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Abstract
Water scarce situations are a critical issue in water resource management. Water scarcity can be exacerbated
by drier than usual conditions (such as drought), and separating the effects of water scarcity and drought
can be difficult. This study investigates the relative importance of water scarcity and drought on the
availability of water in the Lindis River (Central Otago, New Zealand). The Lindis catchment is a tributary
of the Clutha River and frequently becomes disconnected in the summer months. To determine the extent
to which these extreme low flows are driven by abstractions versus the naturally dry conditions that occur
in summer, a two-step hydrological modelling procedure was employed. First, the HBV-Light hydrological
model was developed for the upper Lindis. This model is then applied to the lower Lindis, to provide an
indication of what ‘natural’ flow should be in the lower catchment. Comparison of the modelled (natural)
river flow record with the observed (anthropogenic + natural) river flow record suggested that summer river
flow in the lower Lindis is substantially lower than it would be in the absence of human abstraction.
Anomaly analysis indicates that the ‘natural’ Lindis River would not disconnect from the Clutha River from
January-March, and would only have rare short disconnection events in December and April, in comparison
to their frequent occurrence in reality. As such, the results of this study have the potential to provide vital
information for the on-going management of flow in this catchment.
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1 Introduction
Many environmental, economic and social factors influence how we use our land and, in turn,
different land uses (human activities or economic functions that occur on land) can affect the
environment, economy and society in different ways (MfE, 2010). Half of New Zealand’s land area
is covered with low and high producing grasslands, majority used for agriculture, and in some cases,
uses irrigation to sustain growth (MfE, 2010). Intensification of agriculture is an on-going and
accelerating process that threatens the sustainable management of fresh water (Moller, 2008). Over
the past 20 years irrigation in New Zealand has doubled, and there are predictions that it could double
again in the next 20 years (Davie, 2009). The issue of water scarcity in New Zealand (unheard of 20
years ago) has led to many investigations on the viability of water storage to supplement rivers during
the dry summer period (Davie, 2009).
Droughts are caused by variation in weather, typically leading to a lack of precipitation to a region,
while water scarcity is initiated by water demand when there is insufficient water available in the
area to balance out water use. Water scarcity is not natural but instead due to management and land
use practices (Mehta, 2003). Water scarcity and drought are often linked together physically and
publically. People perceive both phenomena as the same due to their similar effects, and physically
both events subside when there is an adequate increase of available water (Mehta, 2003). The similar
effects of water scarcity and drought hampers the implementation of policies and measures to deal
with the drivers and pressures of the two phenomena (Schmidt and Benitez, 2013).
There is a lack of scientific knowledge on distinguishing between water scarcity and drought as both
of their effects are relatively similar (Schmidt and Benitez-Sanz, 2013). It is important to quantify,
and separate, the effects of water scarcity and drought as without the separation it is impossible to
identify the dominant factors for runoff changes (Zeng et al., 2014). Management plans can be put
into place for water scarcity, however, droughts can only be adapted to (Van loon and Van Lanen,
2013). If human activities are the major driving factor, current hydroclimatic data could continue to
be used for water use planning, and policymakers could then focus on water resource management
and projection (Bao et al., 2012). However, if meteorological climate variability is the dominant
factor it is essential to study future projections on water resources so management plans can be put
into place (Bao et al., 2012).

1.1 The Lindis Catchment
The Lindis River is located in the Central Otago Region, New Zealand. Historically the Central Otago
area was affected by natural and human-induced fires, which reduced the natural forest that populated
1

the area, so when Europeans arrived in New Zealand, tussock grasslands covered two-thirds of Otago
(Department of Conservation, 2006). It varies in elevation from 220 masl in the lower catchment to
1,925 masl in the headwaters. The surrounding environment is dominated by high plain sheep
farming and other agriculture practices including beef farming, deer farming and viticulture in the
lower Lindis, and in recent years an increase in lifestyle blocks and residential uses.
The upper Lindis River receives a substantial amount of precipitation, around 800-1500 mm per year
(ORC, 2010). In contrast, the lower Lindis River is one of the driest areas in New Zealand and
receives as little as 300 mm per year. The catchment is also affected by extremely dry periods due to
heavy water extraction from the Lindis River. Flow becomes so diminished that the river cannot run
into the Clutha/Mata-Au River, particularly in the summer months. This low flow adversely affects
in-stream ecology as well as irrigation takes.
The Lindis River is locally important due to the need for the freshwater to support the wellbeing of
the community and the livelihood of the agricultural sector surrounding the area. Given the high
value and use of the Lindis River, as well as its ecosystem service (trout spawning and fish passage),
it is essential that future management is directed to sustainable flow. A particular challenge to
understanding the sustainable allocation of the Lindis River runoff is disentangling the causes of
natural low flow conditions as a consequence of the climatic/hydrologic conditions, and those that
are exacerbated by anthropogenic water takes.
The frequent low flow events are causing high trout motility rates (around 70%). This is due to the
lack of effective water cover for the trout species and resulting predation (Trotter, 2016). The Lindis
River is used as a haven for trout from the Clutha River and a major spawning and rearing system
which is important for trout population (Trotter, 2016). The Otago Regional Council have proposed
a minimum flow of 900 l s-1 , however, this level is seen to be problematic as it will not provide
adequate habitat for fish or fish passage (Rekker, 2016). Cawthron Institute using RHYHABSIM
model showed that habitat suitability for low flow in a midsized river need to have a water depth of
>600 l s-1 for fish passage (Hayes et al., 2016). The amount of surface water lost to ground water
downstream of Ardgour Rd flow monitor has been estimated to vary between 400-500 l s-1 (Rekker,
2016). This means there needs to be a minimum of 1000 l s-1 monitored at Ardgour Rd for a
functioning ecosystem, a flow connection between Lindis River and Clutha/ Mata- Au River, and
this is still the bare minimum (Rekker, 2016).

1.2 Research Aims
The study aims to investigate the relative importance of water scarcity and droughts on the
availability of water in the Lindis River, Central Otago. The aims of the study are to establish:
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1. What extent are low flow periods in the Lindis River associated with meteorological
conditions?
2. How much extra water could there be in the absence of abstraction?
3. Whether drought, or water scarcity is the main contributor to the lack of water in the Lindis
River?
4. How much runoff can be used for consumption?
To determine the largest influence on low flow a ‘naturalized’ runoff situation is created, which then
is compared to the observed runoff so low flow times can be determined as anthropogenically or
climatically influenced. A hydrological model is a conceptual representation of real world processes
and can be used to understand hydrological processes by simulating dicharge. The hydrological
model HBV-Light is used to simulate a natural river flow for the lower River catchment by first
simulating river flow for the upper ‘untouched’ river catchment. This is so the natural flow can be
compared to the observed flow to determine times which are affected by human influence in the
lower river. A bare minimum flow connection (1000 l s-1) between the lower Lindis and the
Clutha/Mata-Au River is used as the threshold to finds times of low flow. These low flow times are
either due to water scarcity or drought, and will be further investigated by looking at meteorological
data.

3

2 Theoretical Review: Meteorological and
Anthropogenic Influences on Water Availability
2.1 Introduction
This chapter will cover the broad background of water scarcity, drought, water availability and
consumption in a global context (Section 2.2). In Section 2.3 drought definitions, causes,
implications and management will be introduced, while Section 2.4 introduces the concept of water
scarcity and how humans influence the hydrological cycle. Section 2.5 explains the links and
differences between water scarcity and drought. Section 2.6 introduces water availability and the
hydrological cycle in New Zealand. The key research challenges will be described in Section 2.7,
and finally, Section 2.8 will summarize the chapter.

2.2 Global context
At the global scale the hydrological cycle is strongly connected to atmospheric circulation, which is
driven by the unequal heating of the Earth’s surface and atmosphere (Oki, 2011). The hydrological
cycle is a dynamic system of rain, runoff and evaporation with enormous temporal and spatial
variations, as well as variations in water quality that completely govern its value to people and
ecosystems (Rijsberman, 2006). Precipitation is the principle source of water supply for most regions
on earth, so if there is a change in amount or space this can have drastic effects for the environment
and communities. There is an on-going need to understand and predict extreme events, especially
due to the increasing influence that anthropogenic activities have on earth systems (in this study the
focus is on stream flow).
The hydrological system, the ecological system, the social system and the climate system are all
interlinked, and understanding these relationships is fundamental to the management and mitigation
of low flow (Van Loon et al., 2016). Water systems have natural inflows and outflows and water
availability varies and changes in time and space, as do anthropogenic influences on these water
systems, leading to what some have called the ‘hydrosocial’ cycle (Van Loon et al., 2016). In a
constantly changing world where there is increasing water use for intensified agriculture, industry
and increasing population there is a need to quantify the dominant effects on river flow so the
ecological stability can be in a healthy state (Ahn and Merwade, 2014).
Water is a very complex resource, not only does it occur in three states (liquid, solid, vapour) it is
also a precious and necessary resource for all living organisms. Running water is essential to
4

humankind and has become magnets for human settlement, resulting in very few river catchments
that are not anthropogenically modified in some way (Malmqvist and Rundle, 2002). Water is a
renewable resource (although finite), however with constant human influence and resulting
contamination it is generating into a restricted resource. For example humans have had to create
desalination plants to tackle the growing need for water, when realistically there is more need to
protect the water which we have rather than ‘create’ more.

2.2.1 Water Availability and Consumption
2.2.1.1 Human Influence
Globally humans use over 50% of all renewable freshwater (although there could be an additional
amount by capturing flood waters and increasing water storage) and there is a concern that future
water supplies will limit agricultural and industrial production due to the projected growth in
consumptive use (Srinivasan et al., 2012). Humans have been able to manage water by developing
infrastructure (dams) and other methods so the dependency on nature for water is not that large
(especially in large cities) (Srinivasan et al., 2012). Rivers are not large storage areas compared to
other reserves, however, due to their recycling speed they have become an important renewable and
sustainable resource for human use and the surrounding environment (Oki, 2011).

The increase in population worldwide has resulted in a significant increase in water demand over the
past decades due to expanded irrigation areas and economic development (De Graaf et al., 2014). As
a result, an increasing number of rivers run dry for substantial periods of the year before reaching
the sea (De Graaf et al., 2014). Regions with frequent water stress usually exploit groundwater as
an additional resource to meet water demands. In many regions groundwater abstractions often
exceed the groundwater recharge, causing groundwater depletion, resulting in negative effects on
rivers which are groundwater fed (De Graaf et al., 2014). The amount of pressure on natural systems
due to human influence will result in profoundly negative ecological effects at local and regional
scales, possibly irreversible (Malmqvist and Rundle, 2002).

2.2.1.2 Climate Influence
Stream flow is controlled by various natural factors, such as precipitation, temperature and catchment
characteristics (Tran and O’Neill, 2013). Water availability varies depending on its state in the
hydrological cycle (e.g. solid, liquid, gas), across time and space, as well as biophysical factors e.g.
climate, season and temperature (Mehta, 2003). Observed warming over the past several decades
globally has been linked to changes in the large-scale hydrological cycle e.g. changing spatial and
inter-decadal precipitation patterns, flood and drought intensity and extremes (reduced snow cover
and melting of ice) and changes in soil moisture and runoff (Bates et al., 2008). Climate model
5

simulation have predicted wet areas to get wetter and dry areas get dryer for the 21st century (Bates
et al., 2008).
The ability of hydrological systems to adjust to extreme climate events and to respond without stress
and damage declines as conditions become more extreme (Salinger and Griffiths, 2001). For
example, drought impacts the agricultural sector by reducing the number of days available for
irrigation and plant growth (Salinger and Griffiths, 2001). There is more than 25% of agricultural
crops globally which grow in water-stressed areas (Taft, 2015), and the entire crop can be in jeopardy
when there is a water stress condition during critical growth as it decreases the crops yield (Singh et
al., 2014). In all probability the worst situation with regard to water management is a drought in the
low-flow season in an arid climate that additionally suffers from water scarcity (Van Loon, 2015).

Drought materialises when an area has established a reduction in normal precipitation which then
begins the positive feedback mechanism of the drought cycle (Mishra and Singh, 2010). This cycle
occurs due to the moisture depletion from the upper soil layers which decreases evapotranspiration
rates, it lessens the atmospheric relative humidity and results in less probable rainfall for locallygenerated rainfall, as there is less relative humidity to reach saturation point (Mishra and Singh,
2010). Only disturbances which carry enough moisture into the dry region will be able to provide
rainfall (Mishra and Singh, 2010).

2.3 Drought
The region and the purpose of the study has to be taken into account when coming up with drought
definitions e.g. meteorological climates and water availability varies between regions, so drought
characteristics will also vary. Drought to the farmer means a shortage of moisture in the root zone to
grow crops (Panu and Sharma, 2002). To the hydrologist, it suggests below average water levels in
streams, lakes, and reservoirs. (Panu and Sharma, 2002). To the economist, it means a negative
effect on the economy (Panu and Sharma, 2002). Droughts can occur in all climatic zones e.g. high
and low rainfall areas, and is initiated by a reduction in the amount of precipitation compared to the
normal amount for an extended period of time (Mishra and Singh, 2010). Although there are many
types of drought with different characteristics and, therefore, different definitions, there is a need to
investigate as each type affects certain sectors (Hisdal et al., 2000).

In comparison to drought there is typically more information on the different drivers and
modifications that cause the development of a flood and its interactions between natural and human
processes (Van Loon et al., 2016). There is a need to distinguish drought conditions for each region,
as each region has different characteristics e.g. climate, precipitation, evaporation, if the factors that
6

initiate onset can be distinguished it may be possible to manage and mitigate the negative effects.
The time for drought recovery is dependent on its intensity, the more intense the drought the longer
the area affected will take to recover (DeChant and Moradkhani, 2015).

Meteorological drought is caused by a lack of precipitation over a region for a period of time, which
then propagates into an agricultural drought, which refers to a period with declining soil moisture,
as there is no surface water resources; resulting in crop failure (Mishra and Singh, 2010).
Hydrological drought is the last stage of drought propagation and relates to a period with inadequate
surface and subsurface water resources for a hydrological system (Mishra and Singh, 2010). Figure
2.1 explains drought propagation and the different types of droughts consequences. A meteorological
drought is dependent on large scale atmospheric drivers which usually covers a large area, while a
hydrological drought is more dependent on local catchment characteristics (Van Loon, 2015).

Figure 2.1: Drought propagation and the resulting impacts of meteorological, agricultural and hydrological
drought (Source: Wilhite et al., 1996).
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Consequences of a hydrological drought may include reducing water supply for drinking water,
irrigation, industrial needs and hydropower production, causing death of fish and hampering fish
passage (Fleig et al., 2006). Hydrological drought affects many sectors and people making it a major
threat due to the range it can negatively affect (Van Loon, 2015). For this study drought is defined
as hydrological drought, which is a temporary natural phenomenon due to lower than average
precipitation values leading to a lower than average amount of runoff (Schmidt and Benitez-Sanz,
2013. Paulo and Pereira, 2006. Van Huijgevoort et al., 2012. Dai, 2011).

