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Executive Summary

Increasingly complex information is becoming avaliéaon likely future changes in New Zealand's
climate. The challenge for hydrologists is to uge information to make predictions about changes t
water resources and water hazards. This reportidesaesearch carried out under the MAF initiative
‘Sustainable Land Management Mitigation and Adapteto Climate Change’. The project developed
a framework to use dynamically-downscaled climatenarios, together with precipitation and
hydrological modelling, to predict changes in freqay and magnitude of floods under climate
change. The project is intended as a pilot studdeasign and test the framework for use in New
Zealand. Results are presented from two case statyiments: the Uawa River which flows into
Tolaga Bay north of Gisborne, and the Waihou RinéYorthland.

The framework is designed to bring together climstenarios, rainfall models and hydrological
models which simulate as closely as possible thesiphl processes occurring in the catchment.
NIWA'’s Regional Climate Model (RCM) provides clingasimulations (precipitation and temperature)
at daily timescales and grid resolution of 30knt, both current climate (1970-2000) and for IPCC
climate scenarios A2 and B2 (2070-2100). The fraorkvirst uses measured rainfall data to correct
any persistent biases in the RCM. The second stegpelates from the 30 years of predicted climate
data, to more extreme rainfall events, using pitipn modelling. This uses the spatial and terapor
characteristics of the 30-year rainfall to creai®Qtyear periods of ‘simulated rainfall’. The thstep
uses these rainfall series (30-year and 1000-yeahjive a hydrological model, which simulates rive
flow. Testing was performed on the hydrological mlat ensure consistency with field data from the
catchment. Flood frequency curves were construditedtly from the model output: this technique of
‘continuous simulation’ directly incorporates effesuch as rainstorms occurring when the catchment
is already saturated. The 30-year data gives monéident predictions for low return period flood
events; the 1000-year data gives predictions foeme events, but with greater uncertainty.

During this 1-year study, the framework was sudcdlgsimplemented and trialled at the two case-
study catchments. Recommendations for further dewmaént of the framework are also given. Results
for these two catchments showed similar predictiansual and seasonal rainfall totals were reduced
but daily rainfall extremes and hence flood magtésiwere increased. In Uawa catchment, change in
annual rainfall total between 1970-2000 and 2070024:as estimated at -10% to -15% (A2) or 0% to
-5% (B2). Summer rainfall extremes are projectedntwease by up to 100% at the 30-year return
period resulting in floods up to 1.8 times (A2)10R times (B2) current discharge. Floods at 500-yea
return period are projected to increase from 1888'raurrently to 2000-3100 fs* (B2) or 2900-
4000 nis* (A2). In Waihou catchment, a larger decrease muahrainfall total is predicted between
1970-2000 and 2070-2100, estimated at -15% to -28%) or -10% to -15% (B2). Summer rainfall
extremes are projected to increase by up to 100¥ea20-year return period, resulting in floodstop
1.4 times (A2) or 2 times (B2) current dischargeoBs at 500-year return period are projectedg® ri
from 900 nis* to 1000-1500 fis* (A2/B2). Uncertainties are large for extreme flquédictions due

to extrapolation from short timeseries and uncetyan the rainfall and hydrological models.

Flood Risk Under Climate Change i
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1. Introduction

The climate in New Zealand is changing: the IPCQrBoAssessment Report (2007)
found that increased temperatures are “virtuallya@’. An important consequence of
this finding is that floods in New Zealand are ‘wdikely” to become more frequent
and intense, resulting in increased risk to majdrastructure including failure of
flood protection measures. The pattern of rairdadr New Zealand will also change,
with Eastern areas expected to become drier leamingyeater pressures on water
resources. As well as new risks, the changing ¢émvll also bring opportunities,
and early uptake of adaptation measures can haweedmate benefits for land
managers. It is therefore critical that the be&trmation on the likely impacts of a
changing climate is available, especially in terofschanges in magnitude and
frequency of extreme events.

This paper describes how, for the first time, aesork has been set up to assess the
effects of climate change on river flow and floddsNew Zealand, using Global
Climate Model (GCM) results dynamically downscatedhe regional scale. Our aim
is to demonstrate how the latest advances in dilogical and hydrological
modelling can be combined to create a frameworkclwigimulates the physical
changes in the atmosphere and hydrological cycteerunlimate change, and hence
can be confidently used to plan for the future. M'¥/ Regional Climate Model
(RCM) provides dynamic downscaling from GCM preidios to high-resolution
climate simulations over New Zealand. These 30-ypHiarate series for A2 and B2
IPCC emissions scenarios are corrected for biasthed used to drive NIWA'’s
hydrological model (TopNet) in order to predict obas in flood frequency under
climate change. To make predictions for more ex¢r@vents, a rainfall generator is
used to simulate rainfall series up to 1000 yearsylwith the same statistical
characteristics as those of the current, A2 andd&¥all series. These long rainfall
series are also used to drive the hydrological mate simulate changes in the
magnitude and frequency of extreme flood events. itcertainty in the predictions is
considered at each stage.

