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Executive Sunmary

NIWA is currently developing a spatial decision gog system (SDSS) within ArcMAP to estimate
annual loads of suspended sedimentpper and zinc from urbanised catchments call€tACM
(Catchment Contaminant Annual Loads Model). Thigort discusses the modelling context for the
C-CALM project and presents three model modulestiier development of performance rules for
water treatment. The work is being carried outeurslibcontract to Landcare Research and is funded
by the Foundation for Research Science and Techyoldhe model is being developed in response
to a need for a standard tool that can be usedelgioRal and Territorial governments to determiree th
impacts of urbanisation on local receiving wateihe need for such a tool was expressed in the
Landcare Research LIUDD FRST contract CO9X03090id32 A workshop for stormwater managers
held by NIWA in June 2006 showed there is suppamragst potential users for a national tool. The
delegates stated that operational models currenflgd (e.g. the widely used StormWater
Management ModelSWMM, US EPA and Model Of Urban SEwers MOUSBHI) are too
demanding of data requiremenget-up and run times and user expertise for thipgse. They
specified that the model should be simple and intiito use with minimal data and data handling
requirements. Delegates also stated that the pegpanodel should be developed within a
Geographical Information System (GIS) to enable-genalisation of contaminant sources and sinks
both to aid decision making and to improve commaiidn with other stakeholders.

This report:

e Overviews the background to the C-CALM project.
(Section 1)

e Provides information about the modelling context @CALM within GIS including the
structure of the SDSS and intended users and afiphs.
(Section 2)

* Presents the informing modules which will be ugeddvelop the performance rule library for
ponds/wetlands and raingardens. General modeimiguns are also discussed.
(Section 3)

« Summarises the modules and gives information on timy will be used to develop the
performance rules.
(Section 4)

C-CALM will use the Auckland Regional Council’s sd sheet annual contaminant loads model
(CLM, Timperley, 2007) as a basis for load estimation dependararmh use and surface type. C-
CALM is one of several GIS models currently undevelopment for stormwater contaminant
modelling in the Auckland area using CLM as a stgrpoint (e.g. Krpo, 2007; Peng and Young

Xii
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2007). HoweverC-CALM differs both in that it aims to be applidaekacross the country and there
will be provision of tools for the creation of futuland use scenarios. One of the main innovatbns
C-CALM is that it will have variable BMP efficienes to reflect the fact that contaminant removal is
function of BMP size and desigsediment grain size and catchment characteristRather than
modelling the stormwater network explicitly in t&S which would increase model complexity
compromise is to develop a set of performance milt#svariable removal efficiencies that can inform
the SDSS.

The original intention was to provide the C-CALM S® with a set of performance rules that had
been developed using continuously run conceptualetsoof the devices used for water treatment.
The SDSS would be able to query these rules raitlaer explicit continuous simulation modelling of
stormwater flow pathways and treatment within thi&.G This would enable C-CALM to have a
sound theoretical modelling basis without the camipy, data and user expertise required of
operational urban drainage models. Howgaw Zealand data suitable for model developmerst wa
only available with a sufficient length of time ftwo ponds and a single raingarden. The models for
sediment and particulate metal removal from the=sacds are discussed in this report. The removal
efficiencies for dissolved metals from ponds, wadkand raingardens were not simulated due to the
complexity of the processes involved — the valuwsG-CALM are addressed in Semadeni-Davies
(2008). Out of necessity, C-CALM has had to eviuhe efficiencies of other treatment options
based on literature values for other treatmenbpoptibid). The rules themselves will be presented in
a later report in accordance with the project wsaohedule.

At present modelling modules have been developed for catchmeroff / wash-off simulation and
treatment in ponds and raingardens. All the madate run with five minute time-steps.

» Catchment runoff and sediment.
This module couples a hydrological rainfall / runofodel to sediment accumulation and
wash-off equations and is used to provide inpuid$l@o the treatment modules. The module
has been tested on stormwater flows and sedimanplsg from four catchments with
varying areas and land use.

e Settling in ponds and wetlands.
This module couples a simple continuity equation fond storage to settling equations to
simulate flow and water treatment. Wetlands agatéd in the same way as ponds albeit with
greater hydraulic efficiency. The module has hbested on two stormwater ponds.

« Raingardens and bio-retention units.
This module couples a simple water balance forgamtens to a time-based contaminant
depletion equation. The module has been testadhtanfrom one raingarden. Bio-retention
units are assumed to have the same removal efficias raingardens with the difference in
removal due to scale.

Xiii



—NIWA_—

Taihoro Nukurangi

The informing modules have been developed with dalliog interval of 5 minutes. Given that the
purpose of developing these modules is to provideans of creating a treatment library, the models
are deliberately simple with few calibration paréene. That is, they represent generic conditions f
archetypical landuse and treatment types. Whdeeasing model detail and complexity will probably
increase model performance, it is important to kibeptask of developing a treatment library in facu
Providing further options for model parameters wmitith increase the run-time for the performance
rule sensitivity analysis and the memory neededheIiC-CALM SDSS (and therefore query times).

In addition to presenting the treatment modudeseral assumptions about contaminant charadaterist
are also detailed in this report. It is found tb@ntaminant concentrations and characteristicg var
both time and space. Sedimerfts example can have a range of fall velocities related tchizbe
grain size and density. Moreoydroth the partitioning and fractionation of metalgéh respect to
sediments is highly complex and is dependant oremeliemistry and sediment properties. The
heterogeneity of contaminants has major implicatidor stormwater modelling. The C-CALM
modules have the following simplifying assumptions:

» Fall velocities will be based on the NURP settlaadumn classes (US EPA Nationwide Urban
Runoff Program, Driscokt al., 1986), the original distribution will be scaled apd down as
a proxy for finer and coarser sediments.

» The fractionation of particulate metals is dividedhe same relative proportions of sediments
in the particle size distribution (PSD), and

* Removal of dissolved metals is too complex for sergeneric modelling and is influenced by
the physical, biological and chemical make-up of theatment facility, the physical and
chemical characteristics of suspended sedimentiseirstormwater and the chemistry of the
stormwater. Instead, literature values will besgho(see Semadeni-Davies, 2008).

Xiv
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1. Background

Many cities in New Zealand are located on natuaabburs or estuaries and the health
of these environments is closely linked to the ifpalf contaminants transported in
urban stormwater. Sediments are a particular canc®t only as high yields can
potentially damage benthic communities by smotigedn changing substrate grain
size but because contaminantespecially metalstend to bind to sediments.
Williamson and Morrisey (2000) for instance foundiacrease in the metal content of
sediments in Auckland estuaries with urbanisedhoaémts. In order to safeguard
these receiving environmentshere has been a move by regional and local
governments to require treatment of stormwater @h lihe sub-catchment (e.g.
source and site control) and the catchment,(ergl-of-pipe) levels.

The relationship between total suspended sedin@®S) and other contaminants
means that sediment removal is a primary methodt@imwater treatment. Over
recent years there has been a trend away fromypregtulated stormwater systems
towards the installation of devices for contamin@moval and control of stormwater
volumes. These are usually designed to perforin fuwictions by storing and treating
stormwater. Most devices therefore use some fdrgletention to both reduce and
attenuate peak flows and remove contaminated setimd&he main removal methods
are settling and filtration. The performance aésh devices is highly dependent on
their design and the characteristics of the comtants to be removed. These devices
can complement each other and a stormwater systninolude a number in series -
so-called treatment trains - where hydraulics ammhaval processes of up-stream
devices have an impact on the processes of thagesti@am. How treatment trains
function is thus extremely complex and is dependant the number type
configuration and dimensions of devices presentratel and volume of stormwater
flows between devices (slopeavel distancechannel characteristics etc).

While there has been some work to establish linkBvéen urbanisationwater
management and environmental health including kattthment monitoring and
harbour sediment samplinghe long-term impacts of continued urbanisatioe ar
difficult to assess. Two key questions are:

« what is the rate of long-term contaminant delivieryeceiving environments?
« how will different stormwater management optionarale this rate?

At presentthere is no standard tool to answer these questidine need for such a
tool was expressed in the Landcare Research LIUBSTFcontract C09X0309 in
2003. A workshop for stormwater managers heldnhgyNIWA in June 2006 showed
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there is support amongst potential users for theldpment of a national tool. The
delegates stated that operational models currersthd are too demanding of data
requirementsset-up and run times and user expertise for thipgse. They specified
that the model should be simple and intuitive te wdth minimal data and data
handling requirements. While the ARC CLM (contaamt loads model - a
spreadsheet spatially lumped model for annual ocaintnt loads) is widely available
and is used across the counttglegates wanted the proposed model to act aatialsp
decision support system (SDSS§ee Denshaml991) by building it within a GIS
platform. It was noted that most councils have @#$abases for storing spatial data
including impervious surfacexatchment boundariesand use zonesstorm- and
wastewater pipe network#ocation and type of stormwater treatment deviceads
and streams.

An SDSS incorporating this information would enabdsmtaminant sources and sinks
to be easily identified. This will aid plannersdastormwater engineers in finding
environments most at risk and determining whereswtaieatment devices would be
best located to reduce that risk. It could aldovalnew land use scenarios to be
created and simulated quickly without changing twntaminant model set-up.
Presenting results visually in maps would also Enédral water managers to better
communicate the impacts of urbanisation and wasatment to other stakeholders.
This point is particularly important as without shing the possible impacts of
urbanisation on receiving waterstormwater treatment has often been seen by
developers as an optional extra more akin to laaplag rather than as an important
part of sustainable urban design.

A key requirement of the model is that it shouldvénaa flexible and realistic

representation of stormwater treatment options awiththe need to model the
stormwater network explicitly. Instead, the C-CALSDSS will be provided with a

library of so-called performance rules for commonked treatment options under
different base-line conditions. The SDSS will qu#ris library with respect to the

spatial information provided in the GIS to modifglculated contaminant loads for
treatment. The library of performance rules wdhtain removal efficiencies for the
following treatment options: street-sweeping, poadd wetlands, filters, vegetative
bio-filters (raingardens, swales and infiltratiotnips), catch-pits (with and without
inserts) and porous paving.

The original intention was to develop the perforgerule library using continuously
run conceptual models of the devices used for wedatment. This approach would
enable C-CALM to have a sound theoretical modelbagis without the complexity
data and user expertise required of operationarudrainage models. The idea is to
change input data (e.g., regional rainfall) andapeaters (e.g., dimensions of the
treatment facility) systematically in a series obdul runs to build up a matrix of
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performance rules for each device which would dd hrethe GIS library. However
New Zealand data suitable for model developmentamhsavailable with a sufficient
length of time for two ponds and a single raingard®ut of necessity, C-CALM has
had to evaluate the efficiencies of other treatnmgions based on literature values
for other treatment options (see Semadeni-Davi@gR

This report presents the informing modules whicHl Wwe used to develop the

performance rules for sediment and particulate ihretaoval from ponds, wetlands

and raingardens. In addition, a simple conceptuatieh for catchment flow and

sediment transport is given. This model will bedise provide input data for the

treatment modules. Removal efficiencies for digsdimetals were not simulated as
they are too complex for simple generic modellitigt is, removal is influenced by
the physical, biological and chemical make-up & tteatment facility, the physical

and chemical characteristics of suspended sedimenthe stormwater and the

chemistry of the stormwater.

The rules themselves will be presented in a lapont in accordance with the project
contract and work-plan.

1.1 Layout and Objectives

This report:

« Provides information about the modelling context @CALM within GIS
including the structure of the SDSS and intendexnlsuand applications.
(Section 2)

e Presents the informing modules which will be used develop the
performance rule library for ponds/wetlands andgardens.
(Section 3)

e Summarises the modules and gives information on thay will be used to
develop the performance rules.
(Section 4)

Section 3 contains the bulk of this report andthagollowing objectives:

* Overview the general modelling assumptions, notabiiyh respect to
sediment particle size distribution (PSD) to beduisethe development of the
performance rules.
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« Develop and test a coupled rainfall/runoff and acclation/wash-off
catchment model. This modelling module will bedise provide input data
for the treatment modules. Inputs are rainfall patential evapotranspiration.
Parameters include the ratio of permeable to impesvsurfaces, surface and
drainage characteristics, and sediment accumulatioth wash-off rates.
Outputs are discharge and sediment concentratidnicad. The module is
tested using data from three Auckland stormwatéshoaents with different
land uses.

