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Executive summary

Auckland’s climate is changing, and these changes will continue. It is internationally accepted that
human greenhouse gas emissions are the dominant cause of recent global climate change, and that
further changes will result from increasing amounts of greenhouse gases in the atmosphere. The rate
of future climate change depends on how fast greenhouse gases increase.

Auckland Council and Council Controlled Organisations commissioned NIWA to analyse projected
climate changes for the Auckland Region and potential impacts of climate change on some of
Auckland’s environments and sectors. This report addresses expected changes for 21 different
climate variables out to 2120, and draws heavily on climate model simulations from the
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report. Potential climate
change impacts on important environments and sectors in the Auckland Region are discussed.

Future climate changes are likely to be significant and will impact the entire Auckland Region. Using a
mid-range projection, Auckland’s temperature is expected to increase by about 0.6°C by 2040
(compared to the late 20th century), 1.2°C by 2090, and 1.4°C by 2110. However, uncertainty about
future concentrations of greenhouse gases in the atmosphere, and differences in the way each
climate model responds to those concentrations, mean warming projections span a wide range: 0.5-
1.2°C by 2040, 0.3-3.3°C by 2090, and 0.4-4.0°C by 2110. Changes to extreme temperatures are likely,
with the number of hot days (days > 25°C) in Auckland projected to double by the early 22" century
under a mid-range climate change scenario and more than triple under a business-as-usual scenario.
The entire Auckland Region is projected to be frost-free by 2110 under a business-as-usual climate
change scenario.

The seasonal distribution of rainfall is projected to change markedly in Auckland. It is likely that
spring rainfall will decline and autumn rainfall will increase, but annual total rainfall may not change
significantly. Extreme rainfall is likely to increase in the Auckland Region because a warmer
atmosphere can hold more moisture. In addition, drought is projected to become more common and
more severe in Auckland due to changing rainfall patterns and temperature increases. Winds are
projected to decrease in the region. There is also uncertainty about the number and characteristics
of ex-tropical cyclones which may affect Auckland.

These changes are likely to have significant impacts on different environments and sectors within the
Auckland Region. Rainfall and temperature changes may result in drier soils and changes to river flow
(both low flows and floods), as well as an increase in the occurrence of slips. Uptake of increasing
atmospheric CO; by the oceans is causing ocean acidification, impacting ocean productivity and the
development of marine species. Increasing sea surface temperature is likely to encourage non-native
marine species to establish and proliferate in Auckland. Sea-level rise will have major impacts on
Auckland’s coastal communities, infrastructure and habitats. Changes to air quality in response to
climate change are likely to impact the health of Aucklanders. Indigenous biodiversity will be affected
both directly by climate changes (e.g. drought and increased temperature) and indirectly by pests
and habitat loss. Auckland’s biodiversity, primary industries and communities may be at risk from
future biosecurity issues such as plant and animal pests as well as disease vectors such as mosquitos.
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1 Introduction

Auckland Council, Auckland Transport, Panuku Development and Watercare Services commissioned
the National Institute of Water and Atmospheric Research (NIWA) to undertake a review of climate
change projections for the Auckland Region (Figure 1-1). This work follows the publication of the
Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report in 2013 and 2014, and
the New Zealand climate change report published by the Ministry for the Environment in 2016
(Mullan et al., 2016). The contents of this technical report include analysis of climate projections for
the Auckland Region in greater detail than the national-scale analysis. Regional-scale climate
projection maps have been provided for 21 different climate variables — more than what was
included for the national-scale report.

This technical report describes climate changes which may occur over the coming century in the
Auckland Region. Consideration about future change incorporates knowledge of both natural
variations in the climate and changes that may result from increasing global concentrations of
greenhouse gases that are contributed to by human activities. Climatic variables discussed in this
report include temperature, rainfall, wind, potential evapotranspiration deficit, soil moisture,
storminess, wind, solar radiation, and humidity. Hydrologic variables (average, high and low stream
flows and soil moisture) are also discussed, as are oceanic changes and possible changes in sea level.
Commentary on climate change impacts and implications for some of Auckland’s different
environments and sectors are provided, including air quality, wildfire, indigenous biodiversity, and
biosecurity. Key messages boxes summarise the main points for each section ahead of the details.

Some of the information that underpins portions of this report resulted from academic studies based
on the latest assessments of the Intergovernmental Panel on Climate Change (IPCC, 2013b, IPCC,
2014b, IPCC, 2014c). Details specific to Auckland were based on scenarios for New Zealand that were
generated by NIWA from downscaling of global climate model simulations. This effort utilised several
IPCC representative concentration pathways for the future and this was achieved through NIWA's
core-funded Regional Modelling Programme. The climate change information presented in this
report is consistent with recently-updated national-scale climate change guidance produced for the
Ministry of the Environment (Mullan et al., 2016). Hydrological analyses were funded through
Climate Change Impacts and Implications program as well as MPI-SLMACC Project 408657 (Impacts
of climate change on river flows for agricultural use).

The remainder of this chapter includes a brief introduction of global and New Zealand climate
change, based on the IPCC Fifth Assessment Report. It includes an introduction to the climate change
scenarios used in this report, and the methodology that explains the modelling approach for the
climate change projections that are presented for Auckland.

A short report and video which summarise information from this full technical report are available at
http://www.knowledgeauckland.org.nz.
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1.1 Global climate change

Key messages

e The global climate system is warming and many of the recently observed climate changes are
unprecedented.

e Global mean sea level has risen over the past century.

e ltis extremely likely human influences on greenhouse gas emissions have been the dominant
cause of recent climate change.

e Continued increases in greenhouse gas emissions will cause further warming and impacts on
all parts of the global climate system.

This section summarises some key findings from the 2013 and 2014 IPCC Fifth Assessment Reports
(AR5) as a context for the information about past and future climate changes for the Auckland Region
that follow in this report. Additional information from the IPCC reports is summarised in Appendix I.

Warming of the global climate system is unequivocal, and since the 1950s, many of the observed
climate changes are unprecedented over short and long timescales (decades to millennia) (IPCC,
2013a). These changes include warming of the atmosphere and ocean, diminishing of ice and snow,
sea-level rise, and increases in the concentration of greenhouse gases in the atmosphere. Climate
change is already influencing the intensity and frequency of many extreme weather and climate
events globally. Shifts in average temperatures will result in proportionally large increases for
extreme temperatures (Figure 1-2). The Earth’s atmosphere has warmed by 0.85 (0.65-1.06) °C on
average over the period 1880-2012. The rate of sea-level rise since the mid-19*" century has been
larger than the mean rate of change during the previous two millennia. Over the period 1901-2010,
global mean sea level rose by 0.19 (0.17-0.21) m.

The atmospheric concentrations of carbon dioxide, methane, and nitrous oxide have increased to
levels unprecedented in at least the last 800,000 years (Luthi et al., 2008). Carbon dioxide
concentrations have increased by 40% since pre-industrial times, primarily from fossil fuel emissions
and secondarily from net land use change emissions (IPCC, 2013a). The ocean has absorbed about
30% of the emitted anthropogenic carbon dioxide, causing ocean acidification. Due to the influence
of greenhouse gases on the global climate system, it is extremely likely that human influence has
been the dominant cause of the observed warming since the mid-20%" century (IPCC, 2013a).

Continued emissions of greenhouse gases will cause further warming and changes in all parts of the
climate system, and limiting climate change will require substantial and sustained reductions of
greenhouse gas emissions. The most recent set of future climate change scenarios utilised by the
IPCC are called Representative Concentration Pathways (RCPs).
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Figure 1-2:  Schematic showing how small shifts in average temperature result in large changes in extreme
temperatures. From www.climatecommission.gov.au
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1.2 Representative Concentration Pathways

Key messages

e Future climate change projections are considered under four emissions scenarios, called
Representative Concentration Pathways (RCPs) by the Intergovernmental Panel on Climate
Change (IPCC).

e« The four RCPs project different climate futures based on future greenhouse gas
concentrations, determined by economic, political and social developments during the 21
century.

e RCP2.6 is a mitigation scenario requiring removal of greenhouse gases from the atmosphere,
RCP4.5 and RCP6.0 are mid-range scenarios where greenhouse gas concentrations stabilise by
2100, and RCP8.5 is a ‘business as usual’ scenario with increasing greenhouse gas emissions
into the future.

e Projections for Auckland’s future climate are presented for RCP4.5 and RCP8.5 in this report.

Assessing possible changes for our future climate due to anthropogenic activity is difficult because
climate projections depend strongly on estimates for future greenhouse gas concentrations. Those
concentrations depend on global greenhouse gas emissions that are driven by factors such as
economic activity, population changes, technological advances and policies for sustainable resource
use. In addition, for a specific future trajectory of global greenhouse gas emissions, different climate
model simulations produced somewhat different results for future climate change.

This range of uncertainty has been dealt with by the IPCC through consideration of ‘scenarios’ that
describe concentrations of greenhouse gases in the atmosphere. The wide range of scenarios are
associated with possible economic, political, and social developments during the 21 century, and via
consideration of results from several different climate models for any given scenario. In the 2013
IPCC Fifth Assessment Report, the atmospheric greenhouse gas concentration component of these
scenarios are called Representative Concentrations Pathways (RCPs). These are abbreviated as
RCP2.6, RCP4.5, RP6.0, and RCP8.5, in order of increasing radiative forcing by greenhouse gases (i.e.
the change in energy in the atmosphere due to greenhouse gas emissions). These pathways are
identified by their approximate total (accumulated) radiative forcing at 2100 relative to pre-industrial
conditions at 1750 (i.e. RCP2.6 has a total radiative forcing by 2100 of approximately 2.6 W/m?).
RCP2.6 leads to very low anthropogenic greenhouse gas concentrations (requiring removal of CO,
from the atmosphere, also called the ‘mitigation’ scenario), RCP4.5 and RCP6.0 are two ‘stabilisation’
scenarios (where greenhouse gas emissions and therefore radiative forcing stabilises by 2100) and
RCP8.5 has very high greenhouse gas concentrations (the ‘business as usual’ scenario, where
radiative forcing is 8.5 W/m? at 2100 and increases beyond 2100). Therefore, the RCPs represent a
range of 21% century climate policies. Figure 1-3 shows the total global mean radiative forcing for
each RCP to 2300 and Figure 1-4 shows the projected global temperature anomaly and CO, emissions
associated with each RCP into the future.
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Figure 1-3:  Total global mean radiative forcing to 2300 for the four RCP scenarios. From IPCC (2013a).
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Figure 1-4:  Global mean surface temperature increase as a function of cumulative global CO2 emissions
from various lines of evidence. Multi-model results from a hierarchy of climate-carbon cycle
models for each RCP until 2100 are shown with coloured lines and decadal means (dots). Some
decadal means are labelled for clarity (e.g., 2050 indicating the decade 2040-2049). Model
results over the historical period (1860 to 2010) are indicated in black. The coloured plume
illustrates the multi-model spread over the four RCP scenarios and fades with the decreasing
number of available models in RCP8.5. The multi-model means and range simulated by CMIP5?
models, forced by a CO2 increase of 1% per year (1% yr~! CO2 simulations), is given by the thin
black line and grey area. For a specific amount of cumulative CO2 emissions, the 1% per year CO2
simulations exhibit lower warming than those driven by RCPs, which include additional non-CO:
forcings. Temperature values are given relative to the 1861-1880 base period, emissions relative
to 1870. Decadal averages are connected by straight lines. From IPCC (2013a).

1 Coupled Model Inter-comparison Project, Phase 5, which involved coordinating and archiving climate model simulations based on shared
model inputs by modelling groups from around the world. This project involved many experiments with coupled atmosphere-ocean global
climate models, most of which were reported on in the IPCC Fifth Assessment Report, Working Group I. The CMIP5 dataset includes
projections using the Representative Concentration Pathways. https://cmip.linl.gov/cmip5/
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Each RCP provides spatially-resolved data sets of land use change and sector-based emissions of air

pollutants, and it specifies annual greenhouse gas concentrations and anthropogenic emissions up to
2500. RCPs are based on a combination of integrated assessment models, simple climate models,
atmospheric chemistry and global carbon cycle models. Table 1-1 shows the projected global mean

surface air temperature for each RCP.

Table 1-1:  Projected change in global mean surface air temperature for the mid- and late- 21st century
relative to the reference period of 1986-2005 for different RCPs. After IPCC (2013a).
. Alternative 2046-2065 (mid-century) 2081-2100 (end-century)
Scenario
name Mean Likely range Mean Likely range
Mitigation
RCP2.6 . 1.0 04tol.6 1.0 0.3to 1.7
scenario
Stabilisation
RCP4.5 . 1.4 0.9t02.0 1.8 1.1t02.6
scenario
Stabilisation
RCP6.0 . 1.3 0.8t0 1.8 2.2 1.4t03.1
scenario
Business as
RCP8.5 . 2.0 14t02.6 3.7 2.6t04.8
usual scenario

The full range of projected globally-averaged temperature increases for all scenarios for 2081-2100
(relative to 1986-2005) is 0.3 to 4.8°C (Figure 1-5). Warming will continue beyond 2100 under all RCP
scenarios except RCP2.6. Warming will continue to exhibit inter-annual-to-decadal variability and will
not be regionally uniform. As global temperatures increase, it is virtually certain that there will be
more hot and fewer cold temperature extremes over most land areas. It is very likely that heat waves
will occur with a higher frequency and duration. Furthermore, the contrast in rainfall between wet
and dry regions and wet and dry seasons will increase. Along with increases in global mean

temperature, mid-latitude and wet tropical regions will experience more intense and more frequent
extreme rainfall events by the end of the 21 century. The global ocean will continue to warm during
the 21° century, influencing ocean circulation and sea ice extent.
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Figure 1-5:  CMIP5 multi-model simulated time series from 1950-2100 for change in global annual mean
surface temperature relative to 1986-2005. Time series of projections and a measure of
uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey
shading) is the modelled historical evolution using historical reconstructed forcings. The mean
and associated uncertainties averaged over 2081-2100 are given for all RCP scenarios as
coloured vertical bars to the right of the graph (the mean projection is the solid line in the middle
of the bars). The numbers of CMIP5 models used to calculate the multi-model mean is indicated
on the graph. From IPCC (2013).

Global mean sea level will continue to rise during the 21st century. All scenarios project that the rate
of sea level rise will very likely exceed that observed during 1971-2010 due to increased ocean
warming and higher loss of mass from glaciers and continental ice sheets. For all scenarios, the total
range of projected sea level rise for 2081-2100 (relative to 1986-2005) is 0.26-0.98m. It is virtually
certain that global mean sea level rise will continue beyond 2100, with sea level rise due to thermal
expansion expected to continue for many centuries. More information about sea level rise
projections is given in Section 8.3.

Cumulative CO, emissions will largely determine global mean surface warming by the late 21
century and beyond. Even if emissions are stopped, the inertia of many global climate changes will
continue for many centuries to come. This represents a substantial multi-century climate change
commitment created by past, present, and future emissions of CO..

The RCPs presented by the IPCC in the Fifth Assessment Report are different to the SRES emissions
scenarios used in the IPCC Fourth Assessment Report (e.g. A1B, A2, etc.) (IPCC, 2013a). Although
some of the SRES scenarios involved storylines that embraced sustainability and environmental
protection, they did not explicitly incorporate climate change mitigation (i.e. controls on carbon
emissions). In contrast, the RCPs from the Fifth Assessment Report consider climate change
mitigation policies to limit emissions. To compare the RCPs with the SRES scenarios, RCP4.5 and SRES
B1 scenarios are comparable, RCP6.0 lies between the SRES B1 and A1B scenarios, and the RCP8.5
scenario has comparable forcing to SRES A2 by 2100. RCP2.6 is not comparable to any of the SRES
scenarios.

In this report, global climate model outputs based on two RCPs (RCP4.5 and RCP8.5) have been
downscaled to produce future projections of climate for the Auckland Region. The rationale for
choosing these two scenarios was to present a ‘business-as-usual’ scenario if greenhouse gas
emissions continue unabated (RCP8.5) and a scenario which could be realistic if global action is taken
towards mitigating climate change (RCP4.5). RCP6.0 was not chosen for the stabilisation scenario as
no projections for this RCP are available beyond 2100. Although projections mapped in this report
are for the RCP4.5 and RCP8.5 scenarios, GIS data of climate projections for all four RCPs have been
provided to Auckland Council where data permitted.

26 Auckland Region climate change projections and impacts



1.3 Downscaling methodology

Key messages

e Climate model simulation data from the IPCC Fifth Assessment has been used to produce
climate projections for New Zealand and Auckland.

e Six climate models were chosen by NIWA for dynamical downscaling. These models were
chosen because they produced the most accurate results when compared to historical climate
and circulation patterns in the New Zealand and southwest Pacific region. They were chosen
as they were as varied as possible in the parent global model so they would span the likely
range of model sensitivity.

e Downscaled climate change projections are at a 5 km x 5 km resolution over New Zealand.
e Climate projection maps present the average of the six downscaled models.

e Climate projections are presented as a 20-year average for three future periods: 2031-2050
(termed 2040’); 2081-2100 (termed 2090’); and 2101-2120 (termed 2110’). All maps show
changes relative to the baseline climate of 1986-2005 (termed ‘1995’).

NIWA has used climate model simulation data from the IPCC Fifth Assessment to update climate
change scenarios for New Zealand through both regional climate model (dynamical) and statistical
downscaling processes. The dynamical and statistical downscaling processes are described in detail in
a climate guidance manual prepared for the Ministry for the Environment (Mullan et al., 2016), but a
short explanation is provided below. Dynamical downscaling results are presented for all variables in
this report, and statistical downscaling results are also presented for mean temperature and rainfall
projections.

Global climate models (GCMs) are used to make future climate change projections for each future
scenario, and results from these models are available through the Fifth Coupled Model Inter-
comparison Project (CMIP5) archive (Taylor et al., 2012a). Six GCMs were selected by NIWA for
dynamical downscaling, which uses sea surface temperatures from six models to drive an
atmospheric global model, which in turn drives a higher resolution regional climate model (RCM)
nested over New Zealand. These models were chosen because they produced the most accurate
results when compared to historical climate and circulation patterns in the New Zealand and
southwest Pacific region. In addition, they were chosen because they were as varied as possible in
the parent global model to span the likely range of model sensitivity. For climate simulations,
dynamical downscaling utilises a high-resolution climate model to obtain finer scale detail over a
limited area based on a coarser global model simulation.

The six GCMs chosen for dynamical downscaling were BCC-CSM1.1, CESM1-CAMS5, GFDL-CM3, GISS-
E2-R, HadGEMZ2-ES and NorESM1-M. These models had simulations that contained hourly
precipitation results from 1970 through to 2100. The native resolution of the RCM is 27 km and there
are known biases in the precipitation fields derived from this model. These projections (aside from
some of the extreme rainfall, relative humidity, wind, and solar radiation projections) have a bias-
corrected version applied to these data at 5 km x 5 km resolution with a daily time-step. The 5 km
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grid corresponds to the Virtual Climate Station Network (VCSN) grid?. Figure 1-6 shows a schematic
for the dynamical downscaling method used in this report.

Global Climate Model: 187.5 km

Regional Climate Model: 27 km

Bias corrected/downscaled RCM: 5 km

Figure 1-6:  Schematic showing dynamical downscaling method used in this report.

Statistical downscaling uses statistical relationships (or sometimes simple interpolation) to relate the
large-scale climate simulation outputs (which are gridded) to regional, catchment or local station
scales. Several different models are used to simulate future New Zealand climate (six, mentioned
above, for dynamical downscaling and up to 41 for statistical downscaling).

The climate change projections from each of the six dynamical models are averaged together,
creating what is called an ensemble-average. The ensemble-average is mapped in this report,
because, as described above, the models were chosen to cover a wide range of potential future
climate conditions. The ensemble-average was presented as this usually performs better in climate
simulations than any individual model (the errors in different models are compensated).

Climate projections are presented as a 20-year average for three future periods: 2031-2050 (termed
2040’), 2081-2100 (termed ‘2090’) and 2101-2120 (termed ‘2110’). All maps show changes relative
to the baseline climate of 1986-2005 (termed ‘1995’), as used by IPCC. Hence the projected changes
at 2040, 2090 and 2110 should be thought of as 45-year, 95-year, and 115-year projected trends.
Note that the projected changes use 20-year averages, which will not entirely remove effects of
natural variability.

Downscaled climate projection data is presented as 5 km x 5 km square pixels over the Auckland
Region. The projections mapped in this report contain some pixels around the coast of the Auckland
Region where no projection data are displayed, resulting in some small gaps in the projection data at
the coast (Figure 1-7). Data were downscaled only where low resolution cells in the climate model
consisted of land coverage and where they overlapped high resolution cells on land. In most cases,
interpolating over mixed sea and land points creates artificial biases, for example lower
temperatures, so the data in that cell is removed (i.e. the blue squares inside the land boundary in

2 Virtual Climate Station Network, a set of New Zealand climate data based on a 5 km by 5 km grid across the country. Data have been
interpolated from ‘real’ climate station records (TAIT, A., HENDERSON, R., TURNER, R. & ZHENG, X. G. 2006. Thin plate smoothing spline
interpolation of daily rainfall for New Zealand using a climatological rainfall surface. International Journal of Climatology, 26, 2097-2115.)
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Figure 1-7). For display purposes in the maps for this report, NIWA has undertaken interpolation to

continue the climate projections to the coast. The nearest neighbour interpolation method was used
to do this where the empty coastal cell was assigned the value of the nearest neighbouring cell. This

method was agreed upon by Auckland Council.

Figure 1-7:  Missing land pixels (blue squares inside the land boundary) in the Auckland Region climate
projections.

The degree of model agreement has been calculated for most of the climate variables in this report.

This was calculated by analysing the direction of change of each individual model (of the six models
above) for each RCP, time slice, and season/year. Where 5/6 or 6/6 models agreed on the direction
of change, this was determined to have ‘good’ model agreement, and is therefore reported in the

appropriate section. Individual model results were not available for the following variables: growing

degree-days, rain days, heavy rain days, and windy days as these variables were not generated for
the national-scale guidance (Mullan et al., 2016); they have been generated especially for regional
reports.
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1.4  Natural factors causing fluctuation in climate patterns over New Zealand

Key messages

e Natural variability is an important consideration in addition to the underlying climate change
signal.

e El Nifio-Southern Oscillation is the most dominant mode of inter-annual climate variability and
it impacts Auckland primarily through changing wind, temperature and rainfall patterns.

e The Interdecadal Pacific Oscillation affects Auckland through drier conditions during the
positive phase and wetter conditions during the negative phase.

e The Southern Annular Mode affects Auckland through higher temperatures during the
positive phase and lower temperatures during the negative phase.

e Natural variability will continue to affect the year-to-year climate of Auckland into the future.

Much of the material in this report focuses on the projected impact on the climate and oceans of and
surrounding the Auckland Region over the coming century of increases in global anthropogenic
greenhouse gas concentrations. However, natural variations will also continue to occur. Much of the
variation in New Zealand’s climate is random and lasts for only a short period, but longer term, quasi-
cyclic variations in climate can be attributed to different factors. Three large-scale oscillations that
influence climate in New Zealand are the El Nifio-Southern Oscillation, the Interdecadal Pacific
Oscillation, and the Southern Annular Mode (Ministry for the Environment, 2008a). Those involved in
(or planning for) climate-sensitive activities in the Auckland Region will need to cope with the sum of
both anthropogenic change and natural variability.

1.4.1 The effect of El Nino and La Nifa

El Nifio-Southern Oscillation (ENSO) is a natural mode of climate variability that has wide-ranging
impacts around the Pacific basin (Ministry for the Environment, 2008a). ENSO involves a movement
of warm ocean water from one side of the equatorial Pacific to the other, changing atmospheric
circulation patterns in the tropics and subtropics, with corresponding shifts for rainfall across the
Pacific.

During El Nifio, easterly trade winds weaken and warm water ‘spills’ eastward across the equatorial
Pacific, accompanied by higher rainfall than normal in the central-east Pacific. La Nifia produces
opposite effects, and is typified by an intensification of easterly trade winds, retention of warm
ocean waters over the western Pacific. ENSO events occur on average 3 to 7 years apart, typically
becoming established in April or May and persisting for about a year thereafter.

During El Nifio events, the weakened trade winds cause New Zealand to experience a stronger than
normal south-westerly airflow. This generally brings lower seasonal temperatures to the country and
drier than normal conditions to the north and east of New Zealand, including Auckland (Salinger and
Mullan, 1999) (Figure 1-8). During La Nifia conditions, the strengthened trade winds cause New
Zealand to experience more north-easterly airflow than normal, higher-than-normal temperatures
(especially during summer), and wetter conditions in the north and east of the North Island, including
Auckland (Figure 1-8).
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Figure 1-8: Average summer percentage of normal rainfall during El Nifio (left) and La Nifia (right) in
Auckland. El Nifio composite uses the following summers: 1963/64, 1965/66, 1968/69, 1969/70,
1972/73,1976/77, 1977/78, 1982/83, 1986/87, 1987/88, 1991/92, 1994/95, 1997/98, 2002/03.
La Nifia composite uses the following summers: 1964/65, 1970/71, 1973/74, 1975/76, 1983/84,
1984/85, 1988/89, 1995/96, 1998/99, 1999/2000, 2000/01. This figure was last updated in 2005.
© NIWA.

According to IPCC (2013b), ENSO is highly likely to remain the dominant mode of natural climate
variability in the 21t century, and that rainfall variability relating to ENSO is likely to increase.
However, there is uncertainty about future changes to the amplitude and spatial pattern of ENSO.

1.4.2 The effect of the Interdecadal Pacific Oscillation

The Interdecadal Pacific Oscillation (IPO) is a large-scale, long-period oscillation that influences
climate variability over the Pacific Basin including New Zealand (Salinger et al., 2001). The IPO
operates at a multi-decadal scale, with phases lasting around 20 to 30 years. During the positive
phase of the IPO, sea surface temperatures around New Zealand tend to be lower, and westerly
winds stronger, resulting in drier conditions for the Auckland Region (particularly in the east). The
opposite occurs in the negative phase. The IPO can modify New Zealand’s connection to ENSO, and it
also positively reinforces the impacts of El Nifio (during IPO+ phases) and La Nifia (during IPO-
phases).

1.4.3 The effect of the Southern Annular Mode

The Southern Annular Mode (SAM) represents the variability of circumpolar atmospheric jets that
encircle the Southern Hemisphere that extend out to the latitudes of New Zealand. The SAM is often
coupled with ENSO, and both phenomena affect New Zealand’s climate in terms of westerly wind
strength and storm occurrence (Renwick and Thompson, 2006). In its positive phase, the SAM is
associated with relatively light winds and more settled weather over New Zealand, with stronger
westerly winds further south towards Antarctica. In the Auckland Region, the positive SAM phase is
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generally associated with higher than normal daily maximum temperatures. In contrast, the negative
phase of the SAM is associated with unsettled weather and stronger westerly winds over New
Zealand, whereas wind and storms decrease towards Antarctica. In the Auckland Region, lower than
normal daily maximum temperatures are observed during the negative phase of the SAM.

The phase and strength of the SAM is influenced by the size of the ozone hole, giving rise to positive
trends in the past during spring and summer. In the future other drivers are likely to have an impact
on SAM behaviour, for example changing temperature gradients between the equator and the high
southern latitudes would have an impact on westerly wind strength in the mid-high latitudes.

1.4.4 The influence of natural variability on climate change projections

It is important to consider anthropogenic climate change in the context of natural variability. An
example of this for temperature (from an overall New Zealand perspective) is shown in Figure 1-9.
The solid black line on the left-hand side represents NIWA’s 7-station temperature anomalies® (i.e.,
the average over Auckland, Masterton, Wellington, Nelson, Hokitika, Lincoln, and Dunedin), and the
dashed black line represents the 1909-2014 trend of 0.92 °C/century extrapolated to 2100. All the
other line plots and shading refer to the air temperature averaged over the New Zealand region.
Post-2014, the two line plots show the annual temperature changes for the New Zealand region
under RCP8.5 (orange) and RCP2.6 (blue); a single model is selected to illustrate the inter-annual
variability (note that a single illustrative model (miroc5) has been used in Figure 1-9 rather than the
model-ensemble, which would suppress most of the inter-annual variability). The shading shows the
range across all IPCC AR5 models for both historical and future periods.

Over the 1900-2014 historical period, the 7-station curve lies within the model ensemble (purple
shading). For the future 2015-2100 period, the RCP2.6 ensemble (blue shading) shows very little
warming trend after about 2030, whereas the RCP8.5 ensemble (orange shading) ‘takes off’ to be
anywhere between +2°C and +5°C by 2100. The miroc5 model (red line/blue line) is deliberately
chosen to sit in the middle of the ensemble, and illustrates well how inter-annual variability
dominates in individual years. The miroc5 model under RCP8.5 (red line) is the warmest of all models
in the year 2036 and the coldest of all models in the year 2059, but nonetheless, it has a long-term
trend that sits approximately in the middle of the ensemble.

Figure 1-9 should not be interpreted as a set of specific predictions for individual years. However, it
illustrates that although we expect a long term overall upward trend in temperatures (at least for
RCP8.5), there will still be some relatively cool years. For this particular example, a year which is
unusually warm under our present climate could become the norm by about 2050, and an “unusually
warm” year in 30-50 years’ time (under the higher emission scenarios) is likely to be warmer than
anything we currently experience.

3 https://www.niwa.co.nz/our-science/climate/information-and-resources/nz-temp-record/seven-station-series-temperature-data
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Figure 1-9: New Zealand Temperature - historical record and an illustrative schematic projection
illustrating future year-to-year variability. (See text for full explanation). From Mullan et al.
(2016).

For rainfall, multi-decadal variability associated with the IPO can enhance or counter the impacts of
anthropogenic climate change. This influence may generate either slightly above normal or below
normal rainfall for parts of the Auckland Region during summer. For the present period, IPO-negative
conditions coupled with more frequent La Nifia episodes could increase rainfall during spring and
summer, essentially in the opposite direction as expected from anthropogenic factors (i.e. a potential
reduction in spring and summer rainfall). A subsequent further reversal of the IPO in 10-20 years’
time could have the opposite effect, enhancing part of the anthropogenic (drying) trend in rainfall for
a few decades. The message from the section is not that anthropogenic trends in climate can be
ignored because of natural variability. In the projections, we have discussed these anthropogenic
trends because they become the dominant factor locally as the century progresses. Nevertheless, we
need to bear in mind that at some times natural variability will be adding to the human-induced
trends, while at others it may be offsetting part of the anthropogenic effect.

Auckland Region climate change projections and impacts 33



2 Present-day and future climate of the Auckland Region

Auckland experiences a temperate subtropical climate (Chappell, 2013). In general, the climate of the
region reflects the general prevailing westerly flow over New Zealand, which includes eastward-
moving low pressure (cyclonic) systems interspersed with high pressure (anticyclonic) weather
systems. Summers tend to be warm and humid, while winters are relatively mild, and most parts of
the region receive only a few frosts each year. Rainfall is typically plentiful all year round, with
sporadic very heavy falls. Dry spells may occur during the summer months, but they are usually not
long-lived. Most parts of Auckland receive around 2000 hours of bright sunshine per year. Sometimes
Auckland experiences extreme events that cause flooding and wind damage, which may be of
tropical origin. More detailed information about the present climate of the Auckland Region can be
found in Chappell (2013) and Chappell (2014).

The future climate of the Auckland Region will be influenced by a combination of the effects of
anthropogenic climate change (increasing global concentrations of greenhouse gases) plus the
natural year-to-year and decade-to-decade variability resulting from “climate noise” and activity
from phenomena such as El Niflo-Southern Oscillation (ENSO), the Interdecadal Pacific Oscillation
(IPO), and the Southern Annular Mode (SAM) as discussed in Section 1.4. The following Sections 3 to
7 outline the present-day climate of Auckland and projected changes due to anthropogenic climate
change.
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3 Temperature

Key messages

e The Auckland Region is projected to warm considerably into the future.

e Warming is projected under all climate change scenarios, for all climate models, throughout
Auckland.

e Most of Auckland is projected to experience over 70 more hot days per year (days > 25°C) by
2110 under RCP8.5 (up from ~20 at present), and 30-40 more hot days per year under RCP4.5.

e The number of cold nights/frosts (< 0°C) is projected to decline everywhere in Auckland.

e« The number of growing degree-days is projected to increase throughout the region, which
may impact plant growth.

Temperature variables presented include mean temperature, mean maximum and mean minimum
temperature, diurnal (daily) temperature range, hot days (maximum temperature >25°C), cold
nights/frosts (minimum temperature <0°C), and growing degree-days. For all variables, present-day
conditions are summarised and future projections are presented for RCP4.5 and RCP8.5 at 2040,
2090 and 2110.
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3.1 Mean temperature

Key messages

e Mean temperature has increased over the 20" and early 21° century in Auckland, and this
trend will continue.

e By 2110, mean annual temperature for the Auckland Region is projected to increase by 1.4°C
for RCP4.5 and by 3.3°C for RCP8.5.

e Warming is projected for the entire Auckland Region, but less warming is projected for the
Waitakere Ranges in general.

e The season with the most warming projected is autumn, and the seasons with the least
warming projected are winter and spring.

3.1.1 Present

Temperature varies with elevation, with the lowest median annual average temperatures of the
Auckland Region experienced at the highest elevations in the Hunua Ranges and Waitakere Ranges
(Figure 3-1). Annual temperatures are highest closer to the east coast, on the Auckland Isthmus,
around the Manukau Harbour, and on the Hauraki Gulf islands. There is seasonal variation in median
average temperatures but the spatial pattern remains the same as for median annual average
temperatures (Figure 3-2). There is significant year-to-year variability in Auckland’s temperature.
Figure 3-3 shows the average annual temperature for Auckland from 1910 to 2016, with a trend of
about 1.6°C increase in annual mean temperature during that time. This trend is statistically
significant above the 95% confidence level. There are substantial differences between years, with
some having mean temperatures over 2.0°C different to adjacent years.
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Figure 3-1: Median annual average temperature for the Auckland Region (1981-2010). Based on data from
NIWA’s Virtual Climate Station Network.
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Figure 3-3: Mean annual temperature for Auckland, 1910-2016. This site is part of the ‘seven station’*
series, and these data are homogenised. Trend is approximately +0.16°C/decade.

3.1.2 Future

The seasonal and annual patterns of projected temperature changes over the Auckland Region for
2040 based on the RCP4.5 scenario are shown in Figure 3-4. Figure 3-5 shows corresponding patterns
for 2090 and Figure 3-6 shows the projected changes for 2110. Figure 3-7 shows the seasonal and
annual patterns of projected temperature increase for 2040 for the RCP8.5 scenario, Figure 3-8
shows the corresponding patterns for 2090, and Figure 3-9 shows projected changes for 2110. The
ensemble-average of six dynamically downscaled climate models is presented.

As shown by Figure 3-4, projected future warming in the Auckland Region at 2040 under the RCP4.5
scenario is between 0.50-1.00°C, with the least warming projected for the northern Auckland Region.
Autumn and summer are the seasons projected to undergo the most warming, and spring and winter
undergo the least warming. Figure 3-5 shows mean seasonal and annual temperature change under
RCP4.5 at 2090. A similar pattern is shown to Figure 3-4, but the magnitude of warming is larger —
annual warming is projected to be 1.00-1.50°C compared with present. The season with the most
warming is autumn, with southeast parts of the region projected to experience increases of 1.50-
1.75°C. Figure 3-6 shows mean seasonal and annual temperature change under RCP4.5 at 2110. Most
of the Auckland Region is projected to warm by 1.50-1.75°C, with some northern and western areas
warming by 1.25-1.50°C. Autumn is the season which projects the most warming — most of the
region is projected to warm by 1.75-2.00°C. Winter and spring undergo the least warming.

Figure 3-7 shows projected warming for the Auckland Region under RCP8.5 at 2040. At the annual
scale, warming of 0.75-1.00°C is projected throughout the region. Autumn is projected to see
warming of 1.00-1.25°C almost everywhere in the region. By 2090 under RCP8.5 (Figure 3-8), more
significant warming is observed over the entire Auckland Region. Spring and winter are projected to
experience the least amount of warming (most areas < 2.75°C of warming) and autumn exhibits the
most warming over the whole region (> 3°C warming in most areas). At the annual scale, warming of
2.50-3.00°C is projected for the region, with the most warming projected for southeast and north-
central areas. For 2110 under RCP8.5 (Figure 3-9), the entire Auckland Region is projected to

4 https://www.niwa.co.nz/our-science/climate/information-and-resources/nz-temp-record/seven-station-series-temperature-data
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experience warming of > 3.00°C, with most areas projecting warming of 3.25-3.50°C. Autumn is the
season that is projected to warm the most with 3.75°C or more of warming projected for most parts
of the region.

Model agreement is very good for mean temperature projections as all models project an increase
under both RCPs at all three time slices.
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Figure 3-4: Projected annual and seasonal mean temperature changes at 2040 (2031-2050 average) for
Auckland for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km
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Figure 3-5:  Projected annual and seasonal mean temperature changes at 2090 (2081-2100 average) for
Auckland for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km

X 5km.
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Figure 3-6:  Projected annual and seasonal mean temperature changes at 2110 (2101-2120 average) for
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Figure 3-9: Projected annual and seasonal mean temperature changes at 2110 (2101-2120 average) for
Auckland for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km

x 5km.

46 Auckland Region climate change projections and impacts



Some models indicate less warming while others show a faster rate of warming (IPCC, 2013b). The
full range of model-projected warming for the Auckland Region as a whole based on statistical
downscaling methods, is given in Table 3-1, while Table 3-2 shows the results from dynamical
downscaling methods (the maps in this report present dynamical downscaled projections). The
seasonal and annual ensemble average projection (the number outside the brackets) in Table 3-1 is
the average temperature increase based on all 23 models for RCP2.6, 37 models for RCP4.5, 18
models for RCP6.0, and 41 models for RCP8.5 as analysed by NIWA (for 2040 and 2090; there are
fewer model results available for 2110). The bracketed numbers give the range of results (5" and 95
percentile) for each RCP for each season and the annual projection. For Table 3-2, the ensemble
average projection is given outside the brackets (six dynamically downscaled models) and the
bracketed numbers give the range (minimum and maximum) for each RCP for each season and the
annual projection.

By 2040 (the central year of the 2031-2050 interval, with the anomaly calculated relative to 1986-
2005), annual average temperatures for Auckland are projected to increase by between about 0.7°C
(RCP2.6) and 0.9°C (RCP4.5) (Table 3-1). Summer, autumn and winter have similar projections for
warming across the region, and the least warming is projected for spring. By 2090 (2081-2100,
relative to 1986-2005), annual average temperatures are projected to increase by between 0.7°C
(RCP2.6) and 3.1°C (RCP8.5). Like 2040, summer, autumn and winter have similar projections for
warming, and the least warming is projected for spring. Note that the mitigation scenario (RCP2.6)
temperature change for 2090 is less than or the same as the change for 2040 for some seasons in all
regions, whereas all other scenarios show increased warming at 2090 relative to 2040. At 2110,
projected warming has increased for RCP4.5 and RCP8.5 but has stayed the same as 2090 for RCP2.6.

Although there is considerable variability between the ensemble members for each RCP (the
numbers inside the brackets show the 5" and 95 percentiles), the direction of change in mean
annual and seasonal temperature shows a positive shift (i.e. change to warmer conditions) for all
RCPs.

The dynamical downscaled mean temperature projections in Table 3-2 are consistent with the
statistical downscaled projections in Table 3-1, in that warming is projected everywhere, and the
results for each RCP and each time slice, season, and annual scale are similar. Dynamical downscaled
results generally show a lower projected increase in mean temperature because these projections
have been bias-corrected (Section 1.3).
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Table 3-1:

Projected changes in seasonal and annual mean temperature (in °C) for the Auckland Region
for 2031-2050 (2040), 2081-2100 (2090), and 2101-2120 (2110) as derived from statistical
downscaling. Changes are relative to the baseline period, 1986-2005 (1995). The 1995 period
shows average temperatures over the whole Auckland Region. The changes are given for all four
RCPs (2.6, 4.5, 6.0, 8.5), where the ensemble-average is taken over (23, 37, 18, 41) models,
respectively. The first number is the ensemble average, with the bracketed numbers giving the
range (5% and 95 percentile). No results are shown for RCP6.0 at 2110 because only two models
in the NIWA CMIP5 archive have data available beyond 2100 for this RCP. From Mullan et al.

(2016).

Period RCP Summer Autumn Winter Spring Annual

1995 18.7 15.8 11.1 14.0 14.9
RCP2.6 0.8 (0.3, 1.3) 0.8(0.3,1.1) 0.7 (0.4, 1.0) 0.7 (0.4, 1.0) 0.7 (0.4, 1.0)
RCP4.5 1.0(0.5, 1.5) 0.9(0.4,1.4) 0.9 (0.6, 1.2) 0.8(0.4,1.1) 0.9 (0.5, 1.2)

2040 RCP6.0 0.9 (0.4, 1.6) 0.9(0.5,1.2) 0.8 (0.4,1.2) 0.8(0.3,1.1) 0.8 (0.4, 1.2)
RCP8.5 1.1 (0.5, 1.6) 1.1(0.7,1.5) 1.1 (0.6, 1.5) 0.8(0.4,1.2) 0.8(0.3,1.1)
RCP2.6 0.7 (0.2, 1.4) 0.7 (0.4,1.4) 0.7 (0.4, 1.2) 0.6 (0.3,1.2) 0.7 (0.4, 1.3)
RCP4.5 1.5(0.8,2.6) | 1.5(0.9,2.1) | 1.5(0.9,2.0) | 1.3(0.8,1.8) | 1.4(0.9,2.1)

2090 RCP6.0 2.0(1.2, 3.6) 1.9(1.1, 2.8) 1.9(1.2,2.6) 1.7 (1.1, 2.3) 1.9(1.2,2.8)
RCP8.5 3.3(2.3,5.1) 3.2(2.2,4.4) 3.0(2.3,4.0) 2.8(2.1, 3.5) 3.1(2.3,4.3)
RCP2.6 0.7 (0.0, 1.5) 0.8(0.3,1.4) 0.7 (0.4, 1.2) 0.7 (0.4,1.2) 0.7 (0.4, 1.3)
RCP4.5 1.8(1.1,2.9) |1.8(1.2,2.3) |1.6(1.0,2.2) |15(1.0,2.2) | 1.7(1.2,2.3)

210 RCP6.0
RCP8.5 4.1(2.9,6.1) 4.0(3.0,5.6) 3.6(2.8,4.7) 3.4(2.7,4.3) 3.8(2.9,5.2)

Table 3-2: Projected changes in seasonal and annual mean temperature (in °C) for the Auckland Region
for 2031-2050 (2040), 2081-2100 (2090), and 2101-2120 (2110) as derived from dynamical
downscaling. Changes are relative to the baseline period, 1986-2005. The 1995 period shows
average temperatures over the whole Auckland Region. The changes are given for all four RCPs
(2.6, 4.5, 6.0, 8.5), where the ensemble-average is taken over six models. The first number is the
ensemble average, with the bracketed numbers giving the range (minimum and maximum). No
results are shown for RCP6.0 at 2110 because only one model has data available beyond 2100 for
this RCP.
Period RCP Summer Autumn Winter Spring Annual

1995 18.7 15.8 11.1 14.0 14.9
RCP2.6 0.7 (0.5, 1.0) 0.7 (0.4, 1.0) 0.6 (0.4, 0.8) 0.6 (0.4,0.8) 0.6 (0.5, 0.9)

2040 RCP4.5 0.6 (0.3, 1.0) 0.7 (0.6, 0.9) 0.5 (0.4, 0.7) 0.5(0.4,0.7) 0.6 (0.5, 0.8)
RCP6.0 0.7 (0.6, 1.1) 0.8 (0.6,1.1) 0.7 (0.4, 0.8) 0.7 (0.4,0.9) 0.7 (0.5, 1.0)
RCP8.5 0.9 (0.7,1.3) 1.1(0.9,1.4) 0.7 (0.6, 1.1) 0.8 (0.5, 1.2) 0.9 (0.7,1.2)
RCP2.6 0.6 (0.3, 1.0) 0.7 (0.3,1.3) 0.6 (0.2, 1.0) 0.6 (0.3, 1.0) 0.6 (0.3, 1.0)

2090 RCP4.5 1.1 (0.6, 1.7) 1.4 (1.0, 2.0) 1.1 (0.6, 1.5) 1.1 (0.6, 1.7) 1.2 (0.7, 1.7)
RCP6.0 1.5(1.2,1.8) 1.8 (1.0, 2.3) 1.5 (0.6, 1.8) 1.5(0.6, 2.0) 1.6 (0.7, 2.0)
RCP8.5 2.6 (2.0, 3.3) 3.1(2.4,3.7) 2.5(1.9, 3.0) 2.5(2.0, 3.0) 2.7(2.2,3.3)
RCP2.6 0.7 (0.4, 0.8) 0.8 (0.6, 1.2) 0.7 (0.4, 0.9) 0.6 (0.4, 0.8) 0.7 (0.4, 0.9)

2110 RCP4.5 1.4 (1.0, 2.0) 1.7(1.2,2.1) 1.3(0.9, 1.7) 1.3(0.9,1.7) 1.4 (1.0, 1.8)
RCP6.0
RCP8.5 3.2(2.5,4.0) 3.9(3.4,4.9) 3.0(2.6,3.7) 3.0(2.7, 3.6) 3.3(2.8,4)
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3.2 Maximum and minimum temperature

Key messages

e Mean daily maximum temperature (daytime temperature; Tmax) and mean daily minimum
temperature (night time temperature; Tmin) has increased over the 20" and early 21° century
in Auckland, and this trend will continue.

e By 2110, annual Tmax is projected to increase by 1.50-1.75°C for RCP4.5 and by 3.25-3.75°C for
RCP8.5 for much of the Auckland Region.

e By 2110, annual Tmin temperature is projected to increase by 1.25-1.75°C for RCP4.5 and by
3.00-3.5°C for RCP8.5 for much of the Auckland Region.

e Autumn is the season when both Tmax and Tminincrease the most.

Maximum temperatures are generally recorded in the afternoon, and therefore are also known as
daytime temperatures. Minimum temperatures are generally recorded in the early hours of the
morning, and therefore are also known as night time temperatures.

3.2.1 Present

The highest median annual average daily maximum (afternoon) temperatures are observed in the
central Auckland Region and along the east coast, with an annual average of 19-20°C (Figure 3-10).
The lowest median annual average daily maximum temperatures are observed in the higher
elevations of the region, for example in the Hunua Ranges and Waitakere Ranges (17-18°C). Median
summer average daily maximum temperatures are around 22-24°C for most of the region and
median winter average daily maximum temperatures are 14-16°C for most of the region. There is
considerable seasonal variation in the daily maximum temperatures observed across the region, but
the spatial patterns remain similar, i.e. with the highest temperatures experienced in the central
Auckland Region and along the east coast, and the lowest temperatures observed in the highest
elevations (Figure 3-11). Annual average daily maximum temperatures have increased over the 20"
and early 21° century in Auckland (Figure 3-12), and this trend is statistically significant above the
95% confidence level.
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Figure 3-10: Median annual average daily maximum temperature for the Auckland Region (1981-2010).

Based on data from NIWA's Virtual Climate Station Network.
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Figure 3-11: Median seasonal average daily maximum temperature for the Auckland Region (1981-2010).
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Figure 3-12: Annual mean daily maximum temperature (°C) at Auckland, 1910-2016. This data is part of New
Zealand’s Seven Station Temperature Series and has been homogenised. The trend indicates an
increase of about 1°C per century.

The lowest annual average daily minimum temperatures are recorded in the Hunua Ranges and
surrounding area, as well as in the west of the Auckland Region (8-10°C) (Figure 3-13). The highest
daily minimum temperatures are observed along the east coast of the region (12-13°C). Significantly
higher minimum daily temperatures are observed in summer (13-16°C) than in winter (6-10°C), but
the spatial pattern remains similar to the annual temperatures (Figure 3-14). Annual mean daily
minimum temperatures have increased over the 20" and early 21° century in Auckland (Figure 3-15),
and this trend is statistically significant above the 95% confidence level.
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Figure 3-13: Median annual average daily minimum temperature for the Auckland Region (1981-2010).
Based on data from NIWA’s Virtual Climate Station Network.
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Figure 3-14: Median seasonal average daily minimum temperature for the Auckland Region (1981-2010).
Based on data from NIWA’s Virtual Climate Station Network.
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Figure 3-15: Annual mean daily minimum temperature (°C) at Auckland, 1910-2016. This data is part of New
Zealand’s Seven Station Temperature Series and has been homogenised. The trend indicates an
increase of about 1.9°C per century.

3.2.2 Future

Projected changes in daytime maximum (Tmax) and night time minimum (Tmin) are presented in this
section. The ensemble-average of six dynamically downscaled climate models is presented. The
temperature trends are positive over the whole Auckland Region for both RCP4.5 and RCP8.5, but
are neither spatially homogeneous nor of equal magnitude. Tmax and Tmin are documented for all
seasons and three future periods (2040, 2090, and 2110) in Figure 3-16 to Figure 3-27.

Changes in Tmax and Tmin are positive under all three time slices and both RCPs, with larger increases
with time and emissions scenario. The largest amount of warming is generally projected to occur in
the southeast of the Auckland Region (Section 3.1.2).

For annual Tmax, RCP4.5 projections show increases of 0.75-1.00°C across the region by 2040 (Figure
3-16). By 2090, the region projects increases in annual Tmax of 1.25-1.50°C (Figure 3-17). By 2110, the
projections for the region show increases in annual Tmax of 1.50-1.75°C (Figure 3-18). Across all time
slices for RCP4.5, spring, summer and autumn show similar changes in Tmax, With winter showing
slightly smaller changes than the other seasons.

For RCP8.5 at 2040, most of the region projects increases in annual Tmax of 0.75-1.25°C (Figure 3-19).
At 2090, 2.75-3.25°C increase in annual Tmax is projected for most of the region (Figure 3-20). At 2110,
most of the region projects an increase of 3.25-3.75°C (Figure 3-21). Autumn is the season where Tpmax
increases the most under RCP8.5.
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Figure 3-16: Projected annual and seasonal daily mean maximum temperature changes at 2040 (2031-2050

average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on the average of six
global climate models. Results are based on dynamical downscaled projections. Resolution of

projection is 5km x 5km.
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Figure 3-17: Projected annual and seasonal daily mean maximum temperature changes at 2090 (2081-2100
average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on the average of six
global climate models. Results are based on dynamical downscaled projections. Resolution of
projection is 5km x 5km.
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Figure 3-18: Projected annual and seasonal daily mean maximum temperature changes at 2110 (2101-2120

average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on the average of six
global climate models. Results are based on dynamical downscaled projections. Resolution of
projection is 5km x 5km.
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Figure 3-19: Projected annual and seasonal daily mean maximum temperature changes at 2040 (2031-2050
average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on the average of six
global climate models. Results are based on dynamical downscaled projections. Resolution of

projection is 5km x 5km.
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Figure 3-20: Projected annual and seasonal daily mean maximum temperature changes at 2090 (2081-2100
average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on the average of six
global climate models. Results are based on dynamical downscaled projections. Resolution of

projection is 5km x 5km.
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Figure 3-21: Projected annual and seasonal daily mean maximum temperature changes at 2110 (2101-2120
average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on the average of six
global climate models. Results are based on dynamical downscaled projections. Resolution of
projection is 5km x 5km.
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For Tmin, RCP4.5 projections for 2040 show increases in annual Tmin of 0.50-0.75°C for most of the
region and 0.75-1.00°C in the southeast part of the region (Figure 3-22). By 2090, the whole Auckland
Region is expected to experience increases in annual Tmin of 1.00-1.25°C (Figure 3-23). By 2110 under
RCP4.5, the projections indicate most parts of the region will experience an increase in annual Tmin of
1.25-1.50°C and 1.50-1.75°C in north-central and southeast areas (Figure 3-24). For RCP4.5, autumn
is the season that shows the largest increases in Tmin across the region, for all time slices.

