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Executive summary
Canterbury’s climate is changing, and these changes are highly likely to 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 amounts of
greenhouse gases in the atmosphere. The rate of future climate change depends on how fast
greenhouse gas concentrations increase.
Environment Canterbury commissioned NIWA to analyse projected climate changes for the
Canterbury Region. This report addresses expected changes for various climate variables out to
2100, drawing heavily on climate model simulations from the Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report. In addition, hydrological and sea-level rise impacts of climate
change were assessed. The following bullet points outline some key findings of this report:
▪

The projected Canterbury temperature changes increase with time and increasing
greenhouse gas concentrations. Future annual average warming spans a wide range:
0.5-1.5°C by 2040, and 0.5-3.5°C by 2090. Diurnal temperature range (i.e., difference
between minimum and maximum temperature of a given day) is expected to increase
with time and increasing greenhouse gas concentrations.

▪

The average number of hot days (days ≥25°C) is expected to increase with time and
emission scenario. The number of hot days in some inland areas of Canterbury
(particularly the southern Mackenzie Basin) are projected to increase by 60-85 days
per year by 2090 under RCP8.5. The number of frost days (days <0°C) is expected to
decrease throughout the region. Largest decreases are expected in inland areas; 10-30
fewer frost days per year by 2040, and 20-50 fewer frost days per year by 2090.

▪

Projected changes in rainfall show variability across the Canterbury region. Small
changes to annual rainfall of ±5% are projected for most of the region by 2040 and
2090. Seasonally the largest increases are projected during winter, with 15-40% more
rainfall projected in many eastern, western and southern parts (by 2090 under
RCP8.5).

▪

The future amount of accumulated PED (Potential Evapotranspiration Deficit) is
projected to increase across most of Canterbury, therefore drought potential is
projected to increase.

▪

Mean annual low flow generally decreases by late century, with decreases exceeding
20% in many areas of the region.

▪

Floods (characterised by the Mean Annual Flood; MAF) are expected to become larger
for many parts of Canterbury, with some increases exceeding 100%. However, there
are some pockets of little change or decreasing Mean Annual Flood. Note, MAF should
not be considered a comprehensive metric for the possible impact of climate change
on New Zealand flooding.

▪

Sea-level rise will continually lift the base mean sea level on which the tide rides, which
means there will be an increasing percentage of normal high tides which exceed a
given present-day elevation e.g., street level, berm or stopbank crest. The present-day
Highest Astronomical Tide would be exceeded by approximately 82% of all high tides
under 0.65 m sea-level rise.
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1

Introduction

Climate change is already affecting New Zealand and Canterbury with downstream effects on our
natural environment, the economy, and communities. In the coming decades, climate change is
highly likely to increasingly pose challenges to New Zealanders’ way of life.
Environment Canterbury commissioned the National Institute of Water and Atmospheric Research
(NIWA) to undertake a review of climate change projections for the Canterbury region (Figure 1-1).
This work follows the publication of the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report in 2013 and 2014, the New Zealand climate change projections report published
by the Ministry for the Environment; updated 2018 (Ministry for the Environment, 2018), and New
Zealand hydrological projections under climate change (Collins & Zammit, 2016; Collins et al., 2018).
The contents of this technical report include analysis of climate projections for the Canterbury region
in greater detail than the national-scale analysis. Regional-scale climate projection maps have been
provided for various climate variables.
This technical report describes changes which may occur over the 21st century to the climate and
river flows of the Canterbury region. Consideration about future change incorporates knowledge of
both natural variations in the climate and changes that may result from increasing global
concentrations of greenhouse gases that are contributed to by human activities. Climatic variables
discussed in this report include temperature, precipitation (rainfall, dry days and potential
evapotranspiration deficit), and wind. Projections for hydrological variables and sea-level rise are also
discussed.
Some of the information that underpins portions of this report resulted from academic studies based
on the latest assessments of the Intergovernmental Panel on Climate Change (IPCC, 2013; 2014a;
2014b; 2014c). Details specific to Canterbury 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).
The remainder of this chapter includes a brief introduction of global and New Zealand climate
change, based on the IPCC Fifth Assessment Report. Chapter 2 includes an introduction to the
climate change scenarios used in this report, and the methodology that explains the modelling
approach for the climate change projections that are presented for Canterbury.
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Figure 1-1:

The Canterbury region administered by Environment Canterbury.
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1.1

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 has risen over the past century at a rate of about 1.7 mm/year, and has
very likely accelerated to 3.2 mm/year since 1993.

•

Human activities (and associated greenhouse gas emissions) are estimated to have caused
approximately 1.0°C of global warming above pre-industrial levels.

•

Estimated human-induced global warming is currently increasing at 0.2°C per decade due to
past and ongoing emissions of greenhouse gases.

•

Continued increases in greenhouse gas emissions will cause further warming and impacts on
all parts of the global climate system. Thus, it is important for relevant authorities to plan
with both natural and climate change induced variability in mind.

Warming of the global climate system is unequivocal, and since the 1950s, many of the observed
climate changes are unprecedented over short and long timescales (decades to millennia) (IPCC,
2013). These changes include warming of the atmosphere and ocean, diminishing of ice and snow,
sea-level rise, and increases in the concentration of greenhouse gases in the atmosphere. Climate
change is already influencing the intensity and frequency of many extreme weather and climate
events globally. Shifts in average temperatures will result in proportionally large increases in the
occurrence of extreme temperatures. The Earth’s global temperature has warmed by 1.14°C over the
period 1880-2019 (NASA/GISS, 2019). The rate of sea-level rise since the mid-19th century has been
larger than the mean rate of change during the previous two millennia. Over the period 1880-2018,
global mean sea level has risen about 0.21-0.24 m (Lindsey, 2019).
The 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 May 2019, the carbon dioxide concentration of the atmosphere
reached 415 parts per million. 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-20th 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 II assessment report (Reisinger et
al., 2014) 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 continues to demonstrate long-term trends
toward higher surface air and sea surface temperatures, more hot extremes and fewer cold
extremes, and changed rainfall patterns. Over the past 50 years, increasing greenhouse gas
concentrations have contributed to rising average temperatures in New Zealand. Changing
12
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precipitation patterns have resulted in increases in rainfall for the south and west of the South Island
and west of the North Island and decreases in the northeast of the South Island and the east and
north of the North Island. 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). Cold extremes have become rarer and hot
extremes have become more common.
The region has already exhibited warming and is virtually certain to continue to do so. New Zealand’s
mean annual temperature has increased, on average, by 1.02°C (± 0.25°C) per century since 1909
(Figure 1-2).

Figure 1-2: New Zealand national temperature series, 1909-2019. More information about the New
Zealand seven-station temperature series can be found at https://www.niwa.co.nz/ourscience/climate/information-and-resources/nz-temp-record/seven-station-series-temperature-data.

Warming is projected to continue through the 21st century along with other changes in climate.
Warming is expected to be associated with rising snow lines, more frequent hot extremes, less
frequent cold extremes, and increasing extreme rainfall related to flood risk in many locations.
Annual average rainfall is expected to decrease in the northeast South Island and north and east of
the North Island, and to increase in other parts of New Zealand. Fire hazard is projected to increase
in many parts of New Zealand. Regional sea-level rise will very likely exceed the historical rate,
consistent with global mean trends.
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 in Ministry for the
Environment (2018).
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1.2

Year to year climate variability and climate change

Key messages
•

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

•

El Niño-Southern Oscillation is the most 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 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.

•

Natural variability will continue to affect the year-to-year climate of New Zealand into the
future.

Much of the material in this report focuses on the projected impact on the climate of Canterbury
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 Niño-Southern Oscillation, the Interdecadal Pacific Oscillation, and the Southern
Annular Mode (Ministry for the Environment, 2008). Those involved in (or planning for) climatesensitive activities in the Canterbury region will need to cope with the sum of both anthropogenic
change and natural variability.

1.2.1 The effect of El Niño and La Niña
El Niño-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 Niño, easterly trade winds weaken and warm water ‘spills’ eastward across the equatorial
Pacific, accompanied by higher rainfall than normal in the central-east Pacific. La Niña produces
opposite effects and is typified by an intensification of easterly trade winds, and retention of warm
ocean waters over the western Pacific. ENSO events occur on average three to seven years apart,
typically becoming established in April or May and persisting for about a year thereafter (Figure 1-3).
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Figure 1-3: The 5-month running mean Southern Oscillation Index (SOI), from January 1950 (i.e. Nov 1949
– Mar 1950) to January 2014 (Nov 2013 – Mar 2014). The most recent 3 years of SOI data can be viewed at
https://niwa.co.nz/climate/information-and-resources/elnino.

During El Niño events, the weakened trade winds cause New Zealand to experience a stronger than
normal south-westerly airflow. This generally brings lower seasonal temperatures to the country and
drier than normal conditions to the north and east of New Zealand, including Canterbury (Salinger
and Mullan, 1999). During La Niña conditions, the strengthened trade winds cause New Zealand to
experience more north-easterly airflow than normal, higher-than-normal temperatures (especially
during summer), and generally drier conditions in the west and south of the South Island (Figure 1-4).

Figure 1-4:

Average summer percentage of normal rainfall during El Niño (left) and La Niña (right). El Niño
composite uses the following summers: 1963/64, 1965/66, 1968/69, 1969/70, 1972/73, 1976/77,
1977/78, 1982/83, 1986/87, 1987/88, 1991/92, 1994/95, 1997/98, 2002/03. La Niña composite
uses the following summers: 1964/65, 1970/71, 1973/74, 1975/76, 1983/84, 1984/85, 1988/89,
1995/96, 1998/99, 1999/2000, 2000/01. This figure was last updated in 2005. © NIWA.
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According to IPCC (2013), ENSO is highly likely to remain the dominant mode of natural climate
variability in the 21st century, and that rainfall variability relating to ENSO is likely to increase.
However, there is uncertainty about future changes to the amplitude and spatial pattern of ENSO.

1.2.2 The effect of the Interdecadal Pacific Oscillation
The Interdecadal Pacific Oscillation (IPO) is a large-scale, long-period oscillation that influences
climate variability over the Pacific Basin including New Zealand (Salinger et al., 2001). The IPO
operates at a multi-decadal scale, with phases lasting around 20 to 30 years (Figure 1-5). During the
positive phase of the IPO, sea surface temperatures around New Zealand tend to be lower, and
westerly winds stronger, resulting in drier conditions for eastern areas of both North and South
Islands. 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 Niño (during IPO+ phases) and La Niña
(during IPO- phases).

Figure 1-5: Annual average Interdecadal Pacific Oscillation (IPO) index, 1871-2016. The IPO was positive
from 1913-44 and 1977-98, and negative from 1945-76. Source: Stats NZ (2020).

1.2.3 The effect of the Southern Annular Mode
The Southern Annular Mode (SAM) represents the variability of circumpolar atmospheric jets that
encircle the Southern Hemisphere that extend out to the latitudes of New Zealand. The SAM is often
coupled with ENSO, and both phenomena affect New Zealand’s climate in terms of westerly wind
strength and storm occurrence (Renwick and Thompson, 2006). In its positive phase, the SAM is
associated with relatively light winds and more settled weather over New Zealand, with stronger
westerly winds further south towards Antarctica. In 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 SAM tends to operate at a weekly scale, and positive or
negative phases may persist for several weeks. During the summer of 2017-18 (i.e. December 2017 –
February 2018), the SAM was positive for 86 days, and negative for just four days (Figure 1-6). This
was associated with New Zealand’s hottest summer on record, as well as New Zealand’s hottest
month on record (January 2018).
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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.

Figure 1-6: Daily Southern Annular Mode (SAM), January 2017 - December 2019. The solid black line
represents the 30-day running mean SAM. Image sourced from: NIWA (2020).

1.2.4 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 1-7. The solid black line on the lefthand side represents the observed annual average temperature for New Zealand1, and the dashed
black line represents the 1909-2014 trend of 0.92 °C/century extrapolated to 2100. All the other line
plots and shading refer to the modelled air temperature averaged over the New Zealand region.
Post-2014, the two line plots show the annual temperature changes for the New Zealand region
under RCP8.5 (orange) and RCP2.6 (blue); a single model is selected to illustrate the inter-annual
variability. The shading shows the range across all IPCC AR5 models for both historical and future
periods.
Over the 1900-2014 historical period, the New Zealand observed temperature curve lies within the
simulations of all models (purple shading). For the future 2015-2100 period, the RCP2.6 models (blue
shading) show very little warming trend after about 2030, whereas the RCP8.5 models (orange
shading) ‘take off’ to be anywhere between +2°C and +5°C by 2100.

1

https://www.niwa.co.nz/our-science/climate/information-and-resources/nz-temp-record/seven-station-series-temperature-data
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Figure 1-7 should not be interpreted as a set of specific predictions for individual years. However, it
illustrates that although we expect a long term overall upward trend in temperatures (at least for
RCP8.5), there will still be some relatively cool years. For this example, a year which is unusually
warm under our present climate could become the norm by about 2050, and an “unusually warm”
year in 30-50 years’ time (under the higher emission scenarios) is likely to be warmer than anything
we currently experience.

Figure 1-7:

New Zealand Temperature - historical record and an illustrative schematic projection
illustrating future year-to-year variability. (See text for full explanation). From Ministry for the
Environment (2018).

For rainfall, multi-decadal variability associated with the IPO can enhance or counter the impacts of
anthropogenic climate change. This influence may generate either slightly above normal or below
normal rainfall for parts of New Zealand during summer. IPO-negative conditions coupled with more
frequent La Niña episodes could increase rainfall during spring and summer, essentially in the
opposite direction as expected from anthropogenic factors (i.e. a potential reduction in spring and
summer rainfall). A subsequent further reversal of the IPO in 10-20 years’ time could have the
opposite effect, enhancing part of the anthropogenic (drying) trend in rainfall projected for parts of
New Zealand for a few decades. The message from this section is not that anthropogenic trends in
climate can be ignored because of natural variability. In the projections, we have discussed these
anthropogenic trends because they become the dominant factor locally as the century progresses.
Nevertheless, we need to bear in mind that at some times natural variability will be adding to the
human-induced trends, while at others it may be offsetting part of the anthropogenic effect.
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2

Methodology

2.1

Representative Concentration Pathways

Key messages
•

Future climate change projections are considered under four scenarios of future greenhouse
gas concentrations, called Representative Concentration Pathways (RCPs) by the IPCC.

•

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

•

RCP2.6 is a mitigation scenario requiring significant reduction in greenhouse gas emissions,
RCP4.5 and RCP6.0 are mid-range scenarios where greenhouse gas concentrations stabilise by
2100, and RCP8.5 is a ‘business as usual’ scenario with greenhouse gas concentrations
continuing to increase at current rates.

•

Projections for the future climate in Canterbury are presented for RCP4.5 and RCP8.5 in this
report.

