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Executive summary

The climate west of Wellington’s Tararua and Remutaka Ranges is already changing, and these
changes will continue for the foreseeable future. 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 concentrations of greenhouse gases in the atmosphere.

Downscaled results of selected global climate models based on three Representative Concentration
Pathway (RCP) scenarios (RCP2.6, RCP4.5 and RCP8.5) of how human greenhouse gas emissions
might change in future are presented in this report. The rationale for choosing these three scenarios
is to present a broad spectrum of scenarios ranging from a ‘high end’ scenario if atmospheric
greenhouse gas concentrations continue to rise at high rates (RCP8.5), to a ‘low end’ scenario if very
stringent global actions are taken to mitigate greenhouse gas emissions (RCP2.6).

Changes to the future climate of west of the ranges are likely to be considerable, but typically less
pronounced than east of these ranges i.e. the Wairarapa. The following bullet points outline some
key findings of this report:

*  Heavy rainfall events (as indicated by the 99%™-percentile of daily rainfall totals) are
generally projected to become more severe in the future. By 2040, the magnitude of
heavy rainfall events is projected to change by -1% to +12% (RCP8.5). By 2090, heavy
rainfall event magnitude is projected to increase by 1-12% (RCP2.6) or 2-30% (RCP8.5).

=  Rarer extreme rainfall events such as one-in-one-hundred year events are also
expected to increase in both frequency (between two-fold and three fold increases for
various durations) and magnitude (up to 40% increase).

=  Drought potential is projected to increase across the area, with annual accumulated
Potential Evapotranspiration Deficit (PED) totals increasing with time and greenhouse
gas concentrations. By 2040, PED totals are projected to increase by 10-120 mm
(RCP8.5). By 2090, PED totals are projected to increase by 10-80 mm (RCP2.6) or 10-
135 mm (RCP8.5).

=  Annual average growing degree days (GDD) are projected to increase by 150-300 GDD
by 2040 under RCP8.5. By 2090, growing degree days are projected to increase by 85-
200 GDD (RCP2.6) or 500-850 GDD (RCP8.5). These upper-range increases would see
areas west of Wellington’s ranges observing GDD totals comparable to those observed
historically (1981-2010) in Auckland and low elevations of Northland.

= Increasing maximum temperatures will result in more hot days (daily maximum
temperature >25°C), although extreme hot days (daily maximum temperature >30°C)
are expected to remain uncommon for many parts of the area. By 2040, up to 10 more
annual hot days are projected (all RCPs), with up to 10 (RCP2.6) or 5-50 (RCP8.5) more
annual hot days by 2090.

=  The average number of frost days are expected to decrease with time, as greenhouse
gas concentrations increase. The largest numerical decreases are projected for high
elevation and inland locations. Overall, up to 10 fewer frost days are projected by 2040
(RCP8.5), with up to 10 (RCP2.6) or up to 30 (RCP8.5) fewer frost days by 2090. Smaller
decreases are generally projected for coastal locations because fewer frosts currently
occur in these locations.
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1 Introduction

Climate change is already affecting New Zealand, including west of the Tararua and Remutaka
Ranges, with impacts on our natural environment, the economy, and communities. Climate change is
highly likely to increasingly pose challenges to New Zealanders’ way of life. Greenhouse gas emission
reductions are required globally to avoid the greatest projected climate changes.

Greater Wellington Regional Council (GWRC) commissioned the National Institute of Water and
Atmospheric Research (NIWA) to undertake a review of climate change projections for west of
Wellington’s ranges (regional extent shown in Figure 1-1). This work is based on earlier reports
examining the climate change projections and impacts for the Greater Wellington Region (Pearce et
al., 2017; 2019, Woolley et al., 2020); GWRC requested an additional report for the area west of
Wellington’s ranges, focussing solely on the climate change projections of this area.

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 projections report
published by the Ministry for the Environment (Ministry for the Environment, 2018). The contents of
this technical report include analysis of climate projections for this area in greater detail than the
national-scale analysis. Regional-scale climate projection maps have been provided for 15 different
climate variables and indices. Although the IPCC Sixth Assessment Report was released in 2021 and
2022, the national downscaling required to produce detailed projections for New Zealand won’t be
available until around 2024 (see Appendix D).

This technical report describes changes which are likely to occur over the 21 century to the climate
west of Wellington’s ranges. 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 and decreasing stratospheric ozone destruction that are contributed to by
human activities. Climatic variables discussed in this report include temperature, rainfall and
potential evapotranspiration deficit (a measure of drought potential). Commentary on climate
change impacts and implications for some of the different environments and sectors of the area are
not provided, as these are discussed in the earlier report produced for the Greater Wellington
Region. Readers are referred to that report (Pearce et al., 2017) for a discussion of the anticipated
climate change impacts for this area.

Some of the information that underpins portions of this report resulted from academic studies based
on the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 2013;
2014a; 2014b; 2014c). Details specific to the area 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 for the Environment (2018).

A brief introduction to global and New Zealand climate change, based on the IPCC Sixth Assessment
Report, is provided in Appendix A. Components of interannual climate variability are described in
Appendix B.

Climate change projections for west of Wellington's Tararua and Remutaka Ranges 9



Cook Strait /
Te Moana o Raukawa

)

per b4
“’.‘/",Hutt (,:)lié.:}"

"?' ‘f' I i

Figure 1-1:

District boundaries of the area west of Wellington’s ranges.
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2 Condensed Methodology and limitations

A detailed methodology explaining the modelling approach for the climate change projections
presented in this report is provided in Appendix C. This section provides a brief introduction to
representative concentration pathways (RCPs) (Section 2.1), how the maps and tabulated climate
projections are derived (Section 2.2), and limitations on the results and use of data presented in this
report (Section 2.3). A video highlighting the key findings of this report (complementary to the
Wairarapa video published by GWRC in 2021) will be developed by NIWA for GWRC.

2.1 Representative Concentration Pathways

In this report, the downscaled results of the selected global climate models based on three RCP
scenarios (RCP2.6, RCP4.5 and RCP8.5) are presented. The RCPs are scenarios of how greenhouse gas
concentrations and other atmosphere pollutants might change during the 21st century. The rationale
for choosing these three scenarios was to present a broad spectrum of scenarios ranging from a ‘high
end’ scenario if atmospheric greenhouse gas concentrations continue to rise at high rates (RCP8.5),
to a ‘low end’ scenario if very stringent global actions are taken to mitigate greenhouse gas emissions
(RCP2.6). RCP2.6 may include carbon positive! management strategies, and is representative of a
scenario that aims to keep global warming likely below 2°C above pre-industrial temperatures.
RCP4.5 could be realistic if moderate global action is taken soon towards mitigating greenhouse gas
emissions.

RCP8.5 is described as a high emissions scenario, with greenhouse gas concentrations continuing to
increase at the current or an accelerated rate. Whilst global emissions are unlikely to continue
increasing at current rates to the end of the 21st century (Hausfather & Peters, 2020), the RCP8.5
projections serve the purpose of defining the upper envelop of likely futures required for high risk
impacts. Additional unaccounted risks resulting from other mechanisms (e.g. positive feedback
loops) may result in impacts similar to those projected in the RCP8.5 scenario, even if the emissions
scenario doesn’t play out as projected. Examples of positive feedback loops include the melting of
permafrost in Arctic regions, melting ice (e.g. Arctic sea ice) and clouds. Notably, RCP8.5 most closely
resembles the total cumulative carbon dioxide emissions from 2005-2020, thus remaining RCPs
assume a level of mitigation during the 2005-2020 period that did not occur (Schwalm et al., 2020).

The RCPs inform projections which provide plausible futures under climate change. However, climate
change over the remainder of the 21°* century and beyond is uncertain. This is due to:

= |tis unknown how greenhouse gas concentrations will actually change over this period.
Emissions may be significantly reduced, or they may continue to increase, or they may
plateau. The three RCPs represent three representative choices among a wide range of
possible options.

= Limitations in understanding of climate processes and how they are represented in the
climate models used to predict how the climate will change. There is considerable
complexity and inherent uncertainty in climate modelling (e.g. the response of the
Antarctic ice sheet to increasing temperatures resulting in increased sea level rise).

=  Uncertainty in natural climate variability.

1 A “carbon positive” management strategy includes actions that support the reduction of atmospheric carbon, such as the cultivation and
growing of grasses and forests, and the recycling of carbon into soil nutrients from organic materials and food waste (McDonough, 2016).

Climate change projections for west of Wellington's Tararua and Remutaka Ranges 11



This inherent uncertainty is the basis for why projected climate changes (for the globe and for New
Zealand) are modelled based on a suite of RCPs. For risk assessments, it is best practice (e.g. as was
done for the National Climate Change Risk Assessment; Ministry for the Environment, 2020) to
consider climate change projections based on a range of RCPs, including a high concentration
pathway. The RCP8.5 projections serve the purpose of defining the upper envelope of likely futures
required for high risk impacts.

2.2 Maps and tabulated climate projections

The climate projections presented in this report are based on the same underlying model data that
were presented in previous reports commissioned by GWRC (Pearce et al., 2017; 2019, Woolley et
al., 2020). This report differs from the previous reports by focussing on the area west of Wellington’s
ranges, with climate projection maps generated in a way which improves the illustration of
projections for this part of the region. GIS datasets for climate projections of all four RCPs were
previously provided to GWRC, and are used to inform their climate mapping tool
(https://mappingl.gw.govt.nz/gw/ClimateChange/).

Downscaled climate projection data is presented as 5 km x 5 km square pixels over New Zealand.
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. For display purposes, NIWA has
undertaken interpolation to continue the climate projections to the coast for the climate change and
historic climate maps presented in Section 4. The nearest neighbour interpolation method was used
to do this, where the value of the empty coastal cell was estimated using the value of the nearest
neighbouring cells (Figure 2-1). Because the values at these locations are estimates generated simply
for presentation purposes (i.e. not a direct output of the climate change model), mapped climate
change values at these coastal locations should be interpreted based on the general large-scale
pattern projected for the adjacent land.

N N
74 74
NIWA NIWA
Change Change
in % in %
16 16
12 12
8 8
4 4
2 2
0 0
10 10
2 2
Kilometers Kilometers
-4 -4
Winter Mean Rainfall Winter Mean Rainfall
Projected change by 2081-2100 (from 1986-2005) | RCP: 8.5 Projected change by 2081-2100 (from 1986-2005) | RCP: 8.5

Figure 2-1: Example maps before (left) and after (right) nearest neighbour interpolation.
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At the start of each subsection in Section 4.1.1 to Section 4.3.2, summary tables present an overview
of the projected changes across the area. Note, these changes are relative to the 1986-2005 (1995)
baseline. These span the entire range of projections illustrated in the associated maps. As such, only
isolated portions of the area may observe projected changes at the lower and upper limits of the
range presented in the summary tables. The reader is referred to the maps for detailed projections,
and also referred to the limitations (Section 2.3) associated with the interpretation of these maps.

Note, the legend increments for many of the maps presented in this report are not linear. This is
necessary to encapsulate the observed spatial variability in the area. The historic map is not provided
for mean wind speed as these data have not been bias-corrected, and therefore do not provide a
reliable representation of the observed magnitude of this variable.

2.3 Limitations

As with any modelling exercise, there are limitations on the results and use of the data. This section
outlines some of these limitations and caveats that should be considered when using this report.

=  Though only a small number of model simulations (six) were possible due to the large
computing resources required for running climate model simulations, they were very
carefully selected to cover a wide range of climate model projections.

=  The average of six models is used in this report, however data from individual models
is available for further assessment if required in the future. The six models chosen
represented historic climate conditions in New Zealand well, and span a range of
future outcomes. The climate signal is better represented by ensemble averages since
the uncertainty due to climate models and internal variability is much reduced.

=  The time periods chosen for historic and future projection span 20-year periods. This is
seen as a relatively short timeframe to understand average conditions in the historic
period and in the future, as there is likely an influence of underlying low frequency
climate variability (e.g. decadal signals from climate drivers like the Interdecadal Pacific
Oscillation etc.). However, as climate data is subject to significant trends, a short
period is more homogenous and representative. Moreover, the IPCC uses 20-year
periods, so we have followed that approach for consistency.

= Care needs to be taken when interpreting grid-point-scale projections such as those
available in the GIS layers provided to GWRC. The data have been bias-corrected,
downscaled and interpolated from the 30 km regional climate model grid to the 5 km
grid across New Zealand using physically based models and interpolation. The regional
climate model and bias correction may not accurately reproduce the role of the
Tararua and Remutaka Ranges in blocking rainfall from the Tasman Sea, or the
maritime influence of the sea on temperature indices, for example. Therefore, the data
from these grid points does not correspond to on-the-ground observations. It is more
appropriate to consider relative patterns rather than absolute values, e.g. the
magnitude of change at different time periods and scenarios.

Although there are some limitations and caveats in the approach used here, considerable effort has
been made to generate physically consistent climate change projections for this area at
unprecedented temporal and spatial resolutions. A considerable research effort has also been
dedicated to validating simulated climate variables, and thus the projections provide a good basis for
risk assessments and adaptation plans.
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3 Observed climate change west of Wellington’s ranges

3.1 Mean temperature changes already observed

New Zealand’s seven-station temperature series comprises a homogenised temperature record
derived from seven locations? (Mullan et al., 2010). One of these locations is Wellington (Kelburn),
which provides an opportunity to examine how temperatures have changed for a location
representative of coastal, low-elevation areas of the area.

Figure 3-1 shows Wellington’s (Kelburn) mean annual temperature from 1909-2021. There is
considerable interannual variability, which is due to a combination of natural causes, such as the El
Nifio Southern Oscillation, together with other random year-to-year fluctuations (“climate noise”), as
well as anthropogenic influences (e.g. greenhouse gas emissions). According to these data,
Wellington’s (Kelburn) coldest year occurred in 1930 (11.38°C), and the warmest year occurred in
2018 (13.85°C). Overall, a trend of +0.1°C per decade is observed, which is significant at the 5% level
(p < 0.05)3.

Wellington (Kelburn)
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Figure 3-1: Mean annual temperature for Wellington (Kelburn). This site is part of New Zealand's seven-
station series, so data homogenisation has been carried out. Trend (dotted line) is approximately
+0.1°C/decade, which is significant at p < 0.05.