2.3.1 Drought Detection, Prediction and Impacts
Droughts are slow to initialize and often only recognized once already established, which is why they
are called the ‘creeping disaster’, they affect large areas and are of long duration (Paulo et al., 2005).
The impact of a drought is potentially disastrous for the affected region and trying to forecast a
drought is extremely difficult; both the beginning and end, without careful monitoring of the potential
development (Paulo et al., 2005). Low flow occurrence is also very hard to predict as it is very
changeable, as water shortage depends on factors that change seasonally, for instance precipitation,
temperature, evapotranspiration, snow cover, and yearly (e.g. series of dry and wet years)
(Tomaszewski, 2014).
Hydrological droughts affect various people and sectors on a large scale, water is needed for all
aspects of life and, therefore, there is a need to mitigate the effects and inform the public and water
managers of strategies that can assist in these situations (Van Loon, 2015). To do this understanding
historical droughts in the catchment of interest and the impacts during these periods is important for
planning and management (Mishra and Singh, 2010). The duration and extent of drought has
significant impacts on the local economy, society and environment and due to this increasing
research is being undertaken to investigate and predict droughts, monitoring, risk assessment and
understanding the characteristics (Van Loon and Van Lanen, 2012).

Worldwide, from the 1960s to the 1980s economic damages attributed to natural disasters tripled
(US$40 billion to US$120 billion) (Wilhite, 2000). Natural disaster economic losses between 1992
and 1996 in the United States averaged US$54.2 billion per week (Wilhite, 2000). Drought
economic, social, and environmental costs and losses are growing dramatically, although it is
difficult to quantify due to the lack of reliable historical estimates of losses (Wilhite, 2000). In 1975
drought losses due to average annual crops in the Great Plains region of the United States were
roughly US$700 million (Wilhite, 2000).
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Understanding drought propagation (meteorological drought into soil moisture and hydrological
drought) is essential for adequate water resources management, because drought forecasting and
understanding of an upcoming meteorological drought can be proactively managed to mitigate
resources to protect agricultural and water sources (Van Lanen, 2013). While short term durations
(months) is important for agriculture, long term durations (season or years) is important for water
supply management, water resources planning, and hydrological studies (Dogan et al., 2012).

Drought is hard to anticipate and even harder to predict its ending which is why it has attracted the
interest of numerous researches and scientists (Tigkas et al., 2012). Meteorological drought is
determined in terms of rainfall deficits, however, in the short term the amount of rainfall occurring
is a poor indicator of agricultural and hydrological drought as it does not take into account initial
ground conditions or seasonal evaporation variations (Tate and Gustard, 2000). Definitions including
a fixed number of dry days in sequence have been largely superseded by methods describing
departures from the mean e.g. the threshold level (Tate and Gustard, 2000). Furthermore, indices
based on precipitation alone cannot capture all relevant propagation processes (Van Loon, 2015).
The Palmer Drought Severity Index (PDSI) was developed by Palmer in 1965, and has been used in
various countries. The PDSI includes precipitation, temperature and soil moisture in a water balance
model (Palmer, 1965). The underlying process is related to the accumulated weighted differences
between actual precipitation and the precipitation requirement, and takes into account the current
weather, soil conditions and the normal climate of the area (Tate and Gustard, 2000). The
Standardized Precipitation Index (SPI) is one metric used because it requires fewer data
requirements, can be used for any time period, and easy to understand (Mckee et al., 1993). It can
calculate a precipitation deficit for an area, therefore, it is able to detect a drought condition (Mckee
et al., 1993).

2.4 Human Influence on Water Availability
Runoff is a natural phenomenon but due to catchment processes and anthropogenic factors
(irrigation, water diverting, and dams) runoff amounts and pathways have been modified in many
instances (Chen et al., 2013). These developments in controlling surface and groundwater by way
of diverting surface water, and groundwater pumping have often been undertaken without conserving
the natural resource (Paulo and Pereira, 2006). For example between 1960 and 2000 global water
withdrawal increased 17% per decade (Wada et al., 2011). Although there is an abundance of
freshwater at the global scale it is difficult to determine if this is enough for the population and
environment, e.g. if water is scarce in the physical sense (a supply problem) or it should be used and
conserved better (a demand problem) (Rijsberman, 2006).
9

Physical water scarcity is defined as a temporary water imbalance caused by consumption being
significantly higher than the natural renewable availability of surface and ground water (Van Loon,
2015. Mehta, 2003. Haddadin, 2001. Pereira et al., 2002. Schmidt and Benitez-Sanz, 2013). It is
brought on by the increased demand of water resources by society. This water imbalance can be
further aggravated by water pollution due to human influences and drought periods. It results in the
altered carrying capacity of the ecosystem due to the disturbed and reduced land use, reduced
reservoir capacity, a lack of freshwater resources for the environment and society and can result in
the death of water species and ecosystems. Throughout this study water scarcity is equivalent to
physical water scarcity as no economic water scarcity analysis is undertaken.
Society’s answer to low flow in the short term is often to extract more water and implement small
water saving measures e.g. one shower a day, no garden watering, while in the long term
infrastructure is created to increase water storage, policies and regulations of water use are can also
be implemented (Van Loon et al., 2016). Human decisions on water sources for water security at the
local scale are causing environment stress at the global scale (Vörösmarty et al., 2013).
Anthropogenic influences on water sources are causing water to become scarce, not only in arid and
drought prone areas but also in areas where there is an abundance of rainfall (Paulo and Pereira,
2006).
Water scarcity can be characterized by the Water Exploitation Index (WEI), which calculates the
annual ratio of total freshwater abstraction to the total renewable resource (Van Lanen, 2013). It
indicates on a spectrum if a water resource is under water stress to severe water stress, which reflects
unsustainable use of the water resource (Van Lanen, 2013). National estimates, however, do not
reflect the extent and severity of water scarcity at the river basin scale (Van Lanen, 2013). This is
because there is a need to look at the local scale rather than looking at the country wide estimates,
each river catchment is unique and, therefore, each catchment needs to be treated as an individual,
as each catchment reacts to stress differently.
There is also a need to understand the causes for water scarcity so measures can be undertaken to
deal with the main problem and mitigation can be commenced so there is enough water left for all
sectors (Paulo and Pereira, 2006). A region may be abundant with water storage at present, however,
with the changing climate and human influences there is a need for water managers to start managing
water now for the future (Young, 2014). Irrigation practices significantly influence the climate and
hydrology patterns not only at local scales but also at regional scales (Kustu et al., 2010).
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2.5 Drought and Water Scarcity
Droughts and water scarcity both significantly affect the environment (terrestrial and freshwater
ecosystems, air, soils), the economy (agriculture and water uses), and society (public water supplies,
welfare, recreational activities, cultural and aesthetic values) (Schmidt and Benitez-Sanz, 2013).
Water scarcity and drought exist whenever and wherever the links in the water cycle are broken or
destabilized, therefore, upsetting the balance of water (Bandyopadhyay, 1987).
Land change alters the hydrological processes due to anthropogenic influence and modifies
evaporation, infiltration, surface runoff and storage of water (Van Loon et al., 2016).

This

anthropogenic activity is not taken into account for drought development and shows that human
activities and meteorological conditions are disconnected (Van Loon et al., 2016). There is a interlink
between meteorological and human effects and in order to manage low flows there is a need to
understand that human influence is as important as natural climate variability. Human activities have
impacted almost all parts of the globe, so much so that hydrological and human systems are now
fundamentally combined.

Climate change is expected to change precipitation patterns, and at present, climate variability
changes the spatial and temporal distribution of water resources, which is aggravated by human
activities (Lansigan, 2009). Low precipitation and the consequence of low flow can have severe
effects on the environment with species and ecology suffering, furthermore the lack of water in the
river, can cause a disconnected river which can lead to fish species being stranded or schools being
disjointed (Hisdal et al., 2000). Low flow affects water and food security, the sustainability of
agricultural production systems, livelihoods and environment (Lansigan, 2009). The naturalization
of water scarcity leads to negative association and continued human activities e.g. the water table
might continue to decline if the decrease in ground water storage is attributed to climate change
rather than to uncontrolled extraction (Mehta, 2003).
The problem with distinguishing between drought and water scarcity is the effects are so similar, and
is not helped by water managers, the public, and the media using these terms as the same mechanism
(Schmidt and Benitez-Sanz, 2013). To indicate whether there is water stress, managers rely on
variables such as; climate, precipitation, runoff, population density, and aquifer characteristics, land
use and biodiversity, suggesting that a water crisis is driven by geospatial factors (Srinivasan et al.,
2012). Therefore, scarcity is made out to be a natural factor and ignores the anthropogenic impacts
on water sources (Mehta, 2003).
The definitions of water scarcity and drought are often perceived to be the same; they are a constant
threat for most places, both cause below then normal river flow, both subside if there is an increase
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in water to feed water flow. Perception and awareness of water scarcity is important, as the perception
of water scarcity can be problematic as it is the recognition of water availability, whereas, awareness
deals with the actual impact of water availability (Tang et al., 2013). Each person’s surroundings
also influence the perception and awareness of a crisis, for example farmers in semi-arid China’s
Guanzhong plain do not perceive water as scarce, although they are aware of the water shortages,
and, therefore, choose to blame this lack of water on climate rather than overuse (Tang et al., 2013).
Globally, increased water abstractions and changes in meteorological conditions have also physically
affected the water regime. Two case studies in highly irrigated and drought prone areas of China and
Spain have been able to differentiate between water scarcity and drought so the main impact on low
flow can be determined. Chen et al., (2013) investigated changes in annual runoff during the period
of 1960–2009 in the Kaidu River Basin, China. They were able to distinguish between drought and
water scarcity; before 1993 there was little human influence in the catchment so this was used as the
naturalized (drought-affected) period while after 1993 was used as the human-induced period
(drought and water scarcity). Van Loon and Van Lanen. (2013) proposed a system to separate
drought and water scarcity effects on the hydrological system in the Upper-Guadiana Basin, Spain;
an observation-modelling framework was used to separate natural (drought) and human (water
scarcity) effects on the hydrological system.
Runoff in the Kaidu River Basin is principally controlled by climate variability rather than human
activities. It was found climate variability was the main factor that decreased runoff with a
contribution of 90.5%, while human activities only accounted for 9.5%. Anomaly analysis was
employed in Spain which found the impact of groundwater abstraction on the hydrological system
was, on average, four times as high as the impact of drought. Therefore, human influence was the
main control on low flow compared to climate. Although in today’s society human activities
influence most of the earth’s systems, climate variability is a major control on water availability by
controlling precipitation and evaporation. The problem arises that different users emphasize different
characteristics of a drought e.g. the farmer emphasizes on how much water can be used for irrigation,
while environmentalists focus on the healthy flow of the river.
Humans have dominated the earth system and through land use change, fresh water abstraction and
increased carbon dioxide release have changed the environment and its ability to adapt. This study
is a clear example of water scarcity and drought on water availability in the Lindis Rver, which
reflects an imbalance between water demand and water supply. Drought is influenced by humans as
they impact water sources with abstraction, irrigation, and dams. Human activities also cause
feedbacks of earths systems being altered and, therefore, a change in precipitation in time and space
(climate change). Management of drought is inefficient because there is a gap in knowledge between
the relationship between people and drought and its feedbacks. Figure 2.2 shows how human
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activities have influenced the propagation of drought and that splitting the two influences apart will
cause more confusion as they are interrelated. Although drought may be a mixture of human and
climate feedbacks, water scarcity is principally due to human activities.

Figure 2.2: Drought propagation in the Anthropocene. Shows how integrated human influences are in the
drought system. (Taken from Van Loon et al., 2016).

2.6 Water Availability in New Zealand
New Zealand's location in the general atmospheric circulation determines its general temperature and
precipitation characteristics, however, its orography plays a dominant role, and due to high
topography it forces precipitation patterns through the country, so there is no general relationship
between temperature and precipitation trends (Salinger, 1979). New Zealand’s complex orography
gives distinctive regional climatic responses to variations in atmospheric circulation e.g. ‘El NiñoSouthern Oscillation' (Salinger and Porteous, 2014).
El Niño and La Niña are opposite phases of the ‘El Niño-Southern Oscillation' (ENSO). They disrupt
normal patterns of wind and rainfall (NIWA, 2016). In New Zealand La Niña have different impacts
with more North–Easterly winds bringing moist, rainy conditions to the North–East of the North
Island, and reduced rainfall to the South and South–West of the South Island (NIWA, 2016). During
an El Niño event there is stronger or more frequent winds from the West in summer, leading to an
elevated risk of drier-than-normal conditions in East coast areas and more rain than normal in the
West (NIWA, 2016). Therefore, some areas, such as central Otago and South Canterbury, can
experience drought in both El Niño and La Niña (NIWA, 2016).
Geography and water resources are quite dissimilar throughout the country, for example, the average
annual rainfall in the South Island is 346 mm per annum on the leeward side of the Southern Alps,
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while on the windward side there is in excess of 6000 mm per annum (Davie, 2009). Drought tends
to be regional due to the catchment characteristics and its reaction to climate patterns (Salinger and
Porteous, 2014), (particularly on the East Coast of the North Island, and in Marlborough, Canterbury
and Central Otago), and these are predicted to increase due to climate change (MAF, 2009).
There has been a changing climate of increased drying and high latitude moistening over the Southern
mid-latitude through the last half century (Fyfe et al., 2012). Temperature and rainfall in New
Zealand is localized, however, there is an increasing trend of temperature in most regions as well as
a decrease of rainfall (Zonderland-Thomassen et al., 2014). This has resulted from increased
anthropogenic emissions rather than the natural climate variability in the Southern mid-latitude
region (Fyfe et al., 2012). Therefore, human activities have caused a change in climate in this latitude
which will result in changing precipitation patterns.
New Zealand has relatively low annual water stress levels, however, during summer New Zealand
farmers experience limited water availability due to low rainfall combined with anthropogenic
influences (e.g. reduced stream flows, reduced groundwater levels, water restrictions or lack of
irrigation water availability) (Zonderland-Thomassen et al., 2014). Agriculture is responsible for
about 75% of water usage in New Zealand (irrigation or livestock) (Davie, 2009). This reflects the
economy of dairy production along with beef cattle and sheep farming (primary production of New
Zealand agriculture) with horticulture (including wine) forestry, tourism (secondary production)
(Davie, 2009). The value of livestock, cropping and dairy farming for New Zealand’s economic
activity has increased from nearly 2.7 billion in 1991 to 5 billion in 2007 (MfE, 2010). Agriculture
is a major water user and there is a prominent relationship between livestock, water use and the
subsequent water contamination (Figure 2.3).
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Figure 2.3: Regional variations in the use of allocated water for 2010 (Taken from: MfE, 2010).

In New Zealand the freshwater demand environmental indicator reports on the volumes of water
allocated to human use through resource consents, which is known as total consumptive water
allocation (MfE, 2010). In 2010 the total amount of consumptive water allocation in New Zealand
was 27 billion cubic meters (MfE, 2010). In 2010 the majority of consumptive weekly allocation for
irrigation was 46% (Figure 2.2) (MfE, 2010). Most of the allocated water for consumption in
Canterbury and Otago is for irrigation, with Canterbury, Southland and Otago regions account for
86% weekly (MfE, 2010). Water use has nearly doubled since 1999 and increased by 10% in the last
4 years (Figure 2.4) (MfE, 2010). This increase can be explained by the demand for irrigation, as the
amount of land irrigated by consented water takes has increased by 82% between 1999 and 2010
(MfE, 2010).

15

Figure 2.4: Changes in regional weekly allocation (Mm3/week) between 1999, 2006 and 2010 (Taken from
MfE, 2010).