Assessing possible changes for our future climate due to human activity is difficult because climate
projections depend strongly on estimates for future greenhouse gas concentrations. Those
concentrations depend on global greenhouse gas emissions that are driven by factors such as
economic activity, population changes, technological advances and policies for sustainable resource
use. In addition, for a specific future trajectory of global greenhouse gas concentrations, different
climate model simulations produced somewhat different results for future climate change.
This range of uncertainty has been dealt with by the IPCC through consideration of ‘scenarios’ that
describe concentrations of greenhouse gases in the atmosphere. The wide range of scenarios are
associated with possible economic, political, and social developments during the 21st century, and via
consideration of results from several different climate models for any given scenario. In the 2013
IPCC Fifth Assessment Report, the atmospheric greenhouse gas concentration components of these
scenarios are called Representative Concentrations Pathways (RCPs). These are abbreviated as
RCP2.6, RCP4.5, RP6.0, and RCP8.5, in order of increasing radiative forcing by greenhouse gases (i.e.
the change in energy in the atmosphere due to greenhouse gas emissions). RCP2.6 leads to low
anthropogenic greenhouse gas concentrations (requiring removal of CO2 from the atmosphere, also
called the ‘mitigation’ scenario), RCP4.5 and RCP6.0 are two ‘stabilisation’ scenarios (where
greenhouse gas concentrations and therefore radiative forcing stabilises by 2100) and RCP8.5 has
very high greenhouse gas concentrations (the ‘business as usual’ scenario). Therefore, the RCPs
represent a range of 21st century climate policies. Table 2-1 shows the projected global mean surface
air temperature for each RCP.
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Table 2-1:
Projected change in global mean surface air temperature for the mid- and late- 21st century
relative to the reference period of 1986-2005 for different RCPs. After IPCC (2013).
Scenario

Alternative
name

2046-2065 (mid-century)

2081-2100 (end-century)

Mean

Likely range

Mean

Likely range

RCP2.6

Mitigation
scenario

1.0

0.4 to 1.6

1.0

0.3 to 1.7

RCP4.5

Stabilisation
scenario

1.4

0.9 to 2.0

1.8

1.1 to 2.6

RCP6.0

Stabilisation
scenario

1.3

0.8 to 1.8

2.2

1.4 to 3.1

RCP8.5

Business as
usual scenario

2.0

1.4 to 2.6

3.7

2.6 to 4.8

The full range of projected globally-averaged temperature increases for all scenarios for 2081-2100
(relative to 1986-2005) is 0.3 to 4.8°C (Figure 2-1). Warming will continue beyond 2100 under all RCP
scenarios except RCP2.6. Warming will continue to exhibit inter-annual-to-decadal variability and will
not be regionally uniform.

Figure 2-1: CMIP5 multi-model simulated time series from 1950-2100 for change in global annual mean
surface temperature relative to 1986-2005. Time series of projections and a measure of uncertainty (shading)
are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical
evolution using historical reconstructed forcings. The mean and associated uncertainties averaged over
2081−2100 are given for all RCP scenarios as coloured vertical bars to the right of the graph (the mean
projection is the solid line in the middle of the bars). The numbers of CMIP5 models used to calculate the multimodel mean is indicated on the graph. From IPCC (2013).
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As global temperatures increase, it is virtually certain that there will be more hot and fewer cold
temperature extremes over most land areas. It is very likely that heat waves will occur with a higher
frequency and duration. Furthermore, the contrast in rainfall between wet and dry regions and wet
and dry seasons will increase. Along with increases in global mean temperature, mid-latitude and
wet tropical regions will experience more intense and more frequent extreme rainfall events by the
end of the 21st century. The global ocean will continue to warm during the 21st century, influencing
ocean circulation and sea ice extent.
Cumulative CO2 emissions will largely determine global mean surface warming by the late 21st
century and beyond. Even if emissions are stopped, the inertia of many global climate changes will
continue for many centuries to come. This represents a substantial multi-century climate change
commitment created by past, present, and future emissions of CO2.
In this report, global climate model outputs based on two RCPs (RCP4.5 and RCP8.5) have been
downscaled to produce future climate projections for the Canterbury Region. The rationale for
choosing these two scenarios was to present a ‘business-as-usual’ scenario if greenhouse gas
emissions continue at current rates (RCP8.5) and a scenario which could be realistic if global action is
taken towards mitigating climate change, for example the Paris climate change agreement (RCP4.5).
In addition, the global model outputs based on RCP4.5 and RCP8.5 have been utilised for the
hydrological modelling component of this report.

2.2

Climate modelling

Key messages
•

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

•

Six climate models were chosen by NIWA for dynamical downscaling. These models were
chosen because they produced the most accurate results when compared to historical climate
and circulation patterns in the New Zealand and southwest Pacific region.

•

Downscaled climate change projections are at a 5 km x 5 km resolution over New Zealand.

•

Climate projection and historic baseline maps and tables present the average of the six
downscaled models.

•

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’).

•

More details about the methods used in climate change modelling are found in Appendix A.
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2.3

Hydrological modelling

Key messages

22

▪

NIWA’s TopNet model used in this study. TopNet is a spatially semi-distributed,
time-stepping model of water balance. The model is driven by time-series of
precipitation and temperature, and additional weather elements where available.

▪

TopNet was run continuously from 1971 to 2100, with the spin-up period 1971
excluded from the analysis. The climate inputs were stochastically disaggregated
from daily to hourly time steps.

▪

The simulation results comprise time-series of modelled river flow for each
computational sub-catchment, and for each of the six GCMs and two RCPs
considered.

▪

Hydrological projections are presented as the average for two future periods: 20362056 (termed ‘mid-century’) and 2086-2099 (termed ‘late-century’). All maps show
changes relative to the baseline climate (1986-2005 average).

▪

More details about the methods used in hydrological modelling are found in
Appendix B
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2.4

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 the results in
this report.
▪

The maps and tables presented in this report (except the model confidence sections
4.1.1 and 5.1.1) show the average of six dynamically downscaled global climate
models. This is a relatively small number of models and a clear shift in the distribution
of potential future outcomes is not available. This is particularly important when
considering extremes (e.g. extreme hot days - not presented in this report) where the
models considered here may not accurately capture how rare events are changing.

▪

The average of six models is used in this report, which gives no indication of the range
of results that the models project (note the model confidence sections 4.1.1 and 5.1.1
do indicate the range of temperature and rainfall results projected). However, the six
models chosen represented historic climate conditions in New Zealand well, and span
a range of future outcomes. Using the average balances out the errors that may be
apparent in each model.

▪

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 climate variability
(e.g. decadal signals from climate drivers like the El Niño-Southern Oscillation etc.).
However, 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
presented in the tables in this report. The underlying climate data are Virtual Climate
Station data, which are interpolated from physical climate stations. Therefore, the data
from these grid points may be slightly different to on-the-ground observations, due to
the interpolation procedure (particularly if the grid point is surrounded by multiple
different stations or if there are no stations nearby). It is useful to look at broader
patterns between grid points, e.g. coast vs. inland, and the magnitude of change at
different time periods and scenarios, when considering the values.

Although there are limitations and caveats to the approach used here, these climate change
projections are the best currently available for New Zealand. A considerable amount of research time
has been dedicated to undertaking the modelling and validation of the results, and the projections
provide context to base risk assessments and adaptation plans on.
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3

Current and future climate of the Canterbury Region

All aspects of the climate of Canterbury are dominated by the influence of the Southern Alps on the
prevailing westerly airflows. These prevailing westerlies result in a steep precipitation gradient
eastward from the western ranges. Five main climate zones can be distinguished in Canterbury:
▪

The plains, with prevailing winds from the north-east and south-west, low rainfall, and
a relatively large annual temperature range by New Zealand standards.

▪

The eastern foothills and southern Kaikoura Ranges, with cooler and wetter weather,
and a high frequency of north-west winds.

▪

The high country near the main divide, with prevailing north-west winds, abundant
precipitation, winter snow and some glaciers particularly towards the south.

▪

Banks Peninsula and the coastal strip north of Amberley, with relatively mild winters,
and rather high annual rainfall with a winter maximum.

▪

The inland basins and some sheltered valleys, where rainfall is low with a summer
maximum, and diurnal and annual temperature ranges are large.

Although north-west winds are not frequent on the plains they are an important consideration, due
to the exceptional evaporation that occurs on north-westerly days. Irrigation is necessary in most
parts of the plains during the growing season due to the relatively low rainfall received there. More
information about the present climate of Canterbury, outside of the information in this report, can
be found in Macara (2016).
The following sections (4-8) present climate change projections for the Canterbury Region.
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4

Temperature

4.1

Mean temperature

Key messages
•

Projected Canterbury temperature changes increase with time and greenhouse gas
concentrations. Future annual average warming spans a wide range: 0.5-1.5°C by 2040, and
0.5-3.5°C by 2090.

•

Seasonal mean temperatures are projected to increase by 0.5-1.5°C across much of
Canterbury (by 2040 under RCP4.5). By 2090 under RCP8.5, projected increases of 1.5-3.0°C
for most of Canterbury, with increases of 3.0-4.0°C for western-most parts of the region.

Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for
mean temperature are shown in this section. The historic maps show annual and seasonal mean
temperature in units of degrees Celsius (°C) and the future projection maps show the change in mean
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.
For the historic period, annual mean temperatures range between 10-14°C for most coastal and
inland low-elevation locations of Canterbury (Figure 4-1). Seasonal mean temperatures are shown in
Figure 4-3. For coastal and inland low-elevation areas of Canterbury, summer mean temperatures
range between 14-18°C, and winter mean temperatures range between 4-8°C. Mean temperatures
at high-elevation mountainous areas of Canterbury remain several degrees Celsius lower than the
remainder of the region throughout the year.
Annual mean temperature is projected to increase by 0.5-1.5°C by 2040 under RCP4.5 and RCP8.5
(Figure 4-2). By 2090, annual mean temperature increases of 0.5-2.0°C (RCP4.5) and 1.5-3.5°C
(RCP8.5) are projected for most of the region. Seasonal projections of mean temperature change are
shown for RCP4.5 by 2040 (Figure 4-4) and 2090 (Figure 4-6), and RCP8.5 by 2040 (Figure 4-5) and
2090 (Figure 4-7). By 2040 under RCP4.5, seasonal mean temperatures are projected to increase by
0.5-1.5°C across much of Canterbury. By 2090 under RCP8.5, seasonal mean temperatures are
projected to increase by 1.5-3.0°C for most of Canterbury, with increases of 3.0-4.0°C projected for
western-most parts of the region in summer, autumn and spring.
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Figure 4-1: Modelled annual mean 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: Projected annual mean temperature changes by 2040 and 2090, under RCP4.5 and RCP8.5.
Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: mid-century (20312050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 4-3: Modelled seasonal mean 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 4-4: Projected seasonal mean temperature 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 4-5: Projected seasonal mean temperature 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 4-6: Projected seasonal mean temperature 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 4-7: Projected seasonal mean temperature 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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4.1.1 Model confidence
Key message
•

The complete range of model projections (as shown in this section) demonstrate the
difference with season and RCP, allowing interpretation of the range of model uncertainty.

•

For mean temperature, all models at 2040 project warming, so this direction of change has
high certainty.

•

By 2090, the model spread is quite large within the scenarios, so the actual value of
temperature change is less certain. However, all models for RCP4.5, 6.0 and 8.5 project
warming, with higher greenhouse gas concentrations generally projecting more warming.

The climate change projections in other sections of this report show the average of six dynamically
downscaled climate models. This is useful as the average is the ‘best estimate’ of future conditions,
but these results taken alone do not allow for communication of uncertainty or range in potential
future outcomes within the different scenarios and time periods. This section presents the full range
of model results for mean temperature, to help the reader understand that there is no ‘single
answer’ in terms of future projections.
Projected changes in seasonal and annual mean temperature are shown for the Canterbury region
overall in Table 4-1 (i.e. the average of all grid points within Canterbury). Note that data in this table
was derived from additional IPCC Fifth Assessment Report models than are presented in the maps in
this report (the maps are the average of six dynamically downscaled models, whereas the data here
are from ~40 statistically downscaled models), in order to enable an assessment of the range of
temperature change projected for Canterbury by 2040 and 2090 under RCP4.5 and RCP8.5. The
difference between dynamical and statistical downscaling is explained in Appendix A.
Figure 4-8 and Figure 4-9 illustrate the seasonal and annual temperature projections for each RCP,
for the two time periods of 2040 and 2090, respectively. The temperature changes are averaged
over all grid-points within the Canterbury region. The coloured vertical bars, and inset stars, show all
the individual models, so the complete range is displayed (unlike Table 4-1 where the 5th to 95th
percentile range has been calculated). These figures are an excellent way of not only demonstrating
the difference between the models for each season and RCP, but also the range of model sensitivity
(i.e. how the different models predict future conditions under the same scenarios/greenhouse gas
concentrations). The closer together the model outcomes are, it can be inferred that these
projections have more certainty. The black stars within each vertical bar represent the results of the
six RCM simulations selected for presentation in this report.
For 2040 projections (Figure 4-8 and Table 4-1), the average of all the models is similar between the
different scenarios, indicated in the table and by the horizontal black line on each bar in the figure
(averages between 0.6 and 1.2°C). The average projection for RCP8.5 is higher than the other RCPs.
However, the range of model results for each scenario is quite different as seen by the size of the
coloured bars and the numbers inside the parentheses in the table – some models project close to
0°C change under RCP2.6 and others approximately 2°C increase under RCP8.5. Although the models
project a range of different outcomes, all the projections are for increases in temperature (i.e. >0°C)
so there is high confidence that ongoing warming will be observed to the mid-century period.
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For 2090 projections (Figure 4-9 and Table 4-1), there is a much larger range of model results within
and between scenarios, indicated by the length of the coloured bars in the figure and the numbers in
parentheses in the table. The average mean temperature of all the models (seasonal and annual),
indicated by the horizontal black line, is also quite different between the scenarios (around 0.6°C for
RCP2.6 for all seasons and annual, and around 2.6-3.3°C for RCP8.5 for all seasons and annual). This is
a response of the models to the different greenhouse gas concentrations under each scenario by
2090 compared with similar concentrations between scenarios at 2040. The differences between the
model results in the same scenario by 2090 indicates that there is less certainty about the actual
value of projected temperatures by this time period. However, for RCP4.5, 6.0 and 8.5, all models
project warming, so there is a high degree of certainty that warming will continue under those
scenarios, and that higher greenhouse gas concentrations will result in more warming. For RCP2.6,
one or two models project cooling by 2090, indicating that 2090 temperatures under this scenario
are less certain whether it will be warmer or cooler than the historic period, or about the same.

Table 4-1:
Projected changes in seasonal and annual mean temperature (°C) between 1986-2005 and two
climate change scenarios (RCP4.5 and RCP8.5) at two future time periods for Canterbury. Time periods: midcentury (2031-2050; “2040”) and end-century (2081-2100; “2090”). The values in each column represent the
ensemble average, taken over 41 models (RCP8.5) and 37 models (RCP4.5). Bracketed values represent the
range (5th percentile to 95th percentile) over all models within that ensemble. Changes averaged over the
Canterbury region. [Source: MFE 2018].

2040
2090
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Summer

Autumn

Winter

Spring

Annual

RCP8.5

1.0 (0.4, 1.6)

1.0 (0.6, 1.5)

1.2 (0.7, 1.6)

0.9 (0.3, 1.3)

1.0 (0.6, 1.6)

RCP4.5

0.8 (0.3, 1.5)

0.8 (0.4, 1.3)

1.0 (0.6, 1.4)

0.7 (0.3, 1.1)

0.8 (0.5, 1.2)

RCP8.5

3.0 (2.0, 4.9)

3.0 (2.2, 4.5)

3.3 (2.5, 4.4)

2.6 (1.9, 3.6)

3.0 (2.2, 4.3)

RCP4.5

1.3 (0.6, 2.6)

1.4 (0.8, 2.2)

1.6 (0.9, 2.2)

1.2 (0.6, 1.8)

1.4 (0.8, 2.2)
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Figure 4-8: Projected seasonal and annual mean temperature change for Canterbury by 2040 (2031-2050).
Coloured stars represent all models as derived by statistical downscaling. Black stars correspond to the sixmodel RCM-downscaling, and the horizontal bars are the average over all downscaled results (statistical and
RCM).