3.1.1 Comparison to projections

The purpose of this section is to provide context for contemporary temperature observations (in this
case from 1986-2021), and to help illustrate that due to ongoing observed warming, a portion of the
projected temperature changes have already materialised. Specifically, projected temperature
changes presented in this report are relative to 1995 (1986-2005). Given we are now at 2022 (at the
time of writing), a portion of the projected temperature changes will have already occurred. This
section should not be used to assess the accuracy of the projected temperature data because natural

2 For further details on New Zealand’s seven-station temperature series: https://niwa.co.nz/seven-stations
3P < 0.05 is a measure of statistical significance, indicating a 5% chance of rejecting the null hypothesis when it is true. In this instance, the
null hypothesis - that there has been no trend observed in Wellington’s (Kelburn) temperature - is rejected.
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random climate variability will be large compared to the human-induced climate change over this
short time period.

Wellington (Kelburn) and New Zealand temperature data (using the homogenised seven-station
temperature series) were compared with projected temperature data to assess contemporary
temperature changes. For Wellington (Kelburn) and New Zealand, three timeseries are presented for
the period 1986-2021, respectively:

1. Tmean: The homogenised annual average temperature;

2.  Tmean (20-yr avg): The 20-year moving average annual temperature. The series begins
in 1995 and ends in 2011, i.e. the 1995 Tmean (20-yr avg) is the average annual
temperature from 1986-2005, whilst the 2011 Tmean (20-yr avg) is the average annual
temperature from 2002-2021;

3.  RCPA4.5: Projected temperature change from 1995 (1986-2005) to 2040 (2031-2050)
under RCP4.5. Data were obtained from Table 5 of Ministry for the Environment (2018)
and calculated as follows:

3.1 Wellington: Using Wellington’s regionally averaged projected annual
temperature change of 0.9°C (5" percentile to 95 percentile = 0.5-1.2°C. See
Table 8-1 in Appendix C for further details). Averaged over the 45-year period
from 1995-2040, this equals an average increase of 0.020°C per year. This
average increase was applied iteratively to Wellington’s (Kelburn) 1995 Tmean
(20-yr avg) (13.0°C) to generate the RCP4.5 timeseries.

3.2 New Zealand: Projected annual temperature change of 0.8°C (5" percentile to
95™ percentile = 0.4-1.3°C). Averaged over the 45-year period from 1995-2040,
this equals an average increase of 0.018°C per year. This average increase was
applied iteratively to New Zealand’s 1995 Tmean (20-yr avg) (12.6°C) to
generate the RCP4.5 timeseries.

33 Note, the rates of change calculated above are only relevant to 2040. Under
the RCP4.5 scenario, future greenhouse gas concentrations are such that the
average annual rate of change by 2090 (2081-2100) is lower than by 2040. For
Wellington and New Zealand the average annual rate of change by 2090 under
RCP4.5 is +0.015°C.

34 Note, by calculating average annual projected temperature increases from
1995 to 2040, the interannual variability of projected temperature data is
removed. Interannual variability is present in modelled temperature
projections, and it will remain a feature of New Zealand’s future climate.

Figure 3-2 shows observed and projected temperatures for Wellington (Kelburn). In the 16-year
period from 1995-2011, Wellington’s (Kelburn) 20-year moving average annual temperature
increased 0.16°C, from 12.96°C to 13.12°C. Based on these data, approximately 18% of Wellington’s
(Kelburn) projected warming by 2040 under RCP4.5 has materialised. These findings are similar to
those of Masterton (Macara et al., 2021), where approximately 22% of the town’s projected warming
by 2040 has occurred during the 15-year period from 1995-2010. Note, the rate of projected change
for the Wellington region under RCP4.5 (Figure 3-2; dashed line) is +0.2°C per decade, which is
double Wellington’s observed rate of change illustrated in Figure 3-1.
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Figure 3-3 shows observed and projected temperatures for New Zealand. Notable features
illustrating interannual climate variability include i) relatively low temperatures in the early 1990’s,
associated with suppressed global temperatures as a result of the 1991 Mount Pinatubo eruption,
and ii) relatively high temperatures in the late 1990’s, associated with enhanced global temperatures
as a result of an exceptionally strong El Nifio event from 1997-98. In the 16-year period from 1995-
2011, New Zealand’s 20-year moving average annual temperature increased 0.29°C, from 12.62°C to
12.91°C. Based on these data, approximately 36% of New Zealand’s projected warming by 2040
under RCP4.5 has materialised.

Wellington (Kelburn) annual average temperature

14.0

12.5

Temperature (°C)

12.0

11.5

11.0
1986 1991 1996 2001 2006 2011 2016 2021

e TMean === Tmean (20-yr avg) == === RCP4.5

Figure 3-2: Observed temperature change for Wellington (Kelburn) compared to projected (RCP4.5)
change. See text above for a description of how these timeseries were generated.
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Figure 3-3: Observed temperature change for New Zealand compared to projected (RCP4.5) temperature
change. See text above for a description of how these timeseries were generated.

3.2 Changes already observed in temperature extremes

Wellington (Kelburn) temperature data were examined to see how temperature extremes have
changed. Another location included in New Zealand’s seven-station temperature series is Masterton,
and these data have been included here to enable a comparison of observed changes for two areas
of the Greater Wellington Region that have a distinct climate. Note, this information has been
obtained directly from a previous GWRC-commissioned NIWA report (Pearce et al., 2019), and the
reader is referred to that report for further methodology details. The analysis makes use of recent
digitisation of early historical temperature data not yet available on NIWA’s Climate Database. Time
series of daily maximum and minimum temperatures were appended in the same way as noted in
the seven-station report for monthly mean temperatures (Mullan et al., 2010). A simple first-order
homogenisation was applied by using the same adjustments as Mullan et al. (2010) calculated for the
monthly temperatures. Note that these recently digitised data have not been quality controlled
beyond simple outlier assessment.

Table 3-1 and Table 3-2 show the periods and adjustments applied to build up the homogeneous
records at Wellington (Kelburn) and Masterton. Note that adjustments are different for maximum
and minimum temperatures. An important caveat is that the daily data have only been adjusted by
the average monthly offsets. An improved (second-order) homogenisation would consider changes in
the width of the normal distribution about the means which could be important when considering
extremes, but this was outside the scope of this work. A further improvement, which might be
investigated in future, is to consider how the distribution of daily temperatures varies with weather
types (i.e. typical synoptic weather situations that New Zealand experiences, after Kidson (2000)).
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Table 3-1:  Site information and adjustments applied to the Wellington daily temperature record. The
Kelburn (Wellington Botanic Gardens) site is the 'reference’ site, and therefore has zero adjustment.

Site Name Period Maximum temperature Minimum temperature
(Agent Number) Adjustment (°C) Adjustment (°C)
Buckle St, Mount Cook (3431) Jan 1909 to Jun 1912 -0.4 -11
Thorndon Esplanade (3391) Jul 1912 to Dec 1927 -11 -0.7
Kelburn (3385) Jan 1928 to Aug 2005 0.0 0.0
Kelburn AWS (25354) Sep 2005 to Present 0.0 -0.1

Table 3-2:  Site information and adjustments applied to the Masterton daily temperature record. The East
Taratahi site is the 'reference’ site, and therefore has zero adjustment.

Site Name Period Maximum temperature Minimum temperature
(Agent Number) Adjustment (°C) Adjustment (°C)

Workshop Road, Masterton Feb 1912 to May 1920 -1.0 -0.1
(2473)

Essex Street, Masterton Jun 1920 to Nov 1942 -0.2 -0.4
(2473)

Waingawa substation (2473) Dec 1942 to Dec 1990 +0.2 -0.3
East Taratahi AWS (2612) Jan 1991 to Oct 2009 0.0 0.0
Martinborough EWS (21938) Nov 2009 to Present +0.2 -0.8

Subject to this caveat, Figure 3-4 and Figure 3-5 show the time series of extremes for selected
thresholds, as follows:

=  Maximum temperature: Cold days < 10°C, Hot days > 25°C, Hot days > 30°C;
= Minimum temperature: Warm nights > 15°C, Cold nights < 5°C, Frosts (< 0°C)

The time series were calculated by first counting the extremes for each calendar year (pro-rating if
there were significant blocks of missing data in the summer or winter months), and then averaging
the annual count over each decade from the 1910s to 2010s. The first decade (1910s) has only eight
years (1912-1919) for Masterton, and the last decade (2010s) has only nine years (2010-2018).

There is a significant difference between the Kelburn and Masterton sites in terms of the average
number of extremes: Masterton experiences both hotter days and colder nights than Kelburn, a
distinguishing feature found in many parts of New Zealand between inland and west coast sites.
Whilst decadal variability is apparent in the data, some trends have emerged.

For maximum temperature (Figure 3-4):
=  Cold days < 10°C: a decrease in the number of cold days at both sites since the 1930s.
=  Hot days > 25°C: not much of a trend.

=  Hot days > 30°C: a lot of variability from decade to decade at Masterton, and very few
occurrences of extreme hot days above 30°C recorded at Kelburn.

For minimum temperature (Figure 3-5):
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=  Warm nights > 15°C: an increase in the number of warm nights at both sites since the
1930s and 1940s.

=  Cold nights < 5°C: a decrease in the number of cold nights, with the trend more evident
at Kelburn.

=  Frosts (< 0°C): a general decline in frost occurrence over time at Masterton, with very
low occurrences at Kelburn.

Table 3-3 and Table 3-4 show significant trends in the annual counts displayed graphically by decade
in Figure 3-4 and Figure 3-5. For maximum temperature, the reduction in cold days (maximum below
10°C) is statistically significant at the 5% level, but the hot day trends are not significant. For
minimum temperature, trends in all three statistics are significant: warm nights > 15°C are increasing,
cold nights < 5°C are decreasing, and frosts are decreasing. The sign of all trends is consistent with an
overall warming of the climate.

Table 3-3:  Trends in daily maximum temperature extremes over 1912-2018 at Wellington (Kelburn) and
Masterton. Trends are in “days per decade”, and are shown only where statistically significant at the 5%
level. Trends are calculated from 1912, since Masterton has no data for 1909-1912. Years with 30 days or
more missing are not included. Time series of these indices are shown in Figure 3-4.

Cold Days < 10°C Hot Days > 25°C Hot Days > 30°C
Wellington Masterton Wellington Masterton Wellington Masterton
Trend (days/decade) -1.3 -2.0 X X X X

Table 3-4:  Trends in daily minimum temperature extremes over 1912-2018 at Wellington (Kelburn) and
Masterton. Trends are in “days per decade”, and are shown only where statistically significant at the 5%
level. Trends are calculated from 1912, since Masterton has no data for 1909-1912. Years with 30 days or
more missing are not included. Time series of these indices are shown in Figure 3-5.

Warm Nights > 15°C Cold Nights < 5°C Frosts < 0°C
Wellington Masterton Wellington Masterton Wellington Masterton
Trend (days/decade) +1.4 +0.9 -3.3 -2.2 -0.4 -1.6
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Figure 3-4:  Annual-average (in days/year), for each decade from 1910-1919 to 2010-2018 of extremes for
maximum temperature.
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3.3 Changes already observed in extreme rainfall events

Figure 3-6 to Figure 3-8 contain annual precipitation maxima series for gauges located at Kelburn
(Wellington), Wellington Airport and Paraparaumu, respectively. These stations were chosen as they
have a long and contiguous record relative to other gauges in the area. These analyses were first
presented in Pearce et al. (2019), but the figures below have been updated to include additional
contemporary data (i.e. up to and including the year 2021). The nine panels in each figure contain the
maxima series for different event durations ranging from 10 minutes to 5 days (120 hours). Linear
trends have been fitted to all these time-series. To assess the robustness of the trends in the
presence of sporadic very large extremes, trends have also been fitted after removing the largest and
smallest outliers.

Note, with a warmer atmosphere, an increase in extreme rainfall is expected (see Section 4.2.3),
even though it takes time for a change signal to be discernible from natural variability for a highly
variable parameter such as rainfall (see Section 3.4 for further details on climate change signal
emergence).

For Kelburn (Wellington) (Figure 3-6), this is mainly to test whether the two large short-duration
events around the year 2000 are the main contributor to the positive trends for 10-min, 30-min and
1-hr duration events. As can be seen, while the magnitude of the trend reduces when these events
are removed, the trends are still significant even when the most extreme 10% of points are removed.
After removal of the most extreme points, the 1-hour duration trend comes to approximately 5 + 2
mm/century. Expressed relative to the mean 1-hour annual maxima this equates to a 25% + 10%
increase per century.

This result needs to be treated with some scepticism as significant positive trends are not observed
in other long-term records in this area. The record for Wellington Airport (Figure 3-7) actually shows
a significant negative trend for the shortest durations and no significant trends for longer durations.
However, there does appear to be some discontinuity in the available sub-hourly records for
Wellington Airport, as they show a step decrease for the last twenty years of the record which may
be due to an instrument change in 1995, and is likely to be distorting any real trend.

For Paraparaumu (Figure 3-8), no statistically significant trends (at the 5% level) are found for any
event duration.
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Figure 3-6:  Annual maxima rainfall time series from Kelburn (Wellington) for a range of event durations.
For each duration, trends have also been estimated with the trend magnitudes (in mm/century) shown in the
figure legends. A “*’ or “**’ indicates significance at the 5% or 1% level, respectively. The red lines are trends
fitted to all points in the series. The green lines are fitted after the most extreme 5% of points are removed; i.e.
excluding the red points which are the top and bottom 2.5%. The black lines are fitted after both green and red
points are removed (the top and bottom 5% of data points). For Kelburn (Wellington), the sub-daily record
spans 1940-2021 and the daily record spans 1907-2021, although there is missing data between 1906 and
1927.
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Annual maxima rainfall time series from Wellington Airport for a range of event durations. For

each duration, trends have also been estimated with the trend magnitudes (in mm/century) shown in the
figure legends. A “*’ indicates significance at the 5% level. The red lines are trends fitted to all points in the
series. The green lines are fitted after the most extreme 5% of points are removed; i.e. excluding the red points
which are the top and bottom 2.5%. The black lines are fitted after both green and red points are removed (the
top and bottom 5% of data points). For Wellington Airport, the sub-daily record spans 1960-2021 and the daily
record spans 1958-2021.
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Figure 3-8:  Annual maxima rainfall time series from Paraparaumu for a range of event durations. For each
duration, trends have also been estimated with the trend magnitudes (in mm/century) shown in the figure
legends. The trend magnitudes are not significant at the 5% level. The red lines are trends fitted to all points in
the series. The green lines are fitted after the most extreme 5% of points are removed; i.e. excluding the red
points which are the top and bottom 2.5%. The black lines are fitted after both green and red points are
removed (the top and bottom 5% of data points). For Paraparaumu, the sub-daily record spans 1956-2021 and
the daily record spans 1951-2021.

