5

The amplitude and phase of the 8 tidal constituents were extracted using the MATLAB toolbox
“T-tide” (Pawlowicz et al., 2002). Values are presented in Table 3-2.

Speed
(deg/hr)

Table 3-1: Description of Tidal Harmonic Constituents
Harmonic
Constituent
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Figure 3-4: Solar Radiation
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05/29/05

The conditions modeled within the hydrodynamic and subsequently the water quality model are
meant to represent typical conditions. The hydrodynamic model extents are not sufficient to
simulate extreme events that would introduce significant surge or result in higher velocities such
as tropical cyclones or tsunamis. It also does not include local wave effects or oceanic currents.
The hydrodynamic conditions represented by the model include tidal elevations and include
groundwater inflow, represented as point sources. The hydrodynamic model also incorporates
typical heat flux conditions including relative humidity, air temperature, solar radiation, and
percent cloud cover. Evaporation and conduction were also included in the computation. Each
value entered into the heat flux model was taken as a typical day. One month of hourly solar
radiation data was obtained from the Hilo weather station (Figure 3-4). A full year of daily
atmospheric data was obtained from the Western Regional Climate Center. These data consisted
of daily minimums and maximums (Figure 3-5 and Figure 3-6). The average minimum and
maximum for the year were computed and used to extrapolate a daily time series of relative
humidity and air temperature values. The extrapolated time series for these values are shown in
Figure 3-7 and Figure 3-8 respectively. An average value of 250 J/m2/s was computed as the
model input for solar radiation, and daily variations were computed by the model.

3.2.4
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Figure 3-5: Maximum (red) and minimum (blue) air temperature
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Since tidal predictions were used to force the model at the open boundaries, the differences
between measured and simulated water levels, are mainly due to differences between tidal
predictions and water levels. As mentioned in previous sections, only 8 constituents were used to
create the tidal open boundaries. The correlation coefficient between the PTWC water level data
and the tidal predictions at this location is 0.93, and the Root Mean Square (RMS) error is 7 cm.
These differences are the same as those obtained at the measurement location by comparing the
measured and simulated water levels. Figure 3-9 shows time series of water levels from PTWC,
USGS south station and simulated during May 2004.

Model calibration was performed for May 2004 in order to coincide with the data collection
period of Storlazzi and Presto (2005). The location of the stations for this study period is shown
in Figure 3-1. Hourly values at the south station were provided by the National Park Service
(NPS) covering the period 4/30/2004 to 10/30/2004. The data included depth, current speed and
direction at 3 and 12 meters, significant wave height, wave period, temperature and salinity.
Two-minute water level data from PTWC at Honokohau is also available for the same period.

3.2.5
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Figure 3-10 presents simulated tidal flow fields at surface and bottom during peak ebb and flood
on the 16th of May 2004. It can be observed from the figure that flood tidal currents are
generally higher than ebb tidal currents, which is probably associated to the mixed tides of this
area. In addition, the current reversal offshore is not present on the shallow area of Honokohau
Bay, where the surface ebb tidal current is also moving north. The maximum tidal currents at the
surface near the site of the USGS south measurement (see Figure 3-1) are in the order of 0.15-0.2
m/s, with an average value in the order of 0.07 m/s (Storlazzi and Presto, 2005 reported values of
0.09±0.07 m/s 3 m below the surface). In addition, the simulated primary flow direction at the
USGS south location is approximately parallel to the shore, as presented in Storlazzi and Presto
(2005). For example, the semi major axis of the largest constituent (M2) of the simulated tidal
currents at the south location is approximately 0.05 m/s and is approximately parallel to the shore
(varies between 25 and 15 degrees counterclockwise from North at surface and bottom).

3.2.6
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Figure 3-9: Water level data and modeled at Honokohau during May 2004
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Figure 3-10: Simulated flow patterns during ebb tide (top) and flood tide (bottom) at
bottom (left) and surface (right) layers on the 16th of May, 2004 (velocities in m/s)
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Figure 3-11: Velocity profile at harbor entrance
Figure 3-12 shows location of all cross-section and depth profiles extracted from the model and
that are shown throughout the report. The cross-section of the existing harbor (Transect EH) is
shown in red, while the cross-section of the future Marina is shown in purple (Transect NM).
Figure 3-11 is taken from the harbor mouth point also shown in Figure 3-12.

The effect of the salinity gradients at the harbor are also observed in the currents. The surface
current at the harbor entrance is always moving seaward while the current at the bottom is
always moving landward. This is also observed in Figure 3-11 which presents the simulated
velocity profiles at the harbor’s entrance under peak ebb and peak flood conditions. It can be
concluded from Figure 3-11 that the vertical distribution of velocities at the entrance shows high
velocities in the surface moving seaward, and velocities entering the harbor in the bottom layers,
as a consequence of the density stratification created by the brackish groundwater inflow into the
harbor. Vertical distribution (with the position of zero velocity at a depth between 1.5 and 2.5 m)
and magnitudes of the velocities are very similar to those described in Gallagher (1980) and the
ADCP measurements presented in the Oceanit Laboratories (2006).
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The regional groundwater flow system with particular interest in the Kaloko-Honokohau
National Historical Park area is described with detail by Oki et al. (1999). The study indicates
that the groundwater flow system in the vicinity of the Park is part of the regional brackish-water
transition zone. Oki et al. (1999) also assume that the main freshwater component of brackish
water flowing through the Park is from subsurface flow originating from inland areas east of the
Park. Brackish ground water forms by seaward flowing freshwater mixing with saltwater. The
area of extensive mixing with saltwater extends upgradient from the Park. The brackish
groundwater body overlies saltwater and extends to an estimated depth of about 50 to 100 feet at
the inland boundary of the Park where the ground water is freshest. The study also indicates that
because of the highly permeable offshore volcanic-rock outcrops, saltwater can easily enter the
aquifer, and that a saltwater-circulation system exists beneath the freshwater lens. Saltwater
flows landward in the deeper parts of the aquifer, rises, and then mixes with seaward-flowing
freshwater. This mixing creates a brackish-water transition zone. In areas near the coast where
saltwater mixes thoroughly with seaward-flowing freshwater, a freshwater lens may not form
and brackish water may exist immediately below the water table. This is the case at the location
of the existing harbor, and based on the available measurements it appears that the harbor was
built in a location intercepting the layer of brackish water flowing seaward. A schematic view of
the groundwater flow system is presented in Figure 3-13, which was taken from (Oki et al.,
1999).

3.2.7
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This section summarizes the information obtained from some of the available studies regarding
three different variables:

Review of Available Information

The groundwater inflow into Honokohau Harbor has been reported in a number of studies as
both freshwater and brackish water. The circulation within Honokohau Harbor is controlled by
the influx of brackish groundwater, and determining the appropriate value for this source is
imperative. Salinity and temperature distribution in the Harbor are controlled by both advection
and dispersion effects. The advection component is dominated by the circulation in the harbor,
which is a combination of tidal currents and currents generated by the two layer system created
by the groundwater inflow. The dispersion part represents the scattering of a substance (salinity
or temperature in this case) by effects of shear and diffusion. Therefore, it is necessary to
estimate the rate of the brackish groundwater inflow into the harbor and the dispersion
coefficient of the groundwater to correctly simulate, with the numerical model, the conditions at
the Harbor.

Figure 3-13: Schematic cross-section of the groundwater flow system in KalokoHonokohau National Historical Park, Island of Hawaii (Source: Oki et al., 1999)
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Salinity and Temperature Profiles
Salinity profiles from different studies indicate that under different tide conditions, the 29 ppt
contour extends to a distance between 400 and 500 meters from the back Harbor wall. During the
1991 study by OI Consultants, this is observed for both high and low tide. Figure 3-14 shows the
period where salinity and temperature cross sections were measured at Honokohau Harbor, (red
shows the salinity and temperature cross sections at High Tide and green those at Low Tide).
The salinity profiles are presented in Figure 3-15 and Figure 3-16.

A recent study (Glenn, 2006) used infrared images and natural tracers to estimate the coastal
groundwater discharges. Similar values were obtained from 3 coastal sites while at Honokohau
Harbor the fluxes were estimated to be in the order of 20 times higher. Glenn (2006) indicates
that this is likely the result of constructing the harbor at a level that intercepted the water table,
resulting in “anthropogenically enhanced” flow. This study did not provide an estimate of the
volume of brackish water flowing into the existing Harbor.

A study also presented in 1980 by Gallagher, in same journal issue and under the same funding
as Bienfang (1980), focused on the physical structure and circulation in the harbor. Using an
extensive measurement campaign, this study concluded that the springs in the harbor were
contributing on the order of 70 m3/min (~27 mgd) of brackish water with an average salinity of
25 ppt during both ebb and flood phases of the tide. Gallagher (1980) also indicates that the
bottom spring inflow rate is greater than the tidal exchange rate in the harbor, which is the cause
of the pronounced layering and vigorous circulation. In addition, this study concluded that the
flushing time of the harbor is in the order of 12-13 hours due to the existence of the strong flow
of brackish water from the springs.

Groundwater inflow
Bienfang (1980) described the water quality characteristics of Honokohau Harbor before the
harbor expansion. The study mentions that the continual groundwater influx into the harbor, in
the order of 1.5-2 million gallons of fresh water per day, produces harbor flushing rates six to ten
times those calculated by tidal flushing alone. Bienfang (1980) based his estimate on the results
from Cox et al. (1969) who said that the groundwater inflow in the Honokohau area is
comparatively low because of the small recharge resulting from low rainfall and high
evapotranspiration conditions of the area. Cox et al. (1969) estimated groundwater discharge in
the Honokohau shoreline area to be a few millions gallons of freshwater per day per mile.
Although in Bienfang (1980) it was mentioned that excavation of the harbor has displaced the
natural discharge points in the immediate area landward, and that this displacement may also
have caused enhanced discharge in this area, his oceanographic analysis still estimates the
groundwater discharge into the harbor to be in the same order of the one suggested in Cox et al.
(1969) along the shoreline.
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Figure 3-16: Salinity contours at high tide –30 March 1991, from OI Consultants, 1991.

Figure 3-15: Salinity contours at high tide –27 March 1991, from OI Consultants, 1991
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The analysis was first applied to tidal-only flow exchange with the ocean waters (OI Consultants
1991). The tidal flushing time was computed to be approximately 3.2 days. Measured results
from the five stations within the Harbor show much shorter residence times, with stations in the
inner part of the Harbor having average residence times of 0.4 days. It was also shown that the
residence time at all stations was fairly depth independent indicating that the mixing of the tracer
dye and “fresh” water was fairly consistent throughout the Harbor. The representative flushing
time for the entire Harbor was the average of all five stations and was 0.42 days, which is 7.6
times faster than the tidal flushing time.

Flushing Time
After the harbor expansion, OI Consultants subcontracted Noda and Associates, Inc. to perform a
dye study in order to assess the flushing time of the Harbor. This study was conducted over a 4
day period in March, 1991. Figure 3-14 shows in blue the period when the dye study in the
Harbor was carried out (OI Consultants, 1991) together with the water elevation in the Harbor.
Rhodameine WT dye in a 20% aqueous solution (about 5 gallons) was injected throughout the
Harbor during a five hour period (flooding tide) ending at 13:00 on March 14, 1991. The
deployment of the dye was designed such that the dye would be vertically and spatially uniform
throughout the Harbor. Measurements were taken at 8:00 on March 15, 16, 17, and 18 in order
to assess the concentration throughout the Harbor. The method, described in one of the
following sections, was used to determine the residence time at five stations throughout the
Harbor.

The consistency of available historical and recent measurements indicate a very stable salinity
distribution in the harbor which is probably associated more to the location of the harbor in
relation to the density gradients in the groundwater system than to the head differences in the
aquifer.

Figure 3-17 : Salinity distribution in February 2006 from University of Hawaii, C. Glenn,
November 2006

A more recent report presented by University of Hawaii (Glenn, 2006) (see Figure 3-17) also
shows that the 29 ppt contour at the surface extends to approximately 500 meters from the back
Harbor wall. Finally, recent data collection by Oceanit Laboratories between April 3 and 13,
2006 (Ziemann, 2006) showed a surface salinity of 28.9 ppt at the Harbor entrance,
approximately at 500 meters from the back Harbor wall.
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Most of the data indicates that the 29 ppt contour at the surface extends to a distance
between 400-500 m from the Harbor back wall.
The depth of the 33 ppt contour is very stable in most of the data sets. Gallagher (1980)
used this contour to define an arbitrary boundary between the top and bottom layers
inside the Harbor.
Flushing time should vary between the values reported by OI Consultants (1991), 0.42
days or 10 hours, and those reported by Gallagher (1980), 0.5-0.54 days or 12-13 hours.
Flushing time is homogeneous with depth as reported by OI Consultants (1991).
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C = C0 e −t / T
Where C0 is the initial concentration and C is the concentration of the constituent at time t. T is
considered to be the flushing time constant or the residence time of the particle in units of time.
This approach is often referred to as the “e-folding” approach. The residence time, T, can be
considered to be the time required for reduction of a conservative tracer concentration to 1/e or

The concentration of a constituent within an enclosed body of water like a harbor which is
dominated by tidal effects can be described by

To compare model results to the analysis presented in the study conducted by OI Consultants,
Inc., the computation of a flushing time constant, T, was used to represent the residence time in
the harbor. The same method of computing the residence time used by OI Consultants (1991)
was applied in this study. The method is summarized in the following paragraphs.

The selected calibration period coincides with the time when OI Consultants (1991) performed
the dye study. For each combination of brackish groundwater discharge and dispersion
coefficients, the transport of a conservative tracer was carried out using a coupled hydrodynamic
and water quality model. The model was seeded with a conservative tracer up to the mouth of the
harbor with an initial concentration of 1 g/m3 at each vertical layer. Outside of the harbor, the
concentration was set with an initial value of 0 g/m3. Conservative tracer model simulations
were started at the point of last release of the Rhodameine dye at 13:00 March 14, 1991.

Brackish Groundwater Inflow and Dispersion Coefficient Calibration

•

•

•

•

Based on the available information presented in the previous section, brackish groundwater
inflow and the dispersion coefficient in the numerical model were calibrated to meet the
following observations:

Calibration data

OI Consultants (1991) also noted that the tidal prism is about 16.5 million gallons per day (mgd)
and that using the groundwater intrusion calculated by Bienfang (1980) of 1.5 to 2 mgd
represents only about 9% to 12% of the flushing volume. This is counterintuitive to the results
presented, and indicates that the 1.5 to 2 mgd of groundwater intrusion refers to fresh
groundwater and not the total volume of brackish groundwater that enters the Harbor, which
could be a significantly larger amount. Gallagher (1980) reported intrusion rates within the
Harbor of 70 m3/min or 27 mgd of brackish groundwater, which is equivalent to 9.5 mgd of pure
fresh water. Gallagher (1980) found using a numerical model that the residence time of the
Harbor was on the order of 12-13 hours or 0.5-0.54 days.
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Groundwater discharge controls the flushing rate of the surface layer. For example, when
the inflow rate was kept at a low value such as 4 to 8 mgd, the flushing rate of the surface
layer varies between one and more than two days depending of the dispersion coefficient
applied.
The observed vertical salinity distribution in the harbor, with the 29 ppt contour at the
surface reaching a distance of 400-500 m from the back wall is only obtained for brackish
groundwater discharges larger than 20-25 mgd.
The field study conducted by OI Consultants (1991) shows flushing time constants within
the Harbor to be fairly uniform with depth. In order to achieve the mixing of the
conservative tracer throughout the depth layers, a dispersion coefficient closer to the
upper limit of the selected range (horizontal dispersion coefficients were varied between
0.1 m2/s and 1 m2/s) was needed. It was found that using dispersion coefficients at the
upper limit promoted too much mixing, impacting the top layer thickness throughout the
Harbor, independently of the flow rate used. For example a flushing time in the order of
12 hours could be obtained for a groundwater discharge as low as 20 mgd but for a
dispersion coefficient of 1 m2/s, which produces excessive vertical mixing creating a top
layer (salinity values smaller than 33 ppt) thicker than observed. On the other hand,
using dispersion coefficients at the lower limit caused little to no mixing of the
conservative tracer in the lower layers over the three day period.
The best results were obtained for a groundwater discharge of 30 mgd and a dispersion
coefficient of 0.7 m2/s. Flushing time results show low variation with depth (STD about
0.1 days) and a mean flushing time of 0.53 days, which is about 12-13 hours as reported
by Gallagher (1980). Increasing the dispersion coefficient to 0.8 m2/s produced a smaller
flushing time but also a thicker than observed top layer. Increasing the groundwater
discharge or decreasing the dispersion coefficient moved the 29 ppt contour at the surface
too far away from the harbor back wall.

The following conclusions were obtained from the analysis of the model results

Several combinations of brackish groundwater discharge and dispersion coefficients were
simulated. These simulations used a combination of values of brackish groundwater discharge
between 8 and 55 mgd and a dispersion coefficient between 0.1 and 1.0 m2/s. The salinity
concentration of the brackish groundwater discharge was selected to be 22 ppt and the
temperature 20 ºC, which is in the order of the values observed near the back wall of the existing
Harbor.

If the natural logarithm of the above equation is written as
ln(C ) = ln(C 0 ) − t / T
then it is seen that the natural logarithm of the concentration of a tracer is a linear function of the
time with a slope of -1/T. In this way, the residence time can be estimated without knowing the
initial concentration.

36.8% of its initial value, or a reduction of 63.2%. Mathematically, assuming an exponential
distribution of times for individual water particles to reach the ocean, when the concentration of
particles reaches 1/e, it represents the average time of all particles to reach the ocean.
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Figure 3-18: Simulated salinity contours (ppt) along Transect EH (Figure 3-12) at high tide
–27 March 1991 for 30 mgd and 0.7 m2/s

In addition Figure 3-18 presents the salinity cross section across the harbor obtained from the
calibrated model.

Table 3-3: Flushing time (days) from the calibrated model 30 mgd and 0.7 m2/s
Station 1
Station 2
Station 3
Station 4
Station 5
Top
0.53
0.53
0.53
0.53
0.54
Middle
0.53
0.54
0.54
0.53
0.53
Bottom
0.52
0.52
0.52
0.49
0.52

The groundwater discharge is meant only to represent a typical value. While it has been shown
(Waimea Water Services, 2006) that the groundwater discharge into Honokohau Harbor varies
with tides and seasonal rainfall events, this was not represented by the model.

The flushing time results calculated from the model simulated concentration for a groundwater
discharge of 30 mgd and 0.7 m2/s are presented in Table 3-3 at the same five stations reported by
OI Consultants (1991) and at the top, middle and bottom of the water column. The full results of
the calibration are displayed in Appendix B.
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Figure 3-19: Model Grid Including the Kona Kai Ola Marina

The model grid developed in the previous section to simulate the existing conditions at
Honokohau Harbor was extended to include the proposed area for the Kona Kai Ola Marina.
Figure 3-19 shows the extent of the grid expansion. The offshore sections of the grid remained
entirely unchanged. The grid extension does not encompass the area designated for the exhibit
areas. These areas are included in the model as point sources of inflow.

3.3.1

The future conditions model was implemented following the same principles used for the
existing conditions model described in the previous section. Offshore boundary conditions and
bathymetry were kept the same. Conditions in the existing Harbor, including the brackish
groundwater inflow were also kept the same. The new marina required additional parameters
which are described in detail in the following sections.