For RCP8.5 at 2040, annual Tmin projections show increases of 0.75-1.00°C for the whole region
(Figure 3-25). 2090 projections show most parts of the region project an increase of 2.50-2.75°C and
2.25-2.50°C in some southwest and northern areas (Figure 3-26). For 2110, RCP8.5 projections show
an increase in annual Tmin of 3.00-3.25°C for most of the region, and 3.25-3.50°C in the southeast
(Figure 3-27). For RCP8.5, like for RCP4.5, autumn is the season where Tmin projects the largest
increases across the region at all time slices.

Model agreement is good for maximum and minimum temperature projections, as all models project
an increase under both RCPs at both time slices.
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Figure 3-22:

Taihoro Nukurangi RCP 4.5

Projected annual and seasonal daily mean minimum temperature changes at 2040 (2031-2050
average) for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km
x 5km.
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Figure 3-23: Projected annual and seasonal daily mean minimum temperature changes at 2090 (2081-2100
average) for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km

x 5km.
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Figure 3-24: Projected annual and seasonal daily mean minimum temperature changes at 2110 (2101-2120
average) for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km

X 5km.
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Projected annual and seasonal daily mean minimum temperature changes at 2040 (2031-2050
average) for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km

x 5km.
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Figure 3-26:

Taihoro Nukurangi RCP 8.5

Projected annual and seasonal daily mean minimum temperature changes at 2090 (2081-2100
average) for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km

x 5km.
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Figure 3-27: Projected annual and seasonal daily mean minimum temperature changes at 2110 (2101-2120

average) for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections. Resolution of projection is 5km
x 5km.
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3.3 \Diurnal temperature range

Key messages

e Diurnal temperature range (the difference between daily maximum and daily minimum
temperatures) has been decreasing over time in Auckland.

e Annual average diurnal range is projected to increase by 2040, 2090 and 2110 under both
RCP4.5 and RCPS.5.

e Small decreases in diurnal range are projected for north Auckland in autumn under RCP4.5
and RCP8.5 at all time slices.

Diurnal temperature range is the difference between the daily maximum temperature and the daily
minimum temperature. Diurnal temperature ranges are largest in dry desert areas and smallest in
humid tropical areas of the world. Diurnal temperature range may change over time due to land use
change, cloud cover, urban heat effects, and greenhouse gases.

3.3.1 Present

The annual average diurnal range at Auckland Airport has varied between 6.4°C and 8.5°C since 1910
(Figure 3-28). There has been a decline in diurnal temperature range over this time, and this trend is
statistically significant above the 95% confidence level.
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Figure 3-28: Diurnal temperature range (Tmax-Tmin) at Auckland, 1910-2016. This data is part of New Zealand’s
Seven Station Temperature Series and has been homogenised. The trend indicates a decrease of
0.7°C per century.
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3.3.2 Future

Future projections for diurnal temperature range (Trange) in the Auckland Region are presented for
RCP4.5 and RCP8.5 for three time slices, 2040, 2090 and 2110, in Figure 3-29 to Figure 3-34. The
ensemble-average of six dynamically downscaled climate models is presented.

For RCP4.5 at all three time slices, the projections indicate most of the region will experience small
increases in annual Trange Of 0-0.25°C, with an increase of 0.25-0.50°C projected for the Waitakere
Ranges and parts of the south of the Auckland Region by 2110 (Figure 3-29 to Figure 3-31). At the
seasonal timescale, the north of the region projects small decreases in Trange for autumn at all time
slices (0 to -0.25°C) and much of the region projects increases of 0.25-0.50°C in spring and summer at
all time slices.

For RCP8.5, at 2040 there is a small increase in annual Trange across the region of 0-0.25°C (Figure 3-
32). At 2090, most of the region projects an increase in annual Trange 0f 0.25-0.50°C (Figure 3-33), and
at 2110 most of the region projects an increase in annual Trange 0f 0.25-0.75°C, with the largest
changes projected for the Waitakere Ranges and the south of the region (Figure 3-34). For seasonal
Trange Projections, increases are projected for most of the region in spring, summer and winter at all
time periods and decreases are projected for the north of the region in autumn at all time periods.
The largest changes are projected for 2110.

Model agreement is good for Trange projections for summer, winter and spring under most time slices
and RCPs, as most models project an increase in Trange.
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Figure 3-29: Projected annual and seasonal diurnal temperature range (Tmax minus Tmin) changes at 2040
(2031-2050 average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.

Auckland Region climate change projections and impacts 71



@’ ncg" -
AUCKLAND CBD

Annual

-0.25
-0.50

D & 9 120 150km —NIWA_—  (2081-2100)

Taihoro Nukurangi RCP 4.5

Figure 3-30: Projected annual and seasonal diurnal temperature range (Tmax minus Tmin) changes at 2090

(2081-2100 average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.
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Figure 3-31: Projected annual and seasonal diurnal temperature range (Tmax minus Tmin) changes at 2110
(2101-2120 average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.
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Figure 3-32: Projected annual and seasonal diurnal temperature range (Tmax minus Tmin) changes at 2040

(2031-2050 average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.
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(2081-2100 average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.

Figure 3-33: Projected annual and seasonal diurnal temperature range (Tmax minus Tmin) changes at 2090
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Figure 3-34: Projected annual and seasonal diurnal temperature range (Tmax minus Tmin) changes at 2110

(2101-2120 average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.
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3.4 Temperature extremes

Key messages

Hot days (maximum temperature > 25°C) have been increasing over time and are projected to
continue increasing everywhere in the Auckland Region. Currently most of the region
experiences 15-24 hot days per year.

At 2110, an increase of 30-40 hot days is projected for most of the Auckland Region under
RCP4.5 and an increase of more than 70 hot days is projected for most of the region under
RCP8.5.

Cold nights (minimum temperature < 0°C; frosts) have been decreasing over time and are
projected to continue decreasing throughout the region. Currently most of the Auckland
Region experiences fewer than 2 cold nights per year, with more nights occurring at higher
elevations.

The eastern and isthmus areas of the Auckland Region are projected to be frost-free under all
climate change scenarios at all time periods. A small number of frosts are projected to still
occur in the highest elevations of the Waitakere Ranges and Hunua Ranges, and also in the
northwest of the region, at 2110 under RCP8.5.

Temperature extremes are presented as ‘hot days’, where the daily maximum temperature exceeds
25°C, and ‘cold nights’, where the daily minimum temperature is less than 0°C. Cold nights are also
classified as frosts, as a screen frost occurs when air temperature is below 0°C at 1.2 m above the
ground. Hot days are defined as 25°C or more because temperatures above this threshold are
considered ‘hot’ given New Zealand’s temperate maritime climate. Also, cattle begin to exhibit heat
stress symptoms over 25°C.

3.4.1 Present

The current annual average number of hot days varies throughout the region, with the most
observed in the southeast and isolated patches in the northwest (27-30 hot days per year) (Figure 3-
35). The fewest hot days are observed in the northeast (three to six hot days per year) and the
Waitakere Ranges (nine-12 hot days per year). Most of the region, including the Auckland Isthmus,
currently experiences 15-24 hot days per year.

Auckland Region climate change projections and impacts
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Figure 3-35: Average annual number of hot days in the Auckland Region (Tmax >25°C), 1981-2010. Based on
data from NIWA'’s Virtual Climate Station Network.

In terms of cold nights or frosts, most are currently observed in the Hunua Ranges in the southeast of
the region (over eight cold nights per year on average) and the northwest of the region (four to five
cold nights per year on average) (Figure 3-36). Most of the rest of the region experiences fewer than
two cold nights per year on average, particularly in the east and the isthmus which observe less than
one cold night or frost per year on average.
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Figure 3-36: Average annual number of cold nights (frosts) in the Auckland Region (Tmin <0°C), 1981-2010.
Based on data from NIWA'’s Virtual Climate Station Network.

There is a trend of increasing annual mean temperature in Auckland (Section 3.1.1), and
consequently changes in extreme temperatures. Figure 3-37 shows the number of hot days per year
since 1966 at Auckland Airport and Figure 3-38 shows the number of ground frosts (when the grass
minimum temperature is <0°C) per year since 1966 at Auckland Airport. Auckland has observed an
increasing number of hot days and a decreasing number of ground frosts since the mid-20™" century.
Both trends are statistically significant above the 95% confidence level. Ground frosts are shown here
rather than screen frosts because there are many years when no screen frosts are recorded at
Auckland Airport, and ground frosts show a statistically significant trend.
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Figure 3-37: Number of hot days (Tmax >25°C) per year at Auckland Airport, 1966-2016. Trend indicates an
increase of about three hot days per decade. There was a gap in observations at Auckland Airport
during 1993 and 1994.
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Figure 3-38: Number of ground frosts (grass minimum temperature <0°C) per year at Auckland Airport,
1966-2016. Trend shows a decrease of approximately three ground frosts per decade. There
was a gap in observations at Auckland Airport during 1993 and 1994.

3.4.2 Future

As the seasonal mean temperature increases over time, we also expect to see changes in
temperature extremes. In general, an increase in high temperature extremes, and a decrease in low
temperature extremes is expected.

Projections for hot days and cold nights were determined directly from the daily dynamically-
downscaled maximum (for ‘hot days’) and minimum (for ‘cold nights’) temperature for each model
by averaging the number of daily exceedances (greater than or equal to 25°C, or less than or equal to
0°C, for hot days and cold nights, respectively) for the selected RCP and time slice over the modelled
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interval. Finally, the climate change signal was computed by averaging the change (with respect to
the reference period) over the number of models (six).

The projected increase in the number of hot days per year at 2040, 2090 and 2110 relative to 1995,
for RCP4.5 and RCP8.5 is shown in Figure 3-39.

At 2040, the Auckland isthmus is projected to experience increases in hot days of 10-20 days per year
for RCP4.5 and 15-20 days per year for RCP8.5. Northeast Auckland is projected to experience 10-20
more hot days per year under both RCPs at 2040. An increase of 15-20 hot days per year is projected
for most of the rest of the region under RCP4.5, and 10-15 more hot days per year are projected for
the Waitakere Ranges and Hunua Ranges. Under RCP8.5 at 2040, some central and southeast parts of
Auckland as well as the Hauraki Gulf islands are projected to experience 20-25 more hot days per
year, and 10-15 more hot days per year are projected for the Waitakere Ranges and the Hunua
Ranges.

At 2090 under RCP4.5, most of the region is projected to experience 25-30 more hot days per year.
The Waitakere Ranges and the southwest of the region are projected to experience 15-20 more hot
days per year. Under RCP8.5 at 2090, an increase of at 50-60 hot days is projected for most of the
region, with the 40-50 more hot days projected for the Waitakere Ranges and some parts of
northeast and southwest Auckland. Some north-central and southeast areas of the region are
projected to experience 60-70 more hot days per year.

At 2110, an increase of 30-40 hot days is projected for most of the Auckland Region under RCP4.5,
with less warming for the southwest and northeast areas of Auckland. Under RCP8.5, an increase of
more than 70 hot days are projected almost everywhere, with more than 90 extra hot days projected
for some north-central and southern areas, as well as the Hauraki Gulf islands.

Model agreement is good for hot day projections as all models project an increase under both RCPs
at both time slices.
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Figure 3-39: Projected increase in number of hot days per year (Tmax >25°C) at 2040 (2031-2050), 2090
(2081-2100) and 2110 (2101-2120) for RCPA4.5 (left panels) and RCP8.5 (right panels), for the
Auckland Region. Projected change in hot days is relative to 1986-2005. The numbers on the
scale refer to the increase in the number of hot days, e.g. the area around Auckland CBD is
projected to experience 80-90 more hot days per year by 2110 under RCP8.5 (red shades, lower
right panel). Results are based on dynamically downscaled projections and show the average of
six global climate models. Resolution of projection is 5km x 5km. White dots correspond to
(north-south) Warkworth, Auckland CBD, Pukekohe.

The projected decrease in the number of cold nights (i.e. frosts) per year at 2040, 2090 and 2110
relative to 1995, for RCP4.5 and RCP8.5 is shown in Figure 3-40. Similar patterns are shown for
changes in cold nights at 2040 under both RCP4.5 and RCP8.5. Most parts of the region outside of the
high elevation Hunua Ranges are projected to experience a decrease of one cold night per year. Cold
nights in the Hunua Ranges are projected to decrease by up to three nights per year at 2040.
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By 2090, one fewer cold night is projected for most of the region under RCP4.5, and up to two fewer
cold nights are projected for parts of northwest Auckland and the Waitakere Ranges. Up to three
fewer cold nights are projected for the Hunua Ranges. Under RCP4.5 at 2110, a larger area of
western Auckland is projected to experience up to two fewer cold nights than at 2090. For RCP8.5 at
2090, most of the western Auckland Region is projected to experience one to three fewer cold nights
per year, and up to eight fewer cold nights for the high elevations in the Hunua Ranges. This pattern
is largely the same for RCP8.5 at 2110.

Therefore, under all future climate change scenarios and time periods the eastern and isthmus parts
of the region are projected to experience no frosts. By 2110 under RCP8.5 most of the region
including the Waitakere and Hunua Ranges, except for the highest elevations, are also projected to
experience no frosts. Northwest parts of the Auckland Region are projected to experience one to two
frosts per year under RCP8.5 at 2110. The climate change projections are at a 5 km resolution so
more local-scale frosts may still be observed where cold air may settle, for example on valley floors.

Model agreement is good for frost projections as all models project a decrease under both RCPs at
both time slices.
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Figure 3-40: Projected decrease in number of cold nights (frosts) per year (Tmin <0°C) at 2040 (2031-2050),
2090 (2081-2100) and 2110 (2101-2120) for RCP 4.5 (left panels) and RCP8.5 (right panels), for
the Auckland Region. Projected change in cold nights is relative to 1986-2005. The numbers on
the scale refer to the decrease in the number of cold nights, e.g. parts of the Hunua Ranges are
projected to experience eight fewer cold nights per year under RCP8.5 at 2110 (blue shades,
lower right panel). Results are based on dynamically downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x 5km. White dots
correspond to (north-south) Warkworth, Auckland CBD, Pukekohe.
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3.5 Growing degree-days

Key messages

e There has been an upward trend in the annual number of growing degree-days in Auckland
since the mid-20™" century.

e The number of growing degree-days is projected to increase in the future, which will likely
influence the growing rate of plants, harvest times, and the types of plants able to be grown in
the Auckland Region.

Growing degree-days (GDD) express the sum of daily temperatures above a selected base
temperature (e.g. 10°C) that represent a threshold for plant growth. The average amount of growing
degree-days in a location may influence the choice of crops to grow, as different species have
different temperature thresholds for survival. The daily GDD total is the amount the daily average
temperature exceeds the threshold value (e.g. 10°C) per day. For example, a daily average
temperature of 18°C would have a GDD base 10°C value of 8 and a GDD base 5°C value of 13. The
daily GDD values are accumulated over the period 1 July to 30 June to calculate an annual GDD value.

3.5.1 Present

The number of current growing degree-days follows the same spatial pattern as mean temperature,
with the highest number along the east coast and on the Auckland Isthmus, and the lowest number
in the Hunua Ranges in the southeast of the region. Most of the region experiences about 3400-3700
GDD per year with base 5°C and 1700-2000 GDD per year with base 10°C. The present number of
growing degree-days in Auckland is shown for base 5°C and base 10°C in Figure 3-41.
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Figure 3-41: Median annual Growing Degree-Days (GDD) (base 5°C (left) and base 10°C (right)) for Auckland
(1981-2010). Note the change in scale between maps. Based on data from NIWA's Virtual Climate
Station Network.

Air temperatures in the Auckland Region have increased over the past century (Section 3.1.1). As the
calculation of growing degree-days is inherently dependent on temperature, there is also an upward
trend in the number of growing degree-days (Figure 3-42). This trend is not statistically significant at
or above the 95% confidence level.
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Figure 3-42: Annual growing degree-days (base 10°C) at Auckland Airport, 1966-2016. This trend indicates an
increase of approximately 5 GDD per year. There was a gap in observations at Auckland Airport in
1993 and 1994.

3.5.2 Future

Projections for growing degree days using base 5°C and base 10°C are presented in Figure 3-43 and
Figure 3-44, respectively. The base temperature is different for different organisms and is based on
the minimum temperature threshold for growth of that organism. 5°C is the optimal base
temperature for wheat and 10°C the optimal base temperature for maize (corn). The future number
of growing degree days has been calculated from dynamically downscaled daily temperature using
NIWA’s Regional Climate Model, and the ensemble-average of the six dynamically downscaled
models is presented.

By 2040, growing degree days (base 5°C) under RCP4.5 are projected to increase by 200-300 GDD for
the entire Auckland Region (Figure 3-43). Under RCP8.5, GDD base 5°C is expected to increase by
300-400 GDD the entire region. At 2090, further increases in GDD are shown, with an increase of
400-500 GDD projected for the region under RCP4.5, and an increase of 900-1100 GDD for RCP8.5
(the higher amounts of GDD are projected in the southeast and central-north). At 2110, an increase
of 500-600 GDD is projected for the region for RCP4.5 and an increase of 1100-1300 GDD is projected
for RCP8.5 (the higher amounts of GDD are projected in a swathe from northwest to southeast across
the region) (Figure 3-43).
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Figure 3-43: Projected increase in number of growing degree days per year (base 5°C) at 2040 (2031-2050),
2090 (2081-2100) and 2110 (2101-2120) for RCP4.5 (left panels) and RCP8.5 (right panels), for
the Auckland Region. Projected change in growing degree days is relative to 1986-2005. Results
are based on dynamically downscaled projections and show the average of six global climate
models. Resolution of projection is 5km x 5km. White dots on map refer to (north-south)
Warkworth, Auckland CBD, Pukekohe.

As with GDD base 5°C, GDD base 10°C increases with time and RCP forcing (Figure 3-44). The
projections of GDD base 5°C and GDD base 10°C are very similar, although there are some slightly
lower increases in GDD base 10°C for some areas of Auckland (relative to GDD base 5°C). This
difference is because most days experience temperatures >10°C in the region; therefore, the
projected change does not show much difference between GDD base 5°C and GDD base 10°C.

The increase in GDD will likely influence the types of crops that can be grown at a location, and
harvesting times for crops into the future — one would expect to see crops only suitable for warmer
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northern climates at present move further south as the climate warms, and harvesting times for
crops presently grown in the Auckland Region may shift to an earlier time in the season.

Model agreement is good for growing degree day projections as all models project an increase under
both RCPs at both time slices.
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Figure 3-44: Projected increase in number of growing degree days per year (base 10°C) at 2040 (2031-2050),
2090 (2081-2100) and 2110 (2101-2120) for RCP4.5 (left panels) and RCP8.5 (right panels), for
the Auckland Region. Projected change is relative to 1986-2005. Results are based on
dynamically downscaled projections and show the average of six global climate models.
Resolution of projection is 5km x 5km. White dots on map refer to (north-south) Warkworth,
Auckland CBD, Pukekohe.
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3.6 Temperature projections within RCPs

Key messages

e All models show future warming for Auckland for all RCPs at 2040, 2090 and 2110.
e Model spread increases with time and RCP forcing (i.e. more spread for RCP8.5 than RCP2.6).

e Summer is the season with the greatest model spread.

The average picture of projected temperature changes in the tables and maps earlier in this section
obscures significant variations between the individual models run under each RCP on the projected
seasonal changes. Figure 3-45 to Figure 3-47 show seasonal and annual temperature projections
from all the models individually averaged over the Auckland Region for 2040, 2090, and 2110,
respectively. The coloured vertical bars, and inset stars, show the individual models, so the complete
range is displayed (unlike Table 3-1, where the 5" to 95" percentile range has been calculated).
Figure 3-45 to Figure 3-47 are a clear way of demonstrating not only the difference with season and
RCP, but also the range of model sensitivity. The black stars within each vertical bar represent the
results of the six Regional Climate Model (RCM) simulations.

For 2040 (Figure 3-45), all four RCPs project quite similar mean temperature changes on average for
the region (model-average warming — the black horizontal line on the bars — is within about 0.5°C).
The models for RCP8.5 have the greatest spread, particularly in summer and secondly for winter (the
red bars). For 2090 (Figure 3-46), the model spread is much larger, with the models for summer for
RCP8.5 spread across about 3.5°C of warming. However, the models all agree on the direction of
change (i.e. warming). For 2110 (Figure 3-47), the results for each RCP are also spread out, with a
range of about 3.5°C for the models under RCP8.5 in summer. Some models project temperatures
very close to 0°C change under RCP2.6 (the blue bar) for summer. It is important to note that the
number of models available at 2110 is considerably less than at the other time slices, such that
RCP6.0 is no longer represented by enough models to feature on this plot. Caution is advised in
comparing projections from 2110 to the other time slices as the number of models is much fewer,
and therefore the ensemble-average results at 2110 may be skewed (if, for example, the missing
model(s) at 2110 were the highest or lowest at 2090).
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Regional Council Range of Temperature Changes, 4 RCPs, 2031—2050: Auckland
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Figure 3-45: Projected seasonal temperature changes by 2040 (2031-2050) averaged over the Auckland
Region, for the four RCPs. The vertical coloured bars show the range over all climate models
used. The coloured stars show the projected changes for each statistically downscaled model,
and the black stars represent the projected changes for each of the six dynamically downscaled
models. The short black horizontal line is the model-average warming over all statistical and
dynamical models. Blue = RCP2.6, 23 models; green = RCP4.5, 37 models; yellow = RCP6.0, 18
models; red = RCP8.5, 41 models. © NIWA.
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Regional Council Range of Temperature Changes, 4 RCPs, 2081—2100: Auckland
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Figure 3-46: Projected seasonal temperature changes by 2090 (2081-2100) averaged over the Auckland
Region, for the four RCPs. The vertical coloured bars show the range over all climate models
used. The coloured stars show the projected changes for each statistically downscaled model,
and the black stars represent the projected changes for each of the six dynamically downscaled
models. The short black horizontal line is the model-average warming over all statistical and
dynamical models. Blue = RCP2.6, 23 models; green = RCP4.5, 37 models; yellow = RCP6.0, 18
models; red = RCP8.5, 41 models. © NIWA.
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Regional Council Range of Temperature Changes, 4 RCPs, 2101—2120: Auckland

70 ]
* = = | RCP8.5
- RCP6.0
6.0 % % RCP4.5
o RCPZ2.6
5.0 )
g
e -~
He Ed
5 40 i ! : i
3 : £ :
- #* e
@ He
é 3.0 - : w he *
e
E - § - . g
& 20 * ¥ * N "
- | * # £
i : H 3 :
; H i i
10 @;‘ %§ *
0_0........... oy |
10 |
Summer Autumn Winter Spring Annual

Auckland

Figure 3-47: Projected seasonal temperature changes by 2110 (2101-2120) averaged over the Auckland
Region, for three RCPs. The vertical coloured bars show the range over all climate models used.
The coloured stars show the projected changes for each statistically downscaled model, and the
black stars represent the projected changes for each of the six dynamically downscaled models.
The short black horizontal line is the model-average warming over all statistical and dynamical
models. Note that there are limited models available for RCP6.0 hence no bar is displayed here.
Blue = RCP2.6, 9 models; green = RCP4.5, 16 models; red = RCP8.5, 9 models. © NIWA.
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4 Rainfall

Key messages

e There is high model variability in rainfall projections, therefore averaged projections for
annual total rainfall change are close to zero.

e Spring rainfall is projected to decline and autumn rainfall is projected to increase across the
Auckland Region.

e The number of rain days (> 1 mm of rain) per year is projected to decline across the region.

e The number of heavy rain days (> 25 mm of rain) per year is projected to increase for most of
the region, but decrease in the northeast of the region.

e By the end of the 21 century under RCP8.5 there is an increased frequency of consecutive
days with > 40 mm of rainfall across the Auckland Region.

e Extreme, rare rainfall events are likely to increase in intensity in the Auckland Region because
a warmer atmosphere can hold more moisture.

e The magnitude of 99" percentile of daily rainfall (the 1-2 wettest rain days of the year) is
projected to increase across most of the region, by more than 25% for southeast locations at
2110.

e The number of dry days (< 1 mm of rain) per year is projected to increase for most of the
region in the future.

e Potential evapotranspiration deficit (PED) is projected to increase throughout the region in
the future. This means Auckland is likely to become more drought-prone. PED represents the
gap between water demand and water availability. It affects soil moisture retention and plant
growth.

e The number of days of soil moisture deficit is projected to increase with time and RCP forcing
across the region.

Rainfall variables presented include total rainfall amount, number of rain days (> 1 mm), number of
heavy rain days (> 25 mm), days with consecutive heavy rainfall, 99™ percentile of daily rainfall,
extreme rainfall, number of dry days (< 1 mm), Potential Evapotranspiration Deficit, and soil moisture
deficit. For all variables, present-day conditions are summarised and future projections are presented
for RCP4.5 and RCP8.5 at 2040, 2090 and 2110.
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4.1 Total rainfall

Key messages

e There is high inter-annual variability in Auckland’s historic rainfall but no statistically
significant long-term trend.

¢ Model-average annual rainfall is projected to increase or decrease by less than 5% across the
Auckland Region for all three time slices under RCP4.5 and 2040 and 2090 under RCP8.5.

e At 2110 under RCP8.5, some southeast and west Auckland areas are projected to experience
up to 10% more annual rainfall.

e Ingeneral, spring is the season with the largest decreases in rainfall projected, particularly for
the northeast of the region, and autumn is projected to experience the largest increases in
rainfall.

4.1.1 Present

The area that receives the most annual rainfall is the Hunua Ranges in the southeast of the Auckland
Region, which records over 1800 mm per year (Figure 4-1). The Waitakere Ranges and the northeast
of the region, as well as western Great Barrier Island, receive 1500-1800 mm per year. The driest
areas are the eastern coasts of the Hauraki Gulf Islands (900-1000 mm per year), the east coast of
the mainland, and the Auckland Isthmus (1100-1200 mm per year). Winter is the season with the
highest rainfall throughout the region, and summer is the driest season.
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Figure 4-1: Median annual total rainfall for the Auckland Region (1981-2010). Based on data from NIWA’s
Virtual Climate Station Network.
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Figure 4-2: Median seasonal total rainfall for the Auckland Region (1981-2010). Based on data from NIWA’s

Virtual Climate Station Network.
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Total annual rainfall is presented for Auckland Airport in Figure 4-3. There is year-to-year variability
in the data, with some years recording almost 600 mm more than other years. There is a minimal
negative long-term trend in rainfall at Auckland Airport but this is not statistically significant at or
above the 95% confidence level.
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Figure 4-3:  Total annual rainfall at Auckland Airport, 1963-2016. Trend indicates a decrease in rainfall of
approximately 2 mm per year. There was a gap in observations at Auckland Airport in 1993 and
1994.

4.1.2 Future

The ensemble averages for dynamically downscaled projections of total rainfall, using NIWA's
Regional Climate Model, are presented in this section. Figure 4-4 to Figure 4-6 show the projected
seasonal and annual patterns of rainfall change over the Auckland Region at 2040, 2090 and 2110 for
RCP4.5, and Figure 4-7 to Figure 4-9 show the same for RCP8.5.

In general, at the annual timescale, rainfall is projected to increase or decrease by less than 5%
across the Auckland Region, under RCP4.5 at 2040, 2090, and 2110 (Figure 4-4 to Figure 4-6), and
under RCP8.5 at 2040 and 2090 (Figure 4-7 and Figure 4-8). Under RCP8.5 at 2110 (Figure 4-9),
rainfall is projected to increase by up to 10% for some small southeast and western parts of the
region.

Spring is the season with the largest decreases in rainfall for all RCPs and time slices except for
RCP4.5 at 2040 (summer has the largest rainfall reductions then). Under RCP4.5 at 2090 and 2110,
spring rainfall is projected to decrease by 10-15% in northern Auckland and 5-10% in the rest of the
region. Under RCP8.5 at 2090 and 2110, spring rainfall is projected to decrease by more than 15% in
northern Auckland and by 10-15% for the rest of the region.

Autumn is projected to experience the largest increases in rainfall for all time slices and RCPs. Under
RCP4.5 at 2090 and 2110, autumn rainfall increases of 10-20% are projected for northwest and
southeast parts of the region. For RCP8.5 at 2110, over 15% more rainfall is projected in autumn
around these same areas.
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Summer rainfall is projected to increase under RCP8.5 at 2110, with over 10% more rainfall projected
for much of the central, eastern and western parts of the region. Winter rainfall is projected to
decrease by up to 10% under RCP8.5 at 2090 and 2110 in northern Auckland, and by up to 5% under
RCP4.5 at all time slices.

Model agreement is good for spring at 2090 and 2110 under RCP4.5 and 2040 and 2090 under
RCP8.5 as most models project a decrease in rainfall. Model agreement is good for autumn at 2040
and 2110 under RCP4.5 as most models project an increase in rainfall.
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Figure 4-4:

Taihoro Nukurangi RCP 4.5
Projected annual and seasonal rainfall changes (in %) at 2040 (2031-2050 average) for Auckland
for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate models.
Results are based on dynamical downscaled projections. Resolution of projection is 5km x 5km.
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Figure 4-5:

Taihoro Nukurangi RCP 4.5
Projected annual and seasonal rainfall changes (in %) at 2090 (2081-2100 average) for Auckland
for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate models.
Results are based on dynamical downscaled projections. Resolution of projection is 5km x 5km.
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Figure 4-6:  Projected annual and seasonal rainfall changes (in %) at 2110 (2101-2120 average) for Auckland
for RCP4.5. Relative to 1986-2005 average, based on the average of six global climate models.
Results are based on dynamical downscaled projections. Resolution of projection is 5km x 5km.
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Figure 4-7:  Projected annual and seasonal rainfall changes (in %) at 2040 (2031-2050 average) for Auckland
for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate models.
Results are based on dynamical downscaled projections. Resolution of projection is 5km x 5km.
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Figure 4-8: Projected annual and seasonal rainfall changes (in %) at 2090 (2081-2100 average) for Auckland
for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate models.
Results are based on dynamical downscaled projections. Resolution of projection is 5km x 5km.
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Figure 4-9: Projected annual and seasonal rainfall changes (in %) at 2110 (2101-2120 average) for Auckland
for RCP8.5. Relative to 1986-2005 average, based on the average of six global climate models.
Results are based on dynamical downscaled projections. Resolution of projection is 5km x 5km.
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The full range of model-projected rainfall change (in %) is given for the Mangere grid point below,
using statistical downscaling and dynamical downscaling methods (the maps in this report are
generated from dynamically downscaled projections). Model-projected changes are given for
statistically downscaled projections 2040, 2090, and 2110 in Table 4-1, and dynamically downscaled
projections are given for 2040, 2090 and 2110 in Table 4-2. The rainfall changes are relative to the
baseline period 1986-2005 (1995). The seasonal and annual ensemble average projection (the
number outside the brackets) in Table 4-1 is the rainfall change (in %) for Mangere for 2040, 2090
and 2110, averaged over all 23 models for RCP2.6, 37 models for RCP4.5, 18 models for RCP6.0, and
41 models for RCP8.5 analysed by NIWA (for 2040 and 2090, there are fewer models for 2110). The
bracketed numbers give the range (5" and 95 percentile) for each RCP for each season and the
annual projection. For Table 4-2, the ensemble average projection is given outside the brackets (six
models) and the bracketed numbers give the range (minimum and maximum) for each RCP for each
season and the annual projection.

For Mangere, limited rainfall change is projected for 2040, with small increases seen in winter and
small decreases in spring for all RCPs (Table 4-1). At 2090, however, larger changes are projected,
with up to 10% less rain in spring under RCP8.5 and 5% more rainfall in summer and winter under
RCP6.0. At 2110, 13% less rainfall is projected in spring under RCP8.5. However, for most seasons and
RCPs, the ensemble average change in rainfall is less than 5%, with the model range (the 5™ and 95
percentile values) varying between quite large (>10%) increases and decreases. Overall, there are
small changes to the annual rainfall total at all time slices and RCPs (<5% change).

Table 4-1:  Projected changes in seasonal and annual rainfall (in %) between 1986-2005 and 2031-2050
(2040), 2081-2100 (2090), and 2101-2120 (2100) for the Auckland Mangere grid point, as
derived from statistical downscaling. The changes are given for four RCPs (8.5, 6.0, 4.5 and 2.6),
where the ensemble-average is taken over (41, 18, 37, 23) models respectively. The historic
average rainfall for 1986-2005 at Mangere is given in the ‘1995’ row (rainfall in mm). The values
in each RCP column represent the ensemble average, and in brackets the range (5th percentile to
95th percentile) over all models within that ensemble. This table presents statistical downscaled
projections. No results are shown for RCP6.0 at 2110 because only two models in the NIWA
CMIPS5 archive have data available beyond 2100 for this RCP. From Mullan et al. (2016).
Period RCP Summer Autumn Winter Spring Annual

1995 225 mm 285 mm 389 mm 281 mm 1181 mm
RCP2.6 1(-6,13) 0(-6,7) 2(-3,9) -1(-8,7) 1(-3,5)

2040 RCP4.5 | 0(-11,12) 1(-10,9) 2(-9,12) -1(-8,8) 1(-4,5)
RCP6.0 | 0(-14,17) | 1(-6,10) 3(-7,9) -2(-10, 9) 1(-3,5)
RCP8.5 1(-8,12) 0(-7,9) 2(-7,9) -4 (-9, 6) 0(-5,4)
RCP2.6 3(-8,13) 2(-7,9) 3(-4,11) 0(-6,6) 2(-2,8)

5090 RCP4.5 | 2(-13,15) 1(-8,12) 2 (-10, 11) -3 (-11, 7) 1(-6,6)
RCP6.0 | 5(-16, 26) 3(-8,27) 5(-11, 21) -4(-12, 4) 2 (-8, 16)
RCP8.5 | 4(-14,24) -2 (-12, 8) 1(-11,12) -10(-22,0) -2 (-10, 6)
RCP2.6 4(-9,14) 1(-3,5) 3(-2,9) -1(-3,1) 2(-1,5)

5110 | RCP45 | 2(-11,16) -1(-7,6) 4(-7,12) -3(-11, 9) 1(-5,9)
RCP6.0
RCP8.5 -1(-27, 35) -3(-12,9) 1(-11,17) -13 (-26, 5) -4 (-14,7)
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The dynamical downscaled rainfall projections for Mangere in Table 4-2 show differences to the
statistical downscaled projections in Table 4-1. For 2040 (Table 4-2), a 9% decrease in rainfall is
projected for summer under RCP4.5 and an 8% decrease in rainfall is projected for spring under

RCP8.5. For 2090, both summer and spring project decreases in rainfall, with most RCPs projecting

more than a 5% decrease in rainfall and the resulting annual change is slightly negative. For 2110,

11% less rainfall is projected for RCP8.5 in spring, and increases in rainfall are projected for autumn

and winter (up to 9% increase for RCP8.5 in autumn).

For the range of downscaled model results presented in Table 4-1 and Table 4-2, the model spread is
generally large and often crosses zero, therefore the direction and magnitude of change for rainfall

(increase or decrease) is uncertain. This is because of the uncertainty in the climate models
themselves with relation to New Zealand’s future climate. Note that this uncertainty is captured in

the maps in this section, where the mapped ensemble average for annual rainfall is often close to

zero.

Table 4-2:  Projected changes in seasonal and annual rainfall (in %) between 1986-2005 and 2031-2050
(2040), 2081-2100 (2090), and 2101-2120 (2110) for the Auckland Mangere grid point, as
derived from dynamical downscaling. The historic average rainfall for 1986-2005 at Mangere is
given in the ‘1995’ row (rainfall in mm). The changes are given for four RCPs (8.5, 6.0, 4.5 and
2.6), where the ensemble-average is taken over six models. The values in each RCP column
represent the ensemble average, and in brackets the range (minimum and maximum) over all
models within that ensemble. No results are shown for RCP6.0 at 2110 because only one model
has data available beyond 2100 for this RCP. From Mullan et al. (2016)

Period RCP Summer Autumn Winter Spring Annual
1995 225 mm 285 mm 389 mm 281 mm 1181 mm
RCP2.6 2 (-11, 14) 4 (-7, 28) 1(-7,7) 1(-16, 20) 2(-6,11)
2040 RCP4.5 -9 (-21, 3) 1(-18,19) 2(-8,13) 0(-15, 24) -1(-8, 10)
RCP6.0 1(-19, 30) 5 (-18, 35) -1(-8, 4) 0(-15,17) 0(-8,12)
RCP8.5 -2 (-11, 11) 4(-11, 19) 3(1, 6) -8 (-19, -1) -1(-8,3)
RCP2.6 -7 (-21, 4) 7 (0, 24) 2 (-6, 8) -1(-15, 8) 0(-2,2)
2090 RCP4.5 -6 (-16, 2) 5(-15, 22) 1(-6,9) -7 (-25, 3) -2(-6,2)
RCP6.0 -4 (-11, 8) 1(-15, 11) 1(-6,12) -10 (-25, -3) -3 (-6, 3)
RCP8.5 -6 (-14, 5) 2 (-16, 27) 2 (-16,9) -11 (-18, 2) -3(-12, 4)
RCP2.6 -2 (-6, 5) 8(-13, 31) 8 (4, 14) 1(-3,8) 4(0,9)
2110 RCP4.5 -5 (-14, 3) 7 (-13, 27) 6 (-2, 15) -7 (-13,9) 0(-5,5)
RCP6.0
RCP8.5 3(-8,12) 9 (-11, 30) 2 (-9, 12) -11 (-23, 3) 0(-10, 9)
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4.2 Raindays (>1 mm)

Key messages

e Most parts of the Auckland Region currently experience around 130-150 rain days (days with
> 1 mm of rainfall) per year. Most rain days occur in winter and the least occur in summer.

e The annual number of rain days is projected to decline across the Auckland Region under both
RCP4.5 and RCP8.5 at 2040, 2090 and 2110.

e Under RCPA4.5 at all time slices, annual rain days are projected to decline by up to 10 days for
most of the region. Under RCP8.5 at 2090 and 2110, 10-20 fewer annual rain days are
projected across the region, with the largest decreases in the north of the region.

e Under RCP8.5, spring is the season projected to experience the largest decrease in number of
rain days.

In this report, ‘rain days’ are days where greater than 1 mm of rainfall is recorded.

4.2.1 Present

The highest amount of rain days per year is recorded in the south of the Auckland Region, where
over 150 rain days per year are experienced on average (Figure 4-10). The west and northeast of the
region also experience high numbers of rain days per year (140-150 rain days per year). The least rain
days occur in summer (mostly less than 25 days per summer) and the most in winter (around 30-35
days per winter), but the spatial pattern of rain days generally remains the same as the annual
timescale (Figure 4-11). There are no statistically significant trends at or above the 95% confidence
level in the number of rain days per year experienced at Auckland Airport (Figure 4-12).
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Figure 4-10: Median annual number of rain days for the Auckland Region (1981-2010). Based on data from
NIWA’s Virtual Climate Station Network.
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Figure 4-11: Median seasonal number of rain days for the Auckland Region (median for 1981-2010). Based
on data from NIWA’s Virtual Climate Station Network.
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Figure 4-12: Number of rain days per year (>1mm) at Auckland Airport, 1963-2016. There was a gap in
observations at Auckland Airport in 1993 and 1994.

4.2.2 Future

Projections of changes to rain days (where daily rain >1 mm) are presented for 2040, 2090 and 2110,
compared to 1995 under RCP4.5 and RCP8.5 in Figure 4-13 to Figure 4-18, based on the ensemble
average of six dynamically downscaled models.

The annual number of rain days is expected to decline across the Auckland Region under both RCP4.5
and RCP8.5 at 2040, 2090 and 2110. Under RCP4.5 at all three time slices, annual rain days are
projected to decline by up to 10 days across most of the region, with the area projected to
experience 5-10 fewer rain days more extensive at 2090 and 2110 than at 2040 (Figure 4-13 to Figure
4-15). Seasonal rain days are projected to decrease by 0-5 days per season at all three time slices,
with some small isolated areas of increasing rain days of 0-5 days per season.

Under RCP8.5 at 2040, small decreases in rain days are projected (0-5 days per year) (Figure 4-16).
Some increases in the number of autumn and winter rain days (0-5 days) are projected in parts of the
region, mostly in the west and south. However, for 2090 (Figure 4-17) and 2110 (Figure 4-18) under
RCP8.5, a reduction of 10-20 rain days per year is projected for the region, with the largest decreases
projected for the northern part of the region. Most decreases in rain days are projected for spring,
with 5-10 fewer rain days for most of the region at both 2090 and 2110.
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Figure 4-13: Projected annual and seasonal rain day changes (days where rain > 1 mm; in number of days)
at 2040 (2031-2050 average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on
the average of six global climate models. Results are based on dynamical downscaled projections.

Resolution of projection is 5km x 5km.
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Figure 4-14: Projected annual and seasonal rain day changes (days where rain > 1 mm; in number of days)
at 2090 (2081-2100 average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on
the average of six global climate models. Results are based on dynamical downscaled projections.

Resolution of projection is 5km x 5km.
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Figure 4-15: Projected annual and seasonal rain day changes (days where rain > 1 mm; in number of days)
at 2110 (2101-2120 average) for Auckland for RCP4.5. Relative to 1986-2005 average, based on
the average of six global climate models. Results are based on dynamical downscaled projections.

Resolution of projection is 5km x 5km.
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Figure 4-16: Projected annual and seasonal rain day changes (days where rain > 1 mm; in number of days)
at 2040 (2031-2050 average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on
the average of six global climate models. Results are based on dynamical downscaled projections.
Resolution of projection is 5km x 5km.
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Figure 4-17: Projected annual and seasonal rain day changes (days where rain > 1 mm; in number of days)
at 2090 (2081-2100 average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on
the average of six global climate models. Results are based on dynamical downscaled projections.

Resolution of projection is 5km x 5km.
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Figure 4-18: Projected annual and seasonal rain day changes (days where rain > 1 mm; in number of days)
at 2110 (2101-2120 average) for Auckland for RCP8.5. Relative to 1986-2005 average, based on
the average of six global climate models. Results are based on dynamical downscaled projections.

Resolution of projection is 5km x 5km.
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4.3 Heavy rain days (> 25 mm)

Key messages

e Auckland Airport currently experiences an average of 7.5 heavy rain days (days with > 25 mm
of rainfall) per year.

e The number of future annual heavy rain days is projected to increase by 0-5 days for both
RCP4.5 and RCP8.5 at 2040, 2090 and 2110 for most of the Auckland Region.

e The northeast of the Auckland Region is projected to experience 0-5 fewer annual heavy rain
days under both RCPs at all time slices.

e Ingeneral, spring and summer project decreases in the number of heavy rain days and
autumn and winter project an increase in the number of heavy rain days.

Numerous measures can be used to describe heavy rainfall. The threshold used in this section is 25
mm of rain per day, an amount which approximately represents the top 5% of rain days at Mangere.
Following sections use different measures of heavy and extreme rainfall to consider different ways
rainfall changes over time in Auckland.

43.1 Present

Heavy rain day statistics are presented for 1963-2016 for Auckland Airport in Figure 4-19. There is a
small negative long-term trend in the number of days per year with rainfall over 25 mm at Auckland
Airport, which has an average of around 8 days per year, but year-to-year variability is high. This
trend is not statistically significant at or above the 95% confidence level. The average number of
heavy rain days is 7.5 days per year at Auckland Airport (1981-2010 average). Note that this number
is likely to be larger in higher elevation areas of the Auckland Region, and for locations that record
higher annual rainfall (Figure 4-1).
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Figure 4-19: Number of days per year with >25 mm rainfall for Auckland Airport, 1963-2016 (R25mm). Trend
indicates a decrease of heavy rain days of approximately 3 days per century. There was a gap in
observations at Auckland Airport in 1993 and 1994.

4.3.2 Future

Projections of heavy rain days (where daily rainfall >25 mm) are presented for 2040, 2090 and 2110
under RCP4.5 and RCP8.5 in Figure 4-20 to Figure 4-25, derived from the ensemble average of six
dynamically downscaled models.

The number of future heavy rain days is projected to increase by 0-5 days per year for the west,
centre, and south of the Auckland Region for both RCP4.5 and RCP8.5 at 2040, 2090 and 2110. The
northeast of the region is projected to experience a decrease in the number of heavy rain days per
year by 0-5 days per year for both RCPs at all time slices.

For seasonal projections, generally spring and summer project decreases in the number of heavy rain
days and autumn and winter project an increase in the number of heavy rain days across the region.
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Figure 4-20: Projected annual and seasonal heavy rain day changes (days where rain > 25 mm; in number of
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days) at 2040 (2031-2050 average) for Auckland for RCP4.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled
projections. Resolution of projection is 5km x 5km.
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Figure 4-21: Projected annual and seasonal heavy rain day changes (days where rain > 25 mm; in number of

days) at 2090 (2081-2100 average) for Auckland for RCP4.5. Relative to 1986-2005 average,

based on the average of six global climate models. Results are based on dynamical downscaled

projections. Resolution of projection is 5km x 5km.
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Figure 4-22: Projected annual and seasonal heavy rain day changes (days where rain > 25 mm; in number of
days) at 2110 (2101-2120 average) for Auckland for RCP4.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled
projections. Resolution of projection is 5km x 5km.
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Figure 4-23: Projected annual and seasonal heavy rain day changes (days where rain > 25 mm; in number of

days) at 2040 (2031-2050 average) for Auckland for RCP4.5. Relative to 1986-2005 average,

based on the average of six global climate models. Results are based on dynamical downscaled

projections. Resolution of projection is 5km x 5km.
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Figure 4-24: Projected annual and seasonal heavy rain day changes (days where rain > 25 mm; in number of

days) at 2090 (2081-2100 average) for Auckland for RCP8.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled
projections. Resolution of projection is 5km x 5km.

124

Auckland Region climate change projections and impacts



, "fﬁ‘v WEKLA
Vg y!

S o)

Annual

NM

~ Winter

>

0 % e W 120 150k —NIWA_—  (2101-2120)

Taihoro Nukurangi

RCP 8.5

Figure 4-25: Projected annual and seasonal heavy rain day changes (days where rain > 25 mm; in number of

days) at 2110 (2101-2120 average) for Auckland for RCP8.5. Relative to 1986-2005 average,

based on the average of six global climate models. Results are based on dynamical downscaled

projections. Resolution of projection is 5km x 5km.
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4.4  Days with consecutive heavy rainfall

Key messages

e Heavy rainfall in this section was defined as days with > 40 mm of rainfall.

e At present, the highest amount of > 40 mm rain days is observed in the Waitakere Ranges,
Hunua Ranges, and in the northeast of the Auckland Region (about six to eight days per year).

e By the late 21° century, increases in the number of > 40 mm days are projected for the
Waitakere and Hunua Ranges, and decreases are projected for the northeast of the region.

e Under RCP8.5 in the late 21° century there is an increased frequency of consecutive days with
> 40 mm of rainfall across the Auckland Region.

Heavy rainfall can lead to landslips and damage to infrastructure. The biggest problem with landslips
arises when there are wet periods of at least several days duration, with high rainfall accumulations

on one or more days within the period. Thus, this exploratory analysis assesses how climate change

might influence ‘consecutive days’ of heavy rainfall, rather than single extreme events.

This analysis was initiated due to the impact of rainfall events in March 2017, where heavy rain fell in
Auckland on consecutive or near-consecutive days, causing significant damage to urban stormwater
infrastructure and disrupting Auckland’s water supply network®. It was determined, in consultation
with Auckland Council, that 40 mm per day was an appropriate threshold for heavy rainfall to be
analogous to the March 2017 events. Note that Section 4.3 uses a threshold of 25 mm to define a
‘heavy rain’ day.

In the Auckland Region, the annual average rainfall is projected to slightly reduce over much of the
region (e.g., Figure 4-8 for the RCP8.5 change at 2090), whereas days of ‘heavy’ (> 25 mm) rainfall are
projected to increase in general (e.g., Figure 4-24 for the RCP8.5 change at 2090), except in the
northeast of the region.

This analysis uses data from the six dynamical model simulations, and presents projections for
RCP4.5 and RCP8.5. Consecutive days of heavy rainfall are calculated for the historical period (taking
the 30 years 1976-2005), and compared with a 30-year period 2070-2099 at the end of the 21*
century. The present occurrence and future projections of the number of days with > 40 mm of rain
are considered first, and analysis of consecutive days of > 40 mm of rain is considered second.

Figure 4-26 and Figure 4-27 show the average number of days per year above the 40 mm threshold
of a heavy rainfall day. The historical climate (1976-2005) is common to both figures; the frequency
of heavy rainfall days is also shown for the future climates (2070-2099) under RCP4.5 (Figure 4-26)
and RCP8.5 (Figure 4-27), as well as the change maps. Note that days of heavy rainfall, as defined in
this section, is most apparent in the Waitakere Ranges in the west of the region, followed by the
Hunua Ranges in the southeast, with a third higher occurrence in the northeast of the region.

As far as changes are concerned, RCP8.5 clearly shows an increase in frequency of heavy rainfall days
in the Waitakere Ranges and a smaller increase in the Hunua Ranges. The number of days involved is
small, but then the present occurrence of rainfall above 40 mm is limited to about six to eight days

5 https://www.niwa.co.nz/climate/summaries/monthly/climate-summary-for-march-2017
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per year. For RCP4.5, the northeast of the region shows a decrease in the number of heavy rainfall
days, consistent with the decrease in days of rainfall above 25 mm (e.g. Figure 4-21) and decrease in
overall annual rainfall (e.g. Figure 4-5).

It should be noted that the maps illustrate the six-model average (the ensemble-mean, as for all
projection maps in this report). There are of course differences between the six models in their
future projections. For heavy rainfall in the Auckland region, four of the six models become wetter,
one drier, and the other shows little change from the historical climate.
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Figure 4-26: Average number of days per year with rainfall accumulation above 40mm in the historical
period (1976-2005, bottom left) and at the end of the century under RCP4.5 (2070-2099,
bottom right), and the change between the two periods (top panel) for Auckland.
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Figure 4-27: Average number of days per year with rainfall accumulation above 40mm in the historical

period (1976-2005, bottom left) and at the end of the century under RCP8.5 (2070-2099,
bottom right), and the change between the two periods (top panel) for Auckland.
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There are many permutations of rainfall thresholds and periods that could be considered when
analysing future projections for consecutive days of heavy rainfall. The exploratory analysis
presented here takes a threshold of > 40 mm in daily accumulation at a grid-point. Days with rainfall
above the threshold are identified, and then recurrences of heavy rainfall within three days above
the same threshold are recorded. This is a 40:40:03 permutation (where 40 mm of rain must fall
twice within three days). A simple example here illustrates the method of calculation. Here is a 12-
day sequence of daily rainfall accumulations: 0, 0, 10, 50, 20, 10, 60, 10, 70, 10, 0, O (in millimetres
per day). There are three days (4™, 7™ and 9'") above the threshold of 40 mm. Starting with the first
occurrence of heavy rainfall (50 mm on the 4™ day), one would look for another occurrence within
three days above the same threshold. An occurrence of 60 mm can be found on the 7™ day. If the
analysis was restarted on the 7" day, another heavy rainfall occurrence can be seen on the 9" day
(70 mm). Such a sequence would therefore be considered as two distinct occurrences of 40:40:03
events.

