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ABSTRACT

Runoff from the Waitaki catchment is relied upon for hydroelectricity gener-

ation and long-term water storage. The Waitaki catchment holds some of the

country’s largest glaciers. Ice melt contributes to runoff, along with snow melt

and rainfall. Understanding the implications of climate change and glacier retreat

on downstream hydrology is important for long-term water resource planning. Us-

ing an enhanced temperature index model coupled with an ice flow model, glacier

mass balance within the Waitaki was projected through the 21st century for four

future climate scenarios based on CMIP5.

Glacier volume in the Waitaki catchment is projected to decrease over the 21st

century for all future climate scenarios by up to 86%. Average ablation is projected

to begin earlier in spring and continue later into autumn by the end of the century.

Conversely, average accumulation is projected to start later in autumn and end

earlier in spring. These shifts become more pronounced with increasing severity

of climate change scenarios. The largest increases in average rainfall and ablation

are projected to occur in the winter and spring months when runoff is typically at

its lowest, as a result of warmer winter temperatures.

Maximum ice melt contributions to runoff, known as peak water, are projected

to occur before 2040 in the Waitaki catchment for all future climate scenarios. Be-

fore peak water is reached, increases in total ablation may mitigate the frequency

and magnitude of low flow events during dry periods, but may also increase flood

risks in and around the summer season when rainfall is high. Once peak water

passes and ice melt contributions to runoff decrease, extreme low flow events may

be more of a concern during dry periods with reduced rainfall.
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Chapter 1

Introduction

Approximately two billion people live in or directly downstream of mountainous

areas (Immerzeel et al., 2020), but more than half of the global population indi-

rectly relies on runoff from mountainous regions for water supply (Beniston, 2003;

Viviroli and Weingartner, 2004). With future population growth, the pressure on

water resources around the world will increase.

Mountain regions are sensitive to climate change (Beniston et al., 1996; Vivi-

roli et al., 2011; Rasouli et al., 2014; Immerzeel et al., 2020). Thus the impacts of

climate change on downstream hydrology are likely to have significant repercus-

sions in populated downstream areas that depend on mountain water for domestic,

agricultural, energy, and industrial purposes (Arnell, 1999; Beniston, 2005). While

runoff generation in mountain catchments is one of the most complex hydrologi-

cal processes (Wilcox et al., 1991; Jakeman and Hornberger, 1993; Becker, 2005),

understanding generating mechanisms and their implications on downstream hy-

drology is vital for informed planning of long-term water security.

Mountain runoff is generated by rainfall, snow melt, and ice melt, and each

mechanism leads to a different downstream hydrological response (Woo and Liu,

1994; Aizen et al., 1996; Shanley et al., 2015). The dominant runoff process

within a watershed is dictated by physical geography and climate (Falkenmark

and Chapman, 1989). Glacierized catchments have particularly unique hydro-

logical characteristics because glaciers store water in catchments far longer than

rainfall or snow. As such, glaciers act as valuable long-term reservoirs of fresh-

water that exert a strong control on drainage characteristics such as annual and

seasonal downstream runoff (Meier and Tangborn, 1961; Lang, 1986; Stenborg,

1970; Jansson et al., 2003; DeBeer et al., 2020). Storage and release of water

from glaciers are important for water supply, hydroelectric power, agriculture,

flood forecasting, sea level fluctuations, glacier dynamics, sediment transport, and

landscape evolution (Jansson et al., 2003). In regions such as the Andes and the

Himalayas, runoff from glacierized basins provides consistent flows for agriculture
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and irrigation, power generation, and ecosystem integrity (Vergara et al., 2007;

Akhtar et al., 2008). In other regions like Switzerland, Canada, the United States

of America, and New Zealand, many rivers used for hydropower are influenced

by meltwater from seasonal snow and glaciers (Filion, 2000; Caruso et al., 2017;

Cherry et al., 2017; Schaefli et al., 2019). In addition to their important role as

water resources, glaciers are unique indicators of climate change (Oerlemans and

Fortuin, 1992; Laumann and Reeh, 1993; Francou et al., 2005). The advance or

retreat of a glacier over time is influenced by changes in climate. Glacier mass

balance studies have found that rising air temperatures over the past century have

driven a reduction in the area and volume of glaciers worldwide (Huss et al., 2017).

Glaciers are continuing to exhibit historically unprecedented retreat with extreme

mass-loss years becoming more prevalent in recent decades (Vargo et al., 2020).

With warming of the global climate, glaciers are expected to change their water

storage capacity with potential consequences for downstream water supply (Kaser

et al., 2010; Marzeion et al., 2020).

The projected reduction in glacier mass in coming decades will have profound

impacts around the globe, with downstream consequences on water resources, sea-

level rise, and tourism (Purdie, 2013; Anderson et al., 2021). Changes in timing

and volume of ice melt may pose several risks. High flows may cause flooding risks

where glacier runoff contributions are still increasing, and low flows may threaten

the ability to meet downstream water demands where glacier runoff contributions

are waning (Huss and Hock, 2018; DeBeer et al., 2020). Snow and rainfall regimes

are also highly sensitive to climate change, and can further complicate down-

stream hydrological responses by amplifying or dampening the effects of glacier

loss (DeBeer et al., 2016). Even in catchments that are not heavily glacierized,

the affect of glacier change on catchment runoff can have important consequences

for long-term water resource planning (Meier, 1969).

1.1 Purpose and objective of study

In New Zealand, glaciers contain a small but important fraction of the country’s

water resources. While there are a few thousand individual glaciers across the

Southern Alps (Baumann et al., 2020), catchments with the largest glaciers store

the greatest volume of water (Chinn, 2001). Located on the southeast side of the

Southern Alps of New Zealand, the Waitaki catchment is approximately 11900

km2 in size and contains some of the country’s largest ice masses including the

Haupapa/Tasman, Murchison, Mueller, and Hooker Glaciers (Figure 1.1). Numer-

ous smaller glaciers are also located within the basin. Runoff generated from ice

melt, snow melt, and rainfall, is used to generate electricity through eight power
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stations located in the Waitaki catchment. Runoff is also stored in lake reservoirs

to supply water to downstream users and agricultural operations throughout the

year.

The Waitaki River catchment is one of New Zealand’s primary sources of hydro-

electricity and water storage. In 2010, hydroelectric power stations in the Wait-

aki catchment produced 35% to 40% of New Zealand’s electricity (Purdie and

Bardsley, 2010). The Waitaki catchment consists of three dammed glacial lakes

(Pukaki, Tekapo, and Ohau) and three artificial lakes (Benmore, Aviemore, and

Waitaki). Water from these lakes flows into the Waitaki River before draining at

the east coast near Glenavy. The glacial lakes in the upper Waitaki basin account

for nearly 60% of the controllable water storage available in the country (Sirguey,

2010). The glacierized upper Waitaki catchment provides nearly 80% of the inflow

to the Waitaki River (Leong and Chesterton, 2005).

Understanding how climate change and glacier recession will affect future ice

melt contributions to runoff is particularly important for long-term water resource

planning in catchments used for hydro-electricity and water storage like the Wait-

aki. The aim of this research is to improve this understanding for the upper

Waitaki catchment by analyzing projections of future climate and glacier mass

balance to determine changes in downstream runoff.

To achieve this aim, the following research objectives are:

1. Investigate the annual changes of total ice volume within the Waitaki catch-

ment through the period 2006 to 2098,

2. Determine how glacier mass balance processes, specifically accumulation and

ablation, and rainfall processes will change through the century using daily

and monthly time series analysis and,

3. Determine how changes to ablation could affect the timing and magnitude

of runoff, and possibly downstream water availability

This thesis is structured into six chapters. Chapter 2 presents a background of

catchment hydrology, climate change models, and modeling glacier mass balance.

Chapter 3 outlines the methods used in this research and Chapter 4 presents the re-

sults. Chapter 5 discusses the findings and the implications to downstream runoff.

Lastly, summary, conclusions, and recommendations are presented in Chapter 6.
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Figure 1.1: The upper Waitaki catchment, located on the South Island of New
Zealand. Bold black lines indicate the three glacier lake sub-catchments within
the Waitaki basin. Figure from Sirguey (2010).
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Chapter 2

Background

To determine how climate change may affect runoff in glacierized catchments in the

future, computer models are used to project future climate for different emission

scenarios. The response of glacier mass balance to future climate scenarios is then

simulated. The first section of this chapter describes runoff mechanism and the

effect of glaciers on downstream hydrology. The second section explains climate

models and how they are used in this research. The third section describes glacier

mass balance and glacier mass balance models. Finally, findings from studies

investigating the effect of climate change on glaciers in New Zealand and in the

Waitaki catchment are summarised in the fourth section.

2.1 Catchment runoff

Understanding the processes that generate mountain runoff is important for long-

term water resource planning. Watershed geography and climate influence what

mechanisms generate runoff, whether this is through rainfall, snowmelt, and/or

ice melt (Falkenmark and Chapman, 1989). Watershed runoff can therefore be

rainfall dominated, snowmelt dominated, ice melt dominated, or a combination of

all three processes.

Shanley et al. (2015) describes the characteristics of rainfall, snow melt, and

ice melt dominated watersheds in temperate western North America (Figure 2.1).

Rain-dominated catchments are low-land or are located in warm climates. Water-

shed runoff in rain-dominated catchments matches the annual pattern of rainfall.

Snow melt-dominated catchments are characterised by a spring snowmelt peak in

runoff, and minimum discharge in summer in this region. Interestingly, Figure 2.1

also shows an autumn peak in runoff in snow melt-dominated catchments, which

may be a result of the transition in increasing precipitation from rain to snow.

High elevation or cold climate watersheds that are highly glacierized export little
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water during winter and early spring, with main peak discharge occurring late

spring to early fall (Shanley et al., 2015). The potential influence of large-scale

atmospheric circulation seasonality could also be a factor that influences these

hydrographs, especially in rain-dominated catchments (Manabe, 1969).

Figure 2.1: Characteristic hydrographs for the three watershed types (rain-
dominated, snowmelt-dominated, and ice melt-dominated) during a northern
hemisphere hydrological year. Hydrographs are long-term averages (30-60 years)
from three individual representative streams in temperate western north America,
compared to long-term average precipitation. Figure from (Shanley et al., 2015).

Glaciers affect catchment hydrology, such as annual and seasonal runoff (Meier

and Tangborn, 1961; Fountain and Tangborn, 1985; Lang, 1986; Stenborg, 1970).

In larger basins with sufficient elevation range to include ice melt- and rainfall

dominated runoff, glacier runoff compensates for otherwise decreasing summer

discharge (Fountain and Tangborn, 1985; Young and Hewitt, 1993; Jansson et al.,

2003; Sirguey, 2010). As such, glaciers can help to sustain runoff during dry

periods (Hopkinson and Young, 1998; Sirguey, 2010). Glaciers can also mitigate

peak flows by delaying the time of maximum seasonal runoff, as spring melt water

can be temporarily stored in glaciers and released later in the summer (Fountain

and Tangborn, 1985).

New Zealand has a temperate maritime climate, with alpine climates on the

South Island that support snow and ice cover, and extreme orographic effects

(Collins, 2020; Salinger et al., 2004). As such, rainfall, snow melt, and ice melt

contribute to the downstream hydrological response of watershed runoff in many



7

catchments on the South Island. Specifically, melt from snow and ice compose up

to 17% of runoff from catchments on the South Island (Kerr, 2013). As climate

changes, runoff contributions for any given watershed may shift. With increasing

temperature, snow melt contributions to runoff may decrease while rainfall contri-

butions to runoff increase. The contribution of ice melt to runoff in a glacierized

catchment will decrease as glaciers recede or disappear (Jansson et al., 2003; Huss

and Hock, 2018). As a result, seasonal shifts and changes in magnitude of peak and

low flows may occur that have otherwise been uncharacteristic to that catchment.

The change in glacier mass and the downstream hydrological response is influ-

enced by changes in climate (Oerlemans and Fortuin, 1992; Laumann and Reeh,

1993; Francou et al., 2005; Vargo et al., 2020). To understand how glacier retreat

and downstream runoff will respond to climate change in the future, computer

models are used. Climate models are fundamental in providing projections of

future glacier mass and ice melt contributions to runoff over the next century.

2.2 Climate change projections

2.2.1 General circulation models

Climate models are fundamental tools of modern climate science (Edwards, 2011)

and are a critical component of projecting future changes in glaciers. As cli-

mate research progresses, numerous organisations around the globe continue to

develop and advance these models to better simulate future environments. Since

the 1950s, computer models have simulated global general circulation patterns

that distribute heat and energy across Earth (Edwards, 2011). General Circula-

tion Models (GCMs) are representations of Earth’s energy balance fluxes which

influence global climate (Figure 2.2).

The atmosphere, ocean, land surface, and cryosphere are components of the

energy balance that affects the distribution of energy and heat around the globe

(Trenberth et al., 2009). The energy balance is affected by clouds and aerosols

concentrations in the atmosphere, currents in the ocean, changes to land-use or

vegetation cover on the land surface, and the amount of radiation absorption or

emission influenced by snow and ice cover in the cryosphere (Kiehl and Trenberth,

1997; Trenberth et al., 2009; Wild et al., 2013). Earth’s temperature is stable when

the incoming and outgoing energy is balanced. Due to the increase of greenhouse

gases in the atmosphere, Earth is experiencing an energy surplus with an extra

0.5 to 1 watts per meter squared presently being absorbed (Trenberth et al., 2009;

Hansen et al., 2011; Trenberth et al., 2014).

GCMs use large three-dimensional grids or a mesh to simulate energy balance
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Figure 2.2: Global energy balance showing the balance of incoming and outgoing
of radiation. Figure from Lindsey (2009).

processes in the atmosphere, ocean, land, and cryosphere on a global scale. GCMs

models are the most advanced tools currently available for simulating the global

climate system’s response to increasing greenhouse gas concentrations (IPCC Data

Distribution Centre, n.d.).

Due to the number of organisations or groups producing climate models, a

standardised framework was developed to allow GCMs to be analysed, validated,

and improved. As a result of this need, the Coupled Model Intercomparison

Project (CMIP) was established by the Working Group of Coupled Modelling

(WGCM) within the World Climate Research Programe (WCRP) in 1995 to study

and intercompare climate simulations made by GCMs (Meehl et al., 2000). The

CMIP provides boundary conditions for GCMs so that outputs can be compared.

Since its creation, CMIP has evolved over six phases and has held a central place

in reports from the Intergovernmental Panel on Climate Change (IPCC) (Touzé-

Peiffer et al., 2020).