3.4 Climate change signal emergence for extremes

Wellington’s (Kelburn) mean temperature has increased at a rate of approximately 0.1°C per decade
from 1909-2021 (Section 3.1), with a corresponding positive trend in warm nights, and negative
trend in cold days, cold nights and frosts (Section 3.2). However, no statistically significant trend in
hot days (both > 25°C, and > 30°C) is observed. In addition, no statistically significant trend in
extreme rainfall is observed at Paraparaumu (Section 3.3). Considering this, it is important to note
that it may be some time before statistically significant trends emerge in various climate and weather
extremes, due to the noise (i.e. variability) of weather data and rarity of these extremes. This concept
is termed the Time of Emergence (ToE), defined by Hawkins and Sutton (2012) as the time at which
the signal of climate change emerges from the noise of natural variability.
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ToE is widely acknowledged as a useful metric, but Frame et al. (2017) suggest a more useful metric
for understanding climate change may be the ratio of climate signal to noise (S/N), which the authors
define as a measure of the amplitude of change expressed in terms of units of existing variability. In
other words, how much has the climate shifted relative to the background variability at a given
location. As noted by Hawkins et al. (2020), S/N is important for climate impacts, as large changes
outside past experience could be particularly harmful for ecosystems that have a limited ability to
adapt. Impacts could additionally be anticipated for the primary sector and civil infrastructure, as
societies are often adapted for the range of local climate experienced (Hawkins et al., 2020).

The concept of emergence highlights a challenge with both observations and projections of future
extreme weather. Because extreme weather is rare, a very long record is needed before a climate
change signal becomes detectable in the number of events: for instance, a period much longer than
50 years would be needed before the shift of 1-in-50-year events to 1-in-30-year events became
evident. While risks associated with some extreme events might have changed substantially because
those events have become more or less likely, it might still be too early to be able to discern those
changes in the observational record. Similarly, it is entirely possible that fewer extreme events might
occur over the next decade even while the risk of those events increases, due to the aforementioned
factors of noise and rarity. Farther in the future though, the number of extreme events should
gradually match expectations.

At present, no studies have addressed ToE or S/N for the area. However, this shouldn’t preclude
climate change mitigation and adaptation efforts. Indeed, such efforts should be viewed as prudent
given 1) contemporary extreme rainfall events in New Zealand were exacerbated (Dean et al., 2013)
and more likely (Rosier et al., 2015) as a result of anthropogenic climate change, and 2) future
climate changes projected for the area (Section 4). A large Beca consortium commissioned by GWRC
and the Territorial Authorities of the Wellington Region is currently looking into localised climate
change impacts for the region.
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4 Future climate west of Wellington’s ranges

4.1 Temperature

4.1.1 Maximum temperature

Projected maximum temperature changes (°C, relative to 1986-2005)
Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 +0.50-1.00  +0.75-1.00  +0.75-1.25
2090 +0.50-1.00 +1.25-1.75 +2.50-3.25
Seasonal:
RCP2.6 RCP4.5 RCP8.5
2040 2090 2040 2090 2040 2090
Summer +0.50-1.00 +0.50-1.00 +0.75-1.25 +1.00-1.75 +0.75-1.25 +2.25-3.50
Autumn +0.50-1.00 +0.75-1.00 +0.75-1.25 +1.25-1.75 +1.00-1.50 +3.00-3.75
Winter +0.50-1.00 +0.50-1.00 +0.50-1.00 +1.00-1.75  +0.50-1.25 +2.25-3.50
Spring +0.50-0.75  +0.25-0.75 +0.50-1.00 +1.00-1.50 +0.50-1.00 +2.00-3.00

Maximum temperatures are generally recorded in the afternoon hours of the day, and therefore are
known as day-time temperatures. Historic (average over 1986-2005) and future (average over 2031-
2050 and 2081-2100) maps for mean maximum temperature are shown in this section. The historic
maps show annual and seasonal mean maximum temperature in units of degrees Celsius (°C) and the
future projection maps show the change in mean maximum temperature compared with the historic
period. Note that the historic maps are on a different colour scale to the future projection maps. To
aid comparison between the range of projections of annual and seasonal maximum temperature, a
30-panel figure of all projection maps is included in Appendix E.

For the historic period, annual mean maximum temperatures range between 15-18°C for much of
the area (Figure 4-1). Highest annual mean maximum temperatures of 17-18°C are observed around
Otaki, with lower ranges of 12-15°C for eastern and higher elevation areas. For most populated
locations of the area, summer mean maximum temperature range between 20-22°C, while winter
mean maximum temperatures range between 10-14°C (Figure 4-2). Autumn mean maximum
temperatures are typically higher than the corresponding temperatures in spring. Interannual
variability of temperatures (not shown in the maps) is a feature of the area. For the historic period
1986-2005, Kelburn’s annual mean daily maximum temperature ranged from a high of 16.7°C in 1998
and 1999, to a low of 14.4°C in 1992.

Representative concentration pathway (RCP) 2.6

By 2040, annual mean maximum temperatures are projected to increase by 0.50-1.00°C under
RCP2.6 (Figure 4-3). At the seasonal scale, summer, autumn and spring maximum temperatures are
projected to increase by 0.50-0.75°C for most of the area, while increases for winter range between
0.75-1.00°C for a greater proportion of the area (Figure 4-4).
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By 2090, projected changes to annual mean maximum temperatures show a similar spatial pattern as
2040, with increases of 0.50-1.00°C for the area (Figure 4-3). Autumn maximum temperatures are
projected to increase by 0.75-1.00°C throughout the area (Figure 4-5). Spring is projected to have
maximum temperature increases ranging between 0.25-0.50°C for southernmost parts of the area.

Representative concentration pathway (RCP) 4.5

By 2040, annual mean maximum temperatures are projected to increase by 0.75-1.00°C under
RCP4.5 (Figure 4-3). At the seasonal scale, summer and autumn maximum temperatures are
projected to increase by 0.75-1.25°C, while increases for spring predominantly range between 0.50-
0.75°C (Figure 4-6).

By 2090, projected changes to annual mean maximum temperatures are higher than 2040, with
increases of 1.25-1.75°C for the area (Figure 4-3). Autumn and winter maximum temperatures are
projected to increase by 1.25-1.75°C for most of the area, with highest autumn increases of 1.50-
1.75°C predominantly north of Tawa and Lower Hutt (Figure 4-7). Lowest increases to seasonal
maximum temperatures of 1.00-1.25°C are projected in spring for most of the area, and coastal areas
north of Porirua in summer.

Representative concentration pathway (RCP) 8.5

By 2040, annual mean maximum temperatures are projected to increase by 0.75-1.25°C under
RCP8.5 (Figure 4-3). At the seasonal scale, projected increases are greatest in autumn, ranging
between 1.00-1.50°C throughout the area (Figure 4-8). The projected increases in summer and
winter are alike, mostly ranging between 0.75-1.00°C, although a small portion about Otaki sees
increases of 0.50-0.75°C. Spring is projected to have maximum temperature increases ranging from
0.50-1.00°C.

By 2090, projected increases to maximum temperatures are considerable, with annual increases of
2.50-3.25°C projected for the area (Figure 4-3). At the seasonal scale, autumn maximum
temperatures are projected to increase by the most across the area, with increases of 3.00-3.75°C
(Figure 4-9). Given the historic (1986-2005) mean maximum temperature in autumn is 16-18°C for
much of the area, such increases could mean the autumn maximum temperatures for these parts
range from approximately 19-24°C by 2090 under RCP8.5. Under this scenario, autumn maximum
temperatures would be about equal or even slightly higher than historic (1986-2005) summer
maximum temperatures. Spring is projected to experience the smallest increases, although they are
still considerable, ranging from 2.00-3.00°C.
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Figure 4-1: Modelled annual mean maximum temperature, average over 1986-2005. Results are based on
dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x

5km.
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Figure 4-2: Modelled seasonal mean maximum temperature, average over 1986-2005. Results are based
on dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x

5km.
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Figure 4-3:  Projected annual mean maximum temperature changes by 2040 and 2090 under RCP2.6,
RCP4.5 and RCP8.5. Relative to 1986-2005 average, based on the average of six global climate models. Results
are based on dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection
is 5km x 5km. Note, a scale break is required to encapsulate the considerable difference in projected
temperature change by 2090 under RCP2.6 compared to RCP8.5.
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Figure 4-4: Projected seasonal mean maximum temperature changes by 2040 under RCP2.6. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.

32 Climate change projections for west of Wellington's Tararua and Remutaka Ranges



Increase
in °C

— 1.0
—0.75

—0.5

— .25

@)’ NIwA Seasonal Mean Maximum Temperature

Tahoro Nuarangi Projected change by 2081-2100 (from 1986-2005) | RCP: 2.6

Figure 4-5: Projected seasonal mean maximum temperature changes by 2090 under RCP2.6. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-6: Projected seasonal mean maximum temperature changes by 2040 under RCP4.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-7: Projected seasonal mean maximum temperature changes by 2090 under RCP4.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x S5km.
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Figure 4-8: Projected seasonal mean maximum temperature changes by 2040 under RCP8.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.

36 Climate change projections for west of Wellington's Tararua and Remutaka Ranges



Kilometers

Kilometers

10

Kilometers

@)’ NIWA Seasonal Mean Maximum Temperature

Taihoro Nuturangi Projected change by 2081-2100 (from 1986-2005) | RCP: 8.5

Increase
in °C
375

35

385

3.0

275

35

2.25

2.0

Figure 4-9: Projected seasonal mean maximum temperature changes by 2090 under RCP8.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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4.1.2 Minimum temperature

Projected minimum temperature changes (°C, relative to 1986-2005)
Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 +0.25-0.75 +0.50-0.75 +0.50-0.75
2090 +0.25-0.75 +0.75-1.25 +1.75-2.50
Seasonal:
RCP2.6 RCP4.5 RCP8.5
2040 2090 2040 2090 2040 2090
Summer +0.25-0.75 +0.25-0.75 +0.25-0.75 +0.75-1.25 +0.50-0.75 +1.75-2.25
Autumn +0.25-0.75 +0.50-0.75 +0.50-1.00 +1.00-1.25 +0.75-1.00 +2.00-2.75
Winter +0.25-0.75 +0.25-0.50 +0.25-0.75 +0.50-1.00 +0.25-0.75 +1.50-2.25
Spring +0.25-0.75 +0.25-0.50 +0.50-0.75 +0.75-1.25 +0.50-0.75 +2.00-2.25

Minimum temperatures are generally recorded in the early hours of the morning, and therefore are
known as night-time temperatures. Historic (average over 1986-2005) and future (average over
2031-2050 and 2081-2100) maps for mean minimum temperature are shown in this section. The
historic maps show annual and seasonal mean minimum temperature in units of degrees Celsius (°C)
and the future projection maps show the change in mean minimum temperature compared with the
historic period, in units of °C. Note that the historic maps are on a different colour scale to the future
projection maps. To aid comparison between the range of projections of annual and seasonal
minimum temperature, a 30-panel figure of all projection maps is included in Appendix E.

For the historic period, coastal and southern portions of the area have the highest annual mean
minimum temperatures ranging from 9-11°C (Figure 4-10). Annual mean minimum temperatures
range between 7-9°C for many inland and higher elevation areas. Lowest annual mean minimum
temperatures of 4-6°C are observed in the Tararua Range in the northeast of the the area area.
Winter mean minimum temperatures between 0-2°C are observed for the highest elevations, and
between 4-6°C for most low elevation areas (Figure 4-11). Highest seasonal mean minimum
temperatures of 12-14°C are observed in summer for coastal and low elevation parts of the area.

Representative concentration pathway (RCP) 2.6

By 2040, annual mean minimum temperatures are projected to increase by 0.25-0.75°C under
RCP2.6 (Figure 4-12). Projected increases to seasonal minimum temperatures range between 0.25-
0.75°C (Figure 4-13).

By 2090, increases to annual mean minimum temperatures of 0.25-0.75°C are projected (Figure 4-
12). Summer, winter and spring minimum temperatures are projected to increase by 0.25-0.50°C for
most of the area, while autumn is projected to have minimum temperature increases ranging from
0.50-0.75°C (Figure 4-14).
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Representative concentration pathway (RCP) 4.5

By 2040, annual mean minimum temperatures are projected to increase by 0.50-0.75°C under
RCP4.5 (Figure 4-12). Projected increases to seasonal minimum temperatures in the area mostly
range between 0.25-0.75°C (Figure 4-15). The exception is in autumn for northern parts of the area,
where increases of 0.75-1.00°C are projected.

By 2090, increases to annual mean minimum temperatures of 0.75-1.25°C are projected for the area
(Figure 4-12). Summer and spring minimum temperatures are also projected to increase by 0.75-
1.25°C, while autumn is projected to have minimum temperature increases ranging between 1.00-
1.25°C throughout the area (Figure 4-16). Winter minimum temperatures are projected to increase
by 0.50-1.00°C.

Representative concentration pathway (RCP) 8.5

By 2040, annual mean minimum temperatures are projected to increase by 0.50-0.75°C under
RCP8.5 in the area (Figure 4-12). At the seasonal scale, summer and spring minimum temperatures
are projected to increase by 0.50-0.75°C throughout the area (Figure 4-17). Autumn minimum
temperatures are projected to increase by 0.75-1.00°C throughout the area, while winter minimum
temperature increases of 0.25-0.75°C are projected for the area.

By 2090, projected increases to minimum temperatures are greater than under RCP2.6 and RCP4.5,
with annual increases of 1.75-2.50°C projected for the area (Figure 4-12). At the seasonal scale,
autumn minimum temperatures are projected to increase the most compared with the other
seasons (+2.00-2.75°C; Figure 4-18). Increases of 2.00-2.25°C are projected for spring, and increases
of 1.50-2.25°C are projected for winter.