The definition of ‘consecutive days’ is deliberately loose, since another heavy rainfall event within a
few days of the first might be just as damaging as back-to-back days of heavy rainfall. Note that if the
permutation was 40:40:02 events (i.e. two 40 mm rainfall events occurring twice within two days),
then there would be only the one occurrence within the example 12-day sequence (the 7*" and 9%).

Figure 4-28 and Figure 4-29 show the results when ‘consecutive’ days of heavy rainfall are
considered. There are, of course, fewer occurrences of consecutive days with accumulations above
40 mm than there are single days above 40 mm — the highest number is about two occurrences per
year over the Waitakere Ranges and the Hunua Ranges, and most of the region currently experiences
less than one occurrence of consecutive days with > 40 mm of rain per year. The changes are more
marked for RCP8.5 than RCP4.5. There is a small decrease in the occurrence of consecutive days of
heavy rainfall in the north of the region under RCP4.5 (a decrease of about one occurrence every two
years (0.5 occurrences per year)), and small increases are projected for much of the centre, west and
south of the region, of about one occurrence of consecutive days with > 40 mm of rain every two
years (0.5 occurrences per year) (Figure 4-28). Under RCP8.5, there is an increased frequency of
consecutive days of heavy rainfall across the Auckland Region of about one occurrence every two
years (0.5 occurrences per year) (Figure 4-29).
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Figure 4-28: Average number of occurrences per year with ‘consecutive’ days of rainfall accumulations
above 40 mm in the historical period (1976-2005, bottom left) and at the end of the century
under RCP4.5 (2070-2099, bottom right), and the change between the two periods (top panel)
for Auckland.

Auckland Region climate change projections and impacts 131



o0y

10

=

[ R TR MY TSN U USSCY M (A AT DA Taihoro Nukurangi

Figure 4-29: Average number of occurrences per year with ‘consecutive’ days of rainfall accumulations
above 40 mm in the historical period (1976-2005, bottom left) and at the end of the century

under RCP8.5 (2070-2099, bottom right), and the change between the two periods (top panel)
for Auckland.
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4.5 99% percentile of daily rainfall (1-2 wettest rain days of the year)

Key messages

e The 99" percentile of daily rainfall equates to about the 1-2 wettest rain days of the year in
Auckland. The present-day annual average for the 99" percentile of daily rainfall at Auckland
Airport is 48.2 mm.

e The magnitude of 99" percentile of daily rainfall is projected to increase for most parts of
Auckland in the future.

e For RCP4.5 at 2110, 99' percentile of daily rainfall is projected to increase by up to 5% for
most of the region and 10-15% for the southeast of the region.

o For RCP8.5 at 2110, 99" percentile of daily rainfall is projected to increase by more than 10%
for most of the region, with some parts of the southeast projecting > 25% increase.

The 2016 national-scale climate change guidance (Mullan et al., 2016) presented extreme rainfall
projections as the 99" percentile of daily rainfall (i.e. the top 1% of rain days (days over 1 mm of
rainfall)). This equates to about the 1-2 wettest rain days of the year on average in Auckland, as many
parts of the region experience about 150-200 days of rain per year (hence the top 1% is
approximately the 1-2 wettest rain days of the year on average). Note that the 99'" percentile is a
relatively low threshold for engineering purposes (see Ministry for the Environment, 2008a).
Projections for larger, rarer extreme rainfall events are presented in Section 4.6.

As a cautionary aside, the climate models being used do not have the resolution to realistically
simulate the core centres of action for tropical cyclones, so extreme rainfall in Auckland from ex-
tropical cyclones are likely to be underestimated in our results. See Section 5.5 for more information
about storm projections.

45.1 Present

At present, Auckland Airport receives around 130 days of rain per year (1981-2010 average).
Therefore, the 99" percentile equates to approximately the 1-2 wettest rain days per year on
average. The average annual 99" percentile of daily rain from 1981-2010 was 48.2 mm. There is no
statistical significance at or above the 95% confidence level of the small downward trend that is
observed between 1963 and 2016 in the 99™ percentile of daily rainfall at Auckland Airport (Figure
4-30).
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Figure 4-30: 99th percentile of daily rain (mm) at Auckland Airport, 1963-2016. There was a gap in
observations at Auckland Airport in 1993 and 1994.

4.5.2 Future

Changes in the magnitude of the 99*" percentile of daily rainfall across the Auckland Region have
been dynamically downscaled using NIWA'’s Regional Climate Model in Figure 4-31, for RCP4.5 and
RCP8.5 at 2040, 2090 and 2110. The ensemble-average of six models is presented. The 99t
percentile of daily rainfall is calculated by sorting daily rainfall amounts on all rain days (amounts > 1
mm) in a 20-year period and identifying the 99" percentile of rain days.

An example of how to interpret the results in this section is as follows: if a 99" percentile daily rain
total at present produces 100 mm of rainfall, and the magnitude of that event is projected to
increase by 20%, then that same event (i.e. the 99" percentile daily rain event) would expect to
produce 120 mm of rain in the future.

Under RCP4.5 at 2040, most parts of the Auckland Region are expected to receive a 5% increase in
99t percentile daily rainfall, with up to a 10% increase projected for the southeast Auckland Region.
Some small northern areas are projected to experience up to a 5% decrease in 99" percentile daily
rainfall. This projection is similar by 2090 under RCP4.5, but the areas projecting a decrease in 99"
percentile daily rainfall have almost disappeared. By 2110 under RCP4.5, 99*" percentile daily rainfall
is projected to increase by up to 5% for most of the region and by 10-15% for the southeast of the
region.

Under RCP8.5 at 2040, southeast parts of the region are projected to experience an increase of 5-
15% in the magnitude of 99" percentile daily rainfall. In the north of the region, some areas project
an increase of up to 5% and others project a decrease of up to 5%. At 2090, most of the region
projects an increase of over 5%, with localised southeast areas projecting a 20-25% increase in
magnitude of 99" percentile daily rainfall. Western areas project increases of 10-15%. By 2110, the
magnitude of 99" percentile daily rainfall is projected to increase by more than 10% for almost all
the region, and up to 20% increase for some areas north of the isthmus. More than a 25% increase in
magnitude of 99" percentile daily rainfall is projected for the southeast part of the region.
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Figure 4-31: Change in the magnitude of the 99th percentile of daily rainfall (in %) for Auckland for RCP4.5
(left panels) and RCP8.5 (right panels), at 2040 (2031-2050), 2090 (2081-2100) and 2110 (2101-
2120). Projected change in 99t percentile of daily rainfall is relative to 1986-2005. Results are
based on dynamical downscaled projections and show the average of six global climate models.

Resolution of projection is 5km x 5km. White dots on map refer to (north-south) Warkworth,
Auckland CBD, Pukekohe.
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4.6 Extreme, rare rainfall events

Key messages

e Extreme, rare rainfall events are likely to increase in intensity in the Auckland Region because
a warmer atmosphere can hold more moisture.

e Augmentation factors (percentage increase per degree of warming) are provided which allow
calculation of increases in rainfall depths for events of different durations.

e Short duration, rare rainfall events have the largest relative increases which approach 14%
increase per degree of warming, while the longest duration events increase by 5-6% per
degree of warming.

Extreme, rare rainfall events may cause significant damage to land, buildings, and infrastructure. This
section analyses how these rainfall events may change in the future for the Auckland Region.

Extreme rainfall events (and floods) are often considered in the context of return periods (e.g. 1-in-
100-year rainfall events). A return period, also known as a recurrence interval, is an estimate of the
likelihood of an event. It is a statistical measure typically based on historic data and probability
distributions which calculate how often an event of a certain magnitude may occur. Return periods
are often used in risk analysis and infrastructure design.

The theoretical return period is the inverse of the probability that the event will be exceeded in any
one year. For example, a 1-in-10-year rainfall event has a 1/10 = 0.1 or 10% chance of being
exceeded in any one year and a 1-in-100-year rainfall event has a 1/100 = 0.01 or 1% chance of being
exceeded in any one year. However, this does not mean that a 1-in-100-year flood will happen
regularly every 100 years, or only once in 100 years.

This section presents maps for the amount of rainfall expected across the Auckland Region for
different rainfall event durations (e.g. 1 hour, 24 hours) and different return periods (e.g. 1-in-2-year
events, 1-in-100-year events, etc.). The events with larger return periods (i.e. 1-in-100-year events)
have larger rainfall amounts for the same duration as events with smaller return periods (i.e. 1-in-2-
year events) because larger events occur less frequently (on average).

4.6.1 Present

Maps of the rainfall expected in a present-day one-hour duration event for six different return
periods ranging from 1-in-2 years to 1-in-100 years for the Auckland Region and surrounds are
presented in Figure 4-32. These results are derived from the 2017 HIRDS (High Intensity Rainfall
Design System) version 4 analysis. HIRDS uses a regionalized index-frequency method to predict
rainfall intensities at ungauged locations (Carey-Smith et al., 2017). Note that additional quality
control was carried out for Auckland stations in the HIRDS dataset, and additional data to early 2017
was included for the Auckland Region (the rest of New Zealand has data to 2015 or 2016). HIRDS
version 4 is due to be released in early 2018.

All return periods for one-hour duration rainfall events show a consistent east-west gradient across
the Auckland Region with the most extreme events in the east in Figure 4-32. Figure 4-33 shows the
results for rainfall event durations of 24 hours, where the east-west gradient is more pronounced
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and there is also a larger orographic signal (more rain in higher elevation areas). This pattern may be
interpreted to show that on average, extreme rainfall events occur in easterly flows with a low
pressure system centered to the north of Auckland (with clockwise airflow around the low pressure
system, and hence easterly flow over Auckland bringing rain predominantly to exposed eastern parts
of the region).

10 20 40 80 160
1 Hour Rainfall Depth (mm)

Figure 4-32: Present-day rainfall depth for a 1-hour duration event for 6 different return periods for the
Auckland Region and surrounds, from 2017 HIRDS analysis. Rainfall depth is shown on using a
logarithmic scale.
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Figure 4-33: Present-day rainfall depth for a 24-hour duration event for six different return periods for the
Auckland Region and surrounds, from 2017 HIRDS analysis. Rainfall depth is shown on using a
logarithmic scale. Note the change in colour scale compared with the previous figure.

4.6.2 Future

A warmer atmosphere can hold more moisture, so there is potential for heavier extreme rainfall with
global increases in temperatures under climate change (Fischer and Knutti, 2016, Trenberth, 1999).
This general increase is due to the Clausius-Clapeyron (C-C) relationship, which states that amount of
precipitable water the atmosphere can hold increases by approximately 7% per degree of warming.
However, an increasing amount of research has shown that there are additional processes impacting
on rainfall extremes that also need to be considered, and can result in increases above the 7%
predicted by the C-C relationship. These include changes in dynamic processes such as vertical
velocity (Pfahl et al., 2017) which can lead to the intensification of short duration convective storms
(Feng et al., 2016). In the mid-latitudes, changes in rainfall intensity can be up to twice the C-C
relationship for the most extreme events, i.e. the amount of precipitable water the atmosphere can
hold may be up to 14% per degree of warming (Lenderink and Fowler, 2017). The frequency of heavy
rainfall events is ‘very likely’ to increase over most mid-latitude land areas (this includes New
Zealand; IPCC, 2013b). Given the mountainous nature of New Zealand, spatial patterns of changes in
rainfall extremes are expected to depend on changes in atmospheric circulation and storm tracks.

In the New Zealand context, Griffiths (2006) and Griffiths (2013) looked at trends in observed
extreme rainfall, but found little statistical significance or obvious regional trends. Rosier et al. (2015)
and Dean et al. (2013) detected the anthropogenic influence on some extreme rainfall events in New
Zealand. However, very little work examining the relationship between extreme rainfall and region
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circulation indices has been undertaken in New Zealand. Carey-Smith et al. (2010) used regional and
global climate model simulations to test the validity of the C-C relationship over New Zealand and
using the limited simulations available at the time found the change in extreme rainfall to range
between 5 and 12% per degree of regional warming. The 2008 Ministry for the Environment
guidance manual provided climate change factors for extreme rainfall (Ministry for the Environment,
2008a), where the highest augmentation factor per degree of warming was 8%.

Due to the increase in availability of regional climate change information and advances in extreme
rainfall research, this report provides an updated set of rainfall augmentation factors. These factors
have been provided as a percent change per degree of warming, but can be converted to fixed
percent changes for different future time slices and climate change scenarios (RCPs) by multiplying
the augmentation factors by the relevant temperature change presented in Section 3.1.2. This aligns
with the approach taken by the national-scale climate change guidance (Mullan et al., 2016) which
limited its discussion of rainfall extremes to changes in the 99" percentile of daily rainfall. That
previous work found a systematic rainfall extreme increase in much of the South Island, with both
time and increasing greenhouse gas concentration, and a more varied signal in the North Island.
Projections of 99" percentile daily rainfall are presented for Auckland in Section 4.5.

Analysis of extreme rainfall

Six global climate models were dynamically downscaled for the climate projections in this report.
While there exists a bias-corrected version of this data at 5 km? resolution with a daily time-step
(which was used for most of the other climate variables presented here, including the 99™ percentile
of daily rainfall), this has not been used for this section as the bias correction methodology excludes
the most extreme events from its adjustment and does not provide sub-daily information. For this
section, only relative changes in extreme rainfall within a simulation are assessed and used, so the
effect of biases in absolute values of rainfall are minimised.

The impact of climate change on extreme rainfall was assessed using regional climate model (RCM)
simulations spanning from 1971 to 2100. For each RCM simulation, hourly estimates of rainfall were
used to calculate annual maxima series for all standard durations (1 hour through 5 days) at each
model grid square. The generalised extreme value (GEV) distribution was then fitted at each grid
square separately using the method described in Appendix Il. To assess the change in extreme
rainfall due to the warming climate, the parameters of the GEV distribution were allowed to change
as a function of temperature. The temperature variable used for this trend analysis was each RCM’s
land-average annual temperature anomaly (relative to 1986-2005). Once fitted, the GEV parameters
were used to calculate depth-duration-frequency tables at each grid square for the current climate
and a future climate with one degree of warming. The percentage difference per degree of warming
between the current and a future climate could then be estimated.

Future extreme rainfall

Despite the known biases in RCM rainfall, there is a high degree of similarity between the HIRDS-
derived rainfall depth surfaces (Figure 4-32 and Figure 4-33) and those derived from the climate
model simulations in Figure 4-34. The result of the ensemble-average model results for 24-hour
duration rainfall events at 2-year and 100-year return periods, for RCP8.5, is shown in Figure 4-34.
This figure uses the same colour scale as Figure 4-33 for ease of comparison.

While the largest rainfall depths estimated from the 1986-2005 period (left panels) are not as large
as those from the HIRDS analysis above (and the smallest depths not small enough), the spatial
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characteristics are broadly consistent. The two future periods are also consistent and while on this
logarithmic scale the differences appear small, the depths generally increase with time. It is
important to note that it is the change between the different time slices, i.e. the relative increase in
rainfall depth over time, that is fundamental, rather than the absolute values presented in these
modelled results.

24 hr duration; RCP8.5
2031-2050 (2 year) 2081-2100 (2 year)
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160
rainfall depth (mm)

Figure 4-34: The RCM derived 2-year and 100-year event magnitude for a 24-hour duration event for the
Auckland Region and surrounds. The simulation based on the current climate is shown in the left
panels while the centre and right panels show the mid- and late-century projections based on the
RCP8.5 scenario. Each map is an ensemble-average over 6 separate RCM simulations.

However, changes in rainfall depth due to climate change show regional patterns that vary
considerably depending on the driving model. This is because the 24 different RCM simulations (6
driving models with 4 RCPs each) have boundary conditions that come from different global climate
simulations, and therefore, they each have different extreme events that occur at different times
into the future.

Some of this variability can be reduced by combining the 4 different RCPs and assessing each driving
GCM model as a whole, as shown for all New Zealand in Figure 4-35. The increase in rainfall depth is
clear, especially for short duration events. However, the spatial patterns in rainfall depth are still
quite variable.

What this figure shows is that there appears to be no clear regional pattern to the percentage
change in extreme rainfall, regardless of the event duration. That there are no regions of New
Zealand with a clearly different trend from anywhere else suggests that, given the available RCM
projections, it is appropriate to use a uniform estimate of the percentage increase in rainfall (for each
event duration and return period) to be used over the whole country.
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Figure 4-35: Percentage changes in the 20-year event magnitude per degree of warming for each driving
model and for two different event durations. Each map combines the 4 different RCPs and
shows the change resulting from 1 degree of warming. The top row shows the 1-hour duration
for each model while the bottom row shows the 1-day (24h) event duration.

Climate change augmentation factors

Augmentation factors to incorporate the effect of climate change on extreme rainfall have been
estimated from RCM results by taking an average over the whole of the New Zealand mainland. That
is, for each event duration and return period, a uniform percentage change (along with an
uncertainty estimate) has been made by taking the median of the relevant field (and 5/95%
percentile) over the country of the percentage increase in event magnitude derived from all the RCP
ensemble members.

These New Zealand-average values are shown in Figure 4-36 and Table 4-3, for a 1°C temperature
rise relative to 1986-2005. The short duration, rare events have the largest relative increases of
around 14%, while the longest duration events increase by about 5 to 6%.

To create a change factor for a specific RCP scenario and time slice, the temperature changes from
the “Annual” column in Table 3-1 or Table 3-2 can be used. For example, to obtain the augmentation
factors for RCP2.6 for the 2081-2100 period, the factors in Table 4-3 should be multiplied by 0.7.

The consistent increase in the augmentation factors with reducing duration suggests that durations
shorter than 1 hour (for which we have no direct results) will have even larger augmentation factors.
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However, due to the lack of direct information it is recommended that the change factors listed here
for the 1-hour rainfall event duration be also applied to events of shorter duration. Similarly, the
factors shown here for 100-year return periods should also be applied for events with longer return

periods.
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Figure 4-36: Extreme rainfall change factors for one degree of warming relative to 1986-2005 plotted as a

function of return period. The different lines represent different event durations, which are
labelled to the right of the line and in the legend.
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Table 4-3:

Percentage change factors per degree of warming to project rainfall depths based on the
current climate to a future climate change scenario. The first number in each cell represents the
best estimate based on the currently available information. The numbers in brackets show the
range of possible values based on the regional variability found in regional climate modelling
results. Use temperature projections from Table 3-1 or Table 3-2 to calculate the projected

increase in extreme rainfall for each RCP and time slice for Auckland.

DUR:;:ON/ 2 YR 5YR 10 YR 20 YR 30 YR 50 YR 100 YR
1 HOUR 12.5 13.1 13.3 13.5 13.6 13.7 13.9
(9.7,17.4) | (10.5,18.1) | (10.6,18.5) | (10.6,18.8) | (10.6,19.0) | (10.5,19.2) | (10.5,19.4)
2 HOURS 11.9 12.5 12.8 13.0 13.1 13.2 13.3
(8.8,16.9) | (9.7,17.6) | (9.8,18.0) | (9.8,18.4) | (9.8 186) | (9.8 18.9) | (9.8, 19.1)
& HOURS 10.2 10.9 11.2 11.5 11.6 11.7 11.8
(7.4,15.2) | (8.1,16.0) | (8.3,16.5) | (8.4,16.8) | (8.4,17.0) | (8.4,617.2) | (8.4, 17.5)
12 HOURS 8.6 9.3 9.6 9.8 9.9 10.0 10.2
(5.9,13.6) | (6.6,14.5) | (6.8,14.9) | (7.0,153) | (7.0,15.5) | (7.1,15.7) | (7.1,15.9)
7.3 7.9 8.1 8.3 8.4 8.5 8.6
24 HOUR
OURS | 42,12.2) | (46,128) | (48,13.0) | (49,132) | (49,133) | (50,13.4) | (5.0,13.5)
6.1 6.7 6.9 7.1 7.1 7.2 7.3
A8HOURS | 30 11.4) | (3.1,11.9) | (32,12.1) | (32,12.3) | (3.2,12.4) | (33,125 | (3.3,126)
55 6.1 6.3 6.5 6.5 6.6 6.7
72HOURS | )4 108) | (26,112) | (2611.4) | (27,116 | (27,117) | (27,118 | (27, 11.9)
5.0 5.8 6.0 6.1 6.2 6.3 6.3
96 HOURS | 0 104) | (22,109) | (23,112) | (23,11.4) | (23,115 | (23,117) | (23,11.8)
4.3 5.5 5.7 5.9 5.9 6.0 6.0
120HOURS | 1 5 10.0) | (1.9,10.3) | (2.0,105) | (2.0,10.8) | (2.0,109) | (2.0,11.0) | (2.0,11.1)

Note that the numbers presented in Figure 4-36 and Table 4-3 may change prior to the release of
HIRDS version 4, which is planned for early 2018. An updated version of this report will be provided
to Auckland Council if there are changes.
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4.7 Drydays (<1 mm)

Key messages

e The average number of dry days (days with < 1 mm of rainfall) at Auckland Airport is 237 days
per year.

e Anincrease in the number of annual dry days is projected for most of the Auckland Region in
the future. Spring is generally the season where the largest increase in dry days is projected.

e By 2110 under RCP4.5, most of the Auckland Region is projected to experience six to nine
more dry days per year.

e By 2110 under RCP8.5, most of the Auckland Region is projected to experience 12-21 more
dry days per year.

4.7.1 Present

Dry days are defined in this report as days with less than 1 mm of rainfall, i.e. the inverse of rain days
presented in Section 4.2. The average present number of dry days per year at Auckland Airport is 237
(1981-2010 average). There is no statistically significant trend at or above the 95% confidence level in
the number of dry days per year between 1963 and 2016 (Figure 4-37).
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Figure 4-37: Number of dry days per year (< 1mm rainfall) at Auckland Airport, 1963-2016. There was a gap
in observations at Auckland Airport in 1993 and 1994.

4.7.2 Future

The projected changes in dry days for the Auckland Region are presented for RCP4.5 and RCP8.5 at
2040, 2090 and 2110 in Figure 4-38 to Figure 4-43, derived from the ensemble average of six
dynamically downscaled models.
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Projections for dry days at 2040 are similar for both RCP4.5 (Figure 4-38) and RCP8.5 (Figure 4-41).
An increase of three to nine dry days per year is projected for most of the Auckland Region for 2040.
Small decreases in the number of dry days per year (0-3 days per year) are projected for Waiheke
Island and the Waitakere Ranges. At the seasonal timescale for 2040 under RCP4.5 (Figure 4-38),
increases of zero to three dry days per year are projected for most of the region, with small
decreases projected for the Waitakere Ranges and in the southeast of the region. For RCP8.5 at 2040
(Figure 4-41), a larger increase in dry days is projected across the region for spring (three to six days)
than the other seasons (zero to three days).

At 2090 under RCP4.5 (Figure 4-39), six to 12 more dry days per year are projected for the northern
Auckland Region and the isthmus (Figure 4-39). Decreases of zero to six dry days per year are
projected for Waiheke Island and the Waitakere Ranges at 2090 under RCP4.5. Spring is the season
with the largest increases in dry days, with three to six more dry days projected across most of the
region for this season under RCP4.5 at 2090. By 2110 under RCP4.5 (Figure 4-40), most of the
Auckland Region is projected to experience six to nine more dry days per year, and zero to three
more dry days per year are projected for the Waitakere Ranges and Waiheke Island.

At 2090 under RCP8.5 (Figure 4-42), 12-21 more dry days per year are projected for most of the
region. The west of the region (including the Waitakere Ranges) and Waiheke Island project smaller
increases of zero to six dry days per year. Spring is the season with the largest increase in dry days,
with six to nine more dry days projected for most of the region at 2090 under RCP8.5. By 2110 under
RCP8.5 (Figure 4-43), the projected pattern of dry days is similar to that at 2090 under RCP8.5,
although the extent of the area projecting 18-21 more dry days per year is reduced.

Model agreement is good for dry day projections across both RCPs at 2090 and 2110 as most models
project an increase in dry days.
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Figure 4-38: Projected annual and seasonal dry day changes (days where rain <1mm; in number of days) at

2040 (2031-2050 average) for Auckland for RCP4.5. Projected change is relative to 1986-2005.
Results are based on dynamical downscaled projections and show the average of six global
climate models. Resolution of projection is 5km x 5km.
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Figure 4-39: Projected annual and seasonal dry day changes (days where rain <1mm; in number of days) at
2090 (2081-2100 average) for Auckland for RCP4.5. Projected change is relative to 1986-2005.
Results are based on dynamical downscaled projections and show the average of six global
climate models. Resolution of projection is 5km x 5km.
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Figure 4-40: Projected annual and seasonal dry day changes (days where rain <1mm; in number of days) at

2110 (2101-2120 average) for Auckland for RCP4.5. Projected change in is relative to 1986-2005.
Results are based on dynamical downscaled projections and show the average of six global
climate models. Resolution of projection is 5km x 5km.
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Figure 4-41: Projected annual and seasonal dry day changes (days where rain <1mm; in number of days) at
2040 (2031-2050 average) for Auckland for RCP8.5. Projected change is relative to 1986-2005.
Results are based on dynamical downscaled projections and show the average of six global
climate models. Resolution of projection is 5km x 5km.
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Figure 4-42: Projected annual and seasonal dry day changes (days where rain <1mm; in number of days) at

2090 (2081-2100 average) for Auckland for RCP8.5. Projected change is relative to 1986-2005.
Results are based on dynamical downscaled projections and show the average of six global
climate models. Resolution of projection is 5km x 5km.
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Figure 4-43: Projected annual and seasonal dry day changes (days where rain <1mm; in number of days) at
2110 (2101-2120 average) for Auckland for RCP8.5. Projected change is relative to 1986-2005.
Results are based on dynamical downscaled projections and show the average of six global
climate models. Resolution of projection is 5km x 5km.
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4.8 Potential Evapotranspiration Deficit

Key messages

e Potential evapotranspiration deficit (PED) is the gap between water demand and water
availability. It affects soil moisture retention and plant growth. > 300 mm of accumulated PED
indicates very dry conditions.

e Present-day PED is lowest in the Hunua Ranges and Waitakere Ranges (< 225 mm per year)
and highest on the east coast of the Auckland Region (> 375 mm per year).

e PED s projected to increase everywhere in the Auckland Region in the future; i.e. Auckland is
projected to become more drought-prone. The largest increases are projected for Waiheke
Island and the southeast.

e Waiheke Island and the southeast Auckland Region project an increase in the number of days
of PED > 300 mm in the future, indicating longer dry spells.

Parts of the Auckland Region are particularly prone to meteorological drought® conditions. Due to
the importance of primary production to New Zealand’s economy, the occurrence of drought is of
major concern. The measure of meteorological drought that is used in this section is ‘potential
evapotranspiration deficit’ (PED). Evapotranspiration is the process where water held in the soil is
gradually released to the atmosphere through a combination of direct evaporation and transpiration
from plants. As the growing season advances (the growing season starts in July and ends in June), the
amount of water lost from the soil through evapotranspiration typically exceeds rainfall, giving rise to
an increase in soil moisture deficit. As soil moisture decreases, pasture production becomes
moisture-constrained and evapotranspiration can no longer meet atmospheric demand.

The difference between this demand (evapotranspiration deficit) and the actual evapotranspiration
is defined as the ‘potential evapotranspiration deficit’ (PED). In practice, PED represents the total
amount of water required by irrigation, or that needs to be replenished by rainfall, to maintain plant
growth at levels unconstrained by water shortage. As such PED estimates provide a robust measure
of drought intensity and duration. Days when water demand is not met, and pasture growth is
reduced, are often referred to as days of potential evapotranspiration deficit.

PED is calculated as the cumulative difference between potential evapotranspiration (PET) and
rainfall from 1 July of a calendar year to 30 June of the next year, for days of soil moisture under half
of available water capacity (AWC), where an AWC of 150mm for silty-loamy soils is consistent with
estimates in previous studies (e.g. Mullan et al., 2005). PED, in units of mm, can be thought of as the
amount of missing rainfall needed in order to keep pastures growing at optimum levels. Higher PED
totals indicate drier soils. An increase in PED of 30 mm or more corresponds to an extra week of
reduced grass growth. Accumulations of PED greater than 300 mm indicate very dry conditions.

Measures and projections of hydrologic drought are presented in Section 8.1.

6 Meteorological drought happens when dry weather patterns dominate an area and resulting rainfall is low. Hydrological drought occurs
when low water supply becomes evident, especially in streams, reservoirs, and groundwater levels, usually after an extended period of
meteorological drought.
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4.8.1 Present

The higher the PED accumulation, the drier the soils are, with accumulations of > 300 mm indicating
very dry conditions. Present-day annual average potential evapotranspiration deficit (PED) is lowest
in the Hunua Ranges in the southeast of the Auckland Region and Waitakere Ranges in the west of
the region, with less than 225 mm accumulated PED per year on average (Figure 4-44). PED is highest
on the east coast as well as the Hauraki Gulf islands (excluding Great Barrier Island), and in the
northwest of the region, with over 375 mm of accumulated PED per year on average.
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Figure 4-44: Annual average Potential Evapotranspiration Deficit (PED) accumulation (mm) in the Auckland
Region. Climatology period 1981-2010. This map shows data from NIWA’s Virtual Climate Station
Network.

Figure 4-45 shows PED accumulations over growing years (July-June) throughout the historical record
for Auckland. The higher the PED accumulation, the drier the soils were on average during that year.
Auckland Airport has highly variable PED accumulation from year to year. The highest PED
accumulations (i.e. driest conditions) occurred in 1973-1974 (449 mm), 2012-2013 (448 mm) and
1972-1973 (429 mm). These three years were significant drought years for the Auckland Region, and
local-scale PED accumulations would be higher than the regional average. There is a positive trend in
PED in Auckland over the historical period, indicating slight drying conditions over time. This trend is
statistically significant above the 95% confidence level.
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Figure 4-45: Annual PED accumulation from 1947/48-2016/17 (July-June years) for Auckland. Annual
accumulated PED is averaged over all available climate stations in the Auckland Region. Trend
indicates an increase in PED of approximately 1 mm per year.

4.8.2 Future

The increase in frequency and intensity of droughts in a changing climate is of concern for New
Zealand society and the economy, not the least for stakeholders in the primary sector. Drought
intensity is affected by increasing temperature which in turn increases moisture loss through higher
evapotranspiration rates. In addition, drought may be exacerbated by the lack of sufficient
moderate-intensity rainfall required to recharge aquifers and replenish soil moisture.

A regional map for projected changes in PED is presented in Figure 4-46 for RCP4.5 and RCP8.5 at
2040, 2090 and 2110. The maps are plotted with an annual accumulated PED anomaly with respect
to the historical annual average (1986-2005 average). The ensemble average of six dynamically
downscaled models is presented.

As shown by Figure 4-46, the east coast of the northern Auckland Region, parts of the isthmus,
Waiheke Island, and the southeast part of the region are projected to experience the largest
increases in PED (i.e. the largest drying trend) in the future across all time slices for both RCPs. Under
RCP4.5 at all three time slices, as well as RCP8.5 at 2040, most of the region is projected to
experience increases of 60-100 mm of PED and localised areas up to 120 mm. Some areas north of
the isthmus project smaller increases in PED of 40-60 mm per year. The projections for 2090 and
2110 under RCP8.5 are quite similar, which show increases of over 140 mm per year for coastal areas
in the northeast of the region, as well as Waiheke Island and the southeast coast, and over 100 mm
increase in PED per year for most of the remainder of the region.

These projections indicate that the entire Auckland Region is projected to experience > 300 mm of
PED per year (total; historic average + projected change) under both scenarios at all time slices. 300
mm is the current PED threshold for very dry conditions, so this indicates the entire Auckland Region
is likely to become more drought prone in the future. Waiheke Island and the southeast coast of the
region are projected to experience the largest increases in PED.
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Model agreement is good for PED projections as all models project an increase under both RCPs at
both time slices.
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Figure 4-46: Projected changes in Potential Evapotranspiration Deficit (PED, in mm accumulation over the

July-June ‘hydrologic year’) for the Auckland Region, for RCP4.5 (left panels) and RCP8.5 (right
panels), at 2040 (2031-2050), 2090 (2081-2100) and 2110 (2101-2120). Projected change in PED
is relative to 1986-2005. Results are based on dynamical downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x 5km. The white dots
correspond to (north-south) Warkworth, Auckland CBD, Pukekohe.
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Calculating the change in the number of days per year with accumulated PED over 300 mm shows
areas which are projected to experience more severe and long-lived droughts in the future. The
projections for the number of days where PED is greater than 300 mm (Figure 4-47) show that under
RCP4.5 at 2040 and 2090 there is no change from present (grey shades) and by 2110 under RCP4.5
there is a small part of eastern Waiheke Island and the southeast coast of the region that is projected
to experience an increase of between three and nine days with PED > 300 mm per year. For RCP8.5
at 2040, an increase of between three and six days per year is projected for eastern Waiheke Island
and the southeast coast. Projections for RCP8.5 at 2090 show increases of three to six days per year
of PED > 300 mm on the northeast coast of the Auckland Region and more than 15 additional days of
PED > 300 mm per year for eastern Waiheke Island and the southeast coast of the region. The change
in the number of days with PED > 300 mm for 2110 under RCP8.5 is slightly lower than at 2090 under
RCP8.5, but the pattern is the same — the largest increases are for Waiheke Island and the southeast
coast of the region, which projects increases of 9-15 days per year. The lower projections for 2110
compared with 2090 under RCP8.5 is possibly due to the smaller ensemble of models used for
projections at 2110 (i.e. the more extreme model from 2090 may not be included at 2110).
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Figure 4-47: Projected changes in the number of days per year of Potential Evapotranspiration Deficit (PED)
accumulation over 300 mm (accumulation over the July-June ‘hydrologic year’) for the
Auckland Region, for RCP4.5 (left panels) and RCP8.5 (right panels) at 2040 (2031-2050), 2090
(2081-2100) and 2110 (2101-2120). Projected change in PED is relative to 1986-2005. Results are
based on dynamical downscaled projections and show the average of six global climate models.
Resolution of projection is 5km x 5km. The white dots correspond to (north-south) Warkworth,

Auckland CBD, Pukekohe.
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4.9 Soil moisture deficit days

Key messages

e Most of the Auckland Region currently experiences 50-70 days of soil moisture deficit per
year, with the most SMD days observed in summer and least in winter.

e« The amount of days of SMD generally increases with time and RCP forcing.

e By 2110 under RCP4.5, most of the Auckland Region projects an increase of 8-16 days of SMD
per year.

e By 2110 under RCP8.5, most of the region projects an increase of 16-24 days of SMD per year,
with more than 28 extra SMD days projected for some northern parts of the region.

Soil moisture deficit (SMD) is calculated based on incoming daily rainfall (mm), outgoing daily
potential evapotranspiration (PET), and a fixed available water capacity of 150 mm (the amount of
water in the soil ‘reservoir’ that plants can use). In the calculation, evapotranspiration continues at
its potential rate until about half of the water available to plants is used up (75 mm out of the total
150 mm available). Subsequently, the rate of evapotranspiration decreases, in the absence of rain, as
further water extraction takes place. Evapotranspiration is assumed to cease if all the available water
is used up (i.e. all 150 mm). A day of SMD is considered in this report to be when soil moisture is
below 75 mm of available soil water capacity. The timing of changes in the days of soil moisture
deficit projections indicates how droughts may change in timing throughout the year. Soil moisture
deficit and PED are similar measures of dryness, but in this report SMD is measured in days and PED
is measured in mm of accumulation, so PED is a more sensitive measure of drought intensity than
SMD.

49.1 Present

The present number of days of soil moisture deficit (SMD) in the Auckland Region is presented in
Figure 4-48. Days of SMD are highest in the northeast of the region and the Auckland Isthmus, with
over 70 days of SMD per year on average. The southern part of the region experiences the lowest
number of days of SMD, with less than 40 days per year. The largest number of days of SMD occurs in
summer, when most of the region experiences 40-50 days of SMD (Figure 4-49). In winter, the whole
region experiences no days of SMD, on average.
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Figure 4-48: Median annual days of soil moisture deficit for Auckland (1981-2010). Based on data from
NIWA’s Virtual Climate Station Network.

Auckland Region climate change projections and impacts 159



= —N.
) Auckland i
Median Summer
Days of Soil
Moisture Deficit

Based on the 30 year period 1981 - 2010.
Summer = Decmeber, January, and February

Copyright: NIWA 2017
Projection: New Zealand Map Grid

Auckland
Median Autumn
Days of Soil
Moisture Deficit

U 3
days 75 d\ g
"AUCKLAND CBD' A
50 (e > "

5 ¢
i ¢

—N.

Taihoro Nukurangi

6
4
2
1
Based on the 30 year period 1981 - 2010.
Autumn = March, April, and May
Copyright: NIWA 2017
A Projection: New Zealand Map Grid
N
5 Lake
o 5 10
River
Kilometres
— Highway

Taihoro Nukurangi

Auckland
Median Winter
Days of Soil
Moisture Deficit

Based on the 30 year period 1981 - 2010.
Winter = June, July, and August

Copyright: NIWA 2017
Projection: New Zealand Map Grid

Auckland
Median Spring
Days of Soil
Moisture Deficit

Spring = September,
Copyright: NIWA 2017

5 Lake
River b
Kilometres
— Highway

Based on the 30 year period 1981 - 2010.
. October, and November

Projection: New Zealand Map Grid

Taihoro Nukurangi

Figure 4-49: Median seasonal days of soil moisture deficit for the Auckland Region (1981-2010). Based on
data from NIWA'’s Virtual Climate Station Network.
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49.2 Future

The seasonal and annual change of days of soil moisture deficit (SMD) is presented in Figure 4-50 to
Figure 4-55 for RCP4.5 and RCP8.5 at 2040, 2090, and 2110, based on the ensemble average of six
dynamically downscaled models. Note that more soil moisture projections are presented in Section
8.1.5 for hydrologic drought, which are consistent with these projections.

The amount of days of SMD generally increases with time slice and RCP forcing, but there are some
areas that project a decrease in days of SMD.

Under RCP4.5 at 2040, eight to 12 more days of SMD per year are projected in the northeast of the
region, and up to eight more days of SMD are projected for most of the rest of the region. Waiheke
Island and the southeast part of the region project decreases of up to eight days of SMD per year.
Summer at 2040 under RCP4.5 has the largest increase in days of SMD (four to eight days per
summer for the whole region), and small decreases of days of SMD are projected for parts of the
region in autumn and winter at 2040 under RCP4.5.

At 2090 under RCP4.5, an increase of 16-20 days of SMD per year is projected for northeast Auckland
Region, and most of the region projects an increase of more than eight days of SMD per year. Spring,
summer and winter project small increases of days of SMD, but in autumn some of the region
projects small decreases in days of SMD (zero to four days per season). The projections for days of
SMD under RCP4.5 at 2110 are similar to 2090, but with some larger increases in spring and more
widespread small decreases in autumn.

Under RCP8.5 at 2040, an increase of more than eight days per year is projected for most northern
and central parts of the region. An increase of >12 days per year is projected for the northeast of the
region near Warkworth. Spring is the season with the largest increase in days of SMD (four to eight
more days of SMD per spring season).

At 2090 under RCP8.5, considerably more days of SMD are projected at the annual scale. For parts of
northeast Auckland, >32 more days of SMD per year are projected, and much of northern Auckland
projects an increase of >28 days of SMD per year. Waiheke Island and the southeast part of the
region project an increase of eight to 12 more days of SMD per year. The largest seasonal increase is
projected for spring (increases of 12-20 days of SMD across most of the region). Some small
decreases are projected for autumn in isolated northern areas. At 2110, the increases in days of SMD
are not as large as at 2090, possibly due to the smaller ensemble of models used for projections at
2110 (i.e. the more extreme model from 2090 may not be included at 2110).

Auckland Region climate change projections and impacts 161



Ao T
) ?1‘ / 'f & L4 .
/7 ¢

i ot
AGKLA

ND

Annual

0 30 6 90 120 150km ——NWA_—  (2031-2050)
Taihoro Nukurangi RCP 4.5

Figure 4-50: Projected annual and seasonal changes in the number of days of soil moisture deficit
(accumulation over the July-June ‘hydrologic year’) for the Auckland Region, for RCP4.5 at 2040
(2031-2050). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km. © NIWA.
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Figure 4-51: Projected annual and seasonal changes in the number of days of soil moisture deficit
(accumulation over the July-June ‘hydrologic year’) for the Auckland Region, for RCP4.5 at 2090
(2081-2100). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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Figure 4-52:
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Projected annual and seasonal changes in the number of days of soil moisture deficit
(accumulation over the July-June ‘hydrologic year’) for the Auckland Region, for RCP4.5 at 2090
(2101-2120). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.

164

Auckland Region climate change projections and impacts



Annual

0 W @ @ @ 10 —NIWA_—  (2031-2050)

B Taihoro Nukurangi RCP 8.5

Figure 4-53: Projected annual and seasonal changes in the number of days of soil moisture deficit
(accumulation over the July-June ‘hydrologic year’) for the Auckland Region, for RCP8.5 at 2040
(2031-2050). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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Figure 4-54: Projected annual and seasonal changes in the number of days of soil moisture deficit
(accumulation over the July-June ‘hydrologic year’) for the Auckland Region, for RCP8.5 at 2090
(2081-2100). Projected change in days of SMD is relative to 1986-2005. Results are based on
dynamical downscaled projections using NIWA’s Regional Climate Model, based on the average
of six global climate models. Resolution of projection is 5km x 5km. © NIWA.
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Figure 4-55: Projected annual and seasonal changes in the number of days of soil moisture deficit

(accumulation over the July-June ‘hydrologic year’) for the Auckland Region, for RCP8.5 at 2110
(2101-2120). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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4.10 Rainfall projection comparisons within RCPs

Key messages

e Thereis no agreement on the direction of rainfall change among all models for all RCPs at
2040, 2090 and 2110, i.e. some models project positive changes and others project negative
changes in rainfall.

e The spread of the models is large, from -20% to +30% change in rainfall for some RCPs and
seasons.

e Most ensemble averages are near 0% change in rainfall, except for spring at later time slices
and higher RCP forcing which projects a decline in ensemble-average rainfall.

The average picture of projected rainfall changes in the tables and maps in this chapter obscures
significant variations between the individual models run under each RCP on the projected seasonal
changes. Figure 4-56 to Figure 4-58 show seasonal and annual rainfall projections from all the models
individually individually for one grid point from the Auckland Region (Mangere) for 2040, 2090, and
2110, respectively. The coloured vertical bars, and inset stars, show the individual models, so the
complete range is displayed (unlike Table 4-1 where the 5% to 95" percentile range has been
calculated). Figure 4-56 to Figure 4-58 show an excellent way of not only demonstrating the
difference with season and RCP, but also the range of model sensitivity. The black stars within each
vertical bar represent the results of the six Regional Climate Model (RCM) simulations.

In general, there is no agreement among all the models as to the direction of projected rainfall
changes, as identified in Table 4-1 and Table 4-2 for the different RCPs. For all RCPs, the ensemble-
average rainfall projections for all seasons and the annual period at 2040 are close to zero (Figure 4-
56). The spread of the models under each RCP is quite large; results are spread across approximately
-20% to +30% rainfall change for autumn. For 2090 (Figure 4-57), the model spread under each RCP is
much larger than at 2040. Summer has the greatest spread in the model results and spring shows the
most consistent change in direction, with the ensemble mean showing decreases in rainfall for all
RCPs except RCP2.6 (0% change). For 2110 (Figure 4-58), there is again a large spread of model
results within the RCPs. Most RCPs and seasons project an ensemble-average of less than 10%
change (increase or decrease), except for spring which shows more significant decreases in rainfall (>
-10%). As with temperature, caution is advised in comparing projections from 2110 to the other time
slices as the number of models are fewer, and therefore the ensemble-average results at 2110 may
be skewed (if, for example, the missing model(s) at 2110 were the highest or lowest at 2090).

Note that Figure 4-56 to Figure 4-58 show the model variability at one grid point only (Mangere),
rather than a regional average (like what has been shown for temperature in Figure 3-45). This is
because rainfall is more spatially variable than temperature.
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Figure 4-56: Projected seasonal rainfall changes by 2040 (2031-2050) for Auckland (Mangere grid point) for

the four RCPs. The vertical coloured bars show the range over all climate models used. The

coloured stars show the projected changes for each statistically downscaled model, and the black
stars represent the projected changes for each of the six dynamically downscaled models. The
short black horizontal line is the model-average rainfall over all statistical and dynamical models.
Blue = RCP2.6, 23 models; green = RCP4.5, 37 models; yellow = RCP6.0, 18 models; red = RCP8.5,

41 models. © NIWA.
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Figure 4-57: Projected seasonal rainfall changes by 2090 (2081-2100) for Auckland (Mangere grid point) for
the four RCPs. The vertical coloured bars show the range over all climate models used. The
coloured stars show the projected changes for each statistically downscaled model, and the black
stars represent the projected changes for each of the six dynamically downscaled models. The
short black horizontal line is the model-average rainfall over all statistical and dynamical models.
Blue = RCP2.6, 23 models; green = RCP4.5, 37 models; yellow = RCP6.0, 18 models; red = RCP8.5,
41 models. © NIWA.
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Figure 4-58: Projected seasonal rainfall changes by 2110 (2101-2120) for Auckland (Mangere grid point) for
three RCPs. The vertical coloured bars show the range over all climate models used. The coloured
stars show the projected changes for each statistically downscaled model, and the black stars
represent the projected changes for each of the six dynamically downscaled models. The short
black horizontal line is the model-average rainfall over all statistical and dynamical models. Note
that there are limited models available for RCP6.0 hence no bar is displayed here. Blue = RCP2.6,
9 models; green = RCP4.5, 16 models; red = RCP8.5, 9 models. © NIWA.
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5

Air pressure, wind and storms

Key

messages

Mean sea level pressure is projected to increase in summer, associated with more anticyclonic
patterns over northern New Zealand.

Annual mean wind speed has been decreasing over time in Auckland by ~20% if the historic
trend was extrapolated to 100 years. Mean annual wind speeds are projected to decrease by a
few percent into the future, which is a much slower rate than observed changes.

The striking contrast between past wind speed trends and future trends in Auckland could be
due to a slowing in the positive trend of the Southern Annular Mode in the future compared
to over the last few decades, due to recovery of the ozone hole and the influence of
anthropogenic greenhouse gas emissions.

A projected reduction in mean sea level pressure in winter is likely to result in increased
westerly winds over central and southern New Zealand, which is reflected with projections of
small increases in Auckland’s winter mean wind speed by 2090 and 2110 under RCP8.5.

The number of windy days (> 10 m/s) have been declining over time in Auckland, and this is
projected to continue.

The magnitude of the 99" percentile of daily mean wind speed is projected to decline in the
Auckland Region.

Ex-tropical cyclones that approach Auckland in the future may be stronger due to retaining
tropical cyclone characteristics further south than at present.

Variables presented here include air pressure, mean wind speed, windy days (days with mean wind
speed > 10 m/s), extreme wind (99" percentile of daily mean wind speed) and commentary on
storms. Present-day conditions are summarised for all variables, and for mean wind speed, windy
days and extreme wind, future projections are presented for RCP4.5 and RCP8.5 at 2040, 2090 and

2110.
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5.1 Air pressure

Key messages

e Mean sea level pressure (MSLP) is projected to increase in summer, causing more north
easterly airflow and more anticyclonic patterns (high pressure systems).

e MSLP tends to decrease in model simulations during winter, especially over and south of the
South Island, resulting in stronger westerly winds over central New Zealand.

5.1.1 Present

Mean sea level pressure (MSLP) varies over New Zealand from day to day as different weather
systems pass over the country. Figure 5-1 shows average seasonal MSLP over the Southwest Pacific,
including New Zealand. During summer months over the northern North Island, north easterly wind
flows are dominant. In all other seasons, westerly or south westerly wind flows dominate over the
northern North Island.
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Figure 5-1:  Average seasonal mean sea level pressure over the Southwest Pacific, 1981-2010. Top left:
summer, top right: autumn, bottom left: winter, bottom right: spring. From
https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl
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5.1.2 Future

Mean sea-level pressure projections have been derived from the Regional Climate Model (RCM)
simulations. The key projected changes in mean sea-level pressure (MSLP) and mean winds are as
follows (more detail can be found in Mullan et al. (2016)):

e MSLP tends to increase in summer (December—February), especially to the south-east of New
Zealand. In other words, the airflow becomes more north easterly, and at the same time more
anticyclonic (high pressure systems).

e MSLP tends to decrease in winter (June—August), especially over and south of the South Island,
resulting in stronger westerlies over central New Zealand.

e Inthe other seasons (autumn and spring), the pattern of MSLP change is less consistent with
increasing time and increasing emissions. There is, however, still general agreement for autumn
changes to be like those of summer (i.e., more anticyclonic), and for spring changes to be like
those of winter (lower pressures south of the South Island, and stronger mean westerly winds
over southern parts of the country).
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5.2

Mean wind speed

Key messages

Annual mean wind speed has been decreasing over time at Auckland Airport, by about 20% if
the trend was extrapolated to 100 years. Present-day annual mean wind speed is 4.9 m/s at
Auckland Airport.

Decreases in mean annual wind speeds are projected for all of the Auckland Region under
RCP4.5 and RCP8.5 at 2040, 2090 and 2110.

By 2110 under RCP4.5, mean annual wind speed is projected to decrease by up to 2% across
most of the region.

By 2110 under RCP8.5, mean annual wind speed is projected to decrease by 4% across most of
the region.

Winter mean wind speeds are projected to slightly increase under RCP8.5 at 2090 and 2110.

The striking contrast between past wind speed trends (~¥20% decline per century) and future
trends (up to 4% decline per century) may occur with a slowing of the positive trend of the
Southern Annular Mode.

5.2.1 Present

Average wind speed varies throughout the year, with the highest median average annual wind
speeds generally recorded in the northeast and west of the region, as well as the Hauraki Gulf Islands
(>4 m/s). The lowest median annual average wind speeds are recorded in the south of the region (1-

2 m/s) (Figure 5-2). Average wind speed is relatively constant throughout the year, with slightly
lighter winds in general in autumn and slightly higher winds in spring (Figure 5-3). The long-term

average annual wind speed is 4.9 m/s at Auckland Airport. Annual mean wind speed has exhibited a

statistically significant decreasing trend above the 95% confidence level since the 1960s when
measurements began at Auckland Airport as seen in Figure 5-4. If the observed trend was

extrapolated to 100 years, the decrease in average annual wind speed from a century ago to present

would be about 20%.