Figure 4-9: Projected seasonal and annual mean temperature change for Canterbury by 2090 (2081-2100).
Coloured stars represent all models as derived by statistical downscaling. Black stars correspond to the sixmodel RCM-downscaling, and the horizontal bars are the average over all downscaled results (statistical and
RCM).
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4.2

Maximum temperature

Key messages
•

Annual mean maximum temperature is projected to increase by 0.5-2.0°C by 2040 under
RCP4.5 and RCP8.5.

•

By 2090, annual mean maximum temperature increases of 1.0-3.0°C (RCP4.5) and 2.0-5.0°C
(RCP8.5) are projected.

•

Parts of western Canterbury are projected to observe a 5.0-6.0°C increase in spring and
summer mean maximum temperatures by 2090 under RCP8.5.

Maximum temperatures are generally recorded in the afternoon, and therefore are known as
daytime 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 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.
Annual mean maximum temperatures range between 16-18°C for most low elevation locations of
Canterbury (Figure 4-10). Summer mean maximum temperatures range between 20-24°C for most
of the region, and winter mean maximum temperatures range between 8-12°C (Figure 4-12).
Autumn and spring mean maximum temperatures share similar spatial patterns, and range between
16-18°C for most low elevation areas.
Annual mean maximum temperature is projected to increase by 0.5-2.0°C by 2040 under RCP4.5 and
RCP8.5 (Figure 4-11). By 2090, annual mean maximum temperature increases of 1.0-3.0°C (RCP4.5)
and 2.0-5.0°C (RCP8.5) are projected. Seasonal projections of mean maximum temperature change
are shown for RCP4.5 by 2040 (Figure 4-13) and 2090 (Figure 4-15), and RCP8.5 by 2040 (Figure 4-14)
and 2090 (Figure 4-16). By 2040 under RCP4.5, seasonal mean maximum temperatures are projected
to increase by 0.5-2.0°C across much of Canterbury. By 2090 under RCP8.5, seasonal mean maximum
temperatures are projected to increase by 2.0-5.0°C for much of Canterbury. Notably, some western
alpine parts of the region are projected to observe a 5.0-6.0°C increase in spring and summer mean
maximum temperatures by 2090 under RCP8.5.
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Figure 4-10: 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 4-11: Projected annual mean maximum temperature changes by 2040 and 2090, under RCP4.5 and
RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: midcentury (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 4-12: 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 4-13: Projected seasonal mean maximum temperature 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 4-14: Projected seasonal mean maximum temperature 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 4-15: Projected seasonal mean maximum temperature 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 4-16: Projected seasonal mean maximum temperature 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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4.3

Minimum temperature

Key messages
•

Annual mean minimum temperature is projected to increase by between 0-1.0°C by 2040
under RCP4.5 and RCP8.5.

•

By 2090, annual mean minimum temperature increases of 0.5-1.5°C (RCP4.5) and 1.0-2.5°C
(RCP8.5) are projected.

•

Seasonal mean minimum temperatures are projected to increase by 0.5-2.5°C for much of
Canterbury (by 2090 under RCP8.5).

•

Projected increases in mean minimum temperatures are not as high as increases in mean
maximum temperatures, leading to a projected increase in the diurnal temperature range.

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 20312050 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.
Annual mean minimum temperatures range between 4-8°C for most low-elevation locations of
Canterbury, with lowest annual mean minimum temperatures observed in mountainous terrain
(Figure 4-17). For eastern areas of Canterbury, summer mean minimum temperatures range
between 10-12°C, and winter mean minimum temperatures range between 0-4°C (Figure 4-19). For
inland low-elevation locations, summer mean minimum temperatures range between 6-10°C, and
winter mean minimum temperatures range from just below freezing (-2°C) to just above freezing
(2°C).
Annual mean minimum temperature is projected to increase by between 0-1.0°C by 2040 under
RCP4.5 and RCP8.5 (Figure 4-18). By 2090, annual mean minimum temperature increases of 0.5-1.5°C
(RCP4.5) and 1.0-2.5°C (RCP8.5) are projected. Seasonal projections of mean minimum temperature
change are shown for RCP4.5 by 2040 (Figure 4-20) and 2090 (Figure 4-22), and RCP8.5 by 2040
(Figure 4-21) and 2090 (Figure 4-23). By 2040 under RCP4.5, seasonal mean minimum temperatures
are projected to increase by between 0-1.0°C across Canterbury. By 2090 under RCP8.5, seasonal
mean minimum temperatures are projected to increase by 0.5-2.5°C for much of Canterbury.
Notably, increases in mean minimum temperatures are not projected to be as high as increases in
mean maximum temperatures, leading to a projected increase in the diurnal temperature range (i.e.
the difference in temperature between daytime and night time temperature).
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Figure 4-17: 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
5km.
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Figure 4-18: Projected annual mean minimum temperature changes by 2040 and 2090, under RCP4.5 and
RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: midcentury (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 4-19: Modelled seasonal 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
5km.
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Figure 4-20: Projected seasonal mean minimum temperature changes by 2040 for RCP4.5. Relative to 19862005 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 4-21: Projected seasonal mean minimum temperature changes by 2040 for RCP8.5. Relative to 19862005 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 4-22: Projected seasonal mean minimum temperature changes by 2090 for RCP4.5. Relative to 19862005 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 4-23: Projected seasonal mean minimum temperature changes by 2090 for RCP8.5. Relative to 19862005 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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4.4

Hot days

Key messages
•

Much of Canterbury is projected to observe a considerable increase in annual hot days of 2060 days per year (by 2090 under RCP8.5).

•

Some inland areas of Canterbury (particularly the southern Mackenzie Basin) are projected to
observe an increase of 60-85 hot days per year (by 2090 under RCP8.5).

•

Seasonally, greatest projected increases in hot days occur in summer. Relatively low elevation
areas of Canterbury are projected to observe an increase of 5-20 hot days in autumn and
spring, respectively (by 2090 under RCP8.5)

In this report, a hot day is considered to occur when the maximum temperature is 25°C or higher.
Present-day (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for
hot days are shown in this section. The present-day maps show annual and seasonal average
numbers of hot days and the future projection maps show the change in the number of hot days
compared with present. Note that the present-day maps are on a different colour scale to the future
projection maps.
At present, hot days occur most regularly about Twizel. Here, the annual number of hot days
averages 40-50 days per year (Figure 4-24). Hot days occur most frequently in summer (Figure 4-26),
with most low elevation areas of Canterbury observing between 10-30 hot days during this season.
The annual number of hot days are projected to increase by 10-40 days by 2040 under RCP4.5 and
RCP8.5 (Figure 4-25) for many parts of Canterbury. By 2090, annual increases in hot days of 10-20
days (RCP4.5) and 20-60 days (RCP8.5) are projected for much of Canterbury. Annual increases of
60-85 hot days are projected for some inland areas of Canterbury, especially southern parts of the
Mackenzie Basin. Seasonal projections of hot day changes are shown for RCP4.5 by 2040 (Figure 427) and 2090 (Figure 4-29), and RCP8.5 by 2040 (Figure 4-28) and 2090 (Figure 4-30). By 2040 under
RCP4.5, summer hot days are projected to increase by 5-20 days across much of Canterbury. By 2090
under RCP8.5, autumn and spring hot days are projected to increase by 5-20 days for relatively low
elevation areas of Canterbury.
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Figure 4-24: Modelled annual number of hot days (days with maximum temperature ≥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 4-25: Projected annual hot day (days with maximum temperature ≥25°C) changes by 2040 and 2090,
under RCP4.5 and RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time
periods: mid-century (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on
right). 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 4-26: Modelled seasonal number of hot days (days with maximum temperature ≥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 4-27: Projected seasonal hot day (days with maximum temperature ≥25°C) 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 4-28: Projected seasonal hot day (days with maximum temperature ≥25°C) 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 4-29: Projected seasonal hot day (days with maximum temperature ≥25°C) 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.

58

Climate change projections for the Canterbury Region

Figure 4-30: Projected seasonal hot day (days with maximum temperature ≥25°C) 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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4.5

Frost days

Key messages
•

Future annual numbers of frost days are projected to decline throughout the region; larger
reductions in frost days are projected inland and at higher elevations (due to more frosts
currently being experienced there).

•

By 2040, reductions of 10-30 frost days per year are projected for inland parts of the region.

•

By 2090, considerable reductions in frost days are projected throughout Canterbury, with 2050 fewer frost days per year for inland areas (under RCP8.5).

•

It is likely that future frost season length will reduce (i.e. the time between the first and last
frost in a given year).

In this report, a frost day is considered to occur when the minimum temperature is 0°C or lower. This
is purely a temperature-driven 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.
Present-day (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for
frost days are shown in this section. The present-day maps show annual and seasonal average
numbers of frost days and the future projection maps show the change in the number of frost days
compared with present. Note that the present-day maps are on a different colour scale to the future
projection maps.
At present, frost days occur most regularly at inland and high elevation locations. Here, the annual
number of frost days averages 50-150 days per year, with up to 250 frost days per year in high alpine
terrain (Figure 4-31). Frost days occur most frequently in winter (Figure 4-33), with many low
elevation areas of Canterbury observing between 10-50 frost days during this season.
The annual number of frost days are projected to decline throughout the region. Larger reductions
in frost days are projected further inland and at higher elevations, due to more frosts currently being
experienced there (Figure 4-32). By 2090, annual decreases in frost days of 5-20 days (RCP4.5) and
10-50 days (RCP8.5) are projected for much of Canterbury. Seasonal projections of frost day changes
are shown for RCP4.5 by 2040 (Figure 4-34) and 2090 (Figure 4-36), and RCP8.5 by 2040 (Figure 4-35)
and 2090 (Figure 4-37). By 2040 under RCP4.5, winter frost days are projected to decrease by 1-10
days across much of Canterbury. By 2090 under RCP8.5, winter frost days are projected to decrease
by 10-30 days for many areas of Canterbury.
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Figure 4-31: Modelled annual number of frost days (days with 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 4-32: Projected annual frost day (days with minimum temperature ≤0°C) changes by 2040 and 2090,
under RCP4.5 and RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time
periods: mid-century (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on
right). 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 4-33: Modelled seasonal number of frost days (days with 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 4-34: Projected seasonal frost day (days with minimum temperature ≤0°C) 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 4-35: Projected seasonal frost day (days with minimum temperature ≤0°C) 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 4-36: Projected seasonal frost day (days with minimum temperature ≤0°C) 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 4-37: Projected seasonal frost day (days with minimum temperature ≤0°C) 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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5

Precipitation

5.1

Rainfall

Key messages
•

Annual rainfall is projected to change by between ±5% for most of the region by 2040 and
2090.

•

Decreases in autumn rainfall of between 0-10% are projected for the Mackenzie Basin by
2040.

•

Winter rainfall is projected to increase considerably by 2090 under RCP8.5 in many eastern,
western and southern parts, with 15-40% more rainfall projected.

•

Decreases in summer rainfall of 5-15% are projected around Banks Peninsula and many inland
areas by 2090 under RCP8.5.

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. Note that the historic maps are on a different colour scale to the
future projection maps.
Historically, the highest annual rainfall totals are recorded in the high elevations of the western
ranges, with lowest annual rainfall totals in inland areas south of Twizel (Figure 5-1). For eastern
parts of Canterbury, annual average rainfall typically ranges from 500-800 mm. Winter is typically
the driest season of the year for much of Canterbury (Figure 5-3), although the inter-seasonal
variability of average rainfall totals is not considerable.
Canterbury is generally projected to observe moderate changes in future annual rainfall (Figure 5-2).
By 2040 under RCP4.5 and RCP8.5, annual rainfall is projected to change by between ±5% for most of
the region. At the seasonal scale, decreases in autumn rainfall of between 0-10% are projected for
the Mackenzie Basin by 2040 under RCP4.5 (Figure 5-4) and RCP8.5 (Figure 5-5). For remaining parts
of Canterbury, increases in seasonal rainfall of between 0-10% are typically projected by 2040 under
both RCP4.5 and RCP8.5.
By 2090 under RCP4.5 and RCP8.5, annual rainfall is projected to change by between ±5% for most of
the region (Figure 5-2). However, by 2090 under RCP8.5, annual rainfall is projected to increase by
20-25% in eastern parts of south Canterbury near Timaru. Seasonal rainfall changes by 2090 are
typically less pronounced under RCP4.5 (Figure 5-6) compared to RCP8.5 (Figure 5-7). Winter rainfall
is projected to increase considerably by 2090 under RCP8.5 in many eastern, western and southern
parts of Canterbury, with 15-40% more rainfall projected. Decreases in summer rainfall of 5-15% are
projected around Banks Peninsula and many inland areas by 2090 under RCP8.5.
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Figure 5-1: Modelled annual mean 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 5-2: Projected annual mean rainfall changes by 2040 and 2090, under RCP4.5 and RCP8.5. Climate
change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: mid-century (2031-2050;
“2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 5-3: Modelled seasonal mean 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 5-4: Projected seasonal mean 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 5-5: Projected seasonal mean 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 5-6: Projected seasonal mean 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 5-7: Projected seasonal mean 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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5.1.1 Model confidence
Key message
•

The complete range of model projections (as shown in this section) demonstrate the
difference with season and RCP, allowing interpretation of the range of model uncertainty.

•

The direction of change for rainfall is less certain than for temperature, owing to models
projecting both increases and decreases of rainfall within the same scenario.

The climate change projections in other sections this report show the average of six dynamically
downscaled climate models. This is useful as the average is the ‘best estimate’ of future conditions,
but these results taken alone do not allow for communication of uncertainty or range in potential
future outcomes within the different scenarios and time periods. This section presents the full range
of model results for rainfall, to help the reader understand that there is no ‘single answer’ in terms of
future projections.
Projected changes in seasonal and annual rainfall are shown for Christchurch, Hanmer and Tekapo in
Table 5-1. Note that data in this table was derived from additional IPCC Fifth Assessment Report
models than are presented in the maps in this report (the maps are the average of six dynamically
downscaled models, whereas the data here are from ~40 statistically downscaled models), in order
to enable an assessment of the range of rainfall change for Christchurch, Hanmer and Tekapo by
2040 and 2090 under RCP4.5 and RCP8.5. The difference between dynamical and statistical
downscaling is explained in Appendix A.
Figure 5-8 and Figure 5-9 illustrate the seasonal and annual rainfall projections for each RCP, for the
two time periods of 2040 and 2090, respectively. The projections for Christchurch are shown in this
example. The coloured vertical bars, and inset stars, show all the individual models, so the complete
range is displayed (unlike Table 5-1 where the 5th to 95th percentile range has been calculated).
These figures are an excellent way of not only demonstrating the difference between models for
each season and RCP, but also the range of model sensitivity (i.e. how the different models predict
future conditions under the same scenarios/greenhouse gas concentrations). The closer together the
model outcomes are, it can be inferred that these projections have more certainty. The black stars
within each vertical bar represent the results of the six RCM simulations selected for presentation in
this report.
For 2040 projections (Figure 5-8 and Table 5-1), there is a range of model results, as seen by the size
of the coloured bars and the numbers inside the parentheses in the table. The average of all the
models generally project an increase in rainfall, as indicated in the table and the horizontal black line
on each bar in the figure. However, this doesn’t apply to all seasons at each location (e.g. on
average, a decrease in winter rainfall of 4% is projected for Christchurch by 2040 under RCP8.5).
Overall the direction of change is less certain than, say, for temperature (Section 4.1.1) where all
models project warming.
For 2090 projections (Figure 5-9 and Table 5-1), the range of model results within the scenarios is
similar to those at 2040. Most models are clustered within ±15% change, but some individual models
project up to a 49% increase (winter at 2090 under RCP8.5 in Tekapo) and a 29% decrease (winter at
2090 under RCP8.5 at Christchurch).
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Table 5-1:
Projected changes in seasonal and annual rainfall (%) between 1986-2005 and two climate
change scenarios (RCP4.5 and RCP8.5) at two future time periods. Time periods: mid-century (2031-2050;
“2040”) and end-century (2081-2100; “2090”). The values in each column represent the ensemble average,
taken over 41 models (RCP8.5) and 37 models (RCP4.5). Bracketed values represent the range (5th percentile
to 95th percentile) over all models within that ensemble. [Source: MFE 2018].