Notably, the projected increases in maximum temperature are greater than the projected increases
for minimum temperature in the area. This would result in an enhanced diurnal temperature range
(i.e., the difference between the daily maximum and minimum air temperature). The projected
changes to diurnal temperature range are largest in winter, with much of the area projected to
experience an increase in annual diurnal temperature range of 0.50-1.00°C by 2090 under RCP8.5.
See Pearce et al. (2017) for further details.
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Figure 4-10: Modelled annual mean minimum temperature, average over 1986-2005. Results are based on
dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x
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Figure 4-12: Projected annual mean minimum temperature changes by 2040 and 2090 under RCP2.6,
RCP4.5 and RCP8.5. Relative to 1986-2005 average, based on the average of six global climate models. Results
are based on dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection
is 5km x 5km. Note, a scale break is required to encapsulate the considerable difference in projected
temperature change by 2090 under RCP2.6 compared to RCP8.5.
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Figure 4-13: Projected seasonal mean minimum temperature changes by 2040 under RCP2.6. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-14: Projected seasonal mean minimum temperature changes by 2090 under RCP2.6. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x S5km.
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Figure 4-15: Projected seasonal mean minimum temperature changes by 2040 under RCP4.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-16: Projected seasonal mean minimum temperature changes by 2090 under RCP4.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x S5km.
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Figure 4-17: Projected seasonal mean minimum temperature changes by 2040 under RCP8.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-18: Projected seasonal mean minimum temperature changes by 2090 under RCP8.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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4.1.3 Growing degree days

Projected growing degree day (base 10°C) changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 +85-200 +85-250 +150-300
2090 +85-200 +200-400 +500-850

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. The daily GDD values are accumulated
over the period 1 July to 30 June to calculate an annual GDD value.

Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for
GDD are shown in this section. The historic maps show annual average GDD and the future
projection maps show the change in GDD compared with the historic average. Note that the historic
maps are on a different colour scale to the future projection maps.

Historic growing degree-days range between 1000-1400 GDD for most populated parts of the area
(Figure 4-19). The highest elevation terrain in the Tararua Range and Remutaka Range observes 300-
800 GDD annually.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, increases of 85-200 GDD are projected throughout the area (Figure 4-20), with
increases of 150-200 GDD for most populated areas. This is a notable increase relative to the historic
period, showing that considerable changes are predicted even for this low-range scenario.

Representative concentration pathway (RCP) 4.5

By 2040, increases to GDD are projected (Figure 4-20), with increases of 200-250 GDD projected for
coastal areas north of Tawa, and a small inland portion about Upper Hutt.

By 2090, increases of 300-350 GDD are projected for most low elevation and coastal parts of the
area, with increases of 350-400 GDD projected about Pauatahanui, Paekakariki, Paraparaumu and
Waikanae (Figure 4-20). Such increases would see low elevation areas observing GDD totals
comparable to those observed historically (1981-2010) in low elevations of Hawke’s Bay (Macara,
2018).

Representative concentration pathway (RCP) 8.5

By 2040, increases of 200-250 GDD are projected for most low elevation and coastal parts, with
increases of 150-200 GDD projected for eastern areas (Figure 4-20).

By 2090, considerable increases of 500-850 GDD are projected (Figure 4-20). The smallest increases
of 500-600 GDD are projected for the highest elevations of the Tararua Range, whereas increases of
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700-850 GDD are projected for most low elevation, populated parts of the area. Such increases
would see low elevation areas observing GDD totals comparable to those observed historically (1981-
2010) in Auckland and low elevations of Northland (Macara, 2018).
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Figure 4-19: Median annual Growing Degree-Days (GDD) base 10°C. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-20: Projected increase in number of growing degree days per year (base 10°C) at 2040 (2031-2050)
and 2090 (2081-2100) for RCP2.6 (top panels), RCP4.5 (middle panels) and RCP8.5 (bottom panels). 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.
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4.1.4 Hot days

Projected hot day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 Up to +10 Up to +10 Up to +10
2090 Up to +10 +1-20 +5-50

In this report, a hot day is considered to occur when the maximum temperature reaches 25°C or
higher. Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps
for hot days are shown in this section. The historic maps show annual average number of hot days
and the future projection maps show the change in the number of hot days compared with the
historic average. Note that the historic maps are on a different colour scale to the future projection
maps.

For the historic period, hot days occur most regularly around Otaki. Here, the annual number of hot
days averages 10-13 days per year (Figure 4-21). Other coastal and low elevation areas typically
observe 5-10 hot days per year. Hot days are uncommon in high elevation terrain toward the
northeast of the area.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, increases of up to 10 hot days are projected for most of the area (Figure 4-22).
Greatest increases of 5-10 days are projected about Otaki, parts of the Hutt Valley, and some areas
near Wellington Harbour.

Representative concentration pathway (RCP) 4.5

By 2040, projected increases to hot days are similar to those by the corresponding time under RCP2.6
(Figure 4-22), with increases of up to 10 hot days projected.

By 2090, increases of 5-15 hot days are projected for most of the area. Highest increases of 15-20 hot
days are projected northern parts near Otaki (Figure 4-22).

Representative concentration pathway (RCP) 8.5

By 2040, an increase of up to 10 hot days is projected (Figure 4-22). The largest increases of 5-10
days are projected for most low elevation populated areas.

By 2090, considerable increases of 5-50 hot days are projected (Figure 4-22). Largest increases of 40-
50 hot days are projected about Otaki and Upper Hutt. This is the equivalent of approximately 6-7
additional weeks of hot days compared to the historic climate.
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Figure 4-21: Modelled annual number of hot days (days with maximum temperature 225°C), average over
1986-2005. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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Figure 4-22: Projected annual hot day (days with maximum temperature 225°C) changes by 2040 and 2090,
under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1986-2005 average, based on the average of six global
climate models. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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4.1.5 Extreme hot days

Projected extreme hot day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 Up to +0.5 Up to +0.5 Up to +1
2090 Up to +0.5 Up to +1.5 Up to +5

In this report, an extreme hot day is considered to occur when the maximum temperature is above
30°C. Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps
for extreme hot days are shown in this section. The historic maps show annual average numbers of
extreme hot days and the future projection maps show the change in the annual number of extreme
hot days compared with the historic period. Note that the historic maps are on a different colour
scale to the future projection maps.

For the historic period, extreme hot days are a rare occurrence anywhere west of Wellington’s
ranges. The annual number of extreme hot days averages no higher than 0.25, or no more than one
extreme hot day every four years (Figure 4-23). This is largely due to the area’s exposure to airflows
arriving directly off the sea, which has a moderating influence on the daily maximum temperatures
observed during summer.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, little change in extreme hot days is expected, with increases of up to 0.5 extreme
hot days projected (Figure 4-24).

Representative concentration pathway (RCP) 4.5

By 2040, little change in extreme hot days is expected, with increases of up to 0.5 extreme hot days
projected (Figure 4-24).

By 2090, increases of up to 1 extreme hot day are projected for low elevation areas near Wellington
Harbour, including Lower Hutt, Petone, Wainuiomata, Wellington City and Miramar (Figure 4-24).

Representative concentration pathway (RCP) 8.5

By 2040, the pattern of change under RCP8.5 is similar to that projected for the same time period
under RCP4.5. The main difference is a higher projected increase of 1 extreme hot day about Lower
Hutt and Petone (Figure 4-24).

By 2090, notable increases of up to 5 extreme hot days are projected for the area (Figure 4-24).
Largest increases of 2-5 days are projected about southern parts of the area south of Porirua and
Silverstream. Smaller increases of up to 2 extreme hot days are projected near Otaki, while little
change is projected for the highest elevation terrain and coastal areas from Pauatahanui to
Waikanae (up to +0.5 extreme hot days).

It is worth noting that the spatial resolution of the climate models is not precise enough to account
for the local-scale topographic and meteorological features that contribute to extreme hot days.
Therefore, the projected increases may be underestimated in some locations.
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Figure 4-23: Modelled annual number of extreme hot days (days with maximum temperature >30°C),
average over 1986-2005. Results are based on dynamical downscaled projections using NIWA's Regional
Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-24: Projected annual extreme hot day (days with maximum temperature >30°C) changes by 2040
and 2090, under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1986-2005 average, based on the average of
six global climate models. Results are based on dynamical downscaled projections using NIWA's Regional
Climate Model. Resolution of projection is 5km x 5km.
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4.1.6 Heatwave days

Projected heatwave day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 Up to +5 Up to +5 Up to +10
2090 Up to +5 Up to +10 Up to +35

The definition of a heatwave as considered here is a period of three or more consecutive days where
the maximum daily temperature exceeds 25°C. This calculation is an aggregation of all days per year
that are included in a heatwave (i.e., 2 three consecutive days with maximum temperature > 25°C),
no matter the length of the heatwave. Thus, a 3-day heatwave contributes 3 days, and a 5-day
heatwave contributes 5 days, and a single 3-day and a single 5-day heatwave add up to 8 days for a
year, etc. The annual heatwave days are then averaged over the 20-year period of interest (e.g.,
2031-2050), and the six global models, to determine the ensemble-average annual heatwave-day
climatology (past) and future projections.

Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for
heatwave days are shown in this section. The historic maps show annual average numbers of
heatwave days and the future projection maps show the change in the annual number of heatwave-
days compared with the historic period. Note that the historic maps are on a different colour scale to
the future projection maps.

For the historic period, the annual number of heatwave days is highest for northern areas near Otaki
(Figure 4-25), with 2-3 heatwave days per year (i.e. approximately one heatwave per year). Areas
around Lower Hutt, Petone and Wainuiomata on average experience 1-2 heatwave days per year (i.e.
less than one heatwave per year). Remaining areas of the area experience an average of less than
one heatwave day per year, i.e., on average less than one heatwave event every three years.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, increases of up to 5 heatwave days are projected (Figure 4-26), with highest
increases of 2-5 heatwave days projected for areas near Otaki, the Hutt Valley and Miramar. For
some locations that don’t historically observe heatwaves, e.g. Lower Hutt and Miramar, these
projected increases will result in an average of approximately 1-2 heatwaves per year. This
demonstrates that notable changes are projected for some areas regardless of the future emissions
scenario.

Representative concentration pathway (RCP) 4.5

By 2040, increases of up to 5 heatwave days are projected (Figure 4-26), with highest increases of 2-5
heatwave days projected for areas near Otaki, the Hutt Valley, Miramar and Wainuiomata.

By 2090, increases of up to 10 heatwave days are projected (Figure 4-26), with highest increases of 5-
10 heatwave days projected for northern areas near Otaki, and parts of the Hutt Valley. Increases of
2-5 heatwave days are projected for Waikanae, Paraparaumu, Porirua, Tawa and areas near
Wellington city including Johnsonville and Makara.
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Representative concentration pathway (RCP) 8.5

By 2040, increases of up to 10 heatwave days are projected (Figure 4-26). Projected increases of 2-5

heatwave days are typical for the Hutt Valley and Otaki.

By 2090, large increases of up to 35 heatwave days are projected (Figure 4-26). Largest increases of
30-35 heatwave days are projected for areas near Mangaroa and Otaki. This is the equivalent of
approximately 4-5 additional weeks of heatwave days compared to the historic climate. For other
locations in the area, projected increases of 10-20 heatwave days are common, with higher increases
expected about the Hutt Valley, Wainuiomata and Miramar. Increases of 5-10 heatwave days are

projected for Porirua, Pauatahanui and Pukerua Bay.
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Figure 4-25: Modelled annual number of heatwave days (2 three consecutive days with maximum
temperatures > 25°C), average over 1986-2005. Results are based on dynamical downscaled projections using

NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-26: Projected annual heatwave day (2 three consecutive days with maximum temperatures > 25°C)
changes by 2040 and 2090, under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1986-2005 average, based
on the average of six global climate models. Results are based on dynamical downscaled projections using
NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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4.1.7 Warm nights

Projected warm night changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 Up to +15 Up to +15 Up to +15
2090 Up to +15 1-30 more 1-55 more

In this report, a warm night is considered to occur when the daily minimum temperature is higher
than 15°C. Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100)
maps for warm nights are shown in this section. The historic maps show annual average number of
warm nights and the future projection maps show the change in the number of warm nights
compared with the historic average. Note that the historic maps are on a different colour scale to the
future projection maps.

For the historic period, warm nights occur most regularly in southern and coastal parts of the area.
Here, the annual number of warm nights averages 30-50 per year (Figure 4-27), with highest annual
warm nights of 40-50 per year about Wellington City and Porirua. Warm nights are less prevalent for
remaining areas. Silverstream and Upper Hutt average 10-20 warm nights per year, while higher
elevations to the east of the area average less than 5 warm nights per year.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, increases of up to 15 warm nights are projected (Figure 4-28), with increases of 5-
10 warm nights projected for most populated parts of the area. Increases of up to 5 warm nights are
projected for higher elevation eastern parts of the area. Increases of 10-15 warm nights are
projected for areas near Porirua, which is a considerable change compared to the historic climate.

Representative concentration pathway (RCP) 4.5

By 2040, increases of up to 15 warm nights are projected (Figure 4-28), with highest increases of 10-
15 warm nights projected about Wellington Harbour, and coastal parts of the area from Tawa north
to Otaki. Increases of 5-10 warm nights are projected for much of Hutt Valley.

By 2090, increases of up 1-30 warm nights are projected. Largest increases of 20-30 warm nights are
projected for areas about Wellington city, Porirua and Pauatahanui (Figure 4-28). Most remaining
parts of the area observe a projected increase of 5-20 warm nights.

Representative concentration pathway (RCP) 8.5

By 2040, the projected pattern of change under RCP8.5 is similar to that projected for the same time
period under RCP4.5. The main difference is projected increases of 10-15 warm nights for more
extensive parts of the area, including Lower Hutt and Wainuiomata (Figure 4-28).

By 2090, considerable increases of 1-55 warm nights are projected (Figure 4-28). Largest increases of
40-55 warm nights are projected for areas relatively close to the sea. This is the equivalent of
approximately 6-8 additional weeks of warm nights compared to the historic climate.
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Figure 4-27: Modelled annual number of warm nights (daily minimum temperature >15°C), average over
1986-2005. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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Figure 4-28: Projected annual warm night (daily minimum temperature >15°C) changes by 2040 and 2090,
under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1986-2005 average, based on the average of six global
climate models. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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4.1.8 Frost days

Projected frost day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 Up to 10 fewer  Upto 15 fewer  Up to 10 fewer
2090 Up to 10 fewer  Upto 20 fewer  Up to 30 fewer

A frost day is defined in this report when the modelled daily minimum air temperature is equal to or
lower than 0°C (also known as a cold night). This is purely a temperature-derived metric for assessing
the potential for frosts over the 5 km x 5 km climate model grid. Frost conditions are influenced at
the local scale (i.e. finer scale than 5 km x 5 km) by temperature, topography, wind, and humidity, so
the results presented in this section can be considered as the large-scale temperature conditions
conducive to frosts. Historic (average over 1986-2005) and future (average over 2031-2050 and
2081-2100) maps for frost days are shown in this section. The historic maps show annual average
numbers of frost days and the future projection maps show the change in the annual number of frost
days compared with the historic period. Note that the historic maps are on a different colour scale to
the future projection maps.