Auckland Region climate change projections and impacts
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Figure 5-2: Maedian annual average wind speed for the Auckland Region, 1981-2010 (m/s). Based on data
from NIWA’s Virtual Climate Station Network.
176 Auckland Region climate change projections and impacts



= —N.
Auckland Taihoro Nukurangi
Median Summer
Average Wind Speed

Based on the 30 year period 1981 - 2010.
Summer = December, January, and February

Copyright: NIWA 2017
Projection: New Zealand Map Grid

Taihoro Nukurangi

Auckland
Median Autumn
Average Wind Speed

Based on the 30 year period 1981 - 2010
Autumn = March, April, and May

Copyright: NIWA 2017
Projection: New Zealand Map Grid

Based on the 30 year period 1981 - 2010.
Winter = June, July, and August

Copyright: NIWA 2017
Projection: New Zealand Map Grid

B Lake N e e ———— B Lo N
River 0o 5 10 ',:'M::.":i":,"-““ non o s oy o el N0 River 0o 5 10
— Highway o 7 N — Highway
il = N
S =
N Auckland Taihoro Nukurangi . Auckland Taihoro Nukurangi
Median Winter Median Spring
Average Wind Speed Average Wind Speed

Based on the 30 year period 1981 - 2010.
Spring = September, October, and November

Copyright: NIWA 2017
Projection: New Zealand Map Grid

5 Lake N m,.;;_........_.,._,......_‘ 5 Lake N kT s i erssny s sceaon s ce.
R ER AR 4B ErTrieos w0 S0 S R
¥ - o = - T !
e £ T | i ; P =y
Figure 5-3: Maedian seasonal average wind speed for the Auckland Region, 1981-2010 (m/s). Based on data

from NIWA'’s Virtual Climate Station Network.
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Figure 5-4: Annual mean wind speed (m/s) for Auckland Airport, 1966-2016. Trend indicates a decrease in
annual mean wind speed of approximately 0.1 m/s per decade.

5.2.2 Future

Projections of changes to annual and seasonal mean wind speed are presented for 2040, 2090 and
2110, compared to 1995 under RCP4.5 and RCP8.5 in Figure 5-5 to Figure 5-10, based on based on
the ensemble average of six dynamically downscaled models.

Under RCP4.5, annual mean wind speed decreases by 1% at 2040 (Figure 5-5) and by up to 2% at
both 2090 (Figure 5-6) and 2110 (Figure 5-7). At the seasonal timescale, projections for 2040 show a
small increase (up to 1%) for spring and decreases of up to 4% for summer. For 2090, small decreases
are projected for all seasons. For 2110, small increases of up to 1% are projected for the southern
half of the region in winter, but decreases of up to 2% are projected for all other seasons.

Under RCP8.5, decreases in mean wind speed are more pronounced. At 2040, decreases of 1-2% are
projected at the annual scale, with decreases of up to 3% projected for summer and autumn (Figure
5-8). At 2090, annual mean wind speed is projected to decrease by 3% across the whole region
(Figure 5-9). Summer at 2090 is projected to experience up to 7% lower mean wind speeds in the
south of the region, and autumn projects 5% lower mean wind speeds throughout the region.
Increases up to 2% are projected for the southwest part of the region in winter at 2090. By 2110,
annual mean wind speed is projected to decrease by 4% across most of the region (Figure 5-10).
Autumn mean wind speeds are projected to decrease by 6-7% across most of the region and spring
mean wind speeds are projected to decrease by 3-5% across the region. In contrast, winter mean
wind speeds are projected to increase by up to 2% across the southern half of the region.

These projected decreases in mean wind speed, particularly in summer, are consistent with
projections of mean sea level pressure becoming more anticyclonic over the northern part of New
Zealand in the summer (Section 5.1.2). Anticyclonic conditions (or high pressure systems) are
generally associated with lower mean wind speeds than cyclonic conditions (or low pressure
systems).

178 Auckland Region climate change projections and impacts



af

o @,
h o PAUCKLA

n'

Annual

0 30 60 20 120 150 km ,_N_‘WA o s
e L L L) Taihoro Nukurangi (2031R20(|)’549.‘.')>

Figure 5-5: Change in annual and seasonal mean wind speed (%) for Auckland for RCP4.5 at 2040 (2031-
2050). Projected change is relative to 1986-2005. Results are based on dynamical downscaled
projections and show the average of six global climate models. Resolution of projection is 5km x
5km.
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Figure 5-6:  Change in annual and seasonal mean wind speed (%) for Auckland for RCP4.5 at 2090 (2081-

2100). Projected change is relative to 1986-2005. Results are based on dynamical downscaled
projections and show the average of six global climate models. Resolution of projection is 5km x
5km.
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Figure 5-7: Change in annual and seasonal mean wind speed (%) for Auckland for RCP4.5 at 2110 (2101-
2120). Projected change is relative to 1986-2005. Results are based on dynamical downscaled
projections and show the average of six global climate models. Resolution of projection is 5km x
5km.
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Figure 5-8: Change in annual and seasonal mean wind speed (%) for Auckland for RCP8.5 at 2040 (2031-
2050). Projected change is relative to 1986-2005. Results are based on dynamical downscaled
projections and show the average of six global climate models. Resolution of projection is 5km x
5km.
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Figure 5-9:

Taihoro Nukurangi RCP 8.5

Change in annual and seasonal mean wind speed (%) for Auckland for RCP8.5 at 2090 (2081-
2100). Projected change is relative to 1986-2005. Results are based on dynamical downscaled
projections and show the average of six global climate models. Resolution of projection is 5km x
5km.
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Figure 5-10: Change in annual and seasonal mean wind speed (%) for Auckland for RCP8.5 at 2110 (2101-

2120). Projected change is relative to 1986-2005. Results are based on dynamical downscaled
projections and show the average of six global climate models. Resolution of projection is 5km x
5km.
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The observed (historic) decrease in mean wind speed at Auckland Airport of about 20% per century
(if the trend was extended over 100 years) is possibly due to trends in the Southern Annular Mode
(SAM, Section 1.4.3). The SAM is influenced by the size of the ozone hole, with past increases in
ozone-depleting substances giving rise to a positive trend in the phase of the SAM (Thompson et al.,
2011). This trend produced more settled weather and light winds over New Zealand (hence the
statistically significant negative trend in wind speed for Auckland since the 1960s). With the recovery
of the ozone hole and reduction of ozone-depleting substances projected into the future, the trend
of summertime SAM is expected to decline. Average SAM index values are projected to stabilise
slightly above zero (i.e. it is expected that there will be slightly more positive SAM phases than
negative phases). However, increasing atmospheric concentration of greenhouse gases will have the
opposite effect, by increasing the positive trend in the SAM. The net result for SAM behaviour,
because of both ozone recovery and greenhouse gas increases, is therefore likely to be relatively
little change from present by 2100. This means that the positive SAM trend seen in the past decades
is likely to slow, and therefore the statistically significant rate of decline in Auckland’s mean wind
speed may also reduce in the future. The projected trends in Auckland’s mean annual wind speed are
smaller than the observed trends (of about a 20% decrease if extrapolated over a century) by about a
factor of 10 for RCP4.5 at 2110 (2% decrease compared with the baseline) and about a factor of 5 for
RCP8.5 at 2110 (4% decrease compared with the baseline).
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Figure 5-11: Time series of the Southern Annular Mode from transient experiments forced with time-
varying ozone-depleting substances and greenhouse gases. a. Forcing with ozone-depleting
substances; b. forcing with greenhouse gases. The SAM index is defined as the leading principal
component time series of 850-hpa Z (i.e. westerly wind flow) anomalies 20-90°S; positive values
of the index correspond to anomalously low Z (i.e. fewer westerly winds) over the polar cap, and
vice versa. Lines denote the 50-year low-pass ensemble mean response for summer (DJF, solid
black) and winter (JJA, dashed blue). Grey shading denotes +/- one standard deviation of the
three ensemble members about the ensemble mean. The long-term means of the time series are
arbitrary and are set to zero for the period 1970-1975. Past forcings are based on observational
estimates; future forcings are based on predictions. From Thompson et al. (2011).
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5.3  Windy days

Key messages

e The annual number of windy days (> 10 m/s) has been decreasing over time at Auckland
Airport. The present-day average annual number of windy days at Auckland Airport is 18.6
days.

e The number of windy days per year is expected to slightly decrease across the Auckland
Region at all three time slices for both scenarios.

e By 2110 under RCP4.5, up to three fewer windy days per year are projected in the north and
east of the region.

e By 2110 under RCP8.5, up to four fewer windy days per year are projected for most of the
region.

5.3.1 Present

A ‘windy day’ is considered to have a daily mean wind speed of 10 m/s or more. Auckland Airport has
observed a long-term decline in the number of windy days since 1966 (Figure 5-12). This trend is
statistically significant above the 95% confidence level. The long-term average (1981-2010) is 18.6
windy days per year but this ranges from five to 45 windy days per year in the historical record. If the
observed trend of a decrease of around four days per decade continues, it would lead to a complete
absence of windy days (with a daily mean wind speed at least 10 m/s on average) by around 2050.
The past trend in windy days for Auckland is consistent with the trends in average wind speed and
the potential influence of the trend of the Southern Annular Mode, as discussed in Section 5.2.
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Figure 5-12: Annual number of windy days (mean daily wind speed >10m/s) for Auckland Airport, 1966-
2012. Trend indicates a decrease in the annual number of windy days of approximately 4 days
per decade.
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5.3.2 Future

The annual and seasonal change in the number of windy days for the Auckland Region was calculated
from the ensemble average of six dynamically downscaled models, for 2040, 2090 and 2110 under
RCP4.5 and RCP8.5 and is presented in Figure 5-13 to Figure 5-18.

The number of windy days per year is expected to slightly decrease across the Auckland Region at all
three time slices for both scenarios.

Under RCPA4.5 at 2040, zero to two fewer windy days per year are projected across the region (Figure
5-13). A slight increase in windy days is projected for winter (zero to one more windy days per
winter). At 2090 and 2110 under RCP4.5 (Figure 5-14 and Figure 5-15), two to three fewer windy
days per year are projected for the north and east of the region, and zero to two fewer windy days
per year are projected in the south and west.

Under RCP8.5 at 2040, zero to two fewer windy days per year are projected across the region (Figure
5-16). There are small increases in windy days for parts of the region in summer and winter (zero to
one windy days per season). At 2090 (Figure 5-17), three to four fewer windy days per year are
projected for the east of the region, and 2-3 fewer windy days are projected for the remainder of the
region. At 2110 under RCP8.5 (Figure 5-18), three to four fewer windy days per year are projected for
most of the Auckland Region. Future changes in windy days are projected to be slower than past
observed changes, like for mean wind speed in Section 5.2. This is also possibly because of a slowing
in the positive trend of the Southern Annular Mode (see Section 5.3.2 for more details).
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Figure 5-13: Change in the annual and seasonal number of windy days (>10m/s), for Auckland for RCP4.5 at

2040 (2031-2050). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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Figure 5-14: Change in the annual and seasonal number of windy days (>10m/s), for Auckland for RCP4.5 at

2090 (2081-2100). Projected change is relative to 1986-2005. Results are based on dynamical

downscaled projections and show the average of six global climate models. Resolution of

projection is 5km x 5km.

Auckland Region climate change projections and impacts

189



b - RUCKLAND CBD £y
il o

-y

Annual g

~ \Winter 2

(l) 30 80 slo 120 150 km —NIWA _— (2101_2120)

T R Taihoro Nukurangi RCP 4.5

Figure 5-15: Change in the annual and seasonal number of windy days (>10m/s), for Auckland for RCP4.5 at
2110 (2101-2120). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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Figure 5-16: Change in the annual and seasonal number of windy days (>10m/s), for Auckland for RCP8.5 at
2040 (2031-2050). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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Figure 5-17: Change in the annual and seasonal number of windy days (>10m/s), for Auckland for RCP8.5 at
2090 (2081-2100). Projected change is relative to 1986-2005. Results are based on dynamical

downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km.
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Figure 5-18: Change in the annual and seasonal number of windy days (>10m/s), for Auckland for RCP8.5 at

2110 (2101-2120). Projected change is relative to 1986-2005. Results are based on dynamical

downscaled projections and show the average of six global climate models. Resolution of

projection is 5km x 5km.
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5.4 Extreme wind

Key messages

e The 99" percentile of daily mean wind speed equates to approximately the three windiest
days of the year. The present-day 99" percentile daily mean wind speed is 44.2 km/h at
Auckland Airport.

e The magnitude of 99" percentile daily mean wind speed is projected to decrease throughout
the Auckland Region in the future, and the decreases are more pronounced with time and RCP
forcing.

e  For 2110 under RCP4.5 and RCP8.5, a decrease in the magnitude of 99" percentile daily mean
wind speeds of up to 4% is projected.

5.4.1 Present

Extreme wind is considered here as the 99" percentile of daily mean wind speeds. This equates to
the top 1% of daily mean winds recorded, i.e. about the top three windiest days each year. Note that
this section considers wind speed in km/h rather than m/s which was used in Sections 5.2 and 5.3,
because the wind speeds considered in this section are more extreme and thus it is more appropriate
to use km/h.

Auckland Airport has observed a long-term decline in the 99t percentile of 9 a.m. wind speeds since
1966 (Figure 5-19). This trend is statistically significant above the 95% confidence level. The long-
term average 99" percentile 9 a.m. wind speed at Auckland Airport (1981-2010) is 44.2 km/h but this
ranges from 38 to 57 km/h in the historical record.
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Figure 5-19: 99th percentile of 9 a.m. wind speed (km/h) for Auckland Airport, 1966-2012. Trend indicates a
decrease in the 99" percentile of 9 a.m. wind speed of approximately 15 km/h per century.
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5.4.2 Future

The 99" percentile of daily mean wind speed was evaluated in the downscaled (but not bias-
corrected) regional model output data. The ensemble average of six dynamically downscaled models
is presented. Figure 5-20 maps how the magnitude of the 99'" percentile daily mean wind speed at
2040, 2090 and 2110 differs from the current climate for RCP4.5 and RCP8.5.

The magnitude of 99" percentile daily mean wind speed is projected to decrease everywhere in the
Auckland Region in the future. The decreases are more pronounced with time and RCP forcing. At
2040 under both RCP4.5 and RCP8.5, decreases of 0-2% in the 99" percentile daily mean wind speeds
are projected across the region. For 2090 under RCP4.5, the northeast of the region projects a 3-4%
decrease in 99" percentile daily mean wind speed, and the remainder of the region projects a 1-2%
decrease. For RCP8.5 at 2090, the northeast of the region projects a 4-5% decrease in 99" percentile
daily mean wind speed, and the rest of the region projects a 2-4% decrease in 99" percentile daily
man wind speed. For 2110 under RCP4.5, a decrease in 99" percentile daily mean wind speed of 2-
4% is projected for most of the region. For 2110 under RCP8.5, a decrease of 4-5% is projected in the
south and northeast of the region and 3-4% decrease in the remainder of the region.

Past observed changes in extreme wind for Auckland shows approximately a 35% decrease per
century in 99*" percentile daily mean annual wind speed (if the trend is extended to 100 years).
Future changes in extreme wind are projected to be slower than past observed changes, like for
mean wind speed in Section 5.2 (up to 5% decrease by 2110 under RCP8.5 for extreme wind). This is
possibly because of a slowing of the positive trend of the Southern Annular Mode due to recovery of
the ozone hole and an increase in anthropogenic greenhouse gas emissions (see Section 5.3.2 for
more details).

Model agreement is good for RCP4.5 at 2110 and RCP8.5 at 2090 and 2110 because all models
project a decrease in 99'" percentile daily mean wind speeds.

Projections of very localised extreme winds from vigorous summer convection (i.e. tornadoes
associated with thunderstorms) are not able to be projected by the regional model being used in this
study, due to the spatial resolution of the model being too coarse to resolve these features.
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Figure 5-20: Change in the magnitude of the 99th percentile of daily mean wind speed for Auckland, for
RCP4.5 (left panels) and RCP8.5 (right panels) at 2040 (2031-2050), 2090 (2081-2100) and 2110
(2101-2120). Projected change is relative to 1986-2005. Results are based on dynamical
downscaled projections and show the average of six global climate models. Resolution of
projection is 5km x 5km. The white dots correspond to (north-south) Warkworth, Auckland CBD,
Pukekohe.
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5.5 Storms

Key messages

e The intensity of tropical cyclones (rain rate and wind speed) is projected to increase in the
future, but the frequency of tropical cyclones is projected to remain similar to present.

e Ex-tropical cyclones that approach Auckland in the future may be stronger due to retention of
tropical cyclone characteristics farther south than at present.

e The total number of mid-latitude cyclones (i.e. low pressure systems that affect New Zealand
every few days) is unlikely to decline by more than a few percent.

e There is significant uncertainty about the future influence of the increasing strength of the
mid-latitude jet to the south of New Zealand on the future frequency and magnitude of
storms affecting the country.

5.5.1 Present

The Auckland Region is relatively often adversely affected by storms of tropical origin. These storms
may or may not have originated as tropical cyclones further north in the southwest Pacific Ocean.
These storms may bring heavy rain and strong winds to the Auckland Region, which can cause
flooding, generate primary and secondary wind damage to vegetation and infrastructure, and higher-
than-normal wave heights and coastal storm surges. Approximately nine ex-tropical cyclones come
within 550 km of Auckland CBD every 10 years, and the most active months are March and February,
respectively (Lorrey et al., 2014). During El Nifio and La Nifia periods, there is an equal chance of an
ex-tropical cyclone passing east or west of the region.

New Zealand is usually affected by mid-latitude low pressure systems every few days. Some of these
low pressure systems may cause heavy rain and high winds which sometimes result in significant
damage to land and infrastructure. Mid-latitude cyclones are generally stronger in the winter
months.

5.5.2 Future

Tropical and ex-tropical cyclones

The IPCC considers it likely that the global frequency of tropical cyclones will either decrease or
remain essentially unchanged over the 21 century, concurrent with a likely increase in both global
mean tropical cyclone maximum wind speed and rain rates (IPCC, 2013b). The influence of future
climate change on tropical cyclones is likely to vary by region, but there is low confidence in region-
specific projections. The frequency of some storms will more likely than not increase in some basins.
More extreme rainfall near the centres of tropical cyclones making landfall is projected in some
regions including Australia and many Pacific Islands — this is important as tropical cyclones generated
in these areas may affect New Zealand. Kossin et al. (2014) found that the average latitude at which
tropical cyclones have achieved their lifetime-maximum intensity has migrated poleward over the
past 30 years, an average of 62 km per decade for the Southern Hemisphere. This may indicate an
expansion of the tropics, an expected outcome of anthropogenic climate change that has been
projected by climate change theories and models (Walsh et al., 2016). This is important for New
Zealand and Auckland, as the ex-tropical cyclones that approach the region in the future may be
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stronger due to retention of tropical cyclone characteristics farther south than at present.
Characteristics include well-organised cyclonic circulation, a well-defined eye, strong interior wind
speeds, and high rainfall rates.

Overall, there is significant uncertainty surrounding projections of tropical cyclones into the future.
However, the IPCC (2013) projections are for tropical cyclones — storms that are in the tropics and
thus at their full strength, not ex-tropical cyclones that have undergone extratropical transition
where they begin to lose their strength, as they do upon a southward trajectory that may influence
New Zealand. Therefore, the frequency with which ex-tropical cyclones and other tropical
depressions may reach the Auckland Region in the future is uncertain and requires further research.

As mentioned above, the climate models being used do not have the resolution to realistically
simulate tropical cyclones, so extreme rainfall from these phenomena are likely to be
underestimated in the projections presented in this report.

Mid-latitude cyclones

IPCC (2013) suggests that the global number of mid-latitude cyclones (the low pressure systems that
affect New Zealand every few days, with origins outside of the tropics) is unlikely to decrease by
more than a few percent, and future changes in storms are likely to be small compared to natural
inter-annual variability. This statement applies globally, and regionally-specific changes can be quite
different. The storm track response to global warming is more consistent between AR5 models (and
between AR4 and AR5 models) in the Southern Hemisphere than in the Northern Hemisphere. Mid-
latitude storm tracks will tend to shift poleward by several degrees (Figure 5-21), but the reduction in
storm frequency is only a few percent.

The mid-latitude jet associated with the storm tracks (usually situated well south of New Zealand) is
projected to increase in strength (Barnes and Polvani, 2013). The pattern of variability of the
Southern Hemisphere jet is also projected to change based on an analysis of CMIP5 models (Barnes
and Polvani, 2013). Less north-south vacillation of the jet is expected in the future, but with more
pulsing in intensity. How this finding translates to the impact of mid-latitude storm systems is unclear
for New Zealand, so further analyses that include regional consequences of this type of change is
needed.
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Figure 5-21: Change in winter Southern Hemisphere storm track between 1986-2005 and 2081-2100, under
RCP8.5, from a 29-member CMIP5 multi-model ensemble. Blue shading indicates a decrease,
and yellow-orange shading an increase in the number of storm 'centres’. Stippling is added where
90 per cent of the models agree on the sign of the change. Reproduced from IPCC AR5 Figure
12.20(d), which gives further detail on the figure and underlying analysis.

One regional study analysed the IPCC Fourth Assessment projections of “East Coast Lows”, low
pressure systems which develop in the Tasman Sea off the east coast of Australia, usually in the
winter season, and can have serious consequences with extreme rainfall, winds and waves (Dowdy et
al. (2013). Such lows then generally move southeast and affect New Zealand. Dowdy et al. (2013)
found that such lows reduced in frequency by 30% (mainly in winter) between the late 20th century
and the late 21st century.
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6 Solar radiation

Key messages

e Present-day mean annual solar radiation is 159 W/m? for Mangere. Summer average solar
radiation is 234 W/m? and winter average solar radiation is 87 W/m?.

e There is minimal change in solar radiation projected for the Auckland Region.

e The largest increases are projected for summer and spring at 2090 and 2110, respectively,
under RCP8.5, where an increase of > 5 W/m?is projected for the northern part of the
Auckland Region.

e The largest decreases are projected in winter at 2090 and 2011 under RCP8.5 where the
southern part of the region is projected to experience a decrease of more than 4 W/m?.

Present-day solar radiation conditions in the Auckland Region are summarised in this section and
future projections are presented for RCP4.5 and RCP8.5 at 2040, 2090 and 2110.

6.1 Present

Present-day median annual daily solar radiation is highest in the north of the region and on Great
Barrier Island. Solar radiation is lowest along the west coast, the isthmus, and to the west of the
isthmus. These spatial patterns are similar for solar radiation observed in summer and winter in the
Auckland Region. Mean annual solar radiation at Mangere is 159 W/m?, summer average solar
radiation is 234 W/m?and winter average solar radiation is 87 W/m?2.

6.2 Future

Projections of solar radiation were calculated for the Auckland Region using NIWA’s Regional Climate
Model. The ensemble average of six dynamically downscaled models is presented. Figure 6-1 to
Figure 6-5 show maps of changes in incident total solar radiation (direct plus diffuse) at the surface
for 2040, 2090 and 2110 under RCP4.5 and RCP8.5. The changes are with respect to the model 1986—
2005 climatology. Note that these data have not been bias-corrected as has been done for
temperature and rainfall.

At the annual timescale, there is minimal change for RCP4.5 at 2040 (Figure 6-1), 2090 (Figure 6-2)
and 2110 (Figure 6-3), and for RCP8.5 at 2040 (Figure 6-4) (+ 1 W/m? change). For RCP8.5 at 2090
(Figure 6-5), northeast parts of the region are projected to experience up to 2 W/m? increase in solar
radiation at the annual scale, and by 2110 (Figure 6-6) most of northern Auckland is projected to
experience up to 2 W/m? increase in annual solar radiation. A decrease of up to 2 W/m? is projected
for Waiheke Island and the southeast of the region at 2110 under RCP8.5.

At the seasonal scale, increases in solar radiation are generally projected for spring and summer and
decreases are generally observed for autumn and winter, although this is not consistent between all
time slices and RCPs. The largest increases are projected for summer at 2090 under RCP8.5 (Figure 6-
5), when an increase of more than 5 W/m? is projected for northern Auckland, and spring at 2110
under RCP8.5 (Figure 6-6), when the northeast coast of the region is projected to receive an increase
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of more than 5 W/m?2. The largest decreases are projected in winter at 2090 and 2110 under RCPS.5,
where the southern part of the region is projected to experience a decrease of more than 4 W/m?2.

Model agreement is good for summer at 2040, 2090 and 2110 under RCP4.5 and at 2090 and 2110
under RCP8.5 as most models project an increase in solar radiation.
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Figure 6-1:

Taihoro Nukurangi RCP 4.5

Projected change in annual and seasonal solar radiation (in W/m?) at 2040 (2031-2050) for
RCP4.5, for the Auckland Region. Projected change is relative to 1986-2005. Results are based on
dynamical downscaled projections and show the average of six global climate models. Resolution
of projection is 5km x 5km.
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Figure 6-2: Projected change in annual and seasonal solar radiation (in W/m?) at 2090 (2081-2100) for
RCP4.5, for the Auckland Region. Projected change is relative to 1986-2005. Results are based on
dynamical downscaled projections and show the average of six global climate models. Resolution
of projection is 5km x 5km.
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Figure 6-3:  Projected change in annual and seasonal solar radiation (in W/m?) at 2110 (2101-2120) for
RCP4.5, for the Auckland Region. Projected change is relative to 1986-2005. Results are based on

dynamical downscaled projections and show the average of six global climate models. Resolution
of projection is 5km x 5km.
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Figure 6-4: Projected change in annual and seasonal solar radiation (in W/m?) at 2040 (2031-2050) for
RCP8.5, for the Auckland Region. Projected change is relative to 1986-2005. Results are based on
dynamical downscaled projections and show the average of six global climate models. Resolution
of projection is 5km x 5km.
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Figure 6-5: Projected change in annual and seasonal solar radiation (in W/m?) at 2090 (2081-2100) for
RCP8.5, for the Auckland Region. Projected change is relative to 1986-2005. Results are based on
dynamical downscaled projections and show the average of six global climate models. Resolution
of projection is 5km x 5km.
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Figure 6-6: Projected change in annual and seasonal solar radiation (in W/m?) at 2110 (2101-2120) for
RCP8.5, for the Auckland Region. Projected change relative to 1986-2005. Results are based on
dynamical downscaled projections and show the average of six global climate models. Resolution
of projection is 5km x 5km.
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7 Relative humidity

Key messages

e Most of the Auckland Region presently experiences average annual 9 a.m. relative humidity of
80-85%. Relative humidity is higher in winter than in summer.

e For most parts of the Auckland Region, annual relative humidity is projected to slightly
decrease into the future, but only by a few percent.

e Spring is the season that will experience the largest decreases in relative humidity (up to 3%).
Some small increases are projected for autumn (1%).

Present-day relative humidity conditions in the Auckland Region are summarised in this section and
future projections are presented for RCP4.5 and RCP8.5 at 2040, 2090 and 2110.

7.1 Present

Due to its subtropical and maritime location, Auckland experiences high year-round 9 a.m. relative
humidity compared with drier, more inland parts of New Zealand. The south and west of the
Auckland Region have the highest average annual 9 a.m. relative humidity (85-90%), and the urban
area on the isthmus has the lowest (75-80%) (Figure 7-1). Relative humidity is higher in winter than it
is in summer (Figure 7-2, Figure 7-3). Relative humidity has slightly declined on average since 1966 at
Auckland Airport, but this trend is not statistically significant at or above the 95% confidence level
(Figure 7-4). At Auckland Airport, diurnal relative humidity varies, on average, from a maximum of
about 85% before dawn to a minimum of about 67% in the mid-afternoon.
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Figure 7-2: Median seasonal relative humidity for the Auckland Region (1981-2010). Based on data from
NIWA’s Virtual Climate Station Network.
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Figure 7-3:  Mean monthly 9 a.m. relative humidity (%), 1981-2010, at Auckland Airport.
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Figure 7-4: Annual mean 9 a.m. relative humidity (%) for Auckland Airport, 1966-2016.
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7.2  Future

Changes to daily mean relative humidity are presented in Figure 7-5 to Figure 7-10 for RCP4.5 and
RCP8.5 at 2040, 2090 and 2110. These projections have been dynamically downscaled using NIWA’s
Regional Climate Model, and the ensemble average of six models is presented.

For most parts of the Auckland Region, relative humidity is projected to slightly decrease.

For RCP4.5, annual relative humidity is projected to decrease by up to 1% for most of the region at all
three time slices (Figure 7-5 to Figure 7-7). Relative humidity is projected to slightly increase by up to
1% in autumn at 2040 and 2110 for most of the region, and decrease by up to 2% for most of the
region in spring at 2110.

For RCP8.5 at 2040 (Figure 7-8), annual relative humidity is projected to decrease by up to 1%. Spring
relative humidity at 2040 is projected to decrease by 1-2% for much of the region, and autumn
relative humidity is projected to increase by 1% for western parts of the region. At 2090 (Figure 7-9),
annual relative humidity is projected to decrease by up to 2% and by up to 3% for central parts of the
region in spring at 2090. Autumn relative humidity is projected to increase by 1% for some western
and eastern areas. By 2110 (Figure 7-10), annual relative humidity is projected to decrease by up to
2% for most of the region and spring relative humidity is projected to decrease by up to 3% for most
of the region. Autumn relative humidity is projected to increase by 1% for the whole region at 2110
under RCP8.5.

Model agreement is good for winter and spring at 2090 and 2110 under RCP4.5 and 2040 and 2090
under RCP8.5, as most models project a decrease in relative humidity.
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Figure 7-5:  Projected change in annual and seasonal relative humidity (change in relative humidity, which
is measured in %) at 2040 (2031-2050) for RCP4.5, for the Auckland Region. Projected change is
relative to 1986-2005. Results are based on dynamical downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x S5km.
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Figure 7-6:
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RCP 4.5
Projected change in annual and seasonal relative humidity (change in relative humidity, which
is measured in %) at 2090 (2081-2100) for RCP4.5, for the Auckland Region. Projected change is

relative to 1986-2005. Results are based on dynamical downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x 5km.
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Figure 7-7:  Projected change in annual and seasonal relative humidity (change in relative humidity, which
is measured in %) at 2110 (2101-2120) for RCP4.5, for the Auckland Region. Projected change is
relative to 1986-2005. Results are based on dynamical downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x S5km.
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Figure 7-8:

Taihoro Nukurangi RCP 8.5

Projected change in annual and seasonal relative humidity (change in relative humidity, which
is measured in %) at 2040 (2031-2050) for RCP8.5, for the Auckland Region. Projected change is
relative to 1986-2005. Results are based on dynamical downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x S5km.
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Figure 7-9:  Projected change in annual and seasonal relative humidity (change in relative humidity, which

is measured in %) at 2090 (2081-2100) for RCP8.5, for the Auckland Region. Projected change is
relative to 1986-2005. Results are based on dynamical downscaled projections and show the
average of six global climate models. Resolution of projection is 5km x 5km.

Auckland Region climate change projections and impacts 217



Annual

L

@?
o
7’
o2

-~

-

AUCKLA
R

7

_IPukekohe
2 o 125

P VO o P ——NIWA_— (2101-2120)

Figure 7-10:

Taihoro Nukurangi RCP 8.5

Projected change in annual and seasonal relative humidity (change in relative humidity, which
is measured in %) at 2090 (2081-2100) for RCP8.5, for the Auckland Region. Projected is relative
to 1986-2005. Results are based on dynamical downscaled projections and show the average of
six global climate models. Resolution of projection is 5km x 5km.
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8 Impacts and implications for climate change in Auckland

This section considers impacts and implications of climate change on different sectors and
environments in the Auckland Region. At Auckland Council’s request, we have compiled information
on climate change impacts for river flows, hydrologic drought, groundwater recharge, slips and
landslides, ocean temperatures, ocean acidification, nutrients, and salinity, sea level rise and coastal
hazards, air quality, wildfire, biodiversity, and biosecurity.

8.1 Hydrologic impacts of climate change

Key messages

e Changes to Auckland’s rainfall patterns will have an impact on the region’s hydrology.

e Projections of mean discharge are variable across the region, but decreases in mean discharge
are generally larger with time and RCP forcing, particularly in the northern Auckland Region.
The expected mean discharge changes are consistent with projected rainfall decreases in the
northern Auckland Region.

e Mean annual low flow is projected to decrease across the whole Auckland Region under both
time slices and scenarios, with increasing severity under RCP8.5 at end-century.

e Mean annual flood (MAF) is projected to decrease for most of the region under RCP4.5 at
both time slices. For RCP8.5, MAF is projected to increase for the whole region at late-century
by up to 40-60%. These projections are consistent with increases in extreme rainfall. However,
there is high uncertainty in flood projections.

e Mean seasonal soil moisture is projected to change the most in spring and summer, with both
seasons projecting reductions up to 16% under RCP8.5 at end-century, and summer projecting
up to 16% decrease in mean soil moisture under RCP4.5 at mid-century. These projections are
consistent with spring and summer rainfall reductions and increases in PED.

e Hydrologic drought conditions are projected to be more frequent and severe in Auckland,
particularly under RCP8.5. The timing of low river flows and dry soil conditions is projected to
happen earlier in the hydrologic year (1 July-30 June). An increase in hydrologic drought
severity and frequency is consistent with projected increases in annual PED and rainfall
decreases in spring.

e Groundwater recharge may decline due to projected reductions in soil moisture and mean
annual low flow, and increases in potential evapotranspiration deficit. Coastal aquifers may
also be affected by sea-level rise in terms of flow velocities and salinity.

e Projected increases to extreme rainfall may increase the occurrence of slips and landslides in
Auckland. The soft cliffs on Auckland’s east coast have may be prone to erosion, and the
intensive agricultural area around Pukekohe and urban subdivisions in Auckland have been
identified as hotspots for sheet erosion.
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Freshwater is important to a wide range of ecosystem goods and services of value to the Auckland
Region and New Zealand. As a whole, irrigation is consented to abstract (draw upon) about 2% of
New Zealand’s total freshwater resource and contributes $4.8 billion to New Zealand’s real GDP
(Collins et al., 2012, NZIER and AgFirst Consultants NZ, 2014). These benefits of freshwater
availability (especially to agricultural productivity) are particularly tangible when regions experience
severe drought. At the other extreme, floods cause millions of dollars of damage to infrastructure
and soils as well as loss of life (Pearson and Henderson, 2004, Insurance Council of New Zealand)’.
While these freshwater issues pose challenges today, climate change and shifts in the hydrologic
cycle are likely to exacerbate such impacts in the future (Collins et al., 2012, IPCC, 2014a).

Previous climate change hydrologic assessments based on the IPCC Fourth Assessment Report (IPCC,
2007) estimated that projected future changes include reductions in snow cover (Hendrikx et al.,
2012), shrinking glaciers (Anderson et al., 2010), shifts in mean river flow as well as their seasonal
timing (Collins, 2016, Zammit and Woods, 2011), accentuated droughts (Clark et al., 2011) and floods
(McMillan et al., 2010), and reductions in groundwater recharge (Aqualinc, 2008).

Projections are presented (using the median hydrological results of the six separate RCM runs for
RCP4.5 and RCP8.5) using the New Zealand TopNet hydrological model (McMillan et al., 2013, Clark
et al., 2008, Bandaragoda et al., 2004) for the Auckland Region. Result for changes to the mean
discharge, the mean annual low flow, the mean annual flood, mean seasonal soil moisture and
several statistics related to hydrologic drought are shown. All projected changes are between the
present day (represented by the time slice 1986-2005) and two future periods 2036-2056 (‘mid-
century’) and 2086-2099 (‘end-century’). Projections for the 2110 time slice were not available for
inclusion in this report. Note that the modelled river flows do not consider other climate-induced
hazards such as sea level rise and storm surge.

This section includes information extracted from work undertaken by NIWA for the Ministry for
Primary Industry (MPI) on hydrological modelling of multi-model climate forecasts for agricultural
applications, and climate change impacts on agricultural water resources and flooding (Collins and
Zammit, 2017). In general, the hydrologic projections presented in this section are consistent with
projections in rainfall discussed in Section 4.

8.1.1 Mean discharge

Median changes of the six RCM model runs in mean discharge are presented in Figure 8-1. Mean
discharge exhibits a sub-regional patchwork of increases and decreases, depending on the RCP and
projection period. For RCP4.5, most of the Auckland Region is projected to experience small
increases in mean discharge at 2040. The northeast of the region is projected to experience a
decrease in mean discharge. By 2090 under RCP4.5, most of the Auckland Region is projected to
experience decreases in mean discharge, except for the Waitakere Ranges, the Hunua Ranges and
the Hauraki Gulf islands which are projected to experience a small increase in mean discharge. The
remainder of the region projects no change in mean discharge.

The projections for 2040 under RCP8.5 are similar to RCP4.5, but a larger area is projected to
experience a small decrease in mean discharge and covers most of the northern Auckland Region.
The remainder of the region is projected to experience a small increase in mean discharge. By 2090
under RCP8.5, more of the northern part of the region projects decreases in mean discharge, and the
southern and western part of the region projects a small increase in mean discharge. These

7 http://www.icnz.org.nz/statistics-data/cost-of-disaster-events-in-new-zealand/
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projections are consistent with rainfall projections, in that rainfall is projected to decline in the
northern part of the region, particularly in spring, and increase in the southern part of the region,

particularly in autumn.
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Figure 8-1: Multi-model median changes in mean discharge (%) for RCP4.5 and RCP8.5, for mid- and end-
century. Projected change in discharge is relative to 1986-2005. Results are the median of
projections based on hydrological modelling based on dynamical downscaled projections using
NIWA'’s Regional Climate Model, drawing from six global climate models. Resolution of projection
is Strahler order 3 river reach. © NIWA.
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8.1.2 Mean annual low flow (MALF)

MALF is defined as the mean of the lowest seven-day average flows in each year of a projection
period. Median changes in the MALF are presented in Figure 8-2. Changes exhibit a different spatial
pattern than the change in mean discharge, indicating a change in the frequency distribution of
different flows at each river reach. Across all time slices and emissions scenarios, MALF decreases
across the whole Auckland Region, with some small exceptions in the southwest of the region and
the isthmus which show small increases in MALF at 2040 under RCP8.5. These projections are
consistent with projected decreases in spring rainfall and increases in potential evapotranspiration
deficit.
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Figure 8-2: Multi-model median changes in mean annual low flow, MALF (%) for RCP4.5 and RCP8.5, for

mid- and end-century. Projected change in low flow is relative to 1986-2005. Results are the
median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA'’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is Strahler order 3 river reach. © NIWA.
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8.1.3 Mean annual flood (MAF)

MAF is the average of the maximum flood discharges experienced in a river over a time slice, which
should have a recurrence interval of once every 2.33 years. Note that mean annual flood is a
relatively low threshold for engineering purposes. Upcoming projects at NIWA will focus on
projections for more extreme, rare flood events.

Median changes in MAF are presented in Figure 8-3. Under RCP4.5, most of the region projects
decreases in mean annual flood at 2040. At 2090 for RCP4.5, about half the region projects decreases
in MAF and half the region projects increases. Under RCP8.5 at 2040, northern Auckland is projected
to experience small decreases in MAF, and the central and southern part of the region is projected to
experience increases in MAF. The largest increases are projected for the Waitakere Ranges and the
far south of the region. By 2090 under RCP8.5, the entire Auckland Region is projected to experience
increases in MAF, with some areas projecting a 40-60% increase in MAF. Increases in MAF are
consistent with projected increases to extreme rainfall.
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Figure 8-3: Multi-model median changes in mean annual flood, MAF (%) for RCP4.5 and RCP8.5, for mid-
and end-century. Projected change in mean annual flood is relative to 1986-2005. Results are the
median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is Strahler order 3 river reach. © NIWA.
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8.1.4 Mean seasonal soil moisture

The seasonal projections for mean soil moisture are discussed in line with each of the seasonal
figures for ease of interpretation. Mean autumn soil moisture shows little change under any
averaged climate change projections, with most of the region falling within -4 to 4% change (Figure
8-4). Based on the maps, we can see more extensive coverage of soil moisture decreases under RCP
8.5, but the changes are almost all smaller than -4%.

For winter, changes in mean soil moisture are also very small, again largely falling within -4 to 4%
(Figure 8-5). There is no compelling difference between the RCPs, but there is a tendency for the
slight decreases in moisture levels to be more extensive late-century.

In contrast with autumn and winter, mean spring soil moisture shows more pronounced effects of
climate change (Figure 8-6). While there is little change and not a consistent direction of change for
RCP4.5 mid-century, late-century RCP4.5 and mid-century RCP8.5 both show changes in soil moisture
from 0 to -12%. It worth noting that the changes by late-century under the mid-range RCP4.5 are
similar to changes mid-century under the business as usual RCP8.5. For RCP8.5 late-century, the
climate change-related drying continues, leaving some parts of the region up to 16% drier when
compared with the baseline results.

Mean summer soil moisture changes show the most prominent results of all the seasons (Figure 8-7).
Looking at late-century RCP8.5, substantial and widespread reductions in soil moisture exceed 16% in
some places. These are the largest changes seen for any season, time slice, and RCP. Late-century
RCPA4.5 also tends to produce drier soils, but mostly within 0-8% decrease in soil moisture compared
to the historical period. Mid-century RCP8.5, on the other hand, shows very little change, with most
locations falling within -4 to +4% difference from the baseline period. For the mid-century RCP4.5,
universal coverage of soil moisture decreases almost to the magnitude of what is observed for late-
century RCP8.5. While all other maps for every season show intuitive progressions of change under
climate change, this result stands out as an apparent anomaly. The likely cause of this can be seen in
the climate projections: summer rainfall projections for mid-century RCP4.5 (Figure 4-4) are drier
than late-century RCP4.5 (Figure 4-5). This highlights the importance of not always assuming linear or
even consistent effects of climate change as we look further ahead in time or across different RCPs.
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Figure 8-4:

Multi-model median changes in mean autumn soil moisture (%) for RCP4.5 and RCP8.5, for
mid- and end-century. Projected change in soil moisture is relative to 1986-2005. Results are the
median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is the area associated with the Strahler order 3 river reach. © NIWA.

Auckland Region climate change projections and impacts

227



RCP 4.5 RCP 8.5
§ £
ne ¥
© k. A 'f.-%
w
& pid,
(3] k 5
o
N T )
2 { G 2 0
- . i
1 I
@ ¢!
D
o
o
@ ’ =
o
~N Percent change in
Soil Moisture
@ sto20
@0 12t016
8to 12
4to8
Cto4
[+]
-4to0
-8 1o -4
-12to -8
-16to-12
o <15
Figure 8-5: Multi-model median changes in mean winter soil moisture (%) for RCP4.5 and RCP8.5, for mid-
and end-century. Projected change in soil moisture is relative to 1986-2005. Results are the
median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is the area associated with the Strahler order 3 river reach. © NIWA.
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Figure 8-6:

Multi-model median changes in mean spring soil moisture (%) for RCP4.5 and RCP8.5, for mid-
and end-century. Projected change in soil moisture is relative to 1986-2005. Results are the
median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is the area associated with the Strahler order 3 river reach. © NIWA.
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Figure 8-7: Multi-model median changes in mean summer soil moisture (%) for RCP4.5 and RCP8.5, for
mid- and end-century. Projected change in soil moisture is relative to 1986-2005. Results are the
median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is the area associated with the Strahler order 3 river reach. © NIWA.,
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8.1.5 Hydrologic drought

In contrast with meteorological drought (Section 4.8), which focuses on rainfall and evaporation
deficits, hydrologic drought relates to deficits in soil moisture stores, river flows, or other land-based
liquid water stores and fluxes (Figure 8-8). Modelled statistics that can be used to shed light on
hydrological drought conditions under climate change include mean annual seven-day low flow
(MALF) and mean seasonal soil moisture that are discussed above. In addition, flow reliability, the
timing of low flow conditions, soil moisture reliability, and the timing of dry soil conditions can also
be used. Low flow timing is the mean number of days into the water year (i.e. after July 1, until June
30 the following year) before stream discharge first drops to a minimum flow threshold related to
water abstraction (removal from the source). This threshold is based on the Proposed National
Environmental Standard for Ecological Flows®. Flow reliability is the fraction of time the river flow is
above this threshold, and reflects the frequency of drought conditions. The timing of dry conditions
in this situation refers to the first day during the year the dry condition is reached. The dry condition
threshold is designated as above wilting point by 25% of the difference between wilting point and
field capacity. This is an indication of how quickly water deficits or droughts are reached after winter.
Soil moisture reliability is the fraction of time that unirrigated soil moisture is at or above the soil
moisture threshold used for the low soil moisture timing. This is a measure of time spent under
water-short or drought conditions.

Natural climate variability

|

|

Precipitation deficiency High temp., high winds, low
(amount, intensity, timing) relative humidity, greater i
sunshine, less cloud cover h
'a, —
¥ =
)
‘ = o3
Reduced infiltration, runoff, = ‘5 <
deep percolation, and Increased evgpqratlon 2 =
ground water recharge and transpiration @
T T ] =
2 l
B [N ninvoone o (oo oo iy, s e S o S Rt o vt . . Sy e, B
g
T I Soil water deficiency ] e
g I s
- &= b
(S ] 2£
Plant water stress, reduced 8 3
biomass and yield o 2
oO©
<
®
Reduced streamflow, inflow to X
reservoirs, lakes, and ponds, 8’ ‘5,
reduced wetlands, ° 3
wildlife habitat s 2
>0
l z
[ 1
| Economic impacts I [ Social impacts ] lEnvironmontaI Impacts]

Figure 8-8: Relationship between various types of drought and duration of drought events. From Wilhite
(2000).

8 http://www.mfe.govt.nz/publications/rma-fresh-water/proposed-national-environmental-standard-ecological-flows-and-water
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For the Auckland Region, flow reliability is generally projected to decline, particularly for RCP8.5 late-
century where an additional 2-4% of the time is spent under low flow conditions (Figure 8-9). The
patterns of change for this scenario largely resemble those for MALF (Figure 8-2). Low flow
conditions are generally reached earlier in the year for RCP8.5, particularly towards the end of the
century with many rivers reaching the low flow threshold over 40 days earlier than at present (Figure
8-10). This pattern of the low flow threshold being reached earlier in the year is also true for RCP4.5
mid-century, but directions of change are very mixed late-century.

Changes in soil moisture reliability (Figure 8-11) are more mixed and less severe than for flow
reliability, with both RCPs and time points showing both increases and decreases. Late-century
RCP8.5 is projected to have the largest and most extensive declines, with many watersheds
experiencing an additional 2-4% of time in dry conditions. These results are consistent with the
projections of annual PED related to meteorological drought (Section 4.8). Dry soil conditions are
projected to be reached around the same time or earlier in the year (Figure 8-12), generally up to 20
days earlier, although the dependence of this result for future time slices and RCPs is not as
pronounced as for the other hydrological variables. Taken together, these river flow and soil
moisture projections suggest drought conditions will become more frequent under climate change,
particularly for RCP8.5.
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Figure 8-9: Projected change in river flow reliability (fraction of time flows are above a low flow threshold)
for the Auckland Region, for RCP4.5 and RCP8.5, at mid-century and end-century. Projected
change in flow reliability is relative to 1986-2005. Results are the median of projections based on
hydrological modelling based on dynamical downscaled projections using NIWA’s Regional
Climate Model, drawing from six global climate models. Resolution of projection is Strahler order
3 river reach. © NIWA.
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Figure 8-10: Projected change in timing of the onset of low flow conditions for the Auckland Region, for

RCP4.5 and RCP8.5, at mid-century and end-century. Projected change in timing is relative to
1986-2005. Results are the median of projections based on hydrological modelling based on
dynamical downscaled projections using NIWA’s Regional Climate Model, drawing from six global
climate models. Resolution of projection is Strahler order 3 river reach. © NIWA.
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Figure 8-11: Projected change in soil moisture reliability (fraction of time soil moisture is above a low
threshold) for the Auckland Region, for RCP4.5 and RCP8.5. Projected change in reliability is
relative to 1986-2005. Results are the median of projections based on hydrological modelling
based on dynamical downscaled projections using NIWA’s Regional Climate Model, drawing from
six global climate models. Resolution of projection is Strahler order 3 river sub-catchments. ©
NIWA.
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Figure 8-12: Projected change in low soil moisture timing for the Auckland Region, for RCP4.5 and RCP8.5,

at mid-century and end-century. Projected change in timing is relative to 1986-2005. Results are
the median of projections based on hydrological modelling based on dynamical downscaled
projections using NIWA’s Regional Climate Model, drawing from six global climate models.
Resolution of projection is Strahler order 3 river sub-catchments. © NIWA.
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8.1.6 Groundwater

The effects of climate change on Auckland’s aquifers and groundwater resource have not been
modelled, however basic inferences may be drawn from the river and soil moisture results discussed
in Sections 8.1.1t0 8.1.5.

Groundwater recharge essentially occurs when the ground is near saturation - specifically, above
field capacity in terms of soil properties - but recharge may also occur beneath rivers or through
fractured rock (Taylor et al., 2012b). Increases are projected for potential evaporation deficit (PED)
and soil moisture deficit (Section 4.8 and 4.9), and decreases are projected for mean seasonal soil
moisture, particularly in spring and summer (Section 8.1.5). Therefore, it can be inferred that the soil
moisture conditions necessary to allow drainage of water below the root zone and towards the
underlying aquifer will become less frequent, leading to less recharge. This is further reflected in
declines in the mean annual low flow, which is a strong reflection of groundwater contributions to
baseflow (Taylor et al., 2012b). Figure 8-13 shows a conceptual representation of groundwater-
climate interactions (however, note that the influence of snow and ice is not important for
Auckland). A quantitative estimate of any reduction in recharge cannot be made without a more
process-based model of the recharge process, although groundwater modelling per se would not be
necessary.

For groundwater sources in proximity to the coast, groundwater levels are influenced by sea level
because it sets the gradient for downhill flow. This is most relevant for the Waitemata aquifer and
the Kaawa formation, both of which extend to the coast (Vilijevac et al., 2002). As the global mean
sea level rises - projected to range from 0.26-0.98 m by 2100 relative to 1986-2005 conditions (IPCC,
2013b), coastal groundwater levels would need to increase to match sea level at the coast. This
would not mean an increase in groundwater yield from the aquifer, however this would result in a
reduction in groundwater flow velocities. How far this effect would extend from the coast could
depend on aquifer properties, flow velocities, and the amount of sea-level rise. This process would
also increase the potential for salinisation of coastal aquifers.

Potential future changes to land use, water supply, and irrigation in the Auckland Region, which may
happen in response to climate change, may have ramifications for Auckland’s groundwater sources in
terms of water demand and recharge rates.
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Figure 8-13: Conceptual representation of key interactions between groundwater and climate. From Taylor
et al. (2012b).

8.1.7 Uncertainty in hydrological projections

It is important to note that there is high uncertainty in flood projections, and in river flow projections
in general. Although the median results shown in the maps in Sections 8.1.1 to 8.1.3 may indicate
large increases or decreases in flow statistics (calculated as the average across the 20-year time slice
considered), the range of model results (within the ensemble) is large. This is partly due to New
Zealand’s natural climatic (and therefore flow) variability which the climate change signal is
superimposed upon. Regarding future flood events, modelling these events can be very complex and
is an on-going area of research investigation.

There is no direct relationship between increases in extreme rainfall and future flood magnitudes.
River flows and flood events are very sensitive to not only changes in rainfall and heavy rainfall
amounts, but also to where the rain falls in the catchment, what the antecedent conditions (e.g. soil
moisture, vegetation cover) are, how the rainfall is temporally distributed over the event, and at
what time of year the event occurs. Flood modelling in New Zealand has produced results that vary
significantly, depending on the climate model, scenario used and time slice considered (Collins and
Zammit, 2017). This means that for many catchments there is often no clear signal in terms of
changes in the frequency and magnitude of future flows and floods characteristics. A further
uncertainty is that the differences in hydrological metrics between the time slices may not be
attributable to climate change alone, or even predominantly for that matter. Natural multidecadal
variability (e.g. IPO) also has an influence on flood magnitude (McKerchar and Henderson, 2003) and
may counter or enhance climate change effects, but this element has not been analysed for this
report.
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Despite a lack of clear signal, the risk of significant change to flood flows is high (Section 8.1.3). On-
going research and model refinement is needed to reduce this uncertainty.