» Develop and test a coupled flow and treatmentlifsgitmodel for ponds and
wetlands. Inputs are inflow, evaporation and sedimeoncentration.
Parameters include the size and hydraulic effigiesfcthe treatment basin,
the size of the outlet, and sediment fall velositi®©utputs are discharge and
sediment concentration and load. The module iedefor two ponds with
different designs.

*» Develop and test a coupled flow and treatment li{sgkt model for
raingardens. Inputs are inflow, evapotranspiratind sediment concentration.
Parameters include the area and depth of the ra@iegathe grain size of the
filter media and the ratio of deep percolation tscHarge. Outputs are
discharge and sediment concentration and load.mb@ule is tested for a
raingarden.

All the modules are simulated with time-steps ofmbnutes. The models are
deliberately simple with few calibration parametefBhat is, they represent generic
conditions for archetypical landuse and treatmgmg.
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2. The C-CALM model

2.1 Modelling context

An SDSS called C-CALM (Catchment Contaminant Annuahads Model) is being
developed by NIWA using the ArcMAP platform. Thenk is being carried out as a
sub-contract under Landcare Research Ltd and isese by a six-member advisory
group composed of scientists and end users. Comausi to be modelled are total
suspended solids (TSS), zinc and copper.

C-CALM will relate annual contaminant loads pertuariea to land cover according to
the relationships found by Timperleyal. (2005). These relationships form the basis
of a lumped spreadsheet model (CL&bntaminants load model) developed by the
Auckland Regional Council (ARC) which is has alseb applied elsewhere in New
Zealand (Timperley2007) such as Wellington (personal communicatioliet Milne,
Greater Wellington Regional Council, Jan 2008). and territorial authorities
(TLAs) are required by the ARC to run the model @t of their Integrated
Catchment Management Plan (ICMP) preparatimwever whether the model is run
at the catchment or sub-catchment level dependbheiiLA and in some caseshe
environmental consultants engaged by the TLA.

The spreadsheet model works by relating annuaboginant loads to the land surface
coverage. Land cover classes include roofing nateoads (classed by trafficdther
imperious surfaces (e,gpaving), construction sites and vegetation (séveesses
such as pasture and orchard). In some casesrtiecbver is further split into slope
classes. Streams are included within the moddimsmt load generated in channel is
related to stream length and width. The percensaga covered by each cover type is
simply multiplied by a scalar (representing thewainoad per unit aredor example)
and the total catchment area to give the annudhoonant load that can be expected
to be generated by that cover. The total contanbilval is then the sum of the loads
from the different cover classes. Users are reduineeither input known land cover
information or where this information is not knowmake assumptions about the
relative proportions of land cover classes basedlaond use and age of the
development. Thus industrial catchments are asgumédiave a greater roof cover
than residential catchments: moregviilese roofs are more likely to be unpainted
galvanised iron and therefore a source of dissokmed Water treatment in the CLM
for each land cover is simulated by reducing thadldy a pre-defined removal
efficiency (e.g. 75% removal of TSS from ponds assuming adequaiegsiand
design based on literature values, ,eARC TP 108 1999; Schuelgrl997, 1992).
Within a catchment areapatial information is lumped though quasi-digttibn can
be achieved by running the spreadsheet model feeri@s of sub-catchments and
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pooling the results — howevethis approach is unable to link sub-catchmenta in
network. C-CALM will both offer more flexible trément options and improved
spatial representation.

Embedding the spreadsheet model within a GIS platfoffers a new suite of
applications by allowing spatial distribution of de inputs and outputs and a tool for
geo-visualisation. The value of GIS for urban watanagement has been covered in
detail by Shamsi (2005). He notes that the tedyyhas applications as diverse as
storage and mapping of spatial data including digemetwork elements to modelling
water flows through those elements. C-CALM hasiescribed above as a SDSS to
be built within ArcMAP. An SDSS is an interactigemputer based model designed
to support a user or group of users to make lamddegisions and to solve semi-
structured spatial problems. An SDSS also providetool for more effective
communication between stakeholders. Densham (12®idngst othershas listed
the components of an SDSS as:

* A database management system to ingtare and analyse large quantities of
spatial data,

e The ability to represent complex spatial relatiopskand structures common
to spatial data.

e Alibrary of analytical sub-routines that can bediso query the spatial data
to forecast the possible outcome of decisions,

» Display and report capability using a variety ofnfis (i.e, cartographic
displays tables and plots of spatial data and forecagtsl), a

« An interface to aid users to interact with the egstand assist in the analysis
of outcomes. The interface should be powerful @asly to use by following
REAL principles (reliability efficiency, attitude learnability)

Central to the functionality of an SDSS is the [smn of tools for geo-visualisation
of inputs and outputs. Geo-visualisation (Dgkeal., 2005; MacEachrest al.; 2001)
for decision making requires:

e The ability to overview (pan) spatial data to idgnthange and/or areas of
interest;

« The ability to zoom into the detail of an area mtierest or out to the wider
spatial pattern;
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« The ability to filter redundant information;

e The ability to interact with or query the spatialta to change the information
displayed; and

« The ability to extract and report on spatial datd spatial relationships.

ArcMAP software was chosen as the platform for CL@Arather than creating a
standalone product as ArcMAP is widely used byaeagi and local government in
New Zealand. ArcMAP has powerful tools for spatil@ta storagemanagement
analysis and display. A C-CALM interface includitapls for creating land use and
treatment scenarios and toggling between displapmp can be coupled to ArcMAP
as a toolbar. Users will also be able to use stah@lS functions included in
ArcMAP to complement the options for analysis aigpldy included with C-CALM.
Coupling water quality models to ArcMAP is not votit precedent. Indeed NIWA
has recently developed a model for simulating thaicts of rural land use change on
annual sediment and nutrient loads in river netwaddled CLUES (Catchment Land
Use for Environment Sustainability, Semadeni-Dawesl., 2007 Woods et al.,
2006) for the Ministry of Agriculture and Forest{MAF) in collaboration with
Lincoln Ventures Harris Consulting AgResearch HortResearch and Landcare
Research.

While there are some existing GIS planning packdgesimulating water treatment
(e.g, StormTac available from SWECO: Lar2000) these are not widely available
and have not been created for New Zealand conditidd-CALM is one of several

GIS models currently under development for stormswabntaminant modelling in the
Auckland area using the ARC spreadsheet model aibede as a starting point (.9.
Krpo, 2007; Peng and Young007). HoweverC-CALM differs both in its aim to be

applicable across the country and the provisiotools for the creation of future land
use scenarios. Unlike its predecessor, C-CALM hdile variable BMP efficiencies
to reflect the fact that contaminant removal isuaction of BMP size and design

sediment grain size and catchment characteristics.

Figure 1 gives a schematic overview of how the nwgdeesented in this report and
the literature derived treatment efficiencies (Seéemé-Davies, 2008) link via the
performance rules to the C-CALM SDSS. For remamfasediments and associated
particulate metals from ponds, wetlands and rathgyss, the following modelling
steps are indentified:

1. Development and testing of continuous conceptuatietso for flow and
contaminant transport using New Zealand catchmeahiraater treatment data.
This report presents this stage of the modellimggss.
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2. Development of performance rules by carrying ousesies of runs with
different input data (i.e., representative regionahinfall and
evapotranspiration) and parameter sets to deterthi@eeffect of different
stormwater control options on long-term removaicgfhcies. An example is
given for ponds in Figure 2 where the parametetshoaent type (slope, and
impervious area with respect to landuse), sedinsetiling characteristics
(PSD), pond specific area (percentage area relt@ditlee area contributing to
flow) and hydraulic efficiency of the device. Thedules will be run with
long-term climate data (e.g., 10 years, subjeetvimlability) from the NIWA
national climate database. This body of work Wil presented in a later
report in accordance with the project work-plan.

3. Incorporation of performance rules into the C-CAL3IDSS to allow quasi-
representation of flexible water treatment optioihie SDSS will query the
rules to find the long term removal efficiency fogiven set of drivers either
defined from the GIS database or by the user.

Figure 3 shows the steps involved in running th&SIndicating points where users
interact with the model interface. C-CALM will useser-defined stormwater
catchments and sub-catchments so that the resilltdaevcompatible with other
stormwater management tasks undertaken by the 0dgs. will also allow users the
flexibility to break catchments up into areas & $icale of interest. Furthermoiteis
NIWA'’s experience that automated catchment delineabols (e.g.based on slope
or node geometry) can lead to catchment bounddhniats do not match the TLA
stormwater boundaries. Each sub-catchment wilidsigned a treatment node by C-
CALM - this node will be representative of the emtsub-catchment and will not be
tied to a specific location. Users will be reqdite list the treatment devices present
their relative order and which land covers (andatreé proportion of those land
covers) they will treat. Users will then be reedirto build the drainage network by
linking the nodes either to another node downstreano a catchment outlet. C-
CALM will then calculate the total contaminant loéa each sub-catchment which
will be reduced according to the relevant removétiency from the performance
rules.
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Catchment

Swales and infiltration
surfaces

Street sweeping

onds and wetlands

Y

Performance Rules
(long term)

Ponds and wetlands

GIS Model Catchment

User Input T and Contaminant
Interface Annual Loads

Figure 1 Schematic overview of the C-CALM model.
Regional climate Catchment Specific area Sediment Hydraulic efficiency PERFORMANCE
> b b type b — RULE
1 type 1.1 111 1111 11111
11111
Regional climate
Pond 2
Runs Regional climate
o3
—— . Sediment o PERFORMANCE
Regional climate Catchment Specific area type Hydraulic efficiency RULE
j Y ypejk > ikl > op > jkLmn >
jklm j-k.l.m.n.o

EXI:.rl'jnane —>| Auckland |—>| Residential |—>| 2.5% |—>| Coarse |—>| Poor (n=1) |—>| 45% |

Figure 2 Building the performance rules using multple model runs showing an example
for ponds.

A primary concern of C-CALM is the reliability of simplistic representation of the
complex hydraulic and treatment processes in operawithin the stormwater
network. In an earlier phase of this projegitiott et al. (2006, 2009) showed that it is
possible to successfully aggregate these procesgten a spatially distributed urban
drainage model. They aggregated treatment dewndsflow pathways within the
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MUSIC model (CRCCH2005) for a 0.83 kicatchment. An initial total of 810
drainage nodes with uniform flow characteristicshia model were aggregated tg 55
seven andfinally a single node. The parameters governing performance of
modelled treatment devices (j.edimensions of the devices) were up-scaled
proportionally to the greater contributing area mppatial aggregation. They found
that there was some loss of model skill with respepeak flow but aggregation had
little effect on the predictions of water qualitmjean discharge and baseflow when
there were uniform soil properties and sizing ofides relative to the source area.
That is, treatment devices designed according ¢osdime criteria for contributing
areas with similar flow characteristics can be aggted. Their findings have direct
relevance to C-CALM as the model will allow usepsaggregate treatment devices
within a subcatchment and with similar design atsingle device.

GIS line layers
* Roads
« Streams (REC)

« Contours (e.g. Linz 20 m)

GIS polygon layers

* NZ coast

1. GIS land use polygon layer added | | 2. GIS stormwater catchments polygon layer added

A

* Roofs (type)

* Rural
cetc....

Land-cover polygon layer created

* Roads (traffic and slope)
« Streams (order number and slope)

Treatment nodes assigned to
sub-catchments (e.g., centroids)

3. Treatment options characterised for each node

4. Link nodes « device types (including no treatment)

s

(network building) « size (specific area, depth)
« land covers treated

« proportion of area treated

6. Create new land-use scenarios
« Adjusting land-cover layer attributes
* Masking land-cover layer

\_l

v

Sub-catchment /land-cover layer
and stormwater network created

(O Database supplied

QO User interaction

Reduced contaminant loads

5. RUN C-CALM

Total contaminant loads

calculated for sub-catchments

O sDSS sub-routines

O Display options (results) v

Figure 3

calculated for sub-catchments

Contaminant loads / yields displayed

Y
L Query Treatment Performance Rules
* Maps, tables, plots

*Treatment sub-catchments or landuse zones / ICMPs
« Single and cumulative loads / yields

The C-CALM SDSS showing the links betweethe spatial database analytical
tools, user interaction, and display of results. Steps the user takes taum C-
CALM are numbered, note that evaluation of landusechange and treatment
options will require the user to reset the model iputs.
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2.2 Intended users and applications

The C-CALM SDSS is being developed as a planniiod tather than an operational
model for stormwater management. Fundamental ¢0oGHCALM project is the
difference between urban stormwater planndegign and operation. Operation refers
to the day to day decisions relating to stormwat@nagement. Such applications
require detailed spatial representations of surfame pathways treatment devices
and the reticulated stormwater network within pbgly-based drainage models
which are typically run with time-steps of five mies or less. Design refers to the
sizing of stormwater individual network componeatgording to a set of pre-defined
criteria (see review of methods in Chral., 2004). Finally the purpose of planning
is to reduce the long-term impacts of changesid lase and water management on
the wider environment. These modelling tasks efated and often include similar
modelling routineshowever the spatial and temporal resolution and the degfee
model complexity can differ significantly.