3.3
Future Conditions
The existing conditions model presented in the previous section was modified to include the
Kona Kai Ola Marina. The future conditions model setup also considers possible brackish
groundwater inflows mainly at the eastern side of the new basin. Additional inflows from the
exhibit area of the development were included in the model as point sources. The uncertainty of
the brackish groundwater inflow into the new Marina prompted a series of tests that examined a
range of possible scenarios including the worst expected case. The purpose of this is to enhance
the knowledge of the mechanisms controlling the hydrodynamic conditions of the new two-basin
system, as well as to provide a range of possible conditions of the system.

Kona Kai Ola Marina
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Conditions at the offshore boundaries are the same described and applied in the existing
conditions model. It is assumed that brackish groundwater discharge into the existing Harbor
will remain the same after the construction of the new Marina. Additional inflows into the new
Marina consist of discharges generated by the exhibit area and brackish groundwater inflow
through the porous volcanic ground, mainly through the east wall of the new Marina. The exact
value of this additional inflow is not known. In order to compensate for the unknown inflow, the
model solution was bracketed between no flow conditions and twice the observed value under
existing conditions (in addition to the present inflow). No flow conditions were analyzed in
order to look at a control scenario which is suspected to be the worst case scenario in terms of
flushing. A value of 30 mgd would represent persistence of the current conditions, since that it
the value present in the existing marina and therefore it is considered a good starting point for
analysis. Values of 15 mgd and 60 mgd represent a factor of two increase and decrease of inflow
from the starting point. The simulated conditions are summarized in Table 3-4. A complete
groundwater study would be needed in order to estimate with confidence the amount of brackish
groundwater flow that would enter the new Marina. Other possible inflows into the new Marina

3.3.3

Figure 3-20: Model bathymetry including the Kona Kai Ola Marina

The same offshore and existing Harbor bathymetry used in the existing conditions model was
also used in the future conditions model. The Kona Kai Ola Marina bathymetry and layout was
built following the design plans included in the EIS. Figure 3-20 presents the future conditions
model bathymetry.

3.3.2
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The new Marina to be developed as part of the Kona Kai Ola Master Plan is much larger in
volume than the existing Harbor. Table 3-5 shows the approximate volume of the existing
marina and the new proposed one. Note that the volume of the new Marina does not include the

3.3.4

Brackish groundwater flowing into the new Marina is assumed to enter the basin only through
the eastern side. The brackish groundwater inflow (15, 30, or 60 mgd) is equally distributed
along all the grid points on that the eastern side of the Marina. In spite of the uncertainty
associated with this assumption, mainly because some areas of the Harbor extension cut into the
groundwater table further inland than others, it is considered to be a reasonable range of values
to represent the system.

Part of the flow that enters the new Marina from the exhibition area flows through three
waterfalls and the rest is piped into the new Marina. This water is originally pumped from
offshore at a depth of approximately 100 m with a flow rate of 75 mgd. The intake depth was
selected to minimize the nutrient loads of the water (pers. comm. ClowardH2O, 2007). The
water is then pumped to the exhibition area. The water is at an oceanic salinity (34 ppt) and has
a temperature when withdrawn of approximately 3 ºC less than the surface water. Assuming that
the pumping and subsequent movement through the exhibition area will serve to increase the
temperature approximately 1 degree, it is assumed that the inflows to the new harbor are
approximately at a temperature of 23 ºC (all assumptions and calculations with relation to the
exhibit water were obtained from pers. comm. ClowardH2O, 2007). The water is expected to
have an approximate 4 hour residence time within the exhibition area (pers. comm.
ClowardH2O, 2007)

such as the one associated with the SWAC air-conditioning system have not been considered in
this study.
Table 3-4: Summary of tests used for description of future hydrodynamic conditions at the
new Marina
Brackish discharge = 0 mgd
Case 1
Exhibit discharge = 0 mgd
Brackish discharge = 15 mgd
Case 2
Exhibit discharge = 0 mgd
Brackish discharge = 30 mgd
Case 3
Exhibit discharge = 0 mgd
Brackish discharge = 60 mgd
Case 4
Exhibit discharge = 0 mgd
Brackish discharge = 0 mgd
Case 5
Exhibit discharge = 75 mgd
Brackish discharge = 15 mgd
Case 6
Exhibit discharge = 75 mgd
Brackish discharge = 30 mgd
Case 7
Exhibit discharge = 75 mgd
Brackish discharge = 60 mgd
Case 8
Exhibit discharge = 75 mgd
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Under existing conditions, the average flushing time of the existing Harbor was computed to be
0.53 days or 12.7 hours. After the addition of the new Marina to the system, the new flushing
times for the existing Harbor under the highest brackish groundwater flow conditions simulated
(60 mgd) increased to 19 hours. In general, for all the simulated cases, the area with the highest
flushing times is the one at the back end of the new Marina. These flushing times were higher
than 2 days in the case of no brackish groundwater discharge.

The flushing time was computed using the method outlined for existing conditions. The five
stations described under existing conditions were also used in this analysis for the existing
Harbor. These points coincide with those from the 1991 OI Consultants dye study. In addition,
seven points were selected within the proposed new Marina. Each section of the Harbor was
analyzed separately in order to determine the effects of the new Marina on each area. It is
important to note however, that the entire system is treated as one system. Water flowing
between the existing and new marinas is not considered to be flushed out to the ocean. Only
“clean” water (ocean and brackish water inflows) from outside the system can flush the entire
system. This is an important factor in the flushing time calculation of the entire system because
as it is shown in later sections that there is a significant internal circulation between the two
marinas. Rather than show the flushing time at each point, an average value for the entire
Harbor section was computed. These average values are displayed in Table 3-6 and Table 3-7
for the existing and new marinas respectively.

Flushing time is an important indicator of water quality, as it describes in this particular study the
time that certain substance will remain in the harbor. The faster particles, pollutants, or algae
flush out of the system, the less build-up there will be within the harbor, and the less chance
there will be of major water quality problems like eutrophication and as stated by Ferreira et al.
(2005), flushing is the primary means of maintaining water quality and biodiversity within a
harbor. In previous sections, the flushing time under existing conditions was discussed. This
section attempts to quantify the flushing time under a range of potential future conditions after
the development of the Kona Kai Ola Marina. Eight cases were analyzed with four brackish
groundwater inflow rates. While the exhibit area is a definite feature of the Conceptual Master
Plan, its influence on the flushing time of the combined harbor system was assessed
independently.

Table 3-5: Water volumes, from MSL, of existing and proposed marinas
3,936 m3
Existing
19,142 m3
Proposed

exhibit area, just the main basin. The Kona Kai Ola Marina is about 5 times larger (by volume)
than the existing Harbor, and therefore, the combined system will have a volume six times the
existing volume, while the connection to the ocean of the combined system will be maintained as
today. The increase in flow into the system with the construction of the new Marina affects the
Harbor mouth, primarily due to the increased new outflow from the new Marina. Therefore, the
quantity of water that has to leave through the mouth of the combined system will increase from
the existing conditions value as the inflows into the new Marina increase.

Kona Kai Ola Marina
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Model results indicate that circulation within the existing Harbor will be modified by the
addition of the new Marina. While there is still a well defined two-layer system with a
seaward-moving surface layer of brackish water. This surface layer is diverted into the more
saline new Marina.

Circulation under Future Conditions

35

Final Report. June 15, 2007

Figure 3-21: Currents at peak flood (m/s) along Transect NM (Brackish discharge of 0
mgd)

It is also evident that while the 75 mgd of saline inflow coming from the exhibits does have a
positive effect on the flushing time of the new Marina, the results indicate that this saline inflow
does not have a significant effect on the existing Harbor’s flushing. It is also apparent that
smaller quantities of brackish water have more of an effect on the new Marina than does the
saline inflow due to the density driven currents that result.

3.3.5

The impact of the 75 mgd inflow from the exhibits into the new Marina could be estimated by
comparing the simulation results without the inflow (Figure 3-21 and Figure 3-22) and those
with the inflow (Figure 3-23 and Figure 3-24). Simulation results show that the density driven
circulation is reduced when the exhibit inflow is included, since the water in the new Marina
becomes more saline.

With higher brackish groundwater inflows, the system approaches a two layer system (Figure
3-22 and Figure 3-24) closer to the one observed in the existing Harbor. The surface inflow from
the existing Harbor is reduced and does not penetrate into the new Marina as much as observed
under lower brackish groundwater inflow conditions.

Currents within the new Marina develop into a complicated system. Figure 3-21 through Figure
3-24 show a cross section (Transect NM, Figure 3-12) along the center of the new Marina from
south to north (the back wall of the new Marina is located at the left side of the figures) with
contours of the velocity in m/s. At lower brackish groundwater inflow rates, the vertical
distribution of salinity and velocities in the new Marina consists of three distinct layers (Figure
3-21, Figure 3-23). The top layer is flowing into the harbor with low density water from the
existing Harbor. The bottom layer is high salinity oceanic water flowing in from the mouth. The
middle layer is flowing out of the new Marina as the higher density oceanic water pushes it up
and out of the existing Harbor and new Marina system.

Kona Kai Ola Marina

The simulated cases were designed to provide a range of solutions that span the possible
post-expansion conditions. Since the flushing time decreases as the brackish groundwater inflow
into the new Marina increases, the worst case scenario will be the one where the brackish
groundwater inflow to the new marina is 0 mgd. The different brackish groundwater inflows
simulated can be used to define an array of possible solutions, since the exact volume of
groundwater is not known. A complete groundwater investigation would be needed to asses the
quantity of brackish water entering the Harbor, although this value will not be known with
certainty until the project construction is completed. However, from this analysis, it is seen that
after construction of the new Marina, even with relatively high brackish groundwater inflow
conditions (60 mgd in the new Marina and 30 mgd in the existing Harbor), it is not expected that
the flushing time for the existing Harbor will decrease or even remain the same as under the
current conditions. The results demonstrate that the flushing time is not only dependent on the
volume of water entering the harbor system but also on the density driven circulation patterns
associated with that addition. Given the new Marina basin is approximately five times the
volume of the existing Harbor, even using the most optimistic scenario (brackish discharge of 60
mgd and a 75 mgd exhibit outflow, with a total = 5 times the 30 mgd used as inflow to the
existing Harbor), the flushing time of the new Marina is 0.97 days which is significantly higher
than the 0.53 days experienced under the current conditions.

Table 3-7: Flushing times for the Kona Kai Ola Marina in days
Case
No Exhibit Flow
Exhibit Flow Included
2.39
1.72
Discharge 0 mgd
1.76
1.32
Discharge 15 mgd
1.44
1.09
Discharge 30 mgd
0.97
0.91
Discharge 60 mgd

Table 3-6: Flushing times for the existing Harbor in days
Case
No Exhibit Flow
Exhibit Flow Included
1.38
1.49
Discharge 0 mgd
1.11
1.10
Discharge 15 mgd
0.98
0.94
Discharge 30 mgd
0.86
0.83
Discharge 60 mgd
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Figure 3-23: Currents at peak flood (m/s) along Transect NM (Brackish discharge of 0
mgd and exhibit discharge of 75 mgd)

Figure 3-22: Currents at peak flood (m/s) along Transect NM (Brackish discharge of 60
mgd)
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Currents at the mouth of the harbor system (harbor mouth, Figure 3-12) are also affected by the
increase in flow from the new Marina. Figure 3-25 and Figure 3-26 show how the velocity
profile varies at the harbor mouth for flood and ebb tides under different brackish groundwater
inflow conditions at the new Marina and also with the additional inflow from the exhibits. The
most significant change with respect to existing conditions is observed during ebb flow, when,
for the cases with low brackish groundwater inflow into the new Marina, the deep dense water
layer moving into the Harbor is canceled. Under these conditions, the water is moving seaward at
all depths in the water column, with a significant increase of the surface currents with respect to
existing conditions. This effect during ebb flow is more pronounced when the inflow from the
exhibit is included in the simulations (see Figure 3-26). During flood flow, the two-layer system
observed under existing conditions is maintained, though the magnitude of the velocity at both
layers increases.

Figure 3-24: Currents at peak flood (m/s) along Transect NM (Brackish discharge of 60
mgd and exhibit discharge of 75 mgd)
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Figure 3-26: Velocity profiles at the harbor mouth for 75 mgd exhibit flow
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Salinity distribution in the new Marina is controlled by several different sources: the saline
ocean water from the exhibits (75 mgd), brackish groundwater inflows, and the exchange
between the existing Harbor (surface brackish water) and the ocean (bottom saline water). The
vertical salinity distribution along a central cross-section of the new Marina for the simulations
with low brackish groundwater inflow shows a very small variability in salinity with a small area
of brackish water at the surface near the harbor entrance. Figure 3-27 and Figure 3-29 show the
salinity contours for the cases with 0 mgd brackish groundwater inflow. Results from these
simulations show high salinity concentrations at the far end of the Harbor in the range of 31 to 33
ppt. Overall, in these cases, the salinity within the new Marina remains higher than that in the
existing Harbor. Figure 3-28 and Figure 3-30 show the salinity contours along transect NM
(Figure 3-12) for the cases with 60 mgd brackish groundwater inflow. These cases show much
more brackish water in the surface layers with saline water being confined to the bottom layers.
It is observed in Figure 3-29 and Figure 3-30 that including the 75 mgd inflow of 34 ppt water
from the exhibits reduces the stratification and increases the salinity concentration in the new
Marina.

3.3.6

Hydrodynamic and Water Quality Study

Figure 3-25: Velocity profiles at harbor mouth for 0 mgd exhibit flow
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Figure 3-28: Salinity contours at flood tide (ppt) along Transect NM (Brackish discharge of
60 mgd)

Figure 3-27: Salinity contours at flood tide (ppt) along Transect NM (Brackish discharge of
0 mgd)
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Salinity patterns within the existing Harbor are also altered under future conditions due to the
change in circulation. Circulation between the two marinas impacted the existing Harbor
decreasing its water exchange with the ocean significantly. This was already evident after
examining the significant change in flushing times presented in Section 3.3.4. Figure 3-31 and
Figure 3-33 show the net salinity changes along Transect EH (Figure 3-12) with 0 mgd of
brackish groundwater inflow into the new Marina. In this case changes are small and limited to
the region where the two marinas connect. In this region, the salinity in the surface layer slightly
increases because the low salinity water in the top layer flows into the new Marina instead of
towards the ocean. Figure 3-32 and Figure 3-34 show the net tidally averaged salinity changes
along Transect EH associated with the simulated conditions brackish groundwater inflow of 60
mgd into the new Marina. In these cases, the salinity concentration throughout the whole
existing harbor is significantly reduced. This is probably a consequence of the new circulation

Figure 3-30: Salinity contours at flood tide (ppt) along Transect NM (Brackish discharge of
60 mgd and exhibit discharge of 75 mgd)

Figure 3-29: Salinity contours at flood tide (ppt) a along Transect NM (Brackish discharge
of 0 mgd and exhibit discharge of 75 mgd)
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Figure 3-32: Salinity change (ppt) along Transect EH (Brackish discharge of 60 mgd)

Figure 3-31: Salinity change (ppt) along Transect EH (Brackish discharge of 0 mgd)

patterns of the combined system, where the brackish layer flowing out of the new Marina flows
into the existing Harbor under the existing fresher water of the surface, blocking denser ocean
water from moving into the bottom layer of the existing Harbor. As a consequence, dense ocean
water flows through the bottom layer into the new Marina under the exiting brackish water. The
addition of the 75 mgd of saline water coming from the exhibits reduces this effect since the flow
out of the new Marina is then slightly more saline. Therefore the reduction in salinity in the
existing Harbor is less pronounced.
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In order to further investigate the effects of the water circulating through the two marinas, the
salinity profiles at the intersection of the new Marina and the existing Harbor (intersection,
Figure 3-12) are shown in Figure 3-35. It is seen that as the quantity of brackish groundwater in
the system increases, the well defined two-layer system present under existing conditions
changes into a vertical distribution of salinity, which is almost linear over depth. This is
observed for both cases with and without the 75 mgd of saline inflow from the exhibits, though
the salinity through the middle to bottom layers is slightly more saline when the inflow from the
exhibit is included.

Figure 3-34: Salinity change (ppt) along Transect EH (Brackish discharge of 60 mgd and
exhibit discharge of 75 mgd)

Figure 3-33: Salinity change (ppt) along Transect EH (Brackish discharge of 0 mgd and
exhibit discharge of 75 mgd)
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Figure 3-35: Salinity profiles at the intersection of existing and extended harbor
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The substances used to quantify these conditions within the harbor are shown in Table 4-1.
These values were chosen based on available data for input conditions and calibration (OI
Consultants, 1991 and Ziemann, 2006). The interactions of the variables are described in detail
in the following sections.

The kinetics that were implemented in the Delft3D-WAQ module were designed to predict the
typical phytoplankton production in addition to this population’s relation to the nutrient supply
and the overall effect on the supply of oxygen within the water column. The model was
designed to incorporate daily variation and seasonal variation; however, the data available did
not provide seasonal or even daily variation. So the model was designed to predict an average
value that was in line with the available data. This value is considered to be typical and this
typical value is sufficient for the purposes of predicting the effects of the new development.

The model developed for Honokohau Harbor is necessarily site-specific. The substances and
processes chosen for modeling are the ones most important to the overall water quality of the
Harbor. The main goal of the study is to analyze the potential changes in water quality
associated to the addition of the Kona Kai Ola Development including the new Marina and water
exhibits. Therefore, it is important to develop a model to simulate the existing water quality
conditions that can easily be extended to include the new developments. Of particular
importance within the harbor are the aerobic conditions that are consistently observed in the
existing Harbor. Modeling efforts presented here include the simulation of the existing
conditions, and they also attempt to quantify the predicted changes to occur after the construction
of the new development.

Delft3D WAQ is based on a flexible interface that allows the user to define the processes and
components that are included within the model. The equations governing the processes for each
substance are coupled together, giving a fully integrated water quality model. Given this, the
computational time for the model increases with both the number of modeled substances and the
complexity of the interactions. Process coefficients are defined within the model and are easily
changed for calibration and sensitivity purposes. Initial and boundary conditions for the modeled
substances can be defined within the model.

The water quality module, Delft3D WAQ, simulates two-dimensional (2D, depth averaged) or
three-dimensional (3D) transport and physical, biological and biochemical phenomena for a
variety of model substances.
The physical transport is governed by the
advection-diffusion-reaction equation which is discretized for each computational cell. The
physical transport is dependent on physical position, as is described in the hydrodynamic
module. In addition to physical transport, Delft3D WAQ implements the biological and
chemical reactions that affect each modeled constituent. This represents the complexity of
interactions between substances and processes, which are independent of spatial position.

4. WATER QUALITY MODEL

Kona Kai Ola Marina

Table 4-1: Modeled substances
Diatom chlorophyll a
Non-diatoms (green algae) chlorophyll a
Herbivorous zooplankton
Nitrate-nitrogen
Ammonium-nitrogen
Reactive phosphorous (ortho-Phosphate)
Reactive silicate
Dissolved oxygen
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Similarly to temperature, salinity variation has an effect on the biological and chemical reactions
occurring within the Harbor. Salinity is also extracted from the hydrodynamic computation and
is used to force the water quality model. Both salinity and temperature effects on the flow field

Temperature was determined within the Delft3D-FLOW hydrodynamic model. It included a
heat-flux model taking into account air temperature, a typical wind speed and percent cloud
cover. Evaporation and conduction were also included in the computation. Solar radiation was
implemented within the Delft3D-WAQ model and controlled the quantity of light penetrating the
water column.