For the modelled historic period, southwestern portions of the area about Petone, Johnsonville,
Makara, Wellington city and Miramar have the lowest number of frost days (Figure 4-29). This is
partly due to the influence of the sea, which moderates daily extreme temperatures compared to
inland locations. In addition, it is because these locations near Cook Strait are typically windier than
the remainder of the area, and frost usually only occurs during calm or very light wind conditions.
Inland and coastal parts of the area north of Tawa generally observe 1-10 frost days per year, with
20-70 frost days for northeastern parts about the Tararua Range.

Note, we expect to observe discrepancies when comparing the modelled historic period with the
observed historic period. The modelled data are of a spatial resolution that is not precise enough to
account for the local-scale topographic and meteorological features that contribute to the
occurrence of frost days. This is relevant for low elevation inland locations like Upper Hutt, where the
conditions conducive to frost (clear skies and light winds) enable rapid radiative losses and
subsequent cooling of the near-surface air temperature, as well as cold-air pooling (a process where
cold air drains into low elevation basins and valleys due to its relatively high density). This results in
marked temperature differences over short vertical and horizontal distances, which are characterised
by inversions (where temperature increases with altitude). In spite of this, the projected change to
frost days (Figure 4-30) remain a useful indicator of the broad changes anticipated in the area, noting
these changes are calculated relative to the modelled historic period.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, up to 10 fewer frost days are projected (Figure 4-30), with highest decreases of 5-
10 frost days projected in the Tararua Range. Decreases of 1-2 frost days are projected for coastal
areas north of Pauatahanui.
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Representative concentration pathway (RCP) 4.5

By 2040, up to 15 fewer frost days are projected (Figure 4-30), with highest decreases of 5-15 days
projected towards the northeast of the area. Decreases of 1-5 days are projected for many remaining
areas north of Porirua.

By 2090, up to 20 fewer frost days are projected. Decreases of 2-5 days are projected for western
parts from Otaki south to Pauatahanui (Figure 4-30).

Representative concentration pathway (RCP) 8.5

By 2040, the projected pattern of change under RCP8.5 is very similar to that projected for the same
time period under RCP4.5 (Figure 4-30).

By 2090, up to 30 fewer frost days are projected (Figure 4-30). Decreases of 2-10 days are projected
for many western parts of the area to the north of Tawa, with highest deceases of 15-30 days to the
northeast in the Tararua Range.
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Figure 4-29: Modelled annual number of frost days (daily minimum temperature <0°C), average over 1986-

2005. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.

Resolution of projection is 5km x 5km.
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Figure 4-30: Projected annual number of frost day (daily minimum temperature <0°C) changes by 2040 and
2090 under RCP2.6, RCP4.5 and RCP8.5. Relative to 1986-2005 average, based on the average of six global
climate models. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.

Resolution of projection is 5km x 5km.
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4.1.9 Cold days

Projected cold day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 2-20 fewer 2-30 fewer 2-30 fewer
2090 2-20 fewer 2-40 fewer 5-85 fewer

In this report, a cold day is considered to occur when the daily maximum air temperature is less than
10°C. Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps
for cold days are shown in this section. The historic maps show annual average number of cold days
and the future projection maps show the change in the number of cold days compared with the
historic average. Note that the historic maps are on a different colour scale to the future projection
maps.

For the historic period, cold days occur most regularly in the high elevation terrain among the
Tararua and Remutaka Ranges. Here, the annual number of cold days averages 40-130 days (Figure
4-31). Cold days occur less frequently about Otaki, where the average annual number of cold days is
5-10 days.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, decreases to cold days are projected throughout the area (Figure 4-32), with
highest decreases of 15-20 cold days projected for high elevation parts of the Tararua Range. Most of
the area observes a projected decrease of 5-10 cold days.

Representative concentration pathway (RCP) 4.5

By 2040, decreases of 2-30 cold days are projected throughout the area (Figure 4-32), with highest
decreases of 15-30 cold days projected for higher elevation eastern parts of the area.

By 2090, decreases of 2-40 cold days are projected. Decreases of 5-20 cold days are projected for
many parts of the area, with higher decreases of 20-40 days projected in the Tararua and Remutaka
Ranges (Figure 4-32).

Representative concentration pathway (RCP) 8.5

By 2040, the projected pattern of change under RCP8.5 is similar to that projected for the same time
period under RCP4.5. Overall, 2-30 fewer cold days are projected for the area (Figure 4-32).

By 2090, considerable decreases of 5-85 cold days are projected (Figure 4-32). Largest decreases of
40-85 days are projected about the Tararua Range. Projected changes of 10-30 fewer cold days are
common for the remainder of the area. It is anticipated this will have impacts and implications for
biodiversity and pest control: these are discussed in an earlier report produced for the Greater
Wellington Region (Pearce et al., 2017).
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Figure 4-31: Modelled annual number of cold days (days with maximum temperature <10°C), average over
1986-2005. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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Figure 4-32: Projected annual cold day (days with maximum temperature <10°C) changes by 2040 and 2090,
under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1986-2005 average, based on the average of six global
climate models. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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4.2 Rainfall

4.2.1 Rainfall totals

Projected rainfall total changes (%, relative to 1986-2005)
Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 Up to +8% -2% to +8% -2% to +4%
2090 Up to +4% -2% to +8% -8% to +12%
Seasonal:
RCP2.6 RCP4.5 RCP8.5
2040 2090 2040 2090 2040 2090
Summer Up to +8% Up to +8% -4% to +8% -2% to +8% -8% to +4% -8% to +12%
Autumn Up to +8% -2% to +4% -4% to +12% -4% to +8% +2-12% -8% to +12%
Winter -2% to +8% -2% to +4% Up to +12% -4% to +8% -4% to +8% -4% to +16%
Spring -2% to +8% +2-12% +2-8% -2% to +4% -2% to +4% -4% to +12%

This section contains maps showing historic total rainfall and the future projected change in total
rainfall. Historic rainfall maps are in units of mm per year or season (average over 1986-2005) and
future (average over 2031-2050 and 2081-2100) maps show the percentage change in rainfall
compared with the historic total. To aid comparison between the range of projections of annual and
seasonal rainfall totals, a 30-panel figure of all projection maps is included in Appendix E.

For the modelled historic period, the highest annual rainfall totals are recorded in the high elevations
and around the east of the area, with 2000-6500 mm/year or more (Figure 4-33). The lowest annual
rainfall totals are recorded in low elevation areas around Miramar, Porirua and Otaki (1000-1100
mm). The entire area receives regular rainfall throughout the year, although summer is typically the
driest season (Figure 4-34).

Representative concentration pathway (RCP) 2.6

By 2040, annual rainfall is projected to increase by up to 8% (Figure 4-35). Increases of 4-8% are
projected for southwestern parts of the area in summer and autumn (Figure 4-36). Increases of up to
4% are common for most populated parts in winter and spring, with small decreases of up to 2%
projected for isolated eastern parts.

By 2090, annual rainfall is projected to increase by up to 4% (Figure 4-35). The greatest annual
changes are projected for areas near the coast (2-4%), whereas inland areas observe a small
projected increase of up to 2%. Projected seasonal rainfall changes are varied, ranging from a
decrease of up to 2% through to an increase of up to 12% (Figure 4-37). Increases of 2-12% are
projected throughout the area in spring.

Representative concentration pathway (RCP) 4.5
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By 2040, projected change in annual rainfall ranges from -2% to +8% throughout the area (Figure 4-
35). Greater changes are projected seasonally, with summer and autumn decreases of up to 4%
projected for some eastern parts, increases of 8-12% projected for southwestern parts about Makara
in autumn and winter (Figure 4-38).

By 2090, annual rainfall changes of -2% to +8% are projected (Figure 4-35). Increases of 2-8% are
projected for many western and southwestern parts in autumn and winter (Figure 4-39), whilst small
decreases of up to 2% are projected about Upper Hutt in summer and winter.

Representative concentration pathway (RCP) 8.5

By 2040, projected change to annual rainfall ranges from -2% to +4% throughout the area (Figure 4-
35). Rainfall decreases of 2-8% are projected from Paraparaumu south to Wainuiomata in summer,
with increases of 4-8% projected for most of the area in autumn (Figure 4-40). Winter and spring
changes of +4% are projected for many parts.

By 2090, a stronger pattern of change is evident, with a more prominent decrease in projected
rainfall for eastern parts, and increase in projected rainfall for western parts, compared to other RCP
scenarios. At the annual timeframe, projected rainfall changes of -8% to +12% are projected (Figure
4-35). A summer and autumn rainfall reduction of 4-8% is projected for the Tararua Range (Figure 4-
41). Winter increases of up to 16% are projected, with greatest increases of 8-16% along the western
coastline and to the north about Otaki.
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Figure 4-33: Modelled annual rainfall (mm), average over 1986-2005. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-34: Modelled seasonal rainfall (mm), average over 1986-2005. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-35: Projected annual rainfall changes (%). Relative to 1986-2005 average, based on the average of
six global climate models. Results are based on dynamical downscaled projections using NIWA's Regional
Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-36: Projected seasonal rainfall changes (%) by 2040 for RCP2.6. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled projections
using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-37: Projected seasonal rainfall changes (%) by 2090 for RCP2.6. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled projections
using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-38: Projected seasonal rainfall changes (%) by 2040 for RCP4.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled projections
using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-39: Projected seasonal rainfall changes (%) by 2090 for RCP4.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled projections

using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-40: Projected seasonal rainfall changes (%) by 2040 for RCP8.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled projections
using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-41: Projected seasonal rainfall changes (%) by 2090 for RCP8.5. Relative to 1986-2005 average,
based on the average of six global climate models. Results are based on dynamical downscaled projections
using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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4.2.2 Wetdays

Projected wet day changes (relative to 1986-2005)
Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 -6 to +2 -6 to +1 -8to +1
2090 -4 to +1 -12 to +1 2-21 fewer
Seasonal:
RCP2.6 RCP4.5 RCP8.5
2040 2090 2040 2090 2040 2090
Summer +1 -2to+1 -4 to +1 -2to+1 -4 to +1 1-6 fewer
Autumn -2to+1 -2to+1 -2to+1 -4 to +1 -2to+1 -4 to +1
Winter +2 -2to +1 -2to +1 -4to+1 -4 to +1 -8to +2
Spring -2to+1 -2to +1 -1to +2 -4 to +1 -2to +1 -6 to +1

In this report, ‘wet days’ are days when at least 1 mm of rainfall is recorded. Historic (average over
1986-2005) and future (average over 2031-2050 and 2081-2100) maps for wet days are shown in this
section. The historic maps show annual and seasonal average numbers of wet days and the future
projection maps show the change in the number of wet days compared with the historic period. Note
that the historic maps are on a different colour scale to the future projection maps. To aid
comparison between the range of projections of annual and seasonal wet days, a 30-panel figure of
all projection maps is included in Appendix E.

For the modelled historic period, the most wet days are recorded to the east of the area about the
Tararua Range, with 180-240 wet days annually (Figure 4-42). The lowest annual wet day totals are
recorded near Makara, where 120-130 wet days are observed annually. Seasonally, the highest
number of wet days are observed in winter (35-65 wet days), with 25-55 wet days observed in
summer and autumn (Figure 4-43).

Representative concentration pathway (RCP) 2.6

By 2040, projected change to annual wet days ranges from -6 to +2 days throughout the area (Figure
4-44). Seasonally, decreases of 1-2 wet days are projected for southeastern parts in autumn, winter
and spring (Figure 4-45). For the remainder of the area, a projected change of +1 wet day is typical
for all seasons.

By 2090, projected change to annual wet days ranges from -4 to +1 wet days throughout the area
(Figure 4-44). For each season, projected changes range from -2 to +1 wet days (Figure 4-46).

Representative concentration pathway (RCP) 4.5

By 2040, projected change to annual wet days ranges from -6 to +1 days (Figure 4-44). Seasonally,
the most widespread decreases are projected in summer, with 1-4 fewer wet days for most of the
area (Figure 4-47). Increases of 1-2 wet days are projected in spring for coastal parts for Paekakariki
north to Otaki.
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By 2090, projected change to annual wet days ranges from -12 to +1 days throughout the area
(Figure 4-44). Greatest decreases of 8-12 wet days are projected for southeastern parts about the
Remutaka Range. In winter, much of the southern half of the area observe a projected decrease of 2-
4 wet days. Autumn decreases of 1-2 wet days are projected for most of the area.

Representative concentration pathway (RCP) 8.5

By 2040, projected change to annual wet days ranges from -8 to +1 days throughout the area (Figure
4-44). Decreases of 1-4 wet days are projected for most of the area in summer (Figure 4-49).
Projected changes in autumn and spring range from -2 to +1 wet days.

By 2090, 2-21 fewer annual wet days are projected (Figure 4-44). Decreases of 2-8 wet days are
projected for much of the area in winter (Figure 4-50). Projected decreases of 1-4 wet days are
typical for most of the area in the remaining three seasons.
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Figure 4-42: Modelled annual wet days (daily rainfall 21 mm), average over 1986-2005. Results are based
on dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x
5km.
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Figure 4-43: Modelled seasonal wet days (daily rainfall 21 mm), average over 1986-2005. Results are based
on dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x

5km.

Climate change projections for west of Wellington's Tararua and Remutaka Ranges

85



RCP 2.6

RCP 4.5

RCP 8.5

2031-2050

2081-2100

10 20

Kilometers

10 20

Kilometers

10 20

Kilometers

Kilometers

10 20

Kilometers

@l Taihoro Nukurangi

Annual Wet Days (21 mm)

Projected change relative to 1986-2005 baseline

Figure 4-44: Projected annual wet day (daily rainfall 21 mm) changes. Relative to 1986-2005 average, based
on the average of six global climate models. Results are based on dynamical downscaled projections using
NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-45: Projected seasonal wet day (daily rainfall 21 mm) changes by 2040 for RCP2.6. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-46: Projected seasonal wet day (daily rainfall 21 mm) changes by 2090 for RCP2.6. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-47: Projected seasonal wet day (daily rainfall 21 mm) changes by 2040 for RCP4.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-48: Projected seasonal wet day (daily rainfall 21 mm) changes by 2090 for RCP4.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-49: Projected seasonal wet day (daily rainfall 21 mm) changes by 2040 for RCP8.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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Figure 4-50: Projected seasonal wet day (daily rainfall 21 mm) changes by 2090 for RCP8.5. Relative to
1986-2005 average, based on the average of six global climate models. Results are based on dynamical
downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x 5km.
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4.2.3 99™ percentile of daily rainfall, and rare extreme rainfall events

Projected 99" percentile of daily rainfall changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 -2% to +12% -1% to +16% -1% to +12%
2090 +1-12% +2-16% +2-30%

The 99™ percentile of daily rainfall refers to the amount of rainfall exceeded by the top 1% of wet
days (21 mm of rainfall). This measure allows us to interpret what changes are expected for the very
wettest days each year. As shown in Figure 4-42 (Section 4.2.2), the area west of Wellington’s ranges
historically observes between 120-240 wet days per year, depending on location. Therefore, the top
1% of annual wet days ranges from 1.2-2.4 days, and the 99" percentile of daily rainfall is the rainfall
total exceeded on these 1.2-2.4 days.