8.1.8 Climate change impacts on slips and landslides

It is clear that climate change will affect the stability of natural and engineered slopes and have
consequences for landslides (Gariano and Guzzetti, 2016). Less clear is the type, extent, magnitude
and direction of the changes in the stability conditions, and on the location, abundance, activity and
frequency of landslides in response to projected climate changes. Landslide frequency and
magnitude will be affected directly by changes in rainfall regimes (that influence the amount of
rainfall that can result in landslides) and indirectly by changes to rainfall regimes that may alter land
cover types and land use, which have consequences for slope stability (Gariano and Guzzetti, 2016).
It is uncertain how humans will impact landslides and slips in the future, with changes to land use in
response to climate change and other socio-economic factors (e.g. urban spread, deforestation).

Land erosion (including landslides and slips) is a significant issue for parts of the Auckland Region,
particularly those areas used for primary industries such as agriculture, horticulture and forestry.
Land erosion has downstream effects including river sedimentation which can have impacts on
flooding magnitude and frequency, water quality, and aquatic habitats. Major erosion events already
cause and will continue to cause significant economic stress for people and businesses within the
Auckland Region.

Basher et al. (2012) studied the impacts of climate change on erosion, using projections from the
IPCC’s Fourth Assessment Report. They concluded that the main features of climate change that will
affect erosion are:

e Changes in rainfall patterns (annual and extremes)
e Increases in temperature affecting plant water use and soil water balance
e Increased windiness and incidence of drought

Climate and erosion are clearly linked through water movement into and through the soil, the soil
water balance, and slope hydrology. Hillslope erosion processes (e.g. shallow landslides, earthflows,
gully, and sheet erosion) are likely to be influenced by future changes to extreme rainfall patterns,
seasonal rainfall distribution, as well as changes to soil moisture deficits.

Shallow rapid landslides are usually triggered by a rainfall event, and as such they are likely to change
in frequency with climate change, depending on changes to extreme and annual rainfall, rainfall
variability, ex- and extra-tropical cyclone variability, and wind.

Gully erosion and sheet erosion is related to high annual and storm rainfalls, so any increase in
rainfall with climate change (either of annual totals or extreme events) can be expected to increase
these types of erosion. Sheet erosion is also common on areas of bare ground within pasture that is
heavily grazed or affected by drought.

Wind erosion is common in areas with loose sediment and depleted vegetation. Wind erosion is
likely to change with changes in windiness and soil moisture content (including rainfall).

The Auckland Region was identified by Basher et al. (2012) as having high potential for landslide
erosion, and the intensive cropping area around Pukekohe and urban subdivisions in Auckland were
identified as having high potential for sheet erosion. Section 4 shows that the Auckland Region is
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projected to experience increases in extreme daily rainfall, particularly in the south for 99"
percentile of daily rainfall, which may exacerbate sheet erosion and landslides.

Assuming increasing CO, concentrations in the atmosphere throughout the 215 century, the
productivity of forestry (e.g. Pinus radiata) and pasture is projected to increase throughout most of
New Zealand (Rutledge et al., 2017). The increase in productivity may help to offset land erosion in
the Auckland Region.
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8.2 Oceanic changes

Key messages

e« Changes to global oceans as a response to climate change will have impacts on the
distribution, species composition, and health of marine life in the Auckland Region.

e Sea surface temperatures are increasing globally and a further increase of around 2.5°C is
projected for the Southwest Pacific by 2100 under RCP8.5.

e Ocean pH is declining (becoming more acidic) and this is projected to continue around New
Zealand. Ocean acidification will have impacts on marine food webs and ocean carbon uptake.

e The availability of some nutrients in the oceans is projected to decline by the end of the 21
century under RCP4.5 and RCP8.5. This will impact phytoplankton growth and ocean
productivity. Nitrogen levels in the Firth of Thames have increased in the past, predominantly
due to increased fertiliser use on land.

e Future changes to coastal salinity in Auckland will depend on changes to rainfall and runoff
patterns. It is possible that increased air temperature may cause increases in evaporation and
therefore slightly increased sea surface salinities in the East Auckland Current.

This section includes information extracted from a report on climate changes, impacts and
implications for New Zealand’s Exclusive Economic Zone (Law et al., 2016), undertaken during the
CCll project (Climate Change Impacts and Implications for New Zealand, funded by the Ministry for
Business, Innovation and Employment from 2012-2016). That report contains more detail regarding
likely changes to New Zealand’s marine environment to 2100, and can be downloaded from
http://ccii.org.nz/outputs (see Marine Case Study).

There is growing awareness that climate change is altering the physical and biogeochemical nature of
the open ocean with impacts on, and implications for, marine ecosystems and the socio-economic
benefits and ecosystems services we gain from the ocean (Bopp et al., 2013, Weatherdon et al.,
2016). The recent IPCC assessment identified that current and projected changes in ocean properties
are unprecedented in relation to past records (Portner et al., 2014), raising concerns regarding the
capacity of marine ecosystems to cope with the rapid rate of change. The oceans contain 93% of the
additional heat retained by the globe (Levitus et al., 2012) arising from increasing greenhouse gas
concentrations, and so increasing ocean temperature is a primary feature of climate change in
marine ecosystems.

Warming and major changes in current flow have already resulted in regional shifts in the abundance
and distribution of a number of different marine biological groups (Poloczanska et al., 2013). The
observed poleward migration of species may result in major changes in ecosystems and species
interactions in some locations, with negative impacts on food and economic security in tropical and
subtropical regions (Hoegh-Guldberg et al., 2014). The uptake of anthropogenic CO; also leads to
ocean acidification, which is causing changes in water chemistry and pH that impact a variety of
biological groups, particularly carbonate-forming organisms and algae, and marine ecosystem
productivity and biodiversity.
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8.2.1 Changes in sea surface temperature (SST)

Changes in the temperature of the surface ocean are already evident globally, although there is
significant regional variation in the degree of warming. Projections for the Southwest Pacific show an
increase in SST by mid- and end-century, regardless of RCP and climate model. The mean increase is
~1°C by mid-century, and ~2.5°C by end-century for RCP8.5.

Figure 8-14 shows the spatial variation of change in SST for end-century under RCP8.5, with surface
warming across the entire Southwest Pacific. The most striking feature is the strong warming of +4°C
in the western Tasman Sea (in region 2 on Figure 8-14) associated with the southerly penetration of
the East Australian Current off southeast Australia in region 2 (Ridgway, 2007). The western Tasman
Sea region is warming at a rate four times that of the global average as a result of the climate-driven
spin-up of the South Pacific gyre (Roemmich et al., 2016). This warming propagates across the
northern Tasman Sea (region 3) along 35°S in association with the Tasman Front, causing the most
significant regional SST increase in the New Zealand Exclusive Economic Zone. Although no
temperature change was observed during the 1990s, surface warming in the Tasman Sea has been
observed more recently (P. Sutton, pers. comm.).

Sea surface temperatures at Leigh coastal marine laboratories on the northeast coast of Auckland
have been measured for over 50 years, but show no clear evidence of any general trends in SST
(Bowen et al., 2017), this is in contrast to the SST at Portobello (Dunedin) and Maria Island
(Tasmania; Bowen et al., in review) which have a warming trend. The difference is due to the wind
forcing, which has an increasing trend in the higher latitudes and less of a trend further north near
Leigh. These wind forcing trends are projected to continue with future warming, so it is suggested
that the southern sites will see more warming than at the Leigh marine laboratories.

The Leigh SST record shows seasonal variation and vary inter-annually, with a strong correlation to
New Zealand air temperatures and the Southern Oscillation Index (SOl — the El Nifio Southern
Oscillation index; Bowen et al., 2017). Typically negative SOI drives cooler southwest winds which
lead to cooler SST, while positive SOI drives warmer northeast winds and warmer SST (Salinger and
Mullan, 1999). This suggests that the Leigh coastal SST is strongly controlled by atmosphere-ocean
heat exchange, but ocean dynamics also contributes to the changes in temperature (Bowen et al.,
2017). We would expect temperatures to continue with this level of inter-annual variation and with
a continued correlation with the winds and SOI (Bowen et al., 2017).
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Figure 8-14: Regional variation of the projected change in SST for the End-Century (2081-2100) compared
with present-day (1976-2005) under RCP8.5 (Rickard et al., 2016).

Increasing ocean temperatures will have an impact on the distribution of marine species around the
Auckland Region, particularly regarding tropical and sub-tropical species and pests that will be able
to survive further south for longer than at present. This is further addressed in Sections 8.6.3 and
8.7.2.

8.2.2 Ocean acidification

The transfer of anthropogenic CO; into the ocean is altering the ocean’s carbonate buffering system,
lowering pH (i.e. increasing acidity) and carbonate ion availability whilst increasing dissolved CO,. As
pH and dissolved inorganic carbon species play critical roles in many physiological processes and also
influence nutrient availability, changes in these properties will have a fundamental impact upon
marine biogeochemistry and ecosystems (Law et al., 2017).

pH is a measure of hydrogen ion concentration and describes the relative acidity/alkalinity of a
solution. Over recent geological time the pH of the ocean has been relatively stable at ~8.2, but since
the late 1870s it has declined to 8.1 in response to anthropogenic CO, emissions (Raven et al., 2005).
As pH is on a negative logarithmic scale, this decline of 0.1 is equivalent to an increase in hydrogen
ion concentration of ~30%.

As pH is primarily determined by atmospheric CO, exchanging with the surface waters and there is
no upwelling of low pH water in the Southwest Pacific, surface pH is relatively uniform. The decline in
surface pH at mid- and end-century is clearly apparent in Figure 8-15, which shows that the effect of
future changes in atmospheric CO, concentration on pH override spatial variation arising from
natural processes. Minor regional variation is evident, with higher pH in northern subtropical waters
and the East Australian Current, and lower pH in the south. This meridional gradient of ~0.03 partially
reflects the higher solubility of CO,, and so lower pH, in colder water. Surface waters in the
Subtropical Front on the Chatham Rise have marginally higher pH, due to CO, uptake by
phytoplankton in this region.
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Figure 8-15: The spatial variation in mean surface pH in the Southwest Pacific. For the present-day (1976-
2005, left panel), and projected for Mid-Century (2036-2055, central panel) and End-Century
(2081-2100, right panel) using the GFDL-ESM2G model under RCP8.5. The legend shows pH.

Figure 8-16 illustrates how the projected pH, averaged across the New Zealand EEZ, differs under
different future emission scenarios. The annual sawtooth pattern reflects seasonal variation in pH,
with a maximum in summer resulting from phytoplankton uptake of dissolved CO;, and a minimum in
winter when phytoplankton abundance is low. This seasonality results in a relatively large annual pH
range of ~0.05, which obscures any difference in the four RCP projections until around 2035.
However, the pH under the different RCPs subsequently deviates, declining to 7.99 by 2050, and 7.95
by 2100, under RCP4.5. The RCP8.5 scenario shows a steeper decline to 7.94 and 7.77 by 2050 and
2100, respectively. This decline of 0.33 pH units by 2100 is equivalent to an increase in hydrogen ion
concentration of 116% since the pre-industrial period. This is consistent with trends in the global
ocean, and represents both the lowest pH, and the fastest rate of change in pH, in the last 25 million
years (Turley et al., 2006).
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Figure 8-16: Projected surface pH for the New Zealand Exclusive Economic Zone. under each RCP, with the
Mid and End-Century mean pH identified for RCP4.5 and 8.5 (left panel). For each RCP, the black
line indicates the mean of the six climate models, and the coloured line the best model. The right
panel shows the same information but for the Chatham Rise region only, with the current pH
range (8.04-8.13) indicated by the horizontal blue band. The current pH range was derived from
measurements in Subantarctic surface water off the Otago shelf over a 16-year period (1998-
2014) on the Munida time series (Bates et al., 2014).

Research to date suggests that declining surface pH (and associated increases in dissolved CO,) may
cause changes in phytoplankton biodiversity and bacterial processes that will impact marine food
webs and ocean carbon uptake. The abundance and distribution of planktonic organisms with
carbonate shells, and the food webs they contribute to, may be negatively affected by acidification.
As pH sensitivity differs between species this makes it difficult to predict when deleterious effects
may occur.

While the pH in the open ocean may be directly affected by the changing atmospheric CO,, with
some draw-down by biological productivity, the pH in the coastal regions is influenced by both rising
CO; in the atmosphere and local conditions in Auckland. The pH (and other carbonate parameters)
were measured in the Hauraki Gulf and Firth of Thames on a series of voyages in 2010-2013 (e.g.
Figure 8-17). There is a decreasing gradient in pH from the outer Hauraki Gulf to the inner Firth of
Thames (Zeldis and et al., 2015). These results show that there is a significant seasonal variation in
the pH of the Firth of Thames. In spring, the pH values are similar to the open ocean values of pH
8.05-8.1, these start to drop in summer in the inner Firth of Thames and reach a minimum value of
pH 7.92 in autumn, before increasing in winter back to open ocean values of pH 8.1. The pH was
lower during the autumn 2010 voyage (pH 7.88) compared to 2013 (pH 7.92; Zeldis et al., 2015). The
changes in pH are linked to the changes in oxygen in the Firth of Thames, which are reduced in
autumn due to the breakdown of biological productivity, which uses up the oxygen. pH has been
measured in the Firth of Thames only for a few years so it is unclear if the pH is changing inter-
annually (Zeldis et al., 2015).

There is currently a pH sensor (SeaFET) on the mooring at the monitoring site (36° 45.6 S, 175° 18.0
E; 40 m depth) in the Firth of Thames and one other location in the Hauraki Gulf to monitor the pH
hourly for the next few years as part of the Coastal Acidification: Rates, and Mitigation (CARIM)
project funded by MBIE. One of these sensors is owned by NIWA and the other is owned by the
University of Auckland.
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Figure 8-17: Spring (KAH1209) underwater sampling results. Ribbon plots of surface water properties for
temperature, salinity, water density, coloured dissolved organic matter (CDOM), chlorophyll a,
turbidity (backscatter), partial pressure of CO2 and pH. From Zeldis et al., 2015.

Potential impacts of ocean acidification on Auckland’s marine life is discussed in Section 8.6.3.

8.2.3 Changes to nutrients

The availability of nutrients is critical for phytoplankton growth. For example, waters characterised
by low concentrations of macronutrients (nitrate, phosphate and silicate), support low
phytoplankton biomass and productivity and lower carbon export to the deep ocean per unit area.
Conversely, regions of high surface macronutrient concentrations are characterised by high plankton
productivity and more productive fisheries, such as the Subtropical Front water in the Chatham Rise
region. One notable exception in NZ waters are the high nutrient-low chlorophyll Subantarctic waters
to the southeast, where phytoplankton growth is limited by low dissolved iron (Boyd et al., 1999).

No significant change is projected for macronutrient concentrations by mid-century, but there is a
significant decline by end-century under both RCP4.5 and RCP8.5 (the assessment was not
performed for RCP2.6 and RCP6.0) (Figure 8-18). Although there is scatter in the projections by
different models, with some indicating an increase in future concentrations, the mean over the
models shows a decline from present-day, of ~0.5 (9.2%) and 0.04 (7.8%) mmol/m?3 in nitrate and
phosphate concentrations, respectively by end-century under RCP8.5. The projected change by the
end-century under RCP4.5 is similar to that projected for mid-century under RCP8.5. Projections also
indicate an overall decline in mean silicate concentration, of 0.18 mmol/m3, which is 5.6% of present-
day concentrations. Conversely, dissolved iron, which is an important micronutrient, increases under
both RCP4.5 and RCP8.5 by 0.03 mmol m™ by end-century under RCP8.5, equivalent to 24% of
present-day mean concentrations.
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Figure 8-18: Projections of change in dissolved surface nutrient concentrations for A: nitrate, B: phosphate,
C: silicate, and D: iron. Model values are indicated by numbers, which is explained in more detail
by Law et al. (2016). The filled circles are the ensemble mean for each RCP. Negative values
indicate a decrease in concentration, and positive values an increase in concentration. Vertical
dashed lines separate the different projections for mid- and end-century under RCP4.5 and
RCP8.5, and the horizontal dashed line indicates zero change in concentration. From Law et al.

(2016).

The projected changes in pH, SST and nutrient availability may alter regional productivity and food
webs. Increases in observed SST are already driving regional changes in marine ecosystems with a
reduction in temperate species, increase in sub-tropical species and shift towards nutrient-poor
conditions (Frusher et al., 2014). Globally, there is evidence that oligotrophic (low-nutrient) waters
are expanding, in response to warming (Polovinia et al., 2011) and, as 50% of NZ waters are, at least
seasonally, oligotrophic then future decreases in macronutrient availability may reduce productivity
in the EEZ. The Chatham Rise is the most productive region in NZ waters, and the projected decline in
macronutrients may have ramifications for fisheries in this region. Conversely an increase in iron
availability in warmer Subtropical waters, particularly the Tasman Sea region, may increase regional
primary productivity, but this is unlikely to offset the overall decline in primary productivity in NZ

waters by end-century.
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The regional variation of the impact of climatic change in New Zealand waters needs to be
considered in management and policy decisions. For example, regions that are most sensitive to
climate change include Subantarctic waters south of 50°S and the eastern Chatham Rise, which
support important fisheries, and Subtropical waters north-east of NZ, which contain the Kermadec
Marine Reserve.

Measurements of nutrients in the Hauraki Gulf over the last 15 years at the Firth of Thames
monitoring site (36°45.6 S, 175° 18.0 E; 40 m depth) shows large increases in dissolved inorganic and
organic nitrogen over this time (Zeldis et al., 2015). This is not the result of increased nitrogen from
offshore as the offshore waters are low in nitrogen. Much of this increase comes from the increased
nitrogen loads in the rivers flowing into the Firth of Thames, but these loads are still insufficient to
explain the increases, which are likely also affected by changes in denitrification (which is a
bacterially-driven process at low oxygen levels). Nitrogen levels in the Firth of Thames are likely to
continue to rise in the future with increased use of fertilisers on farmland in the Waikato Region. The
Firth of Thames is especially sensitive to nutrient loading due to its low flushing rate. These increases
in nitrogen are likely to influence aquaculture and fisheries in the Firth. Other coastal regions that
have a greater influence of open ocean waters will be less affected.

8.2.4 Changes to salinity

Salinity was not examined during the Climate Change Impacts and Implications (CCll) project. The
following paragraph is a brief report on what we currently know and do not know about the changes
in salinity in the past and future in the Auckland region.

The waters offshore from the Auckland Region in the East Auckland Current (EAUC) are subtropical
surface waters (STW) with a typical salinity of 35.4 Practical Salinity Units (PSU) (Stanton et al., 1997,
Zeldis et al., 2004). Despite several oceanographic studies on the EAUC, few have reported on the
salinity within the current. One study has shown that the salinity of the continental shelf waters is
significantly influenced by intrusions of high salinity EAUC onto the shelf caused by wind events
(Sharples, 1997, Sharples and Greig, 1998). The salinity values in the coastal Auckland Region also
vary significantly with proximity to rivers (especially in the estuaries and harbours). There is a general
salinity increase away from the inner Firth of Thames (<33 PSU) towards the Hauraki shelf (35.25
PSU; Zeldis et al., 2004; Figure 8-17).

Salinity data from the monitoring site (36° 45.6 S, 175° 18.0 E; 40 m depth; Figure 8-19) in the Firth of
Thames display a seasonal salinity cycle with lowest salinity measurements in spring (Sept-Nov) and
highest salinities during autumn (March-May) with a median salinity value of 34.89 PSU (Zeldis et al.,
2004). However, there is no trend in salinity over 15 years at this site (Zeldis and et al., 2015).

It is unclear how salinity will vary with future climate change. Coastal salinity variability will depend
on whether there is increased rainfall in the Auckland region and thus increased freshwater run off.
Changes in the wind strength or direction will also affect the amount of upwelling/downwelling and
intrusions of EAUC onto the shelf (Sharples and Greig, 1998, Zeldis et al., 2004, Sharples, 1997) and
flow of offshore waters into the Hauraki Gulf and Firth of Thames (Zeldis and et al., 2015). Further
offshore the salinity of the EAUC will depend on upstream changes in the East Australian Current and
Tasman Front as well as the winter mixed layer depth due to wind mixing. It is possible that along
with an increase in air temperature there may be increased evaporation and thus slightly increased
sea surface salinities in the EAUC under future climate conditions.
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Figure 8-19: Time series of marine observations from the Firth of Thames monitoring site mooring, 2005-
2014. The blue data are from the upper water column at 10 m depth and the red data are from
the lower water column at 33 m depth. Shown are data for temperature, salinity, seawater

density, oxygen concentration and oxygen saturation. From Zeldis et al., 2015.
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8.3 Climate change and sea level

Key messages

e Future sea-level rise (SLR) is a significant issue for Auckland as much of the region’s
communities and infrastructure are near the coast.

e Sealevel at the Port of Auckland has risen by 1.60 + 0.08 mm per year since the early 20"
century, with an acceleration of SLR in recent years.

e Cumulative global greenhouse gas emissions to date have already committed the Earth to an
eventual 1.6-1.7 m of global SLR relative to the present level. However, this could take 1-2
centuries depending on future emission trends.

e By 2100, global SLR will likely be in the range 0.28-0.98 m (IPCC). Collapse of marine-based
components of Antarctic ice sheets could cause global mean sea level to rise substantially
higher, but the potential timing of this is highly uncertain.

e 0.5 m of SLR is projected for New Zealand between 2060 and 2110, and 1 m of SLR is
projected for New Zealand between 2100 and after 2200, depending on the climate change
scenario.

e SLR will cause present-day high tide levels to be exceeded more frequently in Auckland.

e Low-lying coastal areas in the Auckland Region are the most vulnerable to inundation from
SLR, including parts of the Central Business District, eastern bays (e.g. Mission Bay),
Onehunga, Mangere Bridge, Devonport, and Helensville.

e The east coast of Auckland is more sensitive to climate change-related erosion and inundation
than the open west coast, due to different exposure, geology, landforms, tidal ranges, and
changes to wave heights and storm surge.

e SLR and changes to extreme rainfall events is likely to increase erosion rates of the soft cliffs
on Auckland’s eastern coastline.

e Residential buildings will be the building category most affected by SLR in Auckland, with 4500
buildings affected during a 1-in-100-year storm tide event with 1 m of SLR which have a
replacement cost of over $2.2 billion 2016 NZD. This will affect a usually resident population
of about 12,000 people.

e Significant amounts of road, rail and Three-Waters infrastructure (stormwater, potable water,
wastewater) will be affected by SLR in Auckland.
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One of the major and most certain (and hence foreseeable) consequences of increasing atmospheric
concentrations of carbon dioxide® and associated warming, is the rising sea level (Parliamentary
Commissioner for the Environment, 2015c). This section covers global and New Zealand sea-level rise
projections as well as Auckland-specific coastal exposure and potential impacts from sea-level rise.

8.3.1 Impacts of sea-level rise (SLR)

The rise in sea level is of great relevance for long-term decisions made in coastal areas, for two main
reasons:

1. The long-term impacts on coastal populations, developments, and environments, are
potentially large (e.g. Hinkel et al., 2014, Nicholls et al., 2011), because past coastal
developments were built on the premise of a relatively “stable” sea level.

2. The sea-level response to warming of the Earth’s climate system makes it an
integrated global indicator of climate change — given more than 90% of the energy that
is stored in the climate system ends up in the oceans (Rhein et al., 2013). Present
observed SLR, however, needs to be interpreted against the backdrop of substantial
lags (decades to millennia) in the ongoing response to warming of the oceans and
melting of glaciers and ice sheets (IPCC, 2013b, Dangendorf et al., 2014).

Rising sea level in past decades is already affecting human activities and infrastructure in coastal
areas, with a higher base mean sea level contributing to increased vulnerability to storms and
tsunami. Key impacts of rising sea level are:

=  gradual inundation of low-lying marsh and adjoining dry land on spring high tides

=  escalation in the frequency of nuisance and damaging coastal flooding events (which
has been evident in several low-lying coastal margins of Auckland)

= exacerbated erosion of sand/gravel shorelines and unconsolidated cliffs (unless
sediment supply increases)

= increased incursion of saltwater in lowland rivers and nearby groundwater aquifers,
raising water tables in tidally-influenced groundwater systems.

These impacts will have increasing implications for development in coastal areas, along with
environmental, societal and cultural effects. Infrastructure will also be increasingly affected, such as
wastewater treatment plants and potable water supplies, besides capacity and performance issues
with stormwater and overland drainage systems (particularly gravity-driven networks). Public
transportation infrastructure and roads will also be affected, both by nuisance shallow flooding of
saltwater (e.g. vehicle corrosion) and more disruptive flooding and damage from elevated storm-
tides and wave overtopping.

There are three types of SLR in relation to observations and projections:

=  absolute (or eustatic) rise in ocean levels, measured relative to the centre of the Earth,
and usually expressed as a global mean (which is used in most sea-level projections
e.g. IPCC).

° Global average now above 400 ppm.
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=  offsets (or departures) from the global mean absolute SLR for a regional sea, e.g. the
sea around New Zealand, which will experience slightly higher rises (5-10%) than the
global average rate. There can be significant variation in the response to warming and
wind patterns between different regional seas around the Earth.

= relative (or local) sea-level rise (RSLR), which is the net rise experienced on coastal
margins from absolute, regional-sea offsets and local vertical land movement
(measured relative to the local landmass). Local or regional adaptation to SLR needs to
focus on RSLR.

The first two types of SLR are measured directly by satellites, using radar altimeters, or by combining
many tide-gauge records globally (after adjusting for local vertical land movement and ongoing re-
adjustments in the Earth’s crust following ice loading during the last Ice Agel?).

RSLR is measured by tide gauges. One advantage of knowing the RSLR from these gauge
measurements is that this directly tracks the SLR that has to be adapted to locally, or over the wider
region represented by the gauge. If, for instance, the local landmass is subsiding, then the RSLR will
be larger than the absolute rise in the adjacent ocean level acting alone (Figure 8-20). Across the
Auckland Region, the landmass is relatively stable.
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Figure 8-20: The difference in mean sea level (MSL) shoreline between absolute SLR (SLR only) and relative
(local) SLR where land subsidence occurs (SLR + land level changes).

The present Mean High Water Spring level around New Zealand coastlines will be exceeded much
more frequently by high tides in the future, particularly on sections of the coast where the tide range
is relatively small, compared with those sections of the coast where the tide range is relatively large.
Problems will be exacerbated for coastlines with smaller tidal ranges in proportion to SLR, where
high tides will more often exceed current upper-tide levels, thus allowing more opportunity to
coincide with storms or large swell. RSLR will have a greater influence on storm inundation and rates
of coastal erosion on the central parts of the east coast (Napier/Gisborne) and Cook
Strait/Wellington areas (due to their smaller tidal range) than on coastal regions with larger tidal
ranges (e.g. west coast — Taranaki, Nelson, Westport) (Ministry for the Environment, 2008b). This is
discussed further for the Auckland Region in Section 8.3.5.

10 Scientific term is glacial isostatic adjustment (GIA)
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A report on New Zealand’s coastal sensitivity by Goodhue et al. (2012) found that the east coasts of
both the North and South Islands are more sensitive to erosion and inundation caused by climate
change, because of a combination of factors such as wave exposure, relatively low tidal ranges,
sediment budget deficits, and proximity to tidal inlets. Conversely, west coast shores are less
sensitive to climate-driven change, mainly because they are already regularly exposed to high wave
energy. This is discussed further for the Auckland Region in Section 8.3.5.

Coastal dune systems are particularly vulnerable to RSLR due to the lower erosion threshold of sand
compared with unconsolidated cliffs. With RSLR, natural dune systems will in most cases gradually
erode and move inland due to the increased frequency of waves attacking the backshore and
foredune, unless the supply of sand can keep pace with erosion (Ministry for the Environment,
2008b). However, where there is development close to the coast, there will be a need for
communities and councils to weigh up staged response options or planning pathways which may
require a move away from hard-engineered structures transitioning to some form of managed
retreat at a defined trigger or decision point (Ministry for the Environment, 2008b). Dune
stabilisation by planting or beach sand nourishment will likely be a short-term solution (pathway)
until sea-levels reach a point where planted dunes alone cannot stop major coastal erosion, or the
economics of more regular beach replenishment becomes unsustainable.
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8.3.2 Trends for sea-level rise (global and New Zealand)

After a period of relative local stability over the past 2000-3000 years (Kopp et al., 2016, Clement et
al., 2016), sea level began to rise on a global scale from the late 1800s (Figure 8-21). The trend over
this entire period is around 1.7-1.8 mm/year (Church et al., 2013b), although recent global studies
using more definitive information on vertical land movement at each of the many tide gauge sites
indicate the trend in absolute SLR over the last century may have been as low as 1.1-1.4 mm/year
(e.g., Hay et al. (2015)).
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Figure 8-21: Cumulative changes in global mean sea level (MSL) since 1880, based on a reconstruction of
long-term tide gauge measurements to end of 2013 (black) and recent satellite measurements
to end 2015 (red). Lighter lines are the upper and lower bounds of the likely range (* 1 standard
deviation) of the MSL from available tide gauges, which is a function of the number of
measurements collected and the precision of the methods. Tide gauge data from Church and
White (2011), updated to 2013; satellite data from CSIRO (2016).

Recent studies have demonstrated that the anthropogenic contribution to the observed global SLR in
the 20th century has been around 45-50% (Kopp et al., 2016, Dangendorf et al., 2015). The other 50-
55% of observed global SLR is likely to be from tectonic movement, natural sediment compaction,
glacial isostatic adjustment (the ongoing movement of land once burdened by ice age glaciers), and
natural variability in ocean-atmospheric dynamics. The anthropogenic contribution since 1970 has
risen to 69% [+31%] of the observed increase in global mean sea level (Slangen et al., 2016).

For the satellite era (from 1993 onwards, Figure 8-22), the recent trend in global-average MSL to July
2017, based on the CSIRO analysis of satellite altimeter data'?, is 3.4 + 0.1 mm/year. This rate of
increase, averaged over the past 24 years, is nearly double the global-average rate over the historic
rate over the entire 20th century of 1.7-1.8 mm/year (Church et al., 2013b, Church and White, 2011)
or up to three times higher if the historic rate was indeed 1.1-1.4 mm/year (Hay et al., 2015). Natural
climate variability from inter-annual to decadal climate cycles, especially the 20-30 year Interdecadal
Pacific Oscillation (IPO) (which changed phase around 1999, partway into the satellite era) in
combination with the shorter 3-7 year El Nifio-Southern Oscillation (ENSO), are evident in the

1 www.cmar.csiro.au/sealevel/sl hist last decades.html - Rate includes adjustments for both inverse barometer and glacial isostatic
adjustment.
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variability shown in Figure 8-22 (e.g., peak at end of 2015 coincided with an El Nifio and the dip in
2011, with a La Nifia). These climate cycles have contributed to part of the recent increase in the
global trend (more so in the western Pacific including New Zealand for that period), but it is clear that
anthropogenic climate change is also contributing an increasing proportion of this more recent
increase in global SLR (Slangen et al., 2016).
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Figure 8-22: Time series and trend in global average sea level over the satellite era from January 1993 to
July 2017. Adjustments for glacial isostatic adjustment (GIA), following crustal response to the
last Ice Age, and inverted barometer (annual air pressure differences) have been made. Retrieved
from CSIRO web site: http://www.cmar.csiro.au/sealevel/sl_hist last decades.html

Changes in annual local MSL at the four main ports in New Zealand from 1900 to 2015 are shown in
Figure 8-23. Annual MSL is plotted relative to the average annual MSL for each time series over the
same 1986—2005 baseline period used for IPCC AR5 projections. The initial period of IPCC global-
mean projections of SLR for the bracketing RCP8.5 and RCP2.6 scenarios are also shown for a general
comparison with New Zealand observations to end of 2015 on how sea level is tracking here. Yearly
and decadal variability in the observations from the 3-7 year El Nifio-Southern Oscillation and longer
IPO cycle, partially mask the underlying trend, which makes it difficult to isolate how the underlying
rate of rise is tracking relative to the projections (Figure 8-23). For example, the annual MSL for all 4
ports is currently above the RCP projection lines, but in part this is due to the IPO shift to the
negative phase in 1999-2000 (Figure 8-23), associated with a rapid rise in mean sea level throughout
the western Pacific including New Zealand.

This masking effect of natural climate variability on SLR trends requires long records to extract robust
historic trends, and may require one or two decades more monitoring to confirm which SLR RCP
scenario is being followed (because there is little difference at present between the SLR projections —
see dashed lines in Figure 8-23). Also, when the IPO shifts back to the positive phase, annual MSL
around New Zealand may dip at times below the SLR projection lines, but still with a rising trend.
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Figure 8-23: Change in annual local MSL for the four main ports from 1900-2015, and initial global-mean
SLR projections for RCP2.6 and RCP8.5 to 2020 (dashed lines). Relative to the average MSL over
the baseline period 1986—2005 (used for IPCC AR5 projections of SLR, with mid-point at 1996).
(Source data: Hannah and Bell (2012), updated to 2015; Church et al. (2013a)).

Local sea-level or RSLR trends over the past 60-100 years with standard deviations were analysed at
10 gauge sites by Hannah and Bell (2012), with an average rise of 1.7 mm/year from early last
century up to 2008. The trends were updated to 2015 (except for Whangarei), as shown in Figure 8-
24, with the national average rate now closer to 1.8 mm/year.

Port of Auckland (Waitemata Harbour) mean sea level has risen by 1.60 + 0.08 mm/year since 1899
up to 2015 (Figure 8-24). The rate of rise over the more recent 55-year period (1961-2015) for the
Port of Auckland was higher at 2.34 + 0.26 mm/year (Emeritus Professor J. Hannah, formerly
University of Otago, pers. com., 2016).

Over the satellite era since 1993, the Southwest Pacific has also experienced increased rates of rise,
with the seas around New Zealand rising since 1993 to mid-2016 at an average of 4.4 £ 0.9 mm/year,
which is considerably higher than the global average from the satellite record of 3.4 mm/year (Figure
8-22). This difference is largely due to the IPO shift in 1999—-2000, when annual sea level around New
Zealand rose rapidly by around 5-6 centimetres (Figure 8-23).
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Figure 8-24: Historic long-term RSLR rates for the 20" century up to and including 2015 (excluding
Whangarei), determined from longer sea-level gauge records at the four main ports. Note:
Standard deviations of the trend are listed in the brackets. Sources: analysis up to end of 2008
from Hannah and Bell (2012) updated with seven years of MSL data to end of 2015 (J Hannah,
pers. comm., 2016); sea-level data from various port companies is acknowledged.

Adaptation to SLR requires knowledge on why and how /ocal RSLR around New Zealand is affected by
ongoing vertical land movement. Of most concern is the presence of any significant ongoing
subsidence of the landmass, which will exacerbate the absolute ocean SLR (Figure 8-20).

Future projections of SLR at some locations or regions in New Zealand will need to factor in estimates
of ongoing vertical land movement. Measurements of vertical (and horizontal) land movement have
been undertaken by continuous GPS (cGPS) stations around New Zealand over the past decade or
more. The cGPS gauge co-located with the Port of Auckland tide gauge in 2002, has exhibited
negligible vertical land movement, compared with other, more tectonically active, parts of New
Zealand such as Wellington, which is subsiding (Beavan and Litchfield, 2012). Therefore, there is no
need at present to factor in vertical land movement to SLR projections for Auckland City.

8.3.3 Projections for sea-level rise

The primary climate driver for SLR is global and regional surface temperature, which is strongly
influenced by greenhouse gas emissions. With the greenhouse gases currently in the atmosphere and
the heat stored in the ocean, the world is already committed to further temperature increases, and
an ongoing lagged response to SLR, because of the inertia in warming the deep oceans and the
melting of the vast polar ice sheets. Cumulative global emissions to date have already committed the
Earth to an eventual 1.6—1.7 m of global SLR relative to the present level (Strauss et al., 2015, Clark et
al., 2016), even if no further net global emissions occur. However, depending on how continuing
emissions track during the rest of this century (particularly the next few decades), realising this
present commitment to SLR could take one to two centuries.
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The IPCC AR5 (Church et al., 2013a) projections out to 2100 are provided below. These are solely
derived on process-based model results for the four different RCPs, and cover only the “likely range”
of variability for each RCP, which covers the middle 66% spread (17™ and 83™ percentile range) of
model results for the particular RCP (Church et al., 2013b).*?

Headline projections by IPCC in the AR5 are summarised in the IPCC ‘Summary for Policymakers’
from Working Group | (IPCC, 2013b) and Synthesis Report (IPCC, 2014a). The range of global-average
SLR projections derived by IPCC, based on process-based models, is shown in Figure 8-25, covering
the likely ranges for the lowest and highest RCP2.6 and RCP8.5 scenarios up to 2100, and all four
RCPs for the averaging period 2081-2100 towards the end of this century. The zero baseline for
these projections is the averaging period for MSL from 1986—2005 (same as for Figure 8-23).

Figure 8-25:
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IPCC AR5 projections of global-average MSL rise (metres, relative to a base MSL of 1986-2005)
covering the range of scenarios from RCP2.6 to RCP8.5. The heavy line shows the median
estimate for that RCP, while the shaded area covers the “likely range” projections for the RCP,
with a 33% chance SLR could be outside that range. The bars on the right show the median and
“likely range” for all four RCPs averaged over the last two decades of this century (2081-2100),
hence are lower than projections ending at 2100 in the main plot. (From IPCC (2013)).

Key statements on SLR in the IPCC AR5 (using the calibrated language for uncertainty and confidence
in italics), include (Church et al., 2013a):

Global mean SLR will continue during the 21st century, very likely at a faster rate than
observed from 1971 to 2010.

By 2100, global-average SLR will likely (i.e. 66% chance) be in the range 0.28-0.61 m
[RCP2.6], 0.36—0.71 m [RCP4.5], 0.38-0.73 m [RCP6.0] and 0.52—0.98 m [RCP8.5].

Onset of the collapse of the marine components of the Antarctic ice sheets (most of
West Antarctica and some parts grounded below sea level for East Antarctica) could

12 That means there is a 33% chance that SLR could lie outside the “likely range” (up or down) for that RCP.
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cause global MSL to rise substantially above the likely range (Figure 8-25) during this
century. While the contribution cannot be precisely quantified, there is medium
confidence that it would not exceed several tenths of a metre3 of SLR by 2100.

= |tis virtually certain that global mean SLR will continue for many centuries beyond
2100, with the amount of rise dependent on future emissions.

=  The threshold for the loss of the Greenland ice sheet over a millennium or more, and
an associated SLR of up to 7 metres, is greater than about 1°C (low confidence) but less
than about 4°C (medium confidence) of global warming with respect to pre-industrial
temperatures.

Abrupt and irreversible ice loss contributed from Antarctica is possible, with some models suggesting
that some ice shelves in parts of West Antarctica could be lost before 2100 under RCP8.5 (DeConto
and Pollard, 2016). The present shelves, however, are not what contributes to the SLR as they are
already in the water. Their loss will reduce buttressing of connected ice streams, which then move
more rapidly and drain off parts of the ice sheet at higher elevation. The mechanism of loss is rapidly
commuted and positively fed back into by tabular calving from the renewal of ice shelves, which can
be broken off in chunks by increased SLR and warming of waters underneath the shelves (e.g. Wise
et al., 2017). This is the same for Greenland where glaciers drain into the sea via ice streams (e.g.
Jakobshavn Glacier).

A set of all four RCP projections for New Zealand is shown in Figure 8-26, based on the median
projections from IPCC (Church et al., 2013b). An additional scenario is presented here, which is the
83 percentile of RCP8.5 (i.e., upper end of the “likely range”). This more extreme scenario is
presented to cover the possibility of polar ice sheet instabilities not factored into the IPCC
projections (Stephens et al., 2017). Small offsets have been added to the global average SLR
projections to account for a slightly higher (5-10%) increase in SLR in seas around New Zealand
compared to the global average projections (Ackerley et al., 2013).

13 Or decimetres (one-tenth of a metre).
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RCP2.6 to RCP 8.5: range of NZ sea-level rise scenarios
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Figure 8-26: SLR scenarios for New Zealand seas, based on a set of median projections for all four RCPs
(based on Church et al., 2013b) plus a higher 83rd percentile RCP8.5 projection (based on (Kopp
et al., 2014)). The M next to the RCP on the plot stands for median. Note: for New Zealand seas,
SLR projections will be around 5-10% higher than the global mean SLR published by IPCC, so
between 2.5 to 5 cm by 2100 has been added to the median global average projections, and 7.5
cm to the higher scenario.

To assist with adaptive approaches to planning, the bracketed time window (approximate earliest to
latest) when various SLR increments will be reached is shown in for all scenarios in Table 8-1 (except
for NZ RCP6.0 which is similar to NZ RCP4.5). For example, 0.5 m of SLR for New Zealand is projected
to occur by 2060 at the earliest (assuming a RCP8.5 83 percentile scenario described above) and
2110 at the latest (under the low-emission RCP2.6 scenario). Even earlier exceedance of the specific
SLR increment cannot be entirely ruled out (depending on the future emission controls and possible
runaway polar ice sheet responses). Exceedance of a 1 m SLR is projected by 2100 for a possible
earliest (based on the RCP8.5 83™ percentile scenario) and after 2200 at the latest.
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Table 8-1:  Approximate years, from possible earliest to latest, when specific SLR increments (metres
above 1986-2005 baseline) could be reached for various projection scenarios of SLR for the
wider New Zealand region. From Stephens et al. (2017)

SLR (metres) Year achieved for | Year achieved for | Year achieved for | Year achieved for
RCP8.5 (83%ile) RCP8.5 (median) RCP4.5 (median) RCP2.6 (median)

0.3 2045 2050 2060 2070

0.4 2055 2065 2075 2090

0.5 2060 2075 2090 2110

0.6 2070 2085 2110 2130

0.7 2075 2090 2125 2155

0.8 2085 2100 2140 2175

0.9 2090 2110 2155 2200

1.0 2100 2115 2170 >2200

1.2 2110 2130 2200 >2200

1.5 2130 2160 >2200 >2200

1.8 2145 2180 >2200 >2200

1.9 2150 2195 >2200 >2200

8.3.4 Climate change impacts on other coastal hazard drivers

While it is expected that the intensity of tropical cyclones and extratropical cyclones will increase (i.e.
wind speed and rain rates), it is likely that their frequency will either decrease or remain essentially
unchanged (IPCC, 2013b). These storms affect the coastal zone through impacts on waves, storm
surge, and swell.

Some high-resolution atmospheric models in the IPCC Fifth Assessment Report have realistically
simulated tracks and counts of tropical cyclones and models can capture the general characteristics
of storm tracks and extratropical cyclones with evidence of improvement since the IPCC Fourth
Assessment Report. However, uncertainties in projections of cyclone frequency and tracks make it
difficult to project how future changes will impact particular regions (Section 5.5).

In addition, the projections of storm surges (increase in sea level caused by inverse barometer and
wind-stress effects from large storms such as tropical cyclones) have low confidence, in part due to
the high uncertainty surrounding future storminess. Changes in storm surge will depend on changes
in the frequency, intensity, and/or tracking of low-pressure systems, and the occurrence of stronger
winds associated with these systems (IPCC, 2013a). Expected changes in wind and atmospheric
patterns, storms and cyclones around New Zealand and the wider southwest Pacific and Southern
Ocean regions also have the potential to change the wave climate experienced around New Zealand
in the future. In turn, this will influence patterns or coastal erosion and the movements of beach and
nearshore sediments within coastal zones.

At a large scale, it is likely that the mean significant wave heights will increase in the Southern Ocean
because of enhanced westerly wind speeds, especially in the austral winter months (5-10% higher at
the end of the 21% century than the present-day mean). In addition, Southern Ocean-generated
swells are likely to affect heights, periods, and directions of waves in adjacent basins (IPCC, 2013a).

A previous assessment by NIWA of possible changes in storm surge and waves around New Zealand,
based on Regional Climate Model simulations, showed a mix of small decreases or increases in
different areas and for different emission scenarios, with mostly no more than a 5% change or
around 5 cm (unpublished NIWA data). This implies that changes in waves and storm surge (and their
lower uncertainties) will be secondary (minor) to the dominating influence and uncertainty of future

Auckland Region climate change projections and impacts 261



SLR in determining coastal impacts such as flooding — a result also shown to apply in a European case
study by Le Cozannet et al. (2015).

8.3.5 Auckland’s coastal exposure and sensitivity to sea-level rise

This section contains information about impacts of RSLR, coastal sensitivity, and risk to coastal assets
from RSLR in the Auckland Region, including relevant past research that has been completed by
NIWA scientists and others.

Effect of sea-level rise on high tide exceedance frequency

As discussed in Section 8.3.1, SLR will have an impact on high tides exceeding current mean sea
levels. An example of the effect that future SLR has on the frequency of high tides exceeding certain
points at Waitemata Harbour (east coast at Port of Auckland) and Anawhata (open west coast north
of Piha) in the Auckland Region is shown in Figure 8-27 and Figure 8-28, respectively.

The black line in these figures show the distribution of all high tides (excluding weather effects) for
the present-day mean sea level and the upper curves are for two different SLR (+0.4 m and +0.8 m).
At present, 10% of high tides exceed MHWS-10 level (Mean High Water Spring level that 10% of high
tides exceed, excluding weather and climate effects). With 0.4 m of SLR, approximately 65% of all
high tides will exceed this level for the Waitemata Harbour (an increase of 55%) and 56% at
Anawhata (an increase of 46%). With 0.8 m of SLR, 100% of high tides will exceed the level that 10%
of present-day high tides exceed in Waitemata Harbour and approximately 97% of high tides will
exceed this level at Anawhata. These statistics are for tides only and exclude weather and climate
effects such as storm surge and ENSO.
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Figure 8-27: The frequency of occurrence of high tides exceeding different present-day tide marks at
Waitemata Harbour (east coast). The tide marks for the present is shown by the heavy black line, 0.4 m of SLR
(blue line) and 0.8 m of SLR (red line). ©NIWA.
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Figure 8-28: The frequency of occurrence of high tides exceeding different present-day tide marks at
Anawhata (west coast). The tide marks for the present is shown by the heavy black line, 0.4 m of SLR (blue
line) and 0.8 m of SLR (red line). ©NIWA.

Exposure to sea-level rise in Auckland

Several studies have analysed the potential impact of RSLR in parts of the Auckland Region.
Presented here are recent pieces of work containing maps of RSLR inundation for wider parts of the
region as well as local-scale maps of Mission Bay, Auckland Airport, Onehunga, Mangere and
Manukau.

Low-lying coastal land in Auckland

Areas that are both low-lying and close to the coast are, in general, most vulnerable to RSLR. A 2015
report by the Parliamentary Commissioner for the Environment included maps showing coastal land
elevation in low-lying areas (Parliamentary Commissioner for the Environment, 2015b). Figure 8-29
to Figure 8-33 show low-lying coastal land for parts of the Auckland Region. The bands show
elevation above the 10'" percentile mean spring high tide levels (MHWS-10), which highlights areas
at risk from different levels of RSLR. Note however that the coloured areas on the maps are not
coastal hazard zones as determined by local authorities. The methodology for producing these maps
is discussed in Parliamentary Commissioner for the Environment (2015b).

The major low-lying areas in Figure 8-31 (the central city area) have not been densely built on. For
instance, the large area below 50 cm in Devonport is a golf course, another in Northcote is the
Onepoto Domain, and a third in Mangere is farmland. These areas are connected to the sea but
sheltered from direct wave action. There are pockets of low-lying land in the city, including parts of
the Central Business District, Mission Bay, Kohimarama, St Heliers, Onehunga, Mangere Bridge, and
Devonport. There are also some relatively large areas of low-lying land along the west coast outside
the Auckland urban area. These include parts of the towns of Parakai and Helensville that lie close to
the Kaipara River (Figure 8-30). Further south, the beach at Muriwai, though not as low-lying, has
been eroding at a rate of about one metre per year since the 1960s.
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Vulnerable transport links include the Northern Motorway just north of the Harbour Bridge and the
causeway on the Northwestern Motorway where it crosses the mud flats at Waterview. The latter
has recently been raised by 1.5 m and widened, partly to allow for gradual subsidence from the soft
marine mud and partly to allow for RSLR. Tamaki Drive, an important arterial road that provides
access to the eastern suburbs, is also subject to increasing sea flooding from elevated storm-tides
and wave overtopping, most frequently where it crosses Hobson Bay (Figure 8-31). Auckland
Transport is planning to address coastal flooding at low spots on Tamaki Drive, between Lilliput
minigolf and Ngapipi Bridge®. Part of the western end of Auckland Airport lies less than 1.5 metres
above the spring high tide mark, with 180 hectares built on reclaimed land and protected by sea
walls (Figure 8-31).
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Figure 8-29: Low-lying land in northeast Auckland with elevation bands of <50cm, 50-100cm, and 100-
150cm above MHWS-10. From Parliamentary Commissioner for the Environment (2015b).

14 https://at.govt.nz/about-us/news-events/auckland-transport-to-address-flooding-along-tamaki-drive/
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Figure 8-30: Low-lying land in northwest Auckland with elevation bands of <50cm, 50-100cm, and 100-
150cm above MHWS-10. From Parliamentary Commissioner for the Environment (2015b).
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Figure 8-31: Low-lying land in central Auckland with elevation bands of <50cm, 50-100cm, and 100-150cm
above MHWS-10. From Parliamentary Commissioner for the Environment (2015b).
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Figure 8-32: Low-lying land on Waiheke Island with elevation bands of <50cm, 50-100cm, and 100-150cm
above MHWS-10. From Parliamentary Commissioner for the Environment (2015b).
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Figure 8-33: Low-lying land in southwest Auckland with elevation bands of <50cm, 50-100cm, and 100-
150cm above MHWS-10. From Parliamentary Commissioner for the Environment (2015b).
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Extreme sea levels in Auckland

Extreme sea levels were modelled for the entire coastline of the Auckland Region by Stephens et al.
(2016c). This report was commissioned by Auckland Council and the council holds all the GIS
inundation maps produced, which are publicly available on Auckland Council’s GeoMaps website.
Coastal extreme sea level elevations from storm-tides!®> and wave setup were calculated for different
return periods. Present-day maps were produced as well as maps for +1 m and +2 m RSLR scenarios
for 1% and 2% AEP (annual exceedance probability, i.e. 100-year and 50-year recurrence intervals,
respectively). The coastal storm inundation layer comprising the 1% AEP inundation event + 1 metre
RSLR is used in the Auckland Unitary Plan to define low-lying coastal areas where policies and rules
apply to land-use planning e.g. Section E36, Natural hazards and flooding, Auckland Council Decisions
Version (19 August 2016)%°.

Mission Bay

Future scenarios for coastal flooding at Mission Bay, central Auckland, were mapped in more detail
by NIWA as part of a research project in improving hazard and risk assessments incorporating SLR
(Stephens et al., 2017). SLR increments were mapped directly on top of present-day median 1% AEP
storm-tide elevation. (Note: annual exceedance probability is the chance of a water level being
exceeded in any year, and is equivalent to an event with a 1 in 100-year recurrence interval on
average). Figure 8-34 clearly indicates how coastal storm inundation exposure might change
incrementally with RSLR, depending on location. Properties on low-elevation land close to the sea
will face inundation at lower RSLR, so will be affected sooner by small or modest increases in sea
level. Properties located further inland on higher elevation land are less exposed and will have longer
to adapt to rising sea level.