4.2
Temperature and Salinity
The biological elements (phytoplankton) present in the Harbor are strongly influenced by the
temperature and salinity variation. The temperature dependency of the reaction rates has a
uniform exponential equation.
(T − 20 )
k = k 20 xkT
k is the rate constant at some arbitrary temperature, T. The reference temperature for
Delft3D-WAQ is considered to be 20 degrees Celsius, and k20 is the rate constant at this
temperature. kT is the temperature coefficient, which usually ranges between 1.01 and 1.10.

4.1
Model Grid and Hydrodynamics
The physical transport mechanisms necessary to drive the advection-diffusion equation are
determined from the hydrodynamic model using Delft3D-FLOW. Hourly hydrodynamic updates
were passed to the water quality model. The results of the hydrodynamic conditions were
discussed and presented in the previous sections. The hydrodynamic results computed by
Delft3D-FLOW were used to drive the water quality model. These hydrodynamics were coupled
such that the Delft3D-WAQ module could easily derive the flow field and other parameters such
as salinity and water temperature at each hydrodynamic time step. The model grid used for the
hydrodynamic computations was also used for the WAQ model. The three-dimensional model
grid was described in the hydrodynamic modeling section of the report. The vertical model
discretization in 8 vertical layers allows for the simulation of the vertical variation in water
quality parameters. Due to the complexity of the flow fields generated in Honokohau Harbor,
this three-dimensional distribution is essential to understanding the water quality issues within
the Harbor and surrounding areas. Horizontal dispersion was calibrated within the hydrodynamic
model, and vertical eddy diffusion coefficients in the water quality model were computed by the
hydrodynamic model using a k-ε turbulence closure scheme.

Phosphorous
Silica
Oxygen

Zooplankton
Nitrogen

Phytoplankton
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One of the significant sources of oxygen demand within a system is the nitrification of
ammonium to nitrate. When a high ammonium loading comes from sewage or fertilizers, the

4.4
Nitrification
From a modeling perspective, nitrogen is difficult to model due to its loading pathways. In
addition to the varying nitrogen species created from varying degrees of oxidation, loading may
result from nitrogen-fixing bacteria and algae utilizing atmospheric N2 gas directly to satisfy
photosynthetic nitrogen requirements (when nitrogen is limited in the water column) or from
bacterial conversion of organic nitrogen to NH4-N at the sediment water interface. Nitrogen
losses may occur due to denitrification (anaerobic conversion of organic nitrogen to N2 gas) in
the reducing environment found in the sediment-water interface. Additionally, nitrogen is
generally identified with the dissolved water column constituents and cycles easily throughout
the water column.

Phytoplankton respiration occurs during both day and night; however, primary production only
occurs during the daylight hours, when photosynthesis can take place. Therefore, there is
generation of oxygen occurs only during the day, while only consumption can occur at night.
Due to this, there will be lower DO Oxygen values during the nighttime.

The only chemical reaction utilizing oxygen that is incorporated by Delft3D-WAQ in the Harbor
simulations is the reaction converting ammonium to nitrate, which is discussed in Section 4.4. In
addition, Deflt3D-WAQ contains the capacity to include collective parameters that indicate
oxygen demand, such as Chemical Oxygen Demand (COD), or Biological Oxygen Demand
(BOD) in order to encompass other processes and sources of demand that are not explicitly
present within the model (WL| Delft, 2004). Available data on the oxygen demands on the
system aside from nitrification were not available, and were not included in the model.

If the DO concentration is greater than the saturation concentration (supersaturation) at that
temperature and salinity, the water will release oxygen to the atmosphere; however, if the water
is undersaturated, then the water will take on oxygen from the atmosphere through reaeration.
Stratification within the water column can cause significant water quality problems as the
hypolimnion is not in contact with the atmosphere and cannot replenish the oxygen concentration
from the atmosphere.

4.3
Dissolved Oxygen
Dissolved oxygen (DO) is often taken as a representation of the health of a water body. Low
values of DO indicate that the water is not able to sustain aerobic conditions and that the demand
for oxygen exceeds the supply. The sources of DO within the water column come from
reaeration at the water surface–air interface and the production of oxygen by phytoplankton
during growth. Oxygen is utilized during nitrification, carbon decay, and respiration of both
phytoplankton and zooplankton.

are neglected within the water quality module as they were calculated within the hydrodynamic
model. In fact, there is no feedback from the water quality module to the hydrodynamic module,
and therefore none of the substances within the water quality module can affect or modify the
flow field generated by Delft3D-FLOW.
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In order to determine the limiting nutrient for phytoplankton growth, the N:P ratio is used. The
ratio of nitrogen to phosphorous in the biomass of phytoplankton is roughly 7.2 (Chapra, 1997).
Therefore, a ratio in the water of less than 7.2 indicates that nitrogen is the limiting factor.

Growth, or primary production, occurs during daylight hours and requires that there be enough
nutrients present. The typical growth rate of maximum production was obtained from EPA:
Lake Erie Model (1980). Nutrient dependency relates the growth rate of the phytoplankton to
the external nutrient concentrations. Phosphorous, nitrogen, carbon, and silica (for diatoms) are
the potential limiting factors, although in most models, carbon is not assumed to ever limit
growth (Chapra, 1997). Delft3D-WAQ utilizes a model for primary production using
Monod-type kinetics for the calculation of growth rates. Primary production is proportional to
the biomass concentration and the gross primary production (growth) rate. The consumption of
inorganic nutrients and production of DO is proportional to the net primary production (WL|
Delft, 2004).

4.5
Phytoplankton
Phytoplankton are non-motile, plant-like bacteria, which similarly to plants only grow, and thus
release oxygen, in the presence of light. If phytoplankton are present in large quantities, they can
consume the oxygen within the system through respiration and cause the system to become
eutrophic. Phytoplankton growth is limited by the presence of consumers (zooplankton) and the
availability of nutrients within the system. In Honokohau Harbor, two types of phytoplankton
are considered, diatoms and non-diatoms (green-algae). Only two types were chosen for
modeling due to the availability of only Chlorophyll a concentration values, so a sophisticated
species specific model is unreasonable given the calibration data. A “typical” ratio of 25 mgCHLa to 1g-C for phytoplankton (Chapra 1997) was used to convert between carbon and
chlorophyll for the purposes of the model inputs. Diatoms and non-diatoms are differentiated
only by the diatom’s silica requirement. The cell wall of the diatom is made up of silica and if
there is a bloom of diatoms, a depletion of silica within the system would be noticeable. The
stoichiometric composition of the diatom and the typical green algae (classical ratios for
O:C:N:P (109:41:7.2:1) is similar in proportion neglecting the silica (Chapra, 1997).

The oxygen consumption due to the nitrification of ammonium is proportional to a nitrification
rate (obtained from EPA: Lake Erie Model (1980)) and a function of the DO and ammonium
concentration. If the system becomes anaerobic, denitrification takes place, although within
Honokohau Harbor, this condition is not applicable.

oxygen demand can be extremely problematic to these water systems. Ammonium in aerobic
conditions is oxidized to nitrite by the bacteria Nitrosomonas.
−
NH 4 + 1.5O2 → 2 H + + H 2 O + NO2
The nitrite formed is then oxidized to nitrate-nitrogen by the bacteria Nitrobacter.
−
−
NO2 + 0.5O2 → NO3
Therefore the total oxygen utilization in the oxidation of ammonium is 4.57 g-oxygen per gammonia-nitrogen. In order for this process to commence, the conditions must be aerobic
(DO>2.0 mg-O2/L), o-P must be present, and the environment must be alkaline with a pH
between 6.0 and 8.5.
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The grid and bathymetry used for the water quality module were the same as those presented in
the hydrodynamic section. Seasonal variability in the water quality model was not considered
since such information was not available for calibration and therefore the model was

4.6
Model Conditions
The model was set up using Delft3D-WAQ which is a three-dimensional numerical model with
the capacity for multiple substances and varying processes. The processes and substances
included in the model set up were described at length in the previous section. The hydrodynamic
conditions used to drive the water quality model were discussed at length in Section 3. The
water quality model was developed to fit the processes and specifics of Honokohau Harbor under
existing conditions. It was calibrated to data collected in 1991 (OI Consultants, 1991) and
verified using data collected in 2006 (Ziemann, 2006). The proposed expansion of the Harbor
was analyzed using the calibrated and validated numerical model to describe the changes that are
expected to occur with the extension of the harbor and the additional loads associated with this
new Marina.

The presence of primary consumers such as zooplankton can significantly impact the
phytoplankton population in a system. This model accounts for the first level of consumers, the
herbivorous zooplankton, however carnivorous zooplankton and higher levels of consumers were
not included within the model. While the respiration of zooplankton has an effect on the DO
content within the water column, this effect is ignored in Delft3D-WAQ (WL|Delft, 2004). The
stoichiometry of the primary consumers is defined, and generally is considered to be related to
the composition of their food supply. The uptake rate of phytoplankton biomass for food,
respiration and mortality of biomass, and excretion of nutrients are included in the model (values
obtained from EPA: Rates, Constants, and Kinetics, 1985). Concentrations of zooplankton were
reported in OI Consultants (1991) and Bienfang (1982).

4.5.1

For the purposes of this model, biological and chemical interactions with the sediment layer were
neglected; however, the settling of phytoplankton is important and typical settling velocities
were obtained from Burns and Rosa (1980) and from EPA: Lake Ontario Model (1975). The
settling of phytoplankton only occurs when the bottom shear stress, computed in the
hydrodynamic model, drops below a critical value. Dead phytoplankton are converted to
inorganic nutrients, and the mortality is controlled by the biomass concentration and a mortality
constant, which was obtained from EPA: Rates, Constants and Kinetics (1985).

Conversely, higher ratios indicate that phosphorous will limit growth. In the case of Honokohau
Harbor, the ratio of N:P in 1991 was approximately 6 which would make the system nitratenitrogen-limited. This was also the case pre-expansion (Bienfang, 1980). In 2006, the data
presented by Ziemann shows the system o-P to be lower in concentration at all depths than in
earlier studies (Bienfang, 1980 and OI Consultants, 1991) and the system appears to have
become phosphorous-limited. This might imply that phosphorous loading has changed, since the
groundwater ratios of NO3-N to o-P remain fairly constant. The limiting factor has a significant
impact on phytoplankton growth and is important to consider. Due to the apparent shift in
limiting nutrients, the difficulty in calibrating the model between the two datasets is evident in
later sections of this report.
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The selected offshore conditions were applied as the constant offshore boundary and also as
initial conditions for the model. In order to convert the Chlorophyll a concentration to
concentrations of diatoms and algae respectively, the ratio of 1:20 for diatoms to algae was used,
which was consistent with data obtained by Brix et al. (2006) for their study in central Pacific
waters. In addition, the typical value of 25 µg-CHLa/L to 1 mg-C/L (Chapra, 1997) was used to
convert the measured data to model inputs and vice versa.

Mean
Standard
Error
Median
Mode
Standard
Deviation
Minimum
Maximum
Count
Confidence
Level
(95.0%)

Silica
(µg-Si/L)

Dissolved
Oxygen
(mg/L)

Table 4-2: Offshore statistics (Ziemann, 2006 – 500 m from shore)

Initial and boundary conditions for the model were taken from site specific data sources when
possible and supplemented with appropriate literature values. All of the initial and offshore
boundary conditions were taken from the offshore transect data collected by Ziemann (2006).
The transect data was taken over three days and at two depths: near the surface and near the
bottom. The furthest point along all transects was 500 m from the shoreline (Table 4-2). This
point was selected to represent the offshore conditions for the numerical model (Table 4-4)

In order to drive the water quality model, conditions for all modeled constituents had to be
specified at the initial time in addition to specifications at each boundary and inflow. The
oceanic conditions shown in Table 4-4 were applied to every cell within the model as initial
conditions. These conditions were also used at the offshore boundaries. The offshore
boundaries were sufficiently far enough away from the site that the boundary conditions at the
boundary have no immediate direct effect on the site conditions.

implemented under “typical conditions.” A spring-neap tidal cycle was simulated; however, the
model was calibrated to an average value and not to daily or tidal variability. In addition, neither
variations in brackish water inflows nor variations in nutrient loadings were considered in the
model. Daily variation was considered to the extent that phytoplankton do not grow without the
presence of sunlight.
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The concentration of nutrients within the groundwater are quite high (Bienfang, 1980), and the
tendency of Honokohau Harbor would be towards eutrophication. This is only prevented by the
high rate of flushing which is 87% faster than the calculated tidal flushing (3.2 days) (OI
Consultants, 1991). Bienfang (1980) also noted Honokohau Harbor’s “isolation from other
affecting forces, such as run-off, river/stream, or domestic/industrial sewage inputs.” This
indicates that the nutrient loads within the groundwater entering Honokohau Harbor originate
upland of the WWTP. A simple analysis in Appendix C evaluates pathways of WWTP effluent
through the ground.

A comparison of values derived from these recent data sets were checked against each other.
Note, however, that the values obtained from Hoover and Gold (2005) and Johnson et al. (2006)
were estimated from the graphs and that the NO3-N curve from Johnson et al. (2006) were
linearized for the purposes of this analysis. In addition, chemical analysis of the groundwater by
Bienfang (1980) indicates that it has a NO3-N concentration of 35.7 µg-atom/L and a o-P
concentration of 2.4 µg-atom/L.

In addition to this study, Johnson et al. (2006) presented similar curves of nutrients vs. salinity
and also found a linear relationship with the exception of nitrate, which they assumed to be
exponential. For the purposes of this analysis, a linear relationship is used for all nutrients as
was described in Hoover and Gold (2005).

Three groundwater wells were installed by the USGS in 1996. These wells were located inland
of Aimakapa pond, inland of Kaloko Pond, and inland of and between the two ponds. These
wells were used for water quality sampling on five separate occasions (Oki et al., 1999; Brock
and Kam, 1997; Nance, 2000; Tribble, 2003; and Bienfang, unpubl.). Using these five sets of
data, Hoover and Gold (2005) developed the nutrient vs. salinity curves shown for all three
wells. These curves show a fairly constant relationship of salinity with nitrate, phosphate,
ammonium and silica and fairly good agreement among the five sets of collected data. Using
this relationship an inference of nutrient values for the salinity of the brackish inflow to the
Harbor can be obtained.

Data was also needed to provide the conditions for the brackish water inflows entering the
system at the back of the Harbor. Several studies were conducted with respect to groundwater
conditions in Honokohau Harbor. Waimea Water Services, Inc. (2006) published a report on the
state of the groundwater and brackish water flowing into Honokohau Harbor. Cited in this report
is the water chemistry from the project area that was collected in the 1996 study of the discharge
from the Kealakehe wastewater treatment plant. This data was analyzed by AECOS
Laboratories, Hawaii. Samples were collected from the Visitor Center, Quarry, Well #2 and
Well #6 using a peristaltic pump to prevent contamination. This program revealed that the
natural groundwater in the Quarry well (upfield of the Harbor) has higher nutrient loads than the
water entering the Harbor (Harbor Spring) indicating that tidal mixing is diluting nutrient loads.

Kona Kai Ola Marina

Table 4-3: Groundwater conditions from four sources
AECOS
Hoover and
Johnson et al.
Bienfang
(2006 Harbor
Gold (2005)
(2006)
(1980)
Spring)
(22 ppt)
(22 ppt)
420 µg-N/L
336 µg-N/L
434 µg-N/L
499.8 µg-N/L
46.5 µg-P/L
58.9 µg-P/L
74.4 µg-P/L
3 µg-N/L
14 µg-N/L
15,800 µg-Si/L
8,960 µg-Si/L
8,960 µg-Si/L
-
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While there may be other nutrient loads to the system, it was beyond the scope of this model to
be able to predict or calibrate to unknown loads. The incoming brackish groundwater parameter
that was estimated or calibrated to the model was DO. The DO concentration was not reported
by Waimea Water Services (1996), and measurements displayed in Hoover and Gold (2005)
show a range of values of 5 to 8 mg-O/L. Bienfang (1980) reported values for DO of about 5
mg-O/L at the back of the basin, and so it is reasonable to use a lower concentration than 5 in the
brackish water flowing from the back of the basin.

Table 4-4: Offshore and Groundwater Conditions
Constituent
Offshore
Groundwater
condition
Condition
Nitrate21.13 µg-N/L
420 µg-N/L
nitrogen
(NO3)
Phosphate2.97 µg-P/L
60 µg-P/L(lower)
phosphorous
(PO4)
Algae(non0.008 mg C/L
0 µg/L
Diatom)
Diatom
0.0004 mg C/L
0 µg/L
Dissolved
312.87 µg-Si/L
10,000 µg-Si/L
Silicon
Ammonia1.43 µg-N/L
14 µg-N/L
nitrogen
(NH4)
Dissolved
7.13 mg/L
4 mg/L
Oxygen

From Table 4-3 it can be seen that the values collected and extrapolated from fitted curves are all
similar in quantity and magnitude. A first test indicated that the values from AECOS (Waimea
Water Services, Inc. 2006) were reasonable in terms of model performance, but that NH4-N
levels remained too small. Therefore, the value of incoming NH4-N was increased to the value
reported by Hoover and Gold (2005).

NO3-N
PO4-P
NH4-N
SiO2-Si
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The model used a certain amount of time to “spin up” or achieve quasi-steady state solutions to
all of the processes involved. After this time period, which was about 10 days, the values of the
model were extracted and averaged over the rest of the model run. Each model was run for a 1 ½
month period. The resulting means and standard deviations are compared to the geometric
means of the OI Consultants (1991) datasets and the values obtained by Ziemann (2006). Note
that the model standard deviation is only representative of the daily and tidal variability. OI
Consultants (1991) took samples at three depths; however, due to changes in bathymetry or
conditions on the day of sampling, some of the depths are below the model depth which is zero
at MSL. Points which are not displayed fell outside the range that is shown on the figure. These
points represent either aberrations in data or inability of the model to predict the large sample

Calibration of the model was performed with six different constituents (“benchmarks”): Silica
(Si), NO3-N, NH4-N, o-P, DO, and Chlorophyll a. Due to the similarity of the station locations
in 1991 and 2006, it was possible to compare some stations simultaneously with the model
results. In these cases, the figures are labeled with Station 1/A, which indicates that the
comparison is with Ziemann (2006) station 1, and OI Consultants (1991) Station A. The station
locations are shown in Figure A-1 and Figure A-3 for Ziemann (2006) and OI Consultants
(1991) respectively. However, a direct comparison is precluded because the surface samples
were taken at differing depths.

In order to calibrate the model to existing conditions, the calibration data points had to be
determined. While the most recent data are preferable as descriptors of current conditions, the
data were limited to one sample at each point. The less recent OI Consultants dataset (1991) was
taken over a three month period with six total sets of data. This dataset was chosen, if only due
to more reliable “typical” conditions. The 2006 data are used to provide additional verification
as to the model’s ability to predict these “typical” conditions. While the conditions and limiting
nutrient may have changed since 1991, the trends and order of the model results are still
reasonable.