2.7 Key Research Challenges
There is a need to understand the relationships that natural and anthropogenic influences have on the
flow regime and the associated affects this has on the ecosystem. It is difficult to determine in times
of low flow what are the effects of natural and/or anthropogenic flow responses and, therefore, a
need to determine the signs of either an anthropogenically-led low flow or a natural low flow.
Frameworks developed for this purpose could be applied to other regions to help water resource
managers make better decisions for sustainable water use.
There is a gap in current knowledge in New Zealand determining the effects of human activities and
natural influences on low flow. Stream flow is affected by many natural factors and human activities
that diminish water resources. Human activities directly affect the hydrological cycle and potentially
cause projections for future water availability to be vulnerable. This study will contribute to the
understanding of determining between a natural hazard versus anthropogenic activities by
developing a framework to separate the two factors. Distinguishing between water scarcity and
drought is a complex task, however, there is a need to bridge the gap of knowledge in how to
determine between the two effects and how each influences low flow.
The case study, the Lindis River catchment in Otago becomes so diminished in the summer that it
frequently runs dry. The Otago Regional council has proposed a minimum flow of 900 l s-1 ,
however, around 400 l s-1 to 500 l s-1 is lost to ground water in the lower river and there needs to be
>600 l s-1 for fish passage (Rekker, 2016. ORC, 2016). Therefore, there is a need for this study to
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determine how frequent the Lower Lindis River has experienced low flow times to determine if water
scarcity or drought is the main influence, therefore, allowing the right management plans to be put
into place.

2.8 Summary
Drought and water scarcity are similar in their effects causing a lack of water. People often attribute
water scarcity to drought, this is due to the fact that people use water during times of drought and
many have no way of replenishing it. However, drought and water scarcity are two different
phenomena that need to be understood for water management. Like the physical processes of
drought, human influences of abstraction and mismanagement of water sources is unceasing, so there
is a need to look at how the two interact with each other.
Separating between climate-induced and human-induced low flow is a major scientific challenge
(Van Loon, et al. 2016). However, if the causes of low flow is determined for a region then
management can focus on adaption to climate induced drought or human induced activities. Attention
needs to be paid to the complex interrelations of these two occurrences as both influence low flow,
there is a need to understand the relative importance of both processes so the right strategies can be
put into place so water sources are managed sustainably (Van Lanen, 2013).
Decision makers balance the need of abstractors and the environment while scientists research the
relationship between river flow and the health of the environment (Acreman, 2005). However,
sometimes the need of the abstractors comes before the environment, which obstructs the health of
the aquatic ecosystems. Rijsberman (2006), believed that there is a need to focus on the improvement
of water sources rather than seeking new systems and supplies as a response to water scarcity.
Therefore, there is a need to determine if water is being mismanaged or the availability of the
resource does not meet the need of the environment and society. Thus creating enough water for all
sectors, for example New Zealand is an agriculturally dominated country and, therefore, river flow
is not only used for livestock watering but also irrigation demand.
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3 Study Area and Methods
3.1 Study Area
3.1.1 Regional Setting
The Central Otago region is gravel-filled and deeply terraced (Cumberland, 1944) with Otago Schist
underlying most of the region (ORC, 2014). The Lindis Pass is the back-country link between Otago
and Canterbury and leads from the Clutha to Waitaki, from the basins of Otago to the Mackenzie
country. This is a wide area enclosed by greywacke mountain walls, with its "fill' consisting of
assorted glacial and fluvial materials (Cumberland, 1944). Soils are sandy and loam-based, with areas
of low to moderate fertility, which range from brown-grey earths in the driest zone (less than 500
mm of rainfall) to yellow-grey earths in the lower mountain slopes, to high-country yellow/brown
earths above 700 m (ORC, 2014). The increasing elevation is associated with decreasing fertility,
and increasing acidity and leaching (ORC, 2014). The daily and seasonal ranges of temperature are
quite extreme for the New Zealand atmosphere with dry winds being frequent, and evaporation is
high, so that the efficiency of the precipitation can be low (Cumberland, 1944).
In lowland Central Otago the short tussock grassland flora includes a small number of native annual
plant species (Walker et al., 1999). Following European settlement in the 1850s, numerous exotic
plants became naturalised in lowland Central Otago including many annual species (Walker et al.,
1999). Annual plants, the seasonally variable climate, and rapid landscape colour changes suggest
that the vegetation of lowland Central Otago undergoes marked seasonal changes (Walker et al.,
1999).
The utilization of tussock grasslands in the semi-arid and sub-humid tussock grasslands of Central
Otago by European sheep farmers began during the 1850s (Mather, 1982). The pre-European
vegetation was steppe grassland with low tussock-grass and the basin plains were treeless
(Cumberland, 1944). Extensive grazing of fine woollen sheep in the region and the destructive
features of burning, overgrazing, and rabbits caused plant destruction (Cumberland, 1944). At
present Grassland and scrub cover most of the area, low tussock and high producing grassland
dominates the lowland basins, while in the highlands tussock and low producing grassland dominant,
the very driest regions have a scab weed vegetation with native and exotic grasses and weeds
scattered throughout (Figure 3.1) (McGlone et al., 1995).
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Figure 3.1: Land Use Cover of the Lindis valley and the location of the river (Taken from ArcGIS Land use
Cover)

Within the Central Otago region lies the Lindis River, which is located east of Wanaka and Luggate,
north of Cromwell and west of Omarama (Figure 3.2) (ORC, 2010). The catchment is a steep river
valley, which includes semi-mountainous terrain ranging in elevation from 220 m above sea level
(asl) to a maximum of 1925 m asl (Figure 3.3). The Lindis catchment covers 1,059 km2 and runs 70
km in a south-westerly direction into the Clutha/Mata-Au River 6 km upstream of Lake Dunstan.
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Figure 3.2: The Lindis River location within Central Otago with the meteorological, Wanaka weather station and
runoff sites Ardgour Rd and Lindis Peak (Taken from ArcGIS Land use Cover)
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Figure 3.3: Digital Elevation Model of the Lindis valley in m (Taken from ArcGIS Land use Cover)

3.1.2 Characteristics of the Study Area
The Lindis River is surrounded by agricultural land use, principally sheep and beef farming, deer farming
and viticulture in the lower reaches of the Lindis, with an increase in lifestyle blocks and residential uses
in recent years. The Lindis River has been used as a water source historically, for high country sheep
farming, the Ardgour irrigation scheme commenced in 1923 and fed 1300 acres of land while the Tarras
irrigation scheme fed 2600 acres (Rickard and Cossens, 1968), and irrigation still happens presently for the
surrounding agricultural land.
Usually a river’s normal tendency is to increase flow in the downstream direction as it collects water from
other tributaries and surface runoff, however, climate and heavy extraction from the Lindis River likely
causes the flow to become diminished between the upper and lower river areas (Figure 3.4). The
considerable loss of flow between Lindis Peak and Ardgour Road recorders is due to river flow diversions
into surface water races (Tarras Race at Cluden, Ardgour Race and Begg–Stackpole Race), and direct
pumping from the river channel and riparian groundwater pumping (Rekker, 2016). It is common that the
flow of the river can become so low that it fails to run into the Clutha/Mata-Au River during the summer
months. Throughout the non-irrigation season (May-September) the flow between the upper (Lindis Peak)
and lower (Ardgour Rd) Lindis River is similar and usually high in spring due to snow melt in the upper
reaches.
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Figure 3.4: Comparison of Ardgour and Lindis River seven day mean annual low flow (Created from runoff data the
Otago Regional Council website Technical Data).

3.1.3 Climate and Hydrology
The Lindis River drains a diverse catchment in the high country landscape of Central Otago which has high
precipitation totals in its headwaters, and located in between highlands causing the basin to be in a rain
shadow (Rekker, 2016). The lower Lindis is a multi-threaded meandering river of low flow volume
(Rekker, 2016). There is high water quality in the Lindis catchment and no significant relationship between
temperature and nutrient concentrations, which confirms that the low flow left by irrigation abstraction
causes no effect on water quality (ORC, 2006).
The upper Lindis River receives a substantial amount of precipitation, around 800-1500 mm per year, and
during winter it collects a significant amount of snow. In comparison the lower catchment is known for its
low precipitation rates (Figure 3.5) and is affected by extremely dry periods, with at least three extreme low
flow and low rainfall events since 1992 (Figure 3.4). Figure 3.6 shows that there is clear seasonal changes,
although rainfall through the catchment is relatively the same, temperature and evaporation will control
how much of this rainfall actually stays in the catchment. The lower Lindis River is one of the driest areas
in New Zealand and receives around 500 mm per year and sometimes as little as 300 mm per year (ORC,
2010). This lack of precipitation with high potential evapotranspiration results in the need to take water for
irrigation to support agriculture.

22

Figure 3.5: Precipitation isohyet developed for the Lindis River (Source ArcGIS Land use Cover).
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Figure 3.6: Meteorological Data from 1993- 2014 for the Lindis Basin area (Created from data taken from Wanaka
airport meteorological data in NIWAs Cliflo website)
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The Lindis Alluvial Ribbon Aquifer is narrow and thin (less than 20 m) between the underlying mudstone
basement and land surface in the lower river. The aquifer has low pore volume and groundwater storage
(Rekker, 2016) which means in low flow times there is a lack of storage to help surface water. During low
flow the lower river is more likely to be losing to groundwater (400 l s-1 to 500 l s-1) due to the water table
having fallen below the river water level (Rekker, 2016).
Monitoring of the Lindis River has found it is an important spawning and nursery stream for the Clutha
River and Lake Dunstan trout populations (as much as 30% of Lake Dunstan Brown trout) (Fish and Game,
2011). The Lindis offers protection for trout species from large scale flooding and regular flow changes
resulting from hydroelectric generation (Fish and Game, 2011). Investigations have revealed that the trout
spend about one to two months in the Lindis River over the winter and use the side tributaries along the
first 50 km up river to spawn (Fish and Game, 2011). Past this point mainly indigenous fish live, and some
rainbow trout may push further upstream during their spawning run in late spring (Fish and Game, 2011).
Sustainable and constant connectivity is particularly important for young trout when they migrate
downstream and if flows are to low it can lead to increased mortality rates (Fish and Game, 2011). Fish
species can get stranded in pools and subsequently targets for predators, up to 70% can be killed due to this
(Trotter, 2016). The Lindis River needs to have a healthy flow all year long to support these aquatic species.

3.1.4 Management of the Lindis River
The 5A plan produced by Otago Regional Council is the new Lindis River policy which takes into
consideration; surface water, groundwater, catchment boundaries, and water allocation volumes for the
wider area (ORC, 2016). The new minimum flow for the Lindis River is 900 l s-1 which in the viewpoint
of this study is not enough to sustain the livelihoods of the fish species (ORC, 2016). These changes will
come into effect in 2021, when the RMAs old mining privileges phase out (ORC, 2016). These changes
also include an increase from 1000 l s-1 to 1200 l s-1 as the primary allocation limit for farmers, and removes
the restriction of non- irrigation takes from the lower Tarras and Bendigo Aquifers (ORC, 2016).
Cawthron Institute using RHYHABSIM model showed that habitat suitability for low flow in a midsized
river need to have a water depth of >600 l s-1 for fish passage (Hayes et al., 2016). The amount of surface
water lost to ground water downstream of Ardgour Rd flow monitor has been estimated to vary between
400-500 l s-1 (Rekker, 2016). This means there needs to be a minimum of 1000 l s-1 monitored at Ardgour
Rd for a functioning ecosystem, a flow connection between Lindis River and Clutha/ Mata- Au River, and
this is still the bare minimum (Rekker, 2016).
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Under the Resource Management Act (RMA) and the Otago Region Council Water Plan (recommended
minimum flow) (ORC, 2010), water is able to be taken from the Lindis River for individual consumption
for household, stock drinking water and water for fire fighting purposes. Most of this extraction is from the
middle and lower Lindis River.
Pumping from this area leads to a negative influence on surface water depletion (estimated 90 l s-1), and
groundwater is treated like surface water in terms of river pumping, which leads to negative effects on
underground aquifers and recharge (ORC, 2014). This can further dry the river bed by at least several
hundred meters (ORC, 2014). In 2011 2,000 ha was irrigated in the Lindis Valley, which used about 2,300
l s-1 of water (ORC, 2014). If better irrigation techniques were in place the area would have been efficiently
irrigated and would have only taken 1,000 l s-1 (ORC, 2014).

3.1.5 Importance of the Study Area
Although droughts occur worldwide the most severe type of drought for humans occur in arid or semiarid
regions where the availability of water is already low under normal conditions (Van Loon, 2015). The
lower Lindis catchment is one of the driest areas in New Zealand, with low rainfall combined with high
temperatures through summer. These meteorological impacts on the Lindis River act as a natural restriction
on water availability, this combined with irrigation takes cause the Lindis River to have substantial
fluctuations.

The Lindis River is important due to the need for the freshwater to support the wellbeing of the community,
the livelihood of the agricultural sector surrounding the area and spawning fishery. There is a substantial
difference in flow during the irrigation season between the upper and lower Lindis which is further
intensified due to low rainfall and high temperatures (Table 3.1 and Figure 3.4). It is important to investigate
the relative importance of water scarcity and drought on the Lindis River to provide the necessary
information to allow sustainable management of the Lindis River flow (Figure 3.7).
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Table 3.1: Flow statistics for the Lindis River at the Lindis Peak and Ardgour monitoring sites. (Both sets of
statistics were created from the Technical Data in the Otago Regional Council website
http://www.orc.govt.nz/Utils/Search/?whole=true&query=lindis).
Monitoring Site
Ardgour
Rd
(2007-2014)
Lindis
Peak
(1993-2010)

Catchment
Size (km2)

Max Recorded
Flow (mm s-1)

Mean Recorded
Flow (mm s-1)

Mean Annual Low
Flow (mm s-1)

1045

13.9

0.43

36.7

542

35.6

0.96

154.2

Results from New Zealand studies are important in the global context, they provide information about the
Southern Hemisphere mid-latitudes which has a lack of monitoring, and trends in observed extreme indices
described from other locations which can be compared (Zonderland-Thomassen et al., 2014). Furthermore,
there is a need to show the flow differences in the Lindis River throughout the year so recommended
management plans can be put into place for extraction rates during months when flow is diminished (figure
3.7).
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Figure 3.7: Monthly river flow for Lindis Peak and Ardgour Rd gauging stations (Created from Ardgour and Lindis
flow
recorded
data
Technical
Data
in
the
Otago
Regional
Council
website
http://www.orc.govt.nz/Utils/Search/?whole=true&query=lindis).
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3.2 Methods
Figure 3.8 shows the conceptual model depicting the research methodology to distinguish between water
scarcity and drought. This flow chart gives a step by step description of the processes used in the methods.
This flow chart demonstrations how it is to determine between the two phenomena’s by using a hydrological
model, river flow data and meteorological data.