15 Storm tide refers to the total observed sea level during a storm, which is the combination of storm surge (caused by low atmospheric
pressure and by high winds pushing water onshore) and normal high tide.

16 http://unitaryplan.aucklandcouncil.govt.nz/Images/Auckland%20Council%20Decision/Chapter%20E%20Auckland-
wide/5.%20Environmental%20Risk/E36%20Natural%20hazards%20and%20flooding.pdf
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Figure 8-34: Effect of 0.1 m RSLR increments on coastal storm inundation exposure (1% AEP) at Mission Bay,
Auckland. SLR increments have been added onto the 1% AEP storm-tide elevation, which was
calculated for the present-day mean sea level Graphics: Sanjay Wadhwa, NIWA; based on
Auckland Council LiDAR data. From Stephens et al. (2017).

Figure 8-35 shows the depth (and area) of inundation for a 1% AEP storm tide at present-day mean
sea level, and two SLR scenarios, +0.4 m and +0.8 m. The maps show there is little exposure to
coastal storm inundation at present, but this will increase as the sea rises. The maps also show the
increasing depth (severity) of future inundation at Mission Bay. Figure 8-36 shows the frequency (and
area) of inundation for a 1% AEP storm-tide at present-day mean sea level and the same two SLR
scenarios. The maps show that coastal storm inundation is infrequent at present-day mean sea level
but becomes increasingly likely with SLR. In combination with Figure 8-35, the maps show both the
expected depth and frequency of future inundation. The combination of these plots provides
information that is more useful for decision-making than any of the plots in isolation. For example, a
property located beside the first street back from the sea is safe at present, but after 0.8 m of SLR
can expect to be inundated about 10 times per year by about 0.5 m or more of water.
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Figure 8-35: Depth of inundation (m) at Mission Bay, Auckland, for a 1% annual exceedance probability
storm-tide covering present-day mean sea level and two SLR scenarios. Left: 1% AEP storm-tide
at present-day mean sea level. Middle: plus 0.4m SLR. Right: plus 0.8m SLR. Derived from the
study of Stephens et al. (2017).

Figure 8-36: Frequency of inundation (exceedances per year) at Mission Bay, Auckland, for a 1% AEP storm-
tide, covering present-day mean sea level and two SLR scenarios. Left: 1% AEP storm-tide at
present-day mean sea level. Middle: plus 0.4m SLR. Right: plus 0.8m SLR. Derived from the study
of Stephens et al. (2017).

Auckland International Airport

Maps of coastal-storm inundation were produced for land at Auckland Airport, both at present day
mean sea level and for RSLR scenarios of 0.5, 1.0 and 1.5 m relative to present-day mean sea level
(Stephens et al., 2016a) (Figure 8-37 to Figure 8-40).

Coastal-storm inundation (including wave setup but excluding wave run-up) of Auckland Airport is
not expected at present-day mean sea level. However, an extreme coastal-storm inundation event
would inundate land at the western edge of Auckland Airport after RSLR of 0.5 m. The areal extent
(and frequency) of inundation would further increase after progressively higher RSLR. An extreme
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coastal-storm inundation event would first breach the western sea wall after 5-10 cm of RSLR,
although the extent of inundation would be minor at such low RSLR.

At present-day mean sea level, Wiroa Island (southeast of the runway) is already likely to be
inundated during an extreme coastal-storm inundation event. The areal extent of inundation on
Wiroa Island during extreme events increases over only a relatively small part of the island with RSLR
of up to 1.5 m, although the depth and frequency of inundation would increase.

The frequency of coastal-storm inundation will also increase with RSLR. After 0.5 m of RSLR we would
expect about 0.3 inundation events per year, or one event every 3 years. After 1.0 m of RSLR we
would expect about 64 inundation events per year, and after 1.5 m of SLR we would expect about
390 inundation events per year, which is about half of all high tides per year - but only in the areas
highlighted in the maps below. Auckland International Airport Ltd. is actively working on stormwater
and coastal inundation adaptation measures.

For more information about the methodology and other results from this study, the reader is
directed to Stephens et al. (2016a).
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Figure 8-37: Map of the areal extent of coastal-storm inundation from a 1% AEP storm-tide + wave setup at
present-day MSL at Auckland Airport. Orange shading indicates wet areas.
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Figure 8-38: Map of the areal extent of coastal-storm inundation from a 1% AEP storm-tide + wave setup at
present-day MSL + 0.5 m SLR at Auckland Airport. Orange shading = wet areas.
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Figure 8-39: Map of the areal extent of coastal-storm inundation from a 1% AEP storm-tide + wave setup at
present-day MSL + 1.0 m SLR at Auckland Airport. Orange shading = wet areas.
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Figure 8-40: Map of the areal extent of coastal-storm inundation from a 1% AEP storm tide + wave setup at
present-day MSL + 1.5 m SLR at Auckland Airport. Orange shading indicates wet areas.

Onehunga, Mangere and Manukau

Coastal hazard and SLR inundation exposure was examined for the Onehunga town centre and port
land, the Mangere coastline, and the Manukau metropolitan centre and surrounds, plus the land
seaward of these (Stephens et al., 2016b). Coastal-storm inundation was mapped at present-day
mean sea level and for RSLR scenarios of 0.5, 1.0 and 1.5 m relative to present-day mean sea level.

The Manukau town centre is located ~4 km inland and is sufficiently elevated that it will not be
exposed to coastal-storm inundation at present-day mean sea level, nor after a SLR of at least 1.5 m.

In Mangere, no substantial inundation is expected at present-day MSL, for either a 1% or 2% AEP
storm-tide. Some properties along Waterfront Road and Moana Ave are projected to be vulnerable
to inundation after SLR of 2 0.5 m, with the inundation depth and extent increasing with RSLR. Most
of the land area that is projected to become inundated in the Mangere area is “greenfields” land,
with no existing property development.

At Onehunga, no substantial inundation is expected at present day MSL, for either the 1% or 2% AEP
storm-tide. Inundation of a few properties is expected after 0.5 m of RSLR, with the inundation
occurring via flow through culverts. There is considerably more property inundation projected after
1.0 m and 1.5 m of RSLR in Onehunga (see Figure 8-44 and Figure 8-45 below). The sea is expected to
flow into the area over the existing road for RSLR scenarios of +1.0 and +1.5 m (although the road
could be raised when required in the future). The frequency of coastal-storm inundation will increase
with RSLR. The road at the eastern end of Waikaraka Public Cemetery has the lowest elevation along
the Onehunga coastline, and is the first location where we expect coastal-storm inundation to flow
inland over the road. It is lower than the present-day 2% AEP storm-tide. Presently in the highlighted
areas, we expect about 0.06 inundation events per year, or one event every 17 years on average.
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After 0.5 m of RSLR we would expect about 14 inundation events per year. After 1.0 m of RSLR we
would expect about 254 inundation events per year coinciding with high tides, and after 1.5 m of
RSLR we would expect about 605 inundation events per year, which is 6 out of 7 high tides — only the
lowest high tides would not flow over the road, assuming it was left at its present elevation.
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Figure 8-41: Map of the areal extent of coastal-storm inundation at Manukau from a 1% AEP storm-tide at
present-day MSL + 1.5 m SLR. Orange shading indicates wet areas. Only the highest-elevation
scenario (1% AEP storm-tide + 1.5 m SLR) is mapped for the Manukau area, because that scenario
is sufficient to show that the Manukau town centre will not be exposed to coastal-storm
inundation after a SLR of 1.5 m or less.
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Figure 8-42: Map of the areal extent of coastal-storm inundation at Onehunga from a 1% AEP storm-tide at

present-day MSL. Orange shading indicates wet areas.
1758000 1759000 1760000 1761000

3 i3
%)

B AL
- g3

5912000
5912000

H

MY b arkf

5911000

Map projection: NZGD:
New Zealand Transverse Mercator

1759000 176;000

Figure 8-43: Map of the areal extent of coastal-storm inundation at Onehunga from a 1% AEP storm-tide at
present-day MSL + 0.5 m SLR. Orange shading = wet areas.

276 Auckland Region climate change projections and impacts



1759000 1761000

| AEP 1% SLR1m [

2
25

Pl =

L3

il

s
=il
0 e
el

L
F
T o &

e
e

Y

-

=y
S
~
N
o
w

‘“ »! '_;L, |= L}

"55a3\

)
e

]
e

0 500 m
L e—

Map projection. NZGD2000
New Zealand Transverse Mercator

1758000

1759000 1760000 176;000

Figure 8-44: Map of the areal extent of coastal-storm inundation at Onehunga from a 1% AEP storm-tide at

present-day MSL + 1.0 m SLR. Orange shading = wet areas.
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Figure 8-45: Map of the areal extent of coastal-storm inundation at Onehunga from a 1% AEP storm-tide at

present-day MSL + 1.5 m SLR. Orange shading indicates wet areas.
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Figure 8-46: Map of the areal extent of coastal-storm inundation at Mangere from a 1% AEP storm-tide at

present-day MSL. Orange shading indicates wet areas.
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Figure 8-47: Map of the areal extent of coastal-storm inundation at Mangere from a 1% AEP storm-tide at
present-day MSL + 0.5 m SLR. Orange shading = wet areas.
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Figure 8-48: Map of the areal extent of coastal-storm inundation at Mangere from a 1% AEP storm-tide at

present-day MSL + 1.0 m SLR. Orange shading = wet areas.
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Figure 8-49: Map of the areal extent of coastal-storm inundation at Mangere from a 1% AEP storm-tide at
present-day MSL + 1.5 m SLR. Orange shading indicates wet areas.
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Coastal sensitivity indices in the Auckland Region

In 2012, NIWA completed a study on the sensitivity of New Zealand’s coasts to the effects of coastal
climate change (Goodhue et al., 2012). The assessment does not include present issues (e.g., with
present or historic coastal erosion), but focuses on the sensitivity of coastal margins for any further
change. In conjunction with available geomorphic and oceanographic information, Coastal Sensitivity
Indices (CSI) were developed for coastal inundation and coastal erosion for New Zealand’s soft shore
coastline. These indices were created by combining four geomorphic (exposure, hinterland, sediment
type and landform type) and three oceanographic (high tide range and change in storm surge and
wave height) variables. Relative scores and weightings were then applied to these variables based on
how likely they are to be affected by climate change. For more information on the methodology used
to produce the CSI, the reader is directed to Goodhue et al. (2012).

Two national maps were produced, which can be used to identify coastal areas which are more
sensitive than others to the potential impacts of climate change-induced coastal erosion and
inundation. These have been provided here for the Auckland Region in Figure 8-50 for erosion and
Figure 8-51 for inundation.

Figure 8-50 shows that the east coast of the Auckland Region is more sensitive to climate
change-related erosion than the west coast, with the most sensitive areas being between
Whangaparaoa Peninsula and North Head on the North Shore, and around the Maraetai-Kawakawa
Bay coast in the southeast of the region. The least sensitive areas to climate-change related coastal
erosion are from Kaipara South Head to the Manukau Heads on the west coast of Auckland.

Figure 8-51 shows a similar pattern, in that the east coast is more sensitive to future inundation
(flooding by the sea) than the west coast. The most sensitive areas in the Auckland Region are
Omaha Beach and Wenderholm in the northeast of the region, and areas near Clevedon in the
southeast of the region. The least sensitive area to future coastal inundation is from Kaipara South
Head to the Manukau Heads on the west coast.

The CSl is not an absolute measure of potential risk of future inundation or erosion under climate
change, and consequently it should not be used as a replacement for local (beach scale) risk
assessments. Rather the CSI has been designed to provide a high-level scoping index and comparison
of the relative (higher or lower) sensitivity to climate change of one part of the coast compared to
another.

RSLR will not only affect soft shorelines like beaches, but some soft cliffs may also be affected. Much
of Auckland’s eastern coastline is bordered by cliffs composed of sandstones with intercalated
mudstones (Reinen-Hamill et al., 2006). Most of these cliffs are fronted by a gently sloping shore
platform, some of which have a steep seaward edge. Erosion rates are likely to increase on these
coasts under SLR, because deeper water on the platform will result in reduced nearshore wave
dissipation and likely higher wave impact pressures on the cliffs. Any increase in storm frequency will
also increase erosion rates. This process is non-linear, however, and it is not currently possible to
estimate how much greater erosion rates will be at the cliff toe. The cliff faces will also be subject to
sub-aerial weathering and erosion, along with increasing issues from more intense rainfall for
managing stormwater and overland flow on adjacent land, which is partly why coastal cliff retreat is a
non-linear process only partially related to increased sea level and wave activity at the base of the
cliffs. The cliff top will also be sensitive to changes in drainage and moisture processes, such as
extremes of prolonged drought punctuated by heavy rainfall events.
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Reinen-Hamill et al. (2006) provided a regional overview of the area susceptible to coastal erosion in
the Auckland Region for the next 100 years, with different likelihoods of erosion assessed. The reader
is directed to this report for information on potential coastal erosion for specific parts of Auckland’s
coastline.
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Figure 8-50: Coastal sensitivity index for erosion for the Auckland Region. After Goodhue et al. (2012).
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Figure 8-51: Coastal sensitivity index for climate change-induced inundation (flooding by the sea) for the

Auckland Region. After Goodhue et al. (2012).
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Risk of coastal assets to sea-level rise

In 2015, a report for the Parliamentary Commissioner for the Environment was published covering
national and regional risk exposure in low-lying coastal areas (Parliamentary Commissioner for the
Environment, 2015a). Some of these results are presented here for the Auckland Region in Figure
8-52 to Figure 8-59. Coastal risk exposure was expressed as built assets (e.g. buildings, roads,
railways, three-waters infrastructure), land cover, and usually resident population present in the
zone inundated by 100-year return period storm-tide event (1% AEP) at the present day and with 1 m
and 2 m of RSLR. The types of buildings included in each category are defined in Table 8-2. The
Replacement costs for buildings in New Zealand dollars as of 2011 were also calculated. The
methodology used here for this updated Auckland risk-exposure assessment is the same as for
Parliamentary Commissioner for the Environment (2015a), but with replacement values for buildings
in 2016 NZ dollars.

Table 8-2:  Building use categories for coastal asset risk analysis, after Parliamentary Commissioner for the
Environment (2015a).

Building use category Building uses in each category
Residential Residential dwellings
Commercial accommodation
Rest home

Lifestyle

Commercial Business

Fast Moving Consumer Goods
Industrial Manufacturing

Storage

Chemical, energy, hazardous
Forestry, mining

Farm

Critical Government

Territorial Authority/Civil Defence
Lifeline utilities

Police

Hospital/clinic

Fire Station

Education

Community Community

Religious

Other Parking

Clear site

Other

By far the largest proportion of buildings at risk from a 1% AEP storm-tide event plus RSLR of +1 m or
+2 m in the Auckland Region are residential buildings, with more than ten times the number of
buildings than in any other category with +2 m of RSLR (Figure 8-52). The number of residential
buildings affected increases from 1300 structures at present to 4450 structures with 1 m RSLR, and
9900 structures with 2 m SLR. As such, residential buildings have the highest replacement cost out of
all building categories, although the replacement cost of affected industrial and commercial buildings
is also quite high (Figure 8-53). In line with the effect on residential buildings, the usually-resident

17 One minor difference in methodology is that the ‘natural environment’ land cover extent excludes ‘estuarine, open water’ and
‘mangroves’ in this report as these are seaward of MHWS-10.
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population affected (based on census results from 2013) increases with different levels of SLR (Figure
8-54).
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Figure 8-52: Number of buildings in the Auckland Region inundated by a storm-tide event with a 1% AEP at
present day sea level and with 1 m and 2 m of RSLR. Types of buildings in each category are
defined in Table 8-2.
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Figure 8-53: Replacement cost of buildings in the Auckland Region inundated by a storm-tide event with a
1% AEP at present day sea level and with 1 m and 2 m of RSLR. (2016 NZDS$). Types of buildings
in each category are defined in Table 8-2.
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Figure 8-54: Usually resident population affected by a storm-tide event with a 1% AEP at present day sea
level and with 1 m and 2 m of RSLR. Population data based on census 2013.

The cumulative length of roads that would be inundated with a 1% AEP storm-tide event and 1 m
RSLR is more than double that of the present-day 1% AEP event, and four times more with 2 m RSLR
(85 km exposed at present, 210 km with 1 m RSLR, and 342 km with 2 m RSLR) (Figure 8-55). With

2 m of SLR, almost three times more railway corridor would be inundated than at present-day with
the 1% AEP storm-tide event (Figure 8-56).

400

350

300
250
200
150
100

.
0

1% AEP Present Day 1% AEP + SLR 1m 1% AEP + SLR 2Zm

Length of road inundated (km)

Figure 8-55: Length of road in the Auckland Region inundated by a storm-tide event with a 1% AEP at
present day sea level and with 1 m and 2 m of RSLR.
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Figure 8-56: Length of railway in the Auckland Region inundated by a storm-tide event with a 1% AEP at
present day sea level and with 1 m and 2 m of RSLR.

A considerable amount of three-waters infrastructure (potable water, wastewater and stormwater)
is at risk from rising sea levels. In terms of the numbers of nodes affected (nodes for each type of
water infrastructure are defined in Table 8-3), potable water and wastewater have a similar number
of nodes affected (1000-1400 under present 1% AEP storm-tide event, 4500-5000 under 1 m RSLR,
9300-9600 under 2 m RSLR), but this number is approximately doubled for the number of
stormwater nodes affected by RSLR (Figure 8-57). The length of pipes affected by a present-day 1%
AEP storm-tide event for potable water, wastewater and stormwater, and stormwater drains and
channels is less than 100 km for each type, but this increases substantially for all categories with
RSLR of 1 m and 2 m (Figure 8-58). For example, over 400 km of wastewater pipelines are at risk from
inundation for a 1% AEP storm-tide event + 2 m of RSLR.
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Figure 8-57: Number of potable water, wastewater and stormwater nodes in the Auckland Region
inundated by a storm-tide event with a 1% AEP at present day sea level and with1 mand 2 m
of RSLR. Nodes are defined in Table 8-3.
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Figure 8-58:

Table 8-3:

1% AEP

1% AEP + SLR 1m 1% AEP + SLR 2m

Stormwater Pipelines m Stormwater Drains and Channels

Length of potable water, wastewater and stormwater pipes and stormwater drains and
channels in the Auckland Region inundated by a storm-tide event with a 1% AEP at present day

sea level.

Classification of potable water, wastewater and stormwater nodes and stormwater drains and
channels by Auckland Council.

Potable Water | Wastewater Stormwater
Nodes Nodes Nodes Drains and Channels
Cabinet Chamber Catchpit Channel
Chamber Fitting Electrical Forebay
Fitting Manhole Inlet and Outlet Overland Flow path
Hydrant Pump Station | Man hole and Chamber Spillway
Meter Structure Natural Structure Watercourse
Pump Station Pump
Reservoir Septic Tank
Valve Soakage System

Water Treatment Device
Well
Water Treatment Facility

Primary production land is most at risk from RSLR as it is the largest coastal land use by area in the
Auckland Region (Figure 8-59). About 88 km? is exposed to inundation at present with a 1% AEP
storm-tide event, but this increases to 120 km? with 1 m of RSLR and 140 km? with 2 m of RSLR.
Exposure to coastal flooding of the built environment land area doubles with 1 m of RSLR compared
to present, and quadruples with 2 m of RSLR compared to present (Figure 8-59).
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Figure 8-59: Land area in the Auckland Region inundated by a storm-tide event with a 1% AEP at present
day sea level and with 1 m and 2 m of RSLR.
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8.4  Air quality and climate change

Key messages
e How climate change will interact with emissions in Auckland is highly uncertain beyond
broad, first principles-based descriptions.

e As winter temperatures rise, the demand for residential heating will diminish and so will high
wintertime concentrations of black carbon and particulate matter from burning solid fuels
like wood and coal.

e Changing rainfall patterns may result in heavier rainfall events but longer dry stretches, so
pollutants may not be washed out of the atmosphere as often, increasing the annual
pollutant concentrations.

e The impact of climate change on air masses over the Auckland region will impact air quality at
the regional scale and impact the potential for high (and low) concentration periods.

e To predict future health impacts from air quality and climate interactions, air quality models
will need to be run with the relevant climate and emissions projections.

e  PMjygemissions from burning solid fuels in Auckland are projected to decline by 63% by 2040
compared with 2006.

e Transport emissions are projected to decline by 67% by 2040 compared with 2006.

Auckland’s changing climate may have impacts upon its air quality. In this section, the general
interactions between air quality and climate change are introduced. Then the specific projections
described in previous sections of this report are reviewed considering potential impacts on air quality
(Section 8.4.1). Section 8.4.2 reviews the international and local literature concerning air quality
predictions and health impacts under different climate change scenarios, and the relationship
between meteorology and air quality in Auckland.

Air quality pollutants are researched and regulated due to their known and suspected health
impacts. This research (and regulation) has historically been separate from research regarding
climate forcing pollutants due to the very different spatial and temporal scales at which each work.
From a climate perspective, traditional air quality pollutants were seen as having a minor and
relatively uncertain role. Mounting evidence of their diverse impacts has reduced those uncertainties
to the point where the category of Short Lived Climate Pollutants (SLCPs) is now becoming
commonplace, particularly as regulators strive for comparatively easy and quick reductions in climate
forcing emissions. The SLCPs are:

= Methane

=  Black carbon

= Tropospheric ozone

=  Hydrofluorocarbons (HFCs)

The most recent United Nations Emissions Gap Report (UNEP, 2017) acknowledged the importance
of strong actions on SLCPs like black carbon to reduce the short-term warming effect and thus
achieve the targets as stated in the Paris Agreement.
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There is some overlap between SLCPs and traditional air quality pollutants as regulated by the
National Environmental Standards (NES) in New Zealand. The air quality pollutants of concern in
Auckland (namely NO; (nitrogen dioxide) and PMyo (particles less than 10 pg m3)) have limited
impact on climate forcing, except for black carbon, which is a significant wintertime component of
PM,s the finer fraction of PM1g, due burning solid fuels for heating.

In addition to certain air quality pollutants having an impact on climate, changes in climate may have
an impact on atmospheric and airborne pollutant concentrations through these pathways:

= |ncreasing occurrence of meteorological conditions that can lead to greater or lesser
generation of pollutant, either:

— directly, for instance solar radiation driving ozone generation, or more high winds
generating sea-spray

— indirectly, through changing climate leading to changes in anthropogenic
emissions due to behavioural changes

= Increasing occurrence of meteorological conditions that can lead to better or poorer
dispersion or removal of pollutant once emitted. For example:

— rainfall washing out pollutants

— low wind speeds allowing accumulation of pollutants

Figure 8-60 is a schematic of these concepts.
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Figure 8-60: Effect of climate change on surface air quality placed in the broader context of chemistry —
climate interactions (Jacob and Winner, 2009).
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8.4.1 Climate Change in Auckland and potential impacts on air quality

Possible changes in air quality are described here based upon the projected climate changes in
Auckland from RCP8.5, discussed earlier in this report. Figure 8-61 summarises the potential changes.

Air quality impacts due to climate change in Auckland

The climate projections are based on RCP8.5 scenario downscaled for Auckland region.
Note that the air quality predictions are highly uncertain and require further research
in order to understand the magnitude of the stated impacts.

Figure 8-61: Potential air quality impacts attributable to climate projections in the Auckland Region.
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Changes to temperature and solar radiation in Auckland

Changes in temperature may drive changes in anthropogenic air pollution emissions in Auckland.
Winters are projected to get warmer and therefore less heating may be required. Assuming no other
changes in pressures on wood burner use, wood burning emissions should decline. Summer
temperatures are also projected to increase, which may stimulate more energy demand for air
conditioning. Depending on the nature of the electricity production this may result in greater
emissions outside of Auckland (at the point of electricity generation).

Very small changes in solar radiation are projected, which may slightly increase the rate of
atmospheric chemistry reactions over summer. The net result of these increased rates on monitored
pollutant concentrations is highly uncertain and would require further research to investigate the
size and nature of expected impacts.

Changes to rainfall, drought and relative humidity in Auckland

Fewer, but increasingly intense rain days for all seasons except spring (depending on the climate
scenario) may lead to less washout of pollutants from the urban atmosphere. Conversely, spring is
projected to become drier which may exacerbate the resuspension of dust. More drought conditions
may increase biogenic emissions of ozone precursors such as Volatile Organic Compounds (VOCs), as
part of the vegetative stress response to drought. It may also make vegetation more susceptible to
ozone damage, affecting crop production.

Relative humidity is projected to decrease slightly and this may affect aerosol chemistry and restrict
the formation and evolution of secondary organic aerosols (SOAs). This may reduce concentrations
but the magnitude of the change is highly uncertain and requires further research.

Changes to winds in Auckland

Small decreases are projected for both the mean wind speed and the number of windy days. This
may slightly decrease the dispersion of pollutants. However, there may also be less sea-spray, which
is generated on windy days and contributes to PMx concentrations. Extreme winds from phenomena
such as tropical cyclones and tornadoes would generate more sea-spray, but future projections of
these phenomena are highly uncertain.

8.4.2 International and Auckland specific review of climate change effects on air quality

NOx, NO, and brown haze assessment

Because urban Auckland sits upon a narrow isthmus it usually experiences good dispersive
meteorological conditions, which maintains good air quality. However, Auckland also has high traffic
volumes. The Auckland Air Emissions Inventory 2016 (Metcalfe and Sridhar, 2017) recognized road
traffic as one of the major anthropogenic emission sources in Auckland. Motor vehicles are the major
source of NOx, comprising 66% of regional transport emissions and 70% of urban airshed transport
emissions. Between 2006 and 2016, NOx and NO; showed contrasting results. While NOx emissions
reduced by 34%, NO; levels went up by 1%. NOx projections for 2040 show a 66% reduction, whereas
NO; levels for 2040 are projected to decline by 36% compared to 2006 levels (Metcalfe and Sridhar,
2017).

To study the meteorological impacts on NOx concentrations, Pearce et al. (2011) used ECMWF
(European Centre for Medium-range Weather Forecasts) reanalysis data at a global scale. Due to an
inconsistency in results, they concluded that synoptic-scale meteorology is not the major driver of
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high NOx concentrations in Melbourne, Australia and thus the impact of climate change on synoptic-
scale meteorology will have only a minor impact on air quality. In an Auckland-based brown haze
study, Salmond et al. (2016), also showed that individual or isolated local or regional approaches
were ineffective. They suggested that formation of brown haze over any urban area could be
predicted by a combined approach of using local surface conditions, regional synoptic reanalysis and
back trajectory modelling.

Jiang et al. (2014) demonstrated the usefulness of a combined approach by simultaneously
evaluating the impacts of local, synoptic and large-scale meteorology on daily NO;, concentrations
observed in Auckland. They concluded the local meteorology to be the most significant driver of daily
concentrations of NO; with two pathways: local transport and local emissions, consistent with most
of the literature.

The implication from two of the Auckland-based studies, Salmond et al. (2016) and Jiang et al. (2014),
is that the impact of climate change on air masses over the Auckland Region will impact air quality at
the regional scale and impact the potential for high (and low) concentration periods.

Black carbon and carbon monoxide assessment

In 2011, the World Meteorological Organization (WMO) and the United Nations Environment
Programme (UNEP) studied the linkages between climate change and the formation of black carbon
and the ozone precursors — methane, carbon monoxide, NOx and VOCs (UNEP and WMO, 2011,
Shindell et al., 2012). The study followed an integrated approach, identifying reduction measures and
co-benefits by taking into consideration the net impact of all pollutants on climate change. It
demonstrated a 50% reduction in black carbon emission trends by 2030 relative to the present-day
emissions by full implementation of black carbon reduction measures. The declining concentration of
black carbon was shown to be positively correlated with organic carbon (OC), total PM; s (particles
less than 2.5 ug m=3) and carbon monoxide (CO) concentrations.

Bromley and Gray (2017) showed that in Auckland, CO levels have consistently declined even while
the total vehicle kilometres travelled have increased. This decline is attributed to improved petrol
vehicle emissions and fuel standards. The decline is evident at sites like urban Auckland such as
Marylebone and North Kensington in London (Bromley and Gray, 2017). The major sources of black
carbon in Auckland have recently been confirmed as domestic heating and transport sectors, in the
city’s first black carbon emissions inventory (Figure 8-62; P. Crimmins, pers. comm., MSc thesis,
University of Auckland, under review).
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Figure 8-62: Total black carbon emissions in Auckland, 2013, as calculated from bottom-up emission
inventory. From Paul Crimmins, pers. comm., November 2017.

The transport-related component shows a downward trend in concentrations (Figure 8-63), while
black carbon from residential wood-burning is neither declining nor increasing.
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Figure 8-63: Seasonal-Kendall test for total black carbon concentrations at peak traffic sites in Auckland
(Khyber Pass and Queen St), 2006-2013, showing a statistically significant decrease (p < 0.001).
From Paul Crimmins, pers. comm., November 2017.
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Mitchell et al. (2017) investigated black carbon from residential wood-burning in New Zealand and
the United Kingdom and found that most of New Zealand had very low wintertime black carbon
concentrations (less than 1 ug m3). The most polluted areas had wintertime averages of over 10 ug
m~3and were in the South Island where wintertime domestic wood-burning is more prevalent. Most
of Auckland’s wintertime black carbon concentrations ranged between 1-3 pg m=3. They also noted
that emissions from residential wood burning may be under-estimated in climate models.

Anenberg et al. (2011) examined the health benefits of halving the black carbon emissions between
2005 and 2030. The study suggested that halving black carbon emissions results in a reduction of
around 2% PM; s outdoor concentration and around 160,000 fewer deaths per annum globally.
Health effects due to exposure to indoor air pollution, mainly due to domestic heating and
infiltration of outdoor smoke, are ignored in these estimates. Also, rising temperatures are expected
to reduce the demand for indoor heating and this reduction is not included in these estimated
concentrations.

Auckland’s black carbon source mixture is similar to countries mentioned in UNEP and WMO (2011).
Therefore, New Zealand may greatly benefit from UNEP’s recommended combining of GHG and
black carbon emission reduction measures. However, the results of these models, especially as
described in Anenberg et al. (2011), cannot be assumed to be directly applicable in New Zealand due
to the coarse resolution of the model used. Further Auckland-based fine scale modelling is required.

Particulate Matter (PM) and Ozone

An overall rise in temperatures and occurrence of drought conditions for the Auckland Region is
projected (Sections 3 and 4). Wang et al. (2017) studied the impact of increasing drought conditions
on concentrations of various pollutants in the United States. This study concluded that PM;.sand
ozone concentrations can be highly sensitive to drought conditions with a negative linear
relationship, meaning that the most severe drought indicators result in the greatest increase in
pollutant concentrations.

These climate-induced drought conditions may also increase the occurrence of wildfires (Fiore et al.,
2015). Wildfires release many pollutants including CO, CO,, PMx (including black carbon) and ozone
precursors. Wildfires can alter pollutant concentrations at a regional scale due to air mass
movements. For example, ozone concentrations in Auckland from 1996 to 2012 met the WHO
guidelines every year except 2002. This exceedance in 2002 was attributed to bush fires in Sydney
(Ministry for the Environment and Stats NZ, 2014), which is an example of transboundary pollution or
long-range transport. The risk of local wildfires may also increase with the projected drier climate in
Auckland (Section 8.5).

In 2016, PM1g emissions from wood burning in Auckland were estimated to be 10 tonnes per winter
day. This represented a 31% reduction from the baseline year of 2006, with a 63% reduction
projected by 2040 (Metcalfe and Sridhar, 2017, Metcalfe et al., 2017). In the transport sector, a 30%
reduction was estimated in 2016 compared with the Auckland Plan target of 50% reduction by 2016.
The report predicted a 67% reduction by 2040, falling just short of the target of 70% reduction
(Metcalfe and Sridhar, 2017).

Silva and colleagues studied the effect of past climate change on air pollution and premature
mortality using global coupled chemistry-climate models in both Silva et al. (2016) and Silva et al.
(2017). Silva et al. (2016) studied the net effect on future emission concentrations and related
mortality attributable to both climate and emission change. The model ensemble showed an increase
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in ozone concentrations and a decrease in PM,.s concentrations in 2100 relative to 2000. They
attributed the increase in ozone to rising temperatures and increasing methane emissions and the
decrease in PM,swas attributed to a decrease in total particulate and precursors to secondary
organic aerosols. Conversely, Allen et al. (2016), using four of the same models as Silva et al. (2016),
found a decrease in rainfall leading to an increase in PM, s concentrations and hence, increased
associated mortality.

Silva et al. (2017) discussed the changes in concentration and mortality attributable exclusively to
changing climate by keeping emissions constant while modelling their baseline year of 2000 and all
future projections. Five models were used — four of which projected increases in mortality and one
projected decreases in mortality. Comparing these results to Silva et al. (2016) illustrated a ‘climate
penalty’, whereby the decreases in PM;s-related mortality from projected reductions in emissions
were offset by the mortality attributable to climate change. If there were no changes to the future
climate, the overall PM;s and ozone-related mortality would be further reduced, thus indicating the
co-benefits of climate change mitigation policies to air quality and health. (Note that these
conclusions are based on 2000 emissions, not present-day emissions.)

Tagaris et al. (2009) conducted a health impact assessment based on the climate-chemistry model
GISS-E2-R, CMAQ, and the health impact model BenMap to study the climate-induced air quality
related health impacts at various spatial scales for 2050 throughout the United States. They found
PM,s-dominated health effects are more substantial than ozone-related health effects. Although
Silva et al. (2017) and Targaris et al. (2009) used different climate change scenarios, the spatial
variability in their results agreed in many regions.

Past and current estimates of health impacts attributable to air quality in New Zealand are based on
the HAPINZ health effects model (Kuschel et al., 2012), which relies on monitored concentrations
across the country. To predict future health impacts from air quality and climate interactions, air
quality models would need to be run with the relevant climate and emissions projections.

Integrated assessment studies and policy implications

Silva et al. (2017) demonstrates the need for coordinating or combining management policies for
climate change and air quality. Figure 8-64 shows how policy in a wide array of societal areas are
impacted by climate change and have impacts on health outcomes because of climate change and air
quality.
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Figure 8-64: This conceptual diagram for an outdoor air quality example illustrates the key pathways by
which humans are exposed to health threats from climate drivers, and potential resulting
health outcomes. These exposure pathways exist within the centre boxes. The exposure
pathways exist within the context of other factors that positively or negatively influence health
outcomes (grey side boxes). (From Fann et al. (2016))

There have been various air quality improvement policies introduced in Auckland and globally. The
reductions in emissions (NOx, PM and CO) in Auckland can be attributed to stricter emission controls
for imported vehicles and fleet turnover. The MfE air domain report (Ministry for the Environment
and Stats NZ, 2014) also presented the health impacts of air quality and differences observed
between 2006 and 2012. Their estimates were based on the health effects model formulated by
HAPINZ (Kuschel et al., 2012). The report stated that the reductions in PM;o observed between 2006
and 2012, led to 14% fewer premature deaths and 15% fewer hospital admissions attributable to
anthropogenic PMyo.

In 2008, MfE examined a range of possible measures and assessed the potential co-benefits for
reducing greenhouse gas emissions, public health effects and costs through lower air pollution
emissions (Fisher and Sherman, 2008). The focus of the analysis was on three sectors: domestic,
vehicle, and industry, since they have impacts on both air pollution and greenhouse gases. Due to the
lack of specific data, many assumptions were made to analyse these impacts. The air pollution and
health data for this study was obtained from the HAPINZ study in 2007 (Fisher et al., 2007). There
was a small reduction in greenhouse gas levels due to an increased wood burner use but significantly
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larger air pollution control and health costs. Biofuels appeared to offer strong co-benefits, although
there was no evidence for air quality gains. Any measures to reduce fossil fuel energy use in the
industrial sector seemed to have benefits for greenhouse gas emission reductions and air quality
health gains, only if the process did not involve industry switching to using wood, in which case the
health costs increase substantially.

Asikainen et al. (2017) also investigated the benefits of greenhouse gas emission reduction measures
in Kuopio, Finland. These measures included four strategies: (1) energy efficiency improvements in
residences, (2) increasing the use of biofuel for traffic-based improvements, (3) increased use of
wood for domestic heating and (4) increased used of biomass in power generation plants. The
changes in emissions due to climate foreseen in 2020 (under RCP8.5) relative to 2010 baseline were
studied for CO,, PM1o, PMs5, NOx and sulphur dioxide (SO3). Based on these changes in emissions,
consequences for health and PM;, s ambient concentrations were assessed. Although the assessment
showed nearly a 50% reduction in CO, emissions due to the abatement strategies, the PMys
concentrations did not show any significant improvement (with increases observed by some
reduction strategies) thus providing minimal health benefits. In conclusion, the case study suggested
that the mitigation strategies focused on CO; reduction alone will not be sufficient to meet the local-
emission standards and reduce health impacts.

Royal Society of New Zealand (2017) recognized the importance of air quality in analysing the
impacts on health induced by climate change in New Zealand, especially for vulnerable groups such
as the elderly and children. The report also suggests the increasing occurrence of drought and fire
events will increase concentrations of ozone and particulate matter. The amount and distribution of
allergic pollen is also expected to increase in New Zealand due to the rising temperatures (Royal
Society of New Zealand, 2017). These changes in climate, introducing PM and pollen in the air, are
responsible for increased cardiovascular diseases and asthma episodes. The report suggests
designing urban areas so that walking or cycling become the primary choice of transportation, to
reduce transport-related CO, emissions. This increased physical activity is expected to result in 116
fewer deaths per year nationally and a further fewer 5.6 deaths from reduced pollutant emissions.

Over longer timescales, human responses to climate change may also affect energy use, as well as
how land is used and where people live. These changes would in turn modify emissions (depending
on the fuel source) and thus further influence air quality. One example of such a study is BRANZ
(2007). It identifies the impacts of climate change based on climate change scenarios, an assessment
of user comfort and energy usage and expected social implications. Due to rising temperature, there
is a risk of overheating due to increased number of days with uncomfortable indoor temperatures (>
25°C) expected in a year. The demand for air conditioning may go up and increase the greenhouse
emissions in the atmosphere. This can be tackled by introducing energy efficient passive cooling into
building designs. Conversely, less space heating will be required due to increasing temperatures. By
2030, the required heating energy in Auckland is expected to decrease by 12-70% and by 2070, it is
expected to decrease by 69-79 % (BRANZ, 2007). There will be an opportunity to heat houses entirely
using passive solar heating, especially in Auckland and most of Northland.
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8.5 Wildfire and climate change

Key messages

e Fire risk is projected to increase in Auckland in the future due to increasing temperatures,
lower rainfall and more drought

e A 10-30% increase in Seasonal Severity Rating is projected for Auckland in the mid and late
21°t centuries compared to the historical period.

e Anincrease in the number of Very High and Extreme forest fire danger days is projected, with
a 50-100% increase projected north of the Auckland isthmus and a 40-50% increase projected
south of the isthmus by the end of the 21° century.

e Afforestation with exotic pine species may increase fire risk in Auckland.

New Zealand’s native species evolved under conditions of highly infrequent natural fire, and are
generally poorly adapted to survive fire and recover in its wake (Ogden et al., 1998, Perry et al.,
2014). Fires have a negative effect on biodiversity through killing vegetation and animals,
encouraging weed spread and reducing the margins of habitat fragments. Some large native tree
species which are found in the Auckland Region are sensitive to fire (e.g. kauri, tawa, taraire,
kahikatea, rimu, totara, matai), however other species are fire-adapted (e.g. kanuka, manuka,
cabbage trees, bracken) (Perry et al., 2014).

Fire risk is projected to increase in the future, due to the following conditions (Pearce et al., 2010):

=  Warmer temperatures, stronger winds, lower rainfall and more drought for some
areas will exacerbate fire risk (note that winds are projected to decline in Auckland)

=  The fire season will probably be longer through starting earlier and finishing later
=  More thunderstorms and lightning will increase ignitions
=  Fuel will be easier to ignite (because of drying)

= Drier (and possibly windier periods) conditions will result in faster fire spread and
greater areas burned

The following projections for fire risk are based on the IPCC Fourth Assessment Report. For Seasonal
Severity Rating (SSR)*8, the 17-model average projection shows a 10-30% increase for Auckland
Region (smaller increases in the east and larger increases in the west of the region) by the 2050s
(2040-2059) compared to the 1980-1999 historical period (Pearce et al., 2010). Similar patterns were
observed for the 2080s (2070-2089), with the 17-model average projection showing a 10-30%
increase in SSR for the Auckland Region compared with the historical period. The average SSR over

18 Seasonal Severity Rating (SSR) is a seasonal average of the Daily Severity Rating (DSR), which captures the effects of both wind and fuel
dryness on potential fire intensity, and therefore control difficulty and the amount of work required to suppress a fire. It allows for
comparison of the severity of fire weather from one year to another. Source:
http://www.nrfa.org.nz/OperationalFireManagment/Resourcelibraries/AlertsAndNotices/Documents/Seasonal%20Fire%20Danger%200ut
look North%20Island.pdf
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fire season months (October-April) for Auckland Airport is projected to increase from 1.86 over the
historical period to 2.24 in the 2050s and 2.26 in the 2080s.

The number of days of Very High and Extreme (VH+E) forest fire danger is projected to increase by
40-50% for the Auckland Region, for the 2050s compared to 1980-1999. For the 2080s, days of VH+E
forest fire danger is projected to increase by 50-100% for the Auckland Region north of the isthmus,
and by 40-50% south of the isthmus (17-model average), compared with the historical period. The
historical number of VH+E forest fire danger days for Auckland Airport is 8.3 days, and this is
projected to increase to 12.2 days in the 2050s and 12.4 days in the 2080s.

Note that some individual models project a higher increase in Very High and Extreme forest fire
danger days, as noted by Reisinger et al. (2014). The reader is directed to Pearce et al. (2010) for
more information on the projections of Seasonal Severity Rating and Very High and Extreme forest
fire danger days in New Zealand.

Afforestation with exotic tree species (e.g. Pinus radiata), one of the most popular climate change
mitigation strategies, may increase the fire hazard in the Auckland Region. Exotic tree plantations
may lead to a higher risk of wildfire than from pasture or native shrubland or forest (exotic conifer
and gum plantations create the equivalent of North American and Australian forests, respectively)
(McGlone and Walker, 2011). New Zealand indigenous plants are generally not very flammable (aside
from kauri which is one of the rare flammable species) (Singers et al., 2017).
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8.6 Indigenous biodiversity impacts from climate change

Key messages

e Auckland’s vulnerable forest and wetland ecosystems may be put under pressure due to
changes to rainfall patterns and increasing frequency and intensity of drought.

e Endangered native bird species with small populations and low genetic diversity may be less
able to cope with climate change-related challenges (e.g. those on sanctuary islands in
Auckland).

e Increased intensity of extreme rainfall events is likely to encourage more slips and soil
erosion, leading to sedimentation in waterways and receiving environments as well as habitat
loss. This is an issue for ecosystems on the bed of the sea, lakes, and streams.

e Increased freshwater temperatures may be lethal for some indigenous species, and life cycle
patterns are expected to change. Changes to flow regimes will also affect indigenous
biodiversity in Auckland.

e Sea-level rise and coastal fortification will result in the loss of coastal habitats in Auckland.

e Mangrove habitats in Auckland may be at risk of inundation if sea-level rise occurs faster than
the mangrove forests can keep up. Sedimentation of estuaries in response to climate change
will also impact the future extent of mangroves in Auckland.

e Growth rates of native marine species may increase with increased sea temperatures, and the
growing season may also increase in length.

e Marine species found in Auckland such as paua, oysters, and sea urchins will be affected by
ocean acidification, including impacts on growth rates and shell formation.

e Indigenous biodiversity is at risk from an increase in pest species due to climate change (e.g.
from temperature increases).

The Auckland Region, like the rest of New Zealand, is part of a terrestrial biodiversity hotspot with a
diverse range of ecosystem types and associated species. It is widely recognised, however, that
indigenous biodiversity in the Auckland region is under threat from continued loss and fragmentation
of indigenous land cover, ongoing impact and increasing threat of invasive species and diseases,
overharvesting, pollution, development pressures of New Zealand’s most populous region, and
climate change (Singers et al., 2017). Many ecosystem types in the Auckland region are thought to
have been reduced from pre-human times to less than 10% of their original extent, and others are
considered to have been naturally uncommon.

Climate change is projected to be a powerful stressor on terrestrial and freshwater ecosystems in the
second half of the 21° century, especially under high-warming scenarios. Through to 2040 globally,
direct human impacts such as land use change, pollution, and water resource development will
continue to dominate threats to most freshwater and terrestrial ecosystems (IPCC, 2014a).

Many indigenous New Zealand species are already and will be at further risk from climate-related
impacts such as river water abstraction for irrigation (in response to reductions in rainfall),
hydroelectric power schemes (a mitigation response to greenhouse gas emissions), and non-climate-
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related impacts such as predation, habitat loss and fragmentation from land use change, urban area
and infrastructure expansion, and pollution (McGlone and Walker, 2011). Many species will be at risk
from new and existing pests that are able to colonise and spread further in New Zealand because of
climate change (see Section 8.7).

8.6.1 Terrestrial biodiversity

Most New Zealand plants and animals are adapted to cooler average conditions than those prevailing
at present, due to much of the past 2.5 million years being mostly colder than now. According to
McGlone and Walker (2011), climate change will result in a range of different adverse effects on
terrestrial biodiversity (some of these also relate to marine and freshwater biodiversity changes):

®  Range and altitude change: Due to warming, more suitable habitats may open up
further south or higher up beyond their current range. However, many species that will
be unable to migrate due to existing habitat fragmentation will find their current range
increasingly unsuitable.

=  Phenological alterations: The timing of seasonal activities such as flowering, breeding,
growth and migration may alter and disrupt relationships between species.

= Species interactions alterations: Fluctuations in abundance and changing range limits
will bring new combinations of organisms and new interactions with implications for
both species and ecosystems, including disease.

=  Trophic interaction alterations: Plant productivity, below-ground processes
(decomposers and mycorrhizal associations), and predator-prey interactions will be
affected by climatic changes and increasing CO, concentrations.

= Exotic organisms are advantaged: As climate changes, existing indigenous species may
be disadvantaged relative to exotic organisms better suited to new prevailing climates.
Warmer and drier winters are already observed to extend the breeding seasons of
some mammalian predators (e.g. rodents, goats, pigs and possums).

The natural environment during past warm periods, particularly at the height of the present
interglacial (7000-9000 years ago; mean temperatures of at least 1-1.5°C warmer than present in
parts of New Zealand) may be used to infer potential future changes to New Zealand’s indigenous
biodiversity. It is expected that with warming and other changes in climate, species may adjust their
geographic range. However, McGlone and Walker (2011) suggest that non-climatic factors such as
soils, ecosystem inactivity and dispersal limitations may prevent rapid spread of many species,
despite warming climates.

Auckland’s indigenous forests may be put under pressure in the future due to changing rainfall
patterns and increasing frequency and severity of droughts (Section 4). Coastal broadleaved forests
close to Auckland’s beaches and estuaries may be at risk from future sea-level rise, and Auckland’s
dune forests may be more at risk due to increased soil erosion from changes to rainfall patterns.
Kauri (Agathis australis) forests are one of the few New Zealand forest types prone to fire, so
increases to wildfire risk with climate change may negatively impact Auckland’s kauri forests. Kauri
respond to drought by shedding leaves, which reduces water loss and protects the plant from water
stress (Macinnes-Ng and Schwendenmann, 2015). Kauri trees also tend to have drier soils around the
base of the trunk so this influences which other plant species can grow nearby (Wyse et al., 2013).
Auckland’s kahikatea forests are at risk of increased drought and lowering of the water table, which
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will facilitate introduction of more plant species (Singers et al., 2017). Changes to the abundance of
pests (both animal and plant) in Auckland with climate change will influence distribution and
pressures on Auckland’s indigenous forests.

Wetlands are highly sensitive areas and are amongst the most threatened ecosystems in New
Zealand (Singers et al., 2017). In the future, wetlands will be threatened by changes to rainfall
patterns and surface and groundwater hydrology. Increases in droughts projected in Auckland may
negatively impact wetland ecosystems. Wetlands close to the coast will also be at risk from sea-level
rise (inundation and erosion) and changes to salinity of groundwater which may impact the
distribution and assemblage of species.

Endangered native bird species with small populations and low genetic diversity, such as those that
survive only on sanctuary islands (e.g. Tiritiri Matangi Island in the Auckland Region), may be less able
to cope with challenges such as a changing climate (Parliamentary Commissioner for the
Environment, 2017). Although the Auckland Region makes up just 2% of New Zealand’s land area, the
region contains about 20% of the country’s threatened terrestrial vertebrates and plants (Auckland
Council, 2015), so these species may be particularly vulnerable to climate change. Climatic changes
may also affect some exotic species, an example being myna populations contracting to the northern
North Island following introductions across New Zealand (McGlone and Walker, 2011). Auckland’s
indigenous bird populations will be impacted by future changes to pests such as rats, which may
survive in greater numbers during mild winters.

Increasing temperatures may lead to positive or negative effects for indigenous reptiles, depending
on the species. Temperature during pregnancy of viviparous lizards can have a wide range of effects,
including changes in offspring body size, shape, locomotor speed, scale pattern, and sex (Hare et al.,
2009). Modelling results show that for tuatara on southern refuge islands, sex ratios will increasingly
tilt towards males due to rising temperatures until, with a mean annual temperature rise of 4°C, all
will be born male (Mitchell et al., 2008). However, there is reason to be cautious about these results
as the tuatara lineage has survived warmer temperatures in the past and until recently, tuatara
thrived in Northland where mean summer temperatures are about 6°C warmer than the southern
tuatara islands.

The direct responses of terrestrial biodiversity to future climate changes will be challenging to
predict, due to uncertainty about climate projections, species’ responses to climate change and the
ability of species to adapt (compared with other parts of the world, e.g. Northern Hemisphere)
(McGlone and Walker, 2011, Christie, 2014). This is particularly because of the existing pressures of
invasive species and human-related habitat loss on native biodiversity. The capacity of native species
and ecosystems to adapt to a changing climate is unknown, especially given New Zealand’s oceanic
setting and existing highly variable climate regime. However, the indirect responses of terrestrial
biodiversity to climate change can be predicted with more certainty. Indirect impacts involve the
exacerbation of existing invasive species problems (see Section 8.7) and human-related threats, such
as habitat loss (Christie, 2014). Land use and land management practice change in anticipation of
climate change will result in further restrictions of native species abundance and distribution.

Some mitigation aspects of climate change might have negative impacts on biodiversity.
Afforestation with exotic tree species (e.g. Pinus radiata) may lead to reductions in catchment water
yield, with negative impacts on stream flow and freshwater biodiversity, stabilisation of previously
dynamic systems (e.g. pines on coastal dunes) with consequent loss of indigenous flora, invading
areas where native forest was either absent or limited, and creating flammable forest communities
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(McGlone and Walker, 2011). The conversion of native scrub and shrub land to forestry may also

cause the direct loss of native ecosystems.