4.7
Existing Conditions
The water quality within Honokohau Harbor has been shown in previous studies (Ziemann, 2006
and OI Consultants, 1991) to be quite good. This is primarily attributed to the high rate of
flushing within the Harbor. While in earlier years, water quality within the Harbor was affected
by bilge discharges from boats, wastewater additions and other pollutants, the conditions
currently seem to indicate that those sources have been decreased if not eliminated. The
phosphorous loads on the system have apparently decreased between 1991 (OI Consultants,
1991) and 2006 (Ziemann, 2006). This is corroborated by the increase in the N:P ratio from
approximately 6 to more than 15, indicating either a decrease in phosphorous loading or an
increase in uptake by the resident algal population. An additional observation from all the
datasets was a general decrease in concentration of nutrients at mid-Harbor, indicating a change
in volume/bathymetry at approximately the location of the Harbor expansion (Phase I). An
increase in nutrients near the Harbor mouth at approximately sampling station 7 (Ziemann 2006)
tends to indicate an unidentified source. These broad conclusions about the change in water
quality should be carefully considered because the data collected by Ziemann (2006) contains
only one sample that may or may not represent a broad view of current conditions within
Honokohau Harbor.
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The axial and vertical distribution of o-P follows the trends of both nitrate-nitrogen and silica,
since it is subject to similar effects. Concentrations were higher in surface samples at the back of
the Harbor and generally become lower due to dilution and consumption. A spike in
concentration near the Harbor mouth (Ziemann (2006) station 7) implies an additional and
unidentified load is entering near the Harbor mouth. The model performs well in replicating this
distribution. The o-P concentrations are significantly lower in 2006; however these levels are
still within the same order of magnitude of the values collected in 1991.

4.7.3

NO3-N concentrations within Honokohau Harbor also changed between 1991 and 2006. This is
indicated by the apparent system shift from nitrogen-limited to phosphorous-limited, leaving
excess inconsumable NO3-N. However, the values are not very different. They are still within
the same order of magnitude, and the model matches that magnitude along with the vertical
distribution (Figure 4-2). Higher NO3-N concentrations are found in the surface layer, where
there are fewer phytoplankton to consume it. Deeper in the water column, more phytoplankton
are present due to slower velocities and warmer temperatures. Stations closer to the Harbor
entrance have a more drastic vertical distribution due to the influx of “clean” sea water in the
lower layers and the high nutrient brackish water in the upper layers. Again, there is an apparent
decrease in concentration in surface samples mid-Harbor (possibly indicating a change in volume
or bathymetry that would dilute the load of NO3-N) and an increase near the mouth (indicating
an unidentified source at that location).

4.7.2

Silica concentrations within Honokohau Harbor changed between 1991 and 2006. The values
obtained in 2006 are higher than those collected in 1991. This is especially evident in the surface
layer. Figure 4-1 shows the calibration for the silica model results and data. The model
performed well by correctly simulating the vertical distribution and magnitude of the depth
variability; however, the differences between 1991 and 2006 were too extreme to be captured by
the model. Similarly to the other nutrients discussed in the following sections, silica is present in
high quantities in the upper layer throughout the existing Harbor .Silica concentrations were
highest at the back of the Harbor and decreasing toward the mouth, establishing groundwater as
the loading source. The lower layers tend to have either more “clean” sea water or more diatoms
that consume the silica. Therefore, concentrations in these layers tend to be less. However, the
concentrations of silica in the Harbor increased significantly from 1991 to the 2006
measurements. This would tend to imply a shift in the algal populations away from silica
consumers (diatoms), co-incident with the overall system shift from nitrogen-limited to
phosphorous-limited.

4.7.1

variability. Average model results are shown as black solid lines, with the standard deviation
shown as a dotted line. OI Consultants (1991) geometric mean data is shown as red circles,
while Ziemann (2006) data is shown as blue circles. Ziemann (2006) took data points at 0.3 m
from the surface and 0.5 m from the bottom (at unspecified tidal cycles) while OI (1991)
sampled at 0.5 m from the surface, 1.5 m and 3.0 m from the surface for ebb and flood tides.
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The significant increase in concentration measured in the 1991 data set indicates that an
additional load may have been introduced between Ziemann (2006) stations 4 and 5. This
location corresponds to a restroom that is treated by septic tanks and discharged into the
groundwater (Hoover and Gold, 2005). It is presumed that this immediately flows into the
existing Harbor, causing a significant ammonia-nitrogen increase as well as a subsequent change
in the DO content within the water column. This was tested within the model by adding an
additional ammonia load at this point in the model to examine the effects. Figure 4-5 shows the
results of the model including this additional load. However, this test load is not considered in
the subsequent future conditions section, as it is stated in the EIS submitted on 15 June 2007 that
all sewage currently treated by septic tanks will be rerouted to the wastewater treatment plant as
part of the project.

The ammonia-nitrogen load into the system is fairly small and seems to agree well with the data.
From both 2006 and 1991 (Figure 4-4), the vertical distribution is similar to the other nutrients
presented and the model seems to perform well with this distribution. However, in the
calibration, ammonium is underestimated at all stations, indicating that loading of the constituent
(described in datasets) is insufficient. Corroborating evidence was found in the co-incident
overestimation in DO at all Harbor stations.
Given the slightly higher values of
ammonium-nitrogen in 1991, it is apparent that a shift in loading has occurred, possibly from
improvements in a nearby wastewater treatment system. Coincidentally, the DO deficit has also
improved significantly from 1991 to 2006, verifying that reductions have occurred in ammonium
loading.

4.7.4
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The extra load of ammonia that was discussed in section 4.7.4 is another sink of DO, requiring
4.57 g-O/L per g-N/L. The effect of this was minimal in terms of the vertical distribution of DO
within the water column. To avoid repetition, the additional plots are not shown. Since the input
of ammonia-nitrogen due to the restroom inflow was 14 µg-N/L, under maximum oxidation, it
would only impact the DO by 0.06 mg-O/L, which is not resolvable in the calibration plots.
However, it is worth noting, that this effect does exist, and the greater the NH4-N load on the
system, the greater the impact on the DO concentration.

The DO profiles (Figure 4-6) show that the DO concentrations are lowest at the surface with the
low oxygen content coming from the groundwater. As the water gets deeper and there are more
phytoplankton growing and producing oxygen and more saline ocean water with DO values
around 7.1, the oxygen content gets higher. This seems to corroborate the data from both 1991
and 2006. While the 2006 DO measurements are slightly lower than the data presented in 1991,
the DO deficit is actually lower (DO is a function of salinity and temperature), indicating that
there has been overall improvement of (i.e., a decrease in) DO-demanding loads in the Harbor
since 1991. However, the calibration of DO is overestimated at most of the stations, providing
insight that an additional and unknown oxygen-demanding load is not being addressed.

4.7.5
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Figure 4-7: Algae concentration (µg –CHL a/L) along Transect EH (Figure 3-12)
It is seen that the chlorophyll has much higher values in the interior of the basin, especially in the
middle layer. Nearer to the harbor mouth, the oceanic water dominates the bottom layer and
there is less phytoplankton growth. This is also observed in the depth profiles in Figure 4-8,
where in the interior basin, the maximum chlorophyll values are in the middle layer of the inner
basin. The outer basin has much more stratified layer.

Chlorophyll concentrations were extremely variable, especially within the OI Consultants (1991)
datasets. Extremely high values were observed at Stations B and C that were too large to fit
within the data represented by Figure 4-8. These large values were not replicated in the data
collected by Ziemann (2006). The chlorophyll curves that were generated with the model follow
the vertical distribution shown by the data and as observed in Bienfang (1982) and OI
Consultants (1991). They describe the main vertical position of the algae to be centered in the
middle layer of the existing Harbor due to the unfavorable conditions in the top layer (low
salinity and temperature), and the light penetration constraint nearer to the bottom of the Harbor
(Figure 4-7).

4.7.6
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Table 4-5: Model agreement with data
Model
Model
difference
Standard
difference
from data
Deviation
from data
(maximum)
(data, 1991)
(maximum)
(1991)
(2006)
2.20
3.19
5.48
Silica
(mg-Si/L)
0.11
0.67
0.46
Nitrate
(mg-N/L)
0.03
0.03
0.02
OrthoPhosphate
(mg-P/L)
0.006
0.0008
Chlorophyll a 0.005
(mg –
CHLa/L)
1.09
1.31
1.42
Dissolved
Oxygen
(mg-O/L)
0.01
0.01
0.01
Ammonium
(mg-N/L)

Concentrations of benchmark constituents (NO3-N, o-P, NH4-N, Chlorophyll a and DO deficit)
calibrate well at the back and mouth of the Harbor. This implies that the flushing volume and
time, as well as constituent loads, were adequately quantified during calibration. Table 4-5
shows the comparison of the model results with the data variability. It can be seen that in all
cases the model difference was less than or equal to the standard deviation of the data, which
indicates that the model performance is reasonable.
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Groundwater brackish inflow: Since the exact quantity of brackish groundwater inflow to
the new Marina is unknown, this value was bracketed between the values of 0 and 60
mgd as in the previous section. Ziemman (2006) indicated that the new Marina will
capture brackish groundwater flow that is currently flowing towards some ponds and
areas with vegetation downstream of the location of the new Marina. In addition Waimea
Water Services (2007) states that a significant quantity of brackish water will be
intercepted by the new Marina. Therefore, although the exact amount of brackish

Groundwater consumption: It is assumed that no additional groundwater will have to be
withdrawn from the aquifer to be used in the new development and therefore the
groundwater levels and volumes will remain the same as existing conditions.
Groundwater withdrawal will likely decrease the amount of brackish water reaching the
harbor system and coastline. Oki et al. (1999) modeled this reduction using a
three-dimensional groundwater model, and found that the decrease in freshwater
discharge within the Kaloko-Honokohau National Historical Park could be as much as
0.44 mgd of fresh groundwater. This was obtained by increasing withdrawals upland by
about 1.6 mgd. If water is withdrawn from the aquifer it may alter the current amount of
brackish groundwater entering Honokohau Harbor. A full groundwater study complete
with a three-dimensional, tidally-coupled, variable density groundwater model would be
needed to project these effects on existing and proposed conditions.

Additional point or nonpoint sources into the new Marina: It is assumed that the project
will implement point and nonpoint source water pollution control measures. Therefore,
simulations included in this study do not include any additional sources. If these control
measures were not implemented and additional sources of nutrients are allowed to enter
the new marina, results presented in this report could not represent future conditions.

Wastewater Treatment Plant (WWTP) influence on the Groundwater: The high nutrient
loads entering the harbor system through the groundwater are not likely to decrease from
those observed in the existing Harbor, and therefore it is necessary to find a project
alternative that primarily reduces the flushing time within the system to a level that will
successfully expel the nutrient laden water from the system. In addition, nutrient levels
in the groundwater are considered to be the same as those in the brackish groundwater
entering the existing Harbor. Although nutrient levels in Well #6 (Waimea Water
Services, 2006) located near the future location of the new Marina are higher than those
in the brackish water entering the existing Harbor, the higher levels are likely a direct
influence of the WWTP. It is assumed that nutrient levels in the brackish groundwater
entering the new Marina will be similar to those entering the existing Harbor, which
correspond to groundwater unaffected by the WWTP inflow (see Appendix C). To
achieve these conditions the WWTP will be upgraded to tertiary treatment.

The following assumptions were made in the determination of future performance of the
Honokohau and Kona Kai Ola Marina system. These assumptions were both necessary and
appropriate for the typical conditions simulated.

4.8
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The exhibit also introduces a load of total suspended solids which represents a certain
unknown quantity of Carbonaceous Biochemical Oxygen Demand (CBOD) that could
further impact the DO. However, results show that the overall impact on the DO in the
system is fairly minimal due to the large amount of water inflow with high Dissolved
Oxygen concentrations and the high levels of primary production. In addition, compared
to the oxygen demand required to satisfy the nitrogenous BOD (NBOD) load coming
from the ammonia-nitrogen, the oxygen demand for carbonaceous load is expected to be
minimal.

Exhibit Discharge: Discharge from the water exhibits includes nutrient loadings
calculated as a function of the marine animal present in the exhibits. The water drawn
from the ocean for the marine exhibits was taken from a 100 m depth offshore. This
water is drawn approximately along the line of Transect D in Figure 4-9 at 500 m from
shore. Due to its depth, at pumping, the temperature of the water is about 3 degrees less
than surface water, and this is assumed to increase approximately 1 degree during its
retention in the exhibit area. Nutrient loads were determined using a feed ratio of 2% of
the population body weight (502 kg/day), and computing the quantity of ammonianitrogen (15.06 kg/day) and suspended solids (150.62 kg/day) related to this feed ratio.
This resulted in a total ammonia-nitrogen concentration of 53.8 µg-N/L in the exhibit
flow entering the new Marina. All computations with regard to the exhibit flow were
performed by ClowardH2O (2007) and are documented in Appendix D.

groundwater that will be intercepted by the new Marina is unknown, it seems that some
amount will be flowing into the new Marina. The effects to the downstream ponds is
unknown without a quantity of intercepted groundwater. While some of the solutions
shown in the following sections provide adequate water quality conditions
post-expansion, it is worth noting that one of the major controlling factors is the brackish
groundwater inflow, and without an accurate estimate of this value, a reliable prediction
of post-expansion conditions cannot be obtained. In order to estimate the intercepted
brackish groundwater flow by the new Marina, a more detailed monitoring effort would
be required. This effort will also be used to determine the density differences spatially
and in depths below the surface. A tidally coupled variable density groundwater model
would also be recommended and would be beneficial to determine the effects of the new
Marina construction.

Kona Kai Ola Marina
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Figure 4-9: Transect location (Ziemann, 2006)
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As presented in Section 3.3.4, for all projected scenarios, flushing time is increased, thus, algal
residence time is increased within the Harbor. As phytoplankton spend more time within the
Harbor without being flushed out, they are able to consume more nutrients. To determine the
limiting nutrient under the new conditions, the ratio of nitrogen to phosphorous (N:P) is
examined in (Table 4-6). It is shown that the system containing the new Marina is phosphorouslimited. As more o-P is introduced with the brackish groundwater, the N:P ratio decreases but
still remains phosphorous-limited. Further discussion of the phosphorous limitation is found in
5.4.2.

4.8.1
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Figure 4-10: NO3-N concentrations in inner existing Harbor (Figure 3-12)

Under low brackish inflow conditions, the addition of phosphorous to the system is immediately
utilized. This is compounded by the fact that the need for nutrients is greater due to the longer
period of time that phytoplankton remain within the system. It can be seen from Figure 4-10 and
Figure 4-11 that the nutrient levels within the existing harbor are depleted much more in all of
the future cases than they are under existing conditions. It is also worth noting, that the NO3-N
concentration is reduced more with increasing brackish groundwater discharge (indicating more
utilization), because of increased loading of the limiting nutrient, o-P. This is corroborated by
examining the o-P concentrations by loading scenario: o-P concentrations are depleted the most
with 0 mgd of brackish groundwater inflow, and concentrations increase with higher loadings of
brackish groundwater. This not only supports the argument of the phosphorous-limitation on the
system, but also indicates that there is sufficient NO3-N within the system to continue to support
more influx of o-P and subsequently more phytoplankton production.

Case

Table 4-6: Nitrogen to Phosphorous (N:P) ratio inside existing harbor
N:P ratio within existing N:P ratio at harbor mouth
harbor
Discharge 0 mgd
10.8
8.8
Discharge 15 mgd
8.6
8.2
Discharge 30 mgd
8.3
8.2
Discharge 60 mgd
8.0
8.0
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The NBOD load being exerted by the incoming exhibit flow is equivalent to 0.28 mg-O/L.
However, due to the high DO content in the exhibit discharges, the model predicts that this load
will not adversely affect the DO concentrations. Modeling of the DO within the system shows a
daily variability, due to the consumption without production during the nighttime, however the
concentration of DO never drops to levels that would be considered problematic. This is due to
the high concentration of oxygen in the exhibit flow in combination with the oceanic circulation.
It appears that even with the NBOD load, the system remains aerobic. Water quality standards
for Hawaii require that the DO remain >75% of the saturation DO for the specific temperature
and salinity regime, so that even aerobic systems may violate the State water quality standard.
Current data (Ziemann 2006) indicate that the Harbor DO concentrations are approximately
equal to DOSat; thus, additional BOD loads should be carefully assessed for impacts to assure
compliance with state water quality standards. It is noted that CBOD loads that were not
accounted for within the model could do much to impact the DO concentrations in the exhibits
and consequently, in the Harbor.

4.8.2

Due to the phosphorous limitation on the system described, the ammonia introduced from the
exhibit flow does not significantly affect the chlorophyll production within the system, as will be
shown in a later section. This is not to say that this inflow does not affect the water quality within
the system. The load is a significant DO sink, and it causes the system to be even more
phosphorous deprived. This deprivation can lead to problems as any new phosphorous source
can cause a significant algal bloom.

While this may result in a decrease in NO3-N and o-P concentrations, it may increase the total
nitrogen and total phosphorous loads to the system due to production of N and P substances with
the death of phytoplankton.

Figure 4-11: o-P concentrations in inner existing Harbor (Figure 3-12)
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Substantial increases in organic nitrogen loading from death of the larger phytoplankton population result in
subsequent settling and accumulation on the bottom. This thicker layer of organic material at the bottom causes
effects such as mineralization and denitrification to become important, which can impact the DO significantly within
the system.

17

Simulation results indicate that increases could be on the order of 10 to 50 times the amount of
chlorophyll present under existing conditions (< 1 µg-CHLa/L). Figure 4-12 through Figure
4-15 show the changes in Chlorophyll a concentration within the existing Harbor. It can be seen
that significant changes occur throughout the existing Harbor and are not limited to areas
adjacent to the new Marina. Despite the decreased flushing time with increased brackish water
inflow, conditions are worsened with the largest brackish groundwater discharge simulated, with
concentrations 7-8 µg-CHLa/L higher under the new conditions. This is due to the higher
nutrient load added by this brackish groundwater inflow. In addition, since the new system is
phosphorous-limited, any addition of phosphorous to the system will be immediately consumed
by the phytoplankton and will cause rapid growth.

The major focus in the modeling of the system was to project the trophic state of the Harbor
following the construction of the new Marina. As discussed in Section 3.3.4, the flushing time of
the existing Harbor increased by almost double in most cases due to internal circulation between
the new Marina and the existing Harbor. This immediately presents the possibility that the algae
growth within the existing Harbor may increase, due to the increased phytoplankton residence
time in the Harbor. In addition, the internal circulation is projected to transfer algae and
nutrients between the two harbors, without expelling those substances into the ocean. Another
problematic factor is that there is also a constant input of phytoplankton and nutrients from the
exhibit discharge. All of these factors contribute to increased phytoplankton growth and a
potentially eutrophic situation.

4.8.3

The indicators of phosphorous limitation in section 4.8.1 and the chlorophyll values described in
the following section all lead to the conclusion that there will be sufficient algal response from
the exhibit-loaded nutrients to affect mesotrophic and possibly eutrophic conditions within the
Harbor. Under these conditions, the concentration of DO in the system is likely to decrease
significantly, although this is not shown by the model. With a significant increase in algal
population, nutrient cycling may effect a substantial re-loading of ammonium back into the water
column from bacterial activity at the sediment: water interface17 resulting in additional NBOD
demands on the Harbor DO concentrations. These processes were not included within the
existing model due to their relative unimportance within the context of the existing water quality
system.
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Figure 4-13: Change in Chlorophyll a concentrations (µg-CHLa/L) along Transect EH for
15 mgd brackish discharge

Figure 4-12: Change in Chlorophyll a concentrations (µg-CHLa/L) along Transect EH for
0 mgd brackish discharge
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It should be noted that conditions reported in both Bienfang (1982) and OI Consultants (1991)
reported high values of Chlorophyll a in isolated regions or at specific times; however the model

Figure 4-15: Change in Chlorophyll a concentrations (µg-CHLa/L) along Transect EH for
60 mgd brackish discharge
In addition to the increase in flushing time, exhibit and brackish groundwater loads are projected
to cause a substantial shift in the system. The water quality within the existing basin becomes
degraded as planktonic growth increases. Thomann and Mueller (1987) define a eutrophic
system to be one which has chlorophyll values in excess of 10 µg-CHLa/L. For the simulated
scenarios, the model-projected conditions will degrade to a mesotrophic level with chlorophyll
levels consistently within the range of 4-10 µg-CHLa/L. The resulting increase in chlorophyll
levels in the existing harbor may be as high as 8 µg-CHLa/L. The existing system is very
oligotrophic with chlorophyll levels remaining below 0.5 µg-CHLa/L. The high levels of
Chlorophyll a and the system’s sensitivity to phosphorous inputs indicate that with any new point
or non-point loads containing phosphorous could advance the system from mesotrophic to
eutrophic conditions

Figure 4-14: Change in Chlorophyll a concentrations (µg-CHLa/L) along Transect EH for
30 mgd brackish discharge
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In earlier discussions, it is surmised that a population shift may have occurred between the diatoms and
phytoplankton. The increased concentration of silica in the Harbor (Ziemann 2006) may indicate that diatom
populations have decreased under the phosphorous-limited regime (thus, less uptake of silica). Thus, a small
increase in phosphorous may restore the balance of diatoms:phytoplankton, yet the projected water quality
degradation from increased nutrients, may mask any benefit to the population dynamics.