Each region in the country has different mandatesraquirements when it comes to
planning for water management. For instarinethe Auckland regionTerritorial
Authorities (TLAS) receive part funding from the éidand Regional Council (ARC)
to prepare ICMPs. These identify the risks posgdtbrmwater runoff and outline
how those risks can be minimised though stormwatanagement and treatment.
Whilst they are not statutory document€MPs are intended to provide long-term
strategic direction to stormwater management atdis&ict level. The ICMP is
intended to act as a blue-print for developmenhiwithe catchment area and the
primary intention is to avoidcemedy or mitigate adverse effects of stormwatethe
receiving environments. The area covered by an RCHI typically managed in
smaller drainage units often known as stormwatemagament units (SMUs) which
are either based on natural or engineered subroatthboundaries.

Stormwater managers must grapple with a range ssfiple development scenarios at
the SMU level including water treatmentwhich could have an impact on the
direction laid out in the ICMP. Take the followisguations:

¢ A land-owner has approached the TLA about the podisgiof re-developing
an industrial park into a brown-field residentiatate of high density housing.

« Developers would like the TLA to rezone farmlandtbe rural-urban fringe
for commercial development or life-style blocks.

« A pollution sink has been identified in a localugst and the TLA is required
to find the source and remedy the situation.

11
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* The Regional Authority requires resource consentsI&MPs to be updated
for any new development.

» The Regional Authority wishes to assess city wiediraent and contaminant
loads to identify problem catchments.

In each casethe users need to know the long-term impact ofl lase change and
stormwater management on receiving environmentdiey Tneed the information
quickly and do not have the resources available drplicit modelling in an
operational model. It is for this type of basicpligation that C-CALM is being
developed.

Depending on data availabiljitifreatment devices initially to be included in CAV
include detention basins (i,ewet ponds and wetlandsinedia filters swales and
infiltration strips and porous paving. Sound water management shollitav the
principles of triple-bottom-line (TBL, EIkingtqri997) which gives equal weight to
economi¢ social and environmental factors for a sustainahltecome (Taylor and
Fletcher 2005). Thus the choice of device and its dimersiat a particular site is
related to:

1. The contaminant source land use and land cover type

2. The type concentration/load and physical characteristichefcontaminants
to be treated

3. The required removal efficiency

4. The size of the area to be served (seurce site or catchment control)
5. Cost effectiveness over the life time of the device

6. Impact on receiving environment

7. Existence of historical devices which can be mediffor treatment (e.g.,
sedimentation ponds remaining after bulk earthworks

8. Land value
9. Land availability

10. Site access (including the need to keep emergesrciglors open)

12
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11. Proximately to building foundations and other isfracture

12. Stakeholder needs (e.caesthetic valuecultural mores health and safety
considerations)

At this stagethe C-CALM SDSS will have ability to aid decisiobased on the first
four factors. For the factors five and ,si-CALM will provide data that can be
coupled to the Landcare Life-cycle costing modede(dra et al., 2007) and to
ecosystem models such as the harbour circulatidrsadiment transport model being
developed by NIWA. As C-CALM will be developed Wih GIS it is conceivable
that factors seven to eleven could be incorporiatéige future.

13
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3. The Informing Modules

This section outlines the models to be used toldpvilne performance rule library.
General model assumptions are discussed in SektioThe modules are a catchment
rainfall/runoff, sediment accumulation/wash-off nebdSection 3.2); a hydrological
flow and settling pond/wetland model (Section 3&)d a raingarden water balance
and sediment removal model (Section 3.4). All thedules are run with a five-
minute time interval.

The treatment devices modelled were largely didthtethe availability of local data.
The data requirements for testing of all the moslwere that:

The hydrological data sets for model developmemewgex months or longer.

+ Inflow and outflow data should be available for Haene events.

e At least three flow events were sampled and andli@esuspended solids.

e The devices modelled were typical of stormwateattreent facilities found in
New Zealand.

The modules have been tested for Mission,Bamakiand Auckland CBD for the
catchment moduledetention ponds in Te Atatu and Silverdalad the raingarden at
the Henderson vehicle testing station.

Given that the purpose of developing these modalé&s provide a means of creating
a treatment library, the models are deliberatelynpte with few calibration
parameters. That is, they represent generic donditfor archetypical landuse and
treatment types. While increasing model detail eothplexity will probably increase
model performance, providing further options fordebparameters will both increase
the run-time for the performance rule sensitivibalgsis and the memory needed for
the C-CALM SDSS (and therefore query times).

Performance rules for other treatment devices andlissolved metals are based on
literature values and are presented in SemaderieBaf2008). The C-CALM
performance rules will be updated as suitable batame available.

14
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3.1 General assumptions

The quality of stormwater is generally related he themistry of urban sediments.
The density and the size distribution of partidéfect the transport of the solids and
associated pollutants (Characklis and Wiesh®®7). The affinity of contaminants to
sediments in urban stormwater has meant that setliremoval is seen as the key to
effective water treatment with settling and filiost being the main methods.
Removal of dissolved metals is not modelled hem iandiscussed more fully with

respect to C-CALM in Semadeni-Davies (2008).

Although the modules have been tested using medhsia& where possihlehe
performance rules have several simplifying assumnpti

« Particle fall velocities are based on the NURPIliggttcolumn classes (US
EPA presentation of the Nationwide Urban Runoffgpamn, cited in Driscoll
et al., 1986); the original distribution is scaled up arwvd as a proxy for
finer and coarser particle size distributions (P.SD)

* The fractionation of particulate metals is dividad the same relative
proportions of sediments in the PSD - this meaersrémoval efficiency for
metals held by each particle size band will alsdHsesame as the sediment
removal efficiency for that band.

It should be noted that none of the data sets fmenhodel development contained
information about sediment characteristics. ClgdaHese assumptions will limit the
ability of C-CALM to simulate the removal of sedims and associated particulate
metals however given the wide spatial and temporal variationhaf tharacteristics of
sediments and heavy metals in stormwater causediffarences in sourcewater
chemistry and rainfall dynamicthey offer a workable way forward for the derieati
of the performance rules. The discussion belovirm# some of the complexities
associated with the assumptions.

3.1.1 Particle size distribution and fall velocity

Particulate matter in storm water ranges from nastersized colloidal organic
material to millimetre-sized sandilt and gravel - more than six-orders of magretud
(Makepeace, 1995). While fall velocity is depertdam grain sizeother factors such
as sediment concentratigparticle densityshape and texturfocculation and water
temperature (i.g.viscosity and density) also have an impact onlisgtt Actual
settling rates are often significantly lower th&wedretical fall velocitiesparticularly
with fine particles due to the influence of water turbulence causedwnind and
aquatic fauna (e.g., CRCCH, 2005).

15
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While it is preferable to use measured fall velesitin settling mode]sthis
information is not always available. In a reviefssediment settling velocity studies,
Semadeni-Davies (2007) found that there was motessr an even split in the
literature between measured values from columnlirggttexperiments and fall
velocities calculated from PSD. These calculatioase sensitive to the
parameterisation of sediment properties in the radeseof supporting data — for
instance grains are often assumed to be smooth spheresawitbnstant density
equivalent to mineral sands. In either ¢dbere has been criticism in the literature
(e.g. Fan2004; Lin 2003) about water sampling methpgdarticularly when samples
have been taken using pre-1990’s automatic sampidrish may have introduced a
bias towards the collection of fines.

Analytical method notwithstanding, there is wideresul of both reported fall
velocities (Figure 4) and PSD (Figure 5) in New |Zad and internationally. The
NURP breakdown of fall velocity into five classeach containing 20% of the
sediment mass has become a standard internatiofialyle 1), and is usedfor
example as the basis for design criteria in Auckland (ARE 4, 1993). The NURP
values were derived from a large number of coluattlisg experiments and represent
an average for the United States. Fan (2004)edusSD and fall velocity values for
the US EPA in a study of contaminant inflows to isag sewers (including
stormwater inflows to combined systems). He reggbdenerally coarser sediments
than NURP. Two sets of sediment grain sizes arengby Fan (2004) to reflect the
impact of street sweeping which removes coarsareads (>125um) leaving fines
on the road surface available for wash-off. CRQE6D5) present a hypothetical fall
velocity distribution based on the PSD of sedimsamples from Melbourne and
Brisbane, their velocity calculations assume aae density based on grain size.

NURP fall velocity distribution (Driscoll et al., 1986)

Particle mass in stormwater | Settling velocity
Band
(%) (fth™) | (mh?)
1 0-20 0.03 0.009
2 20-40 0.3 0.091
3 40-60 1.5 0.457
4 60-80 7 2.134
5 80-100 65 19.812

16
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— Elliott (1996), Halswell Pond, Christchurch, summer
— Elliott (1996), Halswell Pond, Christchurch, winter
Figure 4 Summary of probability distributions for sediment settling velocities reported in

local and international literature. The fall velodties are both measured and
calculated (*).
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Summary of sediment particle size distribtions in local and international
literature (compiled by Semadeni-Davies2007)

In Auckland, NIWA collected some 930 stormwater pla which were analysed for
suspended sediment concentration and PSD for Materw:.td and the Auckland City
Council (Reed and Timperlep004; Timperleyet al., 2004a and b). The samples
where taken from eight catchments during betweeerrsand 16 rainfall events. A
summary of the results is given in Figure 6. Isviaund that even within Auckland
City there is a geographical spread related tossmild land use with Mission Bay
having relatively coarse sediments and Oakley Creeds. Moreoverwithin the
catchments themselvesediments became progressively finer downstreanb§bly
due to removal by settling of coarse sedimenthéreticulated network and catch
basins). Additionally PSD varied from event to event due to differenaes
accumulation times and wash-off characteristiosm&deni-Davies (2007) pointed out
that in the wider Auckland Regiphorth Shore Citywhich has clayey soilss likely

to have finer sediments. While the volcanic sailsSouth Auckland could lead to
coarser sediments (e.d?akuranga: ARC1992) Leersnyder (1993) found that the
PSD and settling rates for sediments from the Hay@ark pond in Manukau were
consistent with sediments finer than NURP.
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Particle size distributions found in Aucklnd (derived from Reed and Timperley
2004; Timperleyet al., 2004 a and b)

Settling rates in other parts of the country akelyi to be just as disparate. To
illustrate Elliott (1996) carried out settling column tests $ediments in inflow to the
Halswell Junction pond in Christchurch. He fouhdttthe settling velocities were 10
to 100 times less than the average settling védscieported by NURP. Moreover,
there was a seasonal difference with the finestighes sampled in winter, it was
suggested that this was due to wet conditions gidie dispersal of fines. The
sediment also settled more slowly than the Manuediments (Leersnydet993).
This slow settling may be a characteristic of thesk soils in the Christchurch area.
The median settling velocity was 0.003 rhio 0.02 m H which, back calculating
using Stoke’s Lawcorresponds to spherical sand particles of abqunhto 2.5um
(clay). Elliot (1996) found that 90% of the sedimhehad a settling velocity
corresponding to a particle of diameter less tham3o 20um.

There is a similarly wide range of particle chagaistics important for settling
reported in the literature. The following discussitakes density as an example.
Stahre and Urbonas (1990) found that it is helpfusplit stormwater particles into
two groups which are roughly related to siee first (silts) with densities between
1000-1160 kg M, and the second (coarser grains such as sandsgrgtean 1160
kg nt.  Other authors have stated that density is alfanetion of sediment type,
generally inorganic particles have a higher density tharaoics (Karamalegost al,

19



_NIWA_—

Taihoro Nukurangi

2005). Butleret al. (1996) found that organics in stormwater had a ithenange of
between 1100 and 2500 kg®mSansalone and Triboullard (1999) stated thaddsut
vehicular matter from tyres has a large range insitg (1600 — 4000 kg ®) and
particle diameter (1-10dm) respectively. Lin (2003) found that organic teatin
stormwater had a greater grain sizensisted of leaves and other plant materials and
had a density range of between 1400 and 2300%g Winlike Stahre and Urbonas
(1990) he found that the particles less than 4@bhad a more or less constant
density of around 2500 kghwhich is similar to mineral sands. Andgtlal. (1997)
found relatively less variation with sizeven spthere was a definite increase in
density with particle size up to 5. The MUSIC model (CRCCH005) assumes
a variable density with particle sizgased on Lawrence and Breen (1998} ranges
from 1100 to 2600 kg m® for particles between 1 and 2pf respectively.

