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Executive Summary

Water temperatureinfluencesall aspects of freshwater ecosystdomction. Modified water
temperature regimes can alter physical habitat conditions (e.g. algal blooms) and cause a
wide variety of behavioural and physiological resporteesugh todeath. Consequently,
maintaining suitale thermal conditions is critical t&tream health

This report summasesexisting literature discussing the thermal effects of stormwater
runoff, details thetemperature regimesn a range of Auckland stream catchments, and

L F 0Sa GKS W2 NFBNBMNENLIE /AN dZNBA GS ! ljdzk G§AO
an Auckland context. In additioayeviewof stormwater management options and devices
for temperature mitigationdentifies those which mitigate the effects of heate@ter on
streamecolagyand recommendsolutions for the Auckland regiorinformation gapshave
been identifiedand suggestions madfor future research and monitoring.

A water temperature managemeubjective to prevent additional thermal enrichment
would retain the status go and prevent (re)developmeim the Auckland regiofrom
further impacting stream temperature regimegxtending the objective teeduce existing
background thermal enrichmenivhere appropriate wouldallow formeaningful ecological
gains in potentiafuture stream restoration projectsThe ecologicabenefitsof improved
riparian coverchannel habitat, contaminant removal and flow control are significantly
limited in the absence of temperature mitigation.

Thisinvestigation includsanalysis of datérom longterm monitoring sites on local streams
to identify trends, analyse for discharge related temperature changes, and characterise
baseflow temperature regimesrlaking into accourpotential future restoration scenarios
and limitations around thermlaolerance criteria for NZ aquatic fauna, a maximdaily
averagetemperature criterion of 20°C is recommended foanagemenbf all Auckland
streamsfor the protection of stream ecology. However, targeted monitoring should be
conducted to ensure this ggeline is appropriate.

Four key options have been identifidr optimising stormwater management with respect
to temperature mitigation: source control, device selection for new development, retrofit of
existing devices, and/ater Sensitive DesiglV) includingimplementinga treatment train
approach

Key source control objectives areutlise materials that do not readily heat pe. high
solar reflectance and high thermal emittanca)inimise wé#er contact with hot surfaces
andidentify opportunties to disconnect heated surfaces (sources) from stormwater
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discharginglirectlyinto streams.In the context of stormwater device selection and design,
it is important to ecogni® temperature as a water quality pollutant during the design
processencaurage shading (vegetative or building shading in conjunction with topography
and aspect)n urban designsand utilisepervious surfaces and infiltration devices as the
primary option wherever possible.

Auckland hasnore than 350perationalstormwaterponds, many of which may be

O2y UNROdzAAY 3 G2 GKSNXIf Sy NIReto Spfianst®2 F ! dzO1 €t I v
reduce the effect oheatedpond runoff on receiving waterwayscuson shadingponds,

restoring riparian vegetatiorto enhancestreambuffering potential conversiorof ponds to

wetlands (with x80% cove), and optimising outlet design to drawater from lower, caler

water strata.

Additionalnative fish and macroinvertebratesearchis requiredto verify and improve the
current understanding ocuteand chronictemperatureeffects, thermal shak loading,
effect of wide diurnal variation on ability to acclimate and tolerance le\aeis spatial
diversty. Sream temperature monitoring isscommendedo evaluate the sustained effects
of elevated baseflow temperatures due to channel modificatoil lack of riparian cover,
against temporary everbased effect®f thermal loading due to point source discharges
from stormwater reticulation(draining heated impervious surfaces and stormwater
mitigation devicey Greater thermal stress is expected &k stormwater discharges into
headwaters and small catchments as the stream would have lower baseflow relative to
stormwater inflow volumes. ésearch isecommendedo quantify the relationship between
the temperature buffering capacity of stream basefand stormwater discharge volumes,
particularly inthe smaller urbarcatchments
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1.0 Introduction

1.1 Background

Urban development caus@&ramatic physical changes to the surface cover of the earth and
canhave a profound effect on the local climate, hydrology, water quality, and halfitieo
surrounding watesystemgThompson et al 2008)The once forestd Aucklandregionhas
undergone a dramatic change in land cover over the last 150 ywhrsh has resulted in
significantchangedo natural systems

As we have modified the larmbverto an urban statehere hasbeen a corresponding
increase irstormwaterrunoff dischargerates and volumesDevelopmenin the once
forested Auckland regiohas resulted imeduced natural vegetation cover and incredse
impervious land coveresulting in higher runofflischargeratesand volumesand increased
flood frequency.Many catchments are now fundamentally chandlerbughreshaping and
compaction during development earthworks, wilktensivepiped networksconveying
rainfall runoff Subsequetly the management of stormwater has become increasingly
important to reducethe negativeeffects offlooding, stream erosion, stormwater
contaminantsandimpactsto both human andecologcalhealthfrom these changes

While floodinghas beerafocal poirt of stormwatermanagementfor the last 20 yearthere

has been an increasing focus on stormwater quatitthe Auckland regio(including

impacts on streams and coastal receiving environmertsaddition to the management of
typicaly recognised stanwater contaminants, both dissolved and patrticulategre is

growing internationatecognitionthat elevateddischarge watetemperatureis a

contaminant of concernWater temperature affects all aspects of freshwater ecosystems
and thus prticular guidace is required for the assessment and management of
temperature effects of stormwater on freshwater receiving environmemtitered water
temperature regimes can alter the physical habitat conditions (e.g. algal blooms) and cause a
wide variety of behawiural and physiological responses with the most dramatic being death
(Olsen et al 2011 Consequently, maintaining suitable thermal conditiongriportantto
achieve irstreamecologicamanagement objectives, such amintaining or improving

stream heah.

Features of many Auckland streamisclude: lack of shadingelativelyshort length narrow
width, low baseflows, low elevation, and small overall catchment size. In additithre to
influence of the above on increasing stream temperatusbsyated temperatures in
stormwater runoff and heated discharges fr@tormwatermanagementevicege.g.
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ponds)are believed tancrease water temperatures in stream$hisresultsin acute and

OKNRYAO yS3IIGABS SO2t 23A 0 f. TRema BnParta shoul SIANI RA Y
therefore beconsideredn conjunction withother recognised contaminantnd managedo

protectthe receiving streamBom temperature increasedue tostormwater discharges

1.2 Objectives

1 dzO1fFyR [/ 2dzy OAf Qa 2an@tiefacioksgifectingdtream2 6 S G 0 SNJ dzy R
temperatures, the effect on aquatic ecology, and particularly the role tieatted

stormwaterplays in degradingtreamvaluesin the Aucklandegion. Theobjectiveof this

report is toinvestigatethe potentialimpact ofthermally enriched stormwater runoff on

Auckland streams. As such, the predominant focus is on urban streams.

This report provides a summary of existing literatdrecussing théhermal effects olurban
stormwater,details thetemperature regimesn arange of Auckland stream catchmenasd

placesKS W2 | 1 SNJ ¢ SY IBNIUIb{ dziMBI S/ NNjB NMIO T A20GF Q 6 ht 2
an Auckland contextln addition, this report reviews stormwater management options and

devices for temperature mitigain and identifies those which mitigate the effects of heated

water on stream ecology, and recommends solutions for the Auckland regiformation

gaps have been identified and suggestions made for future research and monitoring.

It is intended that thigeport will inform and provide for:

e Development of better stormwater management to ensure maintenance and
improvement of freshwater habitats for aquatic life and biodiversity;

e Delivery of important ecosystem goods and services, which contribuAeitilarl
/| 2dzyIOAY QAT 0SO2YAyYy3a WGKS ¢g2NIXI RQa Y2ad tA@S

e Achiewngthe requirements of the Auckland PléAuckland Council 2012y
safeguarding and improving aquatic environments; and

e Protecing marine fisheries and ecosystems related to freshwaissystems.

It is intended that this report will additionally supp@tormwaterand catchment
managemenpractitionersaiming tomeetthe water qualityobjectivesset out in the
National Policy Statemerior Freshwater Managemerz011

1.3 National Policy Steement for FreshwaterManagement2011

The Freshwater National Policy Statement (NPS) sets out objectives and policies that direct
local government to manage water in an integrated and sustainable way, while providing for

Temperature as a Stormwater Contaminant 2



economic growth within set water @untity and quality limits.The national policy statement
is a first step to improve freshwater management at a national leVake purpose of the
policy statement is setting enforceable quality and quantity limits.

Section A objective 2 of the NBtates
The overall quality of fresh water within a region is maintained or improved while:

(a) protecting the quality of outstanding freshwater bodies
(b) protecting the significant values of wetlands and

(c) improving the quality of fresh water in water bodies that hawer
degraded byhuman activities to the point of being ovallocated.

The NP®rovidesdirectionfor managing water in a sustainable way protect and improve
the watercourse quality which in turn improves the water quality.

Section C¢ Integrated Managment objective 1s:

To improve integrated management of fresh water and the use and development of land in
whole catchments, including the interactions between fresh water, land, associated
ecosystems and the coastal environment.

The policy is:

By everyegional council managing fresh water and land use and development in catchments
in an integrated and sustainable way, so as to avoid, remedy or mitigate adverse effects,
including cumulative effects.

Stormwater management incorporating thermal mitigatidemonstrates active steps to
avoid, remedy and mitigatadverse effects impagtg on the watercourse.

1.4 Abbreviations Used

AC Auckland Councll

ARC Auckland Regional Council (legacy council)

ARI Annual Recurrence Interval

CT™M Critical Thermal Maximum

CWA Clean Water Act

LTo No Effect Levels

MCI Macroinvertebrate Community Index

MCltsb Macroinvertebrate Community Index for soft bottomed streams
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NIWA National Institute of Water and Atmospheric Research
NPS National Policy Statement

NRWQN National Rrer Water Quality Network

NZFFD New Zealand Freshwater Fish Database
QiBI Quantile Index of Biotic Integrity

RMA Resource Management Act

SEV Stream Ecological Valuation

SoE State of the Environment

Topt Thermal Growth @timum

Toret Preferred Tempeature

UILT Upper Incipient Lethal Temperature
UUILT Ultimate Upper Incipient Lethal Temperature
WMP Watercourse Management Plan

waQl Water Quality Index
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2.00verview of Temperature

2.1 Temperaturel &8 Gy - YAY Il yiQ
2.1.1 Definition

Many contaminants in water a largely wellnderstood with their effects extensively

studied andmanaged for Howeverglevated watetemperaturefrom dischargess not

widely recognised astgipe of contamination The effects of heated water on receiving
environmentsareknown as? i K S N I f,2 NP Wi #z8 N¥ ¥ OrheSdgfiNiflodd Y Sy (i Q
thermal pollution encompasses the degradation of water quality by any process which

changes its ambient water temperature.

2.1.2 Sources

Heated water can be generated from a wide range of countiity sources includingooling
water discharges from industrial plants and power genergtremoval of shading riparian
vegetation from stream bankandrainfallrunoff from warm surfaces such as pavement
roofs, and roads.

The thermal impact of indusal dischargesnay bereduced through the use dfetter heat
exchange processedrban stormwaterunoff is asubstantialcontributor of thermal
pollution in streamsTypicallythis heated rainfalfunoff is conveyed via piped networks
from connected impevious areas such as roads and roofs. Significhetdyed discharges
also comdrom stormwater detention devicessuch as pondss they act as thermal sinks
being affected I solar radiation and high ambieair temperatures.Thereare other
mechanisms aailable to mitigatgpoint or nonpoint sources of thermal pollution.

Stream temperaturaisuallyincreases in a downstream direction. In urban catchments,
FYGKNRLI2ISYAO STFSOGA &dzOK & NALI NARIFY @S3S
reduction h groundwater infiltrationincrease this effect (Galli 1990). Turbid streams are

known to increase ambient water temperature independent of heated discharges, as the
sediment particles allow more energy from the sun to be absorbed by the water (Schueler
1987).

An indirect source of thermal enrichment is the reduction in cool baseflows that typically
occurs with urbanisation and increased impervious surface odils 2008) Groundwater
flow and interflow play a critical role in the hydrological cyekgpecially in summer, when
these are the main sources of water for the strea@roundwater recharge (i.e. infiltration)

Temperature as a Stormwater Contaminant 5



is required tomaintain baseflows andhitigate higher water temperatures during low flows,
when rains are absentThe $iallow waters asociated with low baseflows agenerally
more prone to thermal effects than deeper waters.

2.1.3 Why isTemperature aConcern?

Water temperature strongly influences stream ecosystem structure and funcfdthough

water temperatures exhibit natural daily as@asonal temperature fluctuations, it has been
observed that heat from anthropogenic discharges can have a substantial impact on aquatic
ecosystems, altering the distribution, abundance, divergjtpwth, physiology and

behaviour of aquatic organisms amdsome cases resulting in death (Hocutt et al 1981;
Richardson et al 1994&elly 20100Isen et al 2011).