Note that the 99'" percentile is a relatively low threshold for engineering purposes (Ministry for the
Environment, 2008). Projections of rare and extreme rainfall events are an important consideration
for the area west of Wellington’s ranges, and can be accessed via NIWA’s High Intensity Rainfall
Design System (HIRDS version 4; Carey-Smith et al., 2018). Additionally, future projections for
extreme rainfall in the Greater Wellington Region (including this area) are presented in Pearce et al.
(2019) and Woolley et al. (2020); these are available from GWRC. A short presentation of some of
the high intensity rare events is reproduced here in Figure 4-53 to Figure 4-57.

For the historic period, the highest annual average 99" percentile daily rainfall total is recorded in
the Tararua Range, with 100-180 mm observed there (Figure 4-51). The lowest total is for areas
about Otaki, Waikanae, Pauatahanui and Porirua, with 30-40 mm observed in these parts. Totals of
40-60 mm are prevalent for most remaining parts of the area.

Representative concentration pathway (RCP) 2.6

By 2040 and 2090, the magnitude of the annual 99%" percentile daily rainfall is projected to increase
by up to 12% for most of the area (Figure 4-52). The exception is northeastern parts about the
Tararua Range in 2040, with small decreases of up to 2% projected.

Representative concentration pathway (RCP) 4.5

By 2040, projected changes range from -1% to +16% in the area. An increase of 8-16% is projected
for coastal parts about and south of Pukerua Bay (Figure 4-52).

By 2090, the magnitude of the annual 99" percentile daily rainfall is projected to increase by 2-16%
in the area (Figure 4-52). The largest projected increases of 12-16% occur about Wellington city and
Miramar.

Representative concentration pathway (RCP) 8.5

By 2040, projected changes range from -1% to +12% in the area (Figure 4-52). The range of projected
changes encompassing both increases and decreases illustrate that rainfall indicators do not
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necessarily respond linearly to different RCP scenarios, and highlight the greater uncertainty
associated with the rainfall signal, compared to temperature.

By 2090, increases of 2-30% are projected for the area (Figure 4-52). Largest increases of 20-30%
days are projected for the southwest of the area, as far north as Porirua.
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Figure 4-51: Modelled annual 99" percentile daily rainfall average over 1986-2005. Results are based on
dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection is 5km x
5km.
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Figure 4-52: Projected annual 99'" percentile daily rainfall changes by 2040 and 2090, under RCP2.6, RCP4.5
and RCP8.5. Changes relative to 1986-2005 average, based on the average of six global climate models. Results
are based on dynamical downscaled projections using NIWA's Regional Climate Model. Resolution of projection

is 5km x 5km.
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To complement the projections of changes to the daily rainfall shown in this section up to now,
figures illustrating future changes to rainfall events more extreme than the 99" percentile are
reproduced below. Figure 4-53 to Figure 4-55 show changes in rainfall threshold exceedances
(originally presented in Woolley et al., 2020) for Kelburn, Wellington Airport and Paraparaumu,
respectively. Figure 4-56 and Figure 4-57 show the 1-in-100-year rainfall depth for a 10-minute
duration event (originally presented in Pearce et al., 2019). The purpose of reproducing and adapting
these figures is to emphasise that extreme rainfall events are projected to become more frequent
and more severe for various duration thresholds and magnitudes. Readers should consult Woolley et
al. (2020) for details of the methodology used to generate Figure 4-53 to Figure 4-55, and Pearce et
al. (2019) for methodology details associated with Figure 4-56 and Figure 4-57. Note, previous NIWA
reports focussing on extreme events for the Wellington Region are available from the GWRC’s
webpage.

Figure 4-53 to Figure 4-55 illustrate significant frequency increases for mid-century (green) and late-
century (blue) above the climatological (red) lines, with increases typically between two-fold and
three-fold for late-century (shaded area).

Figure 4-56 and Figure 4-57 illustrate increases of up to 8 mm for 10-min (short duration) rainfall
events. This implies an additional 48 mm/h rate within ten minutes, on top of already high rates for
the Kapiti Coast, with considerable potential to increase flash flooding.
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Figure 4-53: The change in rainfall exceedances with climate change for Kelburn. The results from the first
(HIRDS-based) analysis are shown by the dashed lines, where the red lines are for the current climate. The
shading shows the range produced when using climate change factors. The solid lines show results from direct
RCM analysis, where the red line is the number of exceedances above a threshold adjusted to closely match
the observed number of exceedances. For both methods, the green line is the mid-century time slice and the
blue line is for the end of century period. Sourced from Woolley et al. (2020).
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Figure 4-54: The change in rainfall exceedances with climate change for Wellington Aero. As Figure 4-53,
but for Wellington Aero.
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Figure 4-55: The change in rainfall exceedances with climate change for Paraparaumu. As Figure 4-53, but
for Paraparaumu.

Climate change projections for west of Wellington's Tararua and Remutaka Ranges

99



N )
NIWA
’Sapg’ Waikanae'
Island :
4K O
Paraparaumu
Paekakariki
Pukerua Bay
Paekakariki Hill
@) g
0 Pauatahanui
Porirua Upper. Hutt OM aiyeled
O
Silverstream
Tawa mm
Johnsonville Lower Hutt
O Q I24
Wainuiomata 22
=20
— 18
0 10 20
I = | | —16
Kilometers

—14

10-min duration, 100-yr recurrence interval rainfall depths
Historic rainfall depths (1853-2016)

Figure 4-56: Historic (1853-2016) 10-minute duration, 100-year magnitude rainfall depths for the area west
of Wellington's ranges. Adapted from Pearce et al. (2019).
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Figure 4-57: Projected changes to 10-minute duration, 100-year magnitude rainfall depths by 2040 and
2090, under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1853-2016 average. Adapted from Pearce et al.
(2019). Note, the discontinuity in the legend is because there are no projected increases of 4-5 mm.
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4.2.4 Dry spells

Projected dry spell day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 -2 to +6 +1-10 -2 to +8
2090 -2to +8 -2 to +6 -1to +13

The definition of a dry spell as considered here is a period of ten or more consecutive days where the
daily rainfall is less than 1 mm on each day. This calculation is an aggregation of all days per year that
are included in a dry spell (i.e., 2 ten consecutive days with daily rainfall < 1 mm), no matter the
length of the dry spell. Thus, a 10-day dry spell contributes 10 days, and a 13-day dry spell
contributes 13 days, etc. The annual dry spell days are then averaged over the 20-year period of
interest (e.g., 2031-2050), and across the six global models, to determine the ensemble-average
annual dry spell day climatology (past) and future projections.

Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for dry
spell days are shown in this section. The historic maps show annual average numbers of dry spell
days and the future projection maps show the change in the annual number of dry spell days
compared with the historic period. Note that the historic maps are on a different colour scale to the
future projection maps.

For the historic period, the annual number of dry spell days is highest for western and southwestern
sections of the area about Paekakariki, Pukerua Bay and Makara (Figure 4-58), with 30-45 dry spell
days per year. For the remainder of the area, annual dry spell days range from 10-30 days in most
populated areas of the area.

Representative concentration pathway (RCP) 2.6

By 2040 projected changes to dry spell days range from a decrease of up to 2 days through to an
increase of up to 6 days (Figure 4-59).

By 2090, projected changes to dry spell days range from a decrease of up to 2 days through to an
increase of up to 8 days (Figure 4-59). Projected increases of 2-6 days are common for the
southwestern half of the area.

Representative concentration pathway (RCP) 4.5

By 2040, increases of 1-10 dry spell days are projected for the area (Figure 4-59), with highest
increases of 6-10 dry spell days projected for limited areas near Wellington Harbour and Porirua.

By 2090, projected changes to dry spell days range from a decrease of 2 days to an increase of 6 days
(Figure 4-59), with highest increases of 4-6 days for southern portions of the area.

Representative concentration pathway (RCP) 8.5

By 2040, projected changes to dry spell days range from a decrease of up to 2 days through to an
increase of up to 8 days (Figure 4-59), with highest increases of 6-8 days about Makara and Miramar.
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By 2090, projected changes to dry spell days range from a decrease of up to 1 day through to an
increase of up to 13 days (Figure 4-59). Largest increases of 8-13 dry spell days are projected for

southwestern parts of the area.
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Figure 4-58: Modelled annual number of dry spell days (= ten consecutive days with daily rainfall < 1 mm),
average over 1986-2005. Results are based on dynamical downscaled projections using NIWA's Regional
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Figure 4-59: Projected annual dry spell day (2 ten consecutive days with daily rainfall < 1 mm) changes by
2040 and 2090, under RCP2.6, RCP4.5 and RCP8.5. Changes relative to 1986-2005 average, based on the
average of six global climate models. Results are based on dynamical downscaled projections using NIWA's
Regional Climate Model. Resolution of projection is 5km x 5km.
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4.3 Other climate variables

4.3.1 Potential evapotranspiration deficit

Projected potential evapotranspiration deficit accumulation changes {mm, relative to 1986-2005)

Annual:
Period RCP2.6 RCPA4.5 RCP8.5
2040 +10-80 +10-100 +10-120
2090 +10-80 +10-120 +10-135

One 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 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) and the actual evapotranspiration is
defined as the ‘potential evapotranspiration deficit’ (PED). In practice, PED represents the total
amount of water that needs to be replenished by irrigation, and/or 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 difference between potential evapotranspiration (PET) and rainfall, 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 to keep pastures growing at
optimum levels. Higher PED totals indicate drier soils. In New Zealand, 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.

For the modelled historic period, the highest average PED accumulation is experienced in
southwestern parts of the area from Porirua south to Miramar (150-215 mm per year). Other low
elevation and western areas of the area generally experience 50-150 mm of PED per year. PED
accumulation of 5-50 mm per year is modelled for the remainder of the area (Figure 4-60).

For all future scenarios, annual PED accumulation is projected to increase throughout the area

(Figure 4-61). The increases are considerable relative to the historic period, even under RCP2.6. This
is a similar feature of growing degree days (Section 4.1.3), highlighting the connection between both
variables. The greatest increase is projected by 2090 under RCP8.5, with an increase of 100-135 mm

4 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.

5 Atmospheric demand is the maximum evapotranspiration value, which depends on ambient atmospheric conditions, and assumes
unlimited moisture availability.
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PED accumulation in many southern portions of the area. For coastal areas north of Pauatahanui, an
increase of 60-80 mm PED accumulation is projected by 2040 and 2090 under RCP4.5. For locations
such as Wellington city, Johnsonville and Porirua, the projected increase in PED by 2090 under
RCP8.5 would result in accumulated PED totals of approximately 250-335 mm per year. Such totals
are equivalent to the historic annual average PED totals for the driest parts of the Wairarapa near

Martinborough (Macara et al., 2021).
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Figure 4-60: Modelled annual potential evapotranspiration deficit accumulation (mm), average over 1986-
2005. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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Figure 4-61: Projected annual potential evapotranspiration deficit accumulation (mm) changes by 2040 and
2090 under RCP2.6, RCP4.5 and RCP8.5. Relative to 1986-2005 average, based on the average of six global
climate models. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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4.3.2 Windy days

Projected windy day changes (relative to 1986-2005)

Annual:
Period RCP2.6 RCP4.5 RCP8.5
2040 -1to +4 -1to +5 -1to +5
2090 -1to+4 -1to +6 +2-11

A ‘windy day’ is considered here to have a daily mean wind speed of 10 m/s (36 km/h) or more.
Future change (average over 2031-2050 and 2081-2100) maps for the annual number of windy days
are shown in this section. Note that the historic map is not provided for mean wind speed as these
data have not been bias-corrected, and therefore do not provide a reliable representation of the
observed magnitude of this variable. In particular, the high wind speeds around the peaks in the
mountain ranges are poorly captured in the low-resolution climate model. Because projected
changes in windy days depend on exceedance of an absolute 10 m/s threshold, the projections
should be considered indicative of future changes rather than as specific quantitative predictions.

Representative concentration pathway (RCP) 2.6

By 2040, projected changes to windy days range from a decrease of up to 1 day to an increase of up
to 4 days (Figure 4-62). Projected decreases are limited to the northeast of the area, with greatest
increases of 3-4 windy days projected for southern portions about Makara east to Wainuiomata.

By 2090, projected changes to windy days range from a decrease of up to 1 day to an increase of up
to 4 days (Figure 4-62). Greatest increases of 3-4 windy days are projected for southern portions near
Wellington Harbour.

Representative concentration pathway (RCP) 4.5

By 2040, projected changes to windy days range from a decrease of up to 1 day to an increase of up
to 5 days (Figure 4-62). Projected increases are progressively larger towards the south of the area.
Increases of 3-4 windy days are projected for areas north of Wellington City, and south of
Paekakariki.

By 2090, projected changes to windy days range from a decrease of up to 1 day to an increase of up
to 6 days (Figure 4-62). Projected decreases are limited to the far northeast of the area. Increases of
5-6 windy days are projected for small portions about Wellington City and the Remutaka Range.

Representative concentration pathway (RCP) 8.5

By 2040, projected changes to windy days range from a decrease of up to 1 day to an increase of up
to 5 days (Figure 4-62), with highest increases of 4-5 days for southern parts of the area.

By 2090, windy days are projected to increase by 2-11 days throughout the area (Figure 4-62).
Highest increases of 8-11 days are projected for southern parts of the area, including the Hutt Valley.
Increases of 6-8 days projected from Tawa north to Paekakariki, with projected increases of 3-4 days
about Otaki.
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Figure 4-62: Projected change in the annual number of windy days (>10 m/s) by 2040 and 2090, under
RCP2.6, RCP4.5 and RCP8.5. Relative to 1986-2005 average, based on the average of six global climate
models. Results are based on dynamical downscaled projections using NIWA's Regional Climate Model.
Resolution of projection is 5km x 5km.
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5 Summary and conclusions

This report presents climate change projections for the area west of Wellington’s Tararua and
Remutaka Ranges. Historic climatic conditions are presented to provide a context for future changes.
The future changes discussed in this report consider differences between the historical period 1986-
2005 and two future time-slices, 2031-2050, “2040”, and 2081-2100, “2090".