Figure 3.8: Conceptual model of research methodology
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3.2.1 The Input Data and Data Sites
ArcGIS was used to create maps, perform spatial analysis, and manage geographic data to give a general
description of the Lindis basin. LUCAS layers (2012) was used as the data source, it is derived from land
use maps that has composed, tracked and quantifies changes in New Zealand topography and provided by
the Ministry for the Environment. The layers used for the Lindis catchment were land use cover, digital
elevation model and precipitation isohyet. These graphs were used to help decide the parameters to put into
the hydrological model HBV-light (Appendix A: A1).
Precipitation (mm), mean temperature (°C), discharge (mm) and evaporation (mm) data was used as input
for the hydrological model for Lindis Peak (the upper catchment) and Ardgour Rd (the lower catchment).
The data was broken into times of irrigation, October to April, and non-irrigation times, May to September,
with help from Otago Regional Council (2012). Mean temperature and evaporation were higher and rainfall
and discharge were lower in the times of the irrigation season so is denoted the ‘summer’ data and the nonirrigation data ‘winter’ data (Appendix A; A2 and A3).
The Lindis River has two permanent flow recorders, one located in the upper river at Lindis Peak, which
has been recording since 1976, and another recorder located in the lower river at Ardgour Road and has
been recording since 2005 (Figure 3.2) (ORC, 2010). The Ardgour Rd flow recorder is 3 km upstream of
the State Highway 8 Bridge, while the other flow recorder is further upstream at Lindis Peak (ORC, 2015).
The Ardgour and Lindis flow data was found in the Technical Data area on the Otago Regional Council
website. There were some initial issues with the accuracy of the Ardgour flow recorder so the Otago
Regional Council generated a new rating curve, and from this a certified hydrological data set for the
Ardgour flow recorder was produced.
Monthly rainfall and climatic averages were calculated from the Wanaka Airport meteorological data (April
1992-2012) (Figure 3.6). Meteorological data from Wanaka weather station was chosen because it was the
closest to both flow recorders and has the longest consecutive record in the region (data used from 1992).
(Figure 3.2). The meteorological data were provided by NIWAs Cliflo database. The proximity of the
weather station used in this study is unfortunate, however, looking at Figure 3.5 it is located in a relatively
similar precipitation isohyet for the upper and lower Lindis catchment.
Land use cover of vegetation and elevation data was taken from the Ministry for Environment LUCAS
layers (2012) (Figure 3.1). This was to distinguish how many types of vegetation was needed for Lindis
Peak and Ardgour Road and the elevation of these areas to put into the hydrological model. HBV-light is
semi-distributed, that is it can divide the catchment into different elevation and vegetation zones and into
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sub-catchments, which was needed, as looking at the land use cover it is apparent that in the lower
catchment there is two land uses (tussock and grassland), while the upper catchment is largely tussock
(Figure 3.1). The exact percentage of the different land uses was found using the Ministry for Environment
2012 LUCAS layer. The most important land cover types for the Lindis were found to be 93% tussock,
4.5% high producing grass and cropland, 1.5% natural and planted forest, the other 1% was made up of
wetlands and settlements.

3.2.2 Evaporation Data
The Hargreaves equation was used to determine potential evapotranspiration (PET) due to the minimum
amount of data requirements needed to calculate potential evaporation (Equation 3.1) (Mager, 2015 and
Allen et al, 1998). It only requires daily air temperature (maximum and minimum), which provides an
indication of the general humidity and cloudiness conditions which results in the evapotranspiration rates
(all equations were based on works in Mager, 2015 and Allen et al., 1998). It is considered reliable and the
best alternative if insufficient data for Penman -Monteith. Incoming solar radiation (estimated based on the
location’s latitude and the calendar day of the year) was determined using Equation 3.2: Solar radiation
Equation was then used to find the PET Hargreaves equation (mmd-1) by using Equation 3.3:
𝑅𝑎

𝐸𝑇 = 0.0023(𝑇𝑚𝑒𝑎𝑛 + 17.8)(𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛)0.5(2.45) (3.1) (Mager, 2015. Allen et al., 1998).
Where: Ra = solar radiation, T = mean air temperature (˚C), Tmax = maximum air temperature (˚C), Tmin =
minimum air temperature (˚C), Ra = extra-terrestrial radiation (MJ·m−2)

𝑅𝑎 = 37/6𝑑𝑟((𝜔) sin(𝜙) sin(𝛿) + cos(𝜙)cos(𝛿)sin(𝜔)) (3.2) (Mager, 2015. Allen et al., 1998).
Where: dr = Earth from the sun,  = Sunset angle,  = Latitude,  = Sun in Radians

Based on the calendar day of the year, remaining factors are determined:
2𝑛𝑗
)
365

𝑑𝑟 = 1 + 0.33cos(

(3.3) (Mager, 2015. Allen et al., 1998).

Where: dr = inverse relative distance from earth to sun, J = calendar day of the year
2𝜋(284+𝐽)
)
365

𝛿 = 0.4093 sin (

(3.4) (Mager, 2015. Allen et al., 1998).

Where δ = solar declination (radians)
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𝜔 = 𝑐𝑜𝑠(−𝑡𝑎𝑛(𝜙)𝑡𝑎𝑛(𝛿)) (3.5) (Mager, 2015. Allen et al., 1998).
Where ω =sunset hour angle (radians).

3.3 The HBV Model
A hydrological model is a set of mathematical equations that simulate the rainfall–runoff process (Tigkas
et al., 2012). Models can be used to redress erroneous discharge, data gaps and naturalizing periods and
simulating future predictions (Vörösmarty et al., 2013). An increase in hydrological models has allowed
there to be global data sets to understand water systems better (Vörösmarty et al., 2013). The HBV model
developed by the SMHI (Swedish Meteorological and Hydrological Institute) has been used for 20 years
and in more than 30 countries for runoff simulations, it can also be modified to suit different frameworks
(Seibert, 2005). The HBV model has been used in numerous studies for climate change and hydrological
forecasts (e.g. Conan et al., 2003. Grillakis et al., 2010. Harlin and Kung, 1992. Johansson et al., 2003.). It
is a conceptual model of catchment hydrology that simulates daily discharge using daily rainfall and air
temperature and uses monthly or daily estimates of potential evaporation as input (Seibert, 1999). The
model represents the physical process with simplified yet physically logical algorithms (Johansson et al.,
2003).

A modified version of the model, HBV light, was used in this research as is an easy platform for research
and education (Figure 3.9) (Seibert, 2005). The HBV model is good at simulating catchments that are
heavily affected by both snow and rain water and is robust at dealing with low flow situations (SteeleDunne et al., 2008), thus making it appropriate for this study. Instead of starting the simulation with
particular user defined initial state values the HBV light version uses a warming up period during which
state variables evolve from standard initial values to correct values according to meteorological conditions
and parameter values (Steele-Dunne et al., 2008).
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Figure 3.9: HBV- Light hydrological model (Adapted from Dariane and Javadianzadeh, 2016).

HBV light is a semi-distributed hydrological model with a basic sub-unit as a land use class within an
elevation band (Johansson et al., 2003). Key hydrological functions set into a series of processes determine
the runoff within HBV light (Koedyk and Kingston 2016). Precipitation is simulated to be either snow or
rain depending on whether it is above or below the temperature threshold. Actual evaporation from the soil
box equals the potential evaporation, this is done by dividing water content of the soil box by the largest
value of water in the soil box. This runoff is finally transformed by a triangular weighting function defined
by the length of the weighting function.
Koedyk and Kingston (2016), used HBV-Light to investigate the uncertainty of potential evapotranspiration
(PET) by testing runoff by forcing the model with a 2 degree Celsius increase in global mean temperature.
The HBV- Light model was used to simulate runoff for six PET methods. Uncertainty in five general
circulation models (GCM) was also investigated. It was found that uncertainty in PET was greater than
GCM, however, uncertainty of PET runoff was smaller than GCM runoff. This showed that runoff is highly
sensitive to PET methods.
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3.3.1 Lindis and Ardgour Calibration and Validation
3.3.1.1 Calibration of the Model
Many of the model parameters are unable to be physically measured so they are obtained by the process of
model calibration (Steele-Dunne et al., 2008). Calibration is done based on past measurements of
meteorological parameters and river discharge. The aim of calibration is to find such sets of parameters that
the discharge calculated by the model is as close as possible to the observed one (Praskievicz and Chang,
2009).
The parameters for HBV light are mostly determined through calibration, usually against observed runoff
(Johansson et al., 2003). The traditional procedure of model calibration is done manually by using a trial
and error process of parameter adjustments (Wangwngwiroj, 2001). Initial values used limit the range of
possible parameters based on the knowledge of the catchment (Steele-Dunne, 2008). However, it is very
time consuming and results may be subjective (Seibert, 2000). Automatic calibration has been designed to
speed the process up for model calibration (Seibert, 2000). The automatic calibration methods are quick
and easier to understand, however, there will be different final parameter sets depending on the starting
point, and it is up to the user to decide the most reasonable approach (Steele-Dunne et al., 2008). In this
study the model was manually and automatically calibrated using the Monte-Carlo approach as its
simulations account for parameter uncertainty (Steele-Dunne et al., 2008). The Monte Carlo approach is a
problem solving method used to estimate the probability of certain outcomes by running multiple
simulations using random variables (Steele-Dunne et al., 2008).
Calibration was done for the Lindis Peak model to find a set of parameters that can reproduce observed
discharge as close as possible. This was so the modelled simulated runoff could be as close to ‘natural’ flow
as possible (as Lindis Peak is the ‘untouched’ runoff). These parameters were then applied to the Ardgour
Road data, with the aim to have the simulated discharge as close as possible to the observed winter
discharge. Although drought will still be an influence during this season the Lindis winter data should be
relatively the same as Ardgour Rd flow, as there is little human influence during this time.
The calibration of Ardgour Rd was minimal compared to Lindis Peak. This was due to the fact that
calibration is difficult as the impact of summer abstractions continues for an unknown period into winter
after the abstractions stop. Therefore, it is difficult to determine when winter flows become ‘natural’ and it
becomes appropriate to calibrate the model against observed flow. Additionally calibration of Ardgour Rd
was always going to be troubled regardless due to the presence of abstractions. The Lindis Peak model was
fully tested against a longer period and these parameters created were only slightly tweaked to provide a
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realistic simulation for Ardgour Rd. This type of approach is also similar to the approach of Van Loon and
Van Lanen (2014), who create a period of ‘natural’ flow to compare to observed flow on a river in Spain.

3.3.1.2 Validation of the Model
The HBV-light model was validated for a certain period of the recorded data to show that stream flow was
modelled correctly. Validation is the procedure of demonstrating that a given site-specific model is capable
of making precise predictions for periods outside a calibration period (Seibert, 1999). The model is said to
be validated if its accuracy and predictive capability in the validation period lie within acceptable limits
(Refsgaard, 1997). The best basis for judging this is to compare validation of model estimates (outputs)
with observations (Klemes, 1986).
Validation was done on the Lindis Peak model to show stream flow was modelled correctly by looking at
the observed against simulated flow to confirm that the winter discharge fits simulated and observed runoff
well enough that the data can be applied to the downstream Ardgour Rd model. Validation on the Lindis
Peak model was thorough as the simulated runoff needed to be as close as possible to the observed runoff
to justify the use of the HBV-Light parameters used. Again the validation of Ardgour Rd was difficult due
to summer abstractions and the affects it has on winter flow. Therefore, validation for Ardgour Rd was not
as significant compared to Lindis Peak.

3.3.1.3 The Split Sample Test used for Validation and Calibration
Data used for model validation must not be the same as that used for the calibration, however, it must
represent a situation similar to that for which the data can be generated (Klemes, 1986). This is due to the
insufficient evidence that calibration data sets give, which is only intended to show how well it fits the data
(and thus the physical flow of the catchment) (Klemes, 1986). The split sample test was used in this study
as a hydrological model must demonstrate that it can perform the task it is intended to do.
The split sample test proposed by Klemes (1986), splits the existing record data into two where one is used
for calibration and one is used for validation, if the record is long enough it should be split into two equal
parts for comparison. The model should be satisfactory if the two results are similar by comparing them to
observed data. If it cannot be split in half due to a short record then it should be split in the sense that the
calibration section is long enough for a substantial calibration, and the remainder for validation. If this is
the case then two different ways are proposed by Klemes (1986):
(a)

The first 70% of the record for calibration and the last 30% for validation, or

(b)

The last 70% for calibration and the first 30% for validation.
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3.3.1.4 Timespan
The Lindis Peak data record started in 1976, however, due to the lack of consecutive meteorological data
the timespan was modelled from 01/12/1992 to 30/06/2010 with one year being used as the warming up
period for the HBV-Light model. This produced a modelled discharge record of 16 years and seven months,
this gave enough data for the split sample test approach to use an equal split; thus 8.35 years each was used
for calibration and validation (01/12/1993-28/02/2002 was used for calibration and 01/03/2002-30/06/2010
was used for validation).
The flow record at Ardgour Rd has a shorter record beginning 12/30/2005 to 30/03/2014. One year was
used for the warming up period and seven years and three months used for calibration and validation. The
70/30 (5.1/2.2 years) split sample approach was used (calibration being 12/30/2006-30/01/2012 and
01/02/2012-30/03/2014 for validation). This approach is used as it is a short record and there is a need to
maximise the record for the calibration period.
Originally both data sets were supposed to end on the same date so comparisons would be easier, however,
in July 2010 there is a change in the discharge record at the Lindis Peak catchment. The hydrological model
becomes problematic to use from this point, due to the fact that the model cannot capture the change in
catchment conditions so Lindis data will be used until June 2010 (the change in flow is unknown) (see
Appendix A, A4).

3.3.1.5 Model Performance Evaluation
There is a need to know how well a model simulation fits the available observations and one way is to
evaluate a models performance statistically to provide a quantitative estimate of the models ability to
reproduce watershed behaviour, and also enable comparisons to other studies (Krause et al., 2005).
Hydrological model performance was assessed using the standard and logarithmic formulation of the Nash
Sutcliffe efficiency (E) and Root Mean Square Error (RMSE). A visual inspection of model output against
observed runoff was also used to assess model performance.
The standard Nash Sutcliffe efficiency is used on hydrological models to assess its predictive power (Krause
et al., 2005). The largest disadvantage of the standard Nash Sutcliffe efficiency is that larger values in a
time series are strongly overestimated and lower values are neglected. For the quantification of runoff
predictions it can lead to overestimation of the models performance during peak flows and underestimation
during low flow (Krause et al., 2005).
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The logarithmic transformation of E (lnE) reduces the sensitivity to high flows and increases the influence
of low flows on the timespan (Krause et al., 2005). The logarithmic values transforms the runoff values to
have a flattened peak and the low flows are kept more or less at the same level, which combats the
overestimation of peak flows and underestimation of low flows which happened with Nash Sutcliffe
efficiency (Krause et al., 2005). This is expressed with the Nash Sutcliffe criterion (equation 3.6), it can
reach values up to one, the higher the value the better the agreement between modelled and observed
discharge (Praskievicz and Chang, 2009).

Nash Sutcliffe efficiency (NS)
E = 1

 (0  P )
 (0  0)

(3.6)

Where 0 = observed and P = predicted stream flow
NS values:
1 = perfect fit
0 = model is only as good as the long term average
<0 = model is worse than using the long term average

The Root Mean Square Error (RMSE) is also a value which measures the difference between simulated and
observed values. It is a standard statistical metric to measure model performance (Chai and Draxler, 2014).
It gives errors with larger absolute values more weight than errors with smaller absolute values and,
therefore, penalizes the variance. Using the RMSE helps to provide a complete picture of the error
distribution. When analysing the RMSE values the sample size comes into play as well, if it is a large data
set with a small RMSE value then this indicates less error compared to a small data set and large RMSE
value, which would indicate large error. The RMSE of a model prediction with respect to the estimated
variable Xmodel is defined as the square root of the mean squared error:



n

RMSE 

i 1

( X obs,i  X mo del ,i )2
n

(3.7)

Where: Xobs is observed values and Xmodel is modelled values at time/place i.