Temperature not only regulates metabolic rates and reproduction (Smith 2006), it can alter
habitat by affecting algal biomass, pH atidsolved oyxgen(Rutherford et al 1997;

McCullough 1998; Olsen et al 201The degree to which temperature impacts stream biota
is generally dependent on tHellowing (Arseneau 2010):

¢ Magnitude of the temperature organisms are exposed to;

e Duration of exposure;

¢ Frequency of exposuregnd

e Spatial extent of exposure (opportunity for behavioural avoidanpessibly limited
in urban streams with reduced heterogeneity dueattificial straightening or altered
flow regimes)

It is for these reasons that aquatic tempeuag criteria, thresholdsor guidelines are split

Ayid2 GSYLISNI GdzNBa 6 KAOK | NBAcubeckiteria dd@agdSsRort W O dzii S
duration changes in temperature often associated with intermittent discharge or point

source inputs, or dailyigh temperatures due to seasonal warming, that will lead to sudden

death. Acute criteria are typically expressed as a daily maximum temperature and are

designed to protect aquatic biota from the lethal effects of skerm elevated

temperatures (Olsen el 2011). Acute criteria will also account for thermal shock from

ddzZRRSYy NBfSIasSa 2F KSFGSR ¢FdSNJ GKIG YIeé 2@SN
ability to acclimate to changes in ambient water temperaturérd@ic criteria protect

againstthe effects of prolonged exposure to raised (si#thal) temperatures and how

exposure will negatively affebiehaviair, metabolism, growth, and reproductionchronic

criteria are often expressed as the maximum weekly average temperature and are designed

to protect aquatic biota from the sulethal effects of elevated temperaturé/ariations

from the normal temperature patternincluding season, diurnal variation, and spatial

Temperature as a Stormwater Contaminant 6



diversity,can have biological consequences such as shifts in migration timingatieub
rates, and spawning timing as well as interfere with essential rearing periods.

Residence by any fish species will be limited by temperature tolerance during summer base
flows (Allibone et al 2001)if temperatures get too far above or bel®peciegpreferred
range, the number of individuals of the species decreases until finally there are Qoree.
especiallymportant aspect of water temperatures is its inverse relationship with oxygen
solubility (Figurel). Oxygen depligon is common at high stream temperatures, causing
stress and mortalitin aquatic life. Dissolved oxygen levels are therefore generally most
limiting in the driest, hottest part of the yearAquaticspecies such as banded kokopu, will
at these times atively seek oxygen rich areg@sllibone 2001)emphasizing the need to
sustaincool streambaseflowsduring the summer low flow periodThe importance of
groundwater flows and interflow in mitigating stream temperature effects is often
understated.

Solubility of Oxygen in Freshwater at Atmospheric Pressure

—
v

— — — —
[ ] w H=
I

Dissolved Oxygen (mg/L)
=

g N N o

0 5 10 15 20 25 30 35 40
Temperature (°C)

Figurel Change in dissolved oxygen levels with change in temperature

In addition tochangingaverage daily stream temperaturanthropogenic sources may lead
to three patterns of ecologically significantesam temperature change: (1) increased
amplitude indiurnaltemperature swings; (2) loss of spatial temperature variability at the
habitat-unit and streamsegment scales; and (3) variable response in stream temperature
along the downstream profil@Poole &Berman 2001).

The hghest runoff temperatues and thermal impacts occduring late afternoorrainfall
eventswith runoff temperature warmest at the start of a rainfall event, cooling as rainfall
progresses and heat stored in the contributing surfagpidally pavement, diminishes
(Wardynski et al 2033Jones & Hunt 2010; Winston et al 2Q1High intensityand volume

Temperature as a Stormwater Contaminant 7



rainfall generally results in loweret impact aghe effect of stormwater heatetby
impervioussurfaces is dilutechigh volumes of reltively cool rainwater mix with relatively
low volumes of heated runaff

If heated runoff is slowed down on its way to a stream (giving it time to cool) and infiltration
of the heated runoff is increased (reducing the volume of heated water reaching the
stream), thermal runoff effects can be minimised (Dorava et al 2003). Some examples of
temperature mitigating devices include vegetated swales, bioretention and permeable
pavement. Further details on the effectiveness of these and other devices in tkaAd
region is discussed in Sectidr® Mitigation Options including:

e Stormwater mitigation practices currently used in the Auckland region

¢ Discussion around the devices used internationally andllg for stormwater
management, and how they operate with regard to temperature

e Best practice design options for mitigating thermal enrichment

e Current guidelines and regulations regarding stormwater discharge and temperature.

2.2 FactorsinfluencingSormwater Heating

There are a number of factors which influence thaamicnature of stormwater heating.
These factors are discussed below, with examples from New Zealand and international
literature.

2.2.1 CatchmentDevelopment

Land use type and the magnitudéa@atchment development have been widely recognised

as impacting the extent of thermal heating (Pluhowski 1970; Galli 1990; Le Blanc et al 1997).
Stormwater temperatures increase as runoff passes teatedimpervious surfaceswvhich

can have substantiil elevated temperaturedue to solar radiation Urbanisation influences
stream temperature through changes in stream shading, channel geometry, grotardwa

input, and inflows of stormwater and wastewateoverflows(Bartholow 1991Le Blanc et al

1997 Nelson& Palmer 2007).

The effect of urbanisation on water temperature has been widely studied, with a number of
empirical models developed to characterise the effects of increasing urbanisation and
catchment imperviousness on cold water receiving environimi@mthe United States
(Shanahan 1984; Rdgspinosa et al 2003; Arrington 2000; Herb et al 2009). These studies
have found that stream temperatures typically increase with increasirtgnsfaed
imperviousnessthere are few simulation tools available togulict the magnitude of these
changes.Urban stream reaches have slightly wider temperature ranges, and higher
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maximum temperatures, than rural or headwater sites further upstream (Mills 2008).
Generally welshaded wban reaches d not experiencehe exremely hightemperature
values measured in the shallow, unshaded, concheted channels present in some parts of
Auckland (Mills 2008).

Average stream temperature during summedirectly related to catchment imperviousness
(Galli 1990) Galli (1990jound alinear relationship, with a 0.14°F (0.08°C) increase in
stream temperature with every 1% increase in urban catchment imperviougrfese.95)
While an imperviousness to water temperature correlation was found in this paper, there
are a number bfactors influencing this relationship, particularly local meteorological
conditions, which make it difficult to predict the extent of thermal effects in urban streams.

As catchment imperviousness increasstreams beame more responsive to inputs of
stormwater runoff(Galli 1990) Even at a relatively low catchment imperviousness of 12%,
stream temperature standard®r Maryland freshwater fiskeould not be met all of the time,
and the frequency oéxceed@acesincreased with increasing catchment impewsness

(Galli 1990)

Recordedunoff temperatures from urban impervious as were as high as Z9h Dane
County, WisconsifRoaEspinosa et al 2003Pane County is located in a temperate climate
zone similar to Aucklandyith average summepeakair temperatures of 27C, and average
summer lows of 145 Heated runoff camave chronic and acuteffects onstreambiota;
particularly cold water species or species acclimated to cool stream temperakhyres,
affecting the healtrand reproductive succesd aquatic organismsThis is a significant
cause ohabitat degradation in urban areas.

Increased impervious cover means that in additiorflé@ding and ersionconcernsurban
streamsmayalso experience large decreases in water level during sundoeeto
reductions ingroundwater rechargéCWP1995). As a consequence, permanent streams
may become intermittent and intermittent streams may disappear altogethdrban
planners should use increased storm flows in developing areas as an early warning of
reductions in baseflow and put into action mitigating measures to ensure streams are
ecologically functional yeamound (CWP1995) This is particularly relevant to Auckland,
which has a high proportion of first and second order stre@misich are particldrly
sensitive to reduced baseflowslReduced water levels mean streams, particularhsbhaded
streams, are more susceptible to solar heating.

The impacts of increased catchment imperviousness and urban development on receiving
environment water temperaire arenot well understoodn the New Zealand context
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Sectiond.0Mitigation Optionsdraws upon international literaturéo quantify catchment
development effects on stream water temperatures

2.2.2 QurfaceType

Surface typein addition to factors such as air temperature, solar radigtaom shadinggcan
influencestormwaterrunoff temperatureincreaseshroughheat transfer Dependent on
the thermal conductivity and reflectivity of conventional pavswgfacesheat from solar
radiationmay concentratenear the surfacer be transferred downward to be reeleased at
night. Solar reflectance is the main determinantie# maximum surface temperaturef
material,with highly reflective surfaces maintang cooler temperature§JSEPA 20@3.
Thermal emittance, or how much heat a surface will radiate per unit area at a given
temperature, must also be considered whiigh emittance surfaces reaching thermal
equilibrium at a lower temperature than surfacegthvlow emittance, because the high
emittance surface gives off its heat more read\SEPA 20@3

Asphalt surfaces typically have low reflectiatyd thus absorb solar radiation increasing
surfacetemperaturesto greater than 60°C (Jon&sHunt 2009 Asaeda et al 1996)These
findings are consistent with records of summer surface temperatures on an asphalt roof in
Auckland CBD, carried out by Morphum Environmental Ltd (Morphum unpublished,
monitored Nov 2012Apr 2013).

Factors affecing streamwater temperature are solar radiation, air temperature, relative
humidity, wind speed, the temperature and amount of rainfall or runoff, and the
temperature and amount of groundwater entering the river or streaRunoff from
impervious surfaces such as pavementephaltcanincrease stream temperature for two
reasons Firstly,impervious surfaces absorb solar radiation, which increases surface
temperature. During a rainfall event or storm some of this heat is transferred to the water
that falls as precipitatio on these surfacefDorava et al 2003)Secondly, impervious
surfaces reduce infiltration, which increases the runoff volume from these suréaxks
decreasedufferingshallow groundwater flows (Jones et al 2012).

Modelling the heat transfer from warrsurfaces to runoff water provides a means of
assessing the contributions of various factors to the overall riseater temperature. The
Thermal Urban Runoff Model (TURMEgveloped a to predicthte effects of urban
developmentpredicted runoff temperéure increases from impervious surfaces by
calculating the heat transfer between heated impervious urban areas and r(Ro#
Espinosa et al 2003Model outputs found that hot paved surfaces receiving rainfall initially
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releasedenergythrough evaporatbn, but then high temperature runoff was rapidly
generated by a gradual increase in rainfall intensity.

The surface runoff temperature and heat export were simulateddarterrestrial covers
including concretepavement ésphal), commercial roof{asphat/gravel), residential roof
(asphaltshingle) lawn (sod) tall grass, forest, crop (corgrop (soybeansgnd bare sojlan
un-shaded wet detention pond, a reservoir, and a vegetated pgterb et al 2003).
Average runoff temperatureangedfrom 21.5C for a forest to 24.9°C for concret@verage
maximum runoff temperature variation was greater, ranging frd20C for a forest to
28.7°C for asphaltPavement, commercial rooftops, bare soil, wet detention ponds, and
lakes/reservoirs were all found wive runoff temperatures high enough to significantly
impact stream temperatures (Herb et al 2@&)7 Although the variation in runoff
temperatures between the land uses was not larips can be the difference between no
thermal impacts and adverse effis on coldwater stream biota in the United States.

Tablel summarsesmodel outputs froma study conducted ii\lIbertville Minnesota, which
experiences a continental climate wigtir temperatures rangingl1Cto 23<C, winterto
summer(Herb et al 200d). Whilethe continental climate isot directly comparable to the
Auckland temperate climateaverage summer temperatures are similar makiiagplel a
good comparison of the relative rank of runoff tperatures from different surfaces.

Tablel Runoff temperature and surface type

Average Runoff Temperatur{ Peak Runoff Temperaturi
Surface type
+ Std. Dev. (°C) + Std. Dev. (°C)

Asphalt 24.5+31 28.7+3.5
Bare Soll 245+2.5 27.1+28

CommerciaRoof
24.44.4 29.6t4.8

(asphalt/gravel)

Concrete 24.9+2.8 286132
Grass (short) 22.0+1.2 23.4+1.8
Grass (long) 22.0+1.3 236+2.0

Forest 21.5+12 229+19
ResidentiaRoof
_ 206131 24.0£36
(asphalt shingle)

Source: Herlet al (2007a), April-Octoberclimate data froml9982000& 20032005
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Goncrete and asphalt surfacégpicallyproduce the highest runoff temperature of all surface
types (Asaeda et al 1996; Kevern et al 2009; Wardynski et al 2013), however results can vary
depending orthe nature of eachrainfallevent (Herb et al 200%. Tablel demonstrates

average runoff temperatures from bare soil can be comparable to aspHalivever, when
considered as thermal load bare soil exports 32%Hess per uni area than asphalt due to

runoff volume reductions attributed to infiltratiofHerb et al 2007Chapman et al 2008

Runoff temperaturesrom heated surfacegypically exhibit a shorterm temperature spike,

then cool as a rainfall event progrességesearch in Madison, Wisconsfound summer

asphalt surface temperatures immediately prior to rainfall simulations averaged 43.6°C and
decreased an average of 12.3°C oven®f as rain cooled the surfacdnitial heatedrunoff
temperaturesfrom the asphalaveraged 35.0°Cdecreasng by an average of 4.1°C at the

end of the event (Thompson et al 2008).

The relative impact of roofs on stormwater runoff temperatures was dependent on roof

surface type.Residential roof¢asphalt shinglegjave, on average, tHewest runoff

temperatures (Tablel), due to their very low thermal massd ability to cool quickly both

prior to and during a rainfall event (Herb et al 200Qpommercial roofgasphalt/gravel)
producedhigh(Tablel up to 29.6+4.8°Q)eakrunoff temperatures due to the large area

contributing to thermal loadingHerb et al 2007a)Chapman et al (2008) found the

residential roof (asphalt shingle) exported 70% less heat per unit area than the comimercia

roof (asphalt/gravel) due to lower thermal mass. Similagphaltsurfaces were found to

export less heat than concrete (despite its blaokour compared td 2 Y ONB (i Goldd) ¢ KA G S
because it has a lower thermal mg&hapman et al 2008)

Data isnot available to directly compare the heating effects to tile and metal roof surfaces
common in Auckland, however based on their structure a tile roof will have a higher thermal
mass than a metal roof (ECCA 2009), leading to greater heat export peramiram a tile

roof than a metal roof. Increasing the solar reflectivity of any roof surfdeugh coatings

or introducing pigments to reflect solar energyill moderate the exterior surface

temperature (ECCA 2009SEPA 2003b

Vegetated surfacesave been found to generate substantially lower runoff temperatures

and heat export compared to pavement (Le Blanc et al 1997; Rutherford et al 1997;
Sponseller et al 2001; Herb et al 2007). Different vegetation types were found to generate
very similar rmoff temperatures and heat export for mslmmer storms, but agricultural

land use gave slightly higher runoff temperatures in May and June, due to a less developed
plant canopy (Herb et al 20070t is interesting to note that the vegetated surfaces tgily
demonstrate a narrower difference between peak and average runoff temperatures and
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narrower standard deviation, indicating more consistent runoff temperaturgss narrow
range of variation is particularly relevant to acclimatwoif variability s too high, then the
chances of species successfully acclimating may be lower, leading to negative effects on
species.