2040

2090

Summer

Autumn

Winter

Spring

Annual

RCP8.5

1 ( -5, 9)

3 ( -8, 14)

-4 (-19, 6)

1 ( -7, 10)

0 ( -7, 6)

RCP4.5
Hanmer

2 ( -8, 11)

2 ( -9, 14)

-3 (-14, 14)

2 ( -8, 10)

0 ( -5, 7)

RCP8.5

1 ( -8, 9)

1 ( -7, 8)

-3 (-15, 6)

1 ( -6, 7)

0 ( -5, 5)

RCP4.5
Tekapo

1 ( -7, 11)

1 ( -8, 9)

-2 (-14, 13)

2 ( -3, 9)

0 ( -3, 6)

RCP8.5

2 ( -6, 11)

0 ( -6, 8)

11 ( -1, 26)

6 ( -6, 19)

6 ( -6, 19)

RCP4.5
Christchurch

2 ( -6, 13)

-1 (-10, 7)

9 ( -8, 20)

4 ( -9, 19)

4 ( -9, 19)

RCP8.5

8 ( -2, 23)

8 ( -4, 21)

-12 (-29, 8)

1 ( -9, 13)

0 ( -9, 11)

RCP4.5
Hanmer

3 ( -4, 13)

3 ( -9, 13)

-4 (-21, 10)

2 ( -6, 11)

1 ( -7, 7)

RCP8.5

9 ( -1, 26)

2 ( -7, 12)

-10 (-24, 7)

1 ( -9, 12)

0 ( -8, 8)

RCP4.5
Tekapo

3 ( -7, 12)

1 ( -8, 9)

-3 (-17, 10)

2 ( -6, 9)

1 ( -5, 6)

RCP8.5

5 ( -12, 17)

-2 (-10, 8)

28 ( 4, 49)

13 ( -4, 29)

11 ( 2, 22)

RCP4.5

3 ( -8, 16)

0 ( -8, 10)

14 ( -7, 31)

7 ( -4, 21)

6 ( -1, 15)

Christchurch
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Figure 5-8: Projected seasonal and annual rainfall change for Christchurch by 2040 (2031-2050). Coloured
stars represent all models as derived by statistical downscaling. Black stars correspond to the six-model RCMdownscaling, and the horizontal bars are the average over all downscaled results (statistical and RCM).

Figure 5-9: Projected seasonal and annual rainfall change for Christchurch by 2090 (2081-2100). Coloured
stars represent all models as derived by statistical downscaling. Black stars correspond to the six-model RCMdownscaling, and the horizontal bars are the average over all downscaled results (statistical and RCM).
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5.2

Dry days

Key messages
•

By 2040 under RCP4.5 the number of dry days per year decreases near the coast and around
the Canterbury Plains (1-5 fewer dry days per year), with increases of 1-5 more annual dry
days for most remaining parts of Canterbury.

•

By 2090 under RCP8.5, decreases in annual dry days of 1-15 days are projected for many
eastern parts of Canterbury, with increases of 1-15 more dry days per year for most remaining
parts of the region.

•

Seasonally, the largest changes are projected by 2090 under RCP8.5: e.g. 4-10 more spring
and summer dry days projected for many western parts of Canterbury, with 2-6 fewer summer
and autumn dry days projected for many eastern parts of Canterbury.

A dry day considered here is when < 1 mm of rainfall is recorded over a 24-hour period. Historic
(average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for dry days are
shown in this section. The historic maps show annual and seasonal average numbers of dry days and
the future projection maps show the change in the number of dry days compared with the historic
period. Note that the historic maps are on a different colour scale to the future projection maps.
Historically, the largest annual number of dry days is experienced in eastern parts of Canterbury and
about the Mackenzie Basin (250-300 days per year; Figure 5-10). Many remaining areas of
Canterbury average around 200-250 dry days per year. Westernmost areas of the region experience
the fewest annual dry days for the region, averaging 100-150 dry days per year. The seasonal
distribution of dry days in Canterbury is relatively even, although there tends to be more dry days
winter and fewer dry days in summer (Figure 5-12).
By 2040 under RCP4.5 (Figure 5-11), the number of dry days per year generally decreases near the
east coast and around the Canterbury Plains (1-5 fewer dry days per year), with increases of 1-5
more annual dry days for most remaining parts of Canterbury. By 2090 under RCP8.5, a similar
geographic pattern of change is projected. Decreases in annual dry days are projected for many
eastern parts of Canterbury (1-15 fewer dry days per year), with increases of 1-15 more dry days per
year for most remaining parts of Canterbury.
Seasonal projections of change in dry days are shown for RCP4.5 by 2040 (Figure 5-13) and 2090
(Figure 5-15), and RCP8.5 by 2040 (Figure 5-14) and 2090 (Figure 5-16). The largest changes are
projected by 2090 under RCP8.5. For example, 4-10 more spring and summer dry days are projected
for many western parts of Canterbury by 2090 under RCP8.5. In contrast, 2-6 fewer summer and
autumn dry days are projected for many eastern parts of Canterbury by 2090 under RCP8.5.
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Figure 5-10: Modelled annual number of dry days (daily rainfall <1mm), 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 5-11: Projected annual number of dry day (daily rainfall <1mm) changes by 2040 and 2090, under
RCP4.5 and RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods:
mid-century (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right).
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 5-12: Modelled seasonal number of dry days (daily rainfall <1mm), 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 5-13: Projected seasonal number of dry day (daily rainfall <1mm) 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 5-14: Projected seasonal number of dry day (daily rainfall <1mm) 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 5-15: Projected seasonal number of dry day (daily rainfall <1mm) 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 5-16: Projected seasonal number of dry day (daily rainfall <1mm) 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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5.3

Snow days

Key message
•

The number of snow days reduces everywhere, with the largest reduction in the coldest
mountainous areas where there are a relatively large number of snow days in the baseline
climate.

Snow days were estimated by counting precipitation days where the mean temperature was below
freezing point. As such, it is a crude measure of snow days. It is likely the modelled number of
historic (1986-2005) snow days (Figure 5-17) is underestimated, particularly for low elevation
locations where snowfall often occurs when the ambient air temperature is at or above 0°C.
Nevertheless, this measure provides a reference to which future changes can be compared. The
modelled historic conditions suggest that 0-1 snow days per year occur for low elevation eastern
areas, and 1-10 days per year for the Mackenzie Basin and other inland areas. 25-100 snow days per
year occur in higher elevation alpine regions. In the future, the number of snow days reduces
everywhere, with the largest reduction (typically 10-25 days) in the coldest mountainous areas where
there are a relatively large number of snow days in the historic climate (Figure 5-18).
A factor needing further analysis is the potential change in snow amounts. In general, climate
simulations show a reduction in snow days. It is possible snow amount could increase with rising
temperatures in certain circumstances; a warmer atmosphere can hold more moisture, and on a day
where temperatures are higher but still cool enough to snow, there is potential for increased heavy
snowfalls. No analysis of snow extremes has been carried out at this point, however.
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Figure 5-17: Modelled annual number of snow days, 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 5-18: Projected change in the number of annual snow days by 2040 and 2090, under RCP4.5 and
RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: midcentury (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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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5.4

Potential evapotranspiration deficit

Key messages
•

The future amount of accumulated PED is projected to increase across most of Canterbury,
therefore drought potential is projected to increase.

•

By 2040 under both RCPs, an increase in accumulated PED of 50-100 mm per year projected
for most eastern parts of Canterbury.

•

By 2090 under RCP8.5, an increase in accumulated PED of 100-200 mm per year projected for
many inland areas of Canterbury and about Christchurch.

The measure of meteorological drought2 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 deficit) and the actual evapotranspiration
is defined as the ‘potential evapotranspiration deficit’ (PED). In practice, PED represents the total
amount of water required by irrigation, or that needs to be replenished by rainfall, to maintain plant
growth at levels unconstrained by water shortage. As such, PED estimates provide a robust measure
of drought intensity and duration. Days when water demand is not met, and pasture growth is
reduced, are often referred to as days of potential evapotranspiration deficit.
PED is calculated as the 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 siltyloamy soils is consistent with estimates in previous studies (e.g. Mullan et al., 2005). PED, in units of
mm, can be thought of as the amount of missing rainfall needed in order to keep pastures growing at
optimum levels. Higher PED totals indicate drier soils. An increase in PED of 30 mm or more
corresponds to an extra week of reduced grass growth. Accumulations of PED greater than 300 mm
indicate very dry conditions.
Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for PED
are shown in this section. The historic maps show annual accumulated PED in units of mm and the
future projection maps show the change in the annual accumulated PED compared with the historic
period, in units of mm. Note that the historic maps are on a different colour scale to the future
projection maps.
For the historic period, the highest PED accumulation is experienced about the Mackenzie Country
(500-700 mm per year, on average) (Figure 5-19). Low-elevation eastern areas of Canterbury and the
westernmost alpine areas generally experience between 0-300 mm of PED per year. Higher
elevation areas in central parts of Canterbury generally experience 200-400 mm of PED per year.

2

Meteorological drought happens when dry weather patterns dominate an area and resulting rainfall is low. Hydrological drought occurs
when low water supply becomes evident, especially in streams, reservoirs, and groundwater levels, usually after an extended period of
meteorological drought.
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In the future, the amount of accumulated PED is projected to increase across most of the Canterbury
region (Figure 5-20), therefore drought potential is projected to increase. The increase in PED is
greatest by 2090 under RCP8.5. By 2040 under both RCPs, most eastern parts of the region are
projected to experience an increase in PED of 50-100 mm per year. Some inland areas are projected
to experience an additional 100-150 mm of PED per year. By 2090 under RCP8.5, PED is projected to
increase by 100-200 mm per year for many inland parts of Canterbury as well as about Christchurch.
In the southeast of Canterbury near Timaru, a small area is projected to observe a small decrease of
between 0-25 mm of PED per year, however this decrease is not significant. This reflects the
increase in annual rainfall that is projected for this area under the 2090 RCP8.5 scenario.

Figure 5-19: Modelled annual potential evapotranspiration deficit accumulation (mm), average over 19862005. 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 5-20: Projected annual potential evapotranspiration deficit (PED) accumulation changes for RCP4.5
and RCP8.5, by 2040 and 2090. 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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5.5

Soil moisture deficit

Key messages
•

By 2040 under RCP4.5 the number of SMD days per year decreases for many eastern parts of
Canterbury (3-10 fewer SMD days per year), with increases of 5-10 annual SMD days for some
western parts of the region.

•

By 2090 under RCP8.5, decreases in annual SMD days of 5-30 days are projected for many
southern parts of Canterbury, with increases of 5-20 SMD days per year for many inland parts
of the region.

•

Seasonally, the largest changes are projected for winter by 2090 under RCP8.5: e.g. 15-30
fewer winter SMD days projected for much of eastern South Canterbury.

Soil moisture deficit (SMD) is calculated based on incoming daily rainfall (mm), outgoing daily
potential evapotranspiration (PET), and a fixed available water capacity of 150 mm (the amount of
water in the soil ‘reservoir’ that plants can use). In the calculation, evapotranspiration continues at
its potential rate until about half of the water available to plants is used up (75 mm out of the total
150 mm available). Subsequently, the rate of evapotranspiration decreases, in the absence of rain, as
further water extraction takes place. Evapotranspiration is assumed to cease if all the available water
is used up (i.e. all 150 mm).
A day of SMD is considered in this report to be when soil moisture is below 75 mm of available soil
water capacity. The timing of changes in the days of soil moisture deficit projections indicates how
droughts may change in timing throughout the year. Soil moisture deficit and PED are similar
measures of dryness, but in this report SMD is measured in days and PED is measured in mm of
accumulation, so PED is a more sensitive measure of drought intensity than SMD.
Historic (average over 1986-2005) and future (average over 2031-2050 and 2081-2100) maps for
days of SMD are shown in this section. The historic maps show the annual and seasonal number of
days of SMD and the future projection maps show the change in the number of days of SMD
compared with the historic period. Note that the historic maps are on a different colour scale to the
future projection maps.
Historically, the largest annual number of SMD days is experienced in southern parts of Canterbury
(300-350 days per year; Figure 5-21). Areas around Ashburton, Christchurch and Rangiora average
around 250-300 SMD days per year. Annual number of SMD days are fewest along the western
border of the region, averaging <150 SMD days in these parts. Summer is typically the season with
the largest number of SMD days, with 80-90 dry days for much of the region (Figure 5-23).
By 2040 under RCP4.5 (Figure 5-22), the number of SMD days per year decreases for many eastern
parts of Canterbury (3-10 fewer SMD days per year), with increases of 5-10 annual SMD days for
some western parts of the region. By 2090 under RCP8.5, decreases in annual SMD days are
projected for many southern parts of Canterbury (5-30 fewer SMD days per year), with increases of
5-20 SMD days per year for many inland parts of the region. This spatial pattern resembles that
observed for the corresponding scenarios of rainfall (Section 5.1; Figure 5-2) and PED (Section 5.4;
Figure 5-19).
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Seasonal projections of change in SMD days are shown for RCP4.5 by 2040 (Figure 5-24) and 2090
(Figure 5-26), and RCP8.5 by 2040 (Figure 5-25) and 2090 (Figure 5-27). By 2040 under RCP4.5,
summer increases of 3-10 SMD days are projected for most of Canterbury. The largest seasonal
changes are projected for winter by 2090 under RCP8.5. For example, 15-30 fewer winter SMD days
are projected for much of eastern South Canterbury by 2090 under RCP8.5.

Figure 5-21: Modelled annual number of days of soil moisture deficit, 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 5-22: Projected change in the annual number of soil moisture deficit days by 2040 and 2090, under
RCP4.5 and RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods:
mid-century (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right).
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.

Climate change projections for the Canterbury Region

95

Figure 5-23: Modelled seasonal number of days of soil moisture deficit, 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 5-24: Projected change in the number of seasonal soil moisture deficit days 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 5-25: Projected change in the number of seasonal soil moisture deficit days 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 5-26: Projected change in the number of seasonal soil moisture deficit days 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 5-27: Projected change in the number of seasonal soil moisture deficit days 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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6

Other climate variables

Modelled wind, surface solar radiation and relative humidity data have not had bias correction
processes applied as has been carried out for temperature and rainfall. For this reason, only the
future relative changes in these variables have been reported here using the modelled climate data.
By doing this, the effect of biases in absolute values of these variables are minimised.

6.1

Mean wind speed

Key messages
•

Increases in annual mean wind speed are typically projected for Canterbury; mostly ranging
between 0-5%, but up to 10% by 2090 under RCP8.5.

•

Seasonally, the largest changes are projected for winter and spring by 2090 under RCP8.5: e.g.
5-15% increase in mean wind speed projected for much of Canterbury, with 15-25% increases
projected for inland areas north and west of Rangiora.