18

Within the new Marina, there are significant phytoplankton populations that are especially
prevalent in the back basin (Figure 4-16 through Figure 4-19). This area of the new Marina has
the longest flushing time and is the most saline region of the basin. The water quality in this
region may be improved with the introduction of a piped water source coming into the new
Marina at a certain flow rate to enhance circulation; however due to the high nutrient levels in
the inflow, it is suspected that without a significant reduction in flushing time, the phytoplankton
production will remain a problem throughout the new Marina.

The impacts of this change in system dynamics also extend offshore, as the algae and diatoms
are carried out of the Harbor. OI Consultants (1991) and Maragos (1983) have shown that coral
communities have continued to be established within the Harbor even with the extensions. OI
Consultants (1991) reported that the coral population increased from 2.3% to 6.3% between 1981
and 1991 (mostly within the outer harbor).18 The potential for eutrophication within Honokohau
Harbor and the proposed Kona Kai Ola Marina could cause damage to the existing coral
populations within Honokohau Harbor and inhibit further growth (Costa et al., 2000).

The only condition that limits the phytoplankton population significantly enough to keep the
existing Harbor and new Marina oligotrophic is the condition where the brackish groundwater
discharge is 0 mgd. In this case, the o-P concentrations are so small, that the phytoplankton
growth is limited by this condition. However, this is not a probable condition due to the high
porosity of the rock in the project site, and could only be achieved if the entire new Marina were
lined. It is worth noting that even under these conditions any point or non-point sources of o-P
would immediately trigger phytoplankton growth, and due to the high flushing time, this would
reach undesirable conditions quickly.

projections predict that under the typical conditions simulated, almost all locations will have
Chlorophyll a values in excess of 4 µg-CHLa/L, the boundary for mesotrophic conditions.
Therefore, it stands to reason that during certain times of year, these levels could be much
higher.
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In addition, the projected chlorophyll leaving the harbor in the upper layers is in much higher
concentrations than were found under existing conditions. This will affect the turbidity of the
water significantly, as Bienfang (1982) attributed the turbidity within the Harbor to
phytoplankton production. Outside of the Harbor, the waters also experience a change in
Chlorophyll a concentration in the upper layers. This is important, as it will affect the light
entering the water column and may impact biological systems in the nearby area. Figure 4-20
shows the vertical profiles of chlorophyll in the position of station J (OI Consultants, 1991),
which is at about the 10 m depth contour outside of the harbor mouth. It can be seen that the

Figure 4-19: Chlorophyll concentrations (µg-CHLa/L) along Transect NM with brackish
inflow of 60 mgd.

Hydrodynamic and Water Quality Study

Figure 4-17: Chlorophyll a concentration (µg-CHLa/L) along Transect NM with brackish
inflow of 15 mgd.

Kona Kai Ola Marina

Figure 4-18: Chlorophyll a concentrations (µg-CHLa/L) along Transect NM with brackish
inflow of 30 mgd.
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Figure 4-16: Chlorophyll a concentration (µg-CHLa/L) along Transect with brackish
inflow of 0 mgd.
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The conditions that were described in the previous section are shown to have unacceptable water
quality conditions for all of the bracketed brackish groundwater conditions. Due to the fact that
the nutrient loads within the new Marina are phosphorous limited post-expansion, it also
indicates that the loads from the exhibit waters are likely not the cause of the additional algae
growth within the system. This is further investigated in the following chapter. Since it is not
feasible to control or treat the loads coming through the brackish groundwater, it is necessary to
find an alternative that will increase the flushing of the new Marina and existing Harbor. The
flushing is impaired in the above scenarios due to the internal circulation that exists between the
two basins. It is necessary to control this circulation to keep the system flushing and decrease
the time spent within the new Marina and existing Harbor by nutrients and algae.

Figure 4-20: Chlorophyll profile outside of Honokohau Harbor (Station J Figure 3-12)

surface layers of chlorophyll change significantly with the addition of the new Marina. At lower
depths, the change is very slight.
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Adding another entrance channel to the new Marina also was not investigated. The possibility of
making the Kona Kai Ola extension an entirely separate entity, leaving Honokohau Harbor
entirely intact is another potential solution that could be considered. In this scenario, the internal
circulation between the two marinas would be negated, allowing each to function independently.

Any further investigation of alternatives needs to be prefaced with an estimation of the inflow of
groundwater to the system. Previous and future sections of this report demonstrate the
controlling influence of this inflow on both flushing and nutrient loads. Further mitigation
investigations will be subject to this estimation.

The change in size of the new marina is investigated at length in the following sections. Another
unique alternative to this system would be to alter the controllable inputs to the system, such as
the exhibit outfalls. The placement and inclusion of these outfalls is also investigated in the
following sections.

The use of mechanical aerators is likely ineffective if not harmful to flushing enhancement in
this system. While mechanical aerators may increase the amount of oxygen within the system,
they will also vertically mix the system degrading the density stratification that is driving the
current flushing. It will also mix nutrients into the bottom layers, which causes concerns for the
native coral populations.

•

•
•
•
•

Due to the limiting and unique conditions experienced in Honokohau Harbor and its environs,
the mitigation alternatives are required to be unique. As was discussed in Section 3.3.5, a
significant impact that occurs with the construction of the new Marina is the introduction of
internal circulation between the two Marinas. In order to improve flushing and water quality, it
is recommended that this internal circulation is minimized in order to separate the system into 2layer systems that mimic the pumping that currently exists. The EPA’s recommended Best
Management Practices for increasing flushing of marinas suggest a number of different options
(EPA, 2001: Section 4.1).

Results presented in the previous section suggested that for the new 45-acre Marina included in
the conceptual Master Plan, the existing water quality conditions at Honokohau Harbor could not
be maintained in the future two marina system, within the groundwater inflow ranges that were
assumed in this study. If the inflow is determined to be greater than 60 mgd, the proposed
Marina could be reevaluated. Therefore, it is necessary to examine alternatives to the proposed
plan in order to find a solution that is not detrimental to the existing and future harbor system and
surrounding waters.

5. ALTERNATIVES TO THE CONCEPTUAL MASTER PLAN

Kona Kai Ola Marina
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5.2
Simulated Scenarios
The calibrated hydrodynamics and water quality models described in Chapters 3 and 4 were
applied to simulate future conditions for each of the considered alternatives. In this particular
application, alternatives were limited to varying the size of the new Marina and the placement of
the exhibit discharge; this is due to the computational demands of each test and the need to vary
the unknown brackish inflow. In the future, the model could also be used for other alternatives
not considered in this study. Table 5-1 and Table 5-2 show the significant computational effort
conducted as part of this study. Simulations from Table 5-1, which considered an 800 slip
marina as described in the Conceptual Master Plan, were discussed in the previous section with
the exception of cases 9 and 10 that consider an alternative location for the exhibit flow outfall.

The assumptions made in order to asses future conditions in Kona Kai Ola Marina (Section 3.3)
were maintained for the Alternative analysis.

5.1

While all of these practices have the potential for improved water quality, the most appropriate
practice, or combination thereof, is still dependant on the quantity of brackish groundwater
expected to enter the new Marina.

EPA’s Best Management Practices (EPA, 2001, Section 4.1) also stress the importance of harbor
geometry to flushing. It also claims that the less semi-separated basins a marina contains, the
faster the flushing. This was exemplified in the previous chapter’s discussion on the internal
circulation effects. Due to the geometry of the linkage between Honokohau and Kona Kai Ola
Marina which are essentially separated basins with a connection, the circulation between the two
marinas was complex and destructive to the water quality. It is likely that if the new Marina was
positioned such that it was in line with Honokohau Harbor (like a large box), the flushing of the
total system would be improved.

In this scenario, it is possible that both will flush sufficiently. This option would still depend
primarily on the influx of brackish groundwater.

Kona Kai Ola Marina

Table 5-1: Scenarios for 800 slip new Marina
Proposed Harbor Size (800 slips)
Quantity
of
Brackish Location of Exhibit Discharge
Discharge
0
Back of New Marina
15
Back of New Marina
30
Back of New Marina
60
Back of New Marina
Proposed Harbor Size (800 slips)
0
None
15
None
30
None
60
None
Proposed Harbor Size (800 slips)
0
Back of Existing Harbor
60
Back of Existing Harbor
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Hydrodynamic, flushing time, and water quality numerical models were implemented using the
conditions described in Section 3.3. The tidal conditions for the water quality model were further
constrained to only represent one representative tidal cycle repeated in order to increase
computational efficiency for the large quantity of simulations that were considered. This
repeated signal is shown in Figure 5-2. Note that the model is representative of typical
conditions and therefore neglecting the spring/neap variability of the tidal signal should not
influence the conclusions extracted from the comparison of alternatives. Furthermore, sensitivity
tests were carried out to compare results between simulation with a repeated representative tidal
cycle and with a complete spring/neap tidal signal. These tests indicated that simulated water
quality conditions are mainly controlled by the different water inflows into the system
(groundwater brackish water and exhibit flow) and that tidal variability only incorporates some

The model that was constructed and described in Section 3.3 was modified to represent a new
Marina layout that would effectively reduce the original volume by approximately one half. The
resulting model grid is shown in Figure 5-1. For simplicity, the bathymetry within the Marina
was kept the same as previously described. The goal of the reduction was to lower the flushing
time within the new and existing Marinas and remain as close as possible to the conditions that
presently exist within Honokohau Harbor.

Simulations in Table 5-2 were conducted with a 400 slip marina, variations in the exhibit flow
outfall location, and variations in the amount of brackish groundwater that could be intercepted
by the new Marina. The 400 slip marina represents a reduction in volume by half of the 800 slip
marina. Note, that the purpose of reducing the size in the simulations was to reduce the volume
volume of the marina and this was independent of the number of slips that the Marina will finally
have. The goal of this large number of simulation is to asses under what future project
conditions water quality conditions within the Harbors and along the coastline of the state Park
could be optimized.

9
10

5
6
7
8

Simulation
number
1
2
3
4

Kona Kai Ola Marina
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variability into the parameters. Water quality simulations with the repeated representative tidal
cycle were carried out until the conditions in the harbor have achieved a relative steady situation.
Table 5-2: Scenarios for 400 slip Marina
Proposed Harbor Size (400 slips)
Simulation
Quantity
of
Brackish Location of Exhibit Discharge
number
Discharge
11
0
Back of New Marina
12
10
Back of New Marina
13
20
Back of New Marina
14
30
Back of New Marina
15
60
Back of New Marina
Proposed Harbor Size (400 slips)
16
0
None
17
10
None
18
20
None
19
30
None
20
60
None
Proposed Harbor Size (400 slips)
21
0
Back of Existing Marina
22
10
Back of Existing Marina
23
20
Back of Existing Marina
24
30
Back of Existing Marina
25
60
Back of Existing Marina

Kona Kai Ola Marina

12:00

0:00

12:00

0:00

12:00
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12:00
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5.3
Flushing Time
The major indicator of the water quality of a harbor is its flushing time. Ferreira et al. (2005)
reported that flushing time is the most significant controller of eutrophication and biodiversity
within a system. Flushing time results of the simulations using the 800 slips Marina of the
Conceptual Master Plan described in Section 3.3 are also presented in Figure 5-3. Cases where
the exhibit outfall discharges at the back of the new Marina were considered. In order to assess
the effects of the discharge on the marinas, it was also excluded from the model in order to test
the model’s reaction to its inclusion. This condition could be representative of discharging the
outfall offshore or eliminating the exhibits altogether. For the 800 slip marina, all cases showed
a significant increase in flushing time from the current conditions. Flushing time increased in the
existing Harbor from 12 hours to values up to 35 hours when no brackish groundwater inflow is
considered in the new marina. At the new Marina flushing time could reach values up to 60
hours when neither brackish groundwater inflow nor exhibit flow is considered. Adding the
exhibit flow into the existing marina proved to be effective in reducing the flushing time in the
existing harbor from the aforementioned values particularly for the case of 60 mgd brackish
groundwater inflow into the new Marina. The new Marina is not affected significantly by the
change in pipe location. However, the values indicate that the situation still may not meet the
water quality conditions that currently exist within Honokohau Harbor and indicate that water
quality still may be impacted post-expansion.

0:00

Hydrodynamic and Water Quality Study

Figure 5-2: Repeated tidal cycle used for water quality simulations
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In order to decrease the flushing time of the two-marina system, a reduction in the size of the
proposed Marina was considered. Comparison of Figure 5-4 with Figure 5-3 shows that the
reduction of the Marina size to 400 slips significantly affects the flushing times in both the
existing and new Marinas for all the cases simulated. The influence is about five hours, which is
significant when considering that the phytoplankton growth in a system with unlimited nutrients
is exponential in time. In addition, pumping the exhibit discharge into Honokohau Harbor
clearly reduces the flushing time in the Harbor significantly (> 5 hours: 25% improvement at
Q=0 mgd and 50% improvement for Q=60 mgd), and pumping it into the new Marina also has
an effect, but one that is less pronounced due to the size of the new Marina (2-3 hours). The
flushing times under high brackish groundwater inflow conditions are comparable to the flushing
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Figure 5-3: Flushing times of 800 slip marina
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Figure 5-6: Salinity profile at station J (OI Consultants, 1991) for 10 mgd brackish inflow

Figure 5-5: Salinity profile at station J (OI Consultants, 1991) for 0 mgd brackish inflow

times under existing conditions, which may be sufficient to control algae growth within the new
Marina. It should be noted that while the interception of brackish flow into the new Marina may
help the water quality within the Harbor, it is also the source of inflow to the anchialine ponds
west of the proposed new Marina and the quantity of water intercepted could impact the salinity
of these ponds significantly, changing the ecology of these systems (Ziemann, 2006). Note also
that the increase in brackish groundwater inflow to the Harbor system will increase the quantity
of brackish water leaving the system at the harbor mouth, which could have impacts on the
salinity of the surrounding areas. In particular, examining the salinity profiles obtained from the
model simulations at station J (OI Consultants, 1991) shows that largest differences in salinity
are observed at the surface; the differences are less than 1 ppt for the 60 mgd groundwater
brackish inflow into the new Marina (Figure 5-5 through Figure 5-9). As brackish inflow
increases into the Honokohau/Kona Kai Ola system, the layer at the surface outside of the
Harbor becomes less dense. In addition, the position of the exhibit discharge influences the
salinity at the surface outside of the harbor. When the exhibit discharge is positioned at the back
of Honokohau Harbor the salinity in the surface layers is higher. The lowest salinity occurs
when an exhibit discharge is not included at any location.

Kona Kai Ola Marina
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Figure 5-9: Salinity profile at station J (OI Consultants, 1991) for 60 mgd brackish inflow

Figure 5-8: Salinity profile at station J (OI Consultants, 1991) for 30 mgd brackish inflow

Figure 5-7: Salinity profile at station J (OI Consultants, 1991) for 20 mgd brackish inflow
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For the purposes of this brief analysis of alternative performance, it was necessary to develop a
mean value that represents the Harbors rather than describing the spatial and temporal variability.
The spatial attributes of a select number of cases are described at length in a later section. For
these purposes, all values were tidally averaged over the representative period after the model
reaches a quasi-steady state solution and were then averaged over depth and space for both the
Honokohau Harbor and Kona Kai Ola Marina. These areas are delineated in Figure 5-10. In this
figure, the overlapping region between Kona Kai Ola Marina and Honokohau Harbor near the
Harbor entrance is spatially averaged into both regions.

5.4.2

Table 5-3: Hawaii water quality standards
Class A
Class AA
Ammonia-nitrogen (NH4-N)
6 µg-N/L
3.5 µg-N/L
Nitrate-nitrogen (NO3-N)
8 µg-N/L
5 µg-N/L
Total Phosphorous (PO4-P)
25 µg-P/L
20 µg-P/L
Chlorophyll a (CHLa)
1.5 µg-Chla/L
0.3 µg-Chla/L

Water quality standards for the state of Hawaii are described in Chapter 54 of the Hawaii revised
statues (Department of Health, 2004). Water quality standards for the state of Hawaii designate
Honokohau Harbor as Class A recreational area. The waters surrounding Honokohau Harbor are
designated as Class AA pristine waters with stricter standards. It is therefore necessary to
determine whether the existing Harbor is currently meeting the water quality standards and to
determine whether the new Marina will create worse conditions with respect to standards in the
area. Table 5-3 presents the Hawaii water quality standards; the values reported are geometric
means for wet conditions. This assumes that additional, non-tidal inflow to the Harbor consists
of greater than 1% of the total volume of the Harbor, which is the specification for Class A
waters. The State also mandates exceedance criteria for the areas; however due to the
assumption of typical conditions for the model, these criteria cannot be analyzed.

5.4.1

5.4
Nutrients
Nutrient loads into the proposed new Marina are extremely dependent on the brackish water
inflow. Since this quantity is unknown but has been bracketed into “reasonable” values for these
simulations, it is difficult to determine exactly what the final nutrient profile will be within the
proposed system. Because present conditions within Honokohau Harbor will be affected by the
construction of the new Marina, it is beneficial to examine these effects in a broad manner. The
two conditions that are available for comparison are the present conditions within Honokohau
Harbor and the guidelines set by the state of Hawaii for water quality in the region. The
following sections will describe the standards and classifications set, the future conditions that
are typically expected within the Marina systems and the typical conditions that are expected
immediately outside the Harbor mouth. Nutrient concentrations along the coastline of the
Kaloko-Honokohau National Historical Park will be examined in a later section for selected
scenarios.

Kona Kai Ola Marina
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The average nitrate-nitrogen values within Honokohau Harbor and the 400 slip Kona Kai Ola
Marina are shown in Figure 5-11. It can be seen that even under existing conditions, the NO3-N
concentrations are not within the Hawaii standards for Class A waters. The 400 slip harbor
shows NO3-N concentrations increasing in a nearly linear trend as the quantity of brackish
groundwater increases. Levels in the existing Harbor are highest for the cases where the exhibit
water is pumped into the existing Harbor since this water is high in NH4-N which is then nitrified
into nitrate. In addition, the shorter flushing time that occurs in the Harbor with the added
exhibit flows does not allow for as much algae growth and nutrient utilization, leaving the water
column concentrations higher than in the other scenarios. The nitrate levels within the new
Marina tend to be lower than the levels in the existing Harbor. This is due to the fact that the
volume of the new Marina is larger than that of the existing Harbor which dilutes the nutrient
concentrations in brackish groundwater inflows.