The remainder of this report is organised as fadlolu Section 1 the techniques used
to build the framework are introduced, including iGCGlownscaling (1.1), bias
correction (1.2), rainfall simulation (1.3) and hgibgical modelling (1.4). A review
of previous studies in the field is also includ&dbj. In Section 2, the catchments used
in the case study are described, including physieafacteristics of the catchment and
weather-related hazards faced in each area. Se&timscribes in detail the methods
used. Section 4 presents the results for both ceots, in terms of changes in climate
and flood risk under A2 and B2 emissions scenafestion 5 concludes the report,
summarising the results and making recommendat@rfsiture research.

Flood Risk Under Climate Change 1
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11 Global climate modelling and downscaling

Extensive research has demonstrated that prea@pitan New Zealand is intrinsically
linked to Southern Hemisphere circulation pattemd their modes of variability such
as the southern annular mode (SAM) and the El ISiaothern Oscillation (ENSO)
via mechanisms such as a strengthening and southmvavement of the subpolar
westerly wind maximum (e.g. Salinger and Mullan929Ummenhofeet al., 2009;
Renwick and Thompson, 2006). The SAM and ENSO madeén turn influenced by
atmospheric greenhouse gases as well as otherdatioh as ozone depletion (e.g.
Kushneret al., 2001; Caiet al., 2003; 2005; Arlbaster and Meehl, 2006; Fgfal.,
1999). In order to understand how New Zealand pittion patterns and depths will
evolve under climate changes, it is therefore @¢sddn use a Global Climate Model
which can model such shifts in atmospheric cireoain the future.

Global Climate Model predictions cannot, howeverulsed directly in climate impact

studies. GCM output is typically at a grid scalel0D-200 km which is too coarse,

and does not represent topography on land withicgerit accuracy, to reproduce

orographic effects and other local-scale rainfalitgrns (Figure 1). For example, for
New Zealand many of the closest GCM grid pointslacated in the ocean and hence
are representative of oceanic rather than contheveather. Predictions from GCMs

must therefore be downscaled to the relevant Igpaltial scale for the physical

processes involved in the hydrological cycle.

Figure 1 Representation of NZ topography by (A) Global Climate Modd at resolution of
140km and (B) Regional Climate Model at resolution of 30km. Colours show the
land surface elevation used in the model.

There are two families of downscaling method: stathl and dynamic. Statistical
downscaling has previously been the most populahaodeas it is computationally
inexpensive, and can therefore be used relativetylyefor ensemble simulations. It
consists of the formulation of regression equatitannk GCM predictions to local
observations of precipitation and temperature. fifethod which has been used in
New Zealand is described in more detail in the @tenChange Effects and Impacts

Flood Risk Under Climate Change 2
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Assessment Guidance Manual (MfE, 2009), also Mukaral. (2001). Pseudo-
observation data is used from a gridded datasetctheers all of New Zealand with
0.05° latitude—longitude boxes. There are approteipal 1,500 grid points over the
New Zealand land mass. The gridded data were deselby interpolating observed
daily rainfall plus maximum and minimum temperatufieom some hundreds of daily
reporting sites (Tait et al, 2006)

The main theoretical disadvantage for statisticabrmscaling is that it is based on an
empirical relationship, derived from the presemmate, which may not hold true in
the future as physical processes that controlatiiahd temperature may change (Boé
et al, 2009). Instead, the second approach of dynardmahscaling may be used, in
which a Regional Climate Model running at highesotation (30 km in New Zealand)
is forced at the boundaries with GCM predictionhe TRCM runs at a scale
commensurate with the climate processes of intemedthence is able to simulate
them directly (Durmaret al., 2001). An RCM, nested within a GCM, has been
developed for New Zealand (Drostal., 2007) based on the UK Met Office Unified
Model framework (Cullen, 1993). Regional-scale niliglg has previously been
shown to improve climate simulations for the Newaldad area (Renwickt al.,
1998).