2.2.3 Shading

The Auckland region was almost completely covered in trees before human settlement, and
it is likely that much of the endemic flm and fauna evolved in shaded environments

(Maxted et al 2005). As a result, the removal of streamside vegetation, lack of sheuing

its effect on temperature has been identified as a key stressor in New Zealand streams by a
number of authorgBurton& Likens 1973; Quinn et al 19%utherford et al 1999Mills

2008.

Temperature can change quickly, with respecltangitudinaldistance, when riparian
vegetation is removed in headwater catchmenBurton & Likens (1973) found summer
stream water tempeature fluctuated £5°C, alternating between 50 reaches where
riparian vegetation had been experimentally removed or left inta alear headwater
stream with flow of 0.57.s* and maximum velocity of 0-2.5m s in the Hubbard Brook
streams in theJnited States.Galli (1990) noted an increase of 0.83°C per 80d& open or
poorly shaded reach and found a summer increasec@fi8C in small streams with riparian
vegetation removed. This thermal enrichment will only be exacerbated by stormwater
runoff.

The effects of restoring riparian shade on freshwater fish are difficult to predict, as
preferences for riparian shade are strongly speaigscific(Kelly 201Q)and related to
distance from the coast and natural differences in cover along the stteagitudinal
gradient Banded kokopu, shortjaw kokopu and koaro are recorded most frequently in
headwaterstreams with high levels of riparian shade, whereas lamprey, ammocoetes,
shortfin eel, and inanga are recorded most frequentljoiwer gradientstreams wherehere
may naturally be less cover, or whesiade has been reduced by the clearance of riparian
vegetation(Kelly, 201Q) It was recommended that plantinge focussedn headwaters and
slowly extend downstream to progressively cover the whaleasn margin (Kelly, 2010).
Irrespective of shade preferences, it is essential to maintain baseline stream temperatures
below critical levels.

Research carried oun the United Statesn a vegetated pond indicated that shading from
emergent vegetatiortan reduce runoff temperature up to 6°C compared to arshaded
pond (Herb et al 2007a). In a small New Zealand pastoral stream, model predictions
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indicated that moderateshade levels & 70%) may be sufficient in temperate climates to
restore 3rd and th order pastoralstream temperatures to 20°C, an estimate of the thermal
tolerance for sensitive invertebrates (Rutherford et al 1997). In comparison, less shade (c
50%) was predicted to maintain stream water temperatures at 25°C.

The measurement of stde, however, has been found to be highly variable and difficult to
measure in an unbiased way (Rutherford et al 1997), so it is not a strong indicator of the
effects of thermal heatinglt is worth noting that shade does not have to come from
vegetation,but that buildings in conjunction with topography and aspect also play a key role
in determining the relative shade of either an urban streaneontributing surface to
stormwater runoft.

2.2.4 Climate

Determination ofair and rainfall temperaturés critical n predictingsurfacerunoff
temperatures (Ro&spinosa et al 2003).ocal air temperature has been found to have a
greater influence on stream temperature than flow-98% of the time (Galli 1990%treams
in undeveloped catchments became slightly coalering rainfall eventsas a result othe
drop in air temperature accompanying most rainfall evei@alli 1990).

dimate parameters such asr temperature, dew point temperatureand solar radiation
prior to a storm as well as the pavement thermal paneters (specific heat and thermal
conductance)are more important factors in determining runoff temperature than
parameters such as the length and slope of impervious surf&teE® (et al 2007pHerb et
al, 2009).

The amount and intensity of rainfall an important contibuting factor, although lesso

than air temperaturgGalli 1990).The instantaneous heat export rate is an important
measure in determining thermal pollution, as it is the rate at which heat energy is delivered
to a receiving stream ém a rainfall event at any given time, and is strongly related to the
instantaneous change in stream temperature (Herb et al 2007b). Rainfall events with a high
heat export rate have several characteristics in common; they usually occur in the afternoon,
are preceded by warm, sunny weather giving high surface temperattgese runoff
temperatures above 205@nd have relatively low total rainfallith rapid onset of rainfall

(Herb et al 200&; Herb et al 2007 In contrast to durindheaw shower activig, rapid

increases in strearremperature were not bserved duringsteady light precipitation

suggesting surfaces had time to cool durihg rainfall even{Galli 1990) Afternoon rainfall
events of small total precipitatiomeaninitial runoff fromawarm pavement surface

contributes asignificant fraction of the entireainfallevent(Herb et al 2007b)In Auckland,
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this translates tdow volume, low intensity summer rainfall events, in the form of afternoon
showers or infrequent oceaderived passingain, which willpose the greatest threat to
aquatic biota.

It is important to note that one event with very high runoff temperatures may cause

significant effects due to thermal shock, as opposed to slow heating of water through

increases in ambient teperature. ¢ K SNX I £  WLJdzZf aSaQ Ay adzyYSNI O
magnitude of thermal heating, due to inherently low groundwater flows during this season

from reduced infiltration and high impervious cover in urban areas (Schu@&#f). Rapid

stream watertemperature increasesf up to 6.6°(Qer hourfollowing storm events in the

United States, regularly exceedthe 1.1°C increase per hour limit specified by the

Pennsylvania Department of Environmental Protection for the maintenance of aquatic life in
cold-water streams (Lieb & Carline 2000).

Auckland experiences frequent small rainfall events throughout the y&acording to
currentrainfallrunoff modellingguidelineg ARC 1999})he 2yr, 24hr design storm across
the Auckland Region varies from B0n southof Drury to 130mm near Warkworth, with
Auckland City, North Shore, Manukau, and Waitakere in tltd GOmm range. Andingsby
Shamseldirf2010)showthat the averaged0™ percentilerainfall event, representative of a
frequently occurringainfall eventacross the Auckland region3&.2mm, smaller than the
3-month, 24hr event, which is in the range of ¢80 mm across the Auckland Isthmus
(Shamseldin 2008)As such, Auckland demonstrates a high susceptibility to stormwater
heating as a result of heatport fromsmallrainfall events wherénitial runoff from

warmed impervioussurfaces may contribute a substantial portion of the total event runoff.
In addition to high susceptibility to stormwater thermal enrichment, the narrow, low flow
nature oftypical Auckland streams mean buffering capacity is limited stadmwatermay
contribute a significant portion of total flow, exacerbating thermal effects

2.3 Evidence ofTemperatureEffectsin New Zealand

A number of studies have been carried out in New Zealanestigating the effectef
elevated stream temperaturen macroinvertebrates and fish. While New Zealand aquatic
freshwater fauna may not be as sensitivecatd-water species in the United States, New
Zealand species have evolved with a high levéleaf shading (Maxted et al 2005), little to
no urban development and consequently, lower water temperatures with less diurnal
fluctuation.

In New Zealand, acute and chronic water temperature criteria have been developed for
native aquatic biota by Olsert al (2011) and are discussed in Secti®13.3 Based on
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thermal criteria for NZ species, Olsen et al (2011) recommend maximum water temperatures
in Wplandstreans of less than 20°C and temperature less than 25%Wwiand(streansin

order to protectthe most sensitive native taxa. Temperature criteria in the context of the
Auckland region are discussed furtheiSaction3.5.

lff 2F bSg %SItlyRQa FTNBAKGI| yrefbidedtydsvoldt & | NB
blooded) meaning that their internal body temperature varies with that of their

environment. Consequently, water temperature exerts a significant influence over many

aspects of their biology and so understanding the thermal requirgsef biota is an

essential component of informed management of these syst@disen et al 2011)

2.3.1 Fish

Fish are sensitive to temperature and will select stream temperatures where physiological
functions operate at maximum efficiency (Richardstml 1994). While fish can survive,

within limits, in temperatures outside of their optimal ranges, physiological or behavioural
changes can affect survival and reproductive success. Also, some fish show an ontogenetic
(developmental) shift in their preferred ojphal temperature range, for example eels prefer
cooler water temperatures as adults.

The upper lethal and preferred temperatures were determined experimentally for eight
common New Zealand freshwater fish specf{galaxias maculatu§nhanga)G. fasciats

(banded kokopu)Anguilla australigshortfinned eel) A. dieffenbachi{longfinned eel),
Retropinna retropinngcommon smelt)Gobiomorphus cotidianygommon bully)G. basalis
(Cran's bully), an@€heimarrichthys fostefiorrentfish) (Richardsoret al1994). The lethal
threshold or LT50 represents the lethal temperature at which 50% of the test organisms are
killed over a 10 minute periodThe LT50anged from 28.3 to 39.7°C, with preferred
temperatures ranging between 16.1 and 26.9J0venile anddult Anguilla species (eels)
werethe most tolerant of high water temperatureshereassmelt, inanga and banded

kokopu preferred cooler watgiRichardsoret al 1994)

While inanga@. maculatug, typically found in Auckland lowland strearase able to

tolerate water temperatures over 30°C for very short periods, their preferred temperature is
approximatelyl8¢20°C regardless of life stage (Bouled¢eal 1991, Richardsoret al 1994).

This preferred temperature is significant as inanga are commonly fouAdckland streams,
typically those characteristic of a lowland streaduvenile inanga were found to avoid

water temperatures over 223°C (Richardsagt al 1993) and discontinued migration when
temperature exceeded 27°C (Stanctiffal 1989). Elevatedtream temperatures can

therefore affect migration of whitebait species, however most migration occurs in spring
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when water temperaturesiave not yet reachednnual maximums (Richardson & Taylor
2002).

Similar to inanga, while banded lapu (G. fasciatusmay tolerate temperatures up to
28.5°Cfor short periods of time, their preferred temperature raag approximately 16
17°C(Richardsoret al1994). Banded kokopu are found in many Auckland streagscally
those characteristic of an upland stream.

2.3.2 Macroinvertebrates

It has been widely reported that some macroinvertebrates have low thermal tolerances and
that their absence from streams in New Zealand may be the result of high water
temperatures (Quinn & Hickey 1990; Quiginal 1994; Rutherfordet al1997). In particular,
increases in stream temperature may enhancstiream primary productivity, resulting in
changes to the trophic structure of benthic macroinvertebrate communities when
streamside vegetation is removed in headwater catchments (Spenstlal 2001). This

study reported decreases in both abundance and diversity of macroinvertebrate taxa as a
result of thermal pollution.

Native macroinvertebrate species were found to be more sensitive than fish in New Zealand
(Maxtedet al2005). The-T50 values (24 hour exposure) for 12 NZ macroinvertebrate
species rangeffom 25.9 to 32.4°C (Quinet al1994), with a recommended maximum
temperature value 3°C below the lowest LT50 to allow for a margin of safety (Simons 1986).
Given this, appropriatéemperature criteria for the protection of all macroinvertebrate taxa
would be 22.9°C (25.9° minus 3°C).

No Effect Levels (LTo) for several common macroinvertebrate taxa found-inostained
Auckland streams ranged from 23.6 to 26.0°C (Qeirad 1994) indicating that adverse
effects may begin to occur above 229®ased on this assumption as well as test data, Quinn
et al(1994) propose slight, moderate, and severe adverse effects are likely to occur above
22°C, 24°C, and 26°C, respectively.

2.3.3 Water Tenperature Criteria (Olsen et al 2011)

Water temperature criteria for native aquatic biota in New Zealand were determined from
thermal tolerances of individual native fish and benthic macroinvertebrate species available
from the literature (Olsen et al 2011PDverall, data was available for few species only.

There are two types of wateetnperature criteria:

e Acute criteriawith the objective to protect species from the lethal effects of short
lived high temperatures
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e Chronic criteriawith the objective to potect species from sukethal effects of
elevated temperatures, hence to provide for thermal conditions that are suitable for
the growth and reproduction of target species

Olsen et al (2011) followed the method of Todd et al (2008), where several equat®ns
provided for the establishment of acute and chronic criteria depending on the availability of
information on thermal tolerance and thermal growth optimum (see Table 13 in Olsen et al
2011). Accordingly, there are differences in the level of confidemt¢hese criteria.

2.3.3.1Acute Criteria

Acute criteria can be established from knowledge of the critical thermal upper limit of an
organism and the thermal growth optimumefd) (Todd et al 2008). The value fgp:Ts used
to calculate the safety margin, bin the absence ofgf; data a safety margin of 2°C can be
adopted.

The critical thermal upper limit of an organism is defined as the temperature at which death

occurs almost instantaneously. The®@d f f SR WdzLILISNJ AYOA LA SYy G f SOKI
typically determined as the temperature at which 50% mortality occurs in experiments

conducted over a set period of time. The UILT is dependent on the temperature the

organism has been acclimated to. The UILT initially increases with increasing acalimatio
GSYLISNI GdzZNB dzLJ G2 | LRAY(Gd 6KSNB Al y2 t2y3SNJ
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significant mortality is expected to occur.