Nitrate-nitrogen (NO3-N)

These values do not represent variability related to seasonal tidal cycles or any seasonal effects.
They are merely used as a gauge for measuring the changes in water quality associated to the
different simulated scenarios.

Figure 5-10: Locations of spatial averaging
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NH4-N values within the existing and new Marinas are shown in Figure 5-13. It is obvious that
pumping the exhibit discharge with high NH4-N concentrations into the existing Harbor
significantly affects the ammonium concentrations in the existing harbor, exceeding the Hawaii
state standards by almost 10 µg-N/L. This effect is also present in the new Marina when the
exhibit flow is pumped into the back wall. The ammonia concentrations increase by about 6 µgN/L also driving them above Hawaii state standards, although the effect is not as pronounced as
that which occurs within Honokohau Harbor mainly because the larger volume of Kona Kai Ola
Marina dilutes the concentrations to lower values within the new Marina.

Ammonia-nitrogen (NH4-N)

Ortho-phosphate concentrations for Honokohau Harbor and the 400 slip Kona Kai Ola Marina
are shown in Figure 5-12. These concentrations show a near linear trend similar to the
concentrations of NO3-N within the two harbors. Existing conditions show concentrations
within the Hawaii standards for Class A waters. The proposed Marina does not increase the
levels significantly for existing conditions and even in low brackish groundwater conditions, it
results in a lowering of the ortho-phosphate concentrations.

Ortho-Phosphate(o-P)

Figure 5-11: Nitrate-nitrogen (NO3-N) conditions within Honokohau Harbor and 400 slip
Kona Kai Ola Marina
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The Chlorophyll a values within the existing and new Marinas were computed based on the
kinetic and physical dynamics of the system. It was found that decreasing the size of the new
Marina was beneficial in controlling the excessive algae growth that was found to be problematic
under the proposed 800 slip Marina. Under the groundwater inflow ranges modeled, it is found

Chlorophyll a (CHLa)

Figure 5-13: Ammonium-nitrogen (NH4-N) concentration within Honokohau Harbor and
400 slip Kona Kai Ola Marina
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Figure 5-12: Ortho-phosphate (o-P) concentrations within Honokohau Harbor and 400 slip
Kona Kai Ola Marina
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It can be seen from the above analysis that simulations when the brackish groundwater flow into
the new Marina are in the order or greater than 30 mgd, provide conditions that are approaching
or within water quality standards for Class A waters. In addition flushing under these conditions
appear to control the eutrophying potential of the high nutrient loads coming in from the brackish
groundwater. These brackish groundwater inflow conditions seems to be possible based on the
expert opinion of Waimea Water Services (2007) who states that it is likely that the construction
of Kona Kai Ola Marina will likely intercept significant brackish groundwater post-expansion.
In addition, it is expected that if the inflow of brackish groundwater is even higher than was
tested, the flushing will be even more pronounced and the water quality conditions could be even
better.

Figure 5-14: Chlorophyll a concentrations within Honokohau Harbor and 400 slip Kona
Kai Ola Marina
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that the smaller new Marina remains below approximately 3 µg-chla/L for all solutions (Figure
5-14). This indicates that both Marinas will exist in an oligotrophic state under typical
conditions. In order to reach the Hawaii Class A standards that are set for Honokohau Harbor, a
number of different scenarios were tested. It was found that with high levels of brackish water
inflow, the harbors are more likely to be close to or below the Class A standards. The algae
growth within the existing Harbor is severely limited when the exhibit flow is pumped into the
back of this harbor. This indicates that this would be the best scenario to maintain the water
quality within Honokohau Harbor. Pumping the exhibit flow into the back of the new Marina
also benefits the existing Harbor, but the effect is not enough to lower Chlorophyll a
concentrations to existing levels. With the cases corresponding to the mid-inflow values (20-30
mgd, which is similar to the inflow into the existing Harbor), brackish groundwater inflows into
the new Marina show a significant decrease of Chlorophyll a concentrations at the Marina where
the exhibit water is discharged.

Kona Kai Ola Marina
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The average nitrate-nitrogen values outside of the Harbor entrance are shown in Figure 5-15. It
can be seen that even under existing conditions, the nitrate-nitrogen levels exceed the Hawaii
standards for Class AA waters. Nitrate levels increase in a nearly linear trend with the
groundwater brackish inflow into the new Marina. Nitrate concentrations are higher when the
exhibit water is pumped into the Marina system since this water is high in ammonia which is
then nitrified into nitrate. In general, nitrate concentrations after the new Marina construction are
expected to be in the same order to those observed under existing conditions.

Nitrate-nitrogen (NO3-N)

The area immediately surrounding the harbor mouth is examined in OI Consultants (1991). This
area was examined for all the simulated cases in order to determine the effect that the new
Harbor system has on the water quality conditions at the immediate surrounding waters. This
area is also shown in Figure 5-10. Similarly to the analysis performed for Honokohau Harbor
and Kona Kai Ola Marina, the model results at the selected location outside of the Harbor
entrance were tidally averaged over the representative period after the model spin-up period and
were then averaged over depth.

5.4.3

This determination is important as it signifies the impact of additional phosphorous loads on the
system and the need to monitor those loads extremely carefully to maintain the water quality
within the system.

The limiting nutrient within the new and current system was found to be ortho-phosphate. This
was tested in two ways. Among all the simulated cases, there are scenarios that contain “extra”
nitrogen from the exhibit flow without additional phosphorous concentration. If the system were
to be nitrogen limiting, this addition of available nitrogen to the system would cause additional
algae growth. However, as is seen in the above section, the Chlorophyll a production with the
addition of the exhibit flow is minimal at best. In addition, in other sensitivity tests, the
phosphorous concentration in the brackish inflow was increased arbitrarily by a factor of two to
determine if this would cause additional algae growth. In fact, the chlorophyll production
increased significantly with the addition of extra ortho-phosphate, which corroborates the
phosphorous limitation discussed in Section 4.8.1.

Nutrient Limitation

Another important observation is the influence of the exhibit water entering the marina. The
exhibit water does not seem to affect the growth of algae except in its relationship to the flushing
of the Harbor and Marina. Due to the nutrient limitations discussed in the following section, the
additional nitrogen load does not cause additional algae growth, however it does cause increased
ammonia and nitrate loads. It is expected that if this load is reduced, the exhibit inflow will have
a beneficial additional flushing effect and at the same time it will not affect algae growth.

Kona Kai Ola Marina

0

20

Pumped Existing Harbor

10

30

Pumped New Marina

Brackish discharge (mgd)

Standards

40

Current Conditions

50

91

Final Report. June 15, 2007

NH4-N levels outside of the Harbor are shown in Figure 5-17. This shows that NH4-N
concentrations are noticeably increased by including the exhibit flow, however still meet the
Hawaii state standards. The influence of the exhibit flow is most pronounced outside of the
harbor when it is pumped into the existing Harbor.

Ammonium-nitrogen (NH4-N)

Ortho-phosphate levels outside of the harbor entrance are shown in Figure 5-16. These
concentrations show a near linear trend similar to the values of nitrate outside of the Harbor
entrance. Existing conditions show concentrations within the Hawaii standards for Class AA
waters. The proposed Marina does not increase the levels significantly from existing conditions
and even in low groundwater brackish inflow, it results in a lowering of the ortho-phosphate
levels.
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Figure 5-15: Nitrate-nitrogen concentrations outside Harbor entrance
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Figure 5-17: Ammonium conditions outside of the Harbor entrance
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Figure 5-16: Ortho-phosphate conditions outside Harbor entrance
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Figure 5-18: Chlorophyll a values outside the Harbor entrance
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5.5
Detailed Description of Two Alternatives
From all the simulated alternatives, two were selected for further discussion. In order to select
these two cases, the following conclusions from the model results were considered:
• While the cases pumping the exhibit flow into the existing Marina provided overall better
water quality results, it may be considered not advantageous to further impact the
conditions of Honokohau Harbor.
• Since the addition of the large quantity of water from the exhibits does have slightly
beneficial results in terms of flushing time and the excess nitrogen does not affect the
water quality due to the phosphorous limitation, cases including the exhibit flow in the
new Marina were selected.
• Since the brackish water inflow is an unknown quantity, one reasonable assumption is
that the same amount of water that is intercepted by the existing Harbor could also be
intercepted by the new Marina. Therefore, the 30 mgd case was selected as the most
reasonable case with beneficial results.
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Immediately outside the Harbor entrance, the Chlorophyll a values are mainly confined to the
surface layers of the system for all scenarios. Figure 5-18 shows the tidally and depth averaged
values for the area just outside of the Harbor. These values appear to consistently exceed Class
AA standards shown in Table 5-3; however they all fall below the standards for Class A waters
(Table 5-3). Due to the area’s proximity to the Harbor entrance, this may still remain acceptable
as long as the algae dies and is diluted within a reasonable distance from the Harbor mouth. This
is examined in more detail in Section 6.

Chlorophyll a

Kona Kai Ola Marina

Chlorophyll A (ug ChlA/L)

Case 1: 400 slip New Marina, 0 mgd brackish groundwater inflow, exhibit flow pumped into
new Marina
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Figure 5-19: Velocities at peak flood (m/s) along Transect NM (Figure 3-12) for Case 1

The velocity structure under this alternative that is without brackish groundwater into the new
Marina is similar to the conditions observed with the 800 slip Harbor. Density currents are not
generated within the new Marina due to the lack of brackish groundwater inflow. Therefore,
internal circulation between the two harbors remains problematic as in the 800 slip case. The
new Marina still shows a top layer moving towards the back of the new Marina from the existing
Harbor (Figure 5-19) and a bottom layer moving out towards the ocean. The back end of the
new Marina is defined at 0 m. This internal circulation prevents the two-layer “pumping”
observed under existing conditions in Honokohau Harbor. It therefore increases the flushing
time, which is 25 hours in this scenario, and leads to build up and growth of algae within the
system.

Currents

In addition, the case containing 0 mgd of brackish groundwater is also analyzed as a
bounding case, since this condition appears to cause some of the worst algae production.
It is worth noting that although the case with 0 mgd of brackish inflow does allow
significant algae growth, all the cases analyzed with a 400 slip marina create oligotrophic
conditions in both new and existing Marinas, while some cases analyzed with the 800 slip
marina led to eutrophic conditions.
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Figure 5-21: Salinity at peak flood (ppt) along Transect EH (Figure 3-12) at high tide for
Case 1

The salinity patterns within the existing Harbor retain a similar structure to those found under
existing conditions, as there are not any density changes in the new Marina to affect the structure
in the existing Harbor (Figure 5-21 and Figure 5-21). However, in the surface layers towards the
ocean side of the Harbor, the water is slightly more saline due to the fact that the low salinity
water is entering the new Marina and is not all continuing out in the surface layers to the ocean.

Salinity

Figure 5-20: Velocity profiles at harbor entrance (Figure 3-12) for a brackish inflow of 0
mgd and a 400 slip new Marina

At the Harbor mouth the depth distribution of velocities is similar to those shown in Sections
3.2.6 and 3.3.5. The profiles shown in Figure 5-20 are at the location specified in Figure 3-12. It
is seen that during ebb tide for this scenario, there is no water entering from the ocean at the
bottom layer, which could also impact the amount of flushing that is occurring.
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Figure 5-23: Chlorophyll a concentrations at peak flood along Transect EH (Figure 3-12)
for Case 1

Chlorophyll a concentrations within the existing Harbor at high tide are shown in Figure 5-23.
These values are fairly high at the back of the existing harbor. They retain the same depth trend
as is shown under existing conditions. The chlorophyll a concentrations within the Harbor range
from 2 to 5 µg-Chla/L. The mean value that was reported in Section 5.4.2 was 3 µg-Chla/L;
however, spatial and depth variability is great. Under existing conditions, the high value was
about 0.5 µg-Chla/L.; thus, the degradation of the water quality under these conditions is
apparent even with the smaller proposed 400 slip Marina.

Chlorophyll a

Figure 5-22: Salinity contours at peak flood (ppt) along Transect NM (Figure 3-12) for
Case 1

The salinity contours within the new Marina show that the main body of water within the new
Marina is highly saline (Figure 5-22). Only a small amount of brackish water found at the
surface near the intersection of the two harbors is present. This brackish water is moving toward
the back of the new Marina as shown in the previous section.
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The velocity structure with 30 mgd of brackish groundwater flowing into the new Marina
develops into more defined (relative to Case 1) two layer structure and exhibits much higher
velocities flowing out of the new Marina than were observed in Case 1 (Figure 5-25). This
indicates that the new Marina is developing a density current system similar to what is observed
under existing conditions in Honokohau Harbor. This is also observed in the flushing time of the
new Marina which is shown to have decreased to about 13 hours from the 25 hours observed in
Case 1. This is an indicator that overall water quality will be significantly improved within the
new Marina, as it is starting to draw in ocean water at higher velocities and push out water in the
middle layers at faster velocities.

Currents

5.5.2

Figure 5-24: Chlorophyll a concentrations at peak flood (µg-chla/L) along Transect NM
(Figure 3-12) for Case 1

Within the new Marina, Chlorophyll a concentrations are high in the surface layers toward the
middle of the new Marina (Figure 5-30). The nutrients for the algae consumption and
reproduction enter the new Marina at the surface layer (coming from the existing Harbor). The
algae resist growing near the intersection of the two harbors because the water at the surface is
brackish and the more saline environment near the middle of the Marina is favored. Near the
back wall, the discharge from the exhibit contains minimal Chlorophyll a concentrations;
therefore this area near the wall does not promote as much algae growth.
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At the harbor entrance, the velocity profiles at peak flood and peak ebb look similar to those
shown in Sections 3.2.6 and 3.3.5; however it should be noted that there is a recurrent inflection
in the velocity profiles that is directed out of the Harbor at about 1 to 2 m of depth (Figure 5-26).
This is due to the flow that exits the new Marina below the surface layer. This layer also appears
to always be directed out of the Harbor during both flood and ebb tide. During peak ebb, there is
still flow entering the Harbor system at the bottom layer; however the velocities are not as high
as those under existing conditions. This among other factors may contribute to the degradation
of the water quality within the existing Harbor.

Figure 5-25: Velocities at peak flood (m/s) along Transect NM (Figure 3-12) for Case 2
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Salinity within the new Marina is much more stratified than in Case 1. This induces more
density driven flows into and out of the new Marina.

Figure 5-27: Salinity at peak flood (ppt) along Transect EH (Figure 3-12) at high tide for 0
mgd brackish water inflow and 400 slip new Marina

The salinity profiles within the existing Harbor appear similar to those shown in Figure 3-18. It
is of note that the salinity in the back end of the existing Harbor is slightly more brackish (Figure
5-27), and that the contours extend further down in the water column. This is of note because it
indicates that the nutrient-laden brackish water that under existing conditions is confined to the
surface water is mixed into the lower layers, creating a more suitable environment for algae
growth.

Salinity

Figure 5-26: Velocity profiles at harbor entrance for a brackish inflow of 0 mgd and a 400
slip new Marina
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Figure 5-29: Chlorophyll a concentrations at peak flood (µg-chla/L) along Transect EH
(Figure 3-12) for Case 2.

Within the existing Harbor, there is a wide range of Chlorophyll a concentrations. While the
value reported as the mean value for the entire Harbor was 1.5 µg-chla/L, it is seen in Figure
5-29 that the values within the existing Harbor range from almost zero to almost 4 µg-chla/L.
However, it is also noted that this range is much more variable and tends to be lower than that
found in Case 1. This indicates that more of the nutrients and algae are moved out of the system.
It still appears that not enough ocean water is pumped through the system. This is evidenced by
the lower salinities in the deeper parts of the back basin. More nutrients are remaining in the
system, and the algae growth in the back of the existing Harbor is higher than in the rest of the
system. It was also shown in previous sections that pumping the saline exhibit water into the
existing Harbor also significantly increases the mixing within this Harbor.

Chlorophyll a

Figure 5-28: Salinity contours at peak flood (ppt) along Transect NM (Figure 3-12) for
Case 2.

Kona Kai Ola Marina

Hydrodynamic and Water Quality Study

101

Final Report. June 15, 2007

Figure 5-30 Chlorophyll a concentrations at peak flood (µg-chla/L) along Transect NM
(Figure 3-12) for 0 mgd brackish water in 400 slip Marina

Chlorophyll a concentrations within the new Marina are very low, with only slightly higher
concentrations near the intersection of the existing Harbor (Figure 5-30). This indicates that 30
mgd of brackish water appears to be significant enough to flush this marina adequately enough to
prevent significant algae growth. It also indicates that the new Marina may be intercepting more
ocean water that is drawn into the existing harbor under existing conditions.

Kona Kai Ola Marina

Hydrodynamic and Water Quality Study

102

Final Report. June 15, 2007

The scenarios tested were compared in the previous section in the area just outside of the Harbor
entrance to examine how the nutrients are diluted in this region. Both surface changes and
bottom changes are shown in order to demonstrate the stratification of the system and the effects
on the benthic and coral populations. Due to the fact that the large 800-slip marina results in
significant water quality degradation, the analysis of the offshore effects is neglected for this
alternative.

Diff = (CavNEW − CavEXIST ) / CavEXIST

Due to the previously explained limitations in model predictability, the effect of the new
development in the water quality of the surrounding coastal areas cannot be estimated in absolute
terms from the simulations, as the water quality model was not calibrated for these areas. As it
was already mentioned, determining the quantity and quality of the groundwater discharged at
specific locations along this coastline was beyond the scope of the study, and while coastal
groundwater brackish inflows along the coastline were included, their amounts and also nutrient
concentrations were approximated and not directly observed. Therefore, the changes that occur
at neighboring areas of Honokohau Bay due to the introduction of the proposed Kona Kai Ola
Marina are represented as relative changes from the existing conditions. For all sections and
comparisons, plots are provided showing the relative difference (termed Diff) in concentration
from existing conditions, be it a negative or positive difference. This was calculated using the
tidally average mean value of the concentration, Ca, such that,

Because the coastal area north of Honokohau Harbor (Honokohau Bay) is important due to its
coral populations as well as its proximity to Kaloko-Honokohau National Historical Park and its
existing pristine natural state under the state’s Class AA designation, the numerical model has
been used to estimate possible changes from existing water quality conditions in Honokohau Bay
due to the development. The nutrient concentrations in this region are important to the National
Park Service and it is necessary that nutrient concentrations within the region conform to state
standards for the Class AA pristine climate that exists currently. Note that results presented in
this section should be used with caution. They provide an approximate measure of relative
changes in water quality conditions caused by the new marina development.

The hydrodynamic and water quality model described in Chapters 3 and 4 was developed and
calibrated to reproduce existing conditions in the Honokohau Harbor and future conditions in the
new Marina system. Although the model reproduces the velocities and water level variation
under tidal conditions at Honokohau Bay, it has not been calibrated to reproduce accurately the
salinity distribution or water quality in that area. Water quality model calibration at Honokohau
Bay was not considered part of this study mainly due to the scarcity of oceanographic and water
quality data and most importantly the unavailability of data regarding groundwater brackish
water inflows into the ponds and through the coastline and anchialine ponds. In order to calibrate
the water quality model including Honokohau Bay, a comprehensive data collection effort
together with a thorough groundwater study would be necessary.