Regional Climate Model output can be used for fitlimate simulation in two ways.
It can be used directly (with bias-correction ifcessary) or via the delta-change
method. In the latter method, mean monthly chamgg@secipitation and temperature
are derived from RCM simulations of present andriitclimate, and then applied to
recorded data series. This method is frequentlyl wg¢h GCM data, and can be
extended to match changes in daily rainfall intgnas well as monthly means, which
is important for predictions of changes in extrezments (Kayet al., 2009). However
due to the reliance on the recorded data seriesptbthod does not allow for more
complex changes in spatial and temporal variabiktyich may be observed in the
RCM output. For this reason, it was preferred te the RCM output directly in this
study.

1.2. Bias correction

RCMs still have significant biases that must beaexied prior to use in impact studies
(Boe et al., 2009). The bias may be due to different causes s small-scale
topographic variations which are not fully reprasenat the 30 km RCM scale; or the
limited area for which the RCM runs meaning thaakracale weather events do not
fully develop. There are various techniques that ba used to correct the biases.
Some studies using a relatively simple linear ‘geafactor’ approach to correct mean
precipitation (e.g. Fowler and Kilsby, 2007). Othstudies (e.g. Leander and
Buishand, 2007; Shabalowt al., 2003) use a power transformation to correct the

Flood Risk Under Climate Change 3
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coefficient of variation as well as the mean. Alaively, a quantile-mapping
correction may be used which corrects the entsg&idution of precipitation (e.g. Boe
et al., 2007; Déquéet al., 2007; Woodet al., 2004; Seguat al., 2009). The last is
chosen here for its ability to correct the extremithe distribution which are critical
for flood risk assessment. The approach is destribdetail in Section 3.1.2.

13. Climatic variability

The climate system has natural internal variabilite simulation of current or future
climate provides only one possible representatiothe@ system, and if the simulation
were run again with different initial conditions GICM forcing then a different result
would be produced. Some studies have addressecpribiisem by resampling the
rainfall series to create many different climatalisations (e.g. Kat al., 2009;
Leander and Buishand, 2007), however this methas dwt allow for variation in
short-term extremes from those in the original nlledeseries. Instead, natural
climatic variability may be assessed more fully using a stochastic rainfall model
which uses the spatial and temporal statisticgbgmoes of the modelled rainfall series
to produce multiple alternative series with the sgmoperties. This approach has been
used successfully in previous studies (e.g. Came?006; Kilsby et al., 2007).
Although this method incurs significant model sptaosts, in New Zealand we can
benefit from a multisite stochastic rainfall modakviously developed by NIWA
(Thompsonet al., 2007) as a generalisation to the model propoyeditks (1998).
The NIWA model allows the simulation of daily raafif values at a network of
locations, retaining the spatial and temporal otteréstics of the original series. Use
of this model allows both investigation of climatariability, and estimation of flood
magnitudes of longer return periods: for examplesibyulation of 1000 realisations of
a one-year rainfall series, and using a hydroldgiwadel to transform these into river
flow series, the 1-in-1000 year flood may be diseestimated. Further details of the
method are given in Section 3.2.

1.4. Flood risk

Future flood risk cannot be reliably estimated fromrent records of river flows, due
to changes in New Zealand's precipitation undemate change. This means past
flood frequency is not a good predictor of futul@fl frequency. This is highlighted
by the MfE reportMeeting the Challenges of Future Flooding in New Zealand (MfE,
2008) under the key question “What is the flood iis our regions given the likely
consequences of landuse and climate change, elfpeicialight of the short
hydrologic records that are common in New Zealand®tead, flood risk can be
estimated using the climate projections describeove as input to a hydrological
model and simulating future river flows.

Flood Risk Under Climate Change 4
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The underpinning method we use is thataftinuous simulation whereby a rainfall
series (direct from the RCM or output from a statiarainfall model) is input into
the hydrological model in its entirety to produte tcorresponding discharge series,
from which extreme event frequencies may be catedlaxplicitly. An important
strength of the method is that it provides contirsigoil moisture accounting which
gives implicit consideration of antecedent wetnessditions in the catchment, and
hence allows for floods caused by extended perddiggh rainfall (e.g. a wet winter
following a wet autumn). This is a significant adtege over the simpler method of
event-based simulation where rainfall events are considered in isolatidantinuous
simulation is a standard technique for forecastivegdischarge magnitude of extreme
floods and has been used in a wide variety of ssufCameroret al., 1999; Chetty
and Smithers, 2005; Franchini et al., 2000; Hasletrai., 2000; Maskey et al., 2004;
Onof et al., 1996; Pandit and Gopalakrishnan, 1986 method is flexible and may
if required be extended to flood inundation mapgidgieh et al., 2006; Faulkner and
Wass, 2005; McMillan and Brasington, 2008).