Changes to the future climate of the area are likely to be considerable, but typically less pronounced
than the Wairarapa (Pearce et al., 2017). The main projected changes comprise increases in heavy
rainfall events, drought potential, dry spell days, hot days, and windy days, with considerable
increases to GDD and PED due to higher temperatures. The following list summarises the projections
of different climate variables in the area:

Heavy rainfall events (as indicated by the 99"-percentile of daily rainfall totals) are
generally projected to become more severe. By 2040, the magnitude of heavy rainfall
events is projected to change by -1% to +12% (RCP8.5). By 2090, heavy rainfall event
increases of 1-12% (RCP2.6) or 2-30% (RCP8.5) are projected.

Rarer extreme rainfall events such as one-in-one-hundred year events are also
expected to increase in both frequency (between two-fold and three fold increases for
various durations) and magnitude (up to 40% increase), which may increase the
chance of flooding.

Drought potential is projected to increase across the area, with annual accumulated
Potential Evapotranspiration Deficit (PED) totals increasing with time and greenhouse
gas concentrations. By 2040, PED totals are projected to increase by 10-120 mm
(RCP8.5). By 2090, PED totals are projected to increase by 10-80 mm (RCP2.6) or 10-
135 mm (RCP8.5). These upper-range increases would see areas around Wellington
city, Johnsonville and Porirua observing PED totals comparable to the contemporary
climate of the driest parts of the Wairarapa.

Projected changes in dry spell days (210 consecutive days of daily rainfall <1 mm) show
variability across the area. By 2040, projected dry spell day changes for some areas
range from -2 days (RCP2.6) to +10 days (RCP4.5). By 2090, projected annual dry spell
day changes for parts of the area range from -2 days (RCP2.6 and RCP4.5) to +13 days
(RCP8.5).

The average number of windy days (daily mean wind speed =10 m/s) is typically
expected to increase with time and greenhouse gas concentrations. The exception is
northeastern parts of the area under RCP2.6, where little change (+1 day per year) is
projected. Overall, up to 5 additional windy days are projected by 2040 (RCP8.5), with
increases of up to 4 (RCP2.6) or 2-11 (RCP8.5) windy days by 2090.

Annual average maximum temperatures are projected to increase by 0.75-1.25°C by
2040 under RCP8.5. By 2090, maximum temperatures are projected to increase by
0.50-1.00°C (RCP2.6) or 2.50-3.25°C (RCP8.5).

Increasing maximum temperatures will result in more hot days (daily maximum air
temperature 225°C), although extreme hot days (daily maximum air temperature
>30°C) are expected to remain an uncommon occurrence for many parts of the area.
By 2040, up to 10 more annual hot days are projected (RCP8.5), with up to 10 (RCP2.6)
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or 5-50 (RCP8.5) more annual hot days by 2090. By 2090, extreme hot days are
projected to increase by up to 0.5 days (RCP2.6) or up to 5 days (RCP8.5).

=  Projected increases to hot days result in additional heatwave days (=3 days where daily
maximum air temperature >25°C). By 2040, the number of annual heatwave days are
projected to increase by up to 10 days (RCP8.5). By 2090, heatwave days are projected
to increase by up to 5 days (RCP2.6) or up to 35 days (RCP8.5).

= |ncreasing maximum temperatures will result in fewer cold days (daily maximum air
temperature <10°C). By 2040, the number of annual cold days are projected to
decrease by 2-30 days (RCP8.5). By 2090, cold days are projected to decrease by 2-20
days (RCP2.6) or 5-85 days (RCP8.5).

=  Annual average minimum temperatures are projected to increase by 0.50-0.75°C by
2040 under RCP8.5. By 2090, minimum temperatures are projected to increase by
0.25-0.75°C (RCP2.6) or 1.75-2.50°C (RCP8.5).

= Increasing minimum temperatures will result in fewer frost days (daily minimum air
temperature <0°C). By 2040, up to 10 fewer annual frost days are projected (RCP8.5),
with up to 10 (RCP2.6) or 30 (RCP8.5) fewer annual frost days by 2090.

®  Increasing minimum temperatures will result in more warm nights (daily minimum air
temperature >15°C). By 2040, up to 15 more annual warm nights are projected
(RCP8.5), with up to 15 (RCP2.6) or 1-55 (RCP8.5) more annual warm nights by 2090.

=  Annual average growing degree days (GDD) are projected to increase by 150-300 GDD
by 2040 under RCP8.5. By 2090, growing degree days are projected to increase by 85-
200 GDD (RCP2.6) or 500-850 GDD (RCP8.5). These upper-range increases would see
some parts observing GDD totals comparable to those observed historically (1981-
2010) in Auckland and low elevations of Northland.

=  Projected changes in rainfall show variability across the area. By 2040, projected
annual rainfall changes for some areas range from -2% (RCP4.5 and RCP8.5) to +8%
(RCP2.6 and RCP4.5). By 2090, annual rainfall changes in parts of the area range from -
8% to +12% (RCP8.5), with changes of up to +4% projected under RCP2.6. Larger and
more extensive changes to rainfall are projected at the seasonal scale. By 2090,
summer, autumn projected changes range from -8% to +12% (RCP8.5).

=  Annual wet days (daily rainfall 21 mm) are mostly projected to decrease under all
RCPs, with small increases projected for some parts of the area. By 2040, the number
of annual wet days are projected to change by +1 to -8 days (RCP8.5). By 2090, wet day
changes of +1 to -4 days (RCP2.6) or 2-21 fewer days (RCP8.5) are projected.

5.1 Recommendations for future work

This report provides the most comprehensive and up-to-date climate change projections for west of
Wellington’s Tararua and Remutaka Ranges currently available. However, there are areas that were
out of scope for this report, or where there is currently no New Zealand-specific information
available, which may be considerations for future work. Some of these are indicated below:
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Projections of changes to large floods (magnitude and frequency) are not currently
available, but investigations into how large floods may change in the future are the
subject of a 5-year research programme led by NIWA. It is anticipated that data will
likely become available for use by councils at the completion of this programme in
2025.

A detailed analysis of wildfire risk in the context of projected climate change was
beyond the scope of this report and there is much potential for future research on this
front. One possibility for such work could be to analyse and map future areas of high
fire risk by combining projected climate data such as temperature, precipitation, and
wind with relevant fire risk factors such as vegetation type and flammability. Such
work would likely require a collaborative research effort between NIWA and an
institute specialised in wildfire research such as Scion.

What are the potential changes to crop suitability with climate change and associated
water needs, when the projected growing degree days and potential
evapotranspiration deficit changes are taken into consideration. Modelling specific to
west of Wellington’s ranges could be carried out as this has been done for other parts
of New Zealand for a range of crop types (e.g. Ausseil et al., 2019; Teixeira et al.,
2020)°.

Prepare an update of the projections based on the IPCC AR6 climate models, which are
expected to be available (downscaled for New Zealand) in 2024.

6 For additional information about this work, refer to the “Climate change & its effect on our agricultural land” project at:
https://deepsouthchallenge.co.nz/research-project/climate-change-its-effect-on-our-agricultural-land/
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7 Glossary of abbreviations and terms

AR6 Sixth assessment report

avg average

AWC Available water capacity

CMIP5 Fifth Coupled Model Inter-comparison Project
CMIP6 Sixth Coupled Model Inter-comparison Project
ENSO El Nifio-Southern Oscillation

GCM General circulation model

GDD Growing degree days

GIS Geographic Information System

GWRC Greater Wellington Regional Council

IPCC Intergovernmental Panel on Climate Change
IPO Interdecadal Pacific Oscillation

km kilometre

m/s metres per second

mm millimetres

NIWA National Institute of Water and Atmospheric Research
PED Potential Evapotranspiration Deficit

PET Potential evapotranspiration

RCM Regional climate modelling

RCP Representative Concentration Pathway

SAM Southern Annular Mode

SST Sea surface temperature

VCSN Virtual Climate Station Network
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Appendix A Global and New Zealand climate change

Key messages

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

=  Global mean sea level increased by 0.20 m between 1901 and 2018. The average
rate of sea level rise has increased from 1.3 mm per year between 1901 and 1971,
to 3.7 mm per year between 2006 and 2018.

=  Human activities (and associated greenhouse gas emissions) are estimated to have
caused 1.07°C of global warming from 1850-1900 to 2010-2019.

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

It is unequivocal that human influence has warmed the atmosphere, ocean and land (IPCC 2021).
Widespread and rapid changes have occurred, including 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. Human-induced climate change is already affecting the intensity and frequency of
many extreme weather and climate events globally (IPCC, 2021). Increases in average temperatures
will result in related increases in the occurrence of extreme temperatures. Global surface
temperature was 1.09°C higher in 2011-2020 than 1850-1900 (IPCC, 2021). Global mean sea level has
risen faster since 1900 than over any preceding century in at least the last 3000 years (IPCC, 2021).
From the start of New Zealand’s records (1901) to 2018, national mean coastal sea levels have risen
1.81 (+0.05) millimetres per year (Ministry for the Environment & Stats NZ, 2019).

Global atmospheric concentrations of carbon dioxide have increased to levels unprecedented in at
least the last 3 million years (Willeit et al., 2019). Carbon dioxide concentrations have increased by at
least 40% since pre-industrial times, primarily from fossil fuel emissions and secondarily from net
land use change emissions (IPCC, 2013). In December 2021, the global carbon dioxide concentration
of the atmosphere was 416.9 parts per million (NOAA, 2022). 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, 2013; IPCC, 2018).

Published information about the expected impacts of climate change on New Zealand is summarised
and assessed in the Australasia chapter of the IPCC Working Group Il Sixth Assessment Report
(Lawrence et al., 2022), as well as a report published by the Royal Society of New Zealand (Royal
Society of New Zealand, 2016). Key findings from these publications include:

The regional climate is changing. The Australasia region demonstrates long-term trends toward
higher surface air and sea surface temperatures, more hot days and heatwaves, fewer cold extremes,
and changed rainfall patterns. Increasing greenhouse gas concentrations have contributed to rising
average temperatures in New Zealand. Changing precipitation patterns have resulted in increases in
rainfall for the south and west of the South Island and decreases in the north of the North Island
(Ministry for the Environment & Stats NZ, 2020). Some heavy rainfall events already carry the
fingerprint of a changed climate, in that they have become more intense due to higher temperatures
allowing the atmosphere to carry more moisture (Dean et al., 2013). Frosts have become less
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common, while the number of warm days and heatwaves days is increasing (Ministry for the
Environment & Stats NZ, 2020).

The region has exhibited warming to the present and is virtually certain to continue to do so. Based
on observations, New Zealand’s mean annual temperature has increased by an average of 1.07°C (+
0.24°C) per century since 1909 (Figure 8-1).

0 NZ 7-station annual average temperature, minus 1981-2010 normal (adjusted for site changes)
l. T T T T T T

[ = Trend: 1.07+0.24°C/century (1909-2021)
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Figure 8-1: New Zealand national temperature series, 1909-2021. More information about the New Zealand
seven-station temperature series can be found at https://niwa.co.nz/seven-stations

Warming is projected to continue through the 21 century along with other changes in climate.
Warming is expected to be associated with ongoing significant glacier retreat, more frequent hot
days, less frequent cold days, and increasing rainfall intensity. Annual average rainfall is projected to
decrease in the north and east of the North Island, and to increase in southern and western parts of
the South Island (Ministry for the Environment, 2018). Fire hazard is projected to increase in many
parts of New Zealand, especially on the eastern coast in the southern half of both islands (Watt et al.,
2019). Regional sea level rise will very likely exceed the historical rate, consistent with global mean
trends (Ministry for the Environment, 2017).

Impacts and vulnerability: Without adaptation, further climate-related changes are projected to
have substantial impacts on water resources, coastal ecosystems, infrastructure, health, agriculture,
and biodiversity. However, uncertainty in projected rainfall changes and other climate-related
changes remains large for many parts of New Zealand, which creates significant challenges for
adaptation.

Additional information about recent New Zealand climate change can be found through the Ministry
for the Environment (2018), and the Ministry for the Environment & Stats NZ (2020).
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Appendix B Year to year climate variability and climate change

Key messages

=  Natural variability is an important consideration in addition to the underlying
climate change signal. It will continue to affect the year-to-year climate of New
Zealand into the future.

=  El Niflo-Southern Oscillation is the dominant mode of inter-annual climate variability
and it impacts New Zealand primarily through changing wind, temperature and
rainfall patterns.

=  The Interdecadal Pacific Oscillation affects New Zealand through drier conditions in
the east and wetter conditions in the west during the positive phase and the
opposite in the negative phase.

=  The Southern Annular Mode affects New Zealand through higher temperatures and
settled weather during the positive phase and lower temperatures and unsettled
weather during the negative phase.

Much of the material in this report focuses on the projected changes to the climate west of
Wellington’s ranges over the coming century due to 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, 2008). Those involved in
(or planning for) climate-sensitive activities in the Wairarapa will need to cope with the combination
of both anthropogenic change and natural variability.

The effect of El Nifio 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, 2008). 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 relatively warm water moves 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 usually cause New Zealand to experience a
stronger than normal south-westerly airflow. This generally brings lower seasonal temperatures to
the country, and wetter than normal summer conditions to the west of New Zealand (Salinger and
Mullan, 1999; Figure 8-2). During La Nifia conditions, the strengthened trade winds usually cause
New Zealand to experience more north-easterly airflow than normal, higher-than-normal
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temperatures (especially during summer), and drier summer conditions in the south and west of the
South Island, including areas west of Wellington’s ranges (Figure 8-2).

Rainfall composites during ENSO summers

La Niha El Niﬁo

Rainfall compared to normal (%)

-30 -20 -10 0 10 20 30
Figure 8-2: Average summer percentage of normal rainfall during La Nifia (left) and El Nifio (right). La Nifia
composite uses the following summers: 1973/74, 1974/75, 1975/76, 1988/89, 1998/99, 1999/2000, 2000/01,
2005/06, 2007/08, 2008/09. 2010/11, 2011/12, 2020/21, 2021/22. El Nifio composite uses the following
summers: 1972/73, 1977/78, 1982/83, 1986/87, 1990/91, 1991/92, 1992/93, 1993/94, 1994/95, 1997/98,

2004/05, 2009/10, 2015/16. Data: NIWA Virtual Climate Station Network. “Normal” refers to the 1991-2020
climatology. This figure was last updated in 2022. © NIWA.