8.6.2 Freshwater biodiversity

Climate change may have a significant impact on freshwater biodiversity. Currently, there are
multiple interacting pressures on freshwater resources (e.g. water abstraction for consumption and
commercial needs, changes in flow regimes, invasive species, sedimentation, channelization,
eutrophication, etc.) that the effects of climate change may intensify (Death et al., 2016).

The composition of riparian vegetation species is likely to alter as temperature and rainfall change,
which may have impacts on flood mitigation and detrimental effects on river biota. Due to climatic
changes (as well as human mitigation or adaptation responses to these changes), there are likely to

be increased distributions of already established invasive species (both plant and animal) and new
species that are likely to establish. Gross primary production and macrophyte growth in streams is
partially related to shading from riparian vegetation (Burrell et al., 2014), so changes to riparian
vegetation as a result of climatic changes may have follow-on effects for macrophytes and other

instream plant growth.

Many native species (e.g. non-migratory galaxiids, wetland birds) are already under extreme pressure
from predation and competition by introduced species (Mclntosh et al., 2010, Mclntosh et al., 1994,

Cruz et al., 2013). Shifts in the amount and distribution of suitable habitat resulting from climate
changes as well as invasive species and other effects are complex and need to be considered in

future management (Figure 8-65).
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Auckland Region climate change projections and impacts

305



Reductions in rainfall, potential increases in severe floods, as well as the human impact of greater
abstraction of freshwater for irrigation and increasing storage (in the form of reservoirs) for
hydroelectricity and urban water supply, will lead to impacts on freshwater ecosystems
(Parliamentary Commissioner for the Environment, 2012). The role of floods in New Zealand rivers is
extremely important for ecological servicing in stream channels, which helps to maintain ecological
integrity, so changes to the hydrological regime may have dramatic impacts on biological
communities (Death et al., 2016, Crow et al., 2013). Altered natural flow patterns may result in
invasive predators gaining increased access to habitats crucial for sensitive life cycle stages (e.g.
islands in river channels used by nesting birds) and changes in habitat type, and some aquatic species
(e.g. invertebrates) are likely to be impacted more than others, depending on their life cycles
(McGlone and Walker, 2011). For example, the damselfly Xanthocnemis can survive up to eight days
out of water and has a flexible life cycle allowing it to cope to some degree with changing flow
regimes, whereas other species (e.g. water boatman Sigara) are unable to cope with any drying and
are not flexible. Habitat size, availability and quality may be reduced for some species, and drought
may threaten already isolated fish and invertebrate populations. In addition, terrestrial insects and
mammals (e.g. mice) from riparian zones also form a major component of the diet for many fish at
certain times of the year, so changes to terrestrial communities from climate alteration will also feed
back to animals within the water.

Sea-level rise may increase salinity at river mouths and further upstream than at present, thereby
reducing freshwater habitats, particularly in short catchments. Increases in rainfall may lead to more
sedimentation and turbidity in waterways. Increased intensity in extreme rainfall events (Section 4.6)
is likely to increase erosion and habitat loss in affected stream catchments. This was observed in
early 2017 in the Hunua Ranges following extreme rainfall there®. Banded kokopu (Galaxias
fasciatus) have been found to have reduced abundance in turbid streams, so increasing runoff and
sediment flowing into streams could limit their distribution (Rowe et al., 2000). Other oceanic
changes (e.g. changes to salinity, sea temperatures, and pH; Section 8.2) may also have an impact on
diadromous fish species and their migration patterns.

Water temperatures are projected to increase because of increases in air temperature. Increased
water temperatures will affect many species through decreased dissolved oxygen in water
(Woodward et al., 2010) and heat stress (McGlone and Walker, 2011). For ectotherms (‘cold-
blooded’ animals, which all New Zealand freshwater species are), warming rates will directly affect
their metabolism, with growth rates in temperate species projected to increase initially as
temperatures rise, but then decline as individuals struggle to maintain cardiac function and
respiration in the face of increased metabolic demands (Neuheimer et al., 2011). If water
temperatures increase outside of tolerance ranges for native fish and invertebrates, this will be lethal
(Olsen et al., 2012). Olsen et al. (2012) provided details on upper ultimate lethal water temperatures
for many native New Zealand freshwater fish species; most are in the range of 28-35°C. Some heat-
tolerant native species may fare better than some introduced fish species (e.g. salmonids), although
new warm-water invasive species are expected to be favoured (Office of the Prime Minister's Chief
Science Advisor, 2017). Life cycle patterns are expected to change in response to water temperature
increases, including growth, spawning times, locations, and triggers for migration (Olsen et al., 2012).
For example, August and Hicks (2008) found that water temperatures >22°C almost completely
inhibited migration of eels (Anguilla australis and Anguilla dieffenbachii). Many New Zealand
freshwater systems currently have water quality issues (Office of the Prime Minister's Chief Science

19 http://www.watercare.co.nz/about-watercare/news/Pages/Scale-of-devastation-caused-by-Tasman-Tempest-revealed.aspx
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Advisor, 2017), and warmer water temperatures could exacerbate water quality problems in areas
with high loadings of nutrients, causing algal or cyanobacterial blooms to become more frequent or
have earlier onset times in the warm season and high concentrations of primary producer biomass
(e.g. macrophytes) (Settele et al., 2014). See Olsen et al. (2012) for more details about the impacts of
increased water temperature on native freshwater fish.

A side-effect of future changes to rainfall and a trend towards renewable energy, as well as potential
increases in municipal water storage for Auckland’s urban areas, means that more dams may be
constructed (Parliamentary Commissioner for the Environment, 2012). These have a major impact on
freshwater and riparian biodiversity. When dams are constructed, original riparian habitat is lost in
the flooded zone behind the dam. Some indigenous diadromous fish populations (e.g. whitebait and
long-finned eel, Anguilla dieffenbachii) are depleted through loss of connectivity between feeding
and breeding habitats. Downstream of a dam, impeded water flows decrease the river bed width and
available habitat space for biota. Less sediment deposition causes river bed ‘armouring’, which
reduces three-dimensional habitat structure and hence productivity within the river bed (McGlone
and Walker, 2011).

It is worth noting again that there is considerable uncertainty in river flow modelling, as discussed in
Section 8.1.7, which is then compounded by the paucity of studies on some freshwater systems,
particularly wetlands, estuaries, and lakes (Collins, 2016). However, with the intervention of
structures in streams (dams, culverts, fords etc.) combined with climate change, ecological servicing
from flushing flows are likely to be much different in a changed climate than in an unmodified
environment.

8.6.3 Coastal and marine biodiversity

Coastal systems are particularly sensitive to three key drivers related to climate change: sea level,
ocean temperature, and ocean acidity (Wong et al., 2014). There is a long-term commitment for the
coast to experience the impact of sea-level rise because of a delay in the response of the ocean to air
temperature increases. Marine and coastal ecosystems in New Zealand and around the world are
likely to be influenced by changes in sea level, increases in sea water temperature, increases in storm
events, and more variable rainfall with more intense rainfall events (Hewitt et al., 2016).

Soft shorelines (beaches and estuaries) are likely to be more severely affected by sea-level rise than
hard (rocky and consolidated cliffs) shores. Due to the extensive development near beaches,
estuaries and marshes, it is unlikely that natural adjustment of the coast will be readily allowed in the
future (i.e. coastal retreat and reconfiguration as sea level rises). A potential human response to sea-
level rise will be by building hard barriers, planting sand dunes, replenishing beaches, and infilling
estuaries to prevent erosion and to protect property and infrastructure. This scenario (often termed
‘coastal squeeze’) means that rising sea levels will destroy large areas of habitat at the current
coastal margin (McGlone and Walker, 2011). This is a significant issue as several of Auckland’s most
threatened and naturally uncommon ecosystems occur in coastal environments. These areas support
native species such as shorebirds and threatened plants that are adapted to coastal habitats and are
unable to survive elsewhere (Singers et al., 2017).

Loss of productive estuarine habitats and biota is likely to accelerate, with the more visible ecological
effects being reduced populations and altered migratory patterns of coastal birds, and declines in
certain marine fishes (e.g. snapper, Pagrus auratus). Loss of ecosystems and species habitats by
coastal squeeze is already apparent in some places where coastal dunes have been developed upon
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or forested. The effects of changes in waves and freshwater inputs will also have significant adverse
impacts for coastal ecosystems (Hewitt et al., 2016). Many parts of New Zealand are bases for many
internationally-migrating bird species (e.g. Miranda in the Firth of Thames). The population and
distribution of these bird species may be affected by climatic changes in New Zealand but also in the
other bases on their migratory journeys (e.g. the bar-tailed godwit has bases in northern Australia,
parts of eastern Asia, Russia, and Alaska as well as New Zealand).

Mangrove (Avicennia marina) habitats, which are common throughout the Auckland Region’s
estuaries, provide coastal protection, are long-term sinks for contaminants (e.g. from stormwater),
and support biodiversity and detrital food webs through primary production (Figure 8-66). Because
mangrove forests occupy a narrow elevation range in the intertidal zone above mean sea level
elevation, they are sensitive to changing sea level. Thus, the long-term fate of mangrove forests
depends on tidal-flat surface elevation increasing at a rate equal to or exceeding the rate of sea-level
rise. The projected rapid rate of sea-level rise by 2100 in New Zealand is comparable to the rate
during the early Holocene, where mangrove forests were inundated as they were unable to keep up
with sea-level rise (McBride et al., 2016), although they did move further south of their current range
to Gisborne and Hawkes Bay during this time (Mildenhall, 2001). Mangrove communities are affected
by sediment supply to the coast as well as coastal development itself. Increased sedimentation from
land runoff (e.g. due to extreme rainfall events or intensified land uses) may increase mangrove
habitat, but reduction in sediment supply to the coast (e.g. from reforestation under schemes to
increase carbon sequestration) may reduce mangrove habitat (McBride et al., 2016). Sediment
supply combined with the rate of sea-level rise will determine the future distributions of mangrove
habitats in the Auckland Region.
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Figure 8-66: Ecological services provided by mangrove forests. From McBride et al. (2016).

Climate change is likely to affect sea and shorebirds through altered sea conditions reducing the
abundance of marine food or the birds’ ability to access it (McGlone and Walker, 2011). The El Nifio-
Southern Oscillation is often claimed to explain fluctuations in seabird numbers (e.g. due to sea
temperatures and therefore food availability), so changes to ENSO may affect populations of seabirds
into the future. A more El Nifio-like future may lead to declines in red-billed gull populations as their
breeding success is positively related to krill abundance, which is positively related to La Nifia (Mills
et al., 2008). Gillanders et al. (2012) found that the growth rate of parore (Girella tricuspidata), a
temperate reef fish found along the coast of northern New Zealand, increased with higher sea
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temperatures. In addition, a negative correlation with the ENSO index was found (due to El Nifio
events generally bringing cooler sea temperatures around New Zealand). Higher temperatures may
directly influence metabolism and growth, and extend the growing season. However, increased
temperature is only likely to benefit growth up to a critical temperature threshold, after which
negative effects on growth will be experienced, due to increased metabolic demands. This is
supported by Neuheimer et al. (2011), who found that red moki (Cheilodactylus spectabilis), a fish
that is found on rocky reefs around New Zealand, grew fastest between 14-16°C but growth declines
were observed in sites where sea temperatures were >17°C at spawning time.

Ocean acidification is likely to have significant impacts on many marine species in the Auckland
Region. Experimental work on the impacts of acidification in New Zealand waters on juvenile paua
(Haliotis iris) has shown that while survival was not affected, growth was significantly reduced, and
dissolution of the shell surface was evident (Cunningham, 2013). Similar effects were found for
growth and shell surfaces of flat oysters (Ostrea chiliensis) (Cummings et al., 2013, Cummings et al.,
2015). In addition, there is clear evidence of malformation of sea urchin larvae, in tropical to
Antarctic species including species from New Zealand, under higher dissolved CO,. This may result in
smaller larvae and an increased duration in the planktonic phase, reducing the chances of survival to
the adult stage (Byrne et al., 2013, Clark et al., 2009). Macroalgae community structure in coastal
regions may be altered in response to ocean acidification with a decline in encrusting coralline algae
that use carbonate, while red algae found in deeper waters may benefit from an increase in dissolved
CO; (Hepburn et al., 2011, Tait, 2014). Changes in the biomineralisation or species distribution of
coralline red algae may occur in response to ocean acidification, particularly in species producing
high-magnesium calcite (James et al., 2014, Smith et al., 2013).

Fish may also be affected by ocean acidification. The behaviour of Australian reef fish is affected by
ocean acidification, with olfaction, hearing, visual risk assessment and activity altered due to the
impact on neurotransmitter function (Munday et al., 2014). However, larvae of kingfish (Seriola
lalandi), a large pelagic fish found throughout the sea surrounding the Auckland Region, did not show
detrimental effects of increasing acidification (Munday et al., 2015). Work is ongoing at NIWA about
the effects of ocean acidification on snapper larvae (Pagrus auratus). More work is required to
understand potential impacts on kingfish and other pelagic fish species at further stages of
development.

There has been interest in generating electricity from the Kaipara Harbour’s tidal flow with turbines
(Beehive, 2011). Although this project is currently on hold (since 2013) (New Zealand Herald, 2013), it
could potentially return to favour in the future. Although it is a source of renewable energy, tidal
power generation may have negative impacts on marine and coastal biodiversity by restricting
natural water flow (especially in estuaries if turbines are placed at their mouths), and by generating
high levels of noise which might displace cetaceans and fish as well as potentially causing physical
hazards (McGlone and Walker, 2011).

8.6.4 Sediment discharge to the coast

Terrestrial sediment can be a serious environmental contaminant when discharged into the sea. It
may degrade coastal habitats and is toxic to many marine organisms. Increasing sediment load has
been ranked third-highest of 65 identified threats to marine habitats in New Zealand (Hauraki Gulf
Forum, 2014). Deposited sediments accumulate in sheltered estuaries or deep coastal areas, where
wave and current energy is too weak to remobilise them. Sedimentation trends in coastal areas are
generally reflections of changes in land use.
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Sedimentation of receiving environments is an increasing issue in the Auckland Region. Many sites
near older urban centres are ‘unhealthy’ in terms of benthic health, particularly in the Waitemata
Harbour and Tamaki Estuary (Auckland Council, 2015).

Auckland Council has a sediment monitoring programme in east coast estuaries on the fringes of
Auckland’s metropolitan area. The monitored estuaries include Puhoi, Waiwera, Orewa,
Mangemangeroa, Turanga, Waikopua, Whangateau, and Okura. Increases in very fine sediment
particles have been observed in many monitored locations, but these estuaries are generally in
moderate to good health (Hewitt and McCartain, 2017). As these estuaries have catchments that are
rural or only semi-urban, they are not representative of fully urban catchments and estuaries.

Sedimentation in coastal areas may be affected by climate change with changes to rainfall and
runoff. Extreme rainfall events are projected to increase under a warming climate (Section 4.6) which
will have an impact on slips and landslides and soil erosion in the Auckland Region, thereby
increasing the amount of available sediment to be transported to marine environments (Section
8.1.8). In addition, changes to land use, including opening new areas for development, will determine
future locations of sediment source hotspots. Measures to reduce sedimentation (e.g. riparian
planting, increasing forest cover etc.) will also influence future coastal sedimentation rates and may
dampen climate change (i.e. extreme rainfall) induced sedimentation.
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8.7 Biosecurity impacts from climate change

Key messages

e Auckland is home to many threatened ecosystems which may be impacted by changes to
pests in the future brought about by climate change.

e The most important driver of pest invasion is likely to be temperature.

e The arrival of new pest plants and increased invasiveness of existing weeds is likely to be a
significant consequence of climate change.

e Increased use of subtropical plants and introduction of new species may make Auckland more
susceptible to invasion by new pests and diseases.

e Some pests and weeds may currently be dormant in Auckland, awaiting some perturbation
such as climate change to allow them to spread and flourish, e.g. locusts and army worms.

e Kauri dieback may be exacerbated in Auckland by increasing temperatures and higher drought
frequency. Fungal diseases such as myrtle rust may spread further in New Zealand and may be
affected by changes to wind, atmospheric circulation, and storminess.

e Increasing water temperatures (freshwater and seawater) may allow invasive tropical aquatic
species to survive and spread in the Auckland Region. The strengthening East Auckland
Current may promote establishment of new tropical or subtropical species.

¢ New mosquito species may become established in a warmer Auckland Region, with the
potential for tropical diseases such as dengue and Ross River virus to be transmitted by these
disease vectors. This is a concern for Auckland, with New Zealand'’s largest airport and sea
port.

8.7.1 Terrestrial biosecurity

Climate change is widely regarded as one of the greatest challenges facing indigenous ecosystems in
the coming century. As New Zealand (and much of the Auckland Region outside of the urban centre)
has an economy based on very efficient primary production systems, the risk of exotic pests and
diseases affecting the primary industries also needs to be minimised. Climate change will create new
biosecurity challenges by allowing establishment of new exotic pest animals, weeds and diseases
which are currently prevented by New Zealand’s climate. The potential establishment of subtropical
pests and current seasonal immigrants are of greatest concern, along with species that are already
recognised as high risk (Kean et al., 2015). Auckland is traditionally the point of entry for many high-
profile pest species in New Zealand because it has the largest sea port and international airport.

The Hauraki Gulf Marine Park contains numerous sanctuary islands (e.g. Little Barrier and Tiritiri
Matangi Islands), and there are several sanctuary peninsulas (e.g. Tawharanui, Shakespear) that are
home to many vulnerable species and are protected by various biosecurity measures (Bassett et al.,
2016). Auckland is also home to many threatened terrestrial and wetland ecosystems (Singers et al.,
2017). Climate change could impact the protection of these vulnerable ecosystems against invasive
species in the future.

Although climate change may affect organisms and ecosystems in a range of ways, the most
important driver of pest invasion is likely to be temperature, modified by rainfall, humidity and
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carbon dioxide (Kean et al., 2015). In addition, changes in large-scale weather patterns will influence
the frequency and intensity of extreme weather events (e.g. flooding, drought, damaging wind).
Regional winds and currents may affect the ability of potential invaders to reach New Zealand and
establish. The recent arrival of the fungal plant disease myrtle rust?® (Austropuccinia psidii) in New
Zealand may have resulted from wind-blown spores from Australia (see below).

Big headed (Pheidole megacephla) and Argentine (Linepithema humile) ants are some of the worst
invasive pest species in the world, as they have the capacity to wreak havoc on the native arthropod
fauna, and they are already present in New Zealand. Continued warming and drying eastern climates
are likely to encourage their spread. Wasps are highly responsive to climate conditions; wet winters
with flooding do not favour nest survival and can lower populations, while warm, dry conditions are
ideal for explosive population growth (McGlone and Walker, 2011). Subtropical fruit flies are already
considered major threats to the New Zealand horticulture industry. A modelling exercise done for 17
different fruit fly species (Figure 8-67) showed that Auckland is one of the regions with the greatest
potential for increase in fruit fly establishment (in terms of climate suitability) in the late 21 century
(along with Coromandel, northern Waikato, East Cape, and Wairarapa) (Kean et al., 2015). In 2015, a
small population of Queensland fruit fly was found in the Auckland suburb of Grey Lynn. It took 10
months and cost $15.7 million to eradicate the pest — over $1 million for each individual insect that
was found??.

Figure 8-67: Change in climate suitability from 2015 to 2090 for 17 different fruit fly species. Darker shades
of red indicate the greatest increase in the number of species that might establish. From Kean et
al. (2015).

The arrival of new pest plants and the increased invasiveness of existing weeds is one of the most
significant likely consequences of climate change. More plant species are present in warmer regions,
so as frost declines in frequency and more insect pollinator species are able to survive in warmer
temperatures, a much larger range of weed species will be able to compete with local species
(McGlone and Walker, 2011). It is expected that farmers and growers in the Auckland Region will

20 http://www.mpi.govt.nz/protection-and-response/responding/alerts/myrtle-rust/
21 https://www.radionz.co.nz/news/national/300805/fourteen-flies-cost-$15-point-7m-to-eradicate

312 Auckland Region climate change projections and impacts


http://www.mpi.govt.nz/protection-and-response/responding/alerts/myrtle-rust/
https://www.radionz.co.nz/news/national/300805/fourteen-flies-cost-$15-point-7m-to-eradicate

increase their usage and dependence on existing subtropical plant species and introduce new
commercial species. This increased use of subtropical plants may make the Auckland Region more
susceptible to invasion by subtropical pests and diseases and new host-pest associations (Kean et al.,
2015). Ornamental plants may escape cultivation when climatic constraints (such as frosts) are
reduced and subsequently may naturalise and become invasive (Sheppard et al., 2016). Sheppard
(2013) modelled the potential distribution of recently naturalised plant species in New Zealand with
future climate change (Archontophoenix cunninghamiana (bangalow palm), Psidium guajava
(common guava), and Schefflera actinophylla (Queensland umbrella tree)). All three species, which
are currently only present in northern New Zealand (including Auckland), have the potential to
significantly increase their range further southward in the future, particularly into coastal areas
around the country.

The shift towards reliance on drought and heat tolerant plants (in particular, pasture grasses) may
cause new pest species to spread and for new host/pest associations to develop (Kean et al., 2015).
The 2014 emergence of two native moths (Epyaxa rosearia and Scopula rubraria) as major plantain (a
variety of pasture grass) pests demonstrates how a large increase in usage elevated these previously
harmless species to pest status. In addition, as kikuyu grass (Cenchrus clandestinus) is likely to
become the most prevalent forage grass with increasing temperatures, pests that affect kikuyu grass
are likely to be important. Some pest species from Australia (e.g. the Sphenophorus venatus vestitus
weevil) has already been recorded on kikuyu in Northland and pests such as this are likely to spread
further in New Zealand as the climate warms. However, the projected reduction in rainfall and
humidity in some areas may actually reduce certain fungal disease pressures that require a wetter
environment (Coakley et al., 1999).

It is important to note that although much of the biosecurity risk with climate change will come from
beyond New Zealand’s borders, many of the future’s pest, disease and weed problems are currently
dormant in New Zealand, awaiting some perturbation, such as climate change, to allow them to
spread and flourish. These types of pests are often weeds but may also be invertebrates. A few
examples of sleeper invertebrate pests that are affected by temperature include (after Kean et al.
(2015)):

=  Migratory locust Locusta migratoria, found in grassland from Christchurch northwards.
Because existing temperatures are not usually high enough to trigger swarming
behaviour, the insect currently is not regarded as a pest. However, the locusts have
retained the capacity to swarm with a small swarm observed near Ahipara, Northland
in the 1980s.

=  Tropical armyworm Spodoptera litura. While this pest can be found through many
lowland North Island districts, epidemic outbreak populations, when caterpillars move
‘like an army’ through crops and pastures, are rare. However, the combination of
events that cause outbreaks will be more common under projected climate change
scenarios and include above average summer and autumn temperatures, allowing for
additional generations to develop.

The reader is directed to Kean et al. (2015) for more detailed information about the potential effects
of climate change on current and potential terrestrial biosecurity pests and diseases in New Zealand.
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Kauri dieback and myrtle rust

Kauri dieback, caused by the pathogen Phytophthora agathadicida, is a major biosecurity issue in the
Auckland Region. P. agathadicida is a soil-borne microbe that first affects the roots of the kauri tree
and subsequently disrupts tree function, causing lesions on the lower trunk, leaf chlorosis, canopy
dieback and ultimately the death of the tree (Landcare Research, 2014). All ages and size classes can
be affected and there is currently no known cure for kauri dieback. The Waitakere Ranges Regional
Park (WRRP) currently represents the most heavily kauri dieback infected area in New Zealand (Hill et
al., 2017). The recorded distribution of kauri dieback relative to kauri area within the WRRP has risen
from 7.9% infected and a further 2.7% possibly infected in 2011 to 18.95% infected and a further
4.65% possibly infected in 2016. Other kauri forests in the Auckland Region (and northern New
Zealand) are also infected with kauri dieback, but the Hunua Ranges are currently free of the disease.

Phythophthora species cause destruction to indigenous vegetation around the world. Another highly
invasive subspecies Phytophthora cinnamomi (which is currently present in much of northern New
Zealand), thrives in areas with relatively warm and wet winter and spring conditions where
conditions are ideal for zoospore proliferation and host infection, while long dry summers place
plants, with compromised root or vascular systems, at risk of drought-induced mortality (Burgess et
al., 2016). Therefore, increases in temperature and changes to rainfall patterns and drought may
allow P. agathadicida to survive and thrive wherever kauri are found as the pathogen will be less
limited by cool temperatures.

Myrtle rust (Austropuccinia psidii) is a fungus that has been recently (in 2017) found in northern New
Zealand. It attacks plants belonging to the Myrtaceae family, including pohutukawa, manuka, rata,
and feijoa. The fungal spores may have spread to New Zealand from Australia on strong wind
currents. There is concern that myrtle rust may spread further in New Zealand and other fungi that
are spread by wind may become established in the country in the future with changes to
atmospheric circulation, wind patterns, and storminess.

8.7.2 Aquatic biosecurity

The primary source of entry for aquatic biosecurity risk organisms into New Zealand is and will
remain to be through international shipping. These risk organisms are contained within ballast water
or attached to the hulls of ships. However, changes in water temperature and ocean currents into
the future, because of climate change, may result in species (including pests and pathogens) not
usually seen in New Zealand waters to arrive and establish. Sea temperatures are projected to
increase around New Zealand, particularly to the west of the country, and seawater is likely to
decrease in pH (Section 8.2; Royal Society of New Zealand, 2016).

Long-term changes in marine environmental variables, such as seawater temperature, may lead to
new ecological compatibilities and may alter existing host-pathogen interactions. It is commonly
accepted that warmer sea and fresh water temperatures modify host-pathogen interactions by
increasing host susceptibility to disease. Such changes could contribute to the emergence of aquatic
diseases in new regions (Castinel et al., 2014). Of concern for Auckland is a strengthening East
Auckland Current off the east coast of the northern North Island. This strengthening current is
expected to promote establishment of tropical or subtropical species that currently occur as vagrants
in warm La Nifia years (Willis et al., 2007). The establishment of these species may have negative
impacts on wild fisheries and on aquaculture operations.
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In terms of freshwater biosecurity, increased water temperatures are likely to favour the expansion
of warm water species such as koi carp, goldfish, tench, rudd, and catfish (Office of the Prime
Minister's Chief Science Advisor, 2017). These fish can cause water quality degradation and reduced
indigenous biodiversity. Increased water temperatures may also facilitate the establishment of
tropical fish that are sold in the New Zealand aquarium trade and intentionally or accidentally
released. Increasing water temperatures will also favour warm-climate invasive aquatic plant species
such as water hyacinth (Eichhornis crassipes) and water fern (Salvinia molesta).

As is discussed in Section 8.7.1 for terrestrial biosecurity, organisms already established within the
New Zealand region that are not currently pests may become problematic under changed
environmental conditions with climate change — these are called ‘sleeper pests’.

8.7.3 Disease vectors

A particular concern for agriculture and human health with climate change is the establishment of
disease vectors (e.g. ticks, mosquitos, plant-sucking insects) that would facilitate the spread of
animal and plant diseases (Kean et al., 2015, Royal Society of New Zealand, 2017). There has never
been a confirmed indigenously-acquired case of mosquito-borne disease in humans in New Zealand
(Derraik and Slaney, 2015), so the potential for mosquito-borne diseases in New Zealand is a major
concern. Some pathogens vectored by ticks (e.g. Theileria orientalis) and mosquitoes (e.g. West Nile
virus and bovine ephemeral fever virus) are currently restricted in New Zealand due to temperature,
but these diseases show explosive outbreak behaviour under favourable conditions (Kean et al.,
2015).

Twelve mosquito species were present in New Zealand before human settlement, and four exotic
mosquitoes have since established. However, over 30 other mosquito species have been intercepted
at national entry ports (Derraik and Slaney, 2007). The most important mosquito species that carry
human disease worldwide, Aedes aegypti and Aedes albopictus, are not established in New Zealand
(Derraik and Slaney, 2015). However, these species are regularly intercepted in New Zealand and
could be more likely to survive after arrival under rising temperatures and changing rainfall patterns
(Derraik and Slaney, 2007). This would result in New Zealand having an increased risk from mosquito-
borne diseases, such as dengue, zika, and Ross River viruses, which regularly arrive in the country
with infected travellers (Kramer et al., 2011). In addition, some mosquito species already present in
New Zealand have been found to be potential vectors of viruses such as Chikungunya virus, dengue
virus, Ross River virus, and Barmah forest virus (Kramer et al., 2011). This is a particular concern for
Auckland considering the region contains New Zealand'’s largest airport and sea port.

Mosquito vectors of West Nile virus are already present in New Zealand and are projected to
increase in both abundance and distribution with climate change (Kean et al., 2015). With multiple
competent host species also present, preventing West Nile virus emergence in New Zealand may be
either or both of: the prevention of the virus from entering the country, and the management of the
existing mosquito populations at potential points of incursion (Kean et al., 2015). Another high-risk
mosquito-borne disease is bovine ephemeral fever virus. As for West Nile virus, the mosquito vectors
for this disease are already present in New Zealand.

Along with temperature increases, extreme weather events, such as drought followed by rewetting,
can increase mosquito populations by changing water table levels, vegetation, and populations of
aquatic predators (Royal Society of New Zealand, 2017).
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Other disease-causing agents that have medium to high risks to production animal health in New
Zealand are vectored primarily by ticks. Some tick species are already present in New Zealand (e.g.
the cattle tick, Haemaphysalis longicornis) so as for mosquitos, it is important to prevent the diseases
themselves from entering the country rather than the vectors (Kean et al., 2015).

The link between climate and infectious disease is complex, as the spread of disease depends on
factors including virulence, levels of resistance and adaptation in the affected populations, the
transmission rate of the disease, population density, and so on. In fact, habitat degradation and
species loss (a potential effect of climate change) may prevent transmission of infectious diseases
that depend on other species as intermediate hosts or for vectoring (McGlone and Walker, 2011).
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9 Conclusions and recommendations

This report presents detailed climate change projections for the Auckland Region for the mid- and
late-21° century and early 22™ century. Present-day and historic climatic conditions in Auckland are
presented to provide a context for future changes. Some of the potential climate change-related
impacts on environments and other sectors in the Auckland Region are discussed.

It is internationally accepted that further climate changes will result from increasing amounts of
anthropogenically produced greenhouse gases in the atmosphere. The influence from anthropogenic
greenhouse gas contributions to the global atmosphere is the dominant driver of climate conditions,
and will continue to become more dominant if there is no slowdown in emissions, according to the
IPCC. In addition, the climate will vary from year to year and decade to decade owing to natural
variability (such as ENSO). It is unlikely that natural variability will have the same mitigation potential
for local climate conditions as it has in the past. Climate change effects over the next decades are
predictable with some certainty, and will vary from place to place.

Future changes to the Auckland Region’s climate are likely to be significant. A large increase in hot
days, larger extreme rainfall events, and increases in drought potential are some of the main
impacts. Sea-level rise will have an impact on much of the region, especially where urban areas and
infrastructure are very close to the coast.

There is inherent uncertainty in climate change projections and the associated impacts as future
changes depend on future concentrations of greenhouse gases in the atmosphere and the response
of the global climate system to those concentrations. The six climate models used to project New
Zealand’s future climate were chosen by NIWA because they produced the most accurate results
when compared to historical climate and circulation patterns in the New Zealand and southwest
Pacific region. They were as varied as possible to span the likely range of model sensitivity. The
average of outputs from all six models (known as the ‘ensemble average’), is presented in the climate
change projection maps in this report. The ensemble-average was presented as this usually performs
better in climate simulations than any individual model (the errors in different models are
compensated). The following sections summarise the projections of different climate variables and
the impacts on sectors and environments in the Auckland Region. Finally, future recommendations
are suggested.

9.1 Temperature changes

The Auckland Region’s mean annual temperature has increased by about 1.6°C over the past century
and this trend is projected to continue. Warming is projected under all climate change scenarios, for
all models, throughout Auckland. By 2110 the Auckland Region’s mean annual temperature is
projected to increase by 1.4°C for RCP4.5 and by 3.3°C for RCP8.5. Warming is projected for the
entire Auckland Region. The most warming is projected for autumn, while the least warming is
projected for winter and spring.

Daily maximum and daily minimum temperatures are also projected to increase. Mean daily
maximum temperatures and mean daily minimum temperatures are projected to increase the most
in autumn. Mean daily maximum temperatures are projected to increase faster than mean daily
minimum temperatures, resulting in an increase in diurnal temperature range.

In line with mean temperatures increasing, Auckland’s extreme temperatures are also projected to
increase. The number of annual hot days (daily maximum temperature > 25°C) has been increasing
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over time and this is projected to continue throughout the Auckland Region. At present, most of the
region experiences 15-24 hot days per year. By 2110, an increase of 30-40 hot days per year is
projected for most of the Auckland Region under RCP4.5 and an increase of more than 70 hot days
per year is projected for most of the region under RCP8.5. Increasing numbers of hot days are likely
to impact the health of Auckland’s communities and environments.

The number of cold nights or frosts (daily minimum temperature < 0°C) has been decreasing over
time in Auckland. Currently, most of the region experiences fewer than two cold nights or frosts per
year, with more experienced in higher elevations. The eastern and isthmus areas of the Auckland
Region are projected to be frost-free under all climate change scenarios at all time periods. A small
number of frosts are projected to remain in the highest elevations of the Waitakere Ranges and the
Hunua Ranges, and also in the northwest of the region, at 2110 under RCP8.5.

Growing degree-days express the sum of daily temperatures above a selected base temperature (e.g.
10°C) that represent a threshold of plant growth. For example, a daily average temperature of 18°C
would have a GDD base 10°C value of 8 and a GDD base 5°C value of 13. Since the mid-20™" century,
there has been an upward trend in the number of growing degree-days in Auckland, and this is
projected to continue. This will likely influence the growing rate of plants, harvest times, and the
types of plants able to be grown in the Auckland Region.

9.2 Rainfall changes

Annual total rainfall in Auckland is projected to change by less than 5% for most of the region in the
future. However, the seasonal distribution of rainfall is projected to change. Rainfall in spring is
projected to decline by up to 15% for some parts of the region and rainfall in autumn is projected to
increase by up to 15% for some parts of the region. These projections vary depending on the time
slice and climate change scenario.

The amount of rain that falls during each event in Auckland is projected to change. There are
projected to be fewer small rainfall events, as the number of rain days (days with > 1 mm of rain) is
projected to decline across Auckland. Slightly more large rainfall events are projected for some areas,
with the number of heavy rain days (days with > 25 mm of rain) projected to increase for most of the
region. However, a decrease in the number of heavy rain days is projected in the northeast of the
region. By the end of the 21° century, under RCP8.5, there is an increased frequency of consecutive
days with > 40 mm of rainfall across the Auckland Region.

The intensity of extreme rainfall events is also projected to increase, because a warmer atmosphere
can hold more moisture. The magnitude of 99" percentile of daily rainfall events (the 1-2 wettest
days of the year on average) is projected to increase across most of the region, and by more than
25% for southeast parts of the region by 2110 under RCP8.5. An increase in intensity of the more
extreme, rare rainfall events is also likely. The intensity of short-duration events is projected to
increase by up to 14% per degree of warming, while the intensity of the longest-duration events is
projected to increase by 5-6% per degree of warming. These events are likely to have impacts on slips
and landslides as well as Auckland’s built infrastructure.

Auckland is projected to become more drought-prone in the future. An increase in the number of dry
days (days with < 1 mm of rain) is projected, with up to 21 more dry days per year by 2110 under
RCP8.5. Spring is generally the season when the largest increase in dry days is projected. Potential
evapotranspiration deficit (PED) is the gap between water demand and water availability. It affects
soil moisture retention and plant growth, and a higher amount of PED means that soils are drier. The
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amount of PED is projected to increase across the Auckland Region in the future, with the largest
increases projected for Waiheke Island and the southeast of the region. In addition, soils are
projected to become drier with increasing numbers of days of soil moisture deficit projected
throughout the Auckland Region. Soil moisture projections for at least two additional weeks of deficit
per year region-wide indicate it is likely that there will be widespread increased water demand.
Increasing frequency and severity of drought is likely to have impacts on Auckland’s primary
industries and indigenous biodiversity.

9.3 Air pressure, wind, and storm changes

Mean sea level pressure is projected to increase over New Zealand in summer, potentially leading to
more anticyclonic (settled, fine) conditions over the country. This is likely to influence mean annual
and seasonal wind speeds across the Auckland Region, which have been decreasing since the mid-
20" century and are projected to continue decreasing. However, the rate of decrease in wind speed
for Auckland is projected to slow (compared with historic trends) due to changes in the trend of the
Southern Annular Mode. In line with the projected decrease in mean wind speed, the number of
windy days (> 10 m/s) is projected to decrease across the Auckland Region, as is the magnitude of
the 99" percentile of daily mean wind speeds (the three windiest days of the year, on average). A
projected reduction in mean sea level pressure in winter is likely to result in increased westerly winds
over central and southern New Zealand, and this is reflected in the Auckland projections with small
increases in winter mean wind speed by 2090 and 2110 under RCP8.5.

Future changes to storms including ex-tropical cyclones are uncertain. The intensity (rain rate and
wind speed) of tropical cyclones is projected to increase, but their frequency is projected to remain
similar to present. Ex-tropical cyclones that approach Auckland in the future may be stronger due to
retaining tropical cyclone characteristics further south than at present. The climate models used in
this report do not have the spatial resolution to realistically simulate tropical cyclones, so the impacts
from these storms on the Auckland Region are likely to be underestimated in the projections.

The frequency of mid-latitude storms (the low pressure systems that affect New Zealand every few
days, with origins outside of the tropics) is not expected to change by more than a few percent.
However, there is significant uncertainty about the influence of the increasing strength of the mid-
latitude jet to the south of New Zealand on the future frequency and magnitude of storms affecting
the country.

9.4 Solar radiation and relative humidity changes

Minimal changes are projected for both annual and seasonal solar radiation in the Auckland Region.
The largest increases are projected for summer and the largest decreases are projected for winter.
Relative humidity is projected to decrease by a few percent across the Auckland Region, with the
largest decrease projected for spring. A small increase in relative humidity is projected for autumn.

9.5 Hydrology impacts

Auckland’s hydrology will be affected by future changes to rainfall patterns and drought. Projections
of mean discharge are variable across the region, but decreases in mean discharge are generally
larger for the later time slices and higher RCP, particularly in the northern Auckland Region. Mean
annual low flow is projected to decrease across almost the entire Auckland Region under both time
slices and scenarios, with increasing severity under RCP8.5 at the end of the 21 century. Future
changes to floods are very uncertain. The projections show that mean annual flood is projected to
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decrease for most of the region under RCP4.5 at both time slices. However, for RCP8.5, mean annual
flood is projected to increase for the whole Auckland Region at the end of the century by up to 40-
60% in some areas. Mean annual flood is a relatively low threshold for engineering purposes, and
upcoming projects at NIWA will focus on projections for more extreme, rare flood events.

Hydrologic drought conditions are projected to be more frequent and severe in Auckland. Low river
flows and dry soil conditions are projected to occur earlier in the hydrologic year (1 July-30 June),
which could have impacts on indigenous biodiversity as well as primary industries. Mean seasonal
soil moisture is projected to decline by up to 16% in spring and summer under RCP8.5 at the end of
the century, and for summer under RCP4.5 at mid-century.

Groundwater recharge may decline due to projected reductions in soil moisture and mean annual
low flow, and increases in potential evapotranspiration deficit. Coastal aquifers may also be affected
by sea-level rise in terms of flow velocities and salinity.

Projected increases to extreme rainfall in Auckland may have impacts on slips and landslides in the
region, as well as soil erosion. The soft cliffs on Auckland’s east coast may be prone to erosion due to
the influence of extreme rainfall as well as sea-level rise. In addition, the intensive horticultural area
around Pukekohe and urban subdivisions in Auckland have been identified as hotspots for sheet
erosion. Increased soil movement could lead to increased sedimentation of Auckland’s water
habitats, with impacts on indigenous biodiversity and local communities.

9.6 Oceanic impacts

The global oceans have responded to anthropogenic climate change, and this will continue. The
uptake of atmospheric CO; by the oceans has led to ocean acidification, and rising air temperatures
have caused sea temperatures to increase. Changes to the oceans will have impacts on the
distribution, species composition, and health of marine life in the Auckland Region. A further sea
surface temperature increase of 2.5°C is projected by 2100 under RCP8.5 for the Southwest Pacific,
including New Zealand. Ocean acidification is projected to continue, which will have impacts on
marine food webs and ocean carbon uptake. Some ocean nutrients are projected to decline by the
end of the 21% century, impacting phytoplankton growth and ocean productivity. At the local scale
for Auckland, future changes to coastal salinity will depend on changes to rainfall and runoff
patterns. It is possible that increasing air temperatures may increase evaporation and therefore
slightly increase sea-surface salinities in the East Auckland Current.

9.7 Sea-level impacts

Future sea-level rise (SLR) is a significant issue for Auckland as a large amount of the region’s
communities and infrastructure are located near the coast. Sea level has risen at the Port of Auckland
by 1.60 + 0.08 mm per year since the early 20'™" century, with an acceleration in recent years. For New
Zealand, 0.5 m of SLR is projected to occur between 2060 and 2110, and 1 m of SLR is projected for
between 2100 and after 2200, depending on the climate change scenario. However, cumulative
global greenhouse gas emissions to date have already committed the Earth to an eventual 1.6-1.7 m
of global SLR relative to the present, even if a complete reduction in emissions was to occur. This SLR
could take 1-2 centuries depending on future emission trends.

In the Auckland Region, low-lying coastal areas are more vulnerable to SLR. This includes parts of the
Central Business District, eastern bays (e.g. Mission Bay), Onehunga, Mangere Bridge, Devonport,
and Helensville among others. Auckland’s east coast is more sensitive to climate change-related
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erosion and inundation than the open west coast, due to different exposure, geology, landforms,
tidal ranges, and changes to wave heights and storm surge. In addition, SLR and changes to extreme
rainfall events are likely to increase erosion rates of the soft cliffs on Auckland’s eastern coastline.

Coastal assets are at risk from SLR in Auckland due to their proximity to the sea. Residential buildings
will be the most affected building category in Auckland, with 4500 buildings affected during a 1-in-
100-year storm-tide event with 1 m of SLR (1315 buildings affected under current conditions with the
same storm-tide event), which has a replacement cost of $2.2 billion 2016 NZD. This will affect a
usually resident population of about 12,000 people. In addition, significant amounts of road, rail, and
three-waters (potable water, stormwater, wastewater) infrastructure will be affected by SLR in
Auckland.

9.8 Air quality impacts

The interactions between climate change and air quality in Auckland are highly uncertain. However,
it is projected that as winter temperatures rise, the demand for residential heating will diminish and
so will high wintertime concentrations of black carbon and particulate matter from burning solid
fuels like wood and coal. Changing rainfall patterns in Auckland may result in heavier rainfall events
but longer dry stretches, so pollutants may not be washed out of the atmosphere as often, thereby
increasing the annual pollutant concentrations. In addition, increased occurrence of drought and
higher risk of wildfires may increase the concentration of dust and other particulate matter in the
atmosphere around Auckland. Increases in the concentrations of particulates may cause respiratory
health problems for Auckland residents.

9.9 Wildfire impacts

Fire risk is projected to increase in Auckland due to increasing temperatures, lower rainfall, and more
drought-like conditions. In addition, climate change mitigation strategies such as afforestation with
exotic pine species may increase the fire risk in Auckland as they are generally more flammable than
indigenous plant species.

9.10 Indigenous biodiversity impacts

Climate change in Auckland is likely to have significant impacts on many of the vulnerable indigenous
species in the region. On land, Auckland’s indigenous forest and wetland ecosystems may be put
under pressure due to changing rainfall patterns and potential increases in the intensity and
frequency of drought, as well as sea-level rise affecting habitats close to the coast. In addition,
projected larger extreme rainfall events are likely to encourage more slips and soil erosion, leading to
habitat loss and sedimentation in waterways. Auckland’s sanctuary islands and peninsulas are home
to many endangered animal species which, because of their small populations and low genetic
diversity, may be less able to cope with climate change-related challenges.

Water temperatures are likely to increase, so freshwater and marine species may undergo life cycle
changes. Potentially large increases in water temperature could be lethal to some species. Changes
to river flow regimes may influence the migration and distribution of freshwater species in the
Auckland Region. Marine species are likely to be impacted by ocean acidification, which can reduce
growth rates and shell formation for species like paua and oysters. Many coastal habitats are at risk
from inundation and erosion resulting from sea-level rise, as well as human responses to sea-level
rise (coastal fortification) resulting in ‘coastal squeeze’ and habitat loss. Mangrove habitats in
Auckland may be at risk of inundation if sea-level rise occurs faster than the mangrove forests can
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keep up. Sedimentation of estuaries in response to climate change will also impact the future extent
of mangroves in Auckland.

Pest species are likely to become more of a threat to Auckland’s indigenous biodiversity because of
climate change. This issue is discussed further below.

9.11 Biosecurity impacts

Biosecurity in Auckland is likely to be impacted by climate change, particularly by temperature
increases. Increased temperatures may allow pests (both animals and plants) that are currently
marginal or absent from the region to survive and thrive in Auckland. In addition, pests that are
currently present in Auckland may spread further throughout New Zealand due to warmer
temperatures further south. Some pests may be currently dormant in Auckland, awaiting a
perturbation such as climate change to allow them to proliferate (e.g. naturalisation of some garden
weeds). Warmer winters are likely to allow many species to survive in larger populations (e.g. rats)
and this will impact Auckland’s indigenous bird populations.

Warmer ocean temperatures may allow invasive marine species from tropical waters to survive for
longer in the Auckland Region. In addition, the strengthening East Auckland Current may promote
establishment of tropical or subtropical species that currently only visit the area during the warm
season.

There are likely to be increases in disease vectors due to warmer temperatures in Auckland. Some of
the most important disease-carrying mosquitos are currently unable to survive in New Zealand as it is
currently too cold, but this may change. This is a concern for Auckland as the region has New
Zealand’s largest airport and sea port where many of many disease-carrying species have been
intercepted in the past.

Kauri dieback is a major problem in many of Auckland’s kauri forests. Potential increases to drought
severity in the region may make kauri trees more susceptible to infection by the Phytophthora
agathadicida pathogen, and higher temperatures may allow the pathogen to survive in areas that are
currently too cool. Fungal diseases such as myrtle rust, discovered in Northland and Taranaki in early
2017 and in west Auckland in late 2017, have the potential to significantly affect Auckland’s
indigenous forest. There is concern that myrtle rust may spread further in New Zealand, and other
fungi spread by wind may become established in the country with changes to atmospheric
circulation, wind patterns, and storminess.

9.12 Future recommendations

This report has drawn upon many existing sources of information about potential climate change
impacts in Auckland and wider New Zealand. There is a need to further investigate some of the
impacts presented here, including the following:

= The influence of atmospheric rivers and ex-tropical cyclones on extreme rainfall events
in Auckland and how this may change.

=  Establishing the role of multidecadal variability in guiding Auckland’s climate.

= |nvestigating the long-term history of drought (including megadrought) for Auckland as
a guide to severity of future events that can potentially unfold.

322 Auckland Region climate change projections and impacts



=  Groundwater modelling to understand future groundwater flows and recharge in
Auckland.

=  Impacts of changes to rainfall in Auckland on slips and landslides in the region.

=  Modelling of impacts of oceanic changes around Auckland and the North Island such as
ocean acidification and sea surface temperature increases.

=  The impacts of climate change on the health of Auckland residents, including the role
of air quality.

Due to the preliminary nature of the review material and current knowledge gaps presented in
Section 8.4 about air quality, additional recommendations for future work can be made. They
include:

=  Understanding the combined and isolated impacts of future air quality and climate
change on health.

=  Understanding the feedbacks from climate change that make air quality management
more difficult.

=  Understanding the projected changes of daily weather situations and how
classification of these situations (and forecasting them) might benefit air quality
management.

=  More monitoring of short lived climate pollutants and linking them to the National
Environmental Standards pollutants.

=  Understanding the relationship between Black Carbon and PM in Auckland.

=  Understanding the spatial variability in black carbon (potentially through low-cost
sensor networks).

=  Understanding the aerosol-climate interactions over the Auckland Region, particularly
regarding changing emissions patterns in shipping and rural land use.

= Assessing the future air quality impacts of climate change management plans and
strategies to identify any synergies or unintended consequences.

= The integration of both climate change and air quality into the core of urban planning
and transport planning is essential to manage their impacts.

=  Coupled climate change-air quality modelling approaches with regional downscaling to
further understand the air quality impacts of climate change in Auckland. This
information would benefit health impact models and economic assessments.

It is important to continuously monitor Auckland’s climate and environments to understand long-
term changes and the impact that climate change and other stressors may have. Auckland Council
has a large monitoring network and it is important that this network be maintained and expanded,
particularly for locations and variables that are underrepresented. In particular, increased monitoring
of the marine environment around Auckland is recommended to underpin and validate models of
oceanic change.
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The New Zealand Earth System Model (NZESM) is being developed as part of the Deep South
National Science Challenge (www.deepsouthchallenge.co.nz). The NZESM, in partnership with the UK
Meteorological Office, is a global climate modelling system that will contain improved formulations
of Southern Ocean and Antarctic processes based on observational data collected under the Deep
South Challenge. This will allow New Zealand scientists to contribute to global understandings of
climate change and make more accurate projections of future climate in New Zealand and the
surrounding region. NIWA is also setting up an upgraded regional climate model, with improved
physics and dynamics, and higher resolution than the model used to generate the projections in this
report. The next generation of New Zealand climate change projections will make use of this regional
model to downscale the NZESM, and potentially allow downscaling of the global projections of the
IPCC Sixth Assessment Report (due to be produced in 2021).
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11 Glossary of abbreviations and terms

Term/abbreviation

Definition

99th percentile

The top 1 percent of a population.

Adaptation

The process of adjustment to actual or expected climate and its
effects. In human systems, adaptation seeks to moderate or avoid
harm or exploit beneficial opportunities. In some natural systems,
human intervention may facilitate adjustment to expected climate
and its effects.

Afforestation

Planting of new forests on lands that historically have not
contained forests, or have not recently contained forests.

Air mass

A widespread body of air, the approximately homogeneous
properties of which (1) have been established while that air was
situated over a region of the Earth’s surface, and (2) undergo
specific modifications while in transit away from the source region.

Annual exceedance
probability (AEP)

The probability of a given event (e.g. flood or sea level or wave
height) being equalled or exceeded in elevation, in any given
calendar year. AEP can be specified as a fraction (e.g., 0.01) or a
percentage (e.g., 1%).

Anomaly

The deviation of a variable from its value averaged over a
reference period.

Anthropogenic

Human-induced; man-made. Resulting from or produced by human
activities.

Anthropogenic emissions

Emissions of greenhouse gases, greenhouse gas precursors, and
aerosols caused by human activities. These activities include the
burning of fossil fuels, deforestation, land use changes, livestock
production, fertilization, waste management, and industrial
processes.

Atmosphere-ocean global climate model —a comprehensive

AOGCM climate model containing equations representing the behaviour of
the atmosphere, ocean and sea ice and their interactions.

AR4 IPCC Fourth Assessment Report 2007.