While species have the allito acclimate and thus extend their tolerance limit, beyond a
certain pointacclimation benefits are exceeded and prolonged exposure to nonlethal
temperatures causes physiological stress which can reduce tolerance of high temperatures
(Bevelhimer & Benrte2000). It is recognised thaBkge daily fluctuations in water
temperature can result in significantly different impacts than constant temperat(mes

which most regulatory criteria are basgdhowever there is a poor understanding of thermal
stress i fish in thermally dynamic environments (Bevelhimer & Bennett 2000)

Acute criteria with the highest level of confidence can be established from knowledge of the

UUILT and}: (Todd et al 2008). However, the UUILT has not been determined for any

native biota, probably because the experiments involved are costly. Data on thermal growth

optima was only available for the common smeltonsequently, Olsen et al (2011)

calculatedacute criteriausing UILTs determined at temperatures represgive oftypica

summerstream conditiosd W& dzY YSND ! L[ ¢ 0 @ 5dz2S (G2 GKS tAYAU
for native biotatwo acclimation temperatures (15°C and 20°C) were selected, reflecting
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natural summer mean water temperatures representativétdflandand YowlandQ
waterways, respectively.

Water temperature data for sites in the Auckland, Hawkes Bay and Waikato regions (for

which the criteria were primarily developed) showed that the criteria calculated using the

lower acclimation temperature would be largelyaJt A OF 6t S (G2 WdzLJ | yYRQ ¢
summer temperatures close to 15°C), while the criteria developed using the higher

F OOt AYIFGA2Y GSYLISNI GdzZNBE g2dzZ R 6S Y2NB | LILINE
temperatures of close to 20°C). However, there @iteations where the two acclimation
temperatures will not be appropriate; for example, spriegl streams may have low

summertime temperatures even in lowland areas. Knowledge of the summer mean water
temperature is more important for deciding upon whicriteria to apply to a specific stream

than knowledge on whether it is located in upland or lowland areas.

Acute criteria are expressed as the daily maximum temperature. Due to data deficiencies,
the majority of the following criteria were calculatedtiva lowto-moderate level of
confidence (Table 14; Olsen et al 2011).

e [For streams with a summer mean water temperature of around 1&8CQte criteria
were calculated for common smelt (adults, 22°C), shortfin and longfin eels (26°C and
23°C, respective)yand for 11 macroinvertebrate taxa (ranging from 21 to 32°C).
Hence, Olsert al (2011) suggest that in these streams the most sensitive native taxa
should be protected provided that maximum temperatures are less than 20°C.

e For streams with a summer meavater temperature of around 20°C, acute criteria
were calculated for the common smelt only, and are 26°C and 27°C for the adult and
larval stages, respectivelydence, Olsert al (2011) suggest that in these streams
the most sensitive native taxa sholwé protectedif maximum temperatures are less
than 25°C.However, because no data is available for further taxa that may be more
sensitivethan the common smelt, this criterion must be applied with caution.

Olsen et al (2011) emphasise that these craexie interim values and that more reliable
thermal criteria could be calculated if the estimates of the UILT at a range of acclimation
temperatures and J; were available for key species.

UILT values are typically derived from constmperature expements. Cox & Rutherford
(2000) identified that the thermal tolerance of two New Zealand invertebraDedgatidium
andPotamopyrgus antipodarupreduced by 2.5°C under fluctuating temperatures (mean
temperature = 5°C). As conditions present in most labwy studies (constant
temperature, abundant, higlenergy content food) are unrealistic for most natural systems
the implication is that experimental results mayer-estimate the real thermal tolerance of
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species under the conditions experienced in ttagural environment.Consequently, this
should be accounted for when applying experimentalyived critical temperatures to
natural systems

2.3.3.2Chronic Criteria

Chronic criteria can be either set at the upper thermal growth optimum (upggy (which is

the method that provides the highest level of confidence), calculated fropaiid the

UUILT, or from the preferred temperaturey,(f) and the critical thermal maximum (CTM)
(Todd et al 2008). The CTM is typically defined as the temperature at whiclldngrA a Y Q a
movement becomes disorganised and would be unable to actively escape the condition of
warm temperature (Cowles & Bogert 1944). The CTM method has been commonly
employed for native fish species in New Zealand, but no suitable data clethah efects

was available for benthic macroinvertebrates.

Chronic criteria are expressed as the maximum weekly average temperature. All chronic
criteria were calculated using CTM values for fish (Table 15, in Olsen et al 2011) and also
presented for two acclirmtion temperatures: 15°C and 20°C. Data gg Was not available

for an acclimation temperature of 20°C and had to be estimated, but for most fish at an
acclimation temperature of 15°C data ogefwas available. Accordingly, the level of
confidencem the following interim criteria is either low or le#-moderate, respectively.

e [For streams with a summer mean water temperature of around 20°C, chronic criteria
were calculated for six fish species and range from 26 to 31°C (values include
different life stages).

e [For streams with a summer mean water temperature of around 15°C, chronic criteria
were calculated for eight fish species and range from 20 to 37°C (values include
different life stages).

Given the low level of confidence in these chronic crte@lsen et al (2011) conclude that
they should be applied with caution. In one case (adult common smelt acclimated at 20°C),
the approach resulted in a chronic criterion being the same as the acute criterion, which is
obviously erroneous. More reliabteiteria could be developed if experiments were
conducted to establish the uppegglor Tope and the UUILT for native species.
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3.0 AucklandRiver Environment

The Auckland region has an estimated 16,8800f permanently flowing rivergan

additional 448m of intermittent stream(seasonally flowing within defined stream banks),
and an additional 711Rm of ephemeral strear{flow for short periods of time following

rain events) (Storey & Wadhwa 2008ecause no mainland location is more tharkg0

from the mast, all rivers have relatively small catchmentie majority of rivers (78% of
total stream length) fall into the category of first or secemdler streams (Storey & Wadhwa
2009), which are relatively small and usually less than a few metres mvadang them
susceptible to the effects of heating through lack of shading or stormwater runoff from
heated surface¢ARC 2010).

The Auckland region has a mild and wet climate with annual mean temperature of 15.3°C
and annual rainfall of 119mm (longterm awerages for the period of 1963 to 2007) (ARC
2010). River water temperature is highly correlated with air temperatuhe summer the
daytime air temperature ranges from 22 to 32°C but rarely reaches 30°C, and in winter the
daytime air temperature rangesdm 12 to 17°CHowever, climate change projections
suggest that the Auckland region could experience increased average temperatures, more
hot days during summer and a lower average annual rainfall (ARC 2010).

The majority of rivers in the Auckland regiare fed by rainfall from predominantly low
elevations, which typically have a low gradient, slow current velocity anebstidm (clay,

silt and sand) substratum, and marked seasonal flow regimes (high in winter, low in summer)
(Snelderet al2010; Mook & Neale 2008)Those rivers with a high gradient, fast current
velocity and harebottom (stony or bedrock) substratum are mostly restricted to catchments
that drain the Waitakere or Hunua Ranges (ARC 2010).

Within urban Auckland, it has oftarot beenpossible to retain natural stream channels.
Increased stormwater flows, alteration in channel bank morphology, and the removal of
riparian vegetation often results in increased rates of erosion in urbanised streams. The
need to ensure that habitable flodevels are protected from flooding drives stormwater
managers to employ stream channel lining techniqusisg concrete, rock and/or treated
timber, which both protect against erosion and increase the rate of conveyance.

The implications of lining chaefs are that the natural habitat values of the affected
waterways are reduced or eliminated.oung and Hodges (200znclude there is potential
to improve the habitat value in highly modified watercourses in urban Aucktiiadyssing
channellining metrods to control erosion or to improve floodwater conveyandeile also
cateringfor the environmental health of the waterwayn particular reference to
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temperature effectssuggestednethods promote isstream vegetation and providing
shading

3.1 Riparian Ovehead Cover in Urban Auckland Streams

Riparian overhead coveeducesthe extent of solar heatingon exposed water surfaces.
Information about riparian overhead cover is available in the Stream Walk Dataset 2002
2013 for 32%m of open waterways across tiheicklandregion. Thi is a combined dataset
held by Auckland Counédr 92 greams largely in urban settingsut includes natural
stream reaches such as those located in Waitakere Rangalso contains data fdive of

the temperature monitoring exmple catchmerg (Section3.5).

The dataset contains many ecological parameters including vegetation types, extent and
overhead cover.Tabk 2 shows a summary of data for overhead cover in km lengérs
class and % of total surveyed length.

Tabk 2 Overhead cover for streams in the Auckland Region

% Ovehead Cover Clas| Length(km) | % of Total By Lengtl Cumulative %
0-10 88.12 27 27
11-20 23.91 7 34
21-30 17.29 5 39
31-40 13.80 4 43
41-50 21.17 6 49
51-60 27.28 8 57
61-70 11.21 3 60
71-80 65.00 20 80
81-90 40.37 12 92

91-100 21.43 7 99
Totals 329.58 100 100

Of the 32%m of stream length57% has less than 60% overhead cov@gure2 showsthe
extent ofriparianoverhead covemeasured in Streamwalkscross the Auckland region
which were carried out in urban areasthe legacy North Shore City Council (NSCC)
WaitakereCity Council (WCC), Rodney District CouREIQ® Auckland City Council (ACC)
areas Monitoring sites used for analysis in Sectbbareincluded inFigure2 for later
reference

Although no absolute value has been determiredthe %overhead coverequired to
minimise temperature effectsaguideline value of 60%as beerused in the Stream
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Assessment Survey and Watercourse Management Plan Specificatickignd Council

2012). On this basisipproximately 19km of the suveyed streams would be vulnerable to
the impacts of solar heatingNotably 27% of the dataset had less than 11% overhead cover.
This would tend to indicate that Auckland urban streams commonly have less overhead
cover than thatwhich isnecessary to migjate the effects of thermagnrichment

3.2 Susceptibility to Thermal Enrichment from Stormwater Discharges

In the Auckland region, river water quality is strongly related to the type of land cover in the
catchment. The largest proportion of stream length the Auckland regio63%) drains

non-forested rural catchments (pastoral farming, horticulture, and rural residential), 21%

drains native forest catchments, with exotic forest and urban catchments draining 8% each
(ARC 2010)h BSNI f f = Wyd (RIDBS TP aaiNa @ Aljidl t AGe o6 f
2 yLOZ NUzNFf aAGS&a AYGSNYSRAFGS owa22RQ 2NJ VY
OWTFIFANR 2N WLI22NRO o!w/ HAMAL® Lt arisSa ¢
compliance threshldls of most variablegcluding temperaturéd W S 28°QIHK 12y a S @S|
occasions throughout the year. Furthermore, the magnitude ofekeeedencesvas

reported to be often high, but no records of actual values were published iSdiereport

2009 (AR 2010).

Urban stormwater contribugsto thermal pollutionin freshwater streamgstypically
concentratingthermally enriched stormwater runoff from warm surfaces such as pavement,
roofs, and rods during rainfall and discharging diredityreceiving strams. Figure3
demonstrates the number of stormwater outfalls per 1®0ength of stream, providing a
valuable visual representation of the stream reaches most likely to be most impacted by
stormwater inputs (see Sectidn2for discussion on data uncertaintiedylonitoring sites

used for analysis in Secti@b5are included irFigure3 for later reference

Many of thestreamsmost impactedoy stomwater discharge§i.e. highest number of
outfalls per 100m) are within suburban Aucklanavith fewer oufalls discharging to rural
streams due to a reduced densitystormwaterreticulation. Streams within thanosthighly
urbanised areas, such as thadkland CBCgre now predominantly pipedas they are no
longer open watercourses they do not showFigure3 and, in the context of temperature,
are not influenced by stormwater outfalls.

Theanalysis utilisedhuckland Coundd GIS recordfor the stormwater network The actual
number of outletsdischarging to Auckland streapendthe potential for thermal
enrichment,is likely tobe greater due to unrecorded private stormwater outfalls.
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3.3 River Monitoring

River monitoring provides the basis for reporting of the State of the Environment and
ecologyof our rivers. Auckland Guncil has three river monitoring programmes that are
regionally representative, monitorg the range of sizes, catchment geologiasd land
cover types (ARC 2010):

o Water Quality (31 sites visited monthly; Neale 2Q12)
e Surface Water Quantity (32 sites mtwred continuously)and
¢ Ecological Quality (up to 64 sites monitored annually)

Water temperature is measured each month alongsatteer parameters within the Water
Quality Programme (Neale 2012)he Water Quality Index (WQI) was adopted to assign a
water quality class to each monitoring site (ARC 2010k based on seven water quality
parametersincluding temperaturethat are relevant for ecological health, which are
evaluated for compliance with target levels for the {#epporting capacity déred from
national guidelines.Thetemperatureobjective is tchavewater temperatures<20°Cat all
times (Neale 2012; ARC 2010). The objedsiased on the 98percentile ofstream
temperaturedatacollected between 2005 and 200@m reference site (Cascades Stream,
Wairoa Tributaryand West Hoe Streanm) the Water Quality monitoringprogramme(Neale
2012; ARC 2010Monthly data does not provide information on the frequency of high
temperatures (or exceezhces of certain threshold values) anichal temperature
variation, both likely to be relevant to4istream biota and ecosystem processes.

Neale (2012) presents annual variation of temperature (measured monthly) and summary
statistics for the calendar year 20{€eeFigure 4and Table 8of Nede 2013. Maximum
temperatures exceeded 2Cat a large proportion of sites (19 out of 3IBakuranga Creek
(Botany Rd) recordetthe highest maximum temperature of 28Cin 2010,with annual

median and mean temperaturg21.0 and 20.5C respectively exceedinghis threshold

value. Pakuranga Creek is an urlsatchmentwith a high percentage of imperviousver

and little shading, which is expected to affect the temperattegime (Sectio.2). The
progressive urban devabment in the catchment likely increased annual maximum
temperatures from approximately 2Cto 23.5Cbetween 1992 and 200ARC 2010).