The Intergovernmental Panel on Climate Change is the United Nations body

for assessing the science related to climate change. The IPCC was created to

provide policymakers with regular scientific assessments, on climate change, its

implications and potential future risks, as well as to put forward adaptation and

mitigation options (IPCC, n.d.). These findings are summarised in comprehen-

sive “Assessment Reports” that are periodically released by the IPCC as climate

science progresses. This research uses GCMs comprising CMIP5, relating to the

IPCC Fifth Assessment Report, for climate change projections.
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2.2.2 Representative concentration pathways

Within CMIP5, GCMs simulate four possible future climate scenarios. These

scenarios are referred to as Representative Concentration Pathways (RCPs) and

they describe four different 21st century trajectories of greenhouse gas emission

concentrations (Stocker et al., 2013). The different pathways represent variations

in population growth, technology advancements, energy consumption, land use

patterns, and adherence to climate policy. The four CMIP5 scenario runs are

used as the basis for exploring climate change impacts and policy to society (Taylor

et al., 2012).

Radiative forcing is a change in energy flux resulting from different natural and

anthropogenic factors that affect or drive climate change (Forster et al., 2007). The

RCPs represent the amount of possible radiative forcing by the end of the century

relative to pre-industrial levels, measured in watts per meter squared (W/m2)

(Van Vuuren et al., 2011).

The RCP2.6 scenario indicates an increase in global absorbed energy, with a

radiative forcing peak of approximately 3.0 W/m2 before 2100, then declines and

stabilises at 2.6 W/m2 by 2100 (Stocker et al., 2013). The RCP2.6 scenario is

representative of stringent measures with high compliance aimed to keep global

warming below 2◦C above pre-industrial temperatures (Van Vuuren et al., 2011).

The RCP4.5 and RCP6.0 scenarios represent a stabilization of radiative forcing

of 4.5 W/m2 and 6.0 W/m2 after 2100. The RCP8.5 scenario represents an envi-

ronment where radiative forcing is larger than 8.5 W/m2 by 2100, and continues

to rise afterward (Stocker et al., 2013). Scenarios without additional efforts to

constrain present emissions rates lead to pathways ranging between RCP6.0 and

RCP8.5. The effect of these changes on global temperature and sea level rise are

shown in Table 2.1.

Table 2.1: The IPCC’s fifth assessment report on climate change shows the change
in temperature and sea level relative to pre-industrial times (between 1850-1900)
that would result under each of the four RCP scenarios modelled in CMIP5 (Eden-
hofer et al., 2014).
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Determining which RCP scenario is most plausible is dependent on how socio-

economic parameters evolve or improve and thus is the subject of ongoing research.

One recent study suggests that most plausible scenarios project emissions trajec-

tories to 2100 are consistent with 3.4 W/m2 or 2.0◦-2.4◦C of warming (Pielke et al.,

2021).

2.2.3 Regional climate model

Due to the low spatial resolution (approximately 200 km) of GCMs, meaning-

ful high-resolution climate data cannot be provided for New Zealand from GCM

output. However, understanding regional variability is important for local gov-

ernment in developing climate change response plans (Ackerley et al., 2012). Two

methods were developed to increase the resolution of the GCM output so that it

can be applied on smaller, regional scales: statistical downscaling and dynamical

downscaling.

Statistical downscaling involves using techniques like regression equations to

determine relationships between large-scale climate circulation and local-scale

climate variations using historical data (Ackerley et al., 2012). GCM data is

used as boundary conditions together with the regression equations to interpolate

small-scale model output. Dynamical downscaling uses Regional Climate Models

(RCMs) to interpolate higher-resolution climate data from GCMs. GCM data

(such as temperature, moisture, wind circulation, and sea surface temperature)

is supplied to RCMs as boundary conditions, and then regional-scale climate is

modelled (Rummukainen, 2010).

The National Institute of Water and Atmospheric Research (NIWA) uses both

statistical and RCM dynamical downscaling to simulate climate over New Zealand.

For statistical downscaling, NIWA generates regression equations and then uses

forty-one GCMs, stratified by season, to describe how monthly temperature and

precipitation vary with large-scale climatic and circulation features (Ministry for

the Environment, 2018). Out of those forty-one GCMs, six representative GCMs

were selected to drive the RCM over New Zealand (Table 2.2).

The six GCMs used in RCM dynamical downscaling were selected to validate

well on present climate and to be as different as possible to capture a range of

model sensitivities (Ministry for the Environment, 2018). Model output data is

downscaled to a five kilometre grid and bias-corrected relative to a 1986–2005

climate (Ministry for the Environment, 2018). Bias correction and downscaling

procedures are performed separately on regional climate model (RCM) data for

the primary climate variables of minimum and maximum temperature and pre-

cipitation (Ministry for the Environment, 2018).
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Table 2.2: The six CMIP5 General Circulation Models used to generate NIWA’s
Regional Climate Models.

1 BCC-CSM1.1
2 CEM1-CAM5
3 GFDL - CM3
4 GISS-E2-R
5 HadGEM2-ES
6 NorESM1-M

Using these downscaling techniques, the four RCP projections from six rep-

resentative GCMs can be used to determine how climate change may affect New

Zealand on a regional scale.

2.3 Glacier mass balance

Glacier mass balance is the change in the mass of a glacier over a given time

period (Cogley et al., 2010). Glacier mass balance can provide information about

the amount of water stored or released by a glacier over that given time frame.

Glaciers are known indicators of climate change (Oerlemans and Fortuin, 1992;

Laumann and Reeh, 1993; Francou et al., 2005) and thus one of the main motives

of early mass-balance studies was to further understand the relationship between

the glaciers and the climate (Braithwaite and Zhang, 1999).

Mass balance describes the change in mass of a glacier driven by accumulation

and ablation process over a given time (Cogley et al., 2010). The accumulation

area of a glacier is where there is a net increase in mass for a given mass balance

year (Figure 2.3). In this research, snow fall is considered the only input to the

accumulation area. Other mechanisms for gaining mass can include avalanche

deposition and wind blown snow (Benn and Lehmkuhl, 2000; Dadic et al., 2010;

Laha et al., 2017). The ablation area is where a net decrease in mass occurs as

a result of ice melt in a given time period. The two areas are separated by the

Equilibrium Line Altitude (ELA) (Hambrey et al., 2004). The ELA represents the

location and elevation where annual mass balance is equal to zero. The position of

the ELA is different every year, and its movement up or down a glacier indicates

the trend toward a positive or negative mass balance over time.

Several methods to measure glacier mass balance have been developed over

time. These methods range from physical measurements of ice surface changes,

snow depth, or water inflow and outflow, to using remote technology designed

to capture changes in ice elevation, and to models that simulate physical and

climatic processes. One of the original methods of measuring glacier mass balance
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Figure 2.3: The processes of glacier surface mass balance. The accumulation area
is where there is a net gain in glacier mass, and the ablation area is where there is
a net loss. The two areas are delineated by the Equilibrium Line Altitude (ELA).
Figure from Hambrey et al. (2004).

is the classic glaciological method (Østrem and Brugman, 1966). The glaciological

method estimates the loss or gain in mass over the whole glacier surface from field

measurements obtained from stakes in the ablation area and snow pits, drilled

cores, or stakes in the accumulation area (Soruco et al., 2009). Typically, field

measurements are taken twice per year: once at the end of winter when the glacier

is at its maximum annual mass, and once at the end of summer when the glacier

is at its minimum annual mass. During the winter measurements, ablation stakes

are drilled into the ice. Snow pits are dug to measure snow depth and density in

various representative locations. During the summer measurements, the portion

of the ablation stakes that was exposed from melt is measured from the new

ice surface. Annual accumulation and ablation can then be extrapolated across

the rest of the glacier surface by using elevation gradients to determine annual

surface mass balance. In New Zealand there are only two glaciers with ongoing

measurements using the glaciological method: Brewster Glacier (Figure 2.4) and

Rolleston Glacier (Vargo et al., 2020).

Other common methods for measuring glacier mass balance include the hy-

drological method, the geodetic method, the ELA method, and the process-model

method (Cuffey and Paterson, 2010). The hydrological method measures wa-

ter flowing to and from the glacier (as precipitation and runoff, respectively) to
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Figure 2.4: Photos from the 2021 end-of-summer mass balance survey of Brewster
Glacier using the glaciological method.

calculate a water balance. The water balance of a glacier can then be used to cal-

culate the glacier mass balance (Bhutiyani, 1999; Braithwaite, 2002). The geodetic

method uses techniques to measure changes in the glacier surface altitude by com-

paring two measurements made at two different times (Cogley, 2009; Soruco et al.,

2009). The geodetic method techniques include repeat photogrammetry, ground

surveys, airborne or satellite laser altimetry and satellite interferometric radar

(Cuffey and Paterson, 2010). The ELA method uses aerial reconnaissance tech-

niques to determine snowline at the end of the glacier melt season (Kulkarni, 1992;

Chinn, 1995, 2001; Chinn et al., 2012). The known correlation between snowline

and annual mass balance is used to calculate glacier mass balance (Østrem, 1975).

Lastly, the process-model method uses meteorological models for explicit calcula-

tions of the surface mass exchanges that are driven by observations of local climatic

variables (Cuffey and Paterson, 2010).

2.4 Modelling glacier mass balance

This research aims to understand the impact of climate change on glaciers using

the process-model approach to project mass balance into the future. To accu-
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rately model glacier mass balance, the climatic processes and variables that drive

or influence mass changes must be defined. Precipitation, radiation, and air tem-

perature are important factors in modeling mass balance (Hock, 1999). Other

important factors include turbulent fluxes of heat and moisture, and energy used

for heating up the upper snow or ice layers (Oerlemans and Fortuin, 1992). The

type of mass balance model used depends on the desired complexity, and what

climatic information is available. As a result, two models have evolved in recent

years: temperature index models (also known as degree day models) and energy

balance models (Paul et al., 2008).

A temperature index or energy balance model can either be a point-scale model,

or a distributed model which is comprised of many point models (Arnold et al.,

1996; Carenzo, 2012). Point-scale models estimate the change in mass balance or

melt on a single point on the glacier surface often where data is available, like a

climate station (Arnold et al., 1996). Distributed models use a grid or mesh system

to calculate changes at multiple locations across the glacier. The foundation of

all distributed mass balance models is a Digital Elevation Model (DEM) that

allows the “distribution” of point measurements (like climate data from weather

stations) across the glacier surface (Paul et al., 2008). Distributed models are

preferred as they take account of the special distribution of mass balance over the

whole glacial area (Braithwaite and Zhang, 1999). There has been much effort

focused on enhancing spatial and temporal resolution of melt models by moving

from point-scale to distributed modelling (Hock, 2005).

2.4.1 Energy balance models

Energy balance models use a physically based approach to compute melt which

involves the assessment of energy fluxes to and from the glacier surface (Arnold

et al., 1996). Surplus energy at the surface is used to raise the temperature, then

once ice or snow reaches 0◦C, any remaining energy drives melt (Hock, 2005). The

energy balance method requires a large amount of meteorological input data (Paul

et al., 2008). Cuffey and Paterson (2010) expresses the energy balance of a glacier

as:

E = ESin + ESout + ELin + ELout + EG + EH + EE + EP (2.1)

Where E is the energy available for melting. ESin and ESout are incoming and

outgoing shortwave (solar) radiation, and ELin and ESout are ingoing and outgoing

longwave radiation. EG is the subsurface or ground heat flux, i.e., the change in

heat of a vertical column from the surface to the depth at which vertical heat

transfer is negligible (Hock, 2005), and EH and EE represent the sensible and
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latent heat fluxes due to turbulent mixing of air adjacent to the surface. Lastly,

EP represents the heat flux from precipitation (Cuffey and Paterson, 2010).

Figure 2.5: The components of the energy balance represented on Brewster Glacier
(Conway, 2019).

Shortwave radiation is energy supplied to the glacier surface from the sun and

varies depending on the albedo of glacier ice or on debris cover over ice. Shortwave

radiation consists of direct radiation and diffuse radiation. Direct solar radiation is

shortwave radiation that reaches the glacier surface unobstructed. Direct radiation

reaching a glacier varies considerably in space and time. The slope and aspect of

the glacier, along with the relief of the surrounding topography may affect how

shaded a glacier is through the year (Corripio, 2003). The location and angle of

the sun throughout the year also affect direct radiation (Hock, 2005). Conversely,

diffuse radiation is shortwave radiation that is scattered by clouds, aerosols, or by

surrounding slopes (Gu et al., 2002).

Longwave radiation originates from the atmosphere or terrain surrounding a

glacier (Hock, 2005). Longwave radiation can originate from adjacent valley or

rock walls, or from cloud cover or air above a glacier. Humid air emits more

longwave radiation than dry air. As such, glaciers in temperate climates will

therefore experience more longwave radiation than glaciers or ice sheets located

in unconfined areas or in dry climates (Hock, 2005; Sicart et al., 2006). The sum
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of all incoming and outgoing shortwave and longwave radiation is called the net

radiation (Cuffey and Paterson, 2010).

Sensible heat flux is energy transferred from one material to another, or from

the atmosphere to ice. Temperature and wind play a role in the amount of sensible

heat available for transfer. Latent heat is the energy released or absorbed during

a change of state (melting, freezing, sublimation, or condensation). Together,

sensible and latent heat fluxes are also known as turbulent heat fluxes. Lastly, the

energy supplied by precipitation, such as rain, may affect the melt of a glacier.

The main advantage of energy balance models is that their strict, process-based

physical rules allow their application to large regions. Their major disadvantage

is the large amount of (meteorological) input data they require (Hock, 2003).

2.4.2 Temperature index models

Temperature index or degree-day models use the relationship between ice melt and

air temperature to determine glacier mass balance (Braithwaite, 1984; Reeh, 1991;

Jóhannesson et al., 1995; Hock, 2003). Temperature index models use temperature

to calculate snow and ice melt across a glacier (Braithwaite and Zhang, 1999). The

melting of snow and ice is assumed to be related to air temperature as long as

air temperature is above a threshold of 0◦C, representing the melting point of ice

(Braithwaite, 1984).

The classic degree day model is often expressed as:

M =

{
fm(Td − T0), Td > T0

0 Td ≤ T0

(2.2)

WhereM is daily melt, Td is daily mean temperature, T0 is a threshold temper-

ature (0◦C) beyond which melt is assumed to occur, and fm is a melt factor (Hock,

2003), otherwise known as the melt coefficient, degree-day factor, or temperature

factor (mm day−1 ◦C−1).