In light of the above discussion and the need f@ALM to be simple and intuitive
the pragmatic approach adopted here is to badingettlocities and PSD on the
NURP findings. The settling velocities used toelep the performance rules take the
five NURP bands as representative of a medium PHBE2 velocities are scaled down
by factors of ten and two respectively to simuliie sediments, and up by factors of
two and ten to simulate coarse sedimemtsh(e 3. PSD is calculated from the fall
velocity using Stokes’ Law (grain size < 1(ifh) or Rubey’s Equation (grain size >
100 um) assuming a variable density (i.€RCCH 2005). For local data reported as
fall velocities, the scaled medium fine fall velycidistribution is close to those
reported for South Auckland (ARC1992; Leersnyder, 1993) while the fine
distribution is close to the summer fall velocitieported at the Halswell pond in
Christchurch. For local data reported as PSD¢tiaese PSD is similar to the average
for Auckland City (Reed and Timperle2004; Timperleyet al., 2004 a and b).
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Fall velocities and PSD used to develop tiperformance rules
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3.2 Catchment Surface Flows

The purpose of this module is to provide realigiftow and sediment wash-off data
to the treatment modules; it is not intended taded for actual prediction of flows for
urban catchments. The inputs to the module ardathdepth and evapotranspiration
(disaggregated from Penman daily values), and akyguts are the runoff flow rate and
sediment concentration and load. The module ceuplew generation from
impervious surfaces with build-up and wash-off offace sediments (see Figure 7),
and the simulation routines are very similar tosthéor surface runoff processes in the
US EPA SWMM.

! |

Flow Simulation Sediment transport

impervious and permeable surfaces (and particulate contaminants)

l

Surface Runoff
and
Contaminant Loads

Modelling scheme for surface flows of stormwated aediments (and associated
contaminants).

It is assumed that overland flow pathways fromaze$ are direct to the stormwater
reticulated network (e.g., over roads and footpsdhgutters or via roof down-drains).
This means that the time of concentration is carsid to be of the same order as the
model time-step of 5 minutes. The catchment isggaed a length of 1 m, and the
width and area for a surface contributing to flowe also set at 1 m; in this way, the
catchment is conceptually likened to section ofiraad guttering contributing flow to
a reticulated network. Once the flow reaches ttvork, it is instantaneously routed
to the catchment outlet — that is, pipe and chaflioel through the network is not
modelled. It is recognised that the simplicity tbfs method could lead to faster
response, and greater quickflows, than seen imeegots where flow is attenuated in
the network as stormwater moves from source teebutHowever, to include routed
flow through the network would require detailedoirmhation on the configuration,
dimensions and materials of the network, whichuiside the scope of this project.

The relative area for each surface type (imperviougpermeable) is conceptually
modelled as a wide channel with a single outlet;dpth of water accumulated on the
surface is the depth of water in the channel, &edowerland flow to the reticulated

22



_NIWA_—

Taihoro Nukurangi

network is the flow from the outlet. The overldialv is related to the rate of change
in the volume of water stored in the channel by

dv,
dt

S = A d(;'ts =A(P-ET)-Q, Equation 1

where the subscrigt denotes the surface typeé, (n) is the volume of stored water,
hs (m) is the depth of stored watéy (m?) is the relative area for the given surface
type, P (m s?) is the precipitation deptfgT (m s?) is the evapotranspiration rate, and
Qs (m*s?) is the overland flow. For an urban catchmenhviibth impervious and
permeable surfaces, Equation 1 is calculated seghafar each surface type, and the
total discharge is the sum of the flow from both.

For each surface typeoverland flow is calculated using a simplificatiaf the
kinematic wave equation:

Q, =W,ah Equation 2

whereWs is the width of the catchment impervious or peroheaurfaces respectively,
and o and m depend on the flow resistance formula adopted.e @érivation of
Equation 2 can be found in numerous urban hydmuaégts books including Butler
and Davies (2000), and Akan and Houghtalen (20€8; equation is generally
considered to be adequate for overland flow, artdedssame as that used to determine
surface flows to gutters by SWMM (albeit with thedth, slope andx coefficient
calibrated together as a single combined variable).

For overland flow from permeable surfaces:

m=3, anda=%
Cv

whereg is the acceleration due to gravity (9.8 f), Sis the catchment slop€, is the
Chezy coefficient and’ is the kinematic viscosity of water fm!). The Chezy
coefficient is calculated from Mannings assuming Reynold’s number Re = 500:

_ 500"°
n

C

Equation 3

where in this case is assigned a value of 0.1 (the effective rougdf@sgrass, Akan
and Houghtalen, 2003).
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For flow over impervious surfaces:

m=§, anda':E
3 n

where Manning’'sh is assigned a value of 0.02 (the effective roughrfer concrete
and asphalt, Akan and Houghtal€2003). Note that over impervious surfacas
depression storage of 0.7 mm (equivalent to thehdep water required for flow
initiation from asphaltNiemczynowicz pers comm.) is removed per rainfall event.
Depression storage is assumed to evaporate rgtindlyyis, ET in Equation 1) and is
set to zero after 3 hours.

Baseflow from permeable surfaces, den@eg:, (m° s?) is simulated as a single non-
linear reservoir. Baseflow is governed by the sudisture storage, SMS (m), and a
recession constakt(s?), such that

Quese = KA SMS Equation 4

whereAsem (MP) is the relative area of the permeable surfacsl moisture storage
(SMS) in Equation 4 is calculated using the contynequation:

dSMS _ |, _ Qe
dt A

perm

-ET. Equation 5

It is assumed that all water at the soil surfacgeafgiven time-step is able to infiltrate
unless the soil is saturated. While SWMM simulatdégtration (Horton or Green-
Ampt options), MOUSE uses the same assumption Bs foe permeable surfaces.
Catchment-wide Horton (infiltration limited) ovend flow form permeable surfaces
is a rare phenomena outside of arid areas or egiedms with frozen soils. Here, the
upper limit of SMS is set by the depth of the $ayler assumed to be contributing to
stormwater drainage, denotedd(m), and the available water capacity AWC (the
equivalent proportion of the soil depth that cawestvater). Excess water is assigned
to the surface as saturated overland flow, andused to the catchment outlet using
Equation 2. The default parameters are adjustelddon soils.

Evapotranspiration is calculated as a linear fomctf the potential evapotranspiration
rate PET (m$) and the soil moisture storage SMS:

ET =PE S—MS . Equation 6
AWC d
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Note thatET has a maximum value of PET. Daily PET calculatgdNIWA for
Auckland airport with the Penman method is disaggted and used as a model input.
The daily PET is disaggregated by dividing it ifitee-minute blocks for the nominal
daylight hours from 07:00 to 19:00. Evapotrandfrain urban areas is highly
heterogeneous due to the complexity of interactetween diverse land covers,
topography and the atmosphere. Variable cloud rc@leading reduced sky-view
and multiple reflections (and absorption) of s@ad longwave radiation mean that
the radiation fields over urban areas are extrernelyplex (Semadeni-Davies and
Bengtsson1998; Semadeni-Davies al., 2001). No attempt has been made to adjust
the PET for local conditions. Generallurban drainage engineers are mostly
concerned with peak flows from impervious surfa@ksvs from permeable surfaces
are a minor consideration, usually in the form @iver infiltration) which means that
monthly normal PET values are favoured by commé#ycavailable urban drainage
models.

The concentration of TSS is simulated using bugdamd wash-off equations. The
effects of catch pits and street-sweeping on T@at simulated, but will be taken
into account in C-CALM contaminant load calculasoSemadeni-Davies, 2008).
Sediment in stormwater is assumed to originate drdyn impervious sources:

sediment from stream erosion is not simulated,oadat so would require detailed
channel routing and erosion modelling, and wasHrom point sources (such as
construction sites) is also not simulated. The odtsediment accumulation available
for wash-off is determined by a constant accumotatiate, which is related to local
sources and land use (particularly traffic), ardss rate which is proportional to the
accumulated mass (Sartor and Bol@72):

M, _
dt

aA e — DM o Equation 7

whereMgy is the total mass of accumulated sediments ¢ig the accumulation rate
(up to 5 kg ha day?'), Amer (7) is the relative area of the impervious surfaaesib

is the removal rate (between 0.2 — 0.4 Hayovotny and Chesters, 1981). This
equation implies that there is an equilibrium betwsediment accumulation and loss
after several days.

The mass rate of sediment wash¥ff(kg s') (equivalent to the flow of sediment in
the stormwater) is related to the intensity of theerland flow from impervious
surfaces, such that:

0, | <Threshold ;.
W = Equation 8
WIM oy, | =2Threshold ., ,
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wherew is the wash-off constant () andl is the runoff depth rate (m'sequal to
the overland flow from impervious surfac€swe (calculated from Equation 2),
divded by the relative area of impervious surfaBggs:. Note that the runoff depth
rate must be greater than a threshold vallieesholdgepin (Set to 0.2 mm Smik or
3 x 10° m s?) to initiate sediment wash-off.

For each time step, the TSS concentration (By is equal to the mass rate of
sediment wash-ofiV, divided by the total flow rate (overland flo@s from both
impevious and permeable surfaces, plus the base(ig. from permeable surfaces).

The choice of method was dictated by the need @ACM for a simple conceptual
method with low data requirements. It is knowrnttss exponential wash-off method
and is commonly used in urban drainage models, (89/MM). DHI MOUSE
(MOUSE TRAP) and the Wallingford Software InfoWorksodels have variants
which are calculated from rainfall intensity rathwan runoff depth and include
several calibration coefficients. None-the-les® Modelling assumptions are the
same. It is known that the method is prone toref8utherland and Jele2003
Huber pers comm. and 2007); for instance, a fltstHf is always predicted. The
method also implies that the rate of wash-off instant, whereas in reality, wash-off
varies with, amongst other factors, the type amd sif the sediments available, and
the rainfall intensity (e.g., splash erosion ofébaoil). Sutherland and Jelen (2003),
who put forward recommendations for SWMM, sugglst &2 second coefficient be
used to simulate changes in sediment availabilifhey state that with all else held
constant; sediment availability will increase witticreasing rainfall intensity and
runoff volume, and will decrease with increasingiah loading, particle sizes and
pavement roughness.

While there are other methods for simulating sedimeoncentration, those
investigated for possible use in C-CALM do not offielvantages over the exponential
wash-off method, given that the purpose is to mlevinput data to the performance
rule modules. The STORMQUAL model that has beesdusy NIWA for various
applications in Auckland (Timperley and Reed, 20B®ed and Timperley, 2004)
calculates the fraction of accumulated sedimentsuf@ulation is simulated in a
similar way to Equation 7) that is washed off afuaction of the total catchment
discharge for the time interval. This method asssithat wash-off for permeable
surfaces is the same as for impervious surfaces fationale was to allow for quasi-
simulation of soil and stream bed erosion. Addiildy, calibration required
unrealistic assumptions regarding sediment suppty accumulation rates. In some
cases, the catchment is effectively supplied witfimited sediment — that is, the
initial accumulated mass was parameterised to ficiutly high value such that
wash-off tracks discharge. STORMQUAL often resittdigh TSS concentrations
for baseflow.
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Another alternative is to set a constant TSS canaton such that load is dependant
only on flow rates. This method takes neither @edent rainfall conditions (i.e., time
available for accumulation) nor reduced wash-ofdasvent progresses into account.
The method is available to users in SWMM and MUSKRCCH, 2005). MUSIC
also includes an option for stochastic simulatiorT8S concentration whereby the
value for successive time-steps is taken from antmgnal distribution of event mean
concentrations (EMC, total event load over totalvflvolume). The distributions of
EMCs were derived for a range of land uses by Duiriz899). This method does not
link the variation in concentration to flow charmstics or antecedent conditions.
Moreover, there is no link between successive aunagons. Hence, while the
distribution of simulated concentrations may appr@te real concentrations over the
long-term, the distribution of load may not be eotr The method also precludes the
ability to compare simulated concentrations to @gponding sampled concentrations.