Auckland Councdontinuously monitos water temperatureat 15-min intervals atvarious
sites (25) across the regiositeswere predominantly selected as flow monitoring sites
the surface water quantity monitoring programmand thus are not necessarily optimised
for recording stream water temperatur@see Sectio®.0). However, this i| significant
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dataset. Data for seven of these sites has been used in the analysis of stream temperature
data conducted as part of this study (further detail in Sec8c).

Ecological qualitys inferred from macroinvertebta communities sampled annually in
summer (along with habitat quality assessmentgjhile some of the current sites are also
part of the water quality and water quantity monitoring programme, rarely aréhadle
programmes aligned tmeasureecologicalwater quality, and hydrological information at
the same locationgMoore & Neale 2008)A substantial amount of data (in the form of
individual site records of species presence/absence) is available from the national New
Zealand Freshwater Fish DatabaNZEFD) administered by NIWA.

In additionto continuous monitoring programs, Auckland Council has two additional
structures in place tprovide snapshoteports on the ecological value of streams:

e Stream Ecological Valuation (SEV)
e Streamwalk and Asset Statys

The SEV method was developed to quarttiiy ecological value of small sections of streams
and is documented iAucklandCouncil (&) TechnicdReport 2011/009Storeyet al2011)
Unlike many methodologiethe SEV assesses the value offtirectionof the stream as
opposed to structuralbiologicaland chemicafactors. For examplerather than assessing

the amount of riparian vegetation, the factor assessed is the amount of shade provided as
this directly influences temperature stability in theaterway. Auckland Council has a

central SEV database providiag overviewof 406 SEVs identified in the Auckland region

Auckland Council has continued a programme of Stream Assessment Surveys carried out by
legacy Councils since 200A.methodology dr reachbased Stream Surveys, originally
established by North Shore City Council and now the basis of an Auckland Council
Specification for Stream Assessment Surveys and Water Course Managemsnt Plan
(Auckland Council, 2012)as ensured consistency oktleollected data. To date

information has been collected from 3% of streams in the Auckland region across a wide
range of ecological, and engineered, stream attributes. Riparian vegetation and overhead
vegetation cover quality and extents are recodde the survey and recommendations for
enhancement are included in a Management Plan appended to the published survey report.

Streamwalk assessmerdgsultsand SEV dathave been used herein to provide an overview
of catchment characteristics angpariancoverfor selected study sitesl{scussed in Section
3.5, Table3) and acrosshe Aucklandregion(Figure?2).
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3.4 River Functions and Values

The Auckland Regional Couric@mework for assessment and management of urban

streams in the Auckland Regidfechnical Publication282 6! w/ = Hnnnov O2Yy aARSI
stream functions and values, management priorities for each of the urban stream types, and

ranks these priorities. The mag@ment priority to reduce istream temperatures is high

for all reach classifications, except Type 6 (piped channel) for which it is not applicable,

giving clear recognition of temperature as a contaminant of concern.

Generally, the highest quality urbatreams have <25% impervious cover (Types 2 and 3) or
have tidal influence (Type 1), hence the most protective management actions should be
applied to prevent adverse effects from urbanisation, which typically are irreversible (i.e.
once the adverse effedccurs, it is difficult to restore the former condition).

Maintaining or establishing riparian vegetation (preferably native) for its multiple functions
is a priority for all reach types, except Type 6 (piped channel). These funottre
temperature moderation, contaminant retention and processing, and provision of aquatic
and terrestrialhabitat. Elevated water temperature is a major stressor in streams that lack
shade, and is correlated with the intensity of urbanisation in the catchment imustseof the
Auckland region (Scarsbro@k07). High temperaturesan degrade ecological stream

values directly via acute or chronic effects on resident aquatic biota, but also indirectly via
accelerating biological processes (algal growth and organic matdakdown, in particular if
coupled with excessive nutrients) likely to reduce oxygen levels or degrade benthic habitat
(see Sectio.1.3. Hightemperaturesat levels that have acute effects on fish can also
affect migratng fish species, thereby negatively impacting on stream connectivity objectives.
These negative ecological effects are interrelated with degradation of other stream values.
For example, negative effects on fish and excessive algal growth degrade idiral
amenity values, and in turn economic values.

3.4.1 Macroinvertebrates

Overall, the most frequently occurring macroinvertebrate taxa in the Auckland region are

among those recorded in a national monitoring programiNat(onal River Water Quality

Network NRNVQN) (Moore & Neale 20084 high proportion othe! dzO1 f YR NBXIA 2y Qa
sampling sites are in sefftottom streams. Soft and hardbottom streams have distinct

habitats and hence the frequency of occurrence of taxa differs between these stream types.

Hence land use effects measured using biotic indices for these two stream bottom &ypes

analysed separately (Moore & Neale 200B)kewise, interpretation ofvater temperature

effectsshould consider the thermal tolerance of the likely species found ingtream type.
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In the Auckland region, langse intensity affected taxonomic richness (rang&7sper

sample), the number of EPT taxaiB) and MCI/MCsbvalues(Macroinvertebrate

Community IndefMCI softbottomed; range 26159), reflecting the negativeelationship

with both water and habitat qualityMoore & Neale 2008 The total mmber of taxa found

in a samplegenerally provides information on the biodiversity and-Bigoporting capacity of
astream reach.High numbers typically reflect complealitats and good water quality (e.g.
cooltemperatures high dissolved oxygen and low pollution levels); whereas low numbers
often occur in unstable habitats (e.g. muddy substrata or lack of permanent flow) or poor
water quality. Many Ephemeroptera, Plegitera, TrichoptergdEP) taxa require coolater
temperaturesand high levels of dissolved oxygen; hence samples containing no EPT taxa or
only tolerant hydroptilid caddisflies often reflestreams with elevated water temperatures.
The most frequently amurring taxa at urban sites (both seéind hardbottom) are pollution
tolerant groups includingotamopyrgusGyraulusand Physella/Physa snails, oligochaete
worms, XanthocnemislamselfliesParatyashrimps, andChironomusorthoclad and
Polypedilunmidges (Moore & Neale 2008; Allibone et al 2001)is difficult to determine

the relative contribution of temperature versus other water quality and habitat factors
affecting EPT abundanceowever, the presence of EPT taxa infers acceptable temperature
leves.

3.4.2 Fish

The rivers of the Auckland region are home to 17 native fish species, including rare and
threatened speciefound in urban Aucklanduch as theshortjaw kokopu and torrentfish
(based on records listed in the NZFEEeAppendix Gor the full list of species)Fish, like
macroinvertebrates, are vulnerable to degradation of habitat and water quatihuding
temperature)as a result of urban and pastoral land use in the catchmAstmost native
fishspecies are diadromous (migrate between freshwater and the seagased
temperature in streams may provide a thermal barrier to migration.

Ecological quality for native fish was assessed for four land cover types (native forest, exotic
forest, pastureurban) of differing landise intensity using data available from the NZFFD

(over 2000 records in the Auckland region) (ARC 20M®}. Quantile Index of Biotic Integrity

(QIBI) assigns a score to a site based on comparison between predicted (based tareleva

and distance from the coast) and observed fish speciéb. I G A @S F2NBaAGQ aArlS
YR WdzNBIyQ aaiadSa GKS t2¢6Sad | gSNIr3IS vL.L a
intermediate scoret A AYATAOLF yif e { ReSENRIKAAKGARCUKDY Wi
2010). While QIBI scores cannot be used to dihgetssess theffeds of temperature due to

the wide range of factors influencing ecological quality, higher saaresban sitesvhich
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are subject to human pressures, incing reduced shading and increased input of heated
runoff (SectiorR.2), show fish communities more impacted that those in aghan sites.

3.5 TemperatureRegimesof Auckland Streams

Seven catchments, encompassangange of land se types are analysetiereinusing
continuous water temperature records to identify typical water temperature regimes in
Auckland streams. These water temperature regimes are compared with temperature
criteria identified by Olsen et al (2011), and reveglnin Sectior?.3.3 to provide discussion
around the water temperature criteria most appropriate for the Auckland Redidacro-
invertebrate and fish species data are discussed in the context of both stream temperature
and general stream health.

3.5.1 Representative Catchments

When evaluating the effects of stormwater runoff on stream temperature, it is essential to
have an accurate representation of both the desired, or optimal, temperature regime in
Auckland streamsy natural cachmentsand the actual temperature regimes found in
urbanised catchments. Thisovides context to the work done by Olsenatt(2011)andcan
inform thermal management criteria.

For the purpose of a critical review of stormwater effects on temperatune stream biota,
seven Auckland catchments of different lanse intensitiesvere identified, including

streams irbush, pastoral, and urbaratchmentgsummarised ifmable3 andFigure4). Bush
catchmens provide information on baseline temperature regimes that are representative of
the natural condition. As thAuckland region was almost completely covered in trees
before human settlement, much of the endemic flora and fatymcallyevolved in shaded
environments (Maxteat al2005). A pastoral catchment represents an impacted channel,
typical of rural environments where riparian vegetation has been removed and the stream is
predominantly unshaded. Urban catchments are the most heavily impacteal, wit
substantial modifications to channel morphology and to flow patterns due to stormwater
runoff impacts. Sgnificant bank modificationséncretelined, earth contoured banketc)
havedramatically reduced the habitat available to aquatic flora &wnathroughout the
stream, and tlus influenced temperature regimes.

Only one pastoral site was selected as the key focus of this research is urban stormwater.
Pastoral siteshould behave relatively uniformly, #sey areconsistentlyunshaded with few
stormwater inputs(and have less variability in runoff than urban areds) contrasto bush

or pastoral sitegless modified catchmen}ssignificant variationn catchment characteristics
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can be encountered between urban sites. As such, a wider variegprdsentative urban
catchments is required.
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Table3 Summary Characteristics for Each Representative Catchment

, Average Channel
. . _ Impervious | Channel o
Land . Site | Size | Elevation , Stream | flow 2016 Average | Lining/
Site Name X Cover | Shading Average MG o
Use No. | (km? (m) Order | 2012 SEV Piping’
(%) (%) 3.1
(m’s?) (%)
Bush West Hoe | 7206 | 0.7 40.0 0.0 >80 2 0.011 126.4 (Excellentf 0.90 0/0
us
Opanuku | 7904 | 17.6 21.5 2.6 >80 4 0.524 90.7 (Fair) 0.80 0/0
Pastoral Kumeu | 45315| 45.2 20.5 2.0 48.1 4 1.048 65.9 (Poor) - 0/0
Days Bridge 7811 | 11.7 2.5 56.1 39.4 3 0.268 58.1 (Poor) - -
Urb Alexandra | 7834 | 3.3 155 59.5 38.9 2 0.065 - 0.57 0/22
rban
Taiaotea | 7515 | 3.3 1.5 50.0 19.6 2 0.071 - 0.47 16/24
Hillcrest | 7609 | 1.8 19.0 67.0 23.4 2 0.042 - - 38/24

1. Averageriparian covercalculatedusingthe Stream Walk Dataset 208201 3for the urban catchmentextrapolated from 5.km of stream
walk data for Kumeu (MEL 201ahd estimated based oknowledge of the catchmestfor the bush sites
2. Auckland Council flow monitoring data 202012
3. Table 12 West Hoe, Opanuku, Kumeu, Ot&reys Bridge Section 4.3, State of the Auckland Region (ARC 2010)
4. Stream Ecological Valuation (SEV): broad indication of stream health ramgiridy dhdcating highest ecological value), averaged for any

reaches assessed in the catchment.

5. Figures represent the percentage of the total catchment either concrete lined or piped, respectively.
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Continuous water temperature data from 20012, taken at 15nin intervals, has been
analysed to identify water temperature regimes throughout the representative Auckland
catchments. Table4 provides a brief summary of each sampling locatiBlease note that
the sampling locationgypicallyconsist of a weir structure, which causes backeringand
may elevataecordedtemperatures

Tabled4 Water temperature sampling locations

Site Description Water Temperature Samplind-ocation

Flows into the Orewa
River via the West Ho¢ g 3
stream. Representativ

of a soft bottom site

with a native bush

catchment. Used as a
West Hoe

7206

reference site to asses

the impact of human

land uses on water

guality. Annual mean

water level at samplingd i

site approximately
0.2m.

Situated off Candia
Road, Henderson.
Drains into the
Waitemata Harbour, vigg
Opanuky | Henderson Creek. ltis
7904 hard bottomed site. Th
mainland cover within
the catchment is native
forest, with some

pasture.
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Site

Description

Water Temperature Sampling.ocation

Kumeuy
45315

The stream drains a
predominantly pastoral
catchment. Thestream

is soft bottonmed with
predominantly
mud/silt/sandsubstrate
and little channel
modification Annual
meanwater level at
sampling site
approximately 1.0m.

Days Bridge
7811

Situated by Massey
University Albany
Campus. Itis a soft
bottomed site. The
stream drains an urbar
catchment and is a

tributary of Lucas Creel

Annual mean water levs
at samplingsite
approximately 0.3n.