In this case where T0 is 0◦C, the relationship between Td and T0 represents

a positive degree day (PDD). Positive degree day is a derived unit equal to the

difference between the daily temperature above the threshold temperature and

the threshold temperature itself, averaged over one day (Cogley et al., 2010).

Therefore, the positive degree day sum is the sum of all average daily temperatures

above T0 for a given time period, often over a year. The PDD or PDD sum

represents the potential energy for melting (Huybrechts and Oerlemans, 1990).

The degree day factor (fm) is the amount of melt that occurs per positive degree

day (mm day−1 ◦C−1). This value is different for any given glacier and sometimes

any given site on a particular glacier. There are two ways of obtaining the degree

day factor, the first is from direct measurements using snow lysimeter outflow or
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ablation stakes, and the second being through energy balance computation (Kustas

et al., 1994; Braithwaite et al., 1998; Hock, 2003). Variations in degree day factors

can be attributed to the variations in energy components providing energy for melt

(Hock, 2003). For example, maritime environments are likely to have lower degree-

day factors than continental climate regions and vice versa (Ambach, 1988; Hock,

2003). It should also be noted that while daily time intervals are most commonly

used to determine degree day factors, other time intervals (such as hourly or

monthly intervals) can also be used (Hock, 2003).

The above degree day equation can be further simplified to:

M = MTT (2.3)

Where M is the daily melt, MT represents the melt factor, and T is the daily

sum of positive air temperatures.

The simplicity of the classic temperature index model makes it easy to apply

because it does not require large amounts of input data, but there are also draw-

backs to this approach. Hock (1999) noted that the classic temperature index

approach does not capture the diurnal variations of glacial runoff. In addition,

the model calculated an unrealistic rate of melt for glaciers in complex terrain

because the influence of topography (slope, aspect, and shading of glacier) is not

considered.

2.4.3 Enhanced temperature index models

Hock (1999) described a new enhanced approach to the classical temperature index

method to overcome the shortcomings with respect to spatial and daily variability

of glacial melt rates. Shortwave radiation strongly influences melt rates, but is also

largely affected by atmospheric conditions and by local topography, particularly

in high mountainous regions (Hock, 1999). Enhanced temperature index models

therefore incorporate solar radiation into their computations by using DEMs. In

doing so, enhanced degree day models combine the lower data requirement of

degree day models with the high accuracy of energy balance models (Carenzo

et al., 2010).

The enhanced degree day method used in this research, as described by An-

derson et al. (2021) and Vargo et al. (2020), is expressed as:

M = MTT +MR(1− a)Q (2.4)

Where M is glacial melt, MT is a temperature (degree day, or melt) factor, T

is the daily sum of positive air temperatures, MR is a radiation factor, a is albedo,
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and Q is the clear sky incoming shortwave radiation which combines diffuse and

direct components (Anderson et al., 2021; Vargo et al., 2020). As in the classic

degree day model, melt is calculated only when daily temperature is above 0◦C.

Several variations of enhanced degree day models exist as more variables from

the energy balance method are added. For example, in some enhanced degree day

models, reduction of potential clear-sky direct radiation due to clouds is neglected

to avoid the need for additional meteorological input (Hock, 1999). The model

used in this research includes a cloud cover factor.

In summary, the ideal model for any given scenario, whether it is the energy

balance, degree-day, or enhanced degree day approach, depends on the type of me-

teorological information available, the scale of research (one glacier versus regional

scale), and the desired complexity.

2.4.4 Accumulation

Energy balance models, temperature index models, and enhanced temperature

index models are three common methods to model the melt of a glacier. Regardless

of which melt model is used, accumulation must be factored into compute glacier

mass balance.

Cogley et al. (2010) defines accumulation as the rise of the surface level of a

glacier relative to its summer surface level, multiplied by the density of the added

mass. The added mass can take multiple forms, such as snow, hail, freezing rain,

wind-blown snow, avalanche deposits, or hoar frost. Accumulation data to inform

melt models can therefore be obtained using the glaciological method of stakes

and snow pits as described by Østrem and Brugman (1966), and extrapolated

across the glacier. Another method to determine accumulation involves the use of

automated weather stations located on or near the glacier (Oerlemans and Klok,

2004; Vargo et al., 2020; Anderson et al., 2021). From the meteorological data

collected from the weather station, solid precipitation can then be identified based

on a threshold temperature (Paul et al., 2008). Accumulation information from

the weather station can be extrapolated across each cell of a DEM, including a

glacier surface.

2.5 Glacier flow models

While degree day or energy balance models can estimate historic and present-day

mass balance, an additional component is needed to project future mass balance.

Modelling the future extent and thickness of a glacier, known as its geometry,

is done through glacier flow models. These flow models have been used for large
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scale ice sheets in polar regions (Rignot et al., 2011), as well as smaller scale alpine

glaciers (Le Meur and Vincent, 2003; Anderson et al., 2021). Ice flow models have

been developed to gain better insight on key processes controlling glacier behaviour

and to predict glacier response to external climate forcing (Huybrechts, 2007).

There are two common types of glacier flow models. The most simplistic type

is the flowline or flow band model which studies the dynamics of a selected one-

dimensional flowline of a glacier (Huybrechts, 2007). The flowline represents a

sequence of columns of infinitesimal cross section extending vertically from base

to surface of a glacier (Cogley et al., 2010). One by one, these columns gain mass or

lose mass, representing the movement of ice driven by accumulation and ablation.

The second type of glacier flow model is the distributed model. This type of model

simulates flow over the horizontal extent of a glacier using a grid or a mesh system,

while averaging ice dynamic processes over the vertical extent (Huybrechts, 2007).

These models are referred to as two-dimensional models. Both one-dimensional

and two dimensional models are vertically known as vertically integrated models.

Distributed models can also factor in a third dimension when modeling ice flow.

As these models represent the flow of ice, there are several established methods

of varying complexity to calculate the stresses and strains that cause ice deforma-

tion and movement. A model calculating all relevant ice flow dynamics is known

as a full Stokes model, and is considered to be the most accurate flow model

available (Kirchner et al., 2016). Full Stokes models account for all stresses that

affect ice flow, such as drag, compression or extension, vertical stresses within the

ice, and gravitational forces (Seddik et al., 2012). Simpler versions, such as the

shallow ice approximation discards small mathematical terms in the full Stokes

equation (Kirchner et al., 2016). In this research, ice flow is simulated using a

two-dimensional, vertically integrated shallow ice approximation model.

Paired with future climate change projections, glacier mass balance and flow

models can be used to estimate glacier response to climate change. This is the

approach taken in this research to understand the effect of climate change on the

Waitaki catchment runoff.

2.6 Climate change in glacierized catchments

A recent study on global hydrologic response to glacier mass loss has started to

identify regions across the world where long-term water security may be threatened

(Huss and Hock, 2018). Though glacier retreat can lead to an increase in meltwater

contributing to runoff, this phase is often short, lasting only a few years or decades

(Orlove, 2009). The temporary increase in ice melt contributions from receding

glaciers is called “peak water” (Huss and Hock, 2018). After peak water is reached,
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ice melt contributions steadily decrease as glaciers become smaller or disappear

completely (Jansson et al., 2003; Huss and Hock, 2018). Huss and Hock (2018)

illustrate peak water characteristics in Figure 2.6.

Figure 2.6: Schematic illustration of the changes in runoff from a glacierized catch-
ment in response to continuous atmospheric warming, as seen in Huss and Hock
(2018). The figure shows a glacier in equilibrium with a mass balance of zero
until time t1 when temperature begins to increase. Peak water is achieved past t1,
which corresponds with a temporary increase in melt season runoff. Past time t2,
melt runoff is now less than the initial amount, as the glacier has either reduced
in size and reached equilibrium or has vanished.

Milner et al. (2009) also depicts glacier recession, peak flow, and the effect on

daily downstream discharge through a hydrograph. In their schematic, glacier vol-

ume decreases, and overall runoff temporarily increases to a peak during recession

(Figure 2.7). Once the glacier reaches a new equilibrium and volume stabilizes,

runoff also stabilises but at a reduced rate. The figure shows how the downstream

hydrograph changes during the stages of glacier recession in a northern hemisphere

hydrological year. Initial melt during the early summer season remains roughly

the same, but runoff significantly changes depending on how much glacier mass is

present and melting.

Using a temperature index model, Huss and Hock (2018) define glacier runoff

as the sum of glacier melt (melt from ice, firn, and snow) and rain, less refreezing,
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Figure 2.7: The theoretical relationship between glacier volume loss and daily run
off at different stages of recession, represented in a northern hemisphere hydrolog-
ical year. Figure from Milner et al. (2009).

that originates from the initially glacierized area as given by the Randolph Glacier

Inventory (a global inventory of glacier outlines). While this study reviewed glacier

runoff and peak water globally, only the Clutha watershed was selected to represent

the hydrological response to glacier retreat in New Zealand. The Clutha watershed

is one of the largest catchments on the South Island, though the volume of ice

it holds is less than the volume present in the Waitaki catchment. The study

suggests that peak flow is not as distinct in the Clutha catchment as in other

regions globally, but with most significant reductions occurring in the latter half

of the century for an RCP4.5 scenario.

Another global glacier runoff and peak water study by Bliss et al. (2014) also

used a temperature index model but instead analysed runoff from all glaciers across

New Zealand for an RCP4.5 scenario, forced by 14 GCMs. The study concluded

that in all glacierized regions of the world including New Zealand, glacier runoff

exhibited a strong seasonality with pronounced peaks in summer and negligible

runoff amounts in winter. Maximum monthly runoff is significantly greater than
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the seasonal maxima of snow accumulation or rain, and summer flows are strongly

reduced by the end of the century. (Bliss et al., 2014). The study also suggests

that the loss of glaciers will shift the downstream hydrograph to an earlier peak

flow, as seen in unglacierized basins with winter snow that melts in late spring or

early summer (Bliss et al., 2014).

The effect of receding glaciers on downstream water resources, such as peak

water, and changes to the timing and magnitude of runoff is particularly important

for catchments on the South Island of New Zealand, like the Waitaki catchment.

The Waitaki catchment is a nationally important watershed for hydroelectricity

generation and water supply storage (Purdie and Bardsley, 2010; Sirguey, 2010;

Kerr, 2013), and holds some of the country’s largest glaciers.

Figure 2.8: Projected monthly glacier runoff, snow accumulation, and rain av-
eraged for three periods. Month 1 in New Zealand represents July instead of
January. Extract of New Zealand results provided for clarity. Figure from Bliss
et al. (2014)
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2.6.1 Past hydrological research in the Waitaki watershed

The upper Waitaki basin is a prime example of an important glacierized catchment

where changes in peak water and long-term water resources may impact power

generation, reservoir storage levels, and other downstream water users. Previous

studies have recognised the importance of understanding water resources in the

Waitaki catchment and various aspects of the catchment have been researched over

time. Many studies have focused on the specific glaciers within the catchment,

namely the Haupapa/Tasman Glacier, being the largest in New Zealand (Quincey

and Glasser, 2009; Kirkbride and Warren, 1999; Hochstein et al., 1995).

Purdie and Fitzharris (1999) investigated the processes and rates of ice loss at

the terminus of the Haupapa/Tasman Glacier during the summer of 1995 and the

resulting effect on the downstream proglacial lake. They concluded that 6% of

the annual inflow into Lake Pukaki that year came from ice loss in the catchment,

including Haupapa/Tasman Glacier.

Sirguey (2010) expanded on this work and completed a study quantifying con-

tributions of snow melt and ice melt within the upper Waitaki basin between

2000 and 2007. The study primarily focused on snow cover but did include an

approximate consideration of glacier melt. Due to the difficulties in partitioning

seasonal snow and glacier melt contributions, it was suggested that contributions

from glaciers would need to be addressed in a more deterministic way (Sirguey,

2010). Regardless, this study provides insight into possible ice melt contributions

to runoff in the upper Waitaki catchment over several years (Figure 2.9).

Of particular note in the study by Sirguey (2010) is the hydrological response

to a drought that occurred in and around the 2005 hydrological year. Sirguey

(2010) suggested that inflows were largely mitigated by ice melt from glaciers in

the Pukaki basin. Specifically, contributions to runoff from glacier melt “much

larger than usual” were believed to have sustained the discharge to within 17% of

the mean annual flow, despite precipitation being reduced by 34% (Sirguey, 2010).

This phenomenon was less pronounced in the other glacier lake catchments with

less glacier volume. The results highlight the importance of glacier melt contribu-

tions to runoff during dry periods, as dry periods may become more frequent with

increasing global temperatures (Mullan et al., 2005).

One recent study using climate change projections to understand future runoff

into the three glacial lakes of the upper Waitaki was completed by Caruso et al.

(2017). This study used the TopNet hydrologic model developed by the National

Institute of Water and Atmospheric Research (NIWA). The TopNet hydrological

model was used to estimate catchment runoff and lake inflows in the 2040s and the

2090s by using climate projected from 12 GCMs based on the IPCC 4th assessment
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Figure 2.9: The components of runoff into each of the three upper Waitaki glacial
lakes (Ohau, Pukaki, and Tekapo) over 2000 to 2006. Ice melt contributions are
termed “long term storage”. Short-lived snow is defined as snow that does not
last more than 30 days on the ground. Figure from Sirguey (2010).

report. The study mainly focused on hydrologic response to climate change and

did not explicitly consider ice melt contributions to runoff. Caruso et al. (2017)

concluded that annual lake inflows would increase under future climate scenarios

but seasonal changes in the hydrograph would result in potential shortfalls of water

for energy generation and storage in summer and autumn seasons. Additionally,

seasonal shifts could result in increased risks of flood and drought for downstream

areas.

Limited studies have explicitly addressed glacier change and ice loss contribu-

tions to runoff in the Waitaki under future climate scenarios. A recent study by

Anderson et al. (2021) included projections of glacier volume change around the

Aoraki Mt Cook region, which includes portions of the Waitaki catchment. The

study used an energy balance coupled with a 2D vertically integrated shallow ice

approximation model to simulate glacier change up to the year 2099 (Anderson

et al., 2021). Additionally, the study investigated whether debris-covered glaciers

and debris-free (clean) glaciers responded the same to climate change projections,

and finally if volume loss is controlled by debris cover or lake-calving events at the

toe of glaciers.

Anderson et al. (2021) showed that glaciers in the region are projected to

continue to melt through the 21st century with different rates depending on the

RCP scenario used. By 2099, ice volume is projected to reduce by 50% for an
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RCP2.6 scenario, and up to 92% for an RCP8.5 scenario. During experimental

runs of the model, the study also showed that removing debris cover from glaciers

increased the speed of ice loss, whereas removing lake calving from the simulations

slowed ice loss.