3.2.1 Module testing

The surface flow and contaminant transport wereeteagainst NIWA collected flow

and TSS observations made for catchments repréisentsf different land uses:

commercial/city (Auckland CBD), residential (Missi®ay), and industrial (Tamaki).

Data collection is detailed in Timperley and Re2d05). Data availability for each

catchment is summarised in Table 3, note that dabehments did not have on-site rain
gauges. For each catchment, the models were ruanfanitiation period of several

months.

Summary of data used to test the surfaceoflv module

Mission Bay Auckland CBD Tamaki
Simulation period Dec 2000 — 1 February 2001 — 28 | 1 Dec 2001-
30 November 2001 Feb 2002 16 July 2002

Calibration Period Dec 2000 — June Feb 2001-July 2001 Dec 2001 — Feb 2002

2001
Monitoring site Beside Aotea Between Aotea University of
R Centre and Ferguson | Auckland Tamaki
eserve o
Building Campus, Glen Innes
Rain gauge location Constructed from
Okahu Bay Albert Park Okahu Bay, Rowe St
(ARC) (Metrowater) and Pakuranga
(ARC)
Number of events 13 16 13

sampled
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Literature values were used for the proportionropérvious surfaces to permeable
surfaces (i.e.analogous to the runoff coefficient) and accuniofatand wash-off
rates, these were related to land use (summanis8dtier and Davies2000). This
was done to test the applicability of simple moplelameters to generic modelling of
discharge. The parameters are listed in Tablbelsoil parameters are set for loam.
Obviously, better fits for both flow and sediment transpoould be obtained by
calibrating for each catchment. Howeuie performance rules will be limited in the
number of parameters that can be adjystedce the use of generic parameters.

With the combination of soil available water capa¢0.16 m) and recession constant
(consistent with a hydraulic conductivity of 1 chfised in the model applications
discussed belowthere was negligible overland flow produced frame fpermeable
surfaces for the catchments simulated.

Discharge

The module was able to simulate stormwater dis@saffgr the catchments with
reasonable accuracy (Table 5).

For the Mission Bay catchment, the model had veryddfit, though a tendency to
slightly underestimate peak flows meant that theéaltdlow simulated was
underestimated by around 12%. Figures 8 — 10 gkamples of model fit for the
catchment.

The discharge simulations for the CBD are giveRigures 11 to 13. Due to the high
proportion of impervious surfaces, discharge at@B® responds rapidly to rainfall
and is not buffered by base-flow. Total flow wasderestimated by around 8%.
Discharge at the CBD was better simulated for tladidation period than the
calibration period. This is largely explained bgomalies between rainfall and
recorded flow. A comparison of the observed fl@eard against rainfall shows that
despite the close location of the rain gauge (aBduh) to the catchment outjeéhere
were several rainfall events which did not leadetmorded flow. Similarly, there were
some flow peaks without observed rainfalls or withly modest rainfalls. The
anomalies seen on 23-ebruary, 2 April and 29 May in particular have an undue
impact on overall model fit during the calibratipariod. If these events are removed
from the simulation, the correlation YJRncreases to 0.65. While there were similar
anomalies during the validation period (e.g., 5tSaper 2001 and 30 December
2001 had recorded rainfalls but no flow), their aopon the overall model fit was not
as great.
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Figures 14 to 16 give the results of the flow siation for Tamaki. Note that the

rainfall data used for the simulation was constdcfrom gauges at Okahu Bay

Onehunga (Rowe St) and Pakuranga which could exglame of the difference in

discharge. There are some flow events that areepoesented in the rainfall records
such as 8 May 2002. Like the CBD, it can be exgubthhat some high rainfalls at the
gauges may not have resulted in high flow peakstalTilow was overestimated by
12 %.

All three catchments had anomalies between rairdall the discharge volume
recorded. Indeed, some flow events occurred withesorded rainfall and vice versa.
Auckland rainfall is characterised by localisedwbrs which could explain some of
the differences between the simulated and recatietharge.

The overestimation of flow peaks for all the catemts is likely due to the fact that
flow is not routed through the reticulation networkn reality flow peaks would be
attenuated due to differential travel times frorffedent parts of the catchment with
different flow pathways and surface types.
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Mission Bay Auckland CBD Tamaki
f\nr]ez;‘ 451630 301140 340000
Fraction impervious

0.5 0.95 0.8
Average slope 0.02 0.02. 0.02
Depression storage 7% 10 7% 10 7% 104
(m)
Depression dry-time 3 3 3
(h)
Available water
capacity 0.16 0.16 0.16
(volume fraction)
Soil depth 1 1 1
(m)
(Rel‘;essmn constant 2.7x10° 2.7x10° 2.7x10°
s
Sediment 6.94 x 10 1.22x10% 1.74x 10
2 (2 kg/ha/day) (3.5 kg/ha/day) (5 kg/ha/day)

(g/m?/s)
Sediment removal 2.35x10° 2.35x10° 2.35x10°
E:“le) (0.2 /day) (0.2 /day) (0.2 /day)
Wash-off constant
(mm) 0.2 0.2 0.2
Runoff depth
threshold 0.1 0.1 0.1
(mm/5 mins)
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Summary of model fit for discharge.

Table 5
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Figure 8 Observed and simulated stormwater runoff ér Mission Bay — December 2000 to

November 2001
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Figure 9 Observed and simulated stormwater runoff ér Mission Bay — August 2001
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Figure 12 Observed and simulated stormwater runoffor Auckland CBD, September 2001,
note that the flow event predicted for 4 Septembeis due to a heavy rainfall —
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Figure 13 Observed and simulated stormwater runofffor Auckland CBD, detail for 1-3
December 2001.
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Figure 14 Observed and simulated stormwater runoffor Tamaki — December 2001 to July

2002
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the model predicts two flow peaks not present in @ flow record.
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TSS concentration and load

Figures 17 - 20 show model results for both TSSenftration and load for Mission
Bay. The simulation of point concentration wasiatsle with some events having
similar concentrations and loads to those recorded others being greatly
underestimated. For instance, there is an increas®ncentration for the events
sampled in October 2001 compared to those takdiereiar the sampling programme
despite similar peak discharges and accumulatimesti These increases are not
predicted by the model, which, due to the modesthdirge, simulated low TSS
concentrations and loads. This catchment has s@®e water streams as part of the
net-work which may partially explain the high ratfssediment transport. Indeed,
contrary of expectations, Mission Bay had highelireent concentrations and EMCs
than the CBD (commercial) and Tamaki (industriafjcbhments for some events. The
observed and simulated EMCs for events where seffifiavater quality samples were
taken to allow calculation are given in Table 6ot&lthat not all time steps during the
sampled events have associated TSS concentratidgh the exception of the
October events, the simulated and observed EMGs sianilar ranges in values.
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Figure 18 Observed and simulated TSS load for Missn Bay — January to November 2001
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Figure 20 Observed and simulated TSS concentratioftop) and load (below) for Mission
Bay — 13 November 2001
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Table 6 Observed and simulated event mean concentians for events where calculation
was possible — Mission Bay. Note that not all timeteps during the sampled
events have associated TSS concentrations.

Event Observed EMC | Simulated EMC
31/01/2001 62 176
11/02/2001 38 61
28/03/2001 104 183
2/05/2001 78 121
10/05/2001 126 68
30/05/2001 132 25
8/10/2001 346 112
9/10/2001 397 96
10/10/2001 130 73
15/10/2001 263 107
16/10/2001 119 67
13/11/2001 115 120
21/11/2001 119 102

Results for the CBD are shown in Figures 21 to @4bbth concentration and load.
Whereas the point concentrations simulated the €Bdhments were in the correct
order of magnitude, the assumption of a first flbsts led to the concentrations and
loads being underestimated in some cases wheraakienum concentration occurred
with peak flows. EMCs for events where water gyadamples where taken over the
entire event are given in Table 7. It can be sbanhthe results are variable with some
events having overestimations and other under agtns. However, the magnitude
of the EMCs is comparable. The high sediment cainagons seen in January 2002
may be due to wash-on from construction sites; thiés observed on several
occasions when sediment traps overflowed.
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Table 7 Observed and simulated event mean concentians for events where the entire
flow hydrograph was sampled — Auckland CBD. Notehat not all time steps
during the sampled events have associated TSS conications.

Event Observed EMC | Simulated EMC
2/05/2001 92 16
30/05/2001 125 98
16/07/2001 47 202
6/10/2001 277 214
10/10/2001 125 232
15/10/2001 175 199
22/10/2001 29 114
22/11/2001 59 70
1/12/2001 56 88
9/01/2002 27 53

On the whole, TSS concentration and load were nedieVell for Tamaki as can be
seen in Figures 25 to 28. However, some events asithe 28 and 29 May 2002 had
differences in the timing of simulated and recorgeedk flows which meant that there
was also a mismatch in the timing of the pollutpéra The events on 19, 23 and 27
May had some samples with high sediment conceotrathat were not simulated due
to underestimation of predicted flows. EMCs foeets where there were adequate
water samples for calculation are given in TabldDg&spite the mismatch in the point
concentrations, there is good agreement betweesitiglated and observed EMCs
for the events (within 25% of the observed valughwhe exception of 27 and 28
May where EMC was underestimated.
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Figure 25 Observed and simulated TSS concentratidior Tamaki — April to June 2002
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Figure 26 Observed and simulated TSS load for Tamak- April to June 2002
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Figure 27 Observed and simulated TSS concentratiofiop) and load (below) for Tamaki —
26 April 2002
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Figure 28 Observed and simulated TSS concentratiofiop) and load (below) for Tamaki —
23 May 2002
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Table 8 Observed and simulated event mean concentians for events where the entire
flow hydrograph was sampled — Tamaki. Note that nioall time steps during the
sampled events have associated TSS concentrations.

Event Observed EMC | Simulated EMC
26/04/2002 63 59
19/05/2002 298 242
23/05/2002 157 151
27/05/2002 227 152
28/05/2002 86 50
29/05/2002 53 40

The catchments showed variable fit with respecthi different sampled events
simulated for concentration and load which was tludoth error in estimates of

discharge and the assumptions of the build-up wéisimethod. The exponential

wash-off routine used here assumes constant acationjlreduction and wash-off

rates. Conceptually, this means that the concémtrand load during an event is a
function of the flow rate and the length of timeveeen events. Consequently, a first
flush is always simulated. Wash-on and sedimemh fpoint sources are not simulated
as to do so would require detailed knowledge ofcditehment to be modelled as well
as routines for soil and stream erosion includilegvfrouting. The variable TSS

concentration seen at Mission Bay in particulamcaradequately be explained by the
simple model presented here. The high loads seehei samples for some of the
events are probably due to the presence of straanthe stormwater system.

Similarly, anomalies seen in the CBD concentratiod load could be due to wash-on
from construction sites.

Splitting the catchments up into component landecowith calibrated accumulation
and wash-off parameters and including water routmdhe outlet would probably
improve the fit but will add to model complexityiv@n the project aim is to provide
input data to treatment devices, the module gieesentrations and loads in the same
order of magnitude as those seen in stormwaterlsamipcan therefore be considered
suitable for use in the performance rules, with ¢heeat that it may not be accurate
for catchments with a high degree of stream erggionstruction or some other point
sediment sources.
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3.3 Detention and settling in Ponds and Wetlands

Wet detention ponds and constructed wetlands dookis permanent pool of water
into which stormwater is directed. Water is degdinuntil it is displaced by the next
volume of stormwater. The primary purpose is towslstormwater delivery to
receiving waters for flood control and improve wageality. While it is detained in
the pond natural, physicathemical and biological processes treat the statenv In

a well maintained pond with an adequate retentime, tsettling removes up to 50-
90% of the TSS, and with it the bulk of particulatentaminants (Schuelet992
cited in US EPA1999 a); for instancehe removal efficiencies of total Pb and Zn can
range between 70-80% and 40-50% respectively. €Tlierlittle data on water
treatment in New Zealand stormwater ponds and nastaElliott (1996) did find that
the reduction in contaminant concentrations attalswell Pond in Christchurch were
in this range (e.g64% for TS$42% for Zn and 48% for Cu), however the reduction
in load was much greater due to significant watexsés to the pond (i,ebottom
infiltration and evaporation).