Future change (average over 2031-2050 and 2081-2100) maps for annual and seasonal mean wind
speed are shown in this section.
In the future, annual mean wind speed is mostly projected to slightly increase in Canterbury (Figure
6-1). By 2040 under RCP4.5 and RCP8.5, small annual mean wind speed increases ranging between
0-5% are projected for most of Canterbury, with minimal change (between 0-2% reduction) projected
for isolated inland and coastal areas. By 2090 under RCP4.5, small increases in annual mean wind
speed of between 0-5% are projected for most of Canterbury. Isolated areas (mainly about Tekapo
and Kaikoura) are projected to observe a minimal change in annual mean wind speed (between 0-2%
reduction). The greatest annual change is projected by 2090 under RCP8.5. Under this scenario,
much of Canterbury is projected to observe a 2-10% increase in annual mean wind speed.
Seasonal projections of change in mean wind speed are shown for RCP4.5 by 2040 (Figure 6-2) and
2090 (Figure 6-4), and RCP8.5 by 2040 (Figure 6-3) and 2090 (Figure 6-5). By 2040 under RCP4.5,
summer, autumn and spring increases in mean wind speed between 0-5% are projected for most of
Canterbury. During autumn, decreases in mean wind speed of 2-5% are projected about Tekapo.
Winter mean wind speed is projected to decrease by 2-10% for some parts of the Southern Alps to
the north of Tekapo. By 2040 under RCP8.5, projected changes to mean wind speed during summer
and autumn range between -2% to +5% for most of Canterbury. Spring is generally projected to
observe an increase in mean wind speed of 2-10%, with a small area of decreasing wind speed
(between 0-5% reduction) projected about Tekapo. Winter mean wind speed increases of 5-10% are
projected about and to the south of Hanmer Springs, with decreases of 2-10% projected in parts of
the Southern Alps north of Tekapo.
By 2090 under RCP4.5, mean wind speed during summer and autumn is projected to increase
between 0-5% for most of Canterbury. Winter mean wind speed increases of 5-10% are projected
for many inland areas north and west of Rangiora. Spring mean wind speed decreases of 2-10% are
projected about Tekapo. The largest seasonal changes are projected for winter and spring by 2090
under RCP8.5. During these seasons, mean wind speed increases of 5-15% are projected for many
parts of Canterbury. Under this scenario, winter mean wind speed increases of 15-25% are projected
for inland areas to the north and west of Rangiora.
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Figure 6-1: Projected annual mean wind speed changes by 2040 and 2090, under RCP4.5 and RCP8.5.
Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: mid-century (20312050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 6-2: Projected seasonal mean wind speed 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 6-3: Projected seasonal mean wind speed 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 6-4: Projected seasonal mean wind speed 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 6-5: Projected seasonal mean wind speed 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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6.2

Surface solar radiation

Key messages
•

Annual changes to surface solar radiation in Canterbury are generally projected to be ±2.5
W/m2. Reductions of 2.5-10 W/m2 are projected for eastern parts of the region by 2090
under RCP8.5.

•

Seasonally, the largest changes to surface solar radiation are projected for summer by 2090
under RCP8.5; increases of 5-15 W/m2 are projected for western parts of Canterbury, with
decreases of 5-10 W/m2 for eastern parts of the region.

This section contains maps showing the future projected change in surface solar radiation (solar
radiation received at the land surface). Surface solar radiation is affected by cloud cover, so can be
thought of as a proxy for changes in sunshine. Future change (average over 2031-2050 and 20812100) maps of annual and seasonal surface solar radiation are shown in this section, and the units
are watts per square metre.
Annual changes to surface solar radiation in Canterbury are generally projected to be ±2.5 W/m2
(Figure 6-6). The exception is eastern parts of the region by 2090 under RCP8.5, where surface solar
radiation reductions of 2.5-10 W/m2 are projected. This corroborates with increased rainfall
projected in this area (particularly about Timaru) under the corresponding future climate scenario.
Seasonal projections of change in surface solar radiation are shown for RCP4.5 by 2040 (Figure 6-7)
and 2090 (Figure 6-9), and RCP8.5 by 2040 (Figure 6-8) and 2090 (Figure 6-10). By 2040 under
RCP4.5, autumn and spring changes to surface solar radiation in Canterbury are generally projected
to be ±2.5 W/m2. During winter, a reduction of 2.5-5 W/m2 is projected for western parts of
Canterbury, with a reduction of 0-2.5 W/m2 projected for remaining parts of the region. Summer
surface solar radiation is projected to increase by 2.5-10 W/m2 for western parts of Canterbury. By
2040 under RCP8.5, projected changes surface solar radiation in Canterbury are comparable to those
projected under RCP4.5. The notable difference is during summer, with decreases of 2.5-10 W/m2
projected for much of eastern Canterbury.
By 2090 under RCP4.5, seasonal changes to surface solar radiation in Canterbury are generally
projected to be ±5 W/m2. A reduction of 5-10 W/m2 is projected for parts of western Canterbury in
winter. The largest seasonal changes are projected for summer by 2090 under RCP8.5. During this
season, surface solar radiation increases of 5-15 W/m2 are projected for western parts of Canterbury,
with decreases of 5-10 W/m2 for eastern parts of the region.
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Figure 6-6: Projected annual mean surface solar radiation changes by 2040 and 2090, under RCP4.5 and
RCP8.5. Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: midcentury (2031-2050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 6-7: Projected seasonal mean surface solar radiation changes by 2040 for RCP4.5. Relative to 19862005 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 6-8: Projected seasonal mean surface solar radiation changes by 2040 for RCP8.5. Relative to 19862005 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 6-9: Projected seasonal mean surface solar radiation changes by 2090 for RCP4.5. Relative to 19862005 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 6-10: Projected seasonal mean surface solar radiation changes by 2090 for RCP8.5. Relative to 19862005 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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6.3

Relative humidity

Key messages
•

Minimal change to annual mean relative humidity in Canterbury is generally projected (0-2%
decline). By 2090, reductions of 2-3% are projected for western areas under RCP4.5, with
reductions of 3-10% projected for western areas under RCP8.5.

•

Seasonally, the largest changes to mean relative humidity are projected for spring by 2090
under RCP8.5; decreases of 3-10% are projected for most parts of Canterbury.

Future change (average over 2031-2050 and 2081-2100) maps of annual and seasonal relative
humidity are shown in this section.
In the future, annual mean relative humidity is generally expected to decline in Canterbury (Figure 611). Higher reductions are projected for western parts of Canterbury compared to eastern parts of
the region. By 2040 under RCP4.5 and RCP8.5, minimal changes (reductions of 0-2%) are expected for
most of Canterbury. By 2090, reductions of 2-3% are projected for western areas under RCP4.5, with
reductions of 3-10% projected for these areas under RCP8.5.
Seasonal projections of change in mean relative humidity are shown for RCP4.5 by 2040 (Figure 6-12)
and 2090 (Figure 6-14), and RCP8.5 by 2040 (Figure 6-13) and 2090 (Figure 6-15). By 2040 under
RCP4.5 and RCP8.5, minimal changes to mean relative humidity in Canterbury are generally projected
(0-2% reductions). Decreases of 2-5% are projected for some western parts during spring. Minimal
change is projected for isolated coastal areas about Timaru and Kaikoura during summer, autumn
and winter.
By 2090 under RCP4.5, seasonal changes to mean relative humidity are generally projected to be
minimal for eastern parts of Canterbury (0-2% reductions), with reductions of 2-5% projected for
western parts of the region in spring. The largest seasonal changes to mean relative humidity are
projected for spring by 2090 under RCP8.5. During this season, mean relative humidity decreases of
3-10% are projected for most parts of Canterbury.
A note about relative humidity compared to specific humidity: Projected decreases in relative
humidity are a consequence of the higher temperatures. The absolute water content of the air, as
measured by specific humidity, increases with time, but the temperature effect is larger; the rate of
decrease in relative humidity over New Zealand is mostly 1–2% per degree increase in mean
temperature. This is in line with evidence in the recent observations (Simmons et al., 2010) in
reanalysis and station data over low and mid latitudes.
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Figure 6-11: Projected annual mean relative humidity changes by 2040 and 2090, under RCP4.5 and RCP8.5.
Climate change scenarios: RCP4.5 (top panels) and RCP8.5 (bottom panels). Time periods: mid-century (20312050; “2040” – panels on left) and end-century (2081-2100; “2090” – panels on right). 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 6-12: Projected seasonal mean relative humidity 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 6-13: Projected seasonal mean relative humidity 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 6-14: Projected seasonal mean relative humidity 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 6-15: Projected seasonal mean relative humidity 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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6.4

Air pressure

Key messages
•

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

•

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

Mean sea level pressure (MSLP) varies over New Zealand from day to day as different weather
systems pass over the country. Figure 6-16 shows average seasonal MSLP over the Southwest Pacific,
including New Zealand. Westerly or south westerly wind flows dominate over most of the South
Island throughout the year. However, east to northeasterly winds are common in coastal areas of
Canterbury, particularly during summer when daytime heating establishes a sea-breeze.

Figure 6-16: Average seasonal mean sea level pressure over the Southwest Pacific, 1981-2010. Top left:
summer, top right: autumn, bottom left: winter, bottom right: spring. Sourced from:
https://www.esrl.noaa.gov/psd/cgi-bin/data/composites/printpage.pl.
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Future mean sea-level pressure projections have been derived from the Regional Climate Model
(RCM) simulations. The key projected changes in mean sea-level pressure (MSLP) and mean winds
are as follows (for more detail see Mullan et al., 2016; MFE, 2018):

120

▪

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

▪

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

▪

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

Key messages
•

Mean annual discharge generally decreases by mid-century across Canterbury. By late
century, mean discharge tends to increase along eastern areas of Canterbury (particularly
under RCP8.5), with decreases to mean discharge projected for some inland areas.

•

Mean annual low flow generally decreases by late century, with decreases exceeding 20% in
many areas of the region.

•

High flow (expressed as Q5% flow) changes are expected to be variable across the region, with
both increases and decreases projected throughout Canterbury.

•

Floods (characterised by the Mean Annual Flood) are expected to become larger for many
parts of Canterbury, with some increases exceeding 100%. However, there are some pockets
of little change or decreasing Mean Annual Flood.

This section covers the projected differences in several hydrological statistics between the baseline
period (1986-2005) and two future periods. These are mid-century (2036-2056) and late-century
(2086-2099), and are slightly different from the corresponding time slices of the atmospheric
modelling because the modelling was done before this project was initiated. We do not expect that
the conclusions drawn would be substantively different if the periods were aligned. The hydrological
modelling analyses presented here were extracted from a national scale assessment (Collins &
Zammit, 2016; Collins et al., 2018). The statistics included in this report are:

7.1

▪

Mean annual discharge;

▪

Mean annual low flow;

▪

The Q5% flow3; and

▪

The mean annual flood4 (MAF).

Mean annual discharge

The projected future differences in the annual discharge for RCP4.5 and RCP8.5 at two time periods
are presented in Figure 7-1. At the annual scale, mean discharge matches the annual pattern in
change in precipitation (Figure 5-2) and generally decrease by mid-century across Canterbury. By
late century, mean discharge tends to increase along eastern areas of Canterbury (particularly under
RCP8.5). In contrast, decreases to mean discharge are projected for inland areas (although increases
are projected for many headwaters of the hydro lakes under RCP8.5) reflecting a potential change in
phase of the precipitation under higher RCPs.

3
4

Q5: Flow that is exceeded 5 percent of the time.
The mean of the series of each year’s highest daily mean flow (m3/s).
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Figure 7-1: Percent changes in multi-model median of the mean discharge across Canterbury for mid (top)
and late-century (bottom). Climate change scenarios: RCP4.5 (left panels) and RCP8.5 (right panels). Time
periods: mid-century (2036-2056) and end-century (2086-2099).
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7.2

Mean annual low flow

Mean annual low flow (MALF) is defined as the mean of the lowest 7-day average flows in each year
of a projection period. Median changes in the MALF are presented for RCP4.5 and RCP8.5 at two
time periods in Figure 7-2. At the annual scale, MALF generally decreases by mid-century across
Canterbury, although increases are projected for some eastern areas (particularly south of
Christchurch under RCP8.5). By late century, MALF tends to decrease for most of Canterbury, with
decreases exceeding 20% in many areas of the region. Comparison of change in MALF across the
region and changes in seasonal precipitation (Figure 5-4 to Figure 5-7) indicate that projected
changes in MALF in Canterbury high country areas is not as expected. At present, MALF in high
country catchments currently typically occurs in winter. Notably, it is the winter season when
precipitation is projected to increase the most. As a result, MALF would be expected to increase in
those catchments. This discrepancy is currently under investigation and is thought to be linked to: i)
potential shift in the timing/season when MALF occurs (e.g. winter to spring or autumn MALF), and ii)
potential impact of the number of no rain days between rainfall events.
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Figure 7-2: Percent changes in multi-model median of the mean annual low flow across Canterbury for mid
(top) and late-century (bottom). Climate change scenarios: RCP4.5 (left panels) and RCP8.5 (right panels). Time
periods: mid-century (2036-2056) and end-century (2086-2099).
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7.3

High flow

The projected future differences in the Q5% flows (flow that is exceeded 5 percent of the time) for
RCP4.5 and RCP8.5 at two time periods are presented in Figure 7-3. There are both increases and
decreases projected throughout Canterbury, with the more pronounced differences generally
manifesting themselves during the late-century period and under higher RCP. Increases in Q5% are
more tangible and consistent in in eastern areas under RCP8.5 (increasing by 50% or more).
Decreases are modelled throughout Canterbury, but consistently for inland areas east of the Main
Divide, decreasing by 20% or more. The apparent counter-intuitive changes in Q5% over the hill
country is thought to be associated with a change in the duration of the events generating high
flows. Under climate change it is expected that the intensity of large rainfall events (which generate
high flows) is increasing, while the duration of those events is decreasing. As a result, it is expected
that the duration of the high flow events is decreasing, generating a decrease in the Q5%
hydrological characteristics. This is currently under investigation through NIWA SSIF funding and as
part of Deep South National Science Challenge.
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Figure 7-3: Percent changes in multi-model median Q5% across Canterbury for mid (top) and end of
century (bottom). Climate change scenarios: RCP4.5 (left panels) and RCP8.5 (right panels). Time periods: midcentury (2036-2056) and end-century (2086-2099).
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7.4

Mean annual flood

The projected future differences in the mean annual flood (MAF; the mean of the series of each
year’s highest daily mean flow) for RCP4.5 and RCP8.5 at two time periods are presented in Figure 74. While there are some pockets of little change or decreasing MAF, in general Canterbury is
projected to experience an increase in MAF, with some increases exceeding 100% (by late-century
under RCP8.5). There is little difference among the RCPs during the mid-century period, but by latecentury, the increases in MAF become larger and more extensive progressively from RCP4.5 to
RCP8.5.
The increase in MAF is a change that is largely consistent with the changes to rainfall presented in
Ministry for the Environment (2018), especially regarding the 99th percentile of daily rainfall. Analysis
of flow records indicates that MAF has a strong correspondence with observed mean annual rainfall
(Henderson et al., 2018). It is noteworthy that flood design standards for significant infrastructure
are usually made based on events with annual exceedance probabilities much smaller than that
represented by MAF. Analysis of RCM rainfall projections undertaken for the High Intensity Rainfall
Design project (Carey-Smith et al., 2018), has shown that events with small annual exceedance
probability are projected to increase ubiquitously across the country in a way that scales with
increasing temperatures. As such, MAF should not be considered a comprehensive metric for the
possible impact of climate change on New Zealand flooding.
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Figure 7-4: Percent changes in multi-model median of MAF across Canterbury for mid (top) and end of
century (bottom). Climate change scenarios: RCP2.6 (left panels) and RCP4.5 (right panels). Time

periods: mid-century (2036-2056) and end-century (2086-2099).
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8

Sea-level rise and coastal impacts

8.1

Impacts of sea-level rise

One of the major and most certain (and so foreseeable) consequences of increasing concentrations
of carbon dioxide5 and associated warming, is the rising sea level (Parliamentary Commissioner for
the Environment, 2015). IPCC (2013) found that warming of the climate system is unequivocal, and
many of the changes observed since the 1950s are unprecedented over timescales of decades to
millennia. The atmosphere and ocean have warmed, and the amounts of snow and ice globally have
diminished, causing sea level to rise.
Rising sea level in past decades is already affecting human activities and infrastructure in coastal
areas is New Zealand, with a higher base mean sea level contributing to increased vulnerability to
storms and tsunami. Key impacts of an ongoing rise in sea level are:
▪

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

▪

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

▪

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

▪

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

These impacts will have increasing implications for existing development in coastal areas, along with
environmental, societal and cultural effects. Infrastructure and its levels of service or performance
will also be increasingly affected, such as wastewater treatment plants, potable water supplies, and
particularly capacity and performance issues with stormwater and overland drainage systems
(particularly gravity-driven networks). Transport infrastructure (roads, ports, airports) in the coastal
margin will also be affected, both by increased nuisance shallow flooding of saltwater (e.g., vehicle
corrosion) and more disruptive flooding and damage from elevated storm-tides and wave
overtopping.
There are three types of SLR in relation to observations and projections:

5

▪

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

▪

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

▪

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

Global average now above 400 ppm.
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The first two types of SLR are measured directly by satellites, using radar altimeters, or by coalescing
many tide-gauge records globally (after adjusting for local vertical land movement and ongoing readjustments in the Earth’s crust following ice loading during the last Ice Age6).
RSLR is measured directly by tide gauges. One advantage of knowing the RSLR from gauge
measurements is that this directly tracks the SLR that needs to be adapted to locally, or over the
wider region represented by the gauge. If, for instance, the local landmass is subsiding, then the RSLR
will be larger than the absolute rise in the adjacent ocean level acting alone.