While the implications of these glacier change projections on downstream

runoff were beyond the scope of the study by Anderson et al. (2021), this the-

sis aims to build on those findings. Using the same coupled energy balance and

shallow ice approximation model as Anderson et al. (2021), this research refines

the study area to the Waitaki Catchment and investigates how project glacier

change will impact downstream runoff that, in turn, is relied upon for hydropower

generation and water supply.
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Chapter 3

Methodology

This chapter first explains which models were used to project accumulation, abla-

tion, and rainfall through the 21st century for glaciers located in the Waitaki catch-

ment. Statistical methods used to determine changes in model outputs through

the century and between RCP scenarios include calculating and comparing av-

erages, totals, and standard deviations using annual, monthly, and daily model

output, and are described in detail in the following sections.

Annual time series of glacier change was analyzed first to understand how ice

volume in the Waitaki catchment is projected to change over the century. Next,

daily and monthly times series of accumulation, ablation, and rainfall are analyzed

to further understand the change of components comprising glacier change and

runoff over the century. Lastly, a comparison of statistical methods was completed

to determine how the analysis may affect results showing annual runoff volumes.

3.1 Glacier mass balance and ice flow model

This research examines the model outputs from an enhanced temperature index

model, coupled with a two-dimensional shallow-ice approximation (SIA) ice flow

model. The mass balance model and ice flow model and all components and

parameters are the same as that used by Anderson et al. (2021). The glacier sim-

ulations used for the analysis in this work are the same simulations from Anderson

et al. (2021) but this research focuses on the analysis of daily, monthly, annual,

and seasonal trends for water output from glaciers.

A full description of the model components and parameters are described in

the study of glacier response to climate change by Anderson et al. (2021). The

coupled model uses a dynamic calibration in which a state of glacier equilibrium

is defined in late 1800s. The model is run to present (2005) using estimates of

historic climate variations and then simulated state glaciers are used as the initial
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condition for future mass balance projections (Anderson et al., 2021).

For this study, the spatial extent of the coupled models has been refined to

project changes of glacier volume and mass balance across glaciers in the Wait-

aki catchment, rather than the Aoraki Mt Cook region. The Waitaki catchment

boundary was obtained through open source GIS data from local government coun-

cils in the Canterbury region (Canterbury Maps, n.d.). Glacier volume change and

glacier mass balance are projected from 2006 to 2098. Based on the Randolph

Glacier Inventory (RGI 6.0) (RGI, 2017), a total of 588 glaciers were identified in

the Waitaki catchment. The models calculate catchment-wide changes in glacier

mass balance based on each individual glacier. A digital elevation model (DEM)

is used to provide surface elevation information. Spatial resolution of the grids

across a given glacier is 100 m2, and the ice flow model updates the grid annually

to adjust for decreasing ice extent (Anderson et al., 2021).

Climate input data to the coupled models are temperature, total precipitation,

relative humidity, wind speed, and incoming solar radiation (Anderson et al.,

2021). Temperature and precipitation are interpolated from local climate station

data, relative humidity and solar radiation are sourced from the virtual climate

station network (VCSN) with a resolution of approximately 5 kilometers, and

wind speed is scaled from reanalysis data. As high elevation climate stations

in the Southern Alps are limited, and climate in these areas are not accurately

represented by the interpolation of VCSN data, a three-step calibration procedure

developed by Huss and Hock (2015) was used to align modelled mass balance with

measured mass balance or an accepted regional mass balance value. This method

includes a series of adjustments to precipitation, temperature, and degree-day

factors applied sequentially until the mass balance for a given glacier is within a

small range of a regional mass balance value (Anderson et al., 2021). The model

is then validated against mass balance measurements of nearby glaciers (Brewster

Glaciers and Rolleston Glacier), as well as RGI glacier outlines from 1978 and

2009.

(Anderson et al., 2021). Projections of future climate are driven by gen-

eral circulation models (GCMs) which were included in CMIP5. Projections of

glacier mass balance were made using climate simulations from six GCMs compos-

ing NIWA’s Regional Climate Models (RCM), for four RCP scenarios (RCP2.6,

RCP4.5, RCP6.0, and RCP8.5) and are listed in Table 2.2. Climate simulations

for the six GCMs were used throughout annual, monthly, and daily time series

analysis.

The next section labeled “Annual time series” describes the annual time series

analysis of glacier volume projections. Glacier volume projections were first made

using the six GCMs described above. Then, the temperature index model and the
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ice flow model were re-run using sixteen statistically downscaled GCMs, as per the

methods derived and used by Vargo et al. (2020), for three RCP scenarios (RCP2.6,

RCP6.0, and RCP8.5). A comparison was made between the two methods of

projections to test the influence of GCMs on results.

The following sections named “Daily time series” and “Monthly time series”,

describe how mass balance, accumulation, and ablation were calculated. Calcu-

lations include using spatial averages that consist of one average value of mass

balance, accumulation, and ablation per glacier, for all glaciers in the Waitaki

catchment. Average daily and monthly rainfall on a glacier were similarly anal-

ysed.

Finally, the last section labelled “Statistical comparison of annual time series

analysis” describes how spatially averaged annual ablation volume and total an-

nual ablation volume were calculated for three individual glaciers of differing sizes.

These calculations were done to compare and determine how the statistical anal-

ysis could affect the results. Lastly, total annual ablation volume for the Waitaki

catchment was calculated.

3.2 Annual time series

Changes to total ice volume within theWaitaki catchment were determined through

annual time series analysis. Projections of total ice volume were produced by An-

derson et al. (2021) and the outputs have been adapted to specifically address the

Waitaki Catchment. Projections of glacier mass balance were forced using climate

simulations from six GCMs composing NIWA’s Regional Climate Models (RCM),

for four RCP scenarios (RCP2.6, RCP4.5, RCP6.0, and RCP8.5). The coupled

temperature index and ice flow model was re-run and projections of glacier mass

balance were made again using sixteen statistically downscaled GCMs, as per the

methods used Vargo et al. (2020), for three RCP scenarios (RCP2.6, RCP6.0, and

RCP8.5). Annual changes to ice volume were compared from both runs to deter-

mine how climate forcing data influences projections of glacier change through the

century.

3.3 Daily time series

For daily and monthly time series analysis, future projections of glacier change

and rainfall were forced using only the six regional climate model GCMs. Daily

time series are analyzed for the hydrological year starting on 1 April and ending

on 31 March. Each season lasts three months. March through April is defined as
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autumn, June through August is defined as winter, September through November

is considered spring, and December through February is considered summer.

The coupled mass balance and ice flow models calculated daily mass balance,

accumulation, and ablation between 2006 and 2098. The model outputs were

analyzed for each glacier within the Waitaki catchment, for each of the four RCP

scenarios using six GCMs. As a result, each output had an initial daily data set

of 14112 points (588 glaciers x 4 RCP scenarios x 6 GCMs runs). For the 94

year period, the total data set for one process comprised 366 days x 94 years x

14112 points. To account for leap years, 366 days were used to represent one year.

For regular non-leap years, a “nan” (not-a-number) value was used in the model

instead. Input rainfall data across each glacier for each RCP scenario and for all

GCMs was also separated into the same size data sets.

Each output was then divided by RCP scenario. For example, accumulation for

all Waitaki glaciers between 2006 and 2098 for an RCP4.5 scenario was separated

into a new data set called “acc day rcp45”. This data set consists of 366 days x

94 years x 3528 points (composed of 588 glaciers x 1 RCP x 6 GCMs runs). This

was done for mass balance, accumulation, ablation, rainfall.

Next, three time periods were selected to compare the data through the cen-

tury. The first time period of 31 years is 2006-2037, the second time period of 31

years is 2037-2068, and the last time period of 30 years is 2068-2098.

For each output and respective RCP scenario, respective GCM runs for all

Waitaki glaciers were spatially averaged and each glacier was weighted equally

despite large variations in size. Daily data for each time period was averaged.

The resulting model output of 366 days represents the average daily data over

the selected 30 or 31 year time period. This step was repeated for each data set

(mass balance, accumulation, ablation, and rainfall) for every time period (2006-

2037, 2037-2068, and 2068-2098). For example, daily accumulation was analysed

through a total of 12 different data sets (3 time periods x 4 RCP scenarios).

In every data set the minimum and maximum daily values were determined,

along with which day of the year on which they occurred. The difference between

the maximum or minimum values through time or between RCP scenarios was

then calculated. Shifts in the timing of maximum and minimum values were

determined through a comparison of corresponding days.

The sum of all spatially averaged daily values for accumulation, ablation, and

rainfall were calculated for each of the three time periods and respective RCP

scenarios. The sum of average daily accumulation and average daily ablation were

compared to determine the magnitude of change between both variables compris-

ing mass balance through the century and between RCP scenarios. The sum of

average daily ablation and average daily rainfall were combined to determine the
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changes in magnitude to runoff through the 21st century and for all RCP sce-

narios, relative to runoff calculated for the 2006-2037 time period for an RCP2.6

scenario.

Lastly, each data set was smoothed using a thirty-day moving average to re-

move noise and increase plot readability. Without the moving average, some daily

data sets were noisy during portions of the year, and trends were more difficult to

see.

3.4 Monthly time series

Monthly time series of accumulation, ablation, and rainfall were calculated from

daily time series of the respective processes to better understand seasonal shifts of

each data set and the impact on runoff. As such, the components of mass balance

and the contributions to runoff were the focus of monthly analysis and therefore

mass balance was not analyzed.

First, daily times series of accumulation, ablation, and rainfall were sorted into

monthly time series after they were separated into RCP scenarios (e.g. acc day rcp45).

For example, April includes day 1 to day 30, and March includes day 335 to day

366. Next, all GCM runs for respective RCP scenarios across all Waitaki glaciers

were averaged. Daily accumulation for each month is summed to obtain total

monthly accumulation in any given year in the three time periods (2006-2037,

2037-2068, and 2068-2098). For example, there are 32 different values for average

accumulation in April between 2006 and 2037 (inclusive of both the first and final

year). Lastly, all April values were averaged to obtain a monthly representative

value for the given time period. The resulting data set for monthly accumulation

is 12 months x 4 RCP scenarios for the first time period (2006-2037). This was

repeated for every month, for every time period and RCP scenario, and for all

accumulation, ablation, and rainfall variables. As such, each variable has three

data sets representing each time period with monthly averages and corresponding

RCP scenarios included in each set.

3.4.1 Standard deviation analysis

Standard deviation was calculated to show the extent of variability within the data

projections on a monthly basis but also when comparing seasonal changes. Stan-

dard deviation was calculated for the daily accumulation, ablation, and rainfall

data and then sorted into monthly averages. As above, accumulation, ablation,

and rainfall each have three data sets representing each time period, but with

monthly standard deviations and corresponding RCP scenarios included in each
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set.

Standard deviation was used to determine which month has the largest vari-

ability. This was completed by using standard deviations for the 2006-2037 time

period and for an RCP2.6 scenario as a baseline to reference change in percent in

all other RCP scenarios and time periods. The reference period and RCP was set

to 100% and the standard deviation above or below this reference was plotted.

3.5 Statistical comparison of annual time series

analysis

Using ablation data, average annual ablation volume and total annual ablation vol-

ume were calculated for three glaciers of varying sizes within the Waitaki catch-

ment. Average annual ablation was calculated by summing the average daily

ablation data across the given glacier. The total annual ablation was calculated

by summing the daily ablation data across the given glacier and multiplying the

ablation value by the number of grids that contain ice for the glacier. The ice

extent within a grid is updated annually. The daily ablation values for a given

year were then summed to obtain the total annual ablation. For both average

annual ablation and total annual ablation, volume was calculated by multiplying

the ablation values from a particular glacier by the grid resolution (100 km2).

Average annual ablation volume and total annual ablation volume calculations

were completed for three glaciers: an unnamed ridge glacier (RGI number 2177)

with a grid size of 15 x 9, the medium-sized Huxley Glacier with a grid size of 25

x 18, and the large Haupapa/Tasman Glacier with a grid size of 115 x 293. These

glaciers were selected to test if and when peak water would be reached based

on the size of a glacier, and whether total annual ablation volume and average

annual ablation volume showed similar results. An RCP6.0 scenario was used for

this comparison for all three glaciers, and projections were forced using climate

simulations from the six GCMs described Section 3.1.

Lastly, the total annual ablation volume was calculated for all glaciers in the

Waitaki catchment, and for all RCP scenarios. This calculation was completed

to determine total annual ablation volume for the Waitaki Catchment and thus

determine if and when peak water would occur.
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Chapter 4

Results

Changes to glacier volume, glacier mass balance, accumulation, ablation, and rain-

fall in the Waitaki catchment between 2006 and 2098 are presented below. The

results are separated into four sections that follow the outline of the Methodology

Chapter. The first section presents annual time series projections of glacier volume

change and the following sections explore the drivers of glacier change. The second

section presents daily time series projections of mass balance, accumulation, ab-

lation, and rainfall. The third section presents monthly time series projections of

accumulation, ablation, rainfall. The last section presents the comparison between

two spatial averaging methods for ablation projections of individual glaciers, and

of all glaciers in the Waitaki Catchment cumulatively, to explore how peak water

will change through the century.

4.1 Annual changes to ice volume

Projections of annual glacier volume change are presented in two figures that

differ by the GCMs used to model future climate. The results are compared to

understand how climate forcing data may influence projections of ice loss (Figure

4.1). These figures are from outputs produced by Anderson et al. (2021) but have

been adapted to specifically address the Waitaki Catchment.

Figure 4.1 shows ice volume projections from 2006 to 2098 for the Waitaki

catchment, using climate data from 6 GCMs that have been processed through

NIWA’s RCM. Projections of annual volume change in the Waitaki catchment are

shown for four RCP scenarios. Figure 4.2 show ice volume projects for the same

time period using climate data from sixteen statistically downscaled GCMs and

three RCP scenarios.

Figure 4.1 shows that from 2006 to about 2050, there is a steady decrease in

projected ice volume for each RCP scenario. There are minimal differences in
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volume projections between the four RCP scenarios during this period. By 2050,

ice volume in the catchment is projected to decrease by 30% to 32% relative to

the 2005 volume for all RCP scenarios. After 2050, projections of ice volume for

each RCP scenario start diverging, resulting in notably different projections of ice

volume by the end of the century. By 2098, ice volume is projected to decrease

by 48% for an RCP2.6 scenario, 59% for an RCP4.5 scenario, 63% for an RCP6.0

scenario, and as much as 76% for an RCP8.5 scenario, relative to the 2005 volume.