35

3.4 Identification of Low Flow
The choice of suitable drought characteristic for a specific study depends on the region under study; its
relationship with society and nature, its hydro-climatology, the type of drought under study and the purpose
of the study. Fleig et al., (2006), explains there are two ways to distinguish stream flow drought. One is to
analyse low flow characteristics e.g. time series of the annual minimum n-day discharge, the mean annual
minimum n-day discharge and the percentile from a flow duration curve (FDC). These characteristics
describe low flow by their magnitude through discharge, however, they do not take into account the time
period of the drought (beginning to end). In the second approach, discharge is time dependent (beginning
to end). This shows when droughts begin and finish during the time period used, and can show the drought
duration, magnitude and severity. These deficit characteristics are commonly found by using the threshold
level method.

The threshold value is used to determine differences in the river flow (Figure 3.10). A predefined threshold
is chosen and when a variable of interest (e.g. precipitation, soil moisture, groundwater storage or discharge)
falls below this value the ‘event’ beings and when it exceeds the threshold value the ‘event’ finishes. One
way a threshold can be found is by using percentiles found from the Flow Duration Curve, which can be
troublesome if there are extremes in the data as then the FDC may have anomalies, which can cause the
quartiles to be skewed. It is common for each study dealing with the threshold level to use different values
according to the basin under study (Fleig et al., 2006).

Figure 3.10: Illustration of threshold levels; a) fixed threshold b) monthly varying threshold c) daily varying threshold.
(Source: Hisdal et al., 2000).

There are many types of threshold levels; fixed, seasonal, monthly, and daily (Figure 3.10). An advantage
of the threshold level method is that it stays as close to the original timespan as possible so it does not need
to fit the data (e.g. Standard Precipitation Index) or use water balance computations and calibration (e.g.
Palmer Drought Severity Index) (Van Loon, 2015). A disadvantage of the threshold level method is that
no standard drought classes exist so that in global drought studies it is hard to compare, due to large
differences between climate types and basin characteristic (Van Loon, 2015). Furthermore, subjective
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choices cannot be avoided as the have to determine their own threshold level for the study (Van Loon,
2015).

The threshold level used in this study is a fixed threshold and signifies the value which flow between
Ardgour Rd and Clutha/Mata-Au River is at its bare connection and, therefore, anything under causes a
disconnection of flow leading to an environmental hazard for the health of the river and freshwater species.
This choice of threshold is of importance to this catchment as it determines low flow events that are of
danger to the river, and is of significance to investigate whether climate or human influences are the main
control. For example, there has been a 70% rate of juvenile trout mortality due to insufficient water cover
resulting in the predation of fish species (Trotter, 2016). A bare surface connection is possibly too shallow
for fish to move through and, therefore, a need to look at this threshold on past river flow to see how
frequent water flow would drop below this point and, how vulnerable fish have been in the lower Lindis
River.
The threshold level was chosen as a fixed value (1000 l s-1), which was applied to the Ardgour Rd runoff.
The threshold is taken from evidence prepared on the adequacy and effectiveness of a proposed minimum
flow for the Lindis River, which is measured at the Ardgour Road flow recorder. It proposed that a bare
minimum flow of 1000 l s-1 (0.0821 mm d-1) would be adequate for fish passageway and the health of the
river, but anything below would cause a disconnected flow between the confluence of the Lower River and
Clutha/Mata-Au River (Trotter, 2016). Therefore, endangering fish passageways, the health of the
biodiversity living within the river, and the aesthetic value if river flow is not above this threshold. The
times under the threshold helped to determine if climate variability or human activities have caused this
disconnection between the two rivers. Figure 3.8 is a simple flow diagram which explains the process to
determine between water scarcity and drought.
The Otago Regional Council have proposed a minimum flow of 900 l s-1 , however, the Cawthron Institute
using RHYHABSIM model showed that habitat suitability for low flow in a midsized river need to have a
water depth of >600 l s-1 for fish passage (Hayes et al., 2016). The amount of surface water lost to ground
water downstream of Ardgour Rd flow monitor has been estimated to vary between 400-500 l s-1 (Rekker,
2016). This means there needs to be a minimum of 1000 l s-1 monitored at Ardgour Rd for a functioning
ecosystem, a flow connection between Lindis River and Clutha/ Mata- Au River, and this is still the bare
minimum (Rekker, 2016).
Climate data was evaluated to observe periods of low or no rainfall and above average evaporation for the
time period to determine between water scarcity and drought, and hydrological data of discharge was used
to determine human influence. The times found under the threshold level (1000 L s-1) will demonstrate low
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flow on the Ardgour Rd observed and modelled discharge. This will be compared to meteorological data
(to determine if there is a lack of precipitation during the time period during and before the low flow event).
If the simulated ‘natural’ Ardgour Rd flow goes below the threshold this will determine if ‘naturally’ river
flow would be as critical as the times of observed low flow.

3.5 Summary
The Ardgour Rd flow recorder has a short time period and has always been influenced by abstraction,
however, the Lindis Peak flow recorder is above the region of human influence. HBV- Light was used to
simulate Lindis Peak river flow through the process of calibration and validation, to represent a ‘natural’
flow. These parameters could then be transferred to the HBV-Light Ardgour Rd model with minimum
calibration and validation. This is because Lindis Peak is what should ‘naturally’ be happening to the river,
therefore, when the upper “untouched” river is imposed on the lower “touched” river it should create a
‘natural’ river flow for the lower river. The Lindis Peak and winter Ardgour Road should be near similar
as there is no human influence during this season for Ardgour Rd. Thus, the models outputs showed
simulated (natural flow) against the observed (natural + anthropogenic flow) runoff and the difference will
determine if anthropogenic or climate have the largest influence over low flow in the lower Lindis River
by using meteorological data to investigate.
A fixed threshold was used to characterize times of hazardous flow. Flow under the threshold is potentially
too shallow for fish to move through and, will help to determine the needed flow amount so ecosystems
and species in the Lindis River can be sustained. The resulting times of low flow will be further investigated
to determine if water scarcity or drought is the major influence. The simulated ‘natural’ flow and
meteorological data (temperature and rainfall data) will determine the causes of low flow and, therefore,
distinguish times of drought or water scarcity. Once the natural (simulated) or human disturbed period
(observed) is determined then management plans can be put into place so the flow connection with the
Ardgour Rd River and Clutha/ Mata-Au River confluence is sustained. The proposed study builds on
previous research and the method is simple and adaptable to regions with the same circumstances.
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4 Results
4.1 Introduction
This chapter outlines the results of hydrological modelling in the Lindis River. These findings will
determine times of low flow in the Lindis River, which has been affected by meteorological and human
influences. Section 4.2 describes the hydrological models performance with reproducing the original
discharge data and evaluation of the differences in river flow output between the hydrologic modelling data
and the observed data. Section 4.3 determines the times of low flow affecting Ardgour Rd runoff.
Meteorological data is presented in Section 4.4 which determines the overall drivers of low flow affecting
the Ardgour Rd runoff. The summary of the results will be presented in Section 4.5

4.2 Model Performance
4.2.1 Lindis Peak
The flow duration curve for the calibration and validation period in Figure 4.1 shows that the model was
able to replicate the observed flow quite well. The modelled and observed flow have a good relationship
and flow has been simulated well to fit the observed flow. Simulated low flow has been overestimated
slightly in both calibration and validation FDC’s, also the higher flows seem to be more disjointed which
can be seen at the runoff peak (Figure 4.1).

Figure 4.1: The calibration (A) and validation (B) Lindis Peak flow duration curves for the monthly data. (Created
from runoff data the Otago Regional Council website Technical Data).
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R2 in Table 4.1 is used as a model performance criteria for Nash Sutcliffe values in Table 4.2. The statistics
show that calibration and validation period values for Nash Sutcliffe are very good and the RMSE values
for calibration and validation are excellent. The FDC, Nash Sutcliffe, Log-Nash Sutcliffe and RMSE all
display that for Lindis Peak simulated and observed data have a good fit. Table 4.2 shows there is a decline
in flow from the calibration to the validation period (15.6 mm drop in discharge from calibration to
validation period).
Table 4.1: Model performance criteria and five performance intervals used to categories the goodness of a given
model (Taken from Henriksen et al., 2003).

Table 4.2: The Nash Sutcliffe, Log-Nash Sutcliffe and Root Mean Square Error values for Lindis Peak monthly data
(Created from runoff data the Otago Regional Council website Technical Data and runoff output from the HBV light
Hydrological Model).
Lindis Peak

NS value

LN value

RMSE

Calibration

0.80

0.74

0.26

Validation

0.79

0.99

0.81

Figure 4.2 shows the Lindis Peak monthly discharge displays obvious times where the modelled discharge
and the observed flow do not fit. However, there is not a large difference between simulated and observed
flows as shown in Figure 4.3. Figure 4.3 shows the monthly means for 1993-2010, it displays simulated
flow overestimates observed flow during February and March (by 3.2 mm and 2.8 mm respectively) and
underestimates observed flow in September and October (by 10.1 mm and 7.8 mm respectively). The
underestimation of flow by the model in September and October could be attributed to snow melt, and the
model not being forced with this data.
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Figure 4.2: Lindis Peak Monthly Discharge from 1993 to 2010 showing observed runoff relative to the HBV-light simulated flow (Created from runoff data the
Otago Regional Council website Technical Data
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Figure 4.3: Lindis Peak Calibrated and Validated monthly Means for Observed and Simulated Data (Created from
runoff data the Otago Regional Council website Technical Data).

4.2.2 Ardgour Road
Analysis of Ardgour Rd flow was focused on the models simulated flow and the observed flow. This was
so ‘natural’ and observed flow differences could be found. Conventional analysis of Ardgour Rd (FDC,
NS, LN, and RMSE) is not meaningful, as irrigation takes happen during summer which skew the observed
data, so it would be strange if the model was able to replicate flow. Additionally comparisons of Ardgour
Rd was over a short period (7 years) which causes conventional analysis outputs to be vulnerable to the
influence of extreme events, e.g. there are months where flow is very high in the observed record but not
the model, therefore, also skewing the statistical analysis.
Simulated and observed monthly discharge (Figure 4.4) demonstrates that although the model output does
not fit the observed flow very well it still follows the general pattern. Firstly, simulated flow underestimates
most of the high flow months and overestimates low flows. Secondly, observed flow has dramatic drops
between summer and winter months, while simulated discharge has more of a subtle drop. Simulated flow
has a difference of 15.59 mm between summer and winter while observed flow has a difference of 86.45
mm.
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Figure 4.4: Ardgour Rd Calibrated and Validated Mean monthly Means for Observed and Simulated Data (Created from runoff data the Otago Regional Council
website Technical Data).
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Table 4.3 shows how the winter months (May, June, July, August and September) generally have more
river observed flow then what is being simulated. While during summer (January, February, March, April,
October, November and December) the opposite is true. The monthly differences between simulated and
observed show there is large differences between the ‘natural’ and observed flow for both summer and
winter seasons. The biggest monthly difference was found in summer with January having a 15.47 mm
difference between simulated and observed flow (Table 4.3).
Table 4.3: Mean monthly average runoff for Winter and Summer (in red) daily data (Created from runoff data the
Otago Regional Council website Technical Data).

Month
Simulated (mm) Observed (mm) Monthly Difference (mm)
January
27.16
11.69
15.47
February
16.73
5.15
11.58
March
14.61
7.51
7.10
April
9.86
4.95
4.90
May
18.26
23.49
5.23
June
30.42
28.68
1.73
July
35.93
50.81
14.87
August
26.83
34.29
7.46
September
29.79
42.38
12.59
October
35.26
42.37
7.10
November
22.67
20.46
2.20
December
19.07
10.99
8.08
Summer and winter observed and simulated flow were investigated to show the difference between seasons
of what should ‘naturally’ be happening in the seasons and what is actually being observed. Figure 4.5
shows the daily winter Ardgour Rd simulated and observed (May, June, July, August, and September).
Realistically the simulated and observed flow for these months should be relatively similar as there is no
human influence. However, it is also difficult to state that winter flow should be near ‘natural’ already as
the impact of summer abstractions continues for an unknown period into winter after abstractions stop. The
simulated flow throughout the winter observed runoff is majority of the time under the observed data (with
a mean daily 0.12 mm difference).
Summer simulated and observed flow is a different story (Figure 4.6). Summer months are January to
December. The simulated flow is above the observed flow at clear times during the “summer” time span,
showing the amount needed during the summer period that ‘naturally’ should be there. The mean daily
average for summer has a flow difference of 0.11 mm between simulated and observed, with more simulated
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flow than observed. The simulated and observed flow are not similar at all, which was expected due to the
human influence through the summer period which the model cannot account for.
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Figure 4.5: Winter Ardgour Rd Daily runoff for 2007 to 2013 showing the Simulated HBV light runoff against the Observed Data. Dashed lines are placed
along the breaks in the time series. (Created from runoff data the Otago Regional Council website Technical Data).
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Figure 4.6: Daily Simulated HBV- light runoff and Observed Summer runoff compared for 2007 to 2014. Dashed lines are placed along the breaks in the time
series. (Created from runoff data the Otago Regional Council website Technical Data).
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4.3 Low Flow Analysis
Low flow events were chosen by placing a value of 1000 l s-1 (0.0821 mm d-1), which corresponds to the
minimum flow connection between Ardgour Rd and the Clutha/Mata-Au River as explained in Chapter 3.
The flow connection value was used as the threshold to determine times at Ardgour Rd that flow is at its
most hazardous for the river species and a healthy ecosystem function. However, above the Ardgour Rd
flow recorder there could still be discontinued flow (between Lindis Peak and Ardgour Rd flow recorder),
as the sustainable flow levels have not been established.
There were nine low flow events that were based on observed and/or simulated flow being below 0.0821
mm d-1 (1000 l s-1 ) for twenty sequential days, and low flow events were split if discharge exceeded this
threshold for five days (Table 4.4). These thresholds were used so substantial times of low flow were found
rather than short events. All low flow events were found during summer months (January, February, March,
April and December).

Table 4.4: Low Flow Event Dates.