A further advantage of using a stochastic rainfatidel to drive the hydrological
model is that it removes the necessity of extrapoleof flood frequency curves from
short series of measured or simulated flow datas €an introduce large errors or
uncertainties into the estimates of flood riskihese are many different extreme-value
distributions which can be used for extrapolatiorclgding Log Normal, Gumbel,
Pearson, Generalised Pareto and Generalised loodistributions) which are often
chosen empirically with no process-based strategglioice of distribution (Kidson,
2004; Vogel et al., 1993).

15. Review of previous studiesin New Zealand

This study builds on a strong foundation of presgioesearch into impacts of climate
change in New Zealand. Predictions from Global Redional Climate Models have
been developed by NIWA under the FRST-funded Adagptao Climate Variability
and Change programme (C01X0701). That programme aiggobal climate model
(GCM) developed at the UK Met Office, known as HME; to generate boundary
conditions in the New Zealand region (Bhaskaraal.e2001; Dean et al, 2006), and
hence to run a regional climate model . The FRSI7ZI8 programme Understanding
and Adapting to Global Process and Change is dlyrenabling NIWA to build on
these results, exploiting the new AR4 global data s

Statistically downscaled rainfall and temperaturedictions from GCM output have
been used to drive a hydrological model in the &udatchment (MfE, 2005b); and
hydrological and irrigation models in Canterburyictanents under the programme
‘Projected Effects of Climate Change on Water Sypg#liability in Mid-Canterbury’

undertaken for MAF by NIWA and Aqualinc and fundeylthe Sustainable Farming

Flood Risk Under Climate Change 5
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Fund. Similarly, GCM predictions are being used\dWA to model climate change
impacts in major snow-influenced catchments in &wuth Island under FRST
programme ‘Regional climate modelling to develophabilistic scenarios of future
New Zealand climate’.

The study presented here will not only benefit freravious research, but the results
will also be used within current and future studssuring that it provides ongoing
benefit to climate impacts modelling in NZ. The uks will be used to inform
methods of using RCM in addition to GCM output fmpacts modelling within the
Regional Climate Modelling FRST programme descriabdve. The results will also
be used to form the framework of a Flood Risk Assesit method in the FRST
programme ‘Science-based processes for CentraLacal Government to identify
opportunities and reduce impacts of climate chawge the urban and built
environment/infrastructure’.

2. Casestudy locations

Two pilot study catchments in New Zealand have bd®rsen to test the suggested
framework. These are the Uawa River flowing intdéaba Bay (Gisborne DC) and the
Waihou River flowing into Hokianga Estuary (Northth RC) (Figure 2). These
catchments were suggested by the respective régionacils after a discussion at the
River Manager's Forum meeting in Wellington in Mar2009. A brief description of
the catchments and review of the weather hazarsisciaged with these regions is
provided below, in order to put the climate chapgedictions into context. The Uawa
catchment was used as the main case-study catciwherg development work on the
impacts assessment framework was undertaken dddsfiedies carried out to verify
functioning of the catchment model. The Waihou wssd as a secondary location to
test the completed framework.

1. Northland: Waihou {Hokianga Estuary)

. East Cape: Uawa River {Tolaga Bay)
) BAE ST e

?féz_

Figure2: L ocations of Catchmentsused in the Pilot Study

Flood Risk Under Climate Change 6
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2.1 Catchment land use

The two catchments have a mixture of land usesu(Ei§; data derived from the New
Zealand Land Cover Database). Waihou catchmerdnsréited by native forest in its
Northern half (the Omahuta and Puketi ForestshhénSouthern half of the catchment
(South of State Highway 1 and Puketi Road), thel laaver comprises grassland
(farmland) interspersed with stands of native bubhe Uawa catchment is split
between exotic forest (pine) in the Western uplaradsd grassland in the East.
Interspersed throughout are areas of Manuka/Kascike.

2566000 2572000 2578000 2584000
1 1 1 1

Legend

River Network (Waihou)

I:I Exotic Forest
- Native Forest
- Grassland
- Manuka

6665000
1
T
6665000

N

A

sy mmmm Kilometers
012 4 6 8

6656000
1
T
6656000

T T T T
2566000 2572000 2578000 2584000

Figure 3a: Land cover in Waihou Catchment

2956000 2962000 2968000 2974000
1 1 1 1
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Legend

River Network (Uawa)
|:| Exotic Forest; Major Shelterbelts

- Native Forest
l:l Grassland
- Manuka
|:| Cropland

6323000
6323000

6314000
6314000

N

6305000
6305000
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=
]
S
@
-3
&
©

L
T T T T
2956000 2962000 2968000 2974000

Figure 3b: Land cover in Uawa Catchment

Flood Risk Under Climate Change 7



2.2.

221

Figure4a.