Similar to Figure 4.1, glacier volume is projected to decrease steadily during the

first half of the century with minimal differences in volume projections between

RCP scenarios. By 2050, ice volume in the catchment is projected to decrease

by 42% to 47% relative to the initial volume at the end of 2005. After 2050,

projections diverge from one another resulting in notably different ice volumes by

the end of the century, depending on the RCP scenario. Relative to the initial

volume, ice volume in the catchment is projected to decrease by 52% for an RCP2.6

scenario, 67% for an RCP4.5 scenario, and as much as 86% for an RCP8.5 scenario

(Table 4.1).

One notable difference between Figure 4.2 and Figure 4.1 is the volume pro-

jections by the end of the century for an RCP2.6 scenario. Volume projections for

the RCP2.6 scenario level off with no further continuous decline after 2050, which

is different than the RCP2.6 projection in Figure 4.1, where volume continues to

decline during the second half of the century. These differences are driven by the

input climate data, and represent variations in climate projections between RCMs

and statistically downscaled GCMs.
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Figure 4.1: Annual glacier volume change in the Waitaki catchment from 2006
to 2098 using six RCMs generated by NIWA from respective GCMs as per Vargo
et al. (2020) and Anderson et al. (2021).
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Figure 4.2: Annual glacier volume change in the Waitaki catchment from 2006 to
2098 using sixteen statistically down-scaled GCMs as per Vargo et al. (2020) and
Anderson et al. (2021).
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Table 4.1: Projections of glacier volume in the Waitaki catchment to 2098.
Percent figures are relative to the ice volume at the end of 2005. Initial ice
volume is 38.0 km3 for the RCM mean and 40.0 km3 for the 16 GCM mean.
Volume and projected range values are approximate and have been rounded
to the nearest kilometer .

Models RCP
2050 Volume

(km3)
Projected

range (km3)
2098 Volume

(km3)
Projected

range (km3)

RCM mean 2.6 27 (70 %) 23-30 20 (52 %) 15-25
RCM mean 4.5 26 (68 %) 24-29 16 (41 %) 11-20
RCM mean 6.0 27 (70 %) 25-29 14 (37 %) 10-18
RCM mean 8.5 26 (68 %) 23-29 9 (24 %) 6-12

16 GCMs mean 2.6 23 (57 %) 11-26 19 (48 %) 8-25
16 GCMs mean 4.5 23 (58 %) 18-27 13 (33 %) 5-18
16 GCMs mean 8.5 21 (53 %) 13-26 6 (14 %) 1-9

Total ice volume in the Waitaki catchment is projected to be substantially dif-

ferent by 2098 compared to present day. Even with minimal warming represented

by the RCP2.6 scenario, on average based on the GCMs used, only 48% to 51%

of ice is projected to remain in the Waitaki relative to the 2006 volume. For an

RCP8.5 scenario, on average, as little as 13% to 22% is projected to remain in the

catchment. Notably, the range of projections of volume is greater by the end of the

century (2098) than in the middle of the century (2050) for every RCP scenario

and both sources of climate forcing data. The increase in projected volume range

suggests greater uncertainty in the data, glacier response time, or inter annual cli-

mate variability, the further into the future the mass balance and ice flow models

are run. Further, the 16 statistically downscaled GCMs produce a larger range

of ice volume projections than the RCMs. For the following results, only the six

RCMs generated by NIWA were used to force future projections of glacier change.

4.2 Daily time series

Changes in mass balance, accumulation, ablation, and rainfall were analyzed

through a daily time series divided into three periods (2006-2037, 2037-2068, and

2068-2098).

4.2.1 Mass balance, accumulation, ablation, and rainfall

The following section presents mass balance projections for all Waitaki glaciers,

and then the response of individual accumulation and ablation components. Fi-

nally, daily rainfall projections are presented. Data representing mass balance,

accumulation, ablation and rainfall were smoothed through a 30-day moving av-

erage. The maximum and minimum daily value, and which day of the year they
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occurred, were obtained from each data set. These values were used to determine

magnitude of change through time and between RCP scenarios. The day of the

year that maximum and minimum daily values occurred were also compared to

determine seasonal shifts. Lastly, the sum of daily averages are presented to show

changes in magnitude for a given time period.

 

Figure 4.3: 30-day mean daily mass balance averaged for all Waitaki glaciers and
averaged over three time periods (2006-2037, 2037-2068, and 2068-2098) for each
RCP scenario.

Figure 4.3 shows projections of mass balance averaged for all glaciers within the

Waitaki catchment for different RCP scenarios, divided into three time periods.

Mass balance is largest in mid-June through mid-August (accumulation season).

There is limited variability in mass balance projections through time and between

RCP scenarios for mid-June to mid-August. Conversely, there are notable differ-
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ences in daily mass balance projections through time and between RCP scenarios

From April to early-June, and September to Match. The maximum daily mass

balance value for RCP4.5, RCP6.0, and RCP8.5 stays within 11% of the maximum

daily value for RCP2.6 in all respective time periods. The largest changes in mass

balance between RCP scenarios are modeled in the summer months when most

ablation occurs. Relative to RCP2.6, the minimum value for daily mass balance

decreases by 13% for RCP4.5, 21% for RCP6.0, and 37% for RCP8.5 by the end

of the century (2068-2098) suggesting more ablation is occurring with increasing

RCP scenario.

Mass balance changes through time are shown for each RCP scenario in Fig-

ure 4.4. The data is the same as Figure 4.3, it is only presented differently to

understand variations between years under different scenarios. For the RCP2.6

scenario, minimum and maximum daily mass balance values for the middle and

last portion of the century stay within 6% of 2006-2037 values. For RCP4.5 for

the 2068-2098 period, the minimum daily mass balance value decreased by 17%

and the maximum daily value increased by 16% relative to 2006-2037 values. For

RCP6.0 and the 2068-2098 period, the minimum daily value decreased by 27%

and the maximum value stay within 15% relative to 2006-2037 values. Lastly, for

RCP8.5, by 2068-2098 the minimum daily mass balance decreases by 39%, and

the maximum daily value stays within 4% of 2006-2037 values.
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Figure 4.4: Daily mass balance averaged for all Waitaki glaciers and averaged over
three time periods, organised by RCP scenario.
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Daily time series of accumulation, ablation, and rainfall are shown in Figure

4.5, Figure 4.6, and Figure 4.7, respectively.
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Figure 4.5: Daily accumulation averaged for all Waitaki glaciers through the 21st
century for four RCP scenarios.

Most accumulation in the Waitaki catchment occurs between May and Novem-

ber (Figure 4.5). Variations of maximum and minimum values of average daily

accumulation are not apparent as in mass balance figures, but seasonal shifts are

more evident by the last time period (2068-2098). For RCP2.6, the maximum daily

accumulation value for each time period (2006-2037, 2037-2068, and 2068-2098)

stays within 3% of each other. For the 2068-2098 time period, the maximum daily

accumulation value for RCP4.5, RCP6.0, and RCP8.5 scenarios increases between

5% and 10% relative to the RCP2.6 maximum daily value.
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For the RCP2.6 scenario, accumulation starts earlier in the year and gradually

increases to the plateau between June and September(Figure 4.5). For the RCP8.5

scenario, the duration of accumulation is shorter but maximum daily accumulation

is 5% greater compared to the RCP2.6 scenario. Accumulation also begins later

in the season and decreases earlier at the end of the winter.

Despite low values of daily accumulation in summer periods, notable changes

are projected in the minimum daily average values through the century. By the

2068-2098 period and relative to RCP2.6, the minimum daily accumulation in

summer decreases for all RCP scenarios, and by as much as 95% for RCP8.5.

Finally, for the 2068-2098 time period and relative to RCP2.6, the total sum of

daily accumulation averaged for all glaciers is projected to decrease by 8% for

RCP4.5, by 10% for RCP6.0 and by 22% for RCP8.5. Comparatively, at the

beginning of the century (2006-2037), the sum of daily accumulation varies only

by 3% between RCP scenarios.

Conversely, at the beginning of the century (2006-2037) the sum of daily accu-

mulation for RCP4.5, RCP6.0, and RCP8.5 is projected to stay within 3% of the

sum projected for the RCP2.6 scenario.

Largest changes in glacier mass balance projections are modeled during the

ablation season. In Figure 4.6, little change in ablation is projected to occur

between RCP scenarios during the first time period (2006-2037). By the 2068-2098

time period (2068-2098), ablation is projected to start earlier in the year, around

mid-August for RCP8.5. Ablation is projected to gradually increase between mid-

August and mid-September for the RCP2.6 scenario. A similar trend occurs during

the end of the ablation period where ablation decreases more gradually for an

RCP2.6 scenario compared to an RCP8.5 scenario.

For RCP8.5, the maximum daily average ablation value is projected to in-

creases by 36% when compared to the RCP2.6 value by the 2068-2098 time period.

In the same time period, maximum ablation is projected to occur, on average, on

27 January for RCP2.6 and on 14 January for RCP8.5. Overall, average daily

ablation is projected to be higher throughout the year later in the century when

comparing RCP8.5 to RCP2.6 scenarios. For the 2068-2098 time period and rela-

tive to RCP2.6, the total sum of daily ablation averaged for all glaciers is projected

to increase by 14% for RCP4.5, by 22% for RCP6.0 and by 43% for RCP8.5.
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Figure 4.6: Daily ablation averaged for all Waitaki glaciers through the 21st cen-
tury for four RCP scenarios.
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Figure 4.7: Daily rainfall averaged for all Waitaki glaciers through the 21st century
for four RCP scenarios.

There is a distinct increase in average daily rainfall projected in the Waitaki

catchment during winter months through the century and for all RCP scenarios

4.7. During the warmer months of November through May, average daily rainfall

is projected to remain consistently high.

A peak in average daily rainfall is projected to occur during the spring and

autumn months for the RCP8.5 scenario in the 2068-2098 period. This peak is

less distinct with decreasing RCP scenarios. More rainfall is projected to occur in

spring and autumn with increasing RCP scenarios. For the 2068-2098 period the

minimum value for daily average rainfall (note that is is near zero) is projected

to increase by 274% from the RC2.6 scenario to the RCP8.5 scenario. Overall

increases to projected rainfall are largest for the last time period (2068-2098). Rel-
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ative to RCP2.6, the sum of daily rainfall averaged across all glaciers is projected

to increase by 10% for RCP4.5, by 17% for RCP6.0, and by 30% for RCP8.5.

4.2.2 Mass balance, precipitation, and runoff

Together, accumulation and ablation constitute glacier mass balance, accumu-

lation and rainfall constitute precipitation, and ablation and rainfall constitute

runoff. The daily time series of each process that respectively constitute glacier

mass balance, precipitation, and runoff, are compared. Comparisons are made for

each time period and for two RCP scenarios (RCP2.6 and RCP8.5) to cover the

widest range of possible projections.
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Figure 4.8: Comparison between daily accumulation and ablation averaged for all
Waitaki glaciers through the 21st century for an RCP2.6 scenario.
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Figure 4.9: Comparison between daily accumulation and ablation averaged for all
Waitaki glaciers through the 21st century for an RCP8.5 scenario.

For an RCP2.6 scenario, limited variability occurs in both accumulation and

ablation processes throughout the century (Figure 4.8). The sum of average daily

accumulation during the 2006-2037 period for RCP2.6 is 2083 mm per year w.e.,

and for ablation, the sum is 2676 mm per year w.e. For an RCP8.5 scenario,

the maximum average daily accumulation increases slightly, but largest change

occurs in the maximum values of ablation. The cumulative total of average daily

accumulation during the 2068-2098 period for RCP8.5 is 1556 mm per year w.e.,

and for ablation, but the cumulative total is 3972 mm per year w.e..

There is an apparent shift in timing when either accumulation or ablation be-

comes dominant. In the first time period (2006-2037), accumulation is the domi-

nant process between early-May and late-October. By the last time period (2068-

2098), accumulation is only dominant between mid-May and early-September.

Not only does the magnitude of ablation increase by the end of the century for an

RCP8.5 scenario, the length of the accumulation season is also reduced.
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Figure 4.10: Comparison between daily accumulation and rainfall averaged for all
Waitaki glaciers through the 21st century for an RCP2.6 scenario.
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Figure 4.11: Comparison between daily accumulation and rainfall averaged for all
Waitaki glaciers through through the 21st century for an RCP8.5 scenario.

Similar to previous comparisons of accumulation and ablation, the processes

that compose average daily precipitation do not vary significantly through the

21st century for an RCP2.6 scenario (Figure 4.10). Accumulation is projected to

be the dominant process between late-May and the start of October. The sum of

rainfall averaged across all glaciers through the century is projected to stay within

3% of the 2006-2037 sum. The sum of accumulation is projected to stay within

4%.

For the RCP8.5 scenario, rainfall is projected to increase throughout the year

with most notable increases occurring between March and December (Figure 4.11).

As the accumulation season becomes shorter but with a larger maximum daily ac-

cumulation, rainfall is projected to become the dominant precipitation component

for more of the shoulder season months. The sum of rainfall averaged across all

glaciers through the century for the RCP8.5 scenario is projected to increase by

37% by 2068-2098 relative to the 2006-2037 period. The sum of accumulation is

projected to decrease by 27% by the end of the century (2068-2098), relative to the

start (2006-2037). While rainfall is projected to increase and ablation is projected

to decrease, the sum of daily precipitation averaged across all glaciers is projected

to increase by 9% by the end of the century for the RCP8.5 scenario.
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Figure 4.12: Comparison of daily ablation and rainfall averaged for all Waitaki
glaciers through the 21st century for an RCP2.6 scenario.
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Figure 4.13: Comparison of daily ablation and rainfall averaged for all Waitaki
glaciers through the 21st century for an RCP8.5 scenario.

For the RCP2.6 scenario, projections show limited variations in timing and

magnitude of ablation and rainfall through the 21st century (Figure 4.12). Av-

erage daily ablation is highest in the summer, and average daily rainfall is con-

sistently high between November and April, suggesting that runoff is largest in

the warmer months with a peak in February projected. For RCP8.5, the timing

of runoff contributions varies during the later portion of the century (2068-2098)

with three distinct peaks in maximum contributions from either rainfall and ab-

lation projected (Figure 4.13). Maximum contribution to runoff from rainfall is

projected to occur in spring and autumn, and maximum contribution to runoff

from ablation is projected to occur in the summer. Contributions to runoff from

rainfall are projected to increase during the winter season through the century.

The sum of daily runoff averaged across all glaciers is projected to increase by

36% by the end of the century for the RCP8.5 scenario, relative to the RCP2.6

scenario.