Alexandra
7834

Alexandra is a sub
catchment of Days
Bridge. The stream
drains an urban
catchmentandhas
comparatively few
modified sections, with
stable bedrock within
the lower channeland
otherwise silt/mud The
average @pthis0.1-
0.46m (NSCC 2005a)
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Site Description Water Temperature Sampling.ocation

The stream drains a ful
urbanised catchment
with artificiallylined
sections andsilt/mud

unlined stretches

Average depths0.2¢
Taiaotea 0.3m (NSCC 2005c¢) |
7515 Considerable portions ¢
the streamhave no  |&
riparian coverwith <10% &
overhead cover
throughout Community
planting programmes
are underway

The stream drains a ful
urbanised catchmentlit
is predominantly
artificially linedwith an
average depthof 0.02
0.5m (NSCC 2005b)

Hillcrest
Intenseurban

7609
developmentand

concrete channelling hég|
meant large areas of th
stream are devoid of an

significant riparian
vegetation.

Table5 provides the availablduckland Council State of the Environment (SoE)
macroinvertebratepresenceor absence datdrom 2010to 2012, sourced directly from
Auckland CouncilDatawasonly availabldor four of the seven representativitlow
monitoring catchments, and none of the sampling sites were at the same location as the
water temperature(flow) monitoring sites. Se&ppendix Hor the location ofeachSoE
macroinvertebrate sampling sitelative to theassociatedlow monitoring locations used
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for each representative catchmen©Only axawhere Olsenet al (2011) have determined
acute criteria argresented inTable5; Appendix Eprovides a complete presence/absence
macroinvertebrate list

Table6 provides the pesenceor absencedata forfish speciesvithin eachcatchmentusing

all available recordBomb L 2 IN&&Zealand Freshwater Fish Databa$é2KFR Of the
seven representative catchments, fish sampling only occurred at the same location as the
water temperature (flow) mororing for one site (Opanuku)Appendix Fprovides a count

of each species preseat the monitoring location closest to each flow monitoring sitehe
time of sampling fronthe NZFFD Thelocations of eachNZFFD samplirsife relativeto the
water temperature (flow)monitoring locationdor each representative catchment aadso
given inAppendix F

Table5 Macroinvertebrate Presence/Absence data 2@ 2, Auckland CouitState of the Environment

Monitoring
Macroinvertebrate Type West Hoe Opanuku Kumeu Days Bridge
AC SoE sample site nam West Hoe LTE Opanuku LTE Kumeu @ Wezg Oteha LTB
Sample site distance 89 mUS 722 m US 156 m US 290 m US
Species count 6 7 5 4
Total SpeciesAppendix E 37 36 28 26
Potamopyrgus 1 1 1 1
Sphaeriidae 1 0 1 1
Paracalliope 1 0 1 1
Paratya 1 1 1 1
Deleatidium 0 1 0 0
Zephlebia 1 1 1 0
Aoteapsyche 0 1 0 0
Pycnocentria 1 0 0 0
Pycnocentrodes 0 1 0 0
Elmdae 0 1 0 0
Note: 1 indicates presencge8 indicates absence.
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Table6 Fish Presence/Absen@&ata for within each Catchmerftom the New Zealand Freshwater Fish

Database (NIWA)

Fish Type Opanuku| Kumeu | Days Bridge Alexandra| Taieotea | Hillcrest
Gobiomorphus basalis
o 1 1 1 1 0 0
I NI yQa o0 dzf f ¢
Paranephropspp.
PRropSPp 1 0 1 0 0 1
Koura
Anguilla dieffenbachia
, 1 1 1 1 0 0
Longfin eel
Gobiomorphus huttoni
_ 1 1 0 0 0 0
Redfin bully
Anguilla australis
_ 1 1 1 0 1 1
Shortfin eel
Galaxias fasciats
1 1 1 1 1 1
Banded kokopu
Gambusia affinis
_ 0 1 1 1 1 1
Gambusia
Galaxias maculatus
1 1 0 0 1 0
Inanga
Anguillaspp.
9 __pp 1 1 1 1 1 1
Unidentified eel
Cheimarricthys fosteri
i 1 0 0 0 0 0
Torrentfish
Gobiomorphus cotidianus
1 1 1 1 1 0
GCommon bully
Galaxasspp.
, . .pp N 1 0 0 0 0 0
Unidentified galaxiid
Ctenopharyngodon idella
pharyng 0 0 1 1 1 0
Grass arp
Gobiomorphuspp.
_ __p PP 1 0 1 0 0 0
Unidentified bully
Galaxias postvectis
1 0 0 0 0 0

Shortjaw kokopu

Note: 1 indicates presence, 0 indicates absence. *No data awailabWest Hoe as no samples

taken with the catchment
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3.5.2 Water Temperature Regimes and Criteria

Continuous water temperature data from 202012, taken at 15nin intervals, has been
analysed to identify water temperature regimes throughout gampled Aucldnd
catchments. These temperature regimes will be discussed in light of the interim acute
temperature criteria defined by Olsest al(2011) and the biological information available
for these catchmentsPlease note that the interim chronic temperatuneteria defined by
Olsenet al(2011) are not robust enough to apply but the potential dethal effects of
observed elevated temperatures will be discussed.

Figure5 to Figurell present the measured 1&in interval data for each of the seven
catchments for the period of December through Mag&®i102012 These were the months
when the warmest water temperaturagtroughout the year have been observed, i.e. those
during which heated stormwater inputs aoé particular concerrfseeAppendix Aor annual
mean daily temperature) Three years of dat€20102012)are presented to show the
variation in temperature regimes across different years, which will largely be attributed to
climatic variation.

Table7 presents summary statistics of daily temperature data given as averages and ranges
across the period of December through March (and averaging these across the years):

¢ Daily mean water temperaturewhichis the average temperature an organism is
experiencing within a single day (&4 period) (seéAppendix Aor graphical
presentation of daily mean water temperatures over the period of each y&dr
daily mean temperatureare those that the resident organisms are roughly
acclimated to.Acclimation temperature is an important factor for how organisms
can deal with shorterm temperature increases such as those due to heated
stormwater inputs.

¢ Daily maximum water temperatue, which is the maximum temperature an
organism experiereswithin a single day.

e Daily temperature fluctuation which is the range of temperatures an organism
experien@swithin a single daylLarge daily fluctuations in water temperature can
result in sigificantly different impacts than constant temperaturdswever, there
is a poor understanding of thermal stress in fish in thermally dynamic environments
(Bevelhimer & Bennett 2000).
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Table7 Summary statistics of water temperags at the seven stream sites draining representative catchment

types
, Daily Maximum ,
Daily Mean Water Daily
Land ) Water
Site Name Temperature Temperature
Use Temperature ]
°O . Fluctuation(°C)
(°C)
Bush West Hoe 15.8 (13.£18.2) 16.2 (13.618.6) 0.8(0.x2.4)
us
Opanuku 16.3 (14.%18.1) 17.1 (14.520.0) 1.6 (0.43.7)
Pastoral Kumeu 18.2 (15.@21.4) 18.9 (15.622.3) 1.4 (0.33.5)
Days Bridge 18.5 (15.521.6) 19.1 (15.622.3) 1.1 (0.13.6)
Urb Alexandra 17.8 (14.¢21.1) 18.4 (15.421.9) 1.1 (0.25.2)
rban
Tdaotea 20.7 (16.624.1) 23.2 (17.928.3) 4.3 (0.88.4)
Hillcrest 19.7 (16.%22.9) 24.1 (17.830.3) 6.8 (1.x14.4)

3.5.2.1Bush Catchments

The twobush streams arevell-shaded £80% channel shadingable3) and have natural

flow regimes and channel morphologies. Hence, their temperature regime is closest to that
in whichnative biota have evolvedNote that these two sites can be both classified as
YowlandQ 6 h t & Sy beldilochtdd atramelewation of 40and 21.5m for WestHoe

and Opanuku, respectively#ble3). Within the months of December to March, titgpical

daily mean water temperature is 15@ for West Hoand 16.3°C for Opauku (Table7).
However, during the sae period daily means at these sites can be as low as@arl

14.1°C and as high as 18&r 18.1°C, which is largely attributed to the air temperature and
solar radiation experienced on particular days.

As expected, in these bush catchments daily maxn water temperatures never exceeded

the acute criteria of 20°C (determined for an acclimation temperature of around 15°C) given

by Olseret al(2011) to protect the most thermally sensitive invertebrate taxa (and fish taxa,

| 2S3 gKAOK Aa 2yS 2F |
sites, typically hadaily maximum temperaturesf 16.2°C and did not exceed 18.6°C even

but criteria for few taxa onlpre available)2 S & (

on the warmest summer day3éble7, Figure5). Opanuku typically had maxima of 17.1°C
and temperatures never exceeded.ROC(Table7, Figure6). Consequently, temperature
sensitive EPT taxa such@ealeatidium Aoteapsychéboth only at OpanukuRyaocentria

(only at West Hoe) andephlebiaand the crustacean taxgaracalliopgonly at West Hoe)

and Paratyahave been found at nearby SoE macroinvertebrate sampling Jigdsdb).

Note that presence of a temperature sengéispecies suggests that the temperatures at the
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site do not have lethal effects on this species; by contrast, absence of a speaies loan
linked to temperature directly, but maye due other factorsboth natural and
anthropogenic.Longfin eels, whichre similarly sensitive @&ycnocentriavectg have also
been found in the vicinity of the West Hoe siteable6, Appendix [

In bush catchments, temperature fluctuations that organisms are exptwsadthin a single

day were typically low, at West Hoe 0.8°C and 1.6°C at Opaiakief, Figure5, Figure6),
and did not exceed 2.4°C and 3.7°C at these two sites.
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3.5.2.2Pastoral Catchment

Pastoral streams argenerallypoorly shadedandhence experiencelevateddaily mean and
maximum water temperatures as well Esgerdaily temperature fluctuationsThe typical
daily mean water temperaturat the Kumeu site during the warm months was 18.2°C but it
could be as low as 1Band as high as 21.4(Cable7). Daily maximavere only slightly

higher than daily averages, typically 18.9°C and up to 2213&@ce, on multiple days,
particularly in the summer of 2010/11 (but only few days in 2011/12), oleskwater
temperatures breached the Olset al (2011) acute criterion of 20°C (determined for an
acclimation temperature of around 15°C), which are appropriate considering the range of
daily mean water temperatures observetdhese elevated temperaturgsp to 22.3°CTable

7) are unlikely to have caused immediate widespread death among the most thermally
sensitive fish (common smelt adults: UILT=23.3 °C) and invertebBeésatidium
UILT=22.6°C), for which experimental datavailable (Olseet al2011). The temperature
sensitive mayflZephlebigZ.dentata UILT=23.6°C) was present at a nearby sampling site
(Table5), but the thermal tolerances of the fish species present in the catchment are
unknown (Table6, Appendix . On the other hand, the generally higher temperatures
compared to those experienced in bush catchments (likely a consequence of poor shading,
48.1%, Table3) could potentially have negative suéthal effects on the growth and
behaviour of sensitive biotal-igure7 shows a slightly impacted temperature regime over
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that of the bush catchments that cannot be related to impens cover (2.0%d,able3);
riparian cover is likely a stronger influencing factdhe large catchment size means
stormwater effects are diluted. The catchmentikely groundwater driven with infiltration
beinga strong infleéncing factor.

Daily temperature fluctuations were typically 1.4°C and up to 3.5a6I€¢7, Figure7), which
were higher than those at the native forest West Hoe site but lower than those at native
forest Opanuku site.The relatively low daily fluctuations at Kumeiespite poor shading

can probably be attributed to greater depths of the stream and higher volume of wafer (4
order stream with an average flow of 1.0°sT, Table3). The temperature regime at Kumeu
is likely to be less impacted than that of streams withimallerpastoral catchments.
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3.5.2.3Urban Catchments

A2 dzNJ dzZNB Iy aAidSa KIFG@S xpn 72 AYLSNBA2dza 020
channel shading and channel modificatidrable3), which can explain the varying degrees

of thermal pollution observedOverall, the typical dailmean and maximum water

temperatures at the urban sites were notably higher than those at the two bush sites. The

two sites, Days Bridge and Alexandra, and the two sites Taiaotea and Hillcrest can each be
broadly grouped together into thermally impacteahd highly thermally impacted sites,

respectively.
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Days Bridge and Alexandra are sitgth greater shading andith lesschannel modification.
TheAlexandramonitoring site islownstream of a shaded wetlandhichacts to lower
baseflow temperaturesThe Days Bridge monitoring site is also influenced by the wetland,
as the Alexandra subatchment is upstream of the Days Bridge monitoring site. However,
Days Bdge is a much larger catchmerftected by dilution of stormwater effectsvith

greater groundvater buffering The typical daily mean temperatures were 1&and

17.8°C, respectively, but daily meansummercould be also as low as 18Gand 14.9°C.
Hence, application dhe Olsenet al(2011) acute temperature criterion of 20°C (determined
for an acclimation temperature of around 15°C) seems most appropriate. This criterion was
breached on multiple days with daily maximum temperaturpsa 22.3°CTable7) during

the period of December to March, especially in tharye2009/10 and 2010/1F{gures,
Figure9).

The potential negative thermal effects on biota may be of similar magnitude to those
expected for the pastoral sites (s&ection3.5.2.2. However, considering that these urban
streams havédeen modified and&hannelisedand have higher % impervious cover in the
catchment than the pastoral stream, the thermal impaats likely tobe worse. Organisms
exposed to multiple urban stssors may be less resilient to increased temperatures than
those exposed to elevated temperature onlyittle is known about whether other langse
related stressors modify thermal tolerances of native bidthowever, interactive effects
between temperaure, fine sedimentand nutrients on macroinvertebrate communities and
ecosystem processing have been demonstrated in experimental streamside mesocosms
(Piggottet al2012).