—NIVA_—

Taihoro Nukurangi

Catchment soils

Soil texture

Soil textural information is important because a@ncbe used to estimate hydraulic
properties of the soil which are needed as inpuhéohydrological model. Together
with measures of organic carbon and bulk densitgreavailable, measurements of
%sand, %silt and %clay are used to determine tldealic conductivity of the soil
(i.e. the rate at which water can move through ppaces or fractures) using pedo-
transfer relationships (Saxton and Rawls, 2006).

Mapped soil textural information is available fétvetWaihou catchment (Figure 4a;
data derived from the New Zealand Land Resourcertiory (LRI; Newsomet al.,
2000)). This shows that in general the river valeye dominated by sandier soils,
whereas the uplands have a higher clay conterit, claly loam the most frequent soil
type. The pasture areas in the Southern part afdtedhment have higher clay content
than the forested areas in the Northern part ot#tehment.

2566000 2572000 2578000 2584000
1 1 L L

Legend
River Network (Waihou)

N

A

- clay loam

o lo I:l clay

3 : \-vsr;ant:eclay [Mapped Soil Texture
I st oo information not

currently available for
the Uawa catchment]

6656000
1
6656000

e Kilometers
012 4 6 8

T T T T
2566000 2572000 2578000 2584000

Soil texturein Waihou Catchment

Mapped soil textural information is not availabler the Uawa catchment, but soll

textural analysis for selected sites in the Uawkhraent was available from a

Victoria University experimental programme, whichngpled soils under seven

different soil/land use classes which are repregieet of the catchment, and included
particle size analysis. Sample results are showrable 1 below. Samples were taken
at two depths in order to measure the charactsisfi both surface soils and those of
the buried clay-rich layer which occurs in thisotahent.

Flood Risk Under Climate Change 8
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Table 1: Soil textural analysis for three locations and two depths in the Willowbank
catchment of the Uawa River.
Lowland Pasture Gorse-covered hillslope High pasture
5-10cm 30-50cm 5-10cm 30-50cm 5-10cm 30-50cm
% Sand 60.19 60.77 66.51 62.77 56.02 43.35
% Silt 38.76 36.41 33.32 35.66 42.82 39.25
% Clay 0.64 2.82 0.17 1.57 1.16 17.40
2.2.2. <ail type
Mapped soil type information is available for botie Waihou (Figure 5a) and Uawa
(Figure 5b) catchments. Both catchments are sinmilatheir soils types. Both are
dominated by Yellow-Brown Earths, with some aredBmwn Loam or Yellow-
Brown Loam. Both have areas of Recent Soils orvéliey flats.
1 1 1 1 1 Legend N
= River Network (Waihou)
- Brown Granular Clay A
I Brown Loam
3 S l:IGley
g g2 M roizol
& e I Podzoiised Yellow-Brown Earth
I Recent Soils
l:IRendzina
B Yellow Brown Earth
N ) [ - Kilometers
0 15 3 6 9 2
Figureba: Soil typein Waihou Catchment
1 1 1 1 1 Legend
g ~——— River Network (Uawa)
1 I Soil Description (Uawa)
@ :l Rendzina/Yellow-Brown Earth
l:l Yellow Brown Loam
Lg - Recent Soils
g - Yellow Brown Earth
N
e Kilometers
§ 0153 6 9 12
& +8
Figure 5b: Soil Typein Uawa Catchmen
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2.3. Catchment geology

The geology of a catchment is critical to its hydgic behaviour, both indirectly
through control of soil type, and directly by calfing groundwater flow in the
catchment. Mapped geological information is avaddbr both catchments (Figure 6a
and Figure 6b; data extracted from the LRI), andsed to derive model parameters
which control the subsurface flow regime of thechatents.

2568000 2572000 2576000 2580000 2584000
1 1 1 1 1
=

N

Legend
= River Network (Waihou) A
- Crushed Argillite

l:l Argillite

- Alluvium

- Greywacke
- Limestone
- Jointed Mudstone

[ sheared Mixed Lithologies
I:l Bedded Sandstone

- Massive Sandstone

I:l Lavas and welded Ignibrites
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Figure 6a: Geology of Waihou Catchment

2956000 2964000 2972000
1 1 1 L 1

Legend
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- Massive Sandstone
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Figure 6b: Geology of Uawa Catchment

Flood Risk Under Climate Change 10



—NIWA __—

Taihoro Nukurangi

The Waihou catchment is split between the Northgalands which lie predominantly
on Greywacke, and the Southern area which has afgeology including Massive

Sandstone, Argillite and Welded Ignibrites. All sleerock types have typically low
hydraulic