Finally, the percent change in sum of daily runoff averaged across all glaciers,

relative to the sum in 2006-2037 for RCP2.6 is shown in Table 4.2. The 2006-2037

period for RCP2.6 was selected as the reference period because it most closely

represents present-day conditions. Projected increases in average runoff by the
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middle of the century (2037-2068) range between 3% and 16%, depending on

the RCP scenario. Average runoff is projected to increase by 3% to 39% by

the end of the century depending on RCP scenario, relative to the average in

2006-2037 for RCP2.6. Minimal increases in average runoff of 2% to 3% are

projected through the century if temperature stays within the range represented

by an RCP2.6 scenario.

Table 4.2: Changes in the annual sum of daily runoff averaged
across all Waitaki glaciers, relative to the runoff in 2006-2037
for RCP2.6

RCP 2006-2037 ∆ runoff 2037-2068 ∆ runoff 2068-2098 ∆ runoff

2.6 0 % +3 % +2 %
4.5 -3 % +9 % +15 %
6.0 -2 % +9 % +22 %
8.5 -3 % +16 % +39 %

4.3 Monthly time series

Monthly time series of accumulation, ablation, and rainfall were calculated to

further understand seasonal shifts of precipitation and runoff. Standard devia-

tions were calculated for accumulation, ablation, and rainfall to determine the

level of variability within the dataset for each month. Lastly, average monthly

accumulation and rainfall were summed together to obtain total average monthly

precipitation, and the same was done for ablation and rainfall to determine total

average monthly runoff from glaciers in the Waitaki.

4.3.1 Accumulation, ablation, and rainfall

The first three figures (Figures 4.14, 4.15, and 4.16) show projections of average

monthly accumulation, ablation, and precipitation, similar to daily time series

analysis but with standard deviation included as a visual reference. The follow-

ing three tables summarise the monthly values and show the extent of seasonal

changes. The last three figures show an analysis of standard deviations for each

process.

Monthly time series projections are similar to daily time series projections of

accumulation, ablation, and rainfall processes. Projections of average monthly ac-

cumulation are highest between June and August and lowest between December

and February (Figure 4.14). Notably, the standard deviation for accumulation is

also largest between June and August, and lowest between December and Jan-
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uary. This suggests there is more uncertainty around projections of months with

maximum accumulation.

Monthly ablation averaged for all Waitaki glaciers is largest in January, and

lowest between June and August for all RCP scenarios and time periods (Figure

4.15). Similarly, the standard deviation for ablation data shows largest variability

during the summer months (December through February) when the most ablation

is projected to occur, and least variability during the winter months when the

least ablation is projected to occur.

Projected monthly rainfall averaged for all Waitaki glaciers is lowest in the

winter months of June through August for all RCP scenarios and time periods

(Figure 4.16). The standard deviation of rainfall data suggests that there is less

variability or rainfall projections during these winter months than in the majority

of other months. Monthly rainfall is projected to be consistently high between

September and May, and the standard deviation is similarly projected to be highest

during these months.

Overall, variability is largest when accumulation, ablation, and rainfall is pro-

jected to be highest through the year. Conversely, variability is lowest when accu-

mulation, ablation, and rainfall processes are projected to be minimal. This sug-

gests that there is more variability in the data when projecting maximum monthly

averages, than when projecting minimum monthly averages for all processes.
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Figure 4.14: Monthly accumulation averaged for all Waitaki glaciers through the
21st century for each RCP scenario. Standard deviation included.
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Figure 4.15: Monthly ablation averaged for all Waitaki glaciers through the 21st
century for each RCP scenario. Standard deviation included.
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Figure 4.16: Monthly rainfall averaged for all Waitaki glaciers through the 21st
century for each RCP scenario. Standard deviation included.

Changes between seasons are distinguishable through monthly time series and

as such, all monthly averages for the above processes are listed below in the respec-

tive tables. The tables present changes in average monthly values between RCP

extremes (RCP2.6 and RCP8.5). In some instances however, changes between

other RCP scenarios may be slightly higher, but the comparison between RCP2.6

and RCP8.5 was selected because this typically represents the widest range of

possible outcomes.

Projections of average monthly accumulation (Table 4.3) in the 2006-2037 pe-
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riod for the RCP8.5 scenario stay within 10% of all monthly accumulation val-

ues for RCP2.6 during the same time. Seasonal changes become more evident

through the century. In the 2037-2068 time period, average monthly accumula-

tion is projected to decrease in all months except for the winter season when most

accumulation occurs. In the middle of the century during winter, accumulation is

projected to increase from 0% to 9% between RCP2.6 and RCP8.5 scenarios. By

the 2068-2098 period, accumulation is projected to decrease by up to 88% in the

summer months when comparing RCP8.5 to RCP2.6. Further, accumulation is

projected to decrease in all other months except for July and August, which show

an increase of 14% and 6%, respectively between RCP2.6 and RCP8.5.

Similar to average monthly accumulation, changes in projected average monthly

ablation are larger by the end of the century between RCP scenarios (Table 4.4).

Projections for average monthly ablation show little variation in the first time

period (2006-2037) but by the 2068-2098 time period, ablation is projected to in-

crease in all months, by 31% in February to 122% in September, when comparing

RCP2.6 and RCP8.5 scenarios. The largest projected increases in average monthly

ablation are observed in late-autumn, winter, and early-spring. Conversely, the

smallest increases in average monthly ablation is projected to occur in summer

months, despite most ablation occurring during this time.

The highest degree of change out of accumulation, ablation, and rainfall pro-

cesses is noted in average monthly rainfall projections Table (4.5). In the 2006-2037

period, rainfall is projected to to be lower for RCP8.5 than for RCP2.6 in every

month except November. Average monthly rainfall for RCP8.5 is between 1%

and 20% lower than rainfall for RCP2.6, depending on the month. In the 2037-

2068 period, the difference in rainfall projections between RCP2.6 and RCP8.5

increases to 4% to 48% in all seasons except summer, which shows a decrease be-

tween 1% and 6%. By the last time period, the difference in rainfall is projected

to increases during all months of the year except February where a decrease of

1% is observed. Most change between RCP2.6 and RCP8.5 occurs in the winter

months with difference in rainfall ranging from 160% to 280% between the two

scenarios. Notably, this pattern of change between RCP scenarios in the first time

period (2006-2037) and the last time period (2068-2098) are opposite, where the

difference in rainfall was initially decreasing in nearly all months to the difference

in rainfall increasing in nearly all months.
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Table 4.3: Average monthly accumulation (mm w.e.) through the 21st century
for each RCP scenario.
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Table 4.4: Average monthly ablation (mm w.e) through the 21st century for each
RCP scenario.
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Table 4.5: Average monthly rainfall (mm) through the 21st century for each RCP
scenario.
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For accumulation, ablation, and rainfall processes, the standard deviation for

each month was calculated to determine the variability of the data within monthly

averages. The variability in monthly averages can provide insights into the pos-

sibility of extreme weather events occurring, or the level of certainty around pro-

jected values. The following figures (Figures 4.17, 4.18, and 4.19) show the stan-

dard deviation of accumulation, ablation, and rainfall, respectively through each

RCP scenario and time period to determine which months have the highest vari-

ability in the data.

Each month in the 2006-2037 period for RCP2.6 was selected to be the standard

deviation baseline. Baseline standard deviation is represented as 100% and thus

variability in standard deviation for other time periods and RCP scenarios are

shown relative to 100%.



61Figure 4.17: Standard deviation variability for average monthly accumulation. The time period between 2006 and 2037 for an RCP2.6
scenario was used as baseline and considered as 100%. All percent changes in standard deviation are relative to the baseline.
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Figure 4.18: Standard deviation variability for average monthly ablation. The time period between 2006 and 2037 for an RCP2.6 scenario
was used as baseline and considered as 100%. All percent changes in standard deviation are relative to the baseline.
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Figure 4.19: Standard deviation variability for average monthly rainfall. The time period between 2006 and 2037 for an RCP2.6 scenario
was used as baseline and considered as 100%. All percent changes in standard deviation are relative to the baseline.
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The variability in the standard deviation in accumulation data (Figure 4.17)

shows the largest differences relative to RCP2.6 (2006-2037) occurring in January

for RCP2.6 and RCP6.0, and in December for RCP2.6. There is consistently less

variability in the data in the 2068-2098 period for RCP8.5 in all months except

June and July when most accumulation occurs.

The variability in the standard deviation of ablation data (Figure 4.18) shows

more distinctive trends compared to accumulation data. Variability tends to in-

crease with increasing RCP scenarios, though exceptions exist for some months.

The most notable result is the large increase in variability for the RCP8.5 sce-

nario for all months, but specifically between May and September during the last

portion of the century (2068-2098). While minimal ablation typically occurs in

the winter months, the results show that variability of this data for these months

is highest near the end of the century, suggesting uncertainty of possible ablation

amounts for this RCP scenario.

Lastly, the variability in the standard deviation for rainfall data is shown in

Figure 4.19. Similar to ablation, most variability in rainfall data occurs in the win-

ter months of July and August during the later portion of the century (2068-2098)

for an RCP8.5 scenario. Precipitation as rain decreases in the winter months com-

pared to summer months, but rainfall is projected to increase most significantly

in the winter months by the end of the century. This increase in variability within

the data suggests higher uncertainty for the projections of rainfall during winter

compared to spring, summer or autumn. Lastly, as rainfall is only projected across

the changing glacier area rather than across the entire catchment, these results

are specific to glacierized areas of the watershed.

4.4 Statistical comparison of annual time series

analysis

The results in the above sections (Sections 4.1, 4.2, and 4.3) were calculated using

spatial averages that consist of one average value for accumulation, ablation or

rainfall per glacier. This section presents the comparison between the method

used above by calculating spatially averaged annual ablation and total annual sum

of ablation for particular glaciers. Total annual ablation volume for the Waitaki

catchment is also calculated.

Subsection 4.4.1 shows projections of spatially averaged and total annual ab-

lation volumes calculated for three individual glaciers of varying size for RCP6.0,

and subsection 4.4.2 shows the total annual ablation volume of all glaciers in the

Waitaki catchment for all RCP scenarios. These results aim to inform the discus-
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sion around peak water in the Waitaki catchment.

4.4.1 Annual ablation of individual glaciers

Annual ablation volume was calculated for three individual glaciers. The first

glacier is an unnamed ridge glacier (RGI 2177) (Figure 4.20), the second is the

Huxley Glacier (Figure 4.21), and the third is the Haupapa/Tasman Glacier (Fig-

ure 4.22).
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Figure 4.20: Spatially averaged annual ablation volume and total annual ablation
volume of glacier 2177.

Figure 4.20 shows the spatially averaged annual ablation volume calculated

for Glacier 2177 on the left axis. This spatial averaging method was also used

in Sections 4.1, 4.2, and 4.3. The total annual ablation volume on the right axis

represents the sum of ablation calculated, specifically accounting for decreasing

glacier size.

Spatially averaged ablation volume and total ablation volume show a similar

trend, with annual ablation volume projected to decrease later in the century

for both methods of calculation. Spatially averaged annual ablation volume is

projected to increase slightly to approximately 2040, and then decrease rapidly

thereafter. Total annual ablation volume is projected to be at its highest at the
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beginning of the century then decrease rapidly from approximately 2015. Spatially

average ablation is projected to be higher throughout the century compared to

total ablation, except for approximately the first decade (2006 to 2015).
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Figure 4.21: Spatially averaged annual ablation volume and total annual ablation
volume of Huxley Glacier.

Spatially averaged annual ablation volume and total annual ablation volume

show different trends for the Huxley Glacier (Figure 4.21) when compared to

Glacier 2177 (Figure 4.20). Spatially averaged ablation volume is projected to

steadily increase into the century, while total ablation volume is projected to peak

around 2030-2040 before steadily decreasing again. This peak in total annual

ablation volume may suggest peak water could be reached around 2030-2040 for

the Huxley glacier for an RCP6.0 scenario.

Though the Huxley glacier is reducing in size, ablation is still projected to

occur every year while the ice still exists in the modelled glacier grid. As the

glacier recedes, total ablation is adjusted annually to account for reducing ice

area. Conversely, spatially averaged ablation ablation volume is shown to continue

to increase because while less overall ice exists in the glacier domain each year,

projected warmer temperatures mean that remaining ice will melt more rapidly,

even though there is less ice to melt.
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Figure 4.22: Spatially averaged annual ablation volume and total annual ablation
volume of Haupapa/Tasman Glacier.

Similar to the Huxley Glacier (Figure 4.21), spatially averaged annual abla-

tion volume for the Huapapa/Tasman Glacier (Figure 4.22) is projected to increase

steadily through the century. Total annual ablation volume is projected to steadily

decrease through the century. Unlike the Huxley Glacier, The Haupapa/Tasman

Glacier does not show a peak in ablation volume in the total annual ablation

volume plot, suggesting that peak water has already occurred in an RCP6.0 sce-

nario, or the peak is occurring around the start of the century (2006-2020) but

this cannot be confirmed without modeling total ablation further into the past.

4.4.2 Annual ablation of all Waitaki glaciers

Total annual ablation volume of all glaciers in the Waitaki catchment combined

was calculated for all RCP scenarios (Figure 4.23).

Total annual ablation volume is projected to decrease for all RCP scenarios

by the end of the century. The largest decrease in ablation by the end of the

century is projected to occur for the RCP8.5 scenario. By the end of the century,

projected ablation for the RCP4.5 and RCP6.0 scenarios are similar to each other

and are both less than projections for an RCP8.5 scenario. The RCP2.6 scenario
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Figure 4.23: Total annual ablation volume of all glaciers in the Waitaki catchment.

shows the most gradual decrease in annual ablation by the end of the century.

Projections of annual ablation for each RCP scenario notably diverge from each

other around the year 2060.

A subtle peak occurs in the projected annual ablation data between roughly

2015 and 2035 for the RCP4.5, RCP6.0, and RC08.5 scenarios. The peak in

projected ablation volume for the RCP2.6 scenario appears to occur slightly early,

around 2006 to 2020. These results suggest that peak water is projected to occur

in the Waitaki catchment in the first half of the century (before 2040) for all RCP

scenarios.

4.5 Summary of key results

1. Glacier volume in the Waitaki is projected to decrease for all RCP scenarios

through the 21st century. For an RCP2.6 scenario, by 2098 only 48% to 52%

of glacier volume, on average, is projected to remain relative to the volume

in 2006. For an RCP8.5 scenario as little as 14% to 24%, on average, is

projected to remain.
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2. If regional temperature stays within the range represented by the RCP2.6

scenario during the 21st century, timing and magnitude of maximum and

minimum accumulation, ablation, and rainfall at the end of the century

(2068-2098) is projected to be similar to the beginning of the century (2006-

2037).