Whilst ébsence of taxa is not necessarilgefinitive indication of negative teperature
effects asabsencecould be due to other factord is neverthelessioteworthy that
ZephlebigZ.dentata UILT=23.6°C) frequently occurring taxon at reference stibttom
sites- is absent frorma soft-bottom monitoringsite at Days BridgeThe thermally sensitive
crustacean tax&aracalliopgP. fluviatillis UILT=24.1°C) arRhratya(P.curvirostris
UILT=25.7°C) however were present at Days Britigiel¢5). No conclusions could be
drawn from the available fistiata (Table6, Appendix [

The typical daily temperature fluctuations of 1.1°C at both sites are similar to those of the
two bushsites;however temperatures at Alexandra fluctuated up to 5.2°C amamextreme
days Table7).

By contrast, the urban streams at Taiaotea and Hillcrest have poor shading and high channel
modification(Table3); hence experieniag highlow flow temperatures The typicatiaily
mean temperatures were 20°Cand 19.7°C at Taiaotea and Hillcrest, respectjlydaily
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means reached up to 24.1°C at Taiaotea and were also as low as 16.1°C at Hiltleg).
On the majority of days, the daily rmaebaseflow temperaturevas around 20°C at both
sites. Hence, application of the acute temperature criterion of 25°C (determined for an
acclimation temperature of around 20°C; Olssral2011) seems most appropriat®aily
maximawere typically 23.2Cand 24.1°C at Taiaotea and Hillcrest, respectively, however
climbed up to 28.3Cand 30.3°CTable7). Daily temperature fluctuations were also much
higher than those at the other two urban siteBaily temperature fluctuations &re

typically 4.3 and 6.8°C fdmiaoteaand Hillcrest, respectively, but on extreme days water
temperatures fluctuated by 8.4 and 14.4°C within a single ddoe criterion of 25°C was
breached on multiple days during the period of December to Maf@len et al (2011)
considers acclimation temperatures in relation to mean summer temperatuieslimation
may not beachieved when streams demonstrate extremely large diurnal variations, such as
Taiaotea and Hillcrest have exhibited midy bethat fish ard otherin-streamfauna exhibit
greater stresses in relation to the combined effects of elevated temperatures and large
diurnal variations.

The Olseret al(2011) criterion was solely based on experimental data from one sensitive
fish species (common smeltlults: UILT=26.8°C) as there was no data available for other fish
or any invertebrate species (Secti@r8.3. Water temperatures can also be compared with
experimental data available on the upper incipient lethal temperat{WILT) of the most
sensitive invertebratedeleatidium UILT=22.6°C, tested at acclimation temperature of
around 1216°C, Quinret al1994). This reveals that on most days at both sites, the UILT of
Deleatidiunt a widespread grazing mayfly in New Zeal streams was exceeded
(FigurelO, Figurell). Moreover, the daily maximum temperatures on the most extreme
days were above the UILTs of all fish and most invertebrate speciedictdata was
avalable (Table 140Isenet al2011). Accordingly, onlyycnocentrodes aureqglelydorasp.,
Potamopyrgus antipodarurand Sghaerium nova&zelandae would have been able to

survive. Unfortunately, no invertebrate data was available from nearby locations and no
conclusions could be drawn from the available fish da@tb{e6, Appendix

In conclusion, thermal impacts at these hightpdified urban stream sites, Taiaotea and
Hillcrest, are likely to 1) exale a range of fish and invertebrate species that cannot survive
these high temperature events, 2) have dethal effects on the more tolerant species,
especially considering the prolonged suboptimal temperatures and the high daily
temperature fluctuatiors (although little information is available on their effects).
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3.5.2.4Discussion

Catinuous temperature maitoring over several years awo sites with native bush
catchments (West Hoe and Opanuku), one pastoral site (Kumeu) and four urbafDsiyss

Temperature as a Stormwater Contaminant 47



Bridge, Alexandra, Taiaotea aHdlcrest) in the Auckland region revealesnperature
regimes typical of the different catchment land usésl streams were small enough to
potentiallybe fully shaded if the riparian vegetation was intact.

Native bush streamBave 1) intact riparian vegetation providing high levels of shading, 2)
little or no impervious cover in the catchment, and 3) natural flow regimes and channel
morphologies.Even at low elevation, the typical daily mean water temperature during the
period of December to March was around 16@aily temperature fluctuation is low and
daily maxima never exceed the acute criteria of 20°C (determined for an acclimation
temperature of around 15°C) given by Ols#ral (2011) to protect the most thermally
sensitive invertebrate taxa (and fish taxa, but criteria for few taxa available. only)

Pastoral streamswhichare often poorly shaded, experience higher daily mean and

maximum water temperatures as well as higher daily temperature fluctuations than native

bush streams Daily maxima breached OlsehalQda o HAMMO | OdziS ONARGSNR2Y
(determined for an acclimation temperature of around 15°C) several times during the warm

months. Pastoral streams are not typically threatened by thermal pollution due to heated

stormwater as the percentage of impervious cover in the catchment is usuadlly. s

Urban streams cahave varying degrees of thermal pollution, which is dependent on the
level of channel shading, channel modification such as concrete lining, and impervious cover
in the catchment. Hillcrest and Taiaotea have poor shafi8g1% and 9.6%, respectively)
and highly modified channel morphologies, while Days Bridge and Alexandrdlaemced
by a shaded wetland, and reduced artificial lining compared to Hillcrest and Taiadltea
four catchmentsK I R x p /&2 A Y LIVhildtheRidziest she wath tNethighest
impervious cover of 67% also had the highest daily maximum water temperatures and
temperature fluctuations, Taiaoteavith the least impervious cover of 5084t also the least
channel shadingvas also highly thermally impted, more so than Days Bridge and
Alexandra with 58and 60% impervious cover, respectivelyater temperatures at
Taiaotea maylsobe exacerbated by its location below\eet pond (Sectior#.2.2), while
water temperatures aboth Days Bridge and Alexandra (as a-satthment of Days Bridge)
are moderated byncreased riparian cover aralshaded wetlandSectiord.2.5 within the
Alexandra catchmentThis suggests that channel shading and coneliateg are important
factors in determining temperature regimes in urban streams.

3.5.3 Temperature Regimes in Response to Rainfall Events

Charts of water temperature against flow are presentedeach catchmentor the periods
from 28 Jaoary2011 to 31 Jamary 2011 (Event 1) and from 18 Mar2012 to 21 Mach
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2012 (Event 2in Figurel2to Figurel5. Flow rate within the stream is used as a surrogate
to represent rainfall events This comarisondemonstrates how water temperature changes
within a stream in relation t@levated flows during rainfall events; it does not directly relate
temperatures to the impervious surfaces in the catchment and does not consider
temperatures at specific starwater discharge locations

Event 1 represents an afternoon/evening eventlanuary 2011with increased flow starting
(indicating rainfall occurrednd runoff has reached the stregrbetween 1:3Qom and
2:15pm in the urban catchments, arzetween 6:00om and 8:3Qom in the rural/pastoral
catchments. These time periods present the most potential risktf@amthermal
enrichmentdue tostormwater runoff asll surfacesifnperviousand imperviousjvithin the
catchment have had time to warm.

Event 2 repreents a nightime eventwhere there is a theoretically reduced risk of thermal
enrichment due to stormwater runoff. Increased flow starts in all catchment between
11:00pm and 3:3GamMarch 2012

Air temperature froman Auckland Council air qualityonitoring site has been plotteith
comparisonto water temperature as site specific air temperature was unavailabie.
stream water temperatureshoweda strong correlation with air temperature
demonstratingthat in addition to diurnal variation, streamsesubject tatemperature
variationsbetween one day and the next based on variations in air temperature.

Few eventavere available for comparison where rainfall occurred at all seven monitoring

sites concurrently. Detailed study of water temperature ctemun relation to rainfall

events at an individual catchment scale would provide valuable information on the effects of
A02NXGF GSNI NHzy2FF 2y 1 dzO1fFyRQa dz2NbBly aidNBI
selected specifically for temperature monitoring anel tlepresentative of stormwater

specific inputs.

3.5.3.1Bush Catchments

West Hoe Event JF{gurel?2) exhibiteda clear increase in water temperature in relation to
increased flow.The catchment is short and steep withiedatively rapid responseAs the

siteis a representative bush catchment with no impervious c¢Vable3), thiswater
temperature increase could ndite attributed to thermal enrichment via stormwater runoff.
During this partular event, water temperaturevithin the stream wasubstantially lower

than air temperature.As rain falls at a temperature comparable to air temperature, the
rainfall and runoff entering the stream was warmer than the stream water temperature and
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thusacted to increase the overall water temperature of the streaWiater temperature
does not exceed air temperature at angne during this event.

For Event 2streamwater temperaturewas much closer to air temperature at the start of
the event, and thus th increase in stream temperature demonstrated at West khoEvent
lis less markedLikewise, as ambient air temperature cooled below the stream water

temperature, and rainfall continued, the overall stream temperature declined in response to
rainfall.

As with West HoeDpanukuresponds to changes in air temperature during Event 2. At the
start of the rainfall event, water temperature and air temperature are similar. As air
temperature cools, and the rainfall event continues, the stream water tempeezdlso

shows a corresponding cooling.

Within both representative bush catchments stream water temperature is driven
predominantly by ambient air temperature, rather than due to the effects of stormwater
runoff. The effect of enbient air temgerature is lagerwhen the difference between
basdlow temperature and air temperature is greater
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3.5.3.2Pastoral Catchment

Kumeu Figurel3) demonstrates aslowerresponsehan both bush catchmentsHigurel?2),

but in particular West Hoe TheKumeu catchment is much larger than both West Hoe and
Opanuky as a result the combined effects mfoff are distributed across the catchment,
with a prolonged time of concentration to the monitoring locatiand a response driven by
baseflow Very little water temperature response is generated, likely due to the combined
effects of distributed flow across the tchment, relatively largecooler baseflowolumes

diluting warmer inflowsanda larger depth and volume of water within the riviself
resisting temperature change

While there is little response to stormwater runoffaseflows within the Kumeu Rivegre
approximately 2°@igherthan either of the bush catchmen{3able7), likely due tcalack of
riparian covemlong the stream lengthnd warming of pervious surfaces
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Figurel3 Pastoral Catchmeng Kumeu

3.5.3.3Urban Catchments

Each of the urban catchments demonstrate flashier responses than both the bush and
pastoral sitesdriven bythe high proportion ottonnected impervious surfacesd piped
sections reducing the time of concentration for easite. The catchment responses to flow

regime are better discussed per event, rather than broadly pairing the catchments as in
Section3.5.2.3

All four of the urban sites demonstrate a measureabled®.2°C) first flush increase in

water temperature for both Event 1 and EventRAdureld andFigurel5). It is interesting to
note that even during Eventt2the night time event first flush thermal effect are
demonstratel. This suggests that heated surfaces maintain thermal load for long periods of
time, whichcan be released to stormwater runoff during a rainfall event.
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During Event 1Kigurel4) air temperature and water temperature are compéite.

Although a first flush thermal enrichment effect is demonstrated, the effects are not
prolonged and aitemperature and baseflogiappearto be the stronger drives; particularly

for Taiaotea and Hillcrest. Alexandra and Days Bridge have cooldiobassmperatures

prior to Event 1, but stream water temperature is elevated to match air temperature during
the rainfall event. Post Event 1, water temperature remains relatively stable, rather than
closely tracking air temperature. This is possiblegponse to the greater proportion of
shading Table3) moderating baseflow temperatures.

The limited daytime water temperature response to Event 1 is likely driven by the relatively
high summer ambient air temperatures and higimodified urban channeldn these
catchments, the high proportion of connected impervious surfaces means that stormwater
runoff will be a significant contributor to stream flovelume, above that of baseflonduring
rainfall events. HoweveEvent 1 vas a high volume event, as demonstrated by the flow

rates recorded in each stream, thus once the thermal first flush had passed, and impervious
surface temperatures had equalised with rainfall temperature, the effects of runoff were
only to match water terperature to air, and thus rainfall, temperature.

Water temperature remains elevated above that of air temperatafeer the first flush

thermal effect of Event 2oroviding evidence of heat transfer from surfaces that are warmer
than the air temperaturgFigurel5). Within the urban catchments, directly connected
impervious surfaces, and concrete lining of sections of the channels themselves, mean that
substantial thermal load is available for transfer over a pigkxd period of time.

Overnight on 20 Maih, air temperature droppe@nd flow peakd simultaneously resulting
in a rapiddecreasan water temperature. This is the opposite response to that
demonstrated by the bush catchmenfSection3.5.3.1), as air temperature, and thus rainfall
temperature,was substantiail cooler than water temperatureThe influx of a high volume
of coolstormwater runoff coakd the streana @ater temperature. Thergvasno thermal
influence from impenaus surfaces during the everdsin addition to it being nightime, by
this point of a prolonged rainfall evenyjirtually all available heat transfer from contributing
impervioussurfaces will have occurred asdrfacetemperatures will have equalisedWater
temperature then rose in response to the increase in air temperature.
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Figurel5 Urban Catchmentg Event 2, night

Figurel4 andFigurel5 appear tolack the characteristic high diurnal variation exhibited by
urban catchments in Sectidh5.2.3(particularlyFigurel0andFigurell). Figurel6
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provides an example for the Hillcrest catchment for six days either side of Esed 2
Appendix Bor the remaining catchmenjs The rainfall event has acted to daspdiurnal
temperature variatioron dry days. This may be attributed to lack of solar radiation due to
cloud cover, particularly for prolonged periods of rainfall.
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Figurel6 Reduced Diurnal Variation during Days withinfall Egnts ¢ Hillcrest

3.5.3.4Discussion

Within both representative bush catchmentream water temperature is driven
predominantly by ambient air temperature, rather than due to the effects of stormwater
runoff. The effect of mbient air temperature is largewhenthe difference between
basdlow temperature and air temperature is greater

Kumeudemonstrated very little stream water temperature response to stormwater runoff
inputs. Itis a large predominantlypastoralcatchmentwhich is baseflow driverwith large
flow volumesand a relatively deep channel as compared with ishcatchments These
factors combine to dampen visible effects of stormwater runoff inputs due to the mixing
effects of flow from the uppecatchment, relatively cooler baseflow inputs, amgistance

of the deeper channel to water temperature changes

The urban catchmentdemonstrate clear first flush thermal effects at the start of a rainfall
event, but otherwise varieth theirresponse depending on time of day and air temperature
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in relation to stream baseflow temperature. The data does not definitively show the point
source effects of stormwater runoff from impervious surfaces on stream temperature at a
smaller scale stormwater catchment level.