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

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 wetter conditions for western areas of both North and South Islands
(including parts of the area west of Wellington’s ranges). 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).
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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 & 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 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.

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.

The influence of natural variability on climate change projections

It is important to consider human-induced climate change in the context of natural climate
variability. An example of this for temperature is shown in Figure 8-3. The solid black line on the left-
hand side represents the annual average temperature for New Zealand based on the average of a
number of climate simulations forced by historic greenhouse gas concentrations. All the other line
plots and shading refer to the modelled air temperature averaged over the New Zealand region from
individual simulations. Post-2005, the coloured line plots show the annual temperature changes for
the New Zealand region under four different scenarios of future greenhouse gas concentrations, with
the heavier lines showing the six-model average temperature projections for each concentration
scenario, and the lighter lines showing the results for each of the six downscaled climate models for
both historical and future periods.

For the future 2006-2100 period, the models show very little warming trend after about 2030 under
the low greenhouse gas concentration (“RCP2.6”, blue shading) scenario, whereas temperature
changes between +2.0°C and +3.5°C by 2100 are projected under the high concentration (“RCP8.5”,
red shading) scenario.

Figure 8-3 should not be interpreted as a set of specific predictions for individual years. However, it
illustrates that although we expect a long term overall continuing upward trend in temperatures
(other than for the RCP2.6 scenario), there will still be some relatively cool years. For this particular
example, a year which is unusually warm under our present climate could become typical by about
2050, and an “unusually warm” year in 30-50 years’ time (under the higher concentration scenarios)
is likely to be warmer than anything we currently experience. The strength of future anthropogenic
trends in other climate variables will be smaller in relation to their large year-to-year variability, with
the notable exception of sea-level rise.
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Figure 8-3: New Zealand air temperature - historical (black) and future projections for four RCPs and six
downscaled climate models, illustrating future year-to-year variability. See text for full explanation. From
Ministry for the Environment (2018).
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Appendix C  Methodology

Observed climate change west of Wellington’s ranges

Several temperature and rainfall indices are presented in Section 3 which illustrate observed changes
to climate west of Wellington’s ranges. In some cases, the information has been obtained directly
from previous GWRC-commissioned NIWA reports (Pearce et al., 2017; 2019), and the reader is
referred to those reports for further methodology details. Note that Wellington’s mean temperature
data have been updated to 2021 in the present report — an additional five years to what was
presented in Pearce et al. (2017).

Wellington’s observed temperature changes are compared with projected temperature changes in
Section 3.1.1. Projected changes for this assessment were obtained from Ministry for the
Environment (2018) and are reproduced in Table 8-1 below for clarity.

Table 8-1: Projected changes in seasonal and annual mean temperature (in °C) between 1986-2005 and
2031-2050, for the Wellington region, 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
values in each column represent the ensemble average, and in brackets the range (5% percentile to 95
percentile) over all models within that ensemble. Source: Ministry for the Environment (2018).

Region Summer Autumn Winter Spring Annual
Wellington RCP8.5 1.1(0.5,1.7) 1.1(0.7,1.5) 1.2(0.7,16) 0.9(0.4,1.3) 1.1(0.6,1.6)
RCP6.0 0.8(0.3,1.4) 0.9(0.2,1.2) 0.8(0.3,1.3) 0.7(0.2,1.1) 0.8(0.3,1.2)
RCP4.5 09(0.4,14) 09(0.4,14) 10(0.6,1.3) 0.8(0.4,11) 0.9(0.5,1.2)
RCP2.6 0.7(0.2,1.2) 0.8(0.3,1.2) 0.7(0.3,1.1) 0.7(0.3,1.0) 0.7(0.3,1.1)

Climate modelling

NIWA has used global climate model simulations from the IPCC Fifth Assessment to generate climate
change projections for New Zealand using both dynamical (regional climate modelling, RCM) and
statistical downscaling procedures. These are described in more detail in a climate guidance manual
prepared for the Ministry for the Environment (2018), but a short explanation for the dynamical
procedure is provided below. All climate variables and indices presented in this report are based on
the dynamical downscaling approach.

Coupled global atmosphere-ocean general circulation models (GCMs) are used to generate climate
change projections for prescribed future greenhouse gas concentration scenarios, and results from
these models are available through the Fifth Coupled Model Inter-comparison Project (CMIP5)
archive (Taylor et al., 2012). Simulations from six GCMs were selected by NIWA for dynamical
modelling, and the bias corrected sea surface temperatures (SSTs) from these six CMIP5 models were
used to drive a global atmosphere-only GCM, which in turn drives a higher resolution regional
climate model (RCM) for the New Zealand domain. These CMIP5 models were chosen because they
produced the most consistent results when compared to historical climate and circulation patterns in
the New Zealand and Southwest Pacific region. Additional selection criteria for the parent global
models was that they were the least similar to each other such that they spanned the likely range of
model differences. The dynamical downscaling procedure involves forcing a higher-resolution
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regional climate model (RCM) with data from a coarser global model (GCM) at the lateral boundaries
to obtain finer scale detail over a limited area.

The six GCMs chosen for the sea surface temperatures were BCC-CSM1.1, CESM1-CAMS5, GFDL-CM3,
GISS-E2-R, HadGEM2-ES and NorESM1-M. The NIWA downscaling (RCM) produced simulations that
contain daily climate variables, including precipitation and surface temperature, from 1971 through
to 2100. The native resolution of the regional climate model is approximately 30 km (0.27 degrees).
However, climate models are known to have considerable biases due to inadequate representation
of some critical processes and features (e.g. clouds, precipitation). The daily precipitation projections,
as well as daily maximum and minimum temperatures, were bias corrected so that the probability
distributions from the RCM were aligned with those derived from the Virtual Climate Station
Network (VCSN) data on the model resolution when the RCM is driven by the observed large scale
circulation across New Zealand (known as ‘re-analysis’ data, REAN; Sood, 2015). When the RCM is
driven from the free-running GCMs, forced by CMIP5 sea surface temperatures (SSTs), additional
biases occur due to biases in the large-scale circulation in the global model without data assimilation.
Therefore, the climate variables from the RCM nested in the free running GCMs forced by historic
greenhouse gas concentrations (RCPpast) are expected to have larger biases than where the lateral
boundaries of the RCM are forced by reanalysis (REAN) data derived from observations.

The RCM output is then downscaled using interpolation and physically based models from ~30 km to
a ~5 km grid at a daily time-step. The ~5 km grid corresponds to the VCSN grid”. Figure 8-4 shows a
schematic for the dynamical downscaling method used in this report.

Global Climate Model: ~140 km

Regional Climate Model ~30 km

Bias corrected/downscaled RCM: ~5 km

Figure 8-4: Schematic diagram showing the dynamical downscaling approach. This approach utilises
outputs from global climate models (relatively low spatial resolution; ~140 km) to generate regional climate
model projections of a relatively high spatial resolution (~5 km) that better accounts for New Zealand’s
complex topography.

The change in the mean climatologies of climate variables averaged from the six model simulations,
the 6-model ensemble mean, is presented for the climate simulations rather than for any individual
model. The model ensemble mean climatology of climate variables is a better representation of the
corresponding climate change signal (i.e. projected change of climate variables compared to historic
average; also termed signal), since the averaging process reduces the internal variability of the

7 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 et al., 2006).
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climate system (also termed noise). This is particularly relevant where the signal to noise ratio is
small. Though only a small number of model simulations (six) were possible due to large computing
resources required for running climate model simulations, they were very carefully selected to cover
a wide range of the larger CMIP5 model ensemble.

Climate projections are presented as a 20-year average for two future periods: 2031-2050 (termed
2040’) and 2081-2100 (termed 2090’). All maps show changes relative to the baseline climate of
1986-2005 (termed ‘1995’), as used by IPCC (2013). Hence the projected changes by 2040 and 2090
should be thought of as 45-year and 95-year projected trends. Note that the projected changes use
20-year averages, which will not entirely represent and smoothen the natural variability of the
selected period. The baseline maps (1986-2005) show modelled historical climate conditions from
the same six models as the future climate change projection maps.

Representative Concentration Pathways

Assessing possible changes for our future climate due to human activity is challenging because
climate projections strongly depend on estimates for future greenhouse gas concentrations. In turn,
those concentrations depend on global greenhouse gas emissions that are driven by factors such as
economic activity, population changes, technological advances and policies for mitigation and
sustainable resource use. 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. In the 2013 IPCC Fifth Assessment Report, a selection of these
scenarios were called Representative Concentrations Pathways (RCPs).

These representative pathways are abbreviated as RCP2.6, RCP4.5, RCP6.0, and RCP8.5, in the order
of increasing radiative forcing in Watts/m? of area from increasing greenhouse gases (i.e. the change
in net energy in the atmosphere due to greenhouse gas concentrations). RCP2.6 requires net global
emissions to reduce to zero around the 3™ quarter of this century, leading to low anthropogenic
greenhouse gas concentrations (also requiring removal of carbon dioxide from the atmosphere), and
called the ‘mitigation’ pathway (and the scenario closest to the aspirational goal of the 2015 Paris
Agreement of reducing global temperature rise below 2°C above pre-industrial times). RCP4.5 and
RCP6.0 are two ‘stabilisation’ pathways (where greenhouse gas concentrations stabilise by 2100),
and RCP8.5 represents continuing high global emissions without effective mitigation, which will lead
to high greenhouse gas concentrations (a ‘high end’ pathway). Therefore, the RCPs represent the
outcomes of a range of 21%*-century climate policies.

Table 8-2 shows the projected global mean surface air temperature for each RCP. The full range of
projected globally averaged temperature increases for all pathways for 2081-2100 (relative to 1986-
2005) is 0.3 to 4.8°C (Figure 8-5). Warming will likely continue beyond 2100 under all RCPs except
RCP2.6. Warming will continue to exhibit inter-annual-to-decadal variability and will not be regionally
uniform.
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Table 8-2:  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 (2013).

2046-2065 (mid-century) 2081-2100 (end-century)
Scenario Alternative name
Mean (°C) Likely range (°C) Mean (°C) Likely range (°C)

RCP2.6 Mitigation pathway 1.0 0.4to1.6 1.0 0.3to 1.7
RCP4.5 Stabilisation pathway 14 0.9t0 2.0 1.8 1.1t02.6
RCP6.0 Stabilisation pathway 1.3 0.8t01.8 2.2 14t03.1
RCP8.5 High end pathway 2.0 14t02.6 3.7 2.6t04.8
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Figure 8-5: 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 forcing. 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).

Cumulative greenhouse gas emissions will largely determine global mean surface warming by the late
21°t century and beyond. Even if emissions are stopped, the inertia of many changes in global climate
will continue for many centuries to come, with the longest lag effect being sea-level rise. This
represents a substantial multi-century climate change commitment created by past, present and
future emissions — particularly for coastal areas facing ongoing sea-level rise.
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Appendix D  CMIP6 climate modelling and latest IPCC Assessment

As described earlier in Appendix C, coupled global atmosphere-ocean general circulation models
(GCMs) are used to generate climate change projections for prescribed future greenhouse gas
concentration scenarios. The results from a selection of these models, presented is this report, were
made available through the Fifth Coupled Model Inter-comparison Project (CMIP5). The sixth phase
of the Coupled Model Inter-comparison Project (CMIP6; Eyring et al., 2016) is underway, consisting
of model results from approximately 100 distinct climate models produced across 53 different
modelling groups including NIWA (Hausfather, 2019; WCRP, 2021). Some of the notable
improvements to CMIP6 models include higher ocean resolution, and inclusion of new and more
complex processes such as interactive chemistry, active land processes, ice sheets and permafrost
(Simpkins, 2017).

CMIP6 model results are filtering through to the research community, enabling an assessment of the
data available to-date, including:

=  Improved simulation of Indian summer monsoon rainfall (Gusain et al., 2020).

=  CMIP6 ensemble means more skilful than CMIP5 ensemble means at simulating
absolute and threshold indices of extreme temperature (Fan et al., 2020).

Equilibrium climate sensitivity is the expected long-term warming after atmospheric CO2
concentrations are doubled (Hausfather, 2019). CMIP6 models available to-date have tended to
show notably higher climate sensitivity than CMIP5 models (Hausfather, 2019), with values spanning
1.8-5.6°C, compared to a range of 2.1-4.7°C for CMIP5 (Meehl et al., 2020; Zelinka et al., 2020). This
increase in sensitivity has been attributed to the differences in physical representation of clouds in
models. Specifically, CMIP6 models demonstrate a decrease in extratropical low cloud coverage and
albedo (Zelinka et al., 2020).

An important factor contributing to climate sensitivity is the increase in liquid content relative to ice
in clouds as the atmosphere warms. As the liquid content of a cloud increases, it generates an
increasingly negative feedback which constrains warming, however this feedback ceases once the
cloud is predominately liquid (Bjordal et al., 2020). CMIP6 models have more supercooled-liquid
clouds than CMIP5 models (Zelinka et al., 2020), hence the phase transition from ice to liquid is
weakened, which in turn reduces this negative feedback. This reduced negative feedback results in
larger climate sensitivity in some CMIP6 models compared to CMIP5 models. Factors such as these
demonstrate the complexity of physical processes which climate models must account for, and it is
complexity like this that partly contributes to the range of climate projections produced by GCMs.

Studies assessing the plausibility of the models demonstrating higher sensitivity are ongoing (e.g. Zhu
et al., 2020), while projected warming by CMIP6 models may be constrained based on the model
consistency with observed warming (Tokarska et al., 2020). As part of its sixth assessment report
(ARB), the Intergovernmental Panel on Climate Change (IPCC) have stated a likely equilibrium climate
sensitivity range of 2.5-4.0°C, with a best estimate of 3°C (Arias et al., 2021). The AR6 is underway,
with the Synthesis Report (the final AR6 product) due for release in September 2022 (IPCC, 2022).

Climate models are evolving, and downscaled CMIP6 projections will provide additional insights of
projected climate change in the area west of Wellington’s ranges. Bodeker et al. (2022) state that
new knowledge from ARG is unlikely to fundamentally change the existing projections. Therefore,
findings in this report can continue to be used with reasonable confidence.
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Appendix E

Climate projection panels
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Rainfall totals
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