3. Changes in timing and magnitude of accumulation, ablation, and rainfall

are projected to become larger in RCP4.5, RCP6.0 and RCP8.5 scenarios,

respectively.

• By the end of the century (2068-2098) for an RCP8.5 scenario, aver-

age accumulation is projected to decrease in every month except July

and August, relative to the RCP2.6 scenario. Average accumulation is

projected to decrease by as much as 88% in January and increase by

as much as 14% in June. Average ablation is projected to increase in

every month, and by as much as 122% in September. Average rainfall is

projected to increase in every month except February. Average rainfall

is projected to increase by as much as 280% for an RCP8.5 scenario,

relative to an RCP2.6 scenario by the end of the century.

• By the end of the century (2068-2098) for an RCP8.5 scenario, accu-

mulation is projected to begin later in the autumn, and end earlier

in spring relative to the RCP2.6 scenario. Increases in ablation are

projected to occur later into autumn and earlier into spring. More

rainfall is projected to occur later into spring, and earlier in spring for

an RCP8.5 scenario, relative to an RCP2.6 scenario for the end of the

century.

4. Standard deviations of accumulation, ablation, and rainfall data suggest

variability of projections increase depending on month, RCP scenarios, and

time period. The largest variability of accumulation projections occurs in

December and January for all RCP scenarios and time periods. Variability

of ablation projections is largest between May and September for RCP8.5

at the end of the century (2068-2098). Variability of rainfall projections is

largest in July and August for RCP6.0 and RCP8.5 scenarios during the end

of the century.

5. Peak water for glaciers in the Waitaki catchment is projected to occur at

different times depending on the glacier’s size. Peak water in the Waitaki

Catchment, based on ablation of all glaciers in the catchment, is projected

to occur before 2040 for all RCP scenarios. The peak is projected to oc-
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cur slightly sooner for RCP2.6 (between the years 2006 and 2020) than for

RCP4.5, RCP6.0, and RCP8.5 (between the years 2014-2035).
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Chapter 5

Discussion

The Waitaki catchment is one of New Zealand’s most important catchments for

hydroelectricity generation and long-term water storage. In 2010, power stations

in the Waitaki generated 35% to 40% of the country’s electricity (Purdie and

Bardsley, 2010). The three lakes in the upper catchment account for nearly 60%

of New Zealand’s controllable water storage (Sirguey, 2010). Additionally, the

agriculture industry strongly relies on runoff from the mountainous headwaters of

the Waitaki, where most of the precipitation in the catchment occurs (Kerr et al.,

2011). Runoff from the headwaters of the Waitaki is generated through rainfall,

snowmelt, and ice melt. As climate changes, the runoff generating processes may

also change, resulting in seasonal shifts to timing, magnitude, and duration of high

flow and low flow events. The Waitaki catchment holds some of the largest glaciers

in the country and as such, understanding the implications of glacier retreat is an

important component for long-term planning of water resource availability.

This chapter discusses the key findings in this research, starting with projec-

tions of overall changes to glacier volume in the Waitaki catchment through the

21st century. Then projected shifts in accumulation, ablation, and rainfall pro-

cesses and the effects on precipitation and runoff are discussed. Lastly, possible

implications of these changes on downstream environments are summarised.

5.1 The future of the Waitaki glaciers

Changes to many individual glaciers throughout New Zealand have been studied

over time (Woo and Fitzharris, 1992; Cullen et al., 2017; Purdie et al., 2021) but

fewer studies existed on regional-scale glacier change until recently (Chinn et al.,

2012; Mackintosh et al., 2017; Vargo et al., 2020). Results from these studies

suggest that New Zealand glaciers are receding. One exception was noted during

the period between 1983 and 2009 where at least 58 glaciers advanced as a result of
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reduced air temperatures (Mackintosh et al., 2017). Future projections of regional

glacier change for New Zealand are limited, with only one study by Anderson

et al. (2021) published thus far that focuses on the Aoraki Mt Cook region, which

includes glaciers located both east and west of the Southern Alps divide. The

Waitaki catchment is included in the study as part of the Aoraki Mt Cook region.

Anderson et al. (2021) found that glaciers in the study region were projected to

recede through the 21st century. Projections of volume loss in the study were

similar for all RCP scenarios until about 2050, after which projections of volume

diverge from one another based on RCP scenario. By 2099 for an RCP2.6 scenario,

a 50% decrease in volume relative to 2005 was projected for the Aoraki Mt Cook

region, and as little as 8% of volume was projected to remain, relative to the 2005

volume for an RCP8.5 scenario (Anderson et al., 2021).

As this research examines the model output from the coupled mass balance and

flow models used by Anderson et al. (2021), and the volume plots were altered to

focus on the Waitaki Catchment, it is expected that the characteristics of volume

projections are similar and thus limiting a true independent comparison of results.

As such, for an RCP2.6 scenario, by 2098, on average 48% to 52% of ice is projected

to remain relative to the 2005 volume, and as little as 14% to 24% on average, is

projected to remain for the RCP scenario.

Several global studies of projected glacier mass balances have considered New

Zealand in their models (Radić et al., 2014; Huss and Hock, 2015; Hock et al., 2019;

Shannon et al., 2019; Marzeion et al., 2020). These studies cannot be directly

compared to results within the Waitaki catchment because of the difference in

scale, but the Aoraki Mt Cook region, which the upper Waitaki catchment is

a part of, does contain 54% of the ice in New Zealand (Anderson et al., 2021),

so similarities are noted between studies. While global studies show downward

trends of glacier volume in New Zealand (Radić et al., 2014; Huss and Hock, 2015;

Hock et al., 2019; Shannon et al., 2019; Marzeion et al., 2020), the projections

of volume loss by the end of the century tend to be significantly less than what

is found in this research. Projections of volume loss in the Waitaki catchment

are greater per RCP scenario by the end of the century compared to projections

of New Zealand glacier volume in other studies (Radić et al., 2014; Hock et al.,

2019; Marzeion et al., 2020). Additionally, volume loss in New Zealand projected

by the end of the century for an RCP8.5 scenario made by Shannon et al. (2019)

is similar to projections in the Waitaki, but the rate of change through time is

different. Shannon et al. (2019) shows the majority of ice loss in New Zealand

occurs before 2050 for an RCP8.5 scenario, contrary to what is depicted in the

results presented for the Waitaki.

Glaciers around the world are losing mass, and the same is projected for glaciers
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in the Waitaki catchment through the century based on the four RCP scenarios.

The greatest uncertainty in the rate and extent of glacier mass loss stems from

the uncertainty around which climate change mitigation scenario will eventuate

(Marzeion et al., 2020; Anderson et al., 2021).

Change in glacier mass balance is driven by accumulation and ablation pro-

cesses. Ablation must exceed accumulation for glaciers to lose mass and glaciers in

the Waitaki are presently out of equilibrium and therefore receding. The results in

this research suggest that volume loss will continue at a similar rate by the end of

the century (RCP2.6) or become further out of equilibrium for RCP4.5, RCP6.0,

or RCP8.5 by the end of the century.

5.2 Changes to ablation, rainfall, and accumula-

tion

Changes in precipitation and runoff projected over the 21st century have been

studied for several catchments on the South Island (Aqualinc Research, 2011;

Poyck et al., 2011; Zammit and Woods, 2011; Caruso et al., 2017; Collins, 2020),

and all studies show similar results. Annual runoff in South Island catchments

is projected to increase over the century. For a “middle of the road” emission

scenario based on the IPCC Fourth Assessment, which is comparable to an RCP6.0

scenario in this research, Poyck et al. (2011) found that annual runoff in the Clutha

catchment, located south of the Waitaki catchment, was projected to increase by

roughly 6% by 2040, and approximately 10% by 2090 relative to annual flows

averaged for the 1980-1999 period. The same emission scenario and reference time

period were used in a study of the Waimakariri catchment, near Christchurch

(Zammit and Woods, 2011), which showed an increase in mean runoff by about

7% in 2040 and by about 10% in 2090, relative to 1980-1999. A study in of the

Rangitata catchment, located adjacent and northeast to the Waitaki catchment,

projected an 8% increase in mean flow by 2040, relative to 1980-1999 using the

same emission scenario (Aqualinc Research, 2011). Lastly, a study by Caruso et al.

(2017) suggested that increases in annual inflow to all three glacier lakes in the

upper Waitaki basin is projected to range between 3% and 11% during the 2040s

and the 2090s.

There are limitations to the direct comparison of runoff between the studies

described above and this research. It must be noted that in this research, ab-

lation and rainfall are only calculated from glacier domains, and not across the

entire catchment like in the above studies. It is also important to note that the

above studies of South Island catchments use a hydrological model (TopNet) that
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considers snow melt, but there is no representation of glaciers and glacier melt in

the model (Poyck et al., 2011). Further, snowmelt components within the Top-

Net model are not directly validated due to the lack of systematic snow storage

measurements within catchments (Zammit and Woods, 2011).

The results from this research of average ablation from a given glacier in the

Waitaki catchment suggest slightly higher projections of annual runoff for the mid-

dle and end of the century (Table 4.2) than those of other South Island catchments,

noting the limitations around such comparison. Increases in average ablation are

not unexpected, as warmer temperatures through the century will promote ice to

melt more rapidly from glaciers that persist. Conversely, when considering total

changes in ablation volume, runoff volume is shown to decrease by the middle and

the end of the century as total ice volume decreases. Decreases in overall abla-

tion volume are discussed further in Section 5.3, Waitaki catchment peak water

projections.

All studies of South Island catchments uniformly report increases in projected

annual precipitation with the most significant increases occurring in the winter and

spring (Caruso et al., 2017; Aqualinc Research, 2011; Poyck et al., 2011; Zammit

and Woods, 2011). In this research, rainfall alone follows a similar trend, with

significant increases projected during the winter and early spring, and average

accumulation is projected to increase in the winter months by the end of the

century. Climate projections suggest the increases in future precipitation may be

a result of increases in westerly wind circulation over New Zealand, especially in the

winter and spring, bringing more moisture over the South Island (Renwick et al.,

2010). Additionally, increases in air temperature suggest that more precipitation

will fall as rain rather than snow during the winter and spring months (Caruso

et al., 2017; Poyck et al., 2011; Renwick et al., 2010).

Seasonal shifts are also apparent in runoff. Runoff in the Waimakariri catch-

ment is projected to increase during the winter and spring by as much as 50%

to 70%, whereas runoff during the summer and autumn is projected to remain

the same or decrease slightly (Zammit and Woods, 2011). These same seasonal

changes to runoff are projected in the Clutha catchment (Poyck et al., 2011), the

Rangitata catchment (Aqualinc Research, 2011), and in the upper Waitaki basin

(Caruso et al., 2017) using the TopNet model.

Again while those studies are not directly comparable to the findings in the

research, similar seasonal shifts are projected for rainfall, accumulation, and ab-

lation. For RCP6.0, similar to the scenario in the other studies of South Island

catchments, at the end of the century rainfall is projected to increase by 109% in

the winter, and average ablation is projected to increase by as much as 51% in the

spring, relative to the RCP2.6 scenario (Tables 4.4 and 4.5). The large increases
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in contributions to runoff occur in winter, then spring, which has been similarly

modelled in the studies of other catchments.

The results vary for summer runoff between this research and studies of other

catchments. In all other catchments, summer runoff is projected to either remain

the same, or decrease slightly over the century (Caruso et al., 2017; Aqualinc Re-

search, 2011; Poyck et al., 2011; Zammit and Woods, 2011). Poyck et al. (2011)

reasoned the seasonal changes in runoff were mainly due to changes in precipi-

tation. Increases in precipitation were projected for winter and spring, whereas

precipitation was projected to remain constant or decrease slightly in summer and

autumn. Further, and due to rising temperatures, precipitation would fall predom-

inantly as rain rather than snow during winter and spring (Caruso et al., 2017;

Poyck et al., 2011). This research suggests that By the end of the century, rainfall

in the summer months is projected to range between -1% and +10% for RCP8.5,

relative to RCP2.6, whereas average ablation is projected to increase by 31% to

38% in the same months. The main reason the results vary for summer runoff be-

tween this study and other South Island catchment studies could be because the

TopNet model used in other studies does not explicitly account for glacier melt. If

considering only rainfall, results from this research would be comparable to other

studies but when also considering ablation contributions to runoff however, results

suggest that average summer runoff may continue to increase until a critical ice

volume is reached in the catchment. Glacier runoff would then decrease as glaciers

recede further in or disappear. This is discussed explicitly in the following section.

Despite the coarse considerations of snowmelt in the TopNet model, both Poyck

et al. (2011) and Caruso et al. (2017) noted a reduction of snowmelt contributions

to runoff during spring and summer flows. In the past, snowmelt and glacier melt

together was estimated to contribute between 8% and 24% to annual runoff in

the Waitaki basin (McKerchar et al., 1998). A study by Kerr (2013) agreed, with

snow and ice melt contributions to runoff estimated at 17% for the Waitaki. Ice

melt specifically was estimated to contribute about 6% to runoff into Lake Pukaki

alone, in the upper Waitaki basin (Purdie and Fitzharris, 1999).

Other studies have shown that glacier melt compensates for otherwise de-

creasing summer runoff (Fountain and Tangborn, 1985; Young and Hewitt, 1993;

Sirguey, 2010). A study of a glacierized basin in Canada by Hopkinson and Young

(1998) found glaciers contributed approximately 2% to annual runoff, but in low

flow years, contributions increased to 13%. In the driest month of the year, glacier

runoff made up 56% of runoff. Similarly, during a drought on the South Island

of New Zealand in 2005, Sirguey (2010) found that ice melt mitigated otherwise

low flow volumes into the glacier lakes of the upper Waitaki basin. The greatest

volume of ice is located in the Pukaki sub-catchment and contributions of glacier
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melt, much larger than usual, was believed to sustain runoff to within 17% of the

mean annual flow into Lake Pukaki, despite precipitation being reduced by 34%.

The buffering effect of glacier melt on runoff is particularly important dur-

ing drought periods, but as glaciers recede ice melt contributions mitigating low

flows may become more unreliable. The following section discusses glacier melt

contributions to runoff variability over the 21st century in the Waitaki catchment.

5.3 Waitaki catchment peak water projections

Reduction in glacier mass leads to increases in ice melt contributions to runoff,

often only lasting for a few years or decades (Orlove, 2009). The temporary

increase in ice melt contributions from receding glaciers is called “peak water”.