None of the representative catchment stevas specifically selected to monitor

temperature; they were selected for flow monitoring. Each flow site is at the base of a
catchment, consequently there is mixing of all stormwater inputs from the catchment above.
Insufficient data is available touty understand the impact of thermal shock loading from
stormwater inputs in urban catchments dominated by impervious surfaces. Matepth
analysis incorporating rainfall, air temperature, channel shadings required. In

particular, significant viae would be added in differentiating between the effects of
stormwater impact during rainfall events versus the effects of air temperature and riparian
cover of baseflow temperatures.

If monitoring were to occur at specific stormwater point dischargessitee impacts of

thermal shock loading would likely be more pronounced. It is expected that greater thermal
stress would be demonstrated at swlatchment reach levels as the receiving channel would
have a reduced level of baseflow and thus the relatimpact of thermally enriched

stormwater discharge would be greater.

For example, Hillcrest and Taiaotea are relatively similar in that both have substantial
channel modification, piping, and low riparian cover. Taiaotea has a pond upstream of the
monitoring site, while Hillcrest does not. It was hoped that the results would demonstrate a
clear influence othermal discharge from a wetond (as corroborated by international
literature, Sectiort.2.2), but mixing of the varietyfostormwater inputs upstream made this
impossible Differences in flow could not be clearly attributed to wet pond dischaiges
Taiaoteadue to the myriad stormwater inputs mixed in the stream flow by the time flows
reach the base aéachurban catchment Additionally modificatiorsto eachsampling site

to provide suitable flow monitoring (i.e. installation of weifable4) may have influenak
temperature records.
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4.0 Mitigation Options

Stormwater treatment devices, such as wetngls, wetlands, and bioremediation, are

typically installed to mitigate water qualignd/or water quantity effects associated with
development. Water quality measures typically focus on total suspended solids (TSS), heavy
metals, and nutrients, while wat quantity concerns focus predominantly on peak flow rate
control through detention and retentiofor stream erosion

Section2.0has identified the negative effects of thermal enrichment on the receiving
freshwater environrent, yet temperature has not historically been viewed as a stormwater
contaminant of concern in the Aucklaméelgion. Although increasingly recognised as a
significant issue, temperature has in the past generally not been considered to any great
extent when selecting stormwater mitigation options or in the approvaloofsent
applications In many cases, the effect of these approved management systems on runoff
temperature is relatively unknown.

Sectiord.1discusses stormwater mitigation in the Auckland region, while Sedt®n
expands upon the devices currently used for stormwater management, and how they
operate with regard to temperature. Sectidn3 presents best practice design options for
mitigating thermal enrichment and Seéah 4.4 briefly identifies current guidelines and
regulations regarding stormwater discharge and temperature.

4.1 Stormwater Mitigation in Auckland

Wet pondsare historicalljthe predominant stormwater mitigation device used het
Aucklandregion. In recent times, there has been a shift from ponds to bioretention and
more natural systems (such as wetlands).contrast to the above treatment deviceshich

to a large extent are based on biological treatment mechanisms;lflasd proprietary
devicegfor example cartridge filters and vortex or continuous deflection separatareg

also been increasingly used in recent timéglditional devices used, at varying frequencies,
are:

e Dry ponds

e Sand filters

e Soakholes

e Infiltration trenches
e Pervious paving

e Tree pits
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e Swales

o Filter strips

e Rainwater tanks
e Living roofs

Stormwater treatment design guidance in Auckland Council draws on two main documents:

e Auckland Regional Council (2003). Stormwater Management Devices: Design
Guidelines Manula Second Edition. Technical Publication 10 (TP10), Auckland
Regional Council

e Auckland Council (201&D@ Auckland Council Guideline for Water Sensitive Design

For typical sites, TP10 tigiation objectives are summasdd aspeak flowcontrol to pre

devebpment levels for 50% annuekceed@ce probability (AERquivalent to a 2/r annual
recurrence interval (ARI) event) and less frequent evendédemquality controldominated

by 75% removal of TSS on a long term average basistreathserosioncontrol by

extended flow releasef the first 34.5mm of rainfallover a2 NJ LISNA 2R 6 G4 SNIXY SR
RS (i Sy (TR yeéognies water temperature as a water quality factor which affects

aguatic environments and thermal impacts are considered in the ovdrpttive of aquatic
ecosystem protection or enhancement.

The basis o6D04is foundedon the recognition that the volume of stormwater discharged
from a site may be of equal importancedecreasingontaminant discharge, especially for
residential develoment.

Neither documentirectly recognises temperature as a stormwater contaminant of concern.
TP10 provides guidance on device selection and recognises temperature as a secondary
design effect that must beonsidered. Relative potential temperature impacscored by
device(Table 410, in Chapter 4 of TPLOThermal enrichmenshouldtherefore havebeen

taken into account when designing stormwater management systems in accordance with
TP10 guidelines; however, the manual does not include specific me=aand limits that

should be adhered to, and this is therefore at the discretion of the consenting officea
result, in practical terms, temperature has not received adequate consideration.

GDO04 has recenty dzLJS NETBIR&SLRw Itmpact Design Mador the Auckland Region.
Auckland Regional CountiP10(Shaver 2000) isurrently under review.

4.2 Devices

The logical pathway to addressing temperature effects are to firstly reduce the area of
contributingsurfaces and thus avoid thermal enrichment, @adly to shade existing at risk
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areas to mitigate thermal effects, and thirdly integrate temperaturemoderating
stormwater practices to treat stormwater runoff from at risk surfaces and prevent, or
mitigate, discharge of thermally enriched water dirgatito Auckland freshwater streams.
The following section provides a variety of stormwater management practices and
demonstrates how they operate in the context of thermal enrichment.

4.2.1 Traditional Pavement

Similar to urban centres internationallynperviaus areas in the form of roads, footpaths,

and roof tops contribute large proportion of theirbansurface area in the Auckland region.
Conventional pavement surfaces typically comprise impervious asphalt and concrete layers.

In many cities, pavementsyod NA o dzi S GKS I NBSad LISNOSyidl 3Ss
compared with roo$ and vegetated surfacg8)SEPA 20@R

Gonventional pavementsanreach peak summertime surface temperatures of@3°C
(USEPA 20@8 Surface temperature records on an asphaof in the Auckland CBD
regularly exceeded 3&during summer months with a peak of ecorded (Morphum
unpublished monitored Nov 201@Apr 2013). Runoff temperatures will nobe expected to
peak as higlas asphalt surfaces, however due to the metdbm of heat transfeheatingof
runoff will occur(Section2.2.2). Peak runoff temperatures from conventional surfacsmn
reach30¢33°C(Jones & Hunt 2010Yvith median runoff temperatures >21°Qt stands to
reason that lotter surfaces will equate to higher runoff temperatures.

Thermally enriched runoff from conventional paved surfacas negatively impadtream
ecosystemgSection2.2). Options to prevent the impairment of stream ecosystaius to

the thermal enrichment of runoff from paved surfaces are to firstly reduce the area of paved
surfaces, then incorporate pervious or cool paving systems. Where these are not feasible,
shading of the paved surfaces will provide another source comethod to mitigate

thermal enrichment.

Providing shade over paved surfaces reduwesting ofthe surfaceby solar radiationthus
preventing thermal enrichment of stormwater runoff from the paved area. Jones (2008)
found that aparking lot surrounded ya mature tree canopyascooler thananearby un
shaded standard asphalt parking lot. Median runoff temperatures were 0.43°C cooler from
the shaded pavement than the asphalt surface (Jones 2088pnly the perimeter of the

car park was shaded, ceatrportions of theasphalt surfacdikely still received direct solar
radiation. Parking islasdvith mature vegetatiorbetween baysvould provide added

benefit. Therefore, urban design to encourage shading (vegetative or building shading in
conjunctionwith topography and aspect) would have a tangible positive effect.
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temperatures and reduce the amount of heat absorbed into the pavement. Solar
reflectance (or albed) is the main determinant in the maximum surface temperature of a
material. The solar reflectance of conventional paving surfaces is ty@calys i.e. they
absorb 9560%o0f the energy reaching them instead of reflecting it into the atmosphere.
Howe\er, due to weathering and the accumulation of dirt, the solar reflectance of
conventional asphalt and concrete tend to change over tils asphalt agethe binder
oxidises and lightens in colour and more aggregate is exposed, thus increasing itame#lect
from 5¢10% to 1@20%. In contrast, foot and vehicle traffic typically darkencreteover

time as dirt accumulatesreducing its solar reflectance from @0% to 2§35% (USEPA
200%).

Cool pavements include conventional asphalt pavements madehigthalbedo materials,

resin based pavements, coloured asphalt/concrete, permephieements, and micro

surfacing asphalt with a thin layer of reflective or light coloured material. Cool pavements
reflectasmuchas 3p &> 2F GKS & dzy Qléce SuffaBeN@npetatuteybiy 1160 v
to 22°C (USEPA 2@)8lt is estimated that every 10% increase in solar reflectance could
decrease surface temperatures bYCA(USEPA 2068 A light coloured chip seal was, on
average, 0.73 cooletthan an asphalt pavaent (Jones 2008)However the asphalt was
surrounded by a canopy of mature trees and had paled in colour due to the aging process
when compared with new asphalt. It was suggested that a light coloured chip seal may have
similar cooling effects to a matte tree canopy combined with aged surface (Jones 2008).

Permeable pavements are also recognised as a type of cool pavement; however, they
operate differently to typical impervious cool pavements that incorporate high solar
reflectance as a means to mitigatemperature effect. See further discussion in Section
4.2.4for how permeable pavement operates

4.2.2 Wet Pond

Wet pondshave in the pasbeencommonly used in the Auckland region for stormwater
treatment. Wet ponds are normalldesigned to have a permanent pool for storage of a
specified water qualitynd flood detentiorvolume The former comprise$/3 of the 2yr

ARI rainfall event in the Auckland regiovhilst the latter depends on the flood event being
mitigated. Furthemore, extended detention of captured runoff has been implemented to
prevent downstream erosion where discharging into streams. The treatment performance
of wet ponds is determined by the detention times availabledarticulate contaminant

settling. TPD (ARC 2003) design guidance on ponds does not address the effects of thermal
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receiving water is temperature sensitivdue to warming of pond surface areab

Literature shows that wet ponds are a source of thermal pollution; water temperature at the
outlet is warmer when compared to incoming runoff (Chung 2007; Galli 1990¢itiaim

2006; Jones 2008; Jones & Hunt 2010; Kieser 2Q@4ye water bodies (wet ponds and
reservoirs) generally give very high runoff temperatures, but the quantity of runoff is highly
dependent on their water level prior to storm events and extent of shading from vegetation
(Herbet al2007). Temperature increase is attributed predominantlyit@oming solar
radiation, with extended detention anhadequate shadingontributing to thermal

enrichment Chapmaret al2008;Galli 1990Kieser 2004Maxtedet al2005; Van Bureet al
2000). The permanent pool acts as a heat sink as incoming salati@n heats water

above the temperature of ambient air (Kieser 2008gdiments within ponds also act to
absorb solar radiationas established for stream environmeii@hueler 1987)

The use of extended detention in thermally sensitive areas shoutdhtefully evaluated.

Long periods of extended detention produce temperature increases qilR°Z above

influent temperatures (Galli 1990; Ham et al 2006; Jones & Hunt 2010; Lieb & Carline 2000).
It may be beneficial to recommend an extended detenti@nipd of only €12 h, and

provide shading, in thermally sensitive aré@alli 1990).Slowrelease pondsnaybe a

source of chronic thermal enrichment to the receiving stream if discharged directly and
consistently to surface waters.

(riteria for macronvertebratebiological effectpropose slight, moderate, and severe
impact occur above 22°C, 24°C, and 26°C, respeciivayted et al 2005; Sectidh3.2).
Auckland rural online pond temperatures ranggsl526.8°C comparedith 19.5¢25.6°C in
bush pondgMaxted et al 2005) Peak summer urban pond (and wetland) temperatures rose
to 20-30°C compared to 282°C in streams (Chung 200Rural ponds exceeded the
moderate threshold on 6% of daysf a peakd0 day summer persbcompared with @

13% in bush ponddVaxtedet al2005) Rural ponds exceeded the severe threshold en 5
10% of daysMean daily temperatures in Auckland urban ponds consistently exceeded the
moderate threshold (24°C) during the day and 22°C at otherstiduging summer (Chung
2007). Water temperatures exceed 26°C in most ponds for a few days in the height of
summer. In contrast, summer stream temperatures were consistently lower than both the
22°C threshold and pond temperatures (Chung 2007).

Auckland pnds in bush catchments demonstrated thermal enrichment, despite minimal
anthropogenic stress, indicating that the physical characteristics of ponds, such as lack of
shade, may be important factors operating in isolation from other factors, such as land us
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