Low Flow Events DD.MM.YYYY
Days

Beginning

End

1

06.02.2007

30.04.2007

84

2

01.12.2007

30.04.2008

152

3

01.02.2009

21.02.2009

21

4

15.03.2009

08.04.2009

25

5

01.02.2010

27.04.2010

86

6

03.12.2010

22.12.2010

20

7

22.01.2012

23.02.2012

33

8

01.03.2013

30.04.2013

61

9

02.01.2014

28.02.2014

28
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Figure 4.7 shows the Ardgour Rd daily time series and times which observed flow is below the flow
connection threshold. The threshold is a bare minimum connection between Ardgour Rd and Clutha/MataAu River, and anything below this would result in a disconnection between the two rivers. The Lindis River
and Clutha/Mata-Au River become disconnected during times of observed flow in summer quite regularly;
however, the ‘natural’ simulated flow is above this threshold.
Figure 4.8 (A-I) show the simulated and observed flow for each disconnection, ‘the low flow events’. It is
clear that observed flow is below the connected threshold. While simulated flow does go below the
threshold at most for a few days e.g. graph E, the majority of the time it is above the threshold. This
threshold value shows the Lindis River is heavily affected by anthropogenic outtakes during low flow
conditions. Figure 4.8 B shows simulated runoff is not declining and, therefore, observed runoff is directly
reduced due to consumptive water use. Figures 4.8 A, C, D,E, F, G, H and I show observed runoff below
the threshold and, therefore, affected by human influence, however, these times also show that they possibly
could be extended as the simulated runoff is decreasing during the time period as well. Simulated flow is
‘natural’ flow for Ardgour Rd River so this decline is likely climate related.
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Figure 4.7: The flow connection value placed on simulated and observed flow at Ardgour Rd (runoff Y axis changed to 3 mm), showing times of low flow 2007 to

2014 according to the 0.0821 mm d-1 threshold.
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Figure 4.8: HBV light Simulated runoff and Observed runoff for the disconnected events (a-i) (Created from runoff data the Otago Regional Council website
Technical Data).
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The low flow events occur during the months of; January, February, March, April, and December (the
‘summer months’). They were investigated by putting the total monthly simulated and observed flow into
a FDC. The threshold level was then placed on the monthly FDC to see where the flow connection value
intersected with the simulated and observed FDC data. It describes at what point the FDC runoff month
will go under the connection threshold, and shows that in some months the flow connection would not
disconnect. January, February and March had observed flow go under threshold at Q75, Q30 and Q53
respectively. However, the simulated flow never went under. April and December had observed flow go
below threshold at Q37 and Q62 while corresponding simulated flow went below at Q90 and Q99.5
The mean runoff for Ardgour Rd flow (0.43 mm d-1) was compared to the bare minimum flow for the
confluence of Ardgour and Clutha/Mata-Au River (0.0821 mm d-1). Anything above the mean runoff is a
normal river system of periodic flushing, which helps to flush out pollutants, sediment and dead
biodiversity. The runoff between the mean runoff and the connection threshold can be used for consumption
for the surrounding area (Figure 4.9).
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Figure 4.9: The runoff which could be used for consumption for the surrounding area (Created from runoff data supplied from Otago Regional Council Technical
Data).
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4.4 Meteorological Conditions Associated with Low Flow
Times within the low flow events when meteorological data conditions were anomalous was assessed to
determine if this contributed to low flow. An extra month was placed before and after the low flow events
to see if there is a relationship between meteorological data and observed low flow. Therefore, this
information would show if low precipitation before the event influenced the low flow time period and how
the river flow and meteorological conditions were after the low flow event ceased. It was used to determine
what is responsible for a flow increase after these low flow events.
Figure 4.10 show daily discharge and precipitation for the low flow events to show the relationship between
the two. The precipitation cumulative average vs. monthly total average for low flow events (Table 4.5)
gives a good indication of the relationship between precipitation and the low flow event (Values which are
less than 100% means there is dry conditions). While Table 4.6 gives an indication of temperature and the
low flow event. There are three types of characteristics found through the tables and graphs of runoff,
temperature and precipitation; 1) low precipitation a month before the low flow event or low precipitation
for the first month of the low flow event then high precipitation through rest of month, 2) high precipitation
throughout the event, and 3) high temperature and low precipitation events.
1) Low flow event (A) shows that the first month of the low flow event precipitation is a very low
11%, and does not improve much for the rest of the low flow event, until it ends due to high
precipitation. The low flow event (B) in Table 4.5 shows before low flow event precipitation is
very low 36%, then at the start of the low flow event it is still low at 58%. The rest of the months
show large precipitation amounts compared to normal. During the (D) low flow event precipitation
is quite low with 42% which can affect the low flow event. Table 4.5 shows that the low flow event
(I) has a 99% precipitation rate before low flow event and then during the low flow event it declines
to a very low 16% which shown in Figure 4.10 I has affected the simulated and observed flow.
2) During low flow event (C) precipitation is high the whole period which shows meteorological
conditions had nothing to do with the low flow (including temperature). Low flow event (G) (Table
4.5) has high precipitation percentages from the month prior to the low flow event to the month
after. Graph H has precipitation throughout the time series with each month being above 50%.
3) Graph (E) low flow event (Table 4.5 and Table 4.6) show the month before the low flow event has
very low precipitation rate at 26%, and a high temperature with a 4.6 degree increase from normal.
This shows that during this low flow event meteorological conditions could have influenced the
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observed low flow event to extend. The simulated low flow event in Figure 4.10 also shows that it
goes below the connected threshold. Low flow event (F) shows that it only has 11% of precipitation
prior to the event and then after this there is a lot of precipitation. The month prior to the low flow
event also has a relationship with temperature data, in the same month there is a 2.4 degree
temperature increase from normal suggesting there is a drought condition which could influence
the simulated and observed data (especially simulated data which is declining in Figure 4.10).
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Figure 4.10: Daily Discharge and Precipitation data for individual Low flow Events to show the relationship between meteorological and precipitation data (AH). Event C has two low flows placed together (Created from runoff data the Otago Regional Council website Technical Data and meteorological Data from
Wanaka Airport NIWAs Cliflo website).
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Table 4.5: Precipitation cumulative average vs. Monthly Total Average for Low Flow Events (Created from NIWA
Cliflo website meteorological data at Wanaka Airport).

Low Flow Event

Precipitation Departure by Month as a percentage of 100 (%)
Month 1

Month 2

Month 3

Month 4

Month 5

A

Jan 07–May 07

63

11

89

64

146

B

Nov 07–May 08

36

58

119

109

75

C, D

Jan 09–May 09

89

100

42

381

E

Jan 10–May 10

104

26

59

99

F

Nov 10–Jan 11

11

165

95

G

Jan 12–Mar 12

101

99

99

H

Feb 13–May 13

95

78

50

I

Jan 14–Feb 14

99

16

Month 6

Month 7

96

64

51

85

Table 4.6: Departure from Mean Monthly Temperature (°C) for Low Flow Events (Created from NIWA Cliflo
website meteorological data at Wanaka Airport).

Low Flow Event

Precipitation Departure by Month as a percentage of 100 (%)
Month 1

Month 2

Month 3

Month 4

Month 5

A

Jan 07–May 07

0.2

0.3

1.1

-0.4

-5.4

B

Nov 07–May 08

0.5

0.8

2.2

-0.2

0.1

C, D

Jan 09–May 09

0

-2

-0.8

0

E

Jan 10–May 10

-0.2

1.6

0.5

1.2

F

Nov 10–Jan 11

2.4

0.8

-0.2

G

Jan 12–Mar 12

-0.3

-0.2

-1.8

H

Feb 13–May 13

0.7

1.7

0.5

I

Jan 14–Feb 14

-1.9

0.4

Month 6

Month 7

-0.9

-2.2

0.3

0.1
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4.5 Summary
The Lindis River is severely affected by low rainfall and high abstraction takes which causes the river to
have very low flow, and in some cases the cessation of flow. The hydrological model HBV- Light will help
determine how water scarcity and drought affect the Lindis River. To determine the anthropogenic influence
on the Lindis River there is a need to create a ‘naturalized’ period from the observed flow record and the
differences from this compared to what is happening can be attributed to the impact of human extraction or
climate induced low flow.
The proposed framework for distinguishing between water scarcity and drought was accomplished by
simulating a river flow which correlated well with observed flow for Lindis Peak (Upper Lindis River) for
the time period 1992-2013 as this was the baseline for ‘natural’ flow to be applied downstream. The Lindis
Peak model was then applied to Ardgour Road observed flow which showed us the ‘natural’ (simulated)
and ‘disturbed’ (observed) river flow which gave an indication of the relative importance of water scarcity
vs. drought for observed low flow conditions. An anomaly analysis was used to determine times of low
flow which was distinguished as runoff times that the Ardgour Rd runoff was disconnected from the Clutha/
Mata-Au River. Climate and rainfall data was used as a further tool to identify these periods to determine
if the main influence on this flow disconnection is water scarcity or drought.
The Lindis Peak flow recorder has a good amount of flow data due to how long it has been recording (16
years and seven months), and the Ardgour Road flow recorder has a short period (7 years). The split sample
approach was used to determine the times which will be used for calibration and validation for Lindis Peak
and Ardgour Rd. Conventional analysis was used on Lindis Peak (FDC, NS, LN, RMSE), so simulated
flow could be near as possible to observed, therefore, creating a ‘natural’ flow. These parameters could
then be used on downstream Ardgour Rd (which had minimal calibration and validation). Conventional
analysis was not used on this simulation as it would be peculiar if there was an acceptable fit between
simulated and observed due to water abstraction.

The Ardgour Rd River is constantly affected by abstraction for the surrounding areas, and is also a drought
prone area which cause flow to cease between Ardgour Rd flow recorder and the confluence at the Clutha/
Mata- Au River. A better connected flow would mean an improved flow and continuity with the Lindis and
Clutha River which would result in improved fish passage, fish habitat and aquatic ecological conditions.
It would also mean improved recreational values (fishing, swimming and passive) and cultural values. A
threshold value of 0.0821 mm d-1 (1000 l s-1) was placed on Ardgour Rd observed and simulated flow to
show times of low flow during the past. Nine events were found ranging from 20 to 152 days.
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There are three types of characteristics found through the tables and graphs of runoff, temperature and
precipitation; 1) low precipitation a month before the low flow event or low precipitation for the first month
of the low flow event then high precipitation through rest of month 2) high precipitation throughout the
event, and 3) high temperature and low precipitation events. Figure 4.10 A, B, D, and I display low
precipitation events the month prior or first month of the low flow periods the high precipitation. Figure
4.10 C, G and H show large precipitation events through the event. Figure 4.10 E and F show high
temperatures and low precipitation events. These graphs were further analysed for meteorological
influences using the departure of mean temperature and cumulative precipitation statistics.
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5 Discussion
5.1 Introduction
Section 5.2 evaluates the Lindis Peak statistics and the lower Lindis River summer and winter flow
characterization and how the ‘natural’ and the observed flow times differ through the whole period. Section
5.3 characterises the low flow events while Section 5.4 describes the implications and influences which
affect the Lindis River, and the new knowledge and techniques will be revised and future directions for the
Lindis River and the study will be discussed. The main points will be summarized in section 5.5.

5.2 Low Flow
5.2.1 Lindis Peak Evaluation
The resulting Nash Sutcliffe and Log-Nash Sutcliffe values were very promising for Lindis Peak as this
indicated that the simulated and observed values had a good relationship. The values for calibration and
validation NS and LN are over 0.7, the statistics also lie within the acceptable limits of the Model
performance criteria (Table 4.1 and Table 4.2). Therefore, indicating that the model can be used. The Lindis
Peak RMSE shown in Table 4.2 for both the calibrated and validated periods are 0.26 and 0.81 respectively,
which is a good indication that error associated with the model predicting runoff is small. The RMSE values
are <4 which is excellent when compared to the model performance criteria (Table 4.1). These RMSE
values indicate the absolute fit of the model to the observed values.
Although statistics are a good characteristic to help describe hydrologic modelling there needs to be other
characteristics to evaluate overall fit. Further investigation into the Flow Duration Curve and the monthly
means for Lindis Peak confirmed that simulated and observed flow have a good relationship (Figure 4.1,
Figure 4.2 and Figure 4.3). The close relationship between simulated and observed runoff for Lindis Peak
is also apparent in Figure 4.3 as there is only a few millimetres difference between the monthly means of
simulated and observed flow. There is evident times where the model has overestimated and underestimated
the peak and low flows in the monthly discharge (e.g. Figure 4.3), however, the general pattern of runoff
variation is replicated by the model (as indicated by the NS statistics).
The work produced here, at the Lindis Peak is seen as the pristine river flow as it has no abstractions and
has been used to produce a natural flow for the Lindis River. The close relationship between simulated and
observed flow for the Lindis combined with the outputted statistics enables the use of this model for
downstream Ardgour Rd Model (Table 4.2, Figure 4.1, Figure 4.2 and Figure 4.3). Table 4.1 also reinforces
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that the statistics used for model evaluation are satisfactory. The Lindis Peak parameters were used for the
Ardgour Rd model to create a ‘natural’ flow and compare it to the observed (disturbed human influence
time period) to quantify the effects that anthropogenic activities on the lower Lindis River. The parameters
used for Ardgour calibration and validation was minimally changed so the modelled flow could be as
‘natural’ as possible.
Gawith et al., 2012 paper focused on the hydrological effects of projected climate change on the Lindis
River. Using the semi-distributed hydrological model TopNet 12 General Circulation Models (GCMs),
based on the moderate A1B emissions scenario was used for two future time periods: 2030-2049, and 20802099. Monthly runoff totals were produced for each period, this resulted in mean annual runoff increases
of 20.4% for the Lindis River for the 2080-2099 period. These projections indicate that the seasonal cycle
for Lindis River will be intensified and that winter precipitation will increase. These projections will
influence the amount of water in the Lindis River and, therefore, an increase in water flowing through the
lower river. However, these projections say the seasonal cycle will be intensified and so there will be more
rain during winter, and more drought prone times for summer. This will have devastating effects for the
already runoff stricken lower Lindis River.

5.2.2 Ardour Rd Summer vs. Winter
The daily summer period (October-April) (Figure 4.6) and the winter daily period (May-September) (Figure
4.5) for Ardgour Rd was investigated as there was a need to determine the times when simulated and
observed runoff were not a suitable fit. The Ardgour Rd winter period was determined as the natural river
flow season as there is little consumptive water use during this period and, therefore, emulates what should
naturally be flowing in the lower catchment. If simulated and observed flow had a good relationship in this
season then during summer if there was any disconnection between the two flows it would likely be due to
water abstraction for consumptive use. The flow indicated simulated and observed winter flow having a
very strong relationship. Observed winter flow had more runoff than what was simulated by the model,
therefore, this indicates that the ‘natural’ flow for this time period is substantial for this season (Figure 4.5
and Table 4.3).
By contrast the summer simulated and observed flow showed a poor fit with the simulated flow over the
observed low flow times for the majority of the time series. This showed that the summer period was heavily
affected by human activities and consumptive water use was adversely affecting low flow conditions. This
can be seen in Table 4.3, Figure 4.4, and Figure 4.6 which all compare observed and simulated flow. Table
4.3 gives quantified values which state the mean monthly runoff for winter and summer data. The largest
flow difference between a month being January (summer) with a value of 15.6 mm.
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The monthly analysis (Figure 4.4 and Table 4.3) show that the Lindis River fluctuates from summer to
winter during the observed flow quite erratically. The transition between seasons for simulated flow is
further evidence that this represents a natural flow, as there is a subtle change between seasons deemed in
the monthly means for simulated summer and winter data (Table 4.3). Compared to the observed monthly
means for the observed summer and winter flow there is a larger fluctuation between the two, which can be
attributed to water consumption. This illustrates that naturally there should be an average of 0.11 mm d-1
more runoff in the Lower Lindis River than what is actually detected. Between the seasons there is a
significant fluctuation of 0.40 mm d-1 between summer and winter for observed flow, while the simulated
flow only has a 0.17 mm d-1 difference between seasons. This shows there is more consistency between
these seasons for simulated runoff which is also evident in Figure 4.4 and Table 4.3.
The Lindis River is affected by seasonal snow melt during spring. In August, September and October there
are large amounts of discharge which the model has trouble to ‘fit’, which is likely due to an increase in
discharge from snow melt. Table 4.3, Figure 4.3, Figure 4.4 and Figure 4.5 show times during these spring
melt months that the model finds it difficult to replicate the increase in discharge.