Wetlands have their own set of design criteria amchoval processes. The
conventional wisdom is that as well as allowinglisgt, constructed wetlands offer
increased water treatment over detention pondstduée presence of vegetation.
According to the US EPA (1999 b), wetland plants:

Increase flow pathways and therefore detentiongjme

« Filter litter, debris and other floatables carried in stormwater;

e Filter particulates as the water flows through nmaisses;

« Provide surfaces for microbial growth thereforer@asing biological uptake;
and

« Provide surfaces for bonding of dissolved contamtisia

While there have been studies which show increaaex$ of removal for nutrients
(e.g, Bavoret al., 2001) settling remains the primary treatment for patéta metals

in wetlands (Somest al., 2000; Walker and Hurl2002). Settling in wetlands is
usually modelled in the same way as in ponds withiman drainage models (e.g.
MUSIC), albeit with increased hydraulic efficiency ratings a proxy for more
convoluted flow paths (e.gPerssoret al., 1999; Perssqr2000). This is the approach
that will be used for the C-CALM performance module
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Andersonet al. (2002) give a list of critical issues for stormwapeond function,
ranging from accessibility for maintenance, to pdimdensions and public perception.
They note that as knowledge of stormwater qualéy bhanged so has pond design.
Long-term detention pond performance can be estithdtased on geographical
location and the ratio of pond surface area tocth@ributing source area. The basic
rule-of—thumb for pond design is that the ratiovater surface to drainage area should
be at least 1:100 (US ERPA999 a). In his PhD researc¢Berman (2003) carried out a
literature search on pond function, and investidéitbe removal efficiencies of several
ponds in Sweden. Part of his early work is regbrtePetterssomt al. (1999). He
found a relationship between specific area and vamefficiency however the
increase in efficiency with pond size plateausra?&0 nt ha' impervious catchment
surfaces.

The primary determinant of retention time is pomduwme. Water should remain in
the pond at least 24 hours for settling of largdiglas but the longer the retention
time the betterparticularly if nutrients need to be removed tlgioliological uptake.
Indeed the retention time of a pond intended to reducerdgtream eutrophication
may be three or more times that of pond solelynithtel for settling. Choice of pond
depth is a trade-off between public safgipnd hydraulics and biological activity:
while it is important to maintain a depth suffidieto avoid re-suspension of bed
sediments the pond should not be so deep that thermal fatedion or anoxic
conditions develop, as both have an effect on biolw uptake. Butler and Davies
(2000) suggest that ponds should ideally be arolrtd3 m deep for effective
treatmentthough in practicgponds are usually shallower.

Another aspect of pond design is the length-towiddtio: the longer the flow
pathway, the better the removal efficiency (Petterd999; Perssqr2000). The US
EPA (1999 a) state that a ratio of 2:1 or more détrease the possibility of short-
circuiting and increase retention time allowing ¢peater settling. Baffles and islands
can also be used to extend the flow pathway (Per&8®0) though poor placement
of these can introduce dead-areas which reducadiive pond volume and retention
time (e.g, Semadeni-Davies2007). Other studies of the removal efficiency of
detention ponds and constructed wetlapdsticularly for metalsinclude Walker and
Hurl (2002) Somest al. (2000) Leeet al. (1997) and Barbosa and Hvitved-Jacobsen
(1999).

3.3.1 Module components

Wet detention ponds and wetlands are simulatedtvélsame module. Flow through
the facility is calculated using the continuity aetjan:
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deond .
— = Qp ~ Qo + Apong (P-ET) Equation 9

whereVpond is the volume of water stored in the pond)(i®i» andQou: (M? s) are the
pond inflow and outflow respectivelyoond is the pond surface areaJmP is the
precipitation depth (m%§ and ET is evapotranspiration (M)s Note that the pond
surface area changes with time as the volume oémiat the pond increases and
decreases. Inflowprecipitation depth and evapotranspiration (opettewrate) are
model inputs. Outflow is calculated as a funciidioth the pond depth and the type
and configuration of the outlet.

The pond is conceptually modelled as a trapezdieain (see Figure 29), where the
hydraulic headh (m), is a geometric function of the storage volume:

AV g ws

- Equation 10
S > hy q

h =2_SI_\/(WL)2 +

wherew is the pond base width () is the pond length (m} is the slope of the
pond banks anby is invert level of the outlet (m). The base widtlcalculated from
the bank slope, the width at the outlet invert lewral the invert height as:

W=W—2—h°.
S

The initial detention volume is assumed to be aidpdl (i.e., h = 0).
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Trapezoid conceptual layout of a detentiopond

Outflow is dependant on the type of outlet deviEer simplicity, a sharp-crested weir
outlet is assumedn which case the outflow is calculated as:

Qux =Cy §|Weir V29 h*® Equation 11

WhereCyis the weir coefficient (0,6e.g, Butler and Davies2000) luer is the width
of the weir and g is the gravitational acceleratiom the case of the two ponds
modelled belowthe outflow configurations are more complex thaugh

Krishnappen and Marsalek (2002) state that the odstiturrently used to evaluate
settling in detention ponds are typically basedvem approaches: (a) the ideal settling
tank conceptand (b) two or three dimensional computationaidfidynamics (CFD)
models. While CFD models provide a better repriagem of flow distribution in
ponds they are complex and require detailed knowledgepohd bathymetry.
Operational urban drainage models which simulatiirgg generally use the former
approach, which commonly known as the continuowsiyred tank reactor model
(CSTR). This is the method chosen here.

Driscoll et al. (1986) presented a basic methodology for the demigl analysis of wet
detention ponds based on CSTR modelling. The rdetbgy is widely used for both
pond design and operation and is discussed inl dgtdersson and Wittgren (2003).
It assumes that there are two types of seftlopgescent and dynamic. A pond
operates under dynamic conditions when the stochighe pond is increasing with
runoff entering the pond and with the stage risangd when the storage is decreasing
when the pond stage is lowering. Quiescent sgtitiocurs during the dry period
between storms when previous flows are trappeldarpond. The relative importance
of the two settling periods depends on the sizih®fpond the volume of each runoff
event and the inter-event time between the rains.

Settling during dynamic conditions is based on Hatheory (Fair and Geyet954)
where ponds are approximated as a series of sigeeasks with flow from one tank
to the next. The more tankse less mixing or short circuiting between sawtiof the
pond. The proportion of sediment removed fromwlager column R;) is calculated
as:

-n
Y
ar 5} Equation 12

—q1-|14+1
R =1 {1+n

n
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wheren is the conceptual number of tank®, is inflow rate (M s?), Aw is the water
surface area (frandvs is the particle settling velocity (mts The ratiovd/Qin gives
the nominal detention time in the pond.

The water surface area is given by

Equation 13
S

Ag = L(W+Mj.

The fall velocity for each of the particle-size Harare taken from Table 2 depending
on the PSD chosen. The NURP fall velocity bandsewsed as a default for module
testing.

In an exceptional pond with perfect plug the numifetanksn tends to infinity. In a
poorly designed pondn(= 1), there is only one tank with continuous mixing
horizontally and verticallyturbulence and short circuiting. Generaliyranges from

1 to 8 in CSTR models of stormwater ponds. Hydcaulodelling (2-D MIKE-21) of
hypothetical pond configurations was used to find approximate relationship
between pond configuratipmydraulic efficiency 4, the ratio of the time to peak
concentration at the outlet and the nominal flowedgon time) ancdh (Perssoret al.,
1999; Perssqr2000). The simulated values fdrandn are given in Figure 30 below
and show how the relative locations of the inled antlet the width to length ratio
and the presence of bernaffles and islands can change hydraulic effigien8hort
circuiting, for instancenot only reduces detention tifné results in pond dead areas
which reduce the effective storage at the facility.
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Configuration | Number of
A tanks, n
A Good
0.9 J_|_> s A 1.4
0.8 | i B 1.4
v »
0.7 | | |G 12 g s € L1
o ™ D 1.2
-0 P ITa J E 4.2
0.5 Satisfactory
G 4.2
0.4 + | ¥ L
B — K H 1.1
A
0.3 s ™kl 5 L | ' 1.7
O v
0.2 [ —, A J 10
D N o—
0.1 C —> H —p K 1.6
Poor o 1.4
P 2.6
Q 2.4
Figure 30 Relationship between pond configuratiophydraulic efficiency and the number of

CSTR tanks. Configurations O and P include an islad, G has 3 baffles and Q a
berm. (after Perssoret al., 1999; Persson2000; Persson and Wittgren2003)

Removal during quiescent flow is calculated asrefion of the settling velocifytime
since the last flow event and pond depth as:

R, =1-g /) Equation 14

This is the quiescent settling formulation recomdeghby Driscolkt al. (1986).

A simple hydrograph separation is used to deternpeeéods of dynamic and
quiescent settling. Incoming baseflow is determibg

k, Baseflow, ) + (1-k,)Q,
2-k,

Baseflow,) = Equation 15

wherek; is a dimensionless recession constant. If thpgtmn of baseflow is greater
than stormflowthen settling is said to be quiescent.

For each time stepghe module first calculates the stored sedimergsnia the pond
water. The change in sediment storage is calallgehe sum of the stored mass and
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the incoming sediment load, less the settled mad®oatgoing sediment load from the
previous time-step. Thus running tab is kept of both the accumulated nzensh
concentration of sediment (calculated as the masediment divided by the stored
pond volume) in the pond for each size band. Enegowal efficiency is calculated for
each sediment size band using the CSTR formulaeeal@autflow water is assigned
the stored concentration and the load of sedimemtihg the pond calculated as the
product of this concentration and the outflow voéufor the time-step.

3.3.2 Module testing

Flow and water quality data suitable for moduleedlepment were available from two
local ponds: a highway detention pond treating raatff near Silverdale (NIWA)
and a sub-urban pond in a Te Atatu Peninsula hgudievelopment (Landcare
Research). The characteristics of the ponds argnswised in Table 9. Inflow and
outflow are available for each pond with 5 minutetsteps although the way in
which water samples were taken varied. The TS$amumation of time-steps without
a water sample during sampled events were lineatdypolated. Model inputs are
measured inflow and TSS concentration.

The main outlet structure in both ponds is a stp®jfghese can be modelled as weirs
with a length equivalent to the circumference & fhpe. Howeverthe ponds also
have extended detention with flow regulated by eosdary outlet that allows the
pond to drain slowly between events maximisingager(Figure 31). The Silverdale
pond standpipe has a slot weir and the Te Atatdl gtemdpipe a circular orifice. The
outflow equation presented in Section 3.3.1 wasefbee adjusted to include these
secondary outlets.

The Silverdale pond test thus includes two sepavateequations with different weir
invert levels and widthsvhereas the Te Atatu pond simulates three flowasiiins
(orifice uncovered orifice covered and standpipe topped). The TetuAtaond
standpipe has a debris screen and the combinet wfidhe bars was subtracted from
the standpipe circumference. Howewbere is a possibility that the bars could cause
a flow restriction that was not simulated. The aiimthe module is to provide a
generic pond model for the development of the parémce rules. Hencéhe ponds
were simulated twice (i.e. with and without lowsloregulation via the secondary
outlets) to see how sensitive the results are ® gimulation of the outlet
configuration.

Pond Hydrology

Table 10 summarises the performance of the porndrfiodel for both ponds.
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Flow was well simulated at the Silverdale pond (Fég 32 to 34). The event on 12
March, which was not recorded at the outlet dua pooblem with the stage recorder,
was excluded from the flow model evaluation. Tlogalt outflow volume was
underestimated by 7 %. The module was able tolatmboth low flows via the slot
and high flows over the standpipe including anext event which occurred on 28
March 2007. This event caused widespread floodingpss Northland, and, at
Silverdale the standpipe was overtopped.
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Summary of characteristics for the test potts simulated by the pond treatment

module

Silverdale

Te Atatu

Simulation period

12 Dec 2006 — 29 April 2007

1 Dec 2003 — 31 Aug 2004

Calibration period

Dec 2006 - Jan 2007

Dec 2003 - Feb 2004

Area at outflow level 264 m? 960 m?
Volume 218 m3 277 m3
Outflow configuration Standpipe (1.2 m diameter, Standpipe

invert 1.2 m)

Slot weir on standpipe (8 cm
wide, invert 90 cm from pond
base).

(1.8 m diameter, invert 1.05
m) with debris screen.