6. EFFECT ON SURROUNDING COASTLINE
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The increases are shown in Figure 6-2 for cases with exhibit flow included. It is shown that
increases in depth averaged velocities are most pronounced in the Harbor mouth and dissipate
quickly after exiting the Harbor. The figures in this section are based on relative differences.
The numbers shown are meant to indicate fractional increase or decrease. The increase in
velocity when including the exhibit flow is about 1.6 times the amount of the existing flow, so
there is about a 1.6 cm/s increase in depth-averaged velocity through the entrance channel. This
includes only the effects of the increased tidal prism and the additional exhibit water. When
additional brackish inflow is accounted for, the depth-averaged velocities continue to increase by
about 3 times the existing velocity, or 3 cm/s. This would result in depth-averaged velocities of
about 4 cm/s through the entrance channel. It is noted that these velocities are influenced only
by tidal and discharge effects. Velocity effects due to waves and oceanic currents could be fairly
significant especially during seasonal events, in which case, the change due to the additional
discharges and tidal prism would be less significant.

Figure 6-1: Depth averaged velocities (cm/s) under existing conditions

In order to examine the effects of the proposed Marina on the nutrient uptake rate, the relative
increase in velocities in the offshore region of coral populations were analyzed. The existing
depth averaged velocity magnitudes in this region are shown in Figure 6-1. The changes
associated to the additional marina are three-fold. First, there is an increase in tidal prism due to
the expanded volume, which increases the flow through the Harbor entrance. Second, there is an
unknown quantity of additional brackish groundwater that will be intercepted by the new Marina.
Third, there is the potential of exhibit water discharge in the system. All of these effects serve to
increase velocities through the entrance channel; however the simulated velocities remain
relatively small

6.1
Depth Averaged Velocity
Bilger and Atkinson (1995) state that the nutrient uptake rate of a coral reef population is related
to the velocity near the bed. Therefore, examining the impact of the proposed marina on
velocities through the entrance channel of the Harbor is necessary.
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Figure 6-3: Relative differences in depth averaged velocity with exhibit water excluded

30 mgd

This increase in velocities is somewhat limited when the exhibit discharge is excluded (Figure
6-3); however the increased tidal prism and the additional brackish inflow continue to affect the
velocities. In the case where there is not any additional brackish inflow and not any exhibit
inflow, the increased tidal prism is the only factor affecting the velocities, and it appears that this
effect alone causes an increase in depth-averaged velocity of about 0.8 to 1.2 cm/s (about 1x
existing conditions higher velocities). However, it appears that when the exhibit water is
excluded the effects on the depth-averaged velocities are more confined to the entrance channel
and do not extend far from the Harbor mouth. This is likely to be important as it will control the
surface area of coral that may be affected by the increased velocities.
0 mgd
10 mgd

Figure 6-2: Relative increases in depth averaged velocity with exhibit water included
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6.2
Salinity
The salinity of the waters outside of the Harbor changes by a very small amount both when the
exhibit water is included in the model and when it is excluded. Figure 6-4 shows that for the
cases with exhibit water included, the salinity at the surface exhibits changes that are very small
when the amount of brackish groundwater entering the new Marina is small (<20 mgd). In the
cases of 30 mgd and 60 mgd of brackish groundwater inflow, the system tends to become
slightly fresher with almost a 4% decrease in salinity in the 60 mgd case.

It is not possible to extrapolate exactly how the nutrient uptake rates in the area will be affected
by the increased velocities. Bilger and Atkinson (1995) conducted their experiments in an
extremely controlled environment, and they were more concerned with higher velocity flow
(with tests starting at a minimum depth-averaged flow of 4 cm/s). This effect would have to be
studied in more detail to get an accurate picture of the velocity effect on the coral in the area.
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Figure 6-5: Relative salinity changes from existing (fraction) at the bottom with exhibit
flow included

30 mgd

Figure 6-4: Relative salinity changes from existing (fraction) at the surface with exhibit
flow included
Changes near the bottom outside the Harbor are even smaller, with maximum change being a
reduction of about 1% along the shallow area of the Park coast at 60 mgd of brackish inflow.
This indicates that the changes in salinity due to the brackish inflow are mainly confined to the
surface layers, and that in the deeper waters away from the coast, the changes are extremely
minimal near the bottom. This indicates that salinity conditions for the coral populations outside
the harbor should remain similar to existing conditions post-expansion.
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Bottom concentrations follow similar trends (Figure 6-8) as the surface concentrations with
concentrations decreasing with lower groundwater inflow, and increasing with higher
groundwater inflow. The higher increases and decreases in concentration tend to be near the
coastline of Kaloko-Honokohau National Historical Park. This is likely due to the shallow
waters there which allow for nutrients confined to the surface layers mix into the bottom layers.

All nutrients (NO3-N, o-P, and NH4-N) follow similar trends in their exit from Honokohau
Harbor; however, the levels of nitrate are most concerning, as the current conditions already
exceed standards both within Honokohau Harbor and outside the Harbor. Figure 6-7 shows the
relative additions to the nitrate-nitrogen concentrations in the vicinity of the Harbor when the
exhibit outfall into the system is included. It shows that in the conditions with less brackish
groundwater inflow, the concentrations in the vicinity of the National Park are less than current
conditions. For the case with 30 mgd of additional brackish inflow, the concentrations are about
10 to 20 percent greater With 60 mgd, the concentrations can increase to 40 percent greater than
current conditions. According to values reported by Ziemann in the area, nitrate-nitrogen
concentrations range from about 300-900 µg-N/L at the surface. Therefore these increases of
10% are fairly small (<10 µg-N/L). It is worth noting that state standards mandate that Class A
waters maintain a mean concentration of 8 µg-N/L.

Nutrients

6.3

Figure 6-6: Relative salinity changes from existing (fraction) at the surface with exhibit
flow excluded
For brevity, relative changes in salinity at the bottom with exhibit flow excluded are not
displayed. Changes are within 0.005 ppt of existing conditions for all cases, indicating that
changes in salinity are insignificant in the bottom layers without the exhibit inflow.

30 mgd

When the exhibit waters are excluded, the waters surrounding the Harbor show slightly more
change than when the saline exhibit waters are included (Figure 6-6).
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The outfall of the exhibit water into the marinas is shown to introduce a significant
ammonia-nitrogen load to the system. This can also affect nitrate-nitrogen levels because in high
oxygen environments, ammonia-nitrogen will convert to nitrate-nitrogen. This can be seen in
Figure 6-9 and Figure 6-10, which show that concentrations outside the Harbor do not start to
increase until 60 mgd of brackish groundwater are introduced to the system when the exhibit
outfalls are excluded.

Figure 6-8: Relative additions in nitrate concentrations near the bottom with exhibit flow
included
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Figure 6-7: Relative additions in nitrate-nitrogen concentrations at the surface with exhibit
flow included
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Figure 6-9: Relative additions in nitrate concentrations near the surface with exhibit flow
excluded
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The impacts in the near the bottom outside of the Harbor are more pronounced along the coast,
with higher brackish discharge causing ammonia-nitrogen in the bottom layers. Also in these
shallow areas, nutrients that are normally confined to the upper layers of the water column can
potentially be mixed into lower layers in this region due to its shallow nature. As was shown in
earlier sections, the Harbor flushing is faster when more brackish groundwater is intercepted,
resulting in improved water quality. While this effect is beneficial for the Harbor waters, it
results in a relative increase of nutrient loads on coastal waters increase when the water is
flushed out of the Harbor.

Higher ammonia-nitrogen concentration levels are found in the cases with the greater amounts of
brackish discharge at the surface occurs when the brackish water flowing from the new Marina is
sufficiently light to mix with the ammonia from the exhibit waters and still flow out of the
Marina.

While the other nutrients are almost entirely dependent on the inflowing brackish groundwater,
ammonia-nitrogen is introduced by the exhibit waters and is therefore more variable based on the
alternative selected. Figure 6-11 shows the relative changes of ammonia-nitrogen outside of the
Harbor at the surface with the inclusion of the exhibit flow. It is seen that in the surface waters,
the highest impact occurs offshore of the Harbor, with fewer impacts near the Park coast.

6.3.2

Figure 6-10: Relative additions in nitrate concentrations near the bottom with exhibit flow
excluded
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Figure 6-12: Relative ammonium-nitrogen changes from existing at the bottom with exhibit
flow included
When the exhibit discharge is not considered as an input to the model, the results show that the
trends of the ammonia-nitrogen concentrations follow what is shown with the nitrate-nitrogen
concentrations. This is due to the fact that in this case, the main input of ammonia-nitrogen and
nitrate-nitrogen is from the brackish groundwater. The results indicate that when exhibit water is
not included, the relative increase is less than when exhibit water is included. This is important
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Figure 6-11: Relative ammonia-nitrogen changes from existing at the surface with exhibit
flow included
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Chlorophyll a concentrations along the coastline of Kaloko-Honokohau National Historical Park
are of importance, as algal blooms and invasive algae species have been shown to be detrimental
to benthic and coal communities. Current state standards mandate that concentrations within the

6.3.3

Figure 6-14: Relative ammonium-nitrogen changes from existing at the bottom with exhibit
flow excluded

30 mgd

Figure 6-13: Relative ammonium-nitrogen changes from existing at the surface with
exhibit inflow excluded
0 mgd
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as the uptake of ammonia-nitrogen by coral is greatly influenced by the ambient concentrations
in the bottom layer as well as the velocity effects discussed earlier.
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Simulation results indicate that when the exhibit water is not included (Figure 6-17 and Figure
6-18), the increase in Chlorophyll a production appears to be slightly higher than experienced
with the diluting exhibit water.

Concentrations in the bottom layers do not increase by the same relative amounts as the surface
changes because of light restrictions and less available nutrients (Figure 6-16). However in the
cases of lower brackish inflow, the increases can be on the order of the existing concentrations.

Figure 6-15: Relative increases in Chlorophyll a concentrations at the surface with exhibit
inflow included

30 mgd

Honokohau Bay have a mean value less than 0.3 µg-chla/L. Ziemann (2006) reported
chlorophyll levels along Transect B in the range of about 0.2 µg-Chla/L to about 1.5 µg/L,
indicating that in this time period, Chlorophyll a concentrations were mainly above standards.
Figure 6-15 and Figure 6-16 show the relative increase of the Chlorophyll a concentrations with
the addition of the new Marina for the surface and bottom layers respectively. It is seen that
surface concentrations increase much more dramatically than the bottom concentrations,
especially when brackish groundwater is low and the marina system flushing is slow. This
allows more algae to grow in the quiescent waters of the marinas before being released from the
harbor mouth. As brackish inflow through the new Marina increases, the production of algae
decreases due to the more rapid flushing out of the Harbor into more expansive waters. It can be
seen that the concentration can increase by four-fold in some cases.
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Figure 6-17: Relative increases in Chlorophyll a concentrations at the surface with exhibit
inflow excluded

10 mgd

0 mgd

Figure 6-16: Relative increases in Chlorophyll a concentrations at the bottom with exhibit
inflow included

Kona Kai Ola Marina

30 mgd

0 mgd

60 mgd

10 mgd

Hydrodynamic and Water Quality Study

Conclusions

115

Final Report. June 15, 2007

Change in algae growth tends to remain confined to the surface layers. Relative changes can be
up to 4 times the existing concentrations. With higher brackish inflow, change in algae growth
remains closer to existing conditions in both the surface and the bottom. Waimea Water Services
report (2007) states that brackish groundwater entering the new Marina will be significant, so it
is expected that post-expansion conditions will resemble the conditions presented for the cases
with 30 mgd or higher.

Relative changes in nutrient concentrations at the surface tend to be higher than the changes at
the bottom. When the exhibit flow is included nitrogenous nutrients tend to be higher outside of
the Harbor and changes extend into the bottom layers. When the exhibit flow is excluded, the
changes in nutrient concentrations tend to remain more confined to the surface layers. With
higher brackish inflows, the nutrients also tend to remain more in the surface layers. Higher
rates of brackish inflows lead to more nutrient inflow to the system and increases in
concentration.

Due to the increased tidal prism, exhibit inflow, and additional brackish inflow, the flow through
the harbor entrance is expected to increase significantly under post-expansion conditions.
Depth-averaged velocities through the harbor entrance can be increased by up to 4 times the
existing conditions. This increase in velocities is limited to the harbor entrance, and changes
outside of this area are not observed. Salinity differences in the surface and bottom are minimal
in cases including and excluding exhibit flow.

6.3.4

Figure 6-18: Relative increases in Chlorophyll a concentrations at the bottom with exhibit
inflow excluded
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It was found that the construction of the new 800-slip Marina as described in the Conceptual
Master Plan causes the flushing time to increase significantly due to its large volume. This is
potentially detrimental to the water quality conditions within the Harbor. It was also found that
the circulation in the two harbor system is complex and contains significant internal circulation,
which limits the existing Harbor’s exchange with ocean waters. Under future conditions, the two

A hydrodynamic model was constructed and calibrated using the Delft3D integrated modeling
system. This model was calibrated to existing data and applied to examine the hydrodynamic
conditions within Honokohau Harbor and the surrounding areas. In addition, the model was
extended to include the proposed Kona Kai Ola Marina, post-expansion conditions were
examined. The quantity of brackish groundwater entering Kona Kai Ola Marina that was
simulated in this study is not necessarily representative of the actual conditions that will occur
upon construction of the new Marina. Instead, a range of possible values that could be expected
to occur based on the available information were simulated. It is expected that the quantity of
brackish groundwater into the new Marina will be significant as it has been reported by Waimea
Water Services (2007) who conducted a groundwater survey and study of the project area.

The quantity and rate of brackish groundwater entering the existing system has been found to be
important. The groundwater’s high nutrient loads can be countered only by the high rate of
flushing which occurs due to the density currents (low salinity water rising to the surface and
flowing out of Honokohau Harbor) created by the groundwater inflow. It was found that
maintaining this high rate of flushing is imperative to maintaining the water quality within the
proposed system..

The cause of the DO sag within the Harbor at several sites (mid-Harbor and Front Berthing
Basin) may be intermittent wastewater sources, which provide oxygen-demanding carbon and
nitrogen loads, as well as plant nutrients. There are insufficient data to quantify the loads or to
determine whether they are carbonaceous or nitrogenous. Furthermore, the nutrient data
presented by (Bienfang, 1980 and OI, 1991) have very high coefficients of variability (>20%) so
that the sampling stations may not be characterized sufficiently for calibration purposes.

The modeled existing water quality conditions within Honokohau Harbor were compared with
baseline values reported prior to the construction of the Phase II extension. Overall, Honokohau
Harbor has experienced significant improvement from the baseline conditions (1980) to 1991,
with corroboration from the 2006 survey (Ziemann, 2006). The concentrations of benchmark
parameters NH4 and o-P have decreased significantly since 1980, with consequent decreases in
algal growth (CHLa) and DO deficit. While brackish groundwater inflows remained fairly
constant in flow and concentrations, nitrate and silica concentrations increased from 1980 to
2006 in the Harbor. These increases may be attributable to lowered algal populations in the
current phosphorous-limited (phosphorous-starved) system, which effectively reduces uptake of
NO3-N and silica, allowing Harbor water column concentrations to increase.

The hydrodynamic and water quality existing conditions in Honokohau Harbor were analyzed
with existing data sets and a numerical model. This unique system was found to be extremely
complex and dependent on the high flushing rate observed under existing conditions. .

7. SUMMARY AND CONCLUSIONS
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Adding more than one entrance channel,
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Optimizing the geometry such that there are as few separated basins as possible,
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Altering the size of the planned Marina.
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A formal solution to the proposed system is not attainable without an accurate picture of the
brackish groundwater inflow to the system. The interception of large quantities of groundwater
tends to increase the flushing through the harbor system which leads to more pristine conditions

In addition, due to the unique conditions experienced in the project area, alternatives associated
with the inclusion and positioning of the water exhibit inflow was also considered. Within the
conditions of the modeling effort, the alternative considered consists of decreasing the size
(volume) of the new Marina to 400 slips (25 acres). Based on numerical model simulations,
reducing the Marina volume proved to be an important factor in maintaining water quality
conditions in the new marina system independently of the volume of brackish groundwater that
will be intercepted by the new Marina. The positioning of the exhibit inflow also seems to affect
the water quality within and outside of the marina system.

•

•
•
•
•

In order to minimize the effects of the proposed project, different design parameters could be
investigated. The EPA’s recommended Best Management Practices for increasing flushing of
Marinas suggest a number of different options (EPA, 2001: Section 4.1).

Alternatives to the Conceptual Master Plan

Based on the aforementioned results, it can be concluded that since the 800-slip marina from the
Conceptual Master Plan cannot maintain existing water quality conditions it should not be given
further consideration. Only if the additional brackish groundwater inflow into the new marina is
determined to be greater than 60 mgd, the option of an 800 slip marina could be reevaluated

The hydrodynamic model was coupled with a water quality model developed for the observed
conditions within Honokohau Harbor. This model was calibrated with data obtained from OI
Consultants (1991) and was validated with data from Ziemann (2006). The model’s calibration
was within an acceptable range for all nutrients and chlorophyll a values. The calibrated model
was applied to simulate future conditions including the new Marina included in the Conceptual
Master Plan with 800 slips, which consisted of several possible brackish groundwater inflow
rates and included the nutrient loads coming from the exhibit areas. The results show that even
under the most advantageous flushing scenarios, the water quality within the existing and new
Marinas is projected to decrease significantly. Elevated chlorophyll a concentrations persist
outside the Harbor. This is primarily due to the decreased flushing of the Harbor post-expansion.

layer density driven system is affected, and during the peak ebb flow, there is not any inflowing
water due to the large volume of water moving out of the system through the harbor mouth. In
addition, the velocities through the harbor mouth are increased in magnitude by up to 4 cm/s
during flood tide.
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Existing conditions of nitrate-nitrogen concentrations exceed standards within
Honokohau Harbor and concentrations will remain similar in the existing Harbor but
could improve in the new Marina due to dilution.
Ortho-phosphate concentrations are within standards under existing conditions and
they will remain similar in both marinas.
Ammonia-nitrogen concentrations, which are within standards under existing
conditions, could increase in the marina where the exhibit flow outfall is placed. This
effect could be reduced by reducing the ammonia-nitrogen concentration in the
exhibits flow, by reducing the amount of animals in the exhibit (pers. comm. Cloward
H2O, 2007 and documented in Appendix D)
Regarding concentration of Chlorophyll a, conditions for all simulated cases with the
400 slip marina remain within oligotrophic limits. Results showed that the
chlorophyll a concentrations could remain within the Class A standards for a 400 slip
marina, with the exhibit flow into the new Marina and if the additional brackish
groundwater inflow into the new Marina is greater than or equal to 30 mgd, which is
the same amount entering Honokohau Harbor under existing conditions.
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In general, NO3-N, o-P and NH4-N concentrations outside of the Harbor mouth after the new
Marina construction are expected to be in the same order to those observed under existing
conditions. However, Chlorophyll a concentrations appear to be consistently higher than Class
AA standards; however they decrease for all cases below the standards for Class A waters. Due
to the area’s proximity to the Harbor entrance, this may still remain acceptable as long as the
algae dies and is diluted within a reasonable distance from the Harbor mouth.

2. Post-Expansion conditions outside of the Harbor Mouth

As previously mentioned, considering the findings from Waimea Water Services (2007) stating
that the “proposed marina would exhibit the same or similar flushing action” than the existing
marina, and based on the results of the simulations presented in this report, it is expected that the
new 400 slip marina will capture more than 30 mgd of brackish water in order to show this
flushing behavior. Under these conditions and based on the numerical water quality simulations,
water quality conditions in the two marina system, outside of the Marina and at Honokohau Bay
will remain very similar to existing conditions. In the case that after construction, the new marina
would not show the same flushing behavior as the existing marina Waimea Water Services
(2007) suggests a mitigation alternative that it would be possible to enhance the inflow into the
new marina by drilling bore holes in the floor of the marina in order to reach the adequate
flushing.