After peak water is reached, ice melt contributions steadily decrease as glaciers

become smaller or disappear completely (Jansson et al., 2003; Huss and Hock,

2018).

The timing of peak water for a particular glacier will vary depending on its size.

The Waitaki catchment contains glaciers of many different sizes. If climate change

and glacier retreat continue, most small glaciers would disappear, while larger and

high-altitude glaciers would likely eventually establish a new equilibrium state

(Anderton, 1973). Haupapa/Tasman Glacier, located in the Lake Pukaki sub-

catchment of the Waitaki catchment, is New Zealand’s largest glacier. Large

glaciers such as the Haupapa/Tasman, respond very slowly to climate change and

because of their great mass, they will likely continue to exist for several centuries

(Fitzharris et al., 1999). In addition to Haupapa/Tasman Glacier, other large

glaciers in the catchment, namely Mueller, Hooker, and Murchison glaciers (Fig-

ure 5.1), may obscure the visibility of distinct peak water that could otherwise

be present if the catchment was only composed of smaller ridgeline and pocket

glaciers (Bliss et al., 2014).

The variability in timing of peak water depending on glacier size agrees with

the findings in this study. When calculating total ablation, described in Chapter

3.5 and for RCP6.0, the maximum total annual ablation volume is projected to

occur at different times for different sized glaciers in the Waitaki catchment. Small

ridgeline or pocket glaciers are likely to disappear before the end of the century

with the peak in ablation possible within the first two decades of the century for

an RCP6.0 scenario. The peak in total ablation for slightly larger glaciers may

have yet to occur (Figure 4.21), with the Huxley glacier showing a peak around

2030-2040. Larger glaciers in the catchment such as the Haupapa/Tasman show a

steady decrease in total ablation over the century, suggesting that peak water has

either passed or is occurring at the start of the decade. It is difficult to differentiate
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between if peak water has passed or if it is presently occurring without beginning

the model run from a time further into the past. Model runs beginning sometime

in the last century could provide a clearer picture of when peak water could, or did

occur for glaciers that presently show a steady decrease in projected total ablation

volume.

Figure 5.1: Large glaciers within the upper Waitaki catchment. Dark blue repre-
sents 1978 glacier outlines, medium blue represent 2009 glacier outlines, and light
blue represent 2016 glacier outlines (Baumann et al., 2020). Brown represents
rock, cliff faces, or the features that are not ice.

Peak water and the downstream hydrological response were explored in a global

study by Huss and Hock (2018) using an RCP4.5 scenario for future projections

of glacier change. Basins with large glaciers and high glacierization tend to reach

peak water towards the end of the twenty-first century. In contrast, in basins

dominated by smaller glaciers, peak water has passed or is expected to occur

within the next decade. The Waitaki catchment has an extensive range of different

sized glaciers and therefore peak water is more challenging to infer based on glacier

size alone. This research suggests that peak water in the Waitaki catchment may

occur this century, before 2040 for all RCP scenarios.

In a global study of peak water through the 21st century, Bliss et al. (2014)

shows that glacier runoff in New Zealand steadily decreases through the century

via three averaged time periods (2003-2022, 2041-2060, and 2080-2099) with an

RCP4.5 scenario. This study considered all glaciers within New Zealand, and

the lack of projected peak in runoff may be due to the inclusion of a far greater

number of smaller glaciers than there are in the Waitaki. Huss and Hock (2018)

included New Zealand in their global peak flow and glacier runoff, using the Clutha

catchment as a representative watershed to model future glacier change for an
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RCP4.5 scenario. This study showed an increase in glacier runoff in all months

between December and April by 2050, and a decrease in runoff in February through

April by 2090. Though the Clutha catchment holds comparatively less ice than

the Waitaki catchment, results from this study regarding peak water agree with

the findings by Huss and Hock (2018).

5.4 Implication on downstream environments

Runoff in the Waitaki catchment is important for hydroelectricity generation, wa-

ter supply storage, and downstream agricultural uses. As most precipitation in

the Waitaki occurs in the headwaters (Kingston et al., 2016), downstream services

and users are dependent on runoff. Therefore, seasonal shifts and changes to peak

flows or low flows are important considerations for downstream water users. Huss

et al. (2017) summarises the impact of receding glaciers and reduced precipita-

tion as snow in downstream runoff which can be considered in the context of the

Waitaki catchment (Figure 5.2).

Figure 5.2: Summary of climate change impacts on glaciers and snow from (Huss
et al., 2017)
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Runoff from glacier melt is likely to vary through the century. The variability

can result in more frequent flooding when glaciers are receding, to more frequent

droughts when glacier melt contributions are reduced or disappear completely.

Therefore, seasonal shifts in timing of glacier melt can exacerbate peak or low

flow events (Barnett et al., 2005; Beniston, 2012; Vuille et al., 2018). Although

not considered in this work, changes in snowmelt from glacier-free terrain can also

influence runoff (Barnett et al., 2005; Knowles et al., 2006). Increased temper-

atures suggest increases in rainfall during the winter months, leading to greater

runoff occurring in autumn, winter, and spring because water is not stored as

snow to melt at a later time in the season. Results for the Waitaki catchment

show that runoff from glaciers may increase until 2040 before decreasing there-

after for all RCP scenarios. While the initial increase in runoff can be beneficial

for hydropower generation in winter when the demand is greatest, or for agri-

culture in the spring when water demand is highest (Aqualinc Research, 2011;

Caruso et al., 2017), it also means that floods caused by peak flows may increase

in magnitude and shift in timing.

The Waitaki catchment is a primary producer of hydroelectricity and therefore

changes in runoff could affect generation potential. Caruso et al. (2017) noted that

seasonal changes in runoff could result in generation demand being met in winter

and spring with potential shortfall in summer and autumn. It is possible that

shortfalls noted by Caruso et al. (2017) resulting in reduced power generation

capacities could be masked by increases in ice melt in glacier runoff, ultimately

reducing the number of extreme low flow events during a portion of the 21st

century. It should be noted that as temperatures rise due to climate change

demand for electricity may also change, such that demand for heating may decrease

in the winter, and demand for cooling may increase in the summer (Renwick et al.,

2010).

Agriculture, which heavily relies on water supply, is an important industry in

New Zealand that has expanded and intensified over the past century (MacLeod

and Moller, 2006; Moller et al., 2008). A study by Aqualinc Research (2011) pro-

jected future irrigation use in the Rangitata catchment, just north of the Waitaki

basin. The study concluded that by 2040, annual irrigation would increase by ap-

proximately 6%, with the largest increases in mean monthly irrigation occurring

in the summer months of December and January. Water pumping may one reason

for the increase in electrical demand (Renwick et al., 2010). Caruso et al. (2017)

suggested that projected increases in runoff in the Waitaki catchment during win-

ter and early spring could result in the need to release more water from reservoirs

to mitigate over-topping dams and downstream flooding. As such, stored water

available for downstream agriculture and irrigation in summer and autumn would
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decrease when it is needed most (Caruso et al., 2017). Results from this research

conversely suggest that increases in ice melt during the summer could reduce water

supply issues that could affect agriculture industries and other downstream users.

Once peak water passes in the Waitaki catchment, extreme low flow events will

likely be of more equal concern. Results for projected increases in runoff and shifts

in timing during the winter and spring when runoff is typically at its lowest do

agree with findings by Caruso et al. (2017). Finally, projected increases in runoff

during the summer when runoff is typically at its highest suggest that flooding

risks could be increased. Increasing ice melt contributions to runoff suggest flood

risk during periods with high rainfall may become more severe until peak water

has passed in the catchment. The flood risks may also shift in timing as a result

of large increases in rainfall and ablation projected to occur in spring.

Changes in runoff from glacier retreat could also affect biodiversity and down-

stream ecology (Milner et al., 2009; Finn et al., 2010), as well as loss of culture

value (Allison, 2015; Carey et al., 2017) and recreational value, which is par-

ticularly important for New Zealand (McCormack, 1999; Purdie, 2013; Stewart

et al., 2016). Mitigating the effect of climate change on runoff is fundamental

for a more sustainable long-term water supply. Mitigation strategies may include

conservation strategies to increase water supply if needed, decrease energy gener-

ation demands, and reduce the impact on downstream ecosystems and planning

for extreme flooding events.

5.5 Implication of statistical analysis methods

Results in this thesis show spatially averaged and total annual ablation volume

projections from specific glaciers in the Waitaki catchment. While similar trends

were noted between projections of spatially average annual ablation volume and

total annual ablation volume for a small glacier within the Waitaki catchment

(Figure 4.20), projected annual ablation volumes for larger glaciers significantly

differed between the two calculation methods (Figures 4.21 and 4.22).

Both projections of total annual ablation volume and spatially averaged ab-

lation volume for a small Waitaki glacier showed decreases in ablation through

the century, albeit at different rates. Conversely, projections of spatially averaged

annual ablation volume increase over the century in a large glacier because as

long as the glacier exists, an increase in temperature will result in an increase in

melt despite overall less ice volume and extent through time. Projected total an-

nual ablation volume for large glaciers decreases through the century because the

calculation accounts for the overall decreasing ice volume/extent through time.

As such, the results showing average daily time series and average monthly
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time series of ablation, accumulation, and rainfall throughout this thesis provide

some insight into how Waitaki catchment glaciers respond to climate change, but

total volume changes of ablation (and accumulation) through time provide further

refined insights into glacier response.
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Chapter 6

Conclusion

6.1 Summary

The Waitaki catchment is one of New Zealand’s most important watersheds for hy-

droelectricity generation and long-term water supply storage. Runoff in the catch-

ment is generated by rainfall, snow melt, and ice melt. Some of the largest glaciers

in New Zealand, such as Tasman, Mueller, Hooker, and Murchison Glaciers, are

located in the Waitaki catchment. As climate changes and glaciers recede, their

contributions to runoff can also change.

Using an enhanced temperature index model paired with an ice flow model,

changes to accumulation, ablation, and rainfall in the Waitaki catchment are pro-

jected to 2098 for four RCP scenarios: RCP2.6, RCP4.5, RCP6.0, and RCP8.5.

This study investigates how glaciers in the Waitaki catchment are projected to

change over the 21st century as accumulation, ablation, and rainfall change.

Lastly, the impact of these changes on the timing and magnitude of downstream

runoff is explored.

The first objective of this study was to investigate the change in glacier volume

in the Waitaki catchment over the 21st century. Glacier volume in the Waitaki

catchment is projected to decrease over the 21st century for all RCP scenarios.

From 2006 to 2050, there are minimal differences in volume projections between

RCP scenarios but after 2050 projections of ice volume for each RCP scenario

start diverging. By 2098, ice volume in the Waitaki catchment is projected to

decrease by 48% to 52% relative to the 2005 volume for an RCP2.6 scenario. For

an RCP8.5 scenario, ice volume is projected to decrease by as much as 76% to

86%.

The second objective of this study was to investigate the changes in accumu-

lation, ablation, and rainfall processes over the 21st century. There is minimal

change in average accumulation, ablation, and rainfall projections through the
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century for an RCP2.6 scenario. Changes in timing and magnitude are projected

for all three processes for all other RCP scenarios. The increase in glacier volume

loss with increasing RCP scenario is driven by seasonal changes in accumulation

and ablation, as well as magnitude changes in ablation. At the end of the century

(2068-2098) for RCP8.5, average ablation is projected to increase in every month,

with the largest increase of 122% relative to RCP2.6 occurring in September. Sea-

sonal shifts in ablation suggest more ice melt may occur in the spring and autumn

months, relative to the RCP2.6 scenario. Conversely, average accumulation is pro-

jected to decrease in all months except winter when accumulation is typically the

highest. Changes in accumulation and ablation reflect the average changes pro-

jected across a given glacier in the Waitaki catchment, despite its size. Average

rainfall is projected to increase in all months by the end of the century for all RCP

scenarios relative to RCP2.6, with increases by as much as 280% occurring in the

winter months when rainfall is usually the lowest.

The third objective of this study was to investigate how runoff from glaciers

may change. Ice melt contributions to runoff increase as glaciers recede to a point

of “peak water”, after which contributions decrease because glaciers either shrink

or disappear completely. Different sized glaciers in the Waitaki catchment will

reach peak water at different times but as a whole, peak water is projected to

occur in the Waitaki catchment during the 21st century, specifically before 2040,

for all RCP scenarios.

While glaciers recede, contributions to runoff from ice melt are known to miti-

gate low flow events and potential water shortages (Fountain and Tangborn, 1985;

Young and Hewitt, 1993; Hopkinson and Young, 1998; Sirguey, 2010). The im-

plication of projected changes to runoff suggests that temporary increases in ice

melt during dry periods can reduce the number or severity of low flow events that

could affect power generation, agriculture industries, and other downstream users.

Projected increases in ice melt during the summer periods when runoff is typically

at its highest also suggest that flood risks could increase. Once peak water passes

in the Waitaki catchment and contributions to runoff from ice melt decrease, ex-

treme low flow events may be more of a concern during dry periods with reduced

rainfall.

6.2 Recommendations for future work

Understanding the impact of climate change on glacier mass balance and the

implications on quantity and timing of meltwater runoff is due to the complex

and dynamic nature of interactions between hydroclimatological processes (Milner

et al., 2009). The challenges are further magnified when projecting these processes
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and interactions into the future due to the uncertainty of eventuating climate

change scenarios. Further work to improve climate change projections at the end

of the century would add clarity and reduce uncertainty around potential changes

to runoff contributions and the implications to downstream hydrology, but this

endeavour is also the most challenging improvement to achieve.

Comparing statistical analysis methods confirm variations in projections of

annual ablation volume. Daily and monthly time series of spatially averaged

accumulation and ablation across Waitaki glaciers provide some insights on glacier

response to climate change but this study would be strengthened by using total

accumulation and ablation volumes in daily and monthly time series to further

refine results presented in this thesis.

Further, there are presently limited studies that explicitly consider glacier melt

contributions to runoff in catchments on the South Island of New Zealand. This

study focuses on accumulation, ablation, and rainfall that occurs on glaciers in the

Waitaki catchment, and it does not consider the impact of climate change on runoff

contributions across the whole catchment, accounting for all non-glacierized area.

Coupling mass balance and ice flow models to catchment-wide hydrology models

would add clarity around potential changes of runoff contributions to downstream

hydrology.

Finally, further studies of the increasing or decreasing demand of hydroelec-

tricity, or water supply for agriculture industries or other downstream users with

respect to climate change in future time periods will aid in understanding the po-

tential pressure on runoff and help to inform long-term water resource planning.
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