8.2

Projections for New Zealand sea-level rise

A synthesis of the historic and future projections of SLR, both globally and for New Zealand, is
available in the Ministry for the Environment (MfE) guidance for local government: Coastal Hazards
and Climate Change (MfE 2017) and an accompanying Summary7 and set of Fact Sheets.8
Chapter 5 of the Coastal Guidance provides four specific New-Zealand based SLR scenarios to use
when assessing and planning adaptation to coastal climate change in New Zealand (Figure 8-1). The
SLR scenarios in the Coastal Guidance largely follow the synthesis of the IPCC Fifth Assessment
Report (IPCC, 2013; Church et al., 2013), but are extended from 2100 to 2150, utilising the longerrange probabilistic projections of Kopp et al. (2014). Further, an adjustment has been made for ocean
waters around New Zealand, where climate-ocean models have shown that SLR in our Pacific region
will be somewhat higher than the global average rise – with IPCC projections couched in terms of the
global average. The adjustment built into the New Zealand scenarios, for the regional ocean around
New Zealand, is up to 0.05 m by 2100 for the higher RCP scenarios. A lesser pro-rata increment
applies for the lower-emission RCPs.
The Coastal Guidance also listed a table of the time periods for which particular increments of SLR
(relative to the 1986-2005 baseline) could be reached for the four different scenarios (Table 8-1).
This information on time brackets can be applied to low-lying coastal areas, once the adaptation
threshold SLR is known and agreed on from hazard and risk assessments, beyond which outcomes
are not tolerable. All the details on developing firstly, hazard and risk assessments, then adaptation
plans using the SLR scenarios, are available in the Coastal Guidance and Appendices (MfE 2017).
Table E-1, Appendices of MfE (2017) lists local values of sea level to use around New Zealand for the
baseline (generally the 1986-2005 average MSL), to which the SLR projections are added. Based on
the Port of Lyttelton, the baseline MSL of 0.12 m LVD-37 should be used for Canterbury when adding
future SLR projections from Table 8-1 or Figure 8-1.

6

Scientific term is glacial isostatic adjustment (GIA)
http://www.mfe.govt.nz/publications/climate-change/preparing-coastal-change-summary-of-coastal-hazards-and-climate-change
8 http://www.mfe.govt.nz/publications/climate-change/preparing-coastal-change-fact-sheet-series
7
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Table 8-1:
Approximate years, from possible earliest to latest, when specific sea-level rise increments
(metres above 1986–2005 baseline) could be reached for various projection scenarios of SLR for the wider
New Zealand region. The earliest year listed is based on the RCP8.5 (83rd percentile) or H+ projection and the
next three columns are based on the New Zealand median scenarios, with the latest possible year assumed to
be from a scenario following RCP2.6 (median), which approximates the fully globally-implemented Paris
Agreement. [Source: Table 11 in; MfE 2017]. Note: year for achieving the SLR is listed to the nearest five-year
value.
Approximate year for the relevant New Zealand-wide SLR percentile scenario to reach increments of SLR
(relative to baseline of 1986–2005)
Year achieved for
RCP8.5 H+ (83%ile)

Year achieved for
RCP8.5 (median)

Year achieved for
RCP4.5 (median)

Year achieved for
RCP2.6 (median)

SLR (m)
0.3

2045

2050

2060

2070

0.4

2055

2065

2075

2090

0.5

2060

2075

2090

2110

0.6

2070

2085

2110

2130

0.7

2075

2090

2125

2155

0.8

2085

2100

2140

2175

0.9

2090

2110

2155

2200

1.0

2100

2115

2170

>2200

1.2

2110

2130

2200

>2200

1.5

2130

2160

>2200

>2200

1.8

2145

2180

>2200

>2200

1.9

2150

2195

>2200

>2200
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Figure 8-1: Four scenarios of New Zealand-wide regional SLR projections for use with this guidance, with
extensions to 2150 based on Kopp et al. (2014)–K14. New Zealand scenario trajectories are out to 2120
(covering a minimum planning timeframe of at least 100 years), and the NZ H+ scenario trajectory is out to
2150 from K14. No further extrapolation of the IPCC-based scenarios beyond 2120 was possible, hence the rate
of rise for K14 median projections for RCP2.6, RCP4.5 and RCP8.5 are shown as dashed lines from 2130, to
provide an indication of the extension of projections to 2150. Note: All scenarios include a small SLR offset
from the global mean SLR for the regional sea around New Zealand. [Source: Figure 27 MfE 2017].

8.3

Tides and the effect of rising sea level

8.3.1 Mean Spring tide levels
The present-day high tide marks are updated regularly by LINZ on web site:
https://www.linz.govt.nz/data/geodetic-system/datums-projections-and-heights/verticaldatums/tidal-level-information-for-surveyors
At the Port of Lyttelton, the Mean High Water Spring (MHWS) mark is 2.49 m CD with a Mean Low
Water Spring (MLWS) mark of 0.27 m CD, with a mean spring-tide range of 2.22 m. The tide marks
are based on averages of all spring tides in the 19-year period (1 January 2000 - 31 December 2018)
using a set of tidal harmonic constituents extracted from the Lyttelton data record. The equivalent
levels in Lyttelton Vertical Datum are MHWS= 1.25 m LVD-37 and MLWS= -0.97 m LVD-37. These tide
marks are based on a MSL of 1.35 m CD or 0.12 m LVD-37, averaged over the period 1986–2005.
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8.3.2 High-tide exceedances and effect of SLR
The full range of possible high tides (excluding weather, climate and SLR influences) was predicted
over 100 years, covering all possible tidal combinations, based on tides extracted from the Lyttelton
record. The resulting high-tide distribution curve is shown in Figure 8-2 (lower curve), in the form of a
cumulative frequency of occurrence of high waters (also known as a high-tide exceedance
nomograph) and with levels relative to mean sea level.
At Lyttelton, high tides cover a range of 0.87 m from the Highest Astronomical Tide (HAT)9 of 1.58 m,
to the lowest neap high tide (Min HW) of 0.71 m. Other high-tide marks shown in Figure 8-2 include
the Mean High Water Perigean Spring (MHWPS)10 and the Mean High Water Spring 10 percentile
(MHWS-10). Measuring 1.30 m, the MHWS-10 is the high tide above which only 10% of all predicted
high tides exceed it for the present-day situation. MHWS-10, which can be consistently defined
around the New Zealand coast, was used in the recent national coastal risk exposure study for the
Parliamentary Commissioner for the Environment (PCE) in 2015 (Bell et al., 2015; PCE, 2015). As a
comparison, the LINZ-defined MHWS level from the previous sub-section (8.3.1) for Lyttelton is
exceeded by approximately 15% of all high tides.
Putting aside storm events, SLR will continually lift the base MSL, on which the tide rides, which
means there will be an increasing percentage of normal high tides which exceed a given present-day
elevation e.g., street level, berm or stopbank crest or present MHWS-10. Figure 8-2 shows the effect
of changing high-tide inundation using two example SLR values of 0.65 m and 1.0 m SLR (Table 8-1
indicates that 0.65 m SLR would arise between 2070-2155, while the latter between 2100 to >2200).
Based on the example of the present-day MHWS-10 level, which is exceeded by only 10% of all high
tides (tide-only), a 0.65 m SLR will mean that same ground or tidal elevation would be exceeded by
every high tide. In addition, the present-day HAT would be exceeded by approximately 82% of all
high tides. These results exclude the influence of weather and storm surges on water level and
assume the tidal characteristics for Lyttelton do not change substantially – rather they focus just on
normal upper tidal inundation levels as seas rise.

9

Sometimes called the Maximum High Water (Max HW)
Perigean spring tides, also called “king” tides, occur around full or new moon, when the moon is closest in its monthly orbit around Earth
(at its perigree). Small to moderate storm surge or waves can combine with these higher perigean spring tides to cause coastal flooding.
10
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Figure 8-2: High-tide exceedance curve for all predicted high tides at Lyttelton (excluding effects of
weather, climate and SLR). Datum is based on the on tidal constituents extracted from the Lyttelton gauge
dataset by LINZ, relative to mean sea level, and processed by NIWA to predict all high tides over a 100-year
period (excluding SLR for the heavy black line).
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Summary and conclusions

This report presents climate change projections for Canterbury. 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
and 2081-2100. Note, the modelled differences between two time periods should not be attributed
solely to climate change, as natural climate variability is also present and may add to or subtract from
the climate change effect. The effect of natural variability has been reduced by averaging results
from six GCM simulations, but it will still be present.
It is internationally accepted that further climate changes will result from increasing amounts of
anthropogenically produced greenhouse gases in the atmosphere. The influence from anthropogenic
greenhouse gas contributions to the global atmosphere is the dominant driver of climate change
conditions, and it will continue to become more dominant if there is no slowdown in emissions,
according to the IPCC. In addition, the climate will vary from year to year and decade to decade
owing to natural variability.
Notably, future climate changes depend on the pathway taken by the global community (i.e. through
mitigation of greenhouse gas emissions or a ‘business as usual’ approach). The global climate system
will respond differently to future pathways of greenhouse gas concentrations. The representative
concentration pathway approach taken here reflects this variability through the consideration of
multiple scenarios (i.e. RCP4.5, the mid-range scenario, and RCP8.5, the business-as-usual scenario).
The six climate models used to project New Zealand’s future climate were chosen by NIWA because
they produced the most accurate results when compared to historical climate and circulation
patterns in the New Zealand and southwest Pacific region. They were as varied as possible to span
the likely range of model sensitivity. The average of outputs from all six models (known as the
‘ensemble average’), is presented in the climate change projection maps in this report. The
ensemble-average was presented as this usually performs better in climate simulations than any
individual model (the errors in different models are compensated).
Changes to Canterbury’s future climate are likely to be significant. An increase in temperature and
drought potential are among the main impacts. The following list summarises the projections of
different climate variables in Canterbury:
1.

The projected Canterbury temperature changes increase with time and greenhouse
gas concentrations. Future annual average warming spans a wide range: 0.5-1.5°C by
2040, and 0.5-3.5°C by 2090. Diurnal temperature range (i.e., difference between
minimum and maximum temperature of a given day) is expected to increase with time
and emission scenarios.

2.

Changes in extreme temperatures reflect the changes in the average annual signal. The
average number of hot days is expected to increase with time and scenario. Annual
hot days in some inland areas of Canterbury (particularly the southern Mackenzie
Basin) are projected to increase by 60-85 days by 2090 under RCP8.5. As expected, the
number of frost days is expected to decrease throughout the region. Largest
decreases are expected in inland areas; 10-30 fewer frost days per year by 2040, and
20-50 fewer frost days per year by 2090.

Climate change projections for the Canterbury Region

135

3.

Projected changes in rainfall show variability across the Canterbury region. Changes to
annual rainfall of ±5% are projected for most of the region by 2040 and 2090.
Seasonally the largest increases are projected during winter, with 15-40% more rainfall
projected in many eastern, western and southern parts (by 2090 under RCP8.5).

4.

The annual number of dry days (i.e., days where the total precipitation is less than 1
mm) is generally projected to decrease for many eastern parts of Canterbury, and
increase about inland areas. By 2090 under RCP8.5, decreases in annual dry days of 115 days are projected for many eastern parts of Canterbury, with increases of 1-15
more dry days per year for most remaining parts of the region.

5.

The number of snow days reduces everywhere, with the largest reduction in the high
alpine areas where there are a relatively large number of snow days in the baseline
climate.

6.

The future amount of accumulated PED is projected to increase across most of
Canterbury, therefore drought potential is projected to increase.

7.

Both increases and decreases in days of soil moisture deficit are projected. By 2090
under RCP8.5, decreases in annual SMD days of 5-30 days are projected for many
southern parts of Canterbury, with increases of 5-20 SMD days per year for many
inland parts of the region.

8.

Annual mean wind speeds are typically projected to increase; increases mostly range
between 0-5%, but up to 10% higher wind speed projected for some areas by 2090
under RCP8.5.

9.

Annual changes to surface solar radiation are generally projected to be ±2.5 W/m2.

10. Annual mean relative humidity is generally projected to decline by 0-2%.
11. Mean sea level pressure (MSLP) tends to increase in summer, especially to the southeast of New Zealand, resulting in the airflow becoming more north easterly, and at the
same time more anticyclonic (high pressure systems). MSLP tends to decrease in
winter, especially over and south of the South Island, resulting in stronger westerlies
over central New Zealand.
12. The effects of climate change on hydrological characteristics were examined by driving
NIWA’s national hydrological model with downscaled Global Climate Model (GCM)
outputs from 1971-2099 under different global warming scenarios. Using a
combination of six GCMs and four warming scenarios allows us to consider a plausible
range of future trajectories of greenhouse gas emissions and climatic responses. The
changing climate over this century is projected to lead to the following hydrological
effects:
▪
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Mean annual discharge generally decreases by mid-century across Canterbury. By
late century, mean discharge tends to increase along eastern areas of Canterbury
(particularly under RCP8.5), with decreases to mean discharge projected for some
inland areas.

Climate change projections for the Canterbury Region

▪

Mean annual low flow generally decreases by late century, with decreases
exceeding 20% in many areas of the region.

▪

High flow (expressed as Q5% flow) changes are expected to be variable across the
region, with both increases and decreases projected throughout Canterbury.
More pronounced differences generally manifest during the late-century period
and under higher RCPs.