COrifice on standpipe (15 cm
diameter, invert 0.35 cm from
pond base)

Estimated n
(from Figure 30)

1

Sampled events at inlet

3 (26 samples in total)

37 (134 samples in total)

Sampled events at outlet

3 (20 samples in total)

39 (340 samples in total)

Number of events modelled

3

12

Comments on sampling

Time based sampling
triggered by stage. Sampling
interval 5 minutes, however,
the interval between analysed
samples ranged from 15
minutes to 2 hours depending
on sampling location on
hydrograph.

The flow for one event was
not recorded due to an
problem with the stage
recorder.

Time based sampling, with
samples taken hourly on the
hour. Some inflow events
have only one inflow or
outflow sample and others
few samples with sampling
intervals of several hours.
Some events were not
sampled concurrently at the
inlet and outlet.
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Figure 31 The outlet standpipes for the Silverdaldabove high and low flow conditions)
and Te Atatu (bottom, low flow) ponds showing the secondary outlets for
extended detention.
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Summary of model fit for discharge.

Table 10
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Figure 32 Simulated and observed outflow from the ierdale Pond -. 28 to 30 March 2007
(note, stage was not recorded for the event on 12&vth)
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Simulated and observed outflow from the iverdale Pond for low flow conditions
— 28 April 2007

Flow at the Te Atatu pond was reasonably well sated (R=0.79). The total flow
volume was overestimated by 3%. Both low flowsahéce and high flows over the
standpipe were simulatebdowever the transition from one flow situation to the next
was too abrupt. On several field-visits reportgd’lowsdale and Fletcher (2005), the
orifice was blocked with debris such as floatinglkst and weeds causing the pond
level to rise to the standpipe outflow. This wouaklise a reduction in the observed
outflow during between events and higher peak flalusing events. There is a
tendency for the model to overestimate low flowkseavhile some high flows are
underestimated. The latter may be an artefadteflow record as discussed above.
Examples of model fit for flow are given in Figur@s to 37.
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conditions -. 29 to 31 May 2004

Figure 37



_NIWA_—

Taihoro Nukurangi

Settling

Three events were sampled at the Silverdale pénthtal of 137 kg of sediment was
calculated for the inlet based on the inflow sammpl&he first event was a shanigh
flow event (12 March). Unfortunately, stage wag mecorded during this event,
hence load was calculated for the observed outflomcentrations using the modelled
outflow. The second event was due to an extreinéatbthat lasted 48 hours (28-30
March 2007). The sampler carousels were changedglthis event, the incoming
concentrations for the intervening period weredieinterpolated. The third event
(28 April) was at the other end of the spectrumaad in response to a minor rainfall.
Sediment removal was poorly simulated for the $daée pond (Figure 38) using the
NURRP fall velocity distribution which representsdaigm sized grains in Table 2. The
total removal efficiency calculated was 73% comgaie 56% observed, though the
first event had very similar removal. The totahmval (55 %) was very close to that
observed when the fall velocity distribution wasueped to that of a fine PSD, to take
into account the clay soils of North Shore. While slower fall velocities, the fit for
the events on 28-30 March were well simulatedwever the removal for the first
eventwas overestimated. The third event, which was wairyor with low incoming
TSS concentratigrhad poor fit for both simulations. The improvermenmodel fit
with the adjustment to the grain size classes shostdhow important it is to allow C-
CALM users to choose between PSD options. Tablgiids a summary for the three
sampled events with calculations using both the RW@Rd fine grain PSDs.
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Table 11 Summary of model performance for the Silvelale pond. Simulated load was
only calculated for those times when observationsere available.
NURP .
(medium grain PSD) Fine PSD
Load in
57.7 57.7
(kg)
12 March 2007 (Oktéfer"ed load out | 45 61 12.01
Simulated load out 13.7 20.3
(kg)
Load in
74.8 74.8
(ka)
28 30 March 2007 &g?e”’e‘j load out | 47 5 47.2
Simulated load out 237 40.5
(kg)
Load in
4.6 4.6
(kg)
28 April 2007 Observed load out | 4 , 1.4
(kg)
Simulated load out 01 02
(ka)
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It is difficult to assess the performance at theAtatu pond given the large sampling
intervals during events and the small number dbimfsamples taken with respect to
outflow. Unfortunately not all of the data available could be used, asesevents
sampled were not concurrent at the inlet and oathet others had only one inflow
sample. Of some 40 events sampldd events (collated into five groups of
consecutive events) were found to be suitable fidetling even spseveral of these
had very few inflow samples which could lead to warderestimation of incoming
sediment loads if the entire inflow event is noptcaed. The grouped events are
summarised in Table 12. There is a possibility thhow phenomena such as first
flush were not captured by the sampling programrmehvwould cause the removal
efficiency to be underestimated. The event of 28/K004 for instancehas just two
inflow samples taken three hours apart whereautffbow samples were taken at two
hourly intervals. If the peak incoming TSS concativn occurred between the inflow
sampling intervalsthe load entering the pond would be greater than e¢stimated
using linear interpolation. For a couple of evetiie outflow TSS load was greater
than inflow, this could be an artefact of the sangplrogramme or could be due to
untreated water from an earlier event. The latgrlanation is not likely as in each
case there were several days available for setti@tggeen events. For the 11 events
simulated there is good agreement between the modelled (Bladd observed
removal efficiency (26 %). Figures 39 and 40 shioat the model is able to track the
observed sediment load at the outlet.
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Summary of model performance for the Te Adtu pond by flow period

Load in ?bsgrved Simulated load out
(ko) 0ag out (kg)
(kg)
4 February 29.3 44.7 18.0
27 — 29 February 86.0 101.4 75.9
14 May 187.7 118.76 152.1
6 August 37.1 6.2 6.4
8 — 9 August 49.9 19.0 16.4

Simplifying the outflow structure

There is a wide variety of not only outflow typesd., weirs, stand-pipes, and orifices
— both above and below the water level) and dinoerssbut also combinations of
outlets. For instance, the Silverdale and Te Agtnds had a standpipe with a
secondary outlet for extended detention. Moreogeme outlets can have gross
pollutant traps which impede flow. It is not pddeifor a model like C-CALM to
cover all the options available. It is thereforegmsed that outflow be modelled from
a single outlet structure (nominally a sharp-crebsteir). For this reason, the pond
module has been run with a simplified outlet td tepact of this simplification.

Removing the slot weir from the model set-up far 8ilverdale pond has a negligible
impact on the simulated total outflow and correlati Howevey flows became more
peaky, with both high and low peak flows being egtimated. Removal efficiency
simulated with the fine sediment fall velocitiegn@ased to 57% (from 55 %), which
is compatible with the recorded value of 56%.

The impact of removing the orifice flow simulatidor the Te Atatu pond was
minimal, though some of the high flow events digehancreased peaks — presumably
due to decreased storage capacity. The effect astelhed removal efficiency was
also negligible.

As the effect on both flow volumes and removal edncy was fairly mingrthe
simple representation given in Equation 9 shoufticeufor the performance rules.
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3.4 Raingardens (and bio-retention units)

Raingardens and bioretention units are increasibgiyng seen in New Zealand'’s
urban landscape. The distinction between raingerdend bioretention units is
subjective, with the former referring to larger ib®g constructed in situ, and the latter
usually used to describe smaller housed units tetlrom surrounding soil. The
removal processes involved in each are essentiaysame, and henceforth in this
module the term raingarden will be used to covehbé raingarden is very similar in
design to a media filter; the difference is thamgardens may allow biological uptake
of dissolved contaminants (especially nutrients) emapotranspiration of stormwater.
Also, unlike media filters, raingardens may notlimed allowing some interaction
with local ground watemwhich means that there is a potential for deepgbation of
contaminants that reach the base of the raingarden.

Davis et al. (2003) investigated bioretention of dissolved b and Zn, both in the
laboratory using two specially constructed cellsgd & the field using two existing
raingardens (one around a year old and one aramygetars old). The two cells in the
lab were of differing dimensions (107 cm long xcié wide with media depth 61 ¢m
and 305 cm x 152 cm with media depth 91 cm), awctl @as a box filled with sandy
loam and planted with creeping juniper. The twaldisites were different in both
their planting and filter media. In each caasificial stormwater was applied to the
surface, and effluent collected. They found thathhihe lab and field units were able
to retain nearly all of the dissolved metals, ahdt tthe field raingardens have an
expected lifetime of at least 15 years. Whileuefit pH flow duration and density
and water quality were variethese factors had little impact on removal efficig
Depth of the media bed, on the other hatid influence removal and the best removal
rates were for deeper beds. Since the removakpses were not discussed however,
it is not possible to deduce the relative contidiubf bio-uptake to removal.

In another lab-scale test of bioretention unithwaitmixed medium of sanchulch and
soil, Sun and Davis (2006) found that uptake of metglgplants is relatively low
compared to retention in the media. Retentiomérhedium is in turn related to both
the physical and chemical properties of that mediufor example, in lab scale
experiments carried out in New Zealand with locatenial Zanderset al. (2003
cited in Taylor 2005) and Taylor and Simcock (2006) tested a nurobsubstrate
mixes including sandumice mulches scoria and soil; they found that natural sandy
soils such as a pumice and topsoil blend performel The ARC TP 10 (2003)
guidelines suggest a sandy loam with a surface hmaflevoodchip or bark; this seems
to be fairly typical for New Zealand raingardetisough there are exceptions such as
the use of topsoil at the Albany raingarden insthlby the North Shore City Council.

80



—N-IWA_—

Taihoro Nukurangi

As stated above, raingardens are similar in degigmedia filters. While there are
several hydraulic models in the literature for raefilters (e.g. Btazejewski and
Murat-Btazejewska 2003) a continuous flow model specifically for raingamdecould
not be found. Likewisewith respect to water treatmemo models could be found
which distinguish between physical removal of camtents (i.e. settling and sieving)
and chemical removal (e,gsorption surface precipitation). Nor could models be
found for particulates and dissolved contaminafitsere are physically-based models
for metal removal by sorptigibut these are unsuited to the conceptual appnoseth
here (e.g.the Langmuir absorption equation). Conceptuaperational stormwater
treatment models such as MUSIC (CRCQ@HO5) relate the degree of water treatment
to the physical properties of the filter media.(iarea, depth and median grain size),
and the detention time. The same method will Bevi@d here. Raingardens are
often preceded by a small pre-settling basin forp@rary water storage and removal
of coarse sediments and floatables. While the indokes allow water to build-up on
the raingarden when the filter media is saturasedtling during surface detention is
not modelled explicitly — though water storage wilkcrease detention time and
therefore contaminant removal.

3.4.1 Module components

Evapotranspiration is a key component of raingafdantion, thus one cannot assume
that the filter media is always wet. Partial wegtiand drying of pore spaces leads to
changes in the hydraulics, so simple physicallyedamethods used for media filters
(such as Darcy’s law for a single wetting fronthoat be applied. While there are
advanced physically-based models for solute tramsipo unsaturated soils (e,g.
Perssoret al., 2001) these are outside the scope of this project gsréte on detailed
knowledge of the properties of the soil matrix {teg grain size porosity presence
of macropores etc.).

Raingarden through-flow is conceptually modellec aanoff plot with a defined area
and depth; using a water balance or continuity @ggr, discharge is the residual of
inflow less deep percolation and evapotranspiratibine governing equation is:

here SMS is soil moisture stor&yes precipitationAPond is thechange in water depth
ponded the surfacé is inflow, F, is outflow, ET is evapotranspiratiomR is deep
percolation to groundwater (which may include saart#icial drainage) anBpass iS
bypass water. The degree of loss to percolatidihbeia user defined parameter. All
terms are expressed in depth (m).
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As shown in Figure 4Gthrough-flow is modelled as a linear reservoirhwitvo soil
layers relating to the upper root and lower sgikla respectively. The raingarden is
assumed to be isolated from neighbouring soil wahorizontal flow (i.e.baseflow)
and the medium is assumed to be homogenous withreferential flow pathways.
Capillary rise is assumed to be negligible ancbissimulated.

The soil layers have the same flow parameters (#reyassumed to have the same
physical properties) but different depths, and tegetation is assumed to have a
negligible effect on the flow parameters. The sodisture storage (SMS) for both
layers is the product of the available water cagd&iWC) and the soil depth.

Inter-flow from the upper layer to the lower layer s?) is calculated as a function of
the SMS of the upper layer:

Foie = K,SMS, Equation 17

wherek, is a recession coefficient{sand SM$ is the soil moisture storage of the
upper layer.