5.3 Characterization of Low Flow
The minimum runoff connection between Ardgour Rd and the Clutha/Mata-Au River to have a functioning
ecosystem was chosen as the threshold level. This level was chosen as it indicated the lowest flow that the
biodiversity and fish species habitat requires, as well as the continuity and health of the river (1000 l s-1 or
0.0821 mm d-1). Cawthron Institute using RHYHABSIM model showed that habitat suitability for low flow
in a midsized river need to have a water depth of >600 l s-1 for fish passage (Hayes et al., 2016). The amount
of surface water lost to ground downstream of the Lindis Crossing has been estimated to vary between 400500 l s-1 this means there needs to be a minimum of 1000 l s-1 for a functioning ecosystem, and this is still
the bare minimum (Rekker, 2016).
Any runoff below this level would likely create a flow disconnection and, therefore, adverse effects for
environment and water species. This threshold value was a straightforward way to find times where flow
would not connect to the Clutha/Mata-Au River. Further investigation into these times could determine if
drought, or water scarcity, was the main influence on the event. There were a total of nine low flow events
which were based on observed and/or simulated flow being under this threshold. All low flow events were
found during summer months (January, February, March, April and December). The least amount of days
was 20 while the largest event was 152 days. Thus the low flow times can last for a significant length, with
this severely affecting the surrounding area and the health and biodiversity of the Lindis River.
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The results found from the low flow threshold graphs (Figure 4.7 and Figure 4.8), the precipitation and
runoff graphs (Figure 4.10), the cumulative precipitation table and the departure of mean table (Table 4.5
and Table 4.6 respectively) suggest that abstraction causes an already flow restricted river to become low
flow times. Each of these events showed that observed flow (which is the disturbed human influence period)
was under the connection threshold, while the simulated flow (the natural non-human influenced period)
was above the threshold. Only three events showed simulated flow went slightly under the threshold (low
flow event Figure 4.8 and Figure 4.10 A, E and F) but for no more than three days. Clearly this shows that
if there were no human influence on the lower Lindis River its flow would always be connected to the
Clutha/Mata-Au River.
These low flow events also showed that the simulated flow was declining as well, during eight of the nine
events (Figure 4.8 A, C, D, E, F, G, H and I). Upon further investigation into the meteorological data (the
precipitation against runoff graphs, the cumulative precipitation Table and the departure of mean
temperature Table (Figure 4.10, Table 4.5 and Table 4.6 respectively). This declining flow means that
naturally the catchment flow would be declining during these low flow periods, but just not to the same
extent as the observed flow. Analysis shows that substantial precipitation deficits occur in conjunction with
low flows and model flow drops too. However, the presumed additional withdrawals of water due to
abstraction push the low flow past the 1000 l s-1 threshold
It was found that the events could be classed into three types; low precipitation the month prior or the first
month of the low flow then high precipitation (low flow events A, B, D and I), high precipitation through
the event (C, G and H) and the high temperature and low precipitation event (low flow events E, F) (Figure
4.8 and Figure 4.10). These events (A, B, D and I Figure 4.8 and Figure 4.10) show naturally the runoff is
affected by meteorological events and has led to the decline in flow for simulated runoff. The low
precipitation coupled with high temperature indicates drought conditions for these events (low flow events
4.8 and 4.10 E, F). The high precipitation through the event shows that there is enough runoff, but due to
human influences there is a flow disconnection (C, G and H Figure 4.8 and Figure 4.10). An anthropogenic
drought can be caused due to the high precipitation and then a decline; an abundance of runoff which
humans take advantage of and then a decline in precipitation results in nothing to feed the river.
It is clear to see that although human activities cause the river to have situations of low flow in this
catchment, there is an interlinking of meteorological and human influences. For example, globally in some
cases if one event is happening then it influences the other event, if there is a large precipitation event then
there is more runoff which can influence more abstraction. If there is more abstraction this directly impacts
runoff, and if there is low precipitation this directly impacts runoff. Therefore, the need to manage and
mitigate the resources so there is a constant flow. Anthropogenic and meteorological effects are interrelated
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through all of these events. A summary of each event has been produced so the resulting cause of the low
flow event at Ardgour Rd can be identified and, therefore, majority of the low flow events are due to a
mixture of climate and human influences, resulting from water consumption use and low rainfall (Table
5.1).
Table 5.1: The resulting cause of the low flow events on Ardgour Rd from 2007-2014.
Low Flow
Events

Beginning

End

Driving Cause

Drought Type

A

6.02.2007

30.04.2007

Consumption use and low
rainfall

Human and Climate Influence

B

1.12.2007

30.04.2008

Consumption use

Human and Climate Influence

C

1.02.2009

21.02.2009

Consumption use

Human Influence

D

15.03.2009

8.04.2009

Consumption use and low
rainfall

Human and Climate Influence

E

1.02.2010

27.04.2010

Low rainfall

Climate Influence

F

3.12.2010

22.12.2010

Low rainfall

Climate Influence

G

22.01.2012

23.02.2012

Consumption use

Human Influence

H

1.03.2013

30.04.2013

Consumption use

Human Influence

I

2.01.2014

28.02.2014

Consumption use and low
rainfall

Human and Climate Influence

Eng et al., (2013) developed a National-scale random forest statistical models to predict the river tributaries
to South Platte River in Colorado, USA and for 10-digit hydrologic units in the contiguous United States
which have altered stream flows for five hydrologic metrics. The models were forced with human
disturbance variables e.g. dams and road density. Separate models were used for each hydrologic metric to
predict if the metric caused greater (inflated) or less (diminished) human disturbances on natural rivers. It
was found that majority was inflated disturbances. The results show that stream flow has been disturbed by
(i) the residence time of annual runoff held in storage in reservoirs, (ii) the degree of urbanization measured
by road density, and (iii) the extent of agricultural land cover in the river basin.
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5.4 Implications of Low Flow
5.4.1 Negative effects on the Lindis River
The Lindis River is surrounded by a farming region in a semi-arid area, which points towards the need for
a stronger water management framework to prevent future misuse and wastage of water. Being a tributary
for the Clutha/Mata-Au River, the Lindis River is also a nursery river for many fish species as it acts as a
spawning ground. When abstraction rates and dry conditions affect the lower River disconnection happens
with the Clutha/Mata-Au River which causes the fish to become vulnerable to warming water temperature
and isolated disconnected pools. Abstraction from the Lindis River is used for surrounding irrigation and
when flow in the river is so low that irrigation cannot happen it affects the livelihood for farmers who rely
on the water for crop production. The human population usually blames water stress on factors of
precipitation, runoff, and aquifer characteristics, however, the water supply problem is due to the fact that
humans mismanage the resource which pushes River flow to become low, which already has precipitation
deficits (Srinivasan et al., 2012). This cause’s water scarcity as the water demand exceeds the water
quantity.
The low flow events identified in this study have the similar characteristics of flow being so low that it
cannot connect to the Clutha/Mata-Au River. The observed flow for all of these time periods are below the
threshold while the ‘natural’ flow is above this threshold. If the Lindis River was left to its ‘natural’ flow
without abstraction there would be no times that flow would be disconnected from the Clutha/Mata-Au
River. Table 4.5, Table 4.6, Figure 4.8 and Figure 4.10 C, G and H shows the clear effects of human
abstraction on the lower Lindis River, the observed flow stays under the threshold while the ‘natural’ flow
increases. During these low flow events there is an increase in rainfall, which should increase observed
flow like it has with the ‘natural’ flow, however, due to water abstraction it has kept the observed flow
under the threshold.
As discussed in Chapter 2 drought is defined as a sustained and spatially extensive period of below average
natural water availability (Tallaksen and Van Lanen, 2004). A drought is part of the natural climate
variation and due to the lack of water availability. The decline in observed flow in the Lindis River
compared to the ‘natural’ flow is due to human influences, however, these low flow times can also be due
to a mixture of abstraction and low precipitation rates, “meteorological drought”. This is shown in the
simulated flow found in Figure 4.8 and Figure 4.10 A, B, D, E, F and I which has declined due to lack of
precipitation and upstream flow feeding the river. So if simulated ‘natural’ flow is losing flow due to lack
of precipitation then the observed flow must be experiencing these same characteristics, plus water
abstraction.
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Extreme rainfall deficits and water abstraction result in periods of low flow, which can have severe effects
on water management issues; including river pollution and ecological aspects, reservoir design and
management, irrigation, small power plants, and drinking water supply. (Hisdal et al., 2000).

Future

increase in the demand for water will be most critical in periods of severe and extensive droughts (Hisdal
et al., 2000). The abstraction of water during a low rainfall event can already be seen during low flows in
the Lindis which has in all likeliness caused the low flow event to extend for longer (Figure 4.8, Figure
4.10, Table 4.5 and Table 4.6). These figures and tables show flow disconnection majority of the time only
happens due to the mixture of water abstraction and precipitation deficits, and if there was no water
abstraction ‘naturally’ there would be enough water in Lindis River to connect to Clutha/Mata-Au River.
If simulated flow is what naturally should be happening in the Lindis River then there would clearly be
more water in the river, even there being a flow connection during meteorological drought in the driest
years. There is substantial precipitation deficits which occur in conjunction with low flows, as the ‘natural’
flow drops too. However, looking at the past records the simulated flow would never go below the threshold,
and, therefore, flow would be connected to the Clutha/Mata-Au River if additional abstractions did not take
place. This is important, not only for the health of the river, but it also shows the influence humans have on
water amount in the Lindis River.
A minimum flow of 1000 l s-1 would provide improved fish habitat and survival in gaining reaches, but the
improvement would be reduced in losing reaches as there is a loss of water on its way downstream (Trotter,
2016). In these areas high levels of fish predation and algal blooms could be expected which would also
degrade invertebrate populations in affected reaches (Trotter, 2016). There has been a 70% rate of juvenile
trout mortality due to insufficient water cover resulting in them being easy prey (Trotter, 2016). This is
because the lower Lindis River is subjected to extreme low flows resulting from high levels of abstraction.
Figure 4.8 shows that it is possible for healthy flow if there is better management and values placed for
minimum flows and abstraction rates. The runoff which could be used for consumption for the surrounding
area is the amount of flow between the mean runoff for Ardgour Rd flow (0.43 mm d-1) was compared to
the bare minimum flow for the confluence of Ardgour and Clutha/Mata-Au (0.0821 mm d-1). There is 0.348
mm d-1 which can be used for consumption, which for this catchment would be mostly used for irrigation
(Figure 4.9).

5.4.2 Developments for Lindis River
The impact of aquifer and surface water abstractions on water availability is largely unknown, which is
partly due to a lack of data on the amounts of abstracted water for irrigation (Van Oel et al., 2013). There
is no information on abstracted amounts of the Lindis River, and only information about the location of
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permitted takes which is why this study was employed, to find the amount of human influence on the river.
The consumptive use of water causes flow regularly to drop below the connection threshold, compared to
the ‘natural’ flow which shows there is a significant difference and, therefore, displays anthropogenic
influence.
To make the distinction between water scarcity and drought events is not an easy task, due to the difficulties
in distinguishing between the natural impacts of drought from the anthropogenic pressure of improper
management of water (El Kharraz et al., 2012). It is important to quantify and separate the effects of water
scarcity and drought over different time scales (Zeng et al., 2014). As without such separation it is
impossible to quantitatively identify the dominant factor for the runoff changes, additionally the separation
can be used for water resource management (Zeng et al., 2014). This study was able to create this separation
by producing a ‘naturalized’ situation for the Ardgour Rd runoff and comparing it to the observed runoff
to determine the anthropogenic influence, and infer the frequency of meteorological drought on the
‘naturalized’ situation.

The Lindis River flow consistently runs low in the summer months due to abstraction and low rainfall. It is
unknown in these situations if climate variability (drought) or human activities (water scarcity) is the
dominant factor. This study was able to determine when low flow was influenced by drought, water scarcity
or both. This investigation was needed so the right management plans can be put into place to deal with
climate or human influences. The lack of precipitation in the Lower Lindis catchment causes the area to be
affected by a number of droughts, which in turns causes farmers to use water from the river for irrigation.
It can be seen that there is human influence on the Lindis River due to the flow difference between ‘natural’
and observed. However it can also be seen that meteorological factors affect flow as well (especially
‘natural’ flow and, therefore, also influencing observed flow).
It is important to recognize that human impacts cause water scarcity due to the overuse of water supply and
its degradation (Paulo and Pereira, 2006). Especially in the Lindis River where abstraction comes directly
out of the surface flow for the needs of agricultural growth. Although there is a minimum flow on the Lindis
River it is an area that is affected by low precipitation events, so when abstractions are forbidden due to
minimum flow, the low flow situation could continue as there is no rain to increase flow. This obviously
has negative effects for the biodiversity, but also leaves significant uncertainty for farmers as they have no
confidence when they can abstract water again. Irrigators often think short sighted and this causes them to
tap already scarce water resources during times of low precipitation to grow water hungry crops, and
therefore, do not realize they are causing flow to transform into an anthropogenic drought (Mehta, 2003).
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The results from this study clearly shows how human influence has negatively affected river flow to the
point it is unable to connect to the recycling river.
Anthropogenic influences on stream flow at a watershed scale is still a progressing subject, at the regional
scale even less, however there is a lot of information on natural factors affecting stream flow. The similar
effects of water scarcity and drought hampers the implementation of policies and measures which can
adequately deal with the drivers and pressures of the two phenomena (Schmidt and Benitez-Sanz, 2013).
Although some studies have included human activity into hydrologic studies, most have been predictive
models seeking to establish optimal cropping patterns or optimal institutions rather than retrospective
efforts trying to better understand the causal drivers of change (Srinivasan et al., 2012).