ARS 5% Assessment Report of IPCC — published in 2013/14 covering
three Working Group Reports and a Synthesis Report.
The gaseous envelope surrounding the Earth. The dry atmosphere
consists almost entirely of nitrogen (78.1% volume mixing ratio)

0 . . .
Atmosphere and oxygen (20.9% volume mixing ratio), together with a number

of trace gases, such as argon (0.93% volume mixing ratio), helium
and radiatively active greenhouse gases such as carbon dioxide
(0.035% volume mixing ratio) and ozone. In addition, the
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atmosphere contains the greenhouse gas water vapour, whose
amounts are highly variable but typically around 1% volume mixing
ratio. The atmosphere also contains clouds and aerosols.

Augmentation factor

The percentage increase of rainfall per degree of warming
contained within depth-duration-frequency tables in this report.

Average recurrence interval
(ARI)

The average time interval (averaged over a very long time period
and many “events”) that is expected to elapse between
recurrences of an infrequent event of a given large magnitude (or
larger). A large infrequent event would be expected to be equalled
or exceeded in elevation, once, on average, every “ARI” years, but
with considerable variability.

Baseline/reference

The baseline (or reference) is the state against which change is
measured. A baseline period is the period relative to which
anomalies are computed.

BCC-CSM1.1

The Beijing Climate Centre Climate System Model version 1.1. A
fully coupled global climate-carbon model. Part of CMIP5.

BenMap

Environmental Benefits Mapping and Analysis Program. The tool
operates on 4 input variables: air quality changes, population,
baseline incidence rates and an effect estimate. The resulting
health impact function estimates the number and economic value
of health impacts resulting from changes in fine particulate matter
and ground level ozone.

Benthic

The benthic zone is the ecological region at the lowest level of a
body of water such as an ocean or a lake, including the sediment
surface and some sub-surface layers.

Bias correction

Procedures designed to remove systematic climate model errors.

Biogeochemical

Relating to or denoting the cycle in which chemical elements and
simple substances are transferred between living systems and the
environment.

Black carbon (BC)

Black Carbon is one of the components of particulate matter and it
mainly comprises of soot. It can absorb sunlight, thus increasing
the net radiative forcing. Black Carbon has a net warming effect
on the planet. It is generally formed during the incomplete
combustion of fuels or biomass burning. The main sources of black
carbon can be both natural and man-made such as volcanoes,
wildfires, domestic heating and road traffic. Black carbon can lead
to various carcinogenic effects, respiratory and cardiovascular
illnesses and at high concentrations, it can lead to mortality.

Brown Haze

A local or regional scale phenomena that causes a poor
atmospheric visibility mostly associated with high pollution levels,
also known as smog.

Business as Usual (BAU)

Business as usual projections assume that operating practices and
policies remain as they are at present. Although baseline scenarios
could incorporate some specific features of BAU scenarios (e.g., a
ban on a specific technology), BAU scenarios imply that no
practices or policies other than the current ones are in place.
RCP8.5 is known as the 'business as usual' climate change scenario.

Carbon dioxide (CO,)

A naturally occurring gas, also a by-product of burning fossil fuels
from fossil carbon deposits, such as oil, gas and coal of burning
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biomass, of land use changes and of industrial processes (e.g.,
cement production). It is the principal anthropogenic greenhouse
gas that affects the Earth’s radiative balance. It is the reference gas
against which other greenhouse gases are measured and therefore
has a Global Warming Potential of 1.

Carbon dioxide (CO)
fertilisation

The enhancement of the growth of plants because of increased
atmospheric carbon dioxide (CO,) concentration

Carbon Monoxide (CO)

CO is a colourless, odourless gaseous pollutant. The sources of
carbon monoxide are similar to those of black carbon. Carbon
monoxide can be readily absorbed into the blood stream thus
causing weakness, dizziness and at high concentrations, it can lead
to mortality.

Carbon sequestration

Carbon sequestration is the process involved in carbon capture and
the long-term storage of atmospheric carbon dioxide. Carbon
sequestration involves long-term storage of carbon dioxide or
other forms of carbon to mitigate or defer global warming.

CESM1-CAMS

The Community Earth System Model, version 5 of the Community
Atmosphere Model primarily developed at the National Center for
Atmospheric Research in the USA. Part of CMIP5.

Clausius—Clapeyron
equation/relationship

The thermodynamic relationship between small changes in
temperature and vapour pressure in an equilibrium system with
condensed phases present. For trace gases such as water vapour,
this relation gives the increase in equilibrium (or saturation) water
vapour pressure per unit change in air temperature.

Climate

Climate in a narrow sense is usually defined as the average
weather, or more rigorously, as the statistical description in terms
of the mean and variability of relevant quantities over a period
ranging from months to thousands or millions of years. The
classical period for averaging these variables is 30 years, as defined
by the World Meteorological Organization. The relevant quantities
are most often surface variables such as temperature, rainfall and
wind. Climate in a wider sense is the state, including a statistical
description, of the climate system.

Climate change

Climate change refers to a change in the state of the climate that
can be identified (e.g., by using statistical tests) by changes in the
mean and/or the variability of its properties, and that persists for
an extended period, typically decades or longer. Climate change
may be due to natural internal processes or external forcings such
as modulations of the solar cycles, volcanic eruptions and
persistent anthropogenic changes in the composition of the
atmosphere or in land use.

Climate change scenario

A plausible and often simplified representation of the future
climate, based on an internally consistent set of climatological
relationships that has been constructed for explicit use in
investigating the potential consequences of anthropogenic climate
change, often serving as input to impact models. Climate
projections often serve as the raw material for constructing
climate scenarios, but climate scenarios usually require additional
information such as the observed current climate. A climate
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change scenario is the difference between a climate scenario and
the current climate.

Climate model

A numerical representation of the climate system based on the
physical, chemical and biological properties of its components,
their interactions and feedback processes, and accounting for
some of its known properties. The climate system can be
represented by models of varying complexity, that is, for any one
component or combination of components a spectrum or
hierarchy of models can be identified, differing in such aspects as
the number of spatial dimensions, the extent to which physical,
chemical or biological processes are explicitly represented or the
level at which empirical parametrizations are involved. Coupled
Atmosphere—Ocean General Circulation Models (AOGCMs) provide
a representation of the climate system that is near or at the most
comprehensive end of the spectrum currently available. There is
an evolution towards more complex models with interactive
chemistry and biology. Climate models are applied as a research
tool to study and simulate the climate, and for operational
purposes, including monthly, seasonal and inter-annual climate
predictions.

Climate projection

A climate projection is the simulated response of the climate
system to a scenario of future emission or concentration of
greenhouse gases and aerosols, generally derived using climate
models. Climate projections are distinguished from climate
predictions by their dependence on the emission/concentration/
radiative forcing scenario used, which is in turn based on
assumptions concerning, for example, future socioeconomic and
technological developments that may or may not be realized.

Climate system

The climate system is the highly complex system consisting of five
major components: the atmosphere, the hydrosphere, the
cryosphere, the lithosphere and the biosphere, and the
interactions between them. The climate system evolves in time
under the influence of its own internal dynamics and because of
external forcings such as volcanic eruptions, solar variations and
anthropogenic forcings such as the changing composition of the
atmosphere and land use change.

Climate variability

Climate variability refers to variations in the mean state and other
statistics (such as standard deviations, the occurrence of extremes,
etc.) of the climate on all spatial and temporal scales beyond that
of individual weather events. Variability may be due to natural
internal processes within the climate system (internal variability),
or to variations in natural or anthropogenic external forcing
(external variability).

Climate variable

An element of the climate that is liable to vary or change e.g.
temperature, rainfall.
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Community Multiscale Air Quality Modelling System. It is usually

CMAQ used to model estimates of particulate, ozone and other toxics.
Coupled Model Inter-comparison Project, Phase 5, which involved
coordinating and archiving climate model simulations based on
shared model inputs by modelling groups from around the world.

CMIPS This project involved many experiments with coupled atmosphere-

ocean global climate models, most of which were reported on in
the IPCC Fifth Assessment Report, Working Group |. The CMIP5
dataset includes projections using the Representative
Concentration Pathways.

Coastal squeeze

A narrowing of coastal ecosystems and amenities (e.g., beaches,
salt marshes, mangroves, and mud and sand flats) confined
between landward-retreating shorelines (from sea level rise and/or
erosion) and naturally or artificially fixed shorelines including
engineering defences (e.g., seawalls), potentially making the
ecosystems or amenities vanish.

In this report, a cold night (or frost) is defined when the daily

Cold nights minimum temperature is below 0°C.
The validity of a finding based on the type, amount, quality, and
) consistency of evidence (e.g., mechanistic understanding, theory,
Confidence

data, models, expert judgment) and on the degree of agreement.
Confidence is expressed qualitatively.

Depth duration frequency
table

Rainfall depth-duration-frequency (DDF) curves or tables describe
rainfall depth as a function of duration for given return periods and
are important for the design of hydraulic structures.

Diadromous

Fishes that migrate between the sea and freshwater.

Disease vector

In epidemiology, a disease vector is any agent that carries and
transmits an infectious pathogen into another living organism;
most agents regarded as vectors are organisms, such as
intermediate parasites or microbes, but it could be an inanimate
medium of infection such as dust particles.

Diurnal temperature range

The difference between the maximum and minimum temperature
during a 24-hour period.

Downscaling (statistical,
dynamical)

Deriving local climate information (at the 5 kilometre grid-scale in
this report) from larger-scale model or observational data. Two
main methods exist — statistical and dynamical. Statistical methods
develop statistical relationships between large-scale atmospheric
variables (e.g., circulation and moisture variations) and local
climate variables (e.g., rainfall variations). Dynamical methods use
the output of a regional climate/weather model driven by a larger-
scale global model.
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Drought (meteorological,
hydrologic)

A period of abnormally dry weather long enough to cause a serious
hydrological imbalance. Drought is a relative term; therefore, any
discussion in terms of rainfall deficit must refer to the rainfall-
related activity that is under discussion. For example, shortage of
rainfall during the growing season impinges on crop production or
ecosystem function in general (due to soil moisture drought, also
termed agricultural drought), and during the runoff and
percolation season primarily affects water supplies (hydrological
drought). Storage changes in soil moisture and groundwater are
also affected by increases in actual evapotranspiration in addition
to reductions in rainfall. A period with an abnormal rainfall deficit
is defined as a meteorological drought. A megadrought is a very
lengthy and pervasive drought, lasting much longer than normal,
usually a decade or more.

ECMWEF

European Centre for Medium Range Weather Forecasts. ECMWF
reanalysis dataset is used in describing the recent history of the
atmosphere, land surface, and oceans.

Ecosystem

An ecosystem is a functional unit consisting of living organisms,
their non-living environment, and the interactions within and
between them. The components included in a given ecosystem and
its spatial boundaries depend on the purpose for which the
ecosystem is defined: in some cases, they are relatively sharp,
while in others they are diffuse. Ecosystem boundaries can change
over time. Ecosystems are nested within other ecosystems, and
their scale can range from very small to the entire biosphere. In
the current era, most ecosystems either contain people as key
organisms, or are influenced by the effects of human activities in
their environment.

Ectotherm

Cold blooded animal. All New Zealand freshwater species are
ectotherms.

EEZ

Exclusive Economic Zone — the area of ocean from 12 to 200
nautical miles off New Zealand’s coastline, around 4.3 million km?.
This is the zone which New Zealand has sovereign rights regarding
the exploration and use of marine resources.

Emission scenario

A plausible representation of the future development of emissions
of substances that act as radiative forcing factors (e.g., greenhouse
gases, aerosols) based on a coherent and internally consistent set
of assumptions about driving forces (such as demographic and
socioeconomic development, technological change) and their key
relationships.

A collection of model simulations characterizing a climate
prediction or projection. Differences in initial conditions and model
formulation result in different evolutions of the modelled system

Ensemble and may give information on uncertainty associated with model
error and error in initial conditions in the case of climate forecasts
and on uncertainty associated with model error and with internally
generated climate variability in the case of climate projections.
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ENSO

El Nifo-Southern Oscillation. A natural global climate phenomenon
involving the interaction between the tropical Pacific and the
atmosphere, but has far-reaching effects on the global climate,
especially for countries in the Pacific rim. ENSO is the strongest
climate signal on time scales of one to several years,
characteristically oscillating on a 3-7-year timescale. The quasi-
periodic cycle oscillates between El Nifio (unusually warm ocean
waters along the tropical South American coast and west-central
equatorial Pacific) and La Nifia (colder-than-normal ocean waters
off South America and along the central-east equatorial Pacific).

ESM

Earth system model. Refers to an AOGCM that also includes
interactions with biological processes and natural cycles of
chemical components such as ozone, carbon dioxide, nitrogen, and
sulphur.

Eustatic sea-level rise

Absolute level of sea-level rise, measured relative to the centre of
the earth. In contrast to relative sea-level rise which is measured
relative to the land nearby.

Eutrophication

Over-enrichment of water by nutrients such as nitrogen and
phosphorus. It is one of the leading causes of water quality
impairment. The two most acute symptoms of eutrophication are
hypoxia (or oxygen depletion) and harmful algal blooms.

Evapotranspiration

The combined process of evaporation from the Earth’s surface and
transpiration from vegetation.

Extra-tropical cyclone or
mid-latitude cyclone

A large-scale (of order 1000 km) storm in the middle or high
latitudes having low central pressure and fronts with strong
horizontal gradients in temperature and humidity. A major cause
of extreme wind speeds and heavy rainfall especially in wintertime.

Field capacity

The amount of soil moisture or water content held in the soil after
excess water has drained away and the rate of downward
movement has decreased. This usually takes place 2—3 days after
rain or irrigation in pervious soils of uniform structure and texture.

Flood

The overflowing of the normal confines of a stream or other body
of water, or the accumulation of water over areas not normally
submerged. Floods include river (fluvial) floods, flash floods, urban
floods, pluvial floods, sewer floods, coastal floods, and glacial lake
outburst floods.

Flow reliability

The fraction of time river flow is below a minimum flow threshold
related to water abstraction (based on the Proposed National
Environmental Standard for Ecological Flows). Flow reliability
reflects the frequency of drought conditions.

Global climate model. These days almost all GCMs are AOGCMs

GCM (atmosphere-ocean global climate models). See also climate
model.
. Relating to the form of the landscape and other natural features of
Geomorphic :
the earth's surface.
The Coupled physical model version 3, developed by the
GFDL-CM3 Geophysics Fluid Dynamics Laboratory at NOAA in the USA. Part of

CMIPS.
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A geographic information system (GIS) is a system designed to

GIS capture, store, manipulate, analyse, manage, and present all types
of geographical information for informing decision making.
GISS-E2-R The E2-R climate model developed by NASA Goddard Institute for

Space Studies in the USA. Part of CMIP5.

Global mean surface
temperature

An estimate of the global mean surface air temperature. However,
for changes over time, only anomalies, as departures from a
climatology, are used, most commonly based on the area-weighted
global average of the sea surface temperature anomaly and land
surface air temperature anomaly.

Greenhouse effect

The radiative effect of all infrared-absorbing constituents in the
atmosphere. Greenhouse gases, clouds, and (to a small extent)
aerosols absorb terrestrial radiation emitted by the Earth’s surface
and elsewhere in the atmosphere. These substances emit infrared
radiation in all directions, but, everything else being equal, the net
amount emitted to space is normally less than would have been
emitted in the absence of these absorbers. This is because of the
decline of temperature with altitude in the troposphere and the
consequent weakening of emission. An increase in the
concentration of greenhouse gases increases the magnitude of this
effect; the difference is sometimes called the enhanced
greenhouse effect. The change in a greenhouse gas concentration
because of anthropogenic emissions contributes to an
instantaneous radiative forcing. Surface temperature and
troposphere warm in response to this forcing, gradually restoring
the radiative balance at the top of the atmosphere.

Greenhouse gas (GHG)

Greenhouse gases are those gaseous constituents of the
atmosphere, both natural and anthropogenic, that absorb and
emit radiation at specific wavelengths within the spectrum of
terrestrial radiation emitted by the Earth’s surface, the
atmosphere itself, and by clouds. This property causes the
greenhouse effect. Water vapour (H,0), carbon dioxide (CO>),
nitrous oxide (N20O), methane (CH4) and ozone (Os) are the primary
greenhouse gases in the Earth’s atmosphere. Moreover, there are
many entirely human-made greenhouse gases in the atmosphere,
such as the halocarbons and other chlorine- and bromine-
containing substances, dealt with under the Montreal Protocol.
Beside CO,, N,O and CH,, the Kyoto Protocol deals with the
greenhouse gases sulphur hexafluoride (SFs), hydrofluorocarbons
(HFCs) and perfluorocarbons (PFCs).

Groundwater recharge

The process by which external water is added to the zone of
saturation of an aquifer, either directly into a geologic formation
that traps the water or indirectly by way of another formation.

Growing degree-days (GDD)

Growing degree-days (GDD) express the sum of daily temperatures
above a selected base temperature (e.g. 10°C) that represent a
threshold of plant growth. The daily GDD total is the amount the
daily average temperature exceeds the threshold value (e.g. 10°C)
per day. For example, a daily average temperature of 18°C would
have a GDD base 10°C value of 8 and a GDD base 5°C value of 13.
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The daily GDD values are accumulated over the period 1 July to 30
June to calculate an annual GDD value.

Gully erosion

The removal of soil along drainage lines by surface water runoff.
Once started, gullies will continue to move by headward erosion or
by slumping of the side walls unless steps are taken to stabilise the
disturbance.

Gyre

Basin-scale ocean horizontal circulation pattern with slow flow
circulating around the ocean basin, closed by a strong and narrow
(100 to 200 km wide) boundary current on the western side. The
subtropical gyres in each ocean are associated with high pressure
in the centre of the gyres; the subpolar gyres are associated with
low pressure.

HadGEM2-ES

Climate model developed by the UK Met Office Hadley Centre,
from the UK Unified Model. Part of CMIP5.

Hazard

The potential occurrence of a natural or human-induced physical
event or trend or physical impact that may cause loss of life, injury,
or other health impacts, as well as damage and loss to property,
infrastructure, livelihoods, service provision, ecosystems, and
environmental resources. In this report, the term hazard usually
refers to climate-related physical events or trends or their physical
impacts.

HIRDS

High Intensity Rainfall Design System (http://hirds.niwa.co.nz).
HIRDS uses a regionalized index-frequency method to predict
rainfall intensities at ungauged locations and returns depth-
duration-frequency tables for rainfall at any location in New
Zealand. Temperature increases can be inserted and corresponding
increases in rainfall for each duration and frequency are calculated.

Holocene

The Holocene Epoch is the most recent geologic subdivision in the
Quaternary Period, extending from 11.65 ka (thousand years
before 1950) to the present. It is also known as Marine Isotopic
Stage (MIS) 1 or current interglacial.

Hot days

In this report, a hot day is defined as a day with a maximum
temperature over 25°C.

Humidity

Specific humidity is the ratio of the mass of water vapour to the
total mass of the system (water plus air) in a parcel of moist air.
Relative humidity is the ratio of the vapour pressure to the
saturation vapour pressure (the latter having a strong dependence
on temperature).

Hydrologic drought

Hydrologic drought occurs when low water supply becomes
evident, especially in streams, reservoirs, and groundwater levels,
usually after an extended period of meteorological drought.
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Ice sheet

A mass of ice of continental size that is sufficiently thick to cover
most of the underlying bed, so that its shape is mainly determined
by its dynamics (the flow of the ice as it deforms internally and/or
slides at its base). An ice sheet flows outward from a high central
ice plateau with a small average surface slope. The margins usually
slope more steeply, and most ice is discharged through fast flowing
ice streams or outlet glaciers, in some cases into the sea or into ice
shelves floating on the sea. There are two main ice sheets in the
modern world, one over Greenland and one over Antarctica. Ice
sheets that are grounded below sea level, including consideration
of isostatic rebound, are called marine ice sheets. West Antarctica
is primarily a marine based ice sheet.

Impacts (Consequences,
Outcomes)

Effects on natural and human systems. In this report, the term
impacts is used primarily to refer to the effects on natural and
human systems of extreme weather and climate events and of
climate change. Impacts generally refer to effects on lives,
livelihoods, health, ecosystems, economies, societies, cultures,
services, and infrastructure due to the interaction of climate
changes or hazardous climate events occurring within a specific
time period and the vulnerability of an exposed society or system.
Impacts are also referred to as consequences and outcomes. The
impacts of climate change on geophysical systems, including
floods, droughts, and sea level rise, are a subset of impacts called
physical impacts.

Industrial Revolution

A period of rapid industrial growth with far reaching social and
economic consequences, beginning in Britain during the second
half of the 18th century and spreading to Europe and later to other
countries including the United States. The invention of the steam
engine was an important trigger of this development. The
industrial revolution marks the beginning of a strong increase in
the use of fossil fuels and emission of, in particular, fossil carbon
dioxide.

Interglacial

An interglacial period is a geological interval of warmer global
average temperature lasting thousands of years that separates
consecutive glacial periods within an ice age. The current
Holocene interglacial began at the end of the Pleistocene, about
11,650 years ago.

Invasive species

A species introduced outside its natural past or present
distribution (i.e., an alien species) that becomes established in
natural or semi-natural ecosystems or habitat, is an agent of
change, and threatens native biological diversity.

Intergovernmental Panel on Climate Change. This body was
established in 1988 by the World Meteorological Organisation
(WMO) and the United Nations Environment Programme (UNEP)
to objectively assess scientific, technical and socioeconomic

IPCC . . . o . .
information relevant to understanding the scientific basis of risk of
human induced climate change, its potential impacts and options
for adaptation and mitigation. Its latest reports (the Fifth
Assessment) were published in 2013/14 (see www.ipcc.ch/).
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IPO

Interdecadal Pacific Oscillation — a long timescale oscillation in the
ocean—atmosphere system that shifts climate in the Pacific region
every one to three decades.

Land use and Land use
change

Land use refers to the total of arrangements, activities, and inputs
undertaken in a certain land cover type (a set of human actions).
The term land use is also used in the sense of the social and
economic purposes for which land is managed (e.g., grazing,
timber extraction, and conservation). Land use change refers to a
change in the use or management of land by humans, which may
lead to a change in land cover. Land cover and land use change
may have an impact on the surface albedo, evapotranspiration,
sources and sinks of greenhouse gases, or other properties of the
climate system and may thus give rise to radiative forcing and/or
other impacts on climate, locally or globally.

Likelihood

The chance of a specific outcome occurring, where this might be
estimated probabilistically.

Macrophyte

An aquatic plant large enough to be seen by the naked eye.

Mean annual flood

The average of the maximum flood discharges experienced in a
river over a period, which should have a recurrence interval of
once every 2.33 years.

Mean annual low flow

The mean of the lowest 7-day average flows in each year of a
projection period.

Mean discharge

The average annual streamflow or discharge of a river.

Mean high water springs
(MHWS)

The high tide height associated with higher than normal high tides
that result from the beat of various tidal harmonic constituents.
Mean high water springs occur every 2 weeks approximately.

Mean sea level (MSL)

The surface level of the ocean at a point averaged over an
extended period such as a month or year. Mean sea level is often
used as a national datum to which heights on land are referred.
Mean sea level changes with the averaging period used, due to
climate variability and long-term sea-level rise.

Meridional

North-south, i.e. a meridional trend is a north-south trend.

Meteorological drought

A period with an abnormal rainfall deficit; when dry weather
patterns dominate an area, and resulting rainfall is low.

Mitigation (of climate
change)

A human intervention to reduce the sources or enhance the sinks
of greenhouse gases.

Model spread

The range or spread in results from climate models, such as those
assembled for Coupled Model Intercomparison Project Phase 5
(CMIP5). Does not necessarily provide an exhaustive and formal
estimate of the uncertainty in feedbacks, forcing or projections
even when expressed numerically, for example, by computing a
standard deviation of the models’ responses. To quantify
uncertainty, information from observations, physical constraints
and expert judgement must be combined, using a statistical
framework.

Mycorrhizal

A mycorrhiza is a symbiotic association between a fungus and the
roots of a vascular host plant. The term mycorrhiza refers to the
role of the fungi in the plants' root system.
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NorESM1-M The Norwegian Earth System Model. Part of CMIP5.
NOxy is the common term used for both Nitrogen Oxide (NO) and
NOy and NO, Nitrogen Dioxide (NO;) in the atmosphere. It is one of the

precursors of tropospheric ozone. It is one of the major pollutants
from tailpipe emissions of petrol and diesel cars.

Ocean acidification

Ocean acidification refers to a reduction in the pH of the ocean
over an extended period, typically decades or longer, which is
caused primarily by uptake of carbon dioxide from the
atmosphere, but can also be caused by other chemical additions or
subtractions from the ocean. Anthropogenic ocean acidification
refers to the component of pH reduction that is caused by human
activity.

Open coast

Coastline located outside of sheltered harbours and estuaries, in
locations subject to ocean waves and swell.

Orographic rainfall

Precipitation that is produced when moist air is lifted as it moves
over a mountain range. As the air rises and cools, orographic
clouds serve as the source of the precipitation, most of which falls
upwind of the mountain ridge.

Ozone

Ozone, the triatomic form of oxygen (0s), is a gaseous atmospheric
constituent. In the troposphere, it is created both naturally and by
photochemical reactions involving gases resulting from human
activities (smog). Tropospheric ozone acts as a greenhouse gas. In
the stratosphere, it is created by the interaction between solar
ultraviolet radiation and molecular oxygen (03). Stratospheric
ozone plays a dominant role in the stratospheric radiative balance.
Its concentration is highest in the ozone layer.

Paris agreement

The Paris Agreement aims to respond to the global climate change
threat by keeping a global temperature rise this century well below
2°C above pre-industrial levels and to pursue efforts to limit the
temperature increase even further to 1.5°C.

Potential evapotranspiration deficit. PED can be thought of as the
amount of water needed to be added as irrigation, or replenished

PED . .
by rainfall, to keep pastures growing at levels that are not
constrained by a shortage of water. The unit of PED is millimetres.
Pelagic Pelagic fish live in the water column of coastal, ocean, and lake
waters, but not on or near the bottom of the sea or the lake.
The set of partition values which divides the total population of a
Percentiles distribution into 100 equal parts, the 50th percentile

corresponding to the median of the population.

Permutation

Each of several possible ways in which a set or number of things
can be ordered or arranged.

pH is a dimensionless measure of the acidity of water (or any
solution) given by its concentration of hydrogen ions (H*). pH is

pH measured on a logarithmic scale where pH = —log10(H*). Thus, a pH
decrease of 1 unit corresponds to a 10-fold increase in the
concentration of H*, or acidity.
The relationship between biological phenomena that recur
Phenology periodically (e.g., development stages, migration) and climate and
seasonal changes.
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Phytoplankton

Plankton consisting of microscopic plants.

PM or PMx

Particulate Matter. It comprises of a combination of dust, soot,
pollen and many other solid or liquid droplets. In this review, PMg
stands for particles less than 10 pg m= and PMys stands for finer
particulate less than 2.5 pg m=. The main sources of PM are road
traffic, domestic heating, shipping emissions, industrial emissions,
wildfires and volcanoes. Depending on the species of PM, its
presence might result in net warming or cooling of the
atmosphere. PM is inhalable and can result in coughing, asthma,
lung cancer, morbidity and mortality.

Potable water

Water that is safe to drink.

Precipitation

Describes all forms of moisture that falls from clouds (rain, sleet,
hail, snow, etc). ‘Rainfall’ describes just the liquid component of
precipitation.

Pre-industrial

Conditions at or before 1750. See also Industrial revolution.

Projection

A numerical simulation (representation) of future conditions.
Differs from a forecast; whereas a forecast aims to predict the
exact time-dependent conditions in the immediate future, such as
a weather forecast a future cast aims to simulate a time-series of
conditions that would be typical of the future (from which
statistical properties can be calculated) but does not predict future
individual events.

Radiative forcing

A measure of the energy absorbed and retained in the lower
atmosphere. More technically, radiative forcing is the change in
the net (downward minus upward) irradiance (expressed in W/m?,
and including both short-wave energy from the sun, and long-wave
energy from greenhouse gases) at the tropopause, due to a change
in an external driver of climate change, such as, for example, a
change in the concentration of carbon dioxide or the output of

the sun.

Regional Climate Model
(RCM)

A numerical climate prediction model run over a limited
geographic domain (here around New Zealand), and driven along
its lateral atmospheric boundary and oceanic boundary with
conditions simulated by a global climate model (GCM). The RCM
thus downscales the coarse resolution GCM, accounting for higher
resolution topographical data, land-sea contrasts, and surface
characteristics. RCMs can cater for relatively small-scale features
such as New Zealand’s Southern Alps.

Relative sea level

Sea level measured by a tide gauge with respect to the land upon
which it is situated. Relative sea-level rise (RSLR) is the sea-level
rise relative to the land adjacent.

Representative
Concentration Pathways
(RCPs)

Representative concentration pathways. They describe four
possible climate futures, all of which are considered possible
depending on how much greenhouse gases are emitted in the
years to come. The four RCPs, RCP2.6, RCP4.5, RCP6, and RCP8.5,
are named after a possible range of radiative forcing values in the
year 2100 relative to pre-industrial values (+2.6, +4.5, +6.0, and
+8.5 W/m?, respectively)
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Resolution

In climate models, this term refers to the physical distance (metres
or degrees) between each point on the grid used to compute the
equations. Temporal resolution refers to the time step or time
elapsed between each model computation of the equations.

Return period

An estimate of the average time interval between occurrences of
an event (e.g., flood or extreme rainfall) of (or below/above) a
defined size or intensity.

Riparian

The interface between land and a river or stream.

Scenario

In common English parlance, a ‘scenario’ is an imagined sequence
of future events. The IPCC Fifth Assessment describes a ‘climate
scenario’ as: A plausible and often simplified representation of the
future climate, based on an internally consistent set of
climatological relationships that has been constructed for explicit
use in investigating the potential consequences of anthropogenic
climate change, often serving as input to impact models. The word
‘scenario’ is often given other qualifications, such as ‘emission
scenario’ or ‘socio-economic scenario’. For the purpose of forcing a
global climate model, the primary information needed is the time
variation of greenhouse gas and aerosol concentrations in the
atmosphere.

Sea ice

Ice found at the sea surface that has originated from the freezing
of seawater. Sea ice may be discontinuous pieces (ice floes) moved
on the ocean surface by wind and currents (pack ice), or a
motionless sheet attached to the coast (land-fast ice).

Sea level change

Sea level can change, both globally and locally due to (1) changes
in the shape of the ocean basins, (2) a change in ocean volume as a
result of a change in the mass of water in the ocean, and (3)
changes in ocean volume as a result of changes in ocean water
density.

Sea surface temperature
(SST)

The sea surface temperature is the subsurface bulk temperature in
the top few metres of the ocean, measured by ships, buoys and
drifters.

Seasonal Severity Rating

Seasonal Severity Rating (SSR) is a seasonal average of the Daily
Severity Rating (DSR), which captures the effects of both wind and
fuel dryness on potential fire intensity, and therefore control
difficulty and the amount of work required to suppress a fire. It
allows for comparison of the severity of fire weather from one year
to another.

Seven-station series

This refers to seven long-term temperature records used to assess
New Zealand’s warming on the century time-scale. The sites are
located in Auckland, Wellington, Masterton, Nelson, Hokitika,
Lincoln, and Dunedin.

Sheet erosion

The uniform removal of soil in thin layers by the forces of raindrops
and overland flow. It can be a very effective erosive process
because it can cover large areas of sloping land and go unnoticed
for quite some time.

Simulation is the imitation of the operation of a real-world process
or system over time. The act of simulating something first requires

Simulation .
that a model be developed; this model represents the key
characteristics, behaviours and functions of the selected physical
338 Auckland Region climate change projections and impacts




or abstract system or process. The model represents the system
itself, whereas the simulation represents the operation of the
system over time.

SLR

Sea-level rise

SOl

Southern Oscillation Index, representing seesaws of atmospheric
pressure in the tropical Pacific, one pole being at Tahiti and the
other at Darwin, Australia. Extreme states of this index are
indicative of El Nifio or La Nifia events in the equatorial Pacific.
Typically, El Nifio events produce more south-westerly flow than
usual over New Zealand and associated cooler conditions, with
more rainfall in western parts and frequently drought conditions in
the east. La Nifia events produce more high pressures over the
South Island and warmer north-easterly airflow over the North
Island, sometimes with drought conditions in the South Island.

Soil moisture

Water stored in the soil in liquid or frozen form.

Soil moisture deficit (SMD)

A day of soil moisture deficit is considered in this report to be
when soil moisture is below 75 mm of available soil water capacity.
SMD is calculated based on incoming daily rainfall (mm), outgoing
daily potential evapotranspiration (PET, mm), and a fixed available
water capacity (the amount of water in the soil 'reservoir' that
plants can use) of 150 mm. Evapotranspiration (ET) is assumed to
continue at its potential rate until about half of the water available
to plants is used up, whereupon it decreases, in the absence of
rain, as further water extraction takes place. ET is assumed to
cease if all the available water is used up.

Soil moisture reliability

The fraction of time that unirrigated soil moisture is at or below
the soil moisture threshold used for the low soil moisture timing.
This is a measure of time spent under water-short or drought
conditions.

Solar radiation

Electromagnetic radiation emitted by the Sun with a spectrum
close to the one of a black body with a temperature of 5770 K. The
radiation peaks in visible wavelengths. When compared to the
terrestrial radiation it is often referred to as shortwave radiation.

Spatial and temporal scales

Climate may vary on a large range of spatial and temporal scales.
Spatial scales may range from local (less than 100,000 km?),
through regional (100,000 to 10 million km?) to continental (10 to
100 million km?). Temporal scales may range from seasonal to
geological (up to hundreds of millions of years).

SRES

Special Report on Emissions Scenarios (SRES) was published by the
IPCC in 2000. The greenhouse gas emissions scenarios described in
this report were used in the IPCC Third Assessment Report (2001)
and IPCC Fourth Assessment Report (2007).

Storm surge

The rise in sea level due to storm meteorological effects. Low-
atmospheric pressure relaxes the pressure on the ocean surface
causing the sea-level to rise, and wind stress on the ocean surface
pushes water down-wind (onshore winds) and to the left up
against any adjacent coast (alongshore winds). Storm surge has
timescales of sea-level response that coincide with typical synoptic
weather motions; typically 1-3 days.
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Storm tracks

Originally, a term referring to the tracks of individual cyclonic
weather systems, but now often generalized to refer to the main
regions where the tracks of extratropical disturbances occur as
sequences of low (cyclonic) and high (anticyclonic) pressure
systems

Storm tide refers to the total observed sea level during a storm,
which is the combination of storm surge (caused by low

_t'
Storm-tide atmospheric pressure and by high winds pushing water onshore)
and normal high tide
The runoff of water from urban surfaces generated by rainfall or
Stormwater

melting snow.

Strahler order

Strahler order describes river size based on tributary hierarchy.
Headwater streams with no tributaries are order 1; 2" order
streams develop at the confluence of two 1t order tributaries;
stream order increases by 1 where two tributaries of the same
order converge.

Surface temperature

Air temperatures measured near or ‘at’ the surface (usually 1.5 m
above the ground).

Weather patterns viewed at a scale of 1000 km or more to be able

Synoptic to see features such as high and low pressure systems.

A device at a coastal or deep-sea location that continuously
. measures the level of the sea with respect to the adjacent land.

Tide gauge . . .
Time averaging of the sea level so recorded gives the observed
secular changes of the relative sea level

TopNet A semi-distributed hydrological model for simulating catchment
water balance and river flow, developed by NIWA.

Trend In this report, the word trend designates a change, generally

monotonic in time, in the value of a variable.

Trophic interactions

Interactions between organisms at different levels of the food
chain.

Tropical cyclone

A strong, cyclonic-scale disturbance that originates over tropical
oceans. Distinguished from weaker systems (often named tropical
disturbances or depressions) by exceeding a threshold wind speed.
A tropical storm is a tropical cyclone with 1-minute average surface
winds between 18 and 32 m s™%. Beyond 32 m s, a tropical
cyclone is called a hurricane, typhoon, or cyclone, depending on
geographic location.

Uncertainty

A state of incomplete knowledge that can result from a lack of
information or from disagreement about what is known or even
knowable. It may have many types of sources, from imprecision in
the data to ambiguously defined concepts or terminology, or
uncertain projections of human behaviour. Uncertainty can
therefore be represented by quantitative measures (e.g., a
probability density function) or by qualitative statements (e.g.,
reflecting the judgment of a team of experts).

Virtual Climate Station Network. Made up of observational
datasets of a range of climate variables: maximum and minimum

VCSN temperature, rainfall, relative humidity, solar radiation, and wind.
Daily data are interpolated onto a 0.05° longitude by 0.05° latitude
grid (approximately 4 kilometres longitude by 5 kilometres
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latitude), covering all New Zealand (11,491 points). Primary
reference to the spline interpolation methodology is Tait et al
(2006).

Volatile Organic Compounds. These are gases emitted from various
solids or liquids such as paint, wood, aerosol sprays, etc. They can

VOCs lead to irritation to eyes and throat, severe headaches, nausea or
dizziness.
The propensity or predisposition to be adversely affected.
Vulnerability Vulnerability encompasses a variety of concepts and elements
including sensitivity or susceptibility to harm and lack of capacity
to cope and adapt.
W/m? Watts per square meter (a measure of radiation intensity).
Used water from any combination of domestic, industrial,
Wastewater . . o
commercial or agricultural activities.
Wind erosion Damage of land as a result of wind removing soil from an area.
12 Appendix |

12.1 The physical science basis of climate change (IPCC Working Group |)

The Summary for Policymakers of the IPCC AR5 Working Group | Report (IPCC, 2013b) emphasises
the following points regarding changes to the climate system:

e Warming of the climate system is unequivocal, and since the 1950s, many of the observed
climate changes are unprecedented over short and long timescales (decades to millennia). These
changes include warming of the atmosphere and ocean, diminishing of ice and snow, sea-level
rise, and increases in the concentration of greenhouse gases.

e The globally-averaged combined land and ocean surface temperature data as calculated by a
linear trend, show a warming of 0.85 [0.65-1.06] °C, over the period 1880 to 2012.

e The rate of sea level rise since the mid-19t" century has been larger than the mean rate during
the previous two millennia. Over the period 1901-2010, global mean sea level rose by 0.19 [0.17
to 0.21] m.

e The atmospheric concentrations of carbon dioxide, methane, and nitrous oxide have increased
to levels unprecedented in at least the last 800,000 years. Carbon dioxide concentrations have
increased by 40% since pre-industrial times, primarily from fossil fuel emissions and secondarily
from net land use change emissions. The ocean has absorbed about 30% of the emitted
anthropogenic carbon dioxide, causing ocean acidification.

e Climate change is already influencing the intensity and frequency of many extreme weather and
climate events globally.

e Itis extremely likely that human influence has been the dominant cause of the observed
warming since the mid-20™" century.

By the middle of the 21° century, the magnitudes of the projected climate changes are substantially
affected by the choice of emissions scenario. Global surface temperature change for the end of the
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21 century is likely to exceed 1.5°C relative to 1850-1900 for all scenarios except for the lowest
emissions scenario (RCP2.6). It is likely to exceed 2°C for RCP6.0 and RCP8.5, and more likely than not
to exceed 2°C for RCP4.5. Warming will continue beyond 2100 under all RCP scenarios except RCP2.6.
Warming will continue to exhibit interannual-to-decadal variability and will not be regionally
uniform.

In contrast to the Fourth IPCC Assessment Report which concentrated on projections for the end of
the 21° century, the Fifth Assessment Report projects climate changes for earlier in the 21° century
as well. As such, the global mean surface temperature change for the period 2016-2035 (relative to
1986-2005) will likely be in the range of 0.3 to 0.7°C. This assumes that there will be no major
volcanic eruptions (which may cause global cooling) and that total solar irradiance remains similar.
Temperature increases are expected to be larger in the tropics and subtropics than in the mid-
latitudes (i.e. New Zealand).

The full range of projected globally averaged temperature increases for all scenarios for 2081-2100
(relative to 1986-2005) is 0.3 to 4.8°C (Figure 2-1). As global temperatures increase, it is virtually
certain that there will be more hot and fewer cold temperature extremes over most land areas. It is
very likely that heat waves will occur with a higher frequency and duration. Furthermore, in general,
the contrast in rainfall between wet and dry regions and wet and dry seasons will increase. With
increases in global mean temperature, mid-latitude and wet tropical regions will experience more
intense and more frequent extreme rainfall events by the end of the 21 century.

(a) Global average surface temperature change
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Figure 12-1: CMIP5 multi-model simulated time series from 1950-2100 for change in global annual mean
surface temperature relative to 1986-2005. Time series of projections and a measure of
uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey
shading) is the modelled historical evolution using historical reconstructed forcings. The mean
and associated uncertainties averaged over 2081-2100 are given for all RCP scenarios as
coloured vertical bars to the right of the graph (the mean projection is the solid line in the middle
of the bars). The numbers of CMIP5 models used to calculate the multi-model mean is indicated
on the graph. From IPCC (2013).

The global ocean will continue to warm during the 21 century. Eventually, heat will penetrate the
deep ocean and affect ocean circulation. Sea ice is projected to shrink and thin in the Arctic. Some
scenarios project that late summer Arctic sea ice extent could almost completely disappear by the
end of the 21% century, and a nearly ice-free Arctic Ocean in late summer before mid-century is likely
under the most extreme scenario (RCP8.5). Northern Hemisphere spring snow cover will decrease as
global mean surface temperature increases. The global glacier volume (excluding glaciers on the
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periphery of Antarctica) is projected to decrease by 15-85% by the end of the 21 century under
different scenarios.

Global mean sea level will continue to rise during the 21st century. All scenarios project that the rate
of sea level rise will very likely exceed that observed during 1971-2010 due to increased ocean
warming and higher loss of mass from glaciers and ice sheets. For all scenarios, the total range of
projected sea level rise for 2081-2100 (relative to 1986-2005) is 0.26-0.98m. It is virtually certain
that global mean sea level rise will continue beyond 2100, with sea level rise due to thermal
expansion expected to continue for many centuries. The range for mean sea level rise beyond 2100
for different scenarios is from less than 1 m to more than 3 m, but sustained mass loss by ice sheets
would cause larger sea level rise. Sustained warming greater than a critical threshold could lead to
the near complete loss of the Greenland ice sheet over a millennium or more, causing a global mean
sea level rise of up to 7 m. Current estimates place this threshold between 1 and 4°C global mean
warming with respect to pre-industrial mean temperatures. More information about sea level rise
projections is given in Section 8.3.

Cumulative CO; emissions largely determine global mean surface warming by the late 21 century
and further into the future. Even if emissions are stopped, most aspects of global climate change will
persist for many centuries. This represents a substantial multi-century climate change commitment
created by past, present, and future emissions of CO,.

12.2 Impacts, Adaptation and Vulnerability (IPCC Working Group 1)

The IPCC AR5 Working Group Il Summary for Policymakers (IPCC, 2014b) concludes that in recent
decades, changes in climate have caused impacts on natural and human systems on all continents
and across the oceans. Specifically, these include impacts to hydrological systems with regards to
snow and ice melt, changing rainfall patterns and resulting river flow and drought, as well as the
distribution and migration patterns of terrestrial and marine ecosystems, the incidence of wildfire,
food production, livelihoods, and economies.

Changes in rainfall and melting snow and ice are altering hydrological systems and are driving
changes to water resources in terms of quantity and quality. The flow-on effects from this include
impacts to agricultural systems, in particular crop yields, which have experienced more negative
impacts than positive due to recent climate change. In response to changes in climate, many species
have shifted their geographical ranges, migration patterns, and abundances. Some unique and
threatened systems, including ecosystems and cultures, are already at risk from climate change. With
increased warming of around 1°C, the number of such systems at risk of severe consequences is
higher, and many species with limited adaptive capacity (e.g. coral reefs and Arctic sea ice) are
subject to very high risks with additional warming of 2°C. In addition, climate change-related risks
from extreme events, such as heat waves, extreme rainfall, and coastal flooding, are already
moderate/high with 1°C additional warming. Risks associated with some types of extreme events
(e.g. heat waves) increase further with higher temperatures.

At present, the worldwide burden of human ill-health from climate change is relatively small
compared with effects of other stressors and is not well quantified. However, there has been
increased heat-related mortality and decreased cold-related mortality in some regions because of
warming. Local changes in temperature and rainfall have altered the distribution of some water-
borne illnesses and disease vectors.
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There is also the risk of physical systems or ecosystems undergoing abrupt and irreversible changes
under increased warming. At present, warm-water coral reef and Arctic ecosystems are showing
warning signs of irreversible regime shifts. With additional warming of 1-2°C, risks increase
disproportionately and become high under additional warming of 3°C due to the threat of global sea
level rise from ice sheet loss.

Global climate change risks are significant with global mean temperature increase of 4°C or more
above pre-industrial levels and include severe and widespread impacts on unique or threatened
systems, substantial species extinction, large risks to global and regional food security, and the
combination of high temperature and humidity compromising normal human activities, including
growing food or working outdoors in some areas for parts of the year.

Impacts of climate change vary regionally, and impacts are exacerbated by uneven development
processes. Marginalised people are especially vulnerable to climate change and to some adaptation
and mitigation responses. This has been observed during recent climate-related extremes, such as
heat waves, droughts, floods, cyclones, and wildfires, where different ecosystems and human
systems are significantly vulnerable and exposed to climate variability. In addition, aggregate
economic damages accelerate with increasing temperature.

In many regions, climate change adaptation experience is accumulating across the public and private
sector and within communities. Adaptation is becoming embedded in governmental planning and
development processes, but at this stage there has been only limited implementation of responses to
climate change. Engineered and technological options are commonly implemented adaptive
responses, often integrated within existing programs such as disaster risk management and water
management. There is increasing recognition of the value of social, institutional, and ecosystem-
based measures and of the extent of constraints to adaptation. Adaptation options adopted to date
continue to emphasise incremental adjustments and co-benefits and are starting to emphasise
flexibility and learning. Most assessments of adaptation have been restricted to impacts,
vulnerability and adaptation planning, with very few assessing the processes of implementation or
the effects of adaptation actions.

The overall risks of climate change impacts can be reduced by limiting the rate and magnitude of
climate change.

12.3 Mitigation of Climate Change (IPCC Working Group Ill)

The IPCC AR5 Working Group Il Summary for Policymakers (IPCC, 2014c) notes that total
anthropogenic greenhouse gas emissions have continued to increase over 1970 to 2010 with larger
absolute decadal increases toward the end of this period. Despite a growing number of climate
change mitigation policies, annual emissions grew on average 2.2% per year from 2000 to 2010
compared with 1.3% per year from 1970 to 2000. Total anthropogenic greenhouse gas emissions
were the highest in human history from 2000 to 2010. Globally, economic and population growth
continue to be the most important drivers of increases in CO, emissions from fossil fuel combustion.

Limiting climate change will require substantial and sustained reductions of greenhouse gas
emissions. The IPCC report considers multiple mitigation scenarios with a range of technological and
behavioural options, with different characteristics and implications for sustainable development.
These scenarios are consistent with different levels of mitigation.
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The IPCC report examines mitigation scenarios that would eventually stabilise greenhouse gases in
the atmosphere at various concentration levels, and the expected corresponding changes in global
temperatures. Mitigation scenarios where temperature change caused by anthropogenic greenhouse
gas emissions can be kept to less than 2°C relative to pre-industrial levels involve stabilising
atmospheric concentrations of carbon dioxide equivalent (CO;-eq) at about 450 ppm in 2100. If
concentration levels are not limited to 500 ppm CO»-eq or less, temperature increases are unlikely to
remain below 2°C relative to pre-industrial levels.

Without additional efforts to reduce emissions beyond those in place at present, scenarios project
that global mean surface temperature increases in 2100 will be from 3.7 to 4.8°C compared to pre-
industrial levels. This range is based on the median climate response, but when climate uncertainty is
included the range becomes broader from 2.5 to 7.8°C.

To reach atmospheric greenhouse gas concentration levels of about 450 ppm CO;-eq by 2100 (to
have a likely chance to keep temperature change below 2°C relative to pre-industrial levels),
anthropogenic greenhouse gas emissions would need to be cut by 40-70% globally by 2050
(compared with levels in 2010). Emissions levels would need to be near zero in 2100. The scenarios
describe a wide range of changes to achieve this reduction in emissions, including large-scale
changes in energy systems and land use.

Estimates of the cost of mitigation vary widely. Under scenarios in which all countries begin
mitigation immediately, there is a single carbon price, and all key technologies are available, there
will be losses of global consumption of goods and services of 1-4% in 2030, 2-6% in 2050, and 3-11%
in 2100.

Delaying mitigation efforts beyond those in place today through 2030 is estimated to substantially
increase the difficulty in obtaining a longer term low level of greenhouse gas emissions, as well as
narrowing the range of options available to maintain temperature change below 2°C relative to pre-
industrial levels. Global surface temperature for the end of the 21 century is likely to exceed 1.5°C
relative to 1850-1900 for all RCP scenarios except RCP2.6, and it is likely to exceed 2°C for RCP6.0 and
RCP8.5, and more likely than not to exceed 2°C for RCP4.5 (IPCC, 2014a).
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13  Appendix I

Extreme value theory

Extreme value theory (EVT) can be used to estimate the magnitude of rare rainfall events from
observed time series when the observed series is too short to contain the event directly. This is
typically done by fitting an extreme value distribution to an annual maxima series for a given rainfall
duration derived from the available data. This modelled distribution can then be used to extrapolate
beyond the available data to estimate the rainfall intensity for any event frequency. For this study
the Generalised Extreme Value distribution (GEV) has been selected as it has been shown to provide
the best fit for New Zealand annual maximum rainfalls (Thompson, 2011).

Generalised Extreme Value distribution

The GEV is a flexible, three-parameter distribution that combines three extreme-value distributions
within a single framework: the Gumbel, Frechet and Weibull (Jenkinson, 1955). The parameters of
the distribution are ¢ > 0, u and k (the scale, location and shape respectively) with a cumulative
frequency distribution function given by

—(1+kz)~Vk
e , k#0
(1)

F(z)={ e , k=0

where z = (x — u)/o and k is the shape parameter. When k = 0, the three parameter GEV
distribution reduces to the 2 parameter Gumbel; k < 0 corresponds to a lower bound, heavy-tail
Frechet distribution; and k > 0 to an upper bound light-tail Weibull distribution.

Two common methods of estimating the GEV parameters are method of maximum likelihood and
the method of L-moments. (Morrison and Smith, 2002) proposed methods for estimating the GEV
parameters that combine both maximum likelihood and L-moment methods. Subsequently, Ailliot et
al. (2011) extended their method to include the asymptotic covariance structure of the estimates.
The parameter estimation method denoted M1 by Ailliot et al. (2011) is used here, where the shape
parameter is determined using maximum likelihood, the scale and location parameters are estimated
by L-moments. This is like the MIX2 method in (Morrison and Smith, 2002), but subject to an
additional constraint of —0.5 < k < 0.5.

Depth-duration-frequency calculation

Once parameters for the GEV distribution are found, a depth-duration-frequency table (DDF), or
equivalently an intensity-duration-frequency table (IDF), can be easily computed using the inverse of
the cumulative density functions given in the equation below, the quantile function

(u N o((log(1 —F)7F - 1)
2(F) = ko ' .
k H+010g<m), k=0

The covariance matrix of the parameters of the GEV distribution for the method of mixed L-moments
and maximum likelihood is given by Ailliot et al. (2011). Standard errors for quantile estimates used
in this study were found by taking the square root of the variances estimated from the GEV
parameter covariance matrix.

k+0
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