▪

Floods (characterised by the Mean Annual Flood) are expected to become larger
for many parts of Canterbury, with some increases exceeding 100%. However,
there are some pockets of little change or decreasing MAF.

13. Sea level rise (SLR) will continually lift the base mean sea level on which the tide rides,
which means there will be an increasing percentage of normal high tides which exceed
a given present-day elevation e.g., street level, berm or stopbank crest. Based on the
example of the present-day MHWS-10 level, which is exceeded by only 10% of all high
tides (tide-only), a 0.65 m SLR will mean that same ground or tidal elevation would be
exceeded by every high tide. In addition, the present-day Highest Astronomical Tide
would be exceeded by approximately 82% of all high tides given 0.65 m SLR.
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Glossary of abbreviations and terms

Adaptation

The process of adjustment to actual or expected climate and its effects. In
human systems, adaptation seeks to moderate or avoid harm or exploit
beneficial opportunities. In some natural systems, human intervention may
facilitate adjustment to expected climate and its effects.

Anomaly

The deviation of a variable from its value averaged over a reference period.

Anthropogenic

Human-induced; man-made. Resulting from or produced by human
activities.

Anthropogenic
emissions

Emissions of greenhouse gases, greenhouse gas precursors, and aerosols
caused by human activities. These activities include the burning of fossil
fuels, deforestation, land use changes, livestock production, fertilization,
waste management, and industrial processes.

AOGCM

Atmosphere-ocean global climate model – a comprehensive climate model
containing equations representing the behaviour of the atmosphere, ocean
and sea ice and their interactions.

AR5

5th Assessment Report of IPCC – published in 2013/14 covering three
Working Group Reports and a Synthesis Report.

Atmosphere

The gaseous envelope surrounding the Earth. The dry atmosphere consists
almost entirely of nitrogen (78.1% volume mixing ratio) and oxygen (20.9%
volume mixing ratio), together with a number of trace gases, such as argon
(0.93% volume mixing ratio), helium and radiatively active greenhouse
gases such as carbon dioxide (0.035% volume mixing ratio) and ozone. In
addition, the atmosphere contains the greenhouse gas water vapour,
whose amounts are highly variable but typically around 1% volume mixing
ratio. The atmosphere also contains clouds and aerosols.

Available Water
Capacity (AWC)

The amount of water in the soil ‘reservoir’ that plants can use.

Baseline/reference

The baseline (or reference) is the state against which change is measured. A
baseline period is the period relative to which anomalies are computed.

BCC-CSM1.1

The Beijing Climate Centre Climate System Model version 1.1. A fully
coupled global climate-carbon model. Part of CMIP5.

Bias correction

Procedures designed to remove systematic climate model errors.

Business as Usual
(BAU)

Business as usual projections assume that operating practices and policies
remain as they are at present. Although baseline scenarios could
incorporate some specific features of BAU scenarios (e.g., a ban on a
specific technology), BAU scenarios imply that no practices or policies other
than the current ones are in place. RCP8.5 is known as the 'business as
usual' climate change scenario.
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Carbon dioxide (CO2)

A naturally occurring gas, also a by-product of burning fossil fuels from
fossil carbon deposits, such as oil, gas and coal of burning biomass, of land
use changes and of industrial processes (e.g., cement production). It is the
principal anthropogenic greenhouse gas that affects the Earth’s radiative
balance. It is the reference gas against which other greenhouse gases are
measured and therefore has a Global Warming Potential of 1.

CESM1-CAM5

The Community Earth System Model, version 5 of the Community
Atmosphere Model primarily developed at the National Center for
Atmospheric Research in the USA. Part of CMIP5.

Climate

Climate in a narrow sense is usually defined as the average weather, or
more rigorously, as the statistical description in terms of the mean and
variability of relevant quantities over a period ranging from months to
thousands or millions of years. The classical period for averaging these
variables is 30 years, as defined by the World Meteorological Organization.
The relevant quantities are most often surface variables such as
temperature, rainfall and wind. Climate in a wider sense is the state,
including a statistical description, of the climate system.

Climate change

Climate change refers to a change in the state of the climate that can be
identified (e.g., by using statistical tests) by changes in the mean and/or the
variability of its properties, and that persists for an extended period,
typically decades or longer. Climate change may be due to natural internal
processes or external forcings such as modulations of the solar cycles,
volcanic eruptions and persistent anthropogenic changes in the
composition of the atmosphere or in land use.

Climate change
scenario

A plausible and often simplified representation of the future climate, based
on an internally consistent set of climatological relationships that has been
constructed for explicit use in investigating the potential consequences of
anthropogenic climate change, often serving as input to impact models.
Climate projections often serve as the raw material for constructing climate
scenarios, but climate scenarios usually require additional information such
as the observed current climate. A climate change scenario is the difference
between a climate scenario and the current climate.
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Climate model

A numerical representation of the climate system based on the physical,
chemical and biological properties of its components, their interactions and
feedback processes, and accounting for some of its known properties. The
climate system can be represented by models of varying complexity, that is,
for any one component or combination of components a spectrum or
hierarchy of models can be identified, differing in such aspects as the
number of spatial dimensions, the extent to which physical, chemical or
biological processes are explicitly represented or the level at which
empirical parametrizations are involved. Coupled Atmosphere–Ocean
General Circulation Models (AOGCMs) provide a representation of the
climate system that is near or at the most comprehensive end of the
spectrum currently available. There is an evolution towards more complex
models with interactive chemistry and biology. Climate models are applied
as a research tool to study and simulate the climate, and for operational
purposes, including monthly, seasonal and inter-annual climate predictions.

Climate projection

A climate projection is the simulated response of the climate system to a
scenario of future emission or concentration of greenhouse gases and
aerosols, generally derived using climate models. Climate projections are
distinguished from climate predictions by their dependence on the
emission/concentration/ radiative forcing scenario used, which is in turn
based on assumptions concerning, for example, future socioeconomic and
technological developments that may or may not be realized.

Climate system

The climate system is the highly complex system consisting of five major
components: the atmosphere, the hydrosphere, the cryosphere, the
lithosphere and the biosphere, and the interactions between them. The
climate system evolves in time under the influence of its own internal
dynamics and because of external forcings such as volcanic eruptions, solar
variations and anthropogenic forcings such as the changing composition of
the atmosphere and land use change.

Climate variability

Climate variability refers to variations in the mean state and other statistics
(such as standard deviations, the occurrence of extremes, etc.) of the
climate on all spatial and temporal scales beyond that of individual weather
events. Variability may be due to natural internal processes within the
climate system (internal variability), or to variations in natural or
anthropogenic external forcing (external variability).

Climate variable

An element of the climate that is liable to vary or change e.g. temperature,
rainfall.
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CMIP5

Coupled Model Inter-comparison Project, Phase 5, which involved
coordinating and archiving climate model simulations based on shared
model inputs by modelling groups from around the world. This project
involved many experiments with coupled atmosphere-ocean global climate
models, most of which were reported on in the IPCC Fifth Assessment
Report, Working Group I. The CMIP5 dataset includes projections using the
Representative Concentration Pathways.

Confidence

The validity of a finding based on the type, amount, quality, and
consistency of evidence (e.g., mechanistic understanding, theory, data,
models, expert judgment) and on the degree of agreement. Confidence is
expressed qualitatively.

DEM

Digital elevation model.

Diurnal temperature
range

The difference between the maximum and minimum temperature during a
24-hour period.

Downscaling
(statistical,
dynamical)

Deriving local climate information (at the 5 kilometre grid-scale in this
report) from larger-scale model or observational data. Two main methods
exist – statistical and dynamical. Statistical methods develop statistical
relationships between large-scale atmospheric variables (e.g., circulation
and moisture variations) and local climate variables (e.g., rainfall
variations). Dynamical methods use the output of a regional
climate/weather model driven by a larger-scale global model.

Drought
(meteorological,
hydrologic)

A period of abnormally dry weather long enough to cause a serious
hydrological imbalance. Drought is a relative term; therefore, any
discussion in terms of rainfall deficit must refer to the rainfall-related
activity that is under discussion. For example, shortage of rainfall during the
growing season impinges on crop production or ecosystem function in
general (due to soil moisture drought, also termed agricultural drought),
and during the runoff and percolation season primarily affects water
supplies (hydrological drought). Storage changes in soil moisture and
groundwater are also affected by increases in actual evapotranspiration in
addition to reductions in rainfall. A period with an abnormal rainfall deficit
is defined as a meteorological drought. A megadrought is a very lengthy
and pervasive drought, lasting much longer than normal, usually a decade
or more.

Emission scenario

A plausible representation of the future development of emissions of
substances that act as radiative forcing factors (e.g., greenhouse gases,
aerosols) based on a coherent and internally consistent set of assumptions
about driving forces (such as demographic and socioeconomic
development, technological change) and their key relationships.
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Ensemble

A collection of model simulations characterizing a climate prediction or
projection. Differences in initial conditions and model formulation result in
different evolutions of the modelled system and may give information on
uncertainty associated with model error and error in initial conditions in the
case of climate forecasts and on uncertainty associated with model error
and with internally generated climate variability in the case of climate
projections.

ENSO

El Niño-Southern Oscillation. A natural global climate phenomenon
involving the interaction between the tropical Pacific and the atmosphere,
but has far-reaching effects on the global climate, especially for countries in
the Pacific rim. ENSO is the strongest climate signal on time scales of one to
several years, characteristically oscillating on a 3-7-year timescale. The
quasi-periodic cycle oscillates between El Niño (unusually warm ocean
waters along the tropical South American coast and west-central equatorial
Pacific) and La Niña (colder-than-normal ocean waters off South America
and along the central-east equatorial Pacific).

Eustatic sea-level rise

Absolute level of sea-level rise, measured relative to the centre of the
earth. In contrast to relative sea-level rise which is measured relative to the
land nearby.

Evapotranspiration

The combined process of evaporation from the Earth’s surface and
transpiration from vegetation.

Flood

The overflowing of the normal confines of a stream or other body of water,
or the accumulation of water over areas not normally submerged. Floods
include river (fluvial) floods, flash floods, urban floods, pluvial floods, sewer
floods, coastal floods, and glacial lake outburst floods.

GCM

Global climate model. These days almost all GCMs are AOGCMs
(atmosphere-ocean global climate models). See also climate model.

GFDL-CM3

The Coupled physical model version 3, developed by the Geophysics Fluid
Dynamics Laboratory at NOAA in the USA. Part of CMIP5.

GISS-E2-R

The E2-R climate model developed by NASA Goddard Institute for Space
Studies in the USA. Part of CMIP5.
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Greenhouse effect

The radiative effect of all infrared-absorbing constituents in the
atmosphere. Greenhouse gases, clouds, and (to a small extent) aerosols
absorb terrestrial radiation emitted by the Earth’s surface and elsewhere in
the atmosphere. These substances emit infrared radiation in all directions,
but, everything else being equal, the net amount emitted to space is
normally less than would have been emitted in the absence of these
absorbers. This is because of the decline of temperature with altitude in the
troposphere and the consequent weakening of emission. An increase in the
concentration of greenhouse gases increases the magnitude of this effect;
the difference is sometimes called the enhanced greenhouse effect. The
change in a greenhouse gas concentration because of anthropogenic
emissions contributes to an instantaneous radiative forcing. Surface
temperature and troposphere warm in response to this forcing, gradually
restoring the radiative balance at the top of the atmosphere.

Greenhouse gas
(GHG)

Greenhouse gases are those gaseous constituents of the atmosphere, both
natural and anthropogenic, that absorb and emit radiation at specific
wavelengths within the spectrum of terrestrial radiation emitted by the
Earth’s surface, the atmosphere itself, and by clouds. This property causes
the greenhouse effect. Water vapour (H2O), carbon dioxide (CO2), nitrous
oxide (N2O), methane (CH4) and ozone (O3) are the primary greenhouse
gases in the Earth’s atmosphere. Moreover, there are many entirely
human-made greenhouse gases in the atmosphere, such as the
halocarbons and other chlorine- and bromine-containing substances, dealt
with under the Montreal Protocol. Beside CO2, N2O and CH4, the Kyoto
Protocol deals with the greenhouse gases sulphur hexafluoride (SF6),
hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs).

HadGEM2-ES

Climate model developed by the UK Met Office Hadley Centre, from the UK
Unified Model. Part of CMIP5.

HAT

Highest Astronomical Tide. The highest tidal level which can be predicted to
occur under average meteorological conditions over 18 years. Sometimes
called the maximum high water.

Humidity

Specific humidity is the ratio of the mass of water vapour to the total mass
of the system (water plus air) in a parcel of moist air. Relative humidity is
the ratio of the vapour pressure to the saturation vapour pressure (the
latter having a strong dependence on temperature).

Hydrologic drought

Hydrologic drought occurs when low water supply becomes evident,
especially in streams, reservoirs, and groundwater levels, usually after an
extended period of meteorological drought.
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Industrial Revolution

A period of rapid industrial growth with far reaching social and economic
consequences, beginning in Britain during the second half of the 18th
century and spreading to Europe and later to other countries including the
United States. The invention of the steam engine was an important trigger
of this development. The industrial revolution marks the beginning of a
strong increase in the use of fossil fuels and emission of, in particular, fossil
carbon dioxide.

IPCC

Intergovernmental Panel on Climate Change. This body was established in
1988 by the World Meteorological Organisation (WMO) and the United
Nations Environment Programme (UNEP) to objectively assess scientific,
technical and socioeconomic information relevant to understanding the
scientific basis of risk of human induced climate change, its potential
impacts and options for adaptation and mitigation. Its latest reports (the
Fifth Assessment) were published in 2013/14 (see www.ipcc.ch/).

IPO

Interdecadal Pacific Oscillation – a long timescale oscillation in the ocean–
atmosphere system that shifts climate in the Pacific region every one to
three decades.

Mean annual flood
(MAF)

The mean of the series of each year’s highest daily mean flow.

Mean annual low
flow (MALF)

The mean of the lowest 7-day average flows in each year of a projection
period.

Mean discharge

The average annual streamflow or discharge of a river.

Mean sea level (MSL)

The surface level of the ocean at a point averaged over an extended period
such as a month or year, or the average level which would exist in the
absence of tides. Mean sea level is often used as a national datum to which
heights on land are referred. Mean sea level changes with the averaging
period used, due to climate variability and long-term sea-level rise.

MFE

Ministry for the Environment.

Mitigation (of climate
change)

A human intervention to reduce the sources or enhance the sinks of
greenhouse gases.

Model spread

The range or spread in results from climate models, such as those
assembled for Coupled Model Intercomparison Project Phase 5 (CMIP5).
Does not necessarily provide an exhaustive and formal estimate of the
uncertainty in feedbacks, forcing or projections even when expressed
numerically, for example, by computing a standard deviation of the models’
responses. To quantify uncertainty, information from observations, physical
constraints and expert judgement must be combined, using a statistical
framework.

NIWA

National Institute of Water and Atmospheric Research Ltd.

NorESM1-M

The Norwegian Earth System Model. Part of CMIP5.
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Ozone

Ozone, the triatomic form of oxygen (O3), is a gaseous atmospheric
constituent. In the troposphere, it is created both naturally and by
photochemical reactions involving gases resulting from human activities
(smog). Tropospheric ozone acts as a greenhouse gas. In the stratosphere,
it is created by the interaction between solar ultraviolet radiation and
molecular oxygen (O2). Stratospheric ozone plays a dominant role in the
stratospheric radiative balance. Its concentration is highest in the ozone
layer.

Paris agreement

The Paris Agreement aims to respond to the global climate change threat
by keeping a global temperature rise this century well below 2°C above preindustrial levels and to pursue efforts to limit the temperature increase
even further to 1.5°C.