•

•

•

•

1. Post-Expansion Water Quality Conditions Inside the Marina System

Specific water quality results obtained from the 400–slips marina configuration are presented
below:

and less algae growth within the harbor system. This should be considered a likely postexpansion condition based on the study conducted by Waimea Water Services (2007).
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Due to the uncertainties and assumptions made in the development of the numerical model, it is
recommended that a significant monitoring effort be put in place during and following the
construction of Kona Kai Ola Marina in order to determine the future ambient conditions and to
control any additional inputs not accounted for within the model. Due to the high importance of
flushing to maintaining system quality, the post-expansion option suggested by Waimea Water
Services (2007) of drilling additional holes in the bottom of the new Marina and the existing
Harbor could be used to enhance flushing and improve water quality if needed.

It is also worth noting, that the following assumptions were considered reasonable and necessary
to implement the model:
• The wastewater treatment plant adjacent to the project site would be upgraded to tertiary
treatment without discharging directly into the groundwater.
• Measures will be taken to avoid any point or non-point sources entering the marina
system, since they could modify the water quality predictions presented in this study.
• Neither waves, ocean currents, nor extreme hydrodynamic conditions were considered.
• Groundwater withdrawals would not affect the brackish inflow to Honokohau Harbor
• The unknown brackish inflow to Kona Kai Ola Marina could be between 0 mgd and 60
mgd.

The results obtained for the 400-slips marina suggest that if the additional brackish
groundwater inflow into the new Marina is greater than or in the order of 30 mgd and
reducing the ammonia-nitrogen load in the exhibit water, the water quality conditions at both
marinas, the harbor entrance and Honokohau Bay will be very similar to the actual
conditions.

3. Post-Expansion Water Quality Conditions at Honokohau Bay
Conditions outside of the Harbor were examined briefly, however definitive conclusions based
on model results cannot be drawn due to the fact that the model was not calibrated for this
region. Results can be used to determine trends of the surrounding areas. The changes in nutrient
concentration vary based on the quantity of brackish groundwater. Inclusion of the exhibit
waters with the simulated nutrient loads causes a significant difference in ammonia-nitrogen
concentrations throughout the Bay, extending into the bottom layers in some cases. The
differences in Chlorophyll a concentrations were such that they allow the areas of concern to still
remain oligotrophic. In order to develop a fully calibrated model for this region, extensive data
collection for calibration and validation would be needed. It was found that the significance of
the brackish inflow into Kona Kai Ola Marina also has an effect on the surrounding waters. The
concentrations of nutrients in low flow scenarios are relatively less than existing conditions due
to the lack of additional nutrients to the system. However, with higher brackish inflow, the
growth of algae is more contained.

Depth averaged velocities are increased through the Harbor entrance channel by up to 4 cm/s
(with a 400 slip marina); however, this increase is confined to a small area immediately
surrounding the Harbor entrance.
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Figure A-3: OI Consultants Sampling Stations (1991)

Figure A-2: Bienfang Sample Locations (1982)

Figure A-1: Bienfang Sampling Locations (1980)
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Figure A-4: Ziemann Sampling Stations (2006)
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The field study conducted by OI Consultants (1991) shows flushing time constants within the
Harbor to be fairly depth uniform. Dispersion coefficients were varied between 0.1 m2/s and 1
m2/s. Independently of the flow rate it was found that using dispersion coefficients at the upper

Varying the flow rate was found to be important in transporting the substance primarily in the
surface layer. For example, when the flow rate was kept at a low value such as 8 mgd which is
more consistent with the rates produced by Bienfang (1980) and cited in (OI Consultants, 1991),
the model could not transport the substances even out of the surface layer. However using a
higher flow rate of 30 mgd, which is more consistent with the rate produced by Gallagher (1980),
produces a more reasonable distribution of salinity as well as a flushing time constant consistent
with those reported by Gallagher (1980) and OI Consultants (1991) based on measurements
within the Harbor.

Sensitivity Analysis
In this case, to follow the analysis presented in the study conducted by OI Consultants, Inc., the
computation of a flushing time constant, T, was used to represent the residence time in the
harbor. In order to do this, various combinations of groundwater discharge and dispersion
coefficients were chosen to test the model sensitivity. The hydrodynamics for each of these
combinations were coupled to a water quality module that was seeded with a conservative tracer
up to the mouth of the harbor (Figure 1). This model containing the conservative tracer was then
started at the point of last release of the Rhodameine dye at 13:00 March 14, 1991.

If the natural logarithm of the above equation is written as
ln(C ) = ln(C 0 ) − t / T
then it is seen that the natural logarithm of the concentration of a tracer is a linear function of the
time with a slope of -1/T. In this way, the residence time can be estimated without knowing the
initial concentration. This method of computing the residence time was used in the studies
conducted by OI Consultants (1991).

Residence Time
The concentration of a constituent within an enclosed body of water like a harbor which is
dominated by tidal effects can be described by
C = C0 e −t / T
Where C0 is the initial concentration and C is the concentration of the constituent at time t. T is
considered to be the flushing time constant or the residence time of the particle. This approach is
often referred to as the “e-folding” approach (Monsen et al, 2002). The residence time, T, can be
considered to be the time required for reduction of a conservative tracer concentration to 1/e or
36.8% of its initial value, or a reduction of 63.2%. Mathematically, assuming an exponential
distribution of times for individual water particles to reach the ocean, when the concentration of
particles reaches 1/e, it represents the average time of all particles to reach the ocean.

The hydrodynamic model was used to calibrate the dispersion coefficient and the groundwater
discharge rate. The data obtained during the dye study that was conducted in March 1991 was
used to tune the model.

FLUSHING TIME CALIBRATION
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Table B-2: Description of sensitivity cases
Groundwater inflow
Dispersion
8
0.1
8
0.5
15
0.5
20
0.1
20
1
25
0.3
25
0.5
30
0.3
30
0.5
30
0.6
30
0.7
30
0.8
35
0.8

B-2

Final Report. June 15, 2007

In order to compute the residence time for each of these cases, the hydrodynamics under these
conditions were used to drive the Delft3D WAQ module. In order to replicate conditions that
under the study conducted by OI Consultants (1991), the model was seeded with a conservative
tracer with an initial concentration of 1 g/m3 throughout each depth layer. Outside of the harbor
the concentration was set with an initial value of 0 g/m3. The initial conditions within the harbor
are shown in Figure. This model was run at an initial time equal to the time at which the dye
injection was completed, 13:00 March 14, 1991. The model was run for a four day period.

Case
1
2
3
4
5
6
7
8
9
10
11
12
13

Thirteen cases were tested within the parameters described above. They are presented in Table
B-1.

limit promoted too much mixing impacting the salinity gradients throughout the harbor. Using
dispersion coefficients at the lower limit caused little to no mixing of the conservative tracer in
the lower layers over the three day period. This is not consistent with what was observed in field
measurements. Therefore, the dispersion coefficient was calibrated with the flow rate to provide
the best results with respect to flushing time throughout the harbor and the salinity gradients that
result.
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Using concentration results extracted from the model at each of the five stations shown in Figure
B-2, a similar analysis was performed in order to find T for depths at the top, middle and bottom
of the water column. The results for all tests are shown in Table B-2.

Figure B-2: Dye Sampling stations from OI Consultants (1991)

Figure B-1: Initial conditions of conservative tracer concentration (red=1, blue=0)
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Case13

Case12

Case 11

Case 10

Case 9

Case 8

Case 7

Case 6

Case 5

Case 4

Case 3

Case 2

Case 1

Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
Top
Middle
Bottom
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Table B-1: Flushing times
Station 1
Station 2
Station 3
1.83
1.80
1.77
2.17
1.60
1.35
2.28
2.50
2.27
0.88
0.89
0.91
0.87
0.88
0.90
0.84
0.77
0.74
1.28
1.29
1.30
1.31
1.23
1.29
1.17
0.83
0.72
1.98
1.83
1.71
3.01
1.62
1.41
3.02
2.42
1.49
0.49
0.49
0.49
0.49
0.49
0.50
0.47
0.47
0.47
1.06
1.05
1.05
1.10
1.05
1.04
1.06
0.91
0.87
0.92
0.90
0.89
0.96
0.92
0.94
0.84
0.66
0.61
1.02
1.02
1.01
1.05
1.03
1.02
1.02
0.91
0.89
0.86
0.84
0.82
0.90
0.89
0.89
0.79
0.64
0.60
0.60
0.60
0.60
0.61
0.61
0.61
0.60
0.59
0.58
0.53
0.53
0.53
0.53
0.54
0.54
0.52
0.52
0.52
0.49
0.49
0.49
0.49
0.49
0.50
0.47
0.46
0.46
0.47
0.47
0.47
0.47
0.47
0.48
0.46
0.45
0.45
Station 5
1.56
0.84
0.83
0.93
0.79
0.68
1.25
0.79
0.47
1.30
0.67
0.64
0.50
0.48
0.46
1.02
0.84
0.80
0.86
0.71
0.51
0.98
0.87
0.83
0.79
0.71
0.52
0.61
0.60
0.59
0.54
0.53
0.52
0.50
0.48
0.44
0.47
0.47
0.44
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Station 4
1.58
0.78
0.87
0.92
0.78
0.63
1.23
0.85
0.51
1.32
0.67
0.68
0.50
0.48
0.44
1.02
0.88
0.79
0.86
0.71
0.45
0.99
0.90
0.81
0.79
0.71
0.46
0.61
0.60
0.55
0.53
0.53
0.49
0.50
0.48
0.41
0.47
0.46
0.41
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Note that for tests with small dispersion coefficients (<0.5) the depth variability in the flushing
time is high, which can be seen from the standard deviations at each of the stations. Case 4 had
the highest variation in depth since it had both a high groundwater flowrate (20 mgd) and a low
dispersion (0.1 m2/s), so that the brackish inflow mainly stayed in the surface layer while not
mixing with the saltwater in the lower layer. Both Cases (1 and 4) with dispersion coefficients of
0.1 m2/s had high depth variation with standard deviations greater than 0.5. The test with the
mean flushing time closest to that reported in OI Consultants (1991) and that reported by
Gallagher (1980) was the case with 20 mgd groundwater infiltration rate and 1 m2/s dispersion
coefficient. However, this case did not meet salinity show the salinity layers well enough due to
too much mixing with the high dispersion coefficient. Therefore, the best case was the case with
30 mgd of groundwater infiltration and a dispersion coefficient of 0.7 m2/s. This yields a low
variation with depth (STD about 0.1) and a mean flushing time of 0.53, which is about 12 hours
as reported by Gallagher (1980).
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Station2

1.97
0.47

0.85
0.07

1.12
0.25

1.96
0.41

0.48
0.01

1.00
0.08

0.83
0.14

0.99
0.07

0.79
0.13

0.60
0.01

0.53
0.01

0.48
0.02

0.46
0.01

Station 1

2.09
0.23

0.86
0.02

1.25
0.07

2.67
0.60

0.48
0.01

1.07
0.02

0.91
0.06

1.03
0.02

0.85
0.06

0.60
0.01

0.53
0.01

0.48
0.01

0.47
0.01

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD

Mean
STD
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0.47
0.02

Case 13

0.48
0.02

Case 12

0.53
0.01

Case 11

0.60
0.02

Case 10

0.77
0.15

Case 9

0.97
0.07

Case 8

0.81
0.18

Case 7

0.99
0.10

Case 6

0.49
0.02

Case 5

1.54
0.16

Case 4

1.10
0.33

Case 3

0.85
0.10

Case 2

1.80
0.46

Case 1

Station3

0.45
0.03

0.46
0.05

0.52
0.02

0.59
0.03

0.65
0.17

0.90
0.09

0.67
0.21

0.90
0.12

0.47
0.03

0.89
0.37

0.86
0.36

0.78
0.15

1.08
0.44

Station 4

0.46
0.02

0.47
0.03

0.53
0.01

0.60
0.01

0.67
0.14

0.89
0.08

0.69
0.18

0.89
0.12

0.48
0.02

0.87
0.37

0.84
0.39

0.80
0.13

1.08
0.42

0.46
0.02

0.48
0.03

0.53
0.01

0.60
0.02

0.75
0.14

0.96
0.08

0.78
0.16

0.97
0.11

0.48
0.02

1.58
0.78

1.03
0.31

0.83
0.09

1.60
0.57

Average
Harbor

Final Report. June 15, 2007

Station 5

Hydrodynamic and Water Quality Study

APPENDIX C – ANALYSIS OF WASTEWATER TREATMENT PLANT NUTRIENT
LOADS
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The DEIS (submitted December 2006) states that the existing WWTP will be upgraded to
tertiary treatment and will no longer be discharged into the groundwater. In order to determine
the water quality of the brackish water entering the existing Harbor and the new Marina without
the effects of the WWTP effluent, the values of the Quarry Well sampling (Table C-1) were
assumed to be representative of water without the effects of the WWTP as it is located upstream
of the injection site. Values from Quarry Well were diluted with oceanic water (including the
nutrient loads of the background ocean conditions) to the salinity of the water entering the
existing Harbor (on the order of 22 ppt), resulting in values not significantly different to those
already used as input to the water quality model. Table C-2shows the values reported by various

Table C-1: Water Quality Conditions as reported by AECOS (2006)
Well 2
Well 6
Harbor
Quarry Well
Spring
Salinity (ppt)
4.4
18.4
25.1
5.3
Nitrate (mg-N/L)
0.54
0.59
0.42
1.20
TP (mg-P/L)
2.71
0.62
3.70
0.07
Ammonia (mg-N/L)
0.005
0.002
0.003
0.003

A brief analysis was performed to determine the effects on the water quality of the brackish
groundwater entering the system after the Marina expansion and the upgrade to the local
wastewater treatment plant (WWTP). It is estimated that if the WWTP were to be left in its
current state (secondary treatment), the water quality into the new Marina would contain
significantly higher nutrient loads than those entering the current Harbor. This is based on the
information presented in Waimea Water Services, Inc. (2006). The data presented by AECOS as
an appendix in the aforementioned document shows that the nutrient values at Wells 2 and 6 are
significantly higher than other wells within the Park (Table C-1). Well 2 has the highest
concentrations as this is closest to the point where the wastewater is discharged (DEIS, 2006).
Well 6 is shown to be proximal to the location of the new Marina, and thus the values of
nutrients entering the new Marina without upgrading the WWTP would be similar to those found
at Well 6. This introduces a much higher phosphorous load into the system. In the
Hydrodynamic and Water Quality Modeling draft report prepared by Moffatt and Nichol
(February 2007), the phosphorous concentration within the new Marina is shown to be one of the
significant water quality problems facing the expansion.

Subject: Kona Kai Ola Water Quality Model
Clarification of Assumptions Regarding WWTP
M&N File 5818

CC:

From: Lauren Schmied, Rafael Cañizares

To:

Date: February 13, 2007
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Table C-2: Estimate of Water Quality Conditions at the New Marina location without
WWTP discharge
AECOS
Hoover
Johnson et Bienfang
Model
Computed
(2006
and Gold
al. (2006)
(1980)
Inputs
Dilution
Harbor
(2005)
(22 ppt)
Values (2006
Spring)
(22 ppt)
Quarry
Well)
0.42 mg0.336 mg0.434 mg0.5 mg0.42 mg0.513 mgNO3-N
N/L
N/L
N/L
N/L
N/L
N/L
0.0465 mg- 0.0589 mg- 0.0744 mg- 0.06 mg- 0.052 mg-P/L
PO4-P
P/L
P/L
P/L
N/L
0.003 mg0.014 mg0.014
0.002 mgNH4-N
N/L
N/L
mg-N/L
N/L

If current wastewater effects were to be considered in the model, their effect to the new Marina
would be significant as the phosphorous values measured at Well 6 (Table C-1), are much higher
than those used within the model. It appears that the new Marina intersects the pathways of the
brackish groundwater carrying the WWTP effluent from its actual discharge location, and so
without an upgrade to the current system, the simulated water quality conditions would be much
worse than the results presented in the Hydrodynamic and Water Quality Modeling draft report
prepared by Moffatt and Nichol (February 2007).

researchers of the brackish water entering the Harbor. It is seen that these values remained fairly
constant over the years. Comparing these values to those computed from diluting the Quarry
Well data shows that the WWTP effluent effect on the waters entering the existing Harbor is
fairly negligible, and therefore the values used in the model represent brackish water with no
wastewater effects. This represents the conditions that will occur upon completion of the WWTP
upgrade.
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Waimea Water Services, Inc. assisted by Mink and Yuen, Inc. (2006) “Ground-water Hydrology
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APPENDIX D – NUTRIENT LOADS FROM MARINE EXHIBITS (CLOWARDH2O)
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439,956

49

4
6
10
7
3
8
8
3

Average Depth,
Ft.

14,320,176

5,864,918
1,466,230
651,658
1,710,601
390,995
781,989
521,326
2,932,459

Volume, Gallons

360
160
160
70
120
120
120
360
1,470

Turnover,
Minutes

51,793

16,291
9,164
4,073
24,437
3,258
6,517
4,344
8,146
267

147.4403
16.38225
7.281001
8.361775
3.276451
6.552901
4.368601
73.72014
53,557

4887
48874
8146
10861
6517

Flow Rate, Weighted Weighted
Gpm
Average Average
Turnover Flow Rate,
Time,
New
Minutes
Water,
GPM

55,228

0
14,662
6,517
17,106
3,910
7,820
5,213
0

Lbs of Fish,
based on 1
lb/100 gallons
of water

Kgs of
Suspended
solids
produced
per day
Kgs of
Ammonia
produced
per day as
mg/l of
total
nitrogen
TAN
0
3.998808
1.777248
4.665276
1.066349
2.132698
1.421798
0

502.0726 150.62177 15.06218

0
0
133.2936 39.98808
59.2416 17.77248
155.5092 46.65276
35.54496 10.663488
71.08992 21.326976
47.39328 14.217984
0
0

Kg of Feed
at 2% of
body
weight per
day
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10.1

Total

196,020
32,670
8,712
32,670
17,424
13,068
8,712
130,680

Surface
Area,
Sq.Ft.

Table D-1: Calculation of nutrients for water features

4.5
0.75
0.2
0.75
0.4
0.3
0.2
3

Surface
Area,
Acres

Upper Lagoon
Dolphin Lagoon
Dolphin Holding
Snorkel Lagoon
Ray Lagoon/kids touch and w
Shark Lagoon
Turtles and Biters
Swim Lagoon

Feature

Phosphorous – Fish requirements for phosphorous in their diet is small, though important to
proper development, particularly of the skeletal and scale structures. Most metabolic P wastes
are excreted as phosphate via the urine. The levels of those P excretions are determined by
plasma phosphate concentration within the animals (D. Bureau. 2004). By controlling the
dietary intake of phosphorous in the animals, the excretions of phosphorous are minimized and
controlled to insignificant levels.

TSS – Each kg of feed will produce 0.30kg of solids waste (Timmons and Losordo, 1994)

Nitrogen – Almost all of the nitrogen introduced into the aquarium is excreted by the fish in the
form of ionized and un-ionized ammonia. Due to the rapid flushing of the exhibit tanks, (less
than 3 hours for all exhibits) there is insufficient time of any significant metabolism of the
ammonia to nitrite/nitrate. Each kg of feed typically produces .03kg of total N. (Timmons and
Losordo, 1994)

DESCRIPTION OF CALCULATIONS FROM CLOWARD H2O
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