There has been progress in hydrological research which has helped in understanding the system and
subsequently the impact anthropogenic activities have on river flow. As any issue of Water Resources
Research, Hydrological Process, or Journal of Hydrology will show, significant progress in process level
understanding has been made (Vörösmarty et al., 2013). This study has furthered knowledge into the
hydrology field at the local scale to combat local scale issues rather than trying to manage at the global
scale which is impractical (Vörösmarty et al., 2013). However, catchment level studies help add to the
global context, especially from New Zealand which lack in long term hydrological recording sites, for
example Ardgour Rd.
Van Loon and Van Lanen (2013) study was the basis for this research, however, the difference between the
two (not only different study areas and characteristics) was in this study a naturalized situation was
estimated from upstream records. In Van Loon and Van Lanen study the time series used past records of
the river when there was no human influence. While in this study the naturalized situation was based on the
same time as the disturbed period by estimating a naturalized situation from the upper river. The framework
for this study has met the need for research on the Lindis River to determine the severity of low flow on the
River.
The current study involves finding the extent that water scarcity and drought impact the Lindis, and is the
first of its type due to the method employed. It will compliment further studies in this area of research by
solely focusing on climate variability and human influences on a river system. The method employed is
simple and easy to follow with the individual techniques used before in numerous studies. The framework
could be applied to other regions to help water resource managers make better decisions for sustainable
water use as it is a straightforward design (Figure 3.8). It is a challenge to separate the many human
influences on a river flow and in this study only the net effect can be distinguished. However, the main
influence can be found if there is adequate information of each human activity on the river.
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Various proposed minimum flows for the Lindis River have been suggested which depending on the amount
being enforced it could result in fewer irrigation days per season due to the natural low flow of the Lindis
due to climate (Sanderson et al., 2015). This will, therefore, affect the surrounding area, namely change in
land use to suit the new flow amount. Intensive sheep farming will change to more-extensive sheep, beef,
breeding and fishing (Sanderson et al., 2015). It is possible for the surrounding land use to efficiency use
the water abstracted, and therefore mitigate any constraints due to a greater minimum flow regime
(Sanderson et al., 2015). There is 0.348 mm d-1 which can be used for consumption (Figure 4.9), which for
this catchment would be mostly used for irrigation, however, this amount can only be used if runoff is above
the connection threshold of 0.0821 mm d-1(1000 l s-1).
Sanderson et al., (2015) did an analysis of the economic impacts of various minimum flow regimes
(including 1000 l s-1) on the Lindis River and found there would be negative effects on the economic activity
in the catchment, district and region, but that the magnitude of the impact would be relatively small in an
average year. Rijsberman. (2006) study aimed at calculating the amount of water which is taken out of a
river to analyse the amount of water used by each individual, which is a good next step to consider in the
Lindis River as this would be an effective way to understand who is taking what amount. It would also be
very interesting to see how the surrounding district farmers would react to a new minimum flow and also
their perspectives on this case study.
Humans are clearly responsible for the resulting low flow times since 2007 at the Ardgour Rd pushing the
flow past the threshold of 1000 l s-1. Therefore, the next step is to start combating the cause of the low flow
with a new minimum flow amount and a decrease in irrigation. During these times of low flow the ‘natural’
flow was also declining to the point that it sometimes went under the connection threshold, if only for three
days at most, due to the already precipitation deficit area. If naturally flow was declining during these times
it could have extended the observed flow that was under the threshold level (connection level).
Anthropogenic influences started the low flow events but climate could have helped to cause them to extend
and worsen as there was nothing to ‘feed’ the river. Overall if anthropogenically there was no influence on
the Lindis River there would be enough flow to sustain health, aesthetic value and fish species. Therefore,
humans need to change the amount they influence low flow on the Lindis River before long lasting damage
effects the River.

5.5 Summary
This study shows that the main factor causing low flow in the Lindis River is human intervention. This is
because the observed flow is constantly below the threshold whilst the ‘natural’ flow is majority of the time
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well above the threshold. The meteorological data indicated that naturally precipitation does have a role in
the rivers flow and would affect the runoff due to the decline in simulated flow. The low precipitation could
also negatively affect the observed runoff by extending the low flow event, thus creating an anthropogenic
drought.
Without human intervention there would be enough flow to ensure connection with the Clutha/Mata-Au
year-round. This study was able to develop a way to distinguish between drought and water scarcity, and
clearly can see that human influences plays a large role in low flow at Ardgour Rd, however, it seems that
meteorological and human effects are interlinked. This can be seen through this study due to the low
precipitation times affecting runoff as it adds to low flow and at the same time there is human activities of
abstraction which causes low flow too.
For water scarce regions sustainable use of water for the environment and human needs are of importance.
Techniques to reduced water demand can be undertaken by improving farm irrigation systems and irrigation
techniques which use minimum amount of water (Pereira et al., 2002). A minimum flow of 0.0821 mm d-1
(1000 l s-1) is needed to sustain a connection between the Clutha/Mata-Au River and the Ardgour Rd River
and to keep fish species safe and healthy, above this threshold there is 0.348 mm d-1 which can be used for
consumption.
There is a lack of information in the Southern Hemisphere about natural and anthropogenic influences on
freshwater resources. New Zealand is predominately agriculture and, therefore, freshwater resources are
important for irrigation and animal watering which needs to be shared with the health of the ecosystem and
the public. New Zealand is a land of contrasts with topography and climate and so the responses of extreme
events may differ between the regions (Zonderland-Thomassen et al., 2014). This study has helped to
further techniques in differentiating between water scarcity and drought and also knowledge into
freshwater, climate and anthropogenic relations in New Zealand.
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6 Conclusion
The Lindis Peak flow recorder in the upper catchment has a respectable amount of recorded flow (16 years
seven months), however, the Ardgour Road flow recorder has been operating for only a short period (7
years). Although it is only a short time span the data shows the state of the environment for the lower
catchment. This research strategy was an effective way to separate drought and water scarcity. The
framework for this study has met the strong need for research on the Lindis River to determine the dominant
factor on river flow. This current study is the first of its type in New Zealand due to the method employed,
as it is on the same river with contrasting climate variability and human influences between the upper and
lower catchment. This study complements further studies in this area of research by solely focusing on the
climate variability and human influences happening on a river system.
The framework for distinguishing between water scarcity and drought comprised of using the hydrological
model HBV-Light to simulate river flow which correlated well with observed flow for Lindis Peak (Upper
Lindis River) for the time period 1992–2013 (with one year being used as warming up period) as this was
the baseline for ‘natural’ flow to be applied downstream (little human influence in this upper catchment).
The Lindis Peak model was then applied to Ardgour Road model to produce the ‘natural’ (simulated) flow
to compare to the ‘disturbed’ (observed) river flow, which gave an indication of the relative importance of
water scarcity vs. drought for observed low flow conditions. An anomaly analysis was used to determine
times of low flow which was a threshold level of 1000 l s-1, as anything under this described times that the
Ardgour Rd runoff was disconnected from the Clutha/ Mata-Au River and, therefore, fish passageway was
hindered. The Climate and rainfall data was used as a further tool to identify these periods to determine if
the main influence on this flow disconnection is water scarcity or drought.
Ardgour Rd flow is clearly affected by human influences which can be seen with the flow differences
between the ‘natural’ and observed flow. During the winter period simulated ‘natural’ and observed flow
data are in agreement. This confirms that the observed winter flow is not affected by human influences, and
what should be naturally happening in the river during this time. The summer months display a significant
difference between observed and simulated ‘natural’ flow, which was expected as there is an increased
level of anthropogenic influences. There is a mixture of human and meteorological influence which affect
Ardgour Rd in summer which is evident in the simulated ‘natural’ flow, where the lack of precipitation
causes ‘natural’ flow to diminish.
The Lower Lindis River was affected by nine low flow events over the study period where there was a
disconnected flow between Ardgour Rd river flow and the Clutha/Mata-Au River. These low flow events
were below the threshold for 20 days or more, with five or less days where flow went above the threshold
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and interrupted the low flow event. These events lasted from 20 days to 152 days. Analysis shows that
substantial precipitation deficits occur in conjunction with low flows with simulated flow declining aswell.
However, the presumed additional withdrawals of water due to abstraction pushed the low flow past the
1000 l s-1 threshold. These nine events coincide with the summer months where human activities influence
river flow. All nine events show that the observed flow is below the threshold while the ‘natural’ flow is
above or at the same value as the threshold. This shows that if there was no human influence then there
would be no disconnected flow between Ardgour Rd and the Clutha/Mata- Au River.
The meteorological data and ‘natural’ flow show that the catchment is affected by times of low precipitation
which affects flow, however, river levels never get so low that they go under the threshold level for more
than three days. The graphs in Figure 4.8 and 4.10 show that observed flow is under the threshold level,
which is attributed to human and meteorological influences, compared to simulated ‘natural’ flow which is
above the threshold. Therefore, if there was no abstraction on the lower river, flow would never go below
the threshold level and become a low flow event. Each of these nine events observed flow was able to go
back over the threshold level due to a large precipitation events.
The study clearly shows the changes that need to be made so that the Lindis River can sustain a healthy
flow, while also being able to provide for the needs of the surrounding country. There is a need to come up
with new minimum flows, as management schemes can combat over exploitation of water sources,
however, it can only adapt to climate variation and thus drought (Van Loon and Van Lanen, 2013). As
evident in this study drought and water scarcity both happen at the same time and this intensifies both
phenomena (Van Loon and Van Lanen, 2013). Climate and abstraction exacerbate each other and, therefore,
will cause a low flow event to extend until there is a large precipitation event to increase flow levels (Figure
4.8 and Figure 4.10 A, B, D, and I).
Naturally flow was declining during these low flow times and to get a better indication of what is happening
in this catchment drought needs to include human and climate influences. This catchment is shown to be
affected by drought (Table 4.5, Table 4.6, Figure 4.8 and Figure 4.10 graphs E and F), and human influences
(Table 4.5, Table 4.6, Figure 4.8 and Figure 4.10 graphs C, G and H) and times where low precipitation has
added to the start of low flow events (Table 4.5, Table 4.6, Figure 4.8 and Figure 4.10 graphs A, B, D and
I). Understanding not only this catchment but other catchments if we start to realize that drought is not a
separate entity from human influence but both shape each other.
The study can extend by adding a longer time span especially for Ardgour Rd. It will also allow factual
times which can be presented to the surrounding farm owners who are the main water takers and discuss
with them what the best compromise for farmers, water species and ecosystems to thrive. Of uttermost
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importance is for the fish species to live a long and flourishing life instead of the high mortality rates which
are happening at present. Each case study is gifted with a unique set of historical, social, economic, political,
and biophysical constraints, so comparison with other case studies is difficult but with more research comes
better techniques (Srinivasan et al., 2012).
The Ardgour Rd River is constantly affected by abstraction for the surrounding areas, and is also a drought
prone area which cause flow to cease between Ardgour Rd flow recorder and the confluence at the Clutha/
Mata- Au River. A better connected flow of 1000 l s-1 would mean an improved flow and continuity with
the Lindis and Clutha River which would result in improved fish passage, fish habitat and aquatic ecological
conditions. It would also mean improved recreational values (fishing, swimming and passive) and cultural
values. Although humans have a major influence on the Lindis river they need to make sure their livelihood
is protected as well as the Lindis River, so 0.348 mm d-1 can be used for consumption, however, a minimum
flow of 1000 l s-1 (0.0821 mm d-1) needs to be employed.
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8 Appendix A
A 1: The descriptive statistics that were inputted into the hydrological model HBV- Light.
Parameter

Description

Applied to
upper Lindis

Applied to
Ardgour

Number
input

Original
Parameter

TT

rain/snow temperature
threshold

low

low

0.75445

0-Lindis &
Ardgour

Controls the rate at which
snow melts. begins to melt
when temperature is above the
rain/snow threshold

Above
temperature
threshold

Above
temperature
threshold

3.117531

3-Lindis &
Ardgour

SCFC

Snowfall correction factor.
Compensates for all the snow
that rain gauges don’t catch

Is affected by
snow – adds
to spring melt
a lot

Gets some of
the spring melt
but not much
snow

1.3245

1-Lindis &
Ardgour

CFR

Refreezing as function of
temp

Not touched

0.05

0.05-Lindis
& Ardgour

®C
CFMAX
Mm/d/®C

Not touched

CWH

Water holding capacity until
exceeds fraction of water = to
snow

Not touched

Not touched

0.1

0.1-Lindis
& Ardgour

FC

Soil water storage. The higher
the parameter, the more water
is required to ‘fill up’ the soil
box. The closeness of the soil
box to being full determines
the amount of water that
enters the groundwater routine
(which ultimately produces
runoff). Water in the soil box
is evaporated and does not
contribute to runoff.

Low-medium
due to type of
soil

Medium due
to soil and
land cover
usageagriculture

228.7728

200-Lindis
& Ardgour

LP

Water evaporates if soil box
full above a certain percentage

Mediumreceives
substantial
rain

Mediumhigh= one of
the driest areas
in New
Zealand

0.9901

1-Lindis &
Ardgour

BETA

Controls ratio of water
entering soil box or
groundwater box.

Normal
amount

Loses a lot of
water to
groundwater

1.319876

1-Lindis &
Ardgour

mm

86

PERC

Rate water transfers to lower
groundwater box

Low-medium
due to type of
soil

Medium-high
loses a bit to
groundwater

1.442235

1-Lindis &
Ardgour

how ‘flashy’ the models
response to rain/melt water
input is

Normal- it
has a constant
flow

Abnormal due
to lack of flow

24.72956

20-Lindis
& Ardgour

fraction of water in the upper
groundwater box that is
released per day

Medium

Not much

0.357253

0.2-Lindis
& Ardgour

water in the upper
groundwater box is above the
UZL threshold, the fraction of
water that is released from the
upper groundwater box is K1
+ K0

Not much as
will not need
it as constant
flow

Not much will
not have much
storage

0.096805

0.1 Lindis
& Ardgour

Lower groundwater box
percent released for stream
flow

Low as hard
to full due to
soil

Low, slow to
respond

0.036208

0.05Lindis &
Ardgour

Wet
catchment so
would take
medium
amount of
time

Dryish
catchment so
would take
longer

2.529055

1-Lindis

d

Determines time taken by
water to travel through the
catchment, A higher value
results in runoff being
distributed over more days.

PCALT

Precipitation with altitude

A lot due to
being on
leeside of the
hills=more
rain

mm d-1
UZL
mm
K1
1/d
K0
1/d

K2
1/d
MAXBAS

%/100m

TCALT

Temperature with altitude

3-Ardgour

11

10

0.6

0.6

®C/100m
Pelev

Elevation of precipitation data
in PTQ file

Weather
station in
Wanaka

352

Telev

Elevation of temperature data
in PTQ file

Weather
station in
Wanaka

352

ELEVATION
ZONES

Mean elevation zones

one

two

700, 300
and 500

VEGETATION
ZONES

Types of vegetation

One type

Two types

Tussock,
tussock and
high
producing
grass
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-6
June
September
December
March
June
October
January
April
July
November
February
May
August
December
March
June
September
January
April
July
October
January
May
August
November
February
June
September
December
March
July
October
January
April
August
November
February
May
August
December
March
June
September
January
April
July
October
February
May
August
November
March
June
September
December
March
July
October
January
April
August
November
February
May
September
December
March
June

mm

Summer vs Winter Lindis Input Data

94

74
Evaporation

54
Mean
Temperature

Precipitation

34
Discharge

14

A 2: Summer and winter data for Lindis. Can see mean temperature and evaporation go higher during the times of irrigation (October-March) and Discharge and
Precipitation go higher during the non-irrigation season (May-September) (Created from NIWAs Cliflo website meteorological data at Wanaka Airport).
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mm

Summer vs Winter Ardgour input Data
65

Evaporation

55
Mean Temperature

45
35

Precipitation

25
15

Discharge

-5

November
January
March
April
June
August
October
December
January
March
May
July
September
November
December
February
April
June
August
October
November
January
March
May
July
September
October
December
February
April
June
August
September
November
January
March
May
July
August
October
December
February
April
June
July
September
November
January
March
May
June
August
October
December
February

5

A 3: Summer and winter data for Ardgour. Can see mean temperature and evaporation go higher during the times of irrigation (October-March) and Discharge
goes higher in non-irrigation season (May-September) however only due to higher peaks (Created from NIWAs Cliflo website meteorological data at Wanaka
Airport).
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20090701
20090717
20090802
20090818
20090903
20090919
20091005
20091021
20091106
20091122
20091208
20091224
20100109
20100125
20100210
20100226
20100314
20100330
20100415
20100501
20100517
20100602
20100618
20100704
20100720
20100805
20100821
20100906
20100922
20101008
20101024
20101109
20101125
20101211
20101227
20110112
20110128
20110213
20110301
20110317
20110402
20110418
20110504
20110520
20110605
20110621
20110707
20110723

cumulative Discharge

change in catchment at Lindis

1800
1600
1400
1200
1000
800
600
400
200
0

2009 July-2011 July

A 4: The change in catchment which cut the data from going until 2011 to going to 2010. Can clearly see a change in discharge from around July 2011
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