PED

Potential evapotranspiration deficit. PED can be thought of as the amount
of water needed to be added as irrigation, or replenished by rainfall, to
keep pastures growing at levels that are not constrained by a shortage of
water.

Percentiles

The set of partition values which divides the total population of a
distribution into 100 equal parts, the 50th percentile corresponding to the
median of the population.

PET

Potential evapotranspiration. The amount of evaporation that would occur
if a sufficient water source were available.

Precipitation

Describes all forms of moisture that falls from clouds (rain, sleet, hail, snow,
etc). ‘Rainfall’ describes just the liquid component of precipitation.

Pre-industrial

Conditions at or before 1750. See also Industrial revolution.

Projection

A numerical simulation (representation) of future conditions. Differs from a
forecast; whereas a forecast aims to predict the exact time-dependent
conditions in the immediate future, such as a weather forecast a future cast
aims to simulate a time-series of conditions that would be typical of the
future (from which statistical properties can be calculated) but does not
predict future individual events.

Radiative forcing

A measure of the energy absorbed and retained in the lower atmosphere.
More technically, radiative forcing is the change in the net (downward
minus upward) irradiance (expressed in W/m2, and including both shortwave energy from the sun, and long-wave energy from greenhouse gases)
at the tropopause, due to a change in an external driver of climate change,
such as, for example, a change in the concentration of carbon dioxide or
the output of the sun.
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Regional Climate
Model (RCM)

A numerical climate prediction model run over a limited geographic domain
(here around New Zealand), and driven along its lateral atmospheric
boundary and oceanic boundary with conditions simulated by a global
climate model (GCM). The RCM thus downscales the coarse resolution
GCM, accounting for higher resolution topographical data, land-sea
contrasts, and surface characteristics. RCMs can cater for relatively smallscale features such as New Zealand’s Southern Alps.

Relative sea-level rise
(RSLR)

A tide gauge records a combined signal of the vertical change (positive or
negative) in the level of both the sea and the land to which the gauge is
affixed; or relative sea level change, which is typically referred to as relative
sea-level rise.

Representative
Concentration
Pathways (RCPs)

Representative concentration pathways. They describe four possible
climate futures, all of which are considered possible depending on how
much greenhouse gases are emitted in the years to come. The four RCPs,
RCP2.6, RCP4.5, RCP6, and RCP8.5, are named after a possible range
of radiative forcing values in the year 2100 relative to pre-industrial values
(+2.6, +4.5, +6.0, and +8.5 W/m2, respectively)

Resolution

In climate models, this term refers to the physical distance (metres or
degrees) between each point on the grid used to compute the equations.
Temporal resolution refers to the time step or time elapsed between each
model computation of the equations.

SAM

Southern Annular Mode. Represents the variability of circumpolar
atmospheric jets that encircle the Southern Hemisphere that extend out to
the latitudes of New Zealand. Positive phases of SAM are associated with
relatively settled weather in New Zealand, whereas negative phases are
associated with unsettled weather over the country.

Scenario

In common English parlance, a ‘scenario’ is an imagined sequence of future
events. The IPCC Fifth Assessment describes a ‘climate scenario’ as: A
plausible and often simplified representation of the future climate, based
on an internally consistent set of climatological relationships that has been
constructed for explicit use in investigating the potential consequences of
anthropogenic climate change, often serving as input to impact models. The
word ‘scenario’ is often given other qualifications, such as ‘emission
scenario’ or ‘socio-economic scenario’. For the purpose of forcing a global
climate model, the primary information needed is the time variation of
greenhouse gas and aerosol concentrations in the atmosphere.

Sea surface
temperature (SST)

The sea surface temperature is the subsurface bulk temperature in the top
few metres of the ocean, measured by ships, buoys and drifters.

Seven-station series

This refers to seven long-term temperature records used to assess New
Zealand’s warming on the century time-scale. The sites are located in
Auckland, Wellington, Masterton, Nelson, Hokitika, Lincoln, and Dunedin.
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Simulation

Simulation is the imitation of the operation of a real-world process or
system over time. The act of simulating something first requires that a
model be developed; this model represents the key characteristics,
behaviours and functions of the selected physical or abstract system or
process. The model represents the system itself, whereas the simulation
represents the operation of the system over time.

SLR

Sea-level rise.

SOI

Southern Oscillation Index, representing seesaws of atmospheric pressure
in the tropical Pacific, one pole being at Tahiti and the other at Darwin,
Australia. Extreme states of this index are indicative of El Niño or La Niña
events in the equatorial Pacific. Typically, El Niño events produce more
south-westerly flow than usual over New Zealand and associated cooler
conditions, with more rainfall in western parts and frequently drought
conditions in the east. La Niña events produce more high pressures over
the South Island and warmer north-easterly airflow over the North Island,
sometimes with drought conditions in the South Island.

Soil moisture deficit
(SMD)

A day of soil moisture deficit is considered in this report to be when soil
moisture is below 75 mm of available soil water capacity. SMD is calculated
based on incoming daily rainfall (mm), outgoing daily potential
evapotranspiration (PET, mm), and a fixed available water capacity (the
amount of water in the soil 'reservoir' that plants can use) of 150 mm.
Evapotranspiration (ET) is assumed to continue at its potential rate until
about half of the water available to plants is used up, whereupon it
decreases, in the absence of rain, as further water extraction takes place.
ET is assumed to cease if all the available water is used up.

Solar radiation

Electromagnetic radiation emitted by the Sun with a spectrum close to the
one of a black body with a temperature of 5770 K. The radiation peaks in
visible wavelengths. When compared to the terrestrial radiation it is often
referred to as shortwave radiation.

Spatial and temporal
scales

Climate may vary on a large range of spatial and temporal scales. Spatial
scales may range from local (less than 100,000 km2), through regional
(100,000 to 10 million km2) to continental (10 to 100 million km2).
Temporal scales may range from seasonal to geological (up to hundreds of
millions of years).

TopNet

A semi-distributed hydrological model for simulating catchment water
balance and river flow, developed by NIWA.

Trend

In this report, the word trend designates a change, generally monotonic in
time, in the value of a variable.
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Uncertainty

A state of incomplete knowledge that can result from a lack of information
or from disagreement about what is known or even knowable. It may have
many types of sources, from imprecision in the data to ambiguously
defined concepts or terminology, or uncertain projections of human
behaviour. Uncertainty can therefore be represented by quantitative
measures (e.g., a probability density function) or by qualitative statements
(e.g., reflecting the judgment of a team of experts).

VCSN

Virtual Climate Station Network. Made up of observational datasets of a
range of climate variables: maximum and minimum temperature, rainfall,
relative humidity, solar radiation, and wind. Daily data are interpolated
onto a 0.05° longitude by 0.05° latitude grid (approximately 4 kilometres
longitude by 5 kilometres latitude), covering all New Zealand (11,491
points). Primary reference to the spline interpolation methodology is Tait et
al (2006).
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Appendix A

Climate modelling methodology

Key messages
•

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

•

Six climate models were chosen by NIWA for dynamical downscaling. These models were
chosen because they produced the most accurate results when compared to historical climate
and circulation patterns in the New Zealand and southwest Pacific region.

•

Downscaled climate change projections are at a 5 km x 5 km resolution over New Zealand.

•

Climate projection and historic baseline maps and tables present the average of the six
downscaled models.

•

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’).

NIWA has used climate model simulation data from the IPCC Fifth Assessment to update climate
change scenarios for New Zealand through both regional climate model (dynamical) and statistical
downscaling processes. The downscaling processes are described in detail in a climate guidance
manual prepared for the Ministry for the Environment (2018), but a short explanation is provided
below. Dynamical downscaling results are presented for all variables in this report.
Global climate models (GCMs) are used to make future climate change projections for each future
scenario, and results from these models are available through the Fifth Coupled Model Intercomparison Project (CMIP5) archive (Taylor et al., 2012). Six GCMs were selected by NIWA for
dynamical downscaling, and the sea surface temperatures (SSTs) from these six CMIP5 models used
to drive an atmospheric global model, which in turn drives a higher resolution regional climate model
(RCM) nested over New Zealand. These CMIP5 models were chosen because they produced the most
accurate results when compared to historical climate and circulation patterns in the New Zealand
and southwest Pacific region. In addition, they were chosen because they were as varied as possible
in the parent global model to span the likely range of model sensitivity. For climate simulations,
dynamical downscaling utilises a high-resolution climate model to obtain finer scale detail over a
limited area based on a coarser global model simulation.
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The six GCMs chosen for dynamical downscaling were BCC-CSM1.1, CESM1-CAM5, GFDL-CM3, GISSE2-R, HadGEM2-ES and NorESM1-M. The NIWA downscaling (GCM then RCM) produced simulations
that contained hourly precipitation results from 1970 through to 2100. The native resolution of the
regional climate model is 27 km and there are known biases in the precipitation fields derived from
this model. The daily precipitation projections, as well as daily maximum and minimum
temperatures, have been bias-corrected so that their statistical distributions from the RCM matches
those from the Virtual Climate Station Network (VCSN) when the RCM is driven by the observed
sequence of weather patterns across New Zealand (known as ‘re-analysis’ data). A detailed
description of this bias-correction method is provided by Sood (2014). When the RCM is driven from
the free-running GCM, forced only by CMIP5 SSTs, there can be an additional bias in the distribution
of weather patterns affecting New Zealand, and the RCM output data for the historical climate will
therefore not match the observed distributions exactly.
The RCM output is then downscaled statistically (by interpolation from the model 27 km grid) to a
~5 km x ~5 km resolution with a daily time-step. The ~5 km grid corresponds to the VCSN grid11.
Figure 10-1 shows a schematic for the dynamical downscaling method used in this report.

Global Climate Model: ~140 km

Regional Climate Model 27 km

Bias corrected/downscaled RCM: 5 km

Figure 10-1: Schematic showing dynamical downscaling method used in this report.

The climate change projections from each of the six dynamical models are averaged together,
creating what is called an ensemble-average. The ensemble-average is mapped in this report,
because the models were chosen to cover a wide range of potential future climate conditions. The
ensemble-average was presented as this usually performs better in climate simulations than any
individual model (the errors in different models are compensated).
Climate projections are presented as a 20-year average for 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. 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 remove effects of natural variability. The baseline maps (1986-2005)
show modelled historic climate conditions from the same six models as the future climate change
projection maps.

11

Virtual Climate Station Network, a set of New Zealand climate data based on a 5 km by 5 km grid across the country. Data have been
interpolated from ‘real’ climate station records (TAIT, A., HENDERSON, R., TURNER, R. & ZHENG, X. G. 2006. Thin plate smoothing spline
interpolation of daily rainfall for New Zealand using a climatological rainfall surface. International Journal of Climatology, 26, 2097-2115.)
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Appendix B

Hydrological modelling methodology

Key messages
▪

NIWA’s TopNet model was used in this study. TopNet is a spatially semi-distributed,
time-stepping model of water balance. The model is driven by time-series of
precipitation and temperature, and additional weather elements where available.

▪

TopNet was run continuously from 1971 to 2100, with the spin-up period 1971
excluded from the analysis. The climate inputs were stochastically disaggregated
from daily to hourly time steps.

▪

The simulation results comprise time-series of modelled river flow for each
computational sub-catchment, and for each of the six GCMs and two RCPs
considered.

▪

Hydrological projections are presented as the average for two future periods: 20362056 (termed ‘mid-century’) and 2086-2099 (termed ‘late-century’). All maps show
changes relative to the baseline climate (1986-2005 average).

To assess the potential impacts of climate change on agricultural water resources and flooding, a
hydrological model is required that can simulate soil moisture and river flows continuously and under
a range of different climatic conditions, both historical and future. Ideally the model would also
simulate complex groundwater fluxes but there is no national hydrological model capable of this at
present. Because climate change implies that environmental conditions are shifting from what has
been observed historically, it is advantageous to use a physically based hydrological model over one
that is more empirical, with the assumption that a better representation of the biophysical processes
will allow the model to perform better outside the range of conditions under which it is calibrated.
The hydrological model used in this study is NIWA’s TopNet model (Clark et al., 2008), which is
routinely used for surface water hydrological modelling applications in New Zealand. It is a spatially
semi-distributed, time-stepping model of water balance. It is driven by time-series of precipitation
and temperature, and of additional weather elements where available. TopNet simulates water
storage in the snowpack, plant canopy, rooting zone, shallow subsurface, lakes and rivers. It
produces time-series of modelled river flow (without consideration of water abstraction,
impoundments or discharges) throughout the modelled river network, as well as evapotranspiration,
and does not consider irrigation. TopNet has two major components, namely a basin module and a
flow routing module.
The model combines TOPMODEL hydrological model concepts (Beven et al., 1995) with a kinematic
wave channel routing algorithm (Goring 1994) and a simple temperature based empirical snow
model (Clark et al., 2008). As a result, TopNet can be applied across a range of temporal and spatial
scales over large watersheds using smaller sub-basins as model elements (Ibbitt and Woods, 2002;
Bandaragoda et al., 2004). Considerable effort has been made during the development of TopNet to
ensure that the model has a strong physical basis and that the dominant rainfall-runoff dynamics are
adequately represented in the model (McMillan et al., 2010). TopNet model equations and
information requirements are provided by Clark et al. (2008) and McMillan et al. (2013).
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For the development of the national version of TopNet used here, spatial information in TopNet was
provided by national datasets as follows:
▪

Catchment topography based on a nationally available 30 m Digital Elevation
Model (DEM).

▪

Physiographical data based on the Land Cover Database version two and Land
Resource Inventory (Newsome et al., 2012).

▪

Soil data based on the Fundamental Soil Layer information (Newsome et al.,
2012).

▪

Hydrological properties (based on the River Environment Classification version
one (REC1) (Snelder and Biggs, 2002)12.

The method for deriving TopNet’s parameters based on GIS data sources in New Zealand is given in
Table 1 of Clark et al. (2008). Due to the paucity of some spatial information at national/regional
scales, some soil parameters are set uniformly across New Zealand.
To carry out the simulations required for this study, TopNet was run continuously from 1971 to 2100,
with the spin-up period 1971 excluded from the analysis. The climate inputs were stochastically
disaggregated from daily to hourly time steps. As the GCM simulations are ‟free-running” (based
only on initial conditions, not updated with observations), comparisons between present and future
hydrological conditions can be made directly (as each GCM is characterised by specific physical
assumptions and parameterisation), but this also means that simulated hydrological hindcasts do not
track observational records.
Hydrological simulations are based on the REC 1 network aggregated up to Strahler13 catchment
order three (approximate average catchment area of 7 km2) used within previous national and
regional scale assessments (Pearce et al., 2017a; 2017b); residual coastal catchments of smaller
stream orders remain included. The simulation results comprise hourly time-series of various
hydrological variables for each computational sub-catchment, and for each of the six GCMs and two
RCPs considered. To manage the volume of output data, only river flows information was preserved;
all the other state variables and fluxes can be regenerated on demand.
Because of TopNet assumptions, soil and land use characteristics within each computational subcatchment are homogenised. Essentially this means that the soil characteristics and physical
properties of different land uses, such as pasture and forest, will be spatially averaged, and the
hydrological model outputs will approximate conditions across land uses.

12

Due to time constraints associated with this project, it is not possible to assess the potential impact of climate change on the Digital River
Network 3 available for the Canterbury region.
13 Strahler order describes river size based on tributary hierarchy. Headwater streams with no tributaries are order 1; 2 nd order streams
develop at the confluence of two 1st order tributaries; stream order increases by 1 where two tributaries of the same order converge.
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