Bypass = T Bypass

P standpipe E standpipe
Ponded surface water v
Upper layer saturated Upper layer unsaturated
Percolation Percolation
A 4 A\ 4
Lower layer saturated Lower layer unsaturated
- —
F, < Fo
a. b. l‘
R R

The raingarden water balance scheme shomg the situation where a. the layers
are at full storage with surface ponding and b. théayers are unsaturated. Terms
are the same as those given for Equation 16

82



_NIWA_—

Taihoro Nukurangi

Evapotranspiration is only calculated for the uppent layer and is a linear function
of the potential rate and soil moisture storagthefupper layer:

ET =PE _SMS, Equation 18
AWC,d,

where PET is the potential evapotranspiration @ats?), AWC, is the available water
capacity of the upper layer (dimensionless), dnd the depth of the upper layer (m).
Note thatET has a maximum value of PET. The disaggregatiatady PET from the
NIWA climate database is discussed in Section 3.2.

Similar to interflow between laygrdrainage from the lower layer (m)sis calculated
as:

Fower = KiSMS Equation 19

wherek; is the recession coefficient (equaktd and SMSBis the soil moisture storage
of the lower layer. This drainage from the lowaydr is then separated into deep
percolation to ground wateR) and raingarden outflowr).

If the lower layer is at full capacitflow from the upper layer is limited and is given
maximum value set to the same as the discharge tnentower layer (i.e.steady
state). If both layers are at capacitye excess water is able to pond on the surface
and the depth of accumulated water is added tdathemd inflow for the next time-
step. Once the depth surpasses the invert leviileotandpipethe contribution of
inflow to by-pass is calculated using the weir dipumfor a sharp crested weir
(Equation 9). By-pass is added directlyFto

Although there is a potential for settling of caarsediments on the soil surface
settling is not explicitly modelled. Insteddr simplicity, all of the removal processes
are modelled as a single step where the sedimembviad is related to the flow
detention time (days), and the median particle sizehe raingarden filter media
(mm), using an empirical relationship of the form:

Equation 20

Detention time
logTSS, - =a-blo
97 =Sour g( Particle size j

where TSSout (%) is the percentage of the incoming TSS thatdeahe raingarden,
and a and b are coefficients. This formulation is taken frahe MUSIC model
(CRCCH 2005) for soil filters and the coefficients are the same as those used in
MUSIC. TSS has not been split into size fractiforsthis module on the basis that
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there is no established method for doing and it is assumed that the removal
efficiency is the same across the PSD.

The concentration of the sediment leaving the iidgn is calculated as the removed
load divided by the outflow. For each new eyéhé detention time is calculated as
the cumulative time from the rise of the inflow hgdraph when surface flows first
enter the device. If by-pass occgutke incoming contaminant load is then split
between water treatment in the raingarden and ewrtrent in by-pass water
according to the ratio between the inflow and bgspeolumes for that time-step.

3.4.2 Module testing

The model has been developed and tested usingafiohwater quality data collected
by NIWA at the Henderson Vehicle Testing Stationgarden for the ARC from June
2006 to July 2007 (Reed and Pattinson, 2007). eMeats sampled and the number of
samples per event are summarised in Table 13.dihgarden takes stormwater from
the car park and the roof of a neighbouring bugditotal area 3800 fn The area is
roughly square (350 fwith a single inlet and outlet. The soil is aas®e pumice
gravel and sand mix. Much of the outflow from ttaéngarden is lost which could
either be due to deep percolation or an underlgiiagn, while the rest is drained with
a single outflow which leads to the reticulatedstwater network. The raingarden is
set in a shallow basin to allow ponding on the aeafduring heavy rainfalls. This
means that there could be some settling of coaasticles on the soil surface. In
addition to drainagehe outflow has a 1.2 m diameter standpipe raiseqgb-rap some
25 cm above the soil surface that can allow bygmsamder extreme conditions,
however no by-pass was observed during the monitoringraragie.

Flow and water quality were measured from the imféond outflow (see Figure 41 for
configuration) as listed below:

¢ Onsite rainfall (0.2 mm tipping bucket aggregateid 5 minute intervals).

* Raingarden inflow recorded using a 120° v-notslarp-crested weir with a
float and counterweight driven stage recorder. wHo the raingarden was
diverted into a smaltemporaryply-wood holding bay.

« Raingarden outflow recording in the standpipe usingnotch sharp-crested
weir with a float and counter weight driven stagearder.

» Concentrations of total suspended soils (TS$83solved and particulate
copper and zinc at the inlet and outlet. Timedmam(20 minute intervals)
were taken with an ISCO automatic water samplggéiied by stage. All
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samples were analysed within 48 hours of collectidéntotal of seven events

was sampledTiable 13.

Monitoring instruments were installed atthe raingarden inlet (left) and outlet
(right) to record inflow and outflow and to sample stormwater for chemical

analysis. Photo by Pete Pattinsqr2006.

Sampled events and number of samples taken

Sample 30 Nov | 18-19 9-10 Jan | 12 Mar | 28 Mar | 27-28 20 June
2006 Dec 2007 2007 2007 Apr 2007 | 2007

Number 2006

Inlet 12 12 12 12 12 11 23

Outlet 12 12 8 12 12 8 17

The simulation period for the raingarden was spitb two sections for model
development and calibration (1 June 2006 — 14 Jar2@07) and testing (15 January
— 6 July 2007). The model parameters are sumnahirisEable 14. The ratio between
recharge and raingarden outflow was calibrated bseré0%. The high proportion of

water lost to outflowapparently to rechargsuggests that there may be some other

form of drainage from the raingarden. Unfortungtelans for the raingarden have
not been located. As flow and treatment from raidgns often includes a recharge
component, it is essential that the performancesrallow users are able to specify
whether deep percolation occurs and at what raterespect to outflow.
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Raingarden hydrology

The water balance method is able to simulate autftom the raingarden well. Table
15 gives the correlation and total volume for tladibzation and evaluation periods.
The correlation for the entire period was 0.85guFés 42 and 43 shows the time
series for observed and simulated flows from thiegaxrden. There is a slight
tendency to underestimate flow peaks. No by-passte were observed or simulated.

Summary of parameters for the raingarden rmadule calibrated to the Henderson
vehicle testing station

Flow sub-routine

Available water capacity (proportion) 0.16
Depth of upper layer (m) 0.5
Depth of lower layer (m) 0.4
Recession coefficient of upper layer (s1) 0.38
Recession coefficient of lower layer (s?) 0.38
Area raingarden, (m?) 350
Ratio recharge to outflow 0.4

Removal sub-routine

Median grain size of filter medium (mm) 3
Removal parameter a 0.52
Removal parameter b 0.39

By-pass sub-routine

Standpipe invert level (m) 0.25
Standpipe diameter (m) 1.2
Weir width (m) 3.77
Weir coefficient 0.6
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Figure 43 Simulated and observed flow from the Herglson vehicle testing station
raingarden — 28 to 29 April 2007
Table 15 Performance summary for the flow routinedor the Henderson raingarden
Observed Modelled
Calibration Evaluation Calibration Evaluation
Correlation (R?) NA NA 0.86 0.85
Total flow volume (m3) | 1080 638 1071 660
(difference -9) (difference 22).
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Sediment removal

Assuming linear interpolation between sampled tteesthe total removal efficiency
was 88% for the observed loads and 85% for the laten loads. However
evaluation of the time series showed that moddbpaance was variable with some
events well simulated and others poorly. Sedinsententration and load are plotted
for three events in Figures 44 and 45. Table hénsarises the loads in and out of the
raingarden by event. The high sediment load sitedldor 30 November 2006
compared to that observed is partially explaine@Isyight overestimation of outflow
for that event.

In terms of C-CALM, the model is adequate for tlediction of long term removal
efficiencies.

Summary of model performance for the Hendson Vehicle Testing Station
raingarden

Lo(ag(; in ?g:grgstd Simulat?g)load out
@
30 November 2006 698 86 229
18 December 2006 66 2 10
19 December 2006 38 16 8
9 January 2007 44 5 13
12 March 2007 1936 183 222
28 March 2007 31 0 2
28 April 2007 523 66 36
20 June 2007 213 62 12
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Figure 44 Simulated and observed sediment concentrans (above) and loads (below) for
the Henderson vehicle testing Station raingarden30 November 2006
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4. Discussion and Future Work

This report has presented the modelling contexCHEALM including the rationale
behind the development of performance rules fomst@ter treatment devices as a
proxy explicit simulation within the SDSS. The maiart of the report has been the
description and testing of three informing moduldgch will be used to develop the
performance rules. The idea is to couple the ca¢ch surface flow model (i.e.,
input) to the pond/wetland and raingarden modetstarrun the modules for different
sets of environmental drivers to obtain a matrixeshoval efficiencies. The treatment
matrixes will then be available as a library withhe SDSS. The SDSS will take
spatial data from the land cover geo-data baseuaad defined treatment options to
create a query for the library. The library willen return the appropriate removal
efficiency.

The modules had variable success with individu@ney but gave overall good fit

with respect to both flows and sediment load andceatration. This success has
enabled us to keep the modules as simple as pessithl generic parameters rather
than site specific and event specific calibratilmereasing the number of parameters
increases both the run time of the modules andnmbeory needed in the SDSS
library. The latter could effect the time neededun queries in the GIS which may
lead to user impatience with C-CALM.

4.1 Performance rule development

The performance rules will work with the scalingngiple that stormwater treatment
is a function of the specific area (or volume) bt tdevice with respect to the

catchment contributing area (10 ha for ponds antiamgs 0.5 ha for raingardens)

rather than the actual dimensions of individualides. This choice was made to
reduce the number of model runs needed to devdleppérformance rules. The

precedence for doing this is the work done by ERibal (2006; 2007), they showed
that aggregating treatment and stormwater netwierkents can successfully be used
to reduce the complexity of stormwater drainage e®wdwhere catchment

hydrological conditions are the same.

A necessary step, not yet carried out, in devefppire performance rules will be
coupling the informing modules to access error agapion.

A number of key parameters which will be need toirfuded in the performance
rules model runs have been identified as part efntiodule development presented
here. These are listed below.
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Catchment Surface Flows to Settling Ponds and Wethals

The parameters below give a total of 388,800 unapmebinations.

Parameter set for the generation of the performauledibrary for settling ponds and

wetlands in C-CALM.

Catchment Parameters:

Regional rainfall and evapotranspiration:

Auckland/Northland/Waikato, Bay of Plenty/East

Cape/Hawke’s Bay, Taranaki/Manuwatu,

Wellington/Tasman, Marlborough, Canterbury,

Otago/Southland, West Coast

Land use (i.e. build-up and wash-off rates)
and impervious percentage of surface
area:

Residential — 20%, 40% and 60%
Commercial — 60%, 75% and 90%

Industrial — 60%, 75% and 90%

Average catchment slope:

0.005, 0.01, 0.02 and >0.02 (Baldwin St in
Dunedin is around 0.3)

Pond (and Wetland) Parameters:

Specific area:
(ratio of pond surface area relative to the
total catchment area)

50, 100, 150, 200 and >250 m? ha*

Invert level:

0.5,1.0and >1.5m

Width (or width equivalent) of outlet weir:

1,2and 3 m

Extended detention:

Yes, or no (if yes, slot weir width is set to 10% of

the outlet weir width, depth = 30cm)

Hydraulic rating:

1 (poor), 3.5 (good) and 8 (excellent)

Particle size distribution:

Fine, medium fine, medium, medium coarse, and

coarse
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Raingardens / Bioretention

The parameters below give a total of 11,520 unipmebinations.

Table 18 Parameter set for the generation of the performanke library for raingardens in
C-CALM.

Catchment Parameters:

Region: Auckland/Northland/Waikato, Bay of Plenty/East
Cape/Hawke’s Bay, Taranaki/Manuwatu,
Wellington/Tasman, Marlborough, Canterbury,
Otago/Southland, West Coast

Land use (i.e. build-up and wash-off rates): | Residential, commercial and industrial

Average catchment slope: 0.005, 0.01, 0.02 and >0.02

Raingarden (or Bioretention Unit) Parameters:

Specific area: 100, 200, 400 and 600 m? ha
(ratio of raingarden surface area relative to
the total catchment area)

Depth: 0.5,1.0and1.5m

Bypass: Yes, or no (if yes, generic parameters for the
bypass outflow weir)

Deep percolation to groundwater: 0% (isolated from groundwater), 10%, 20%, 40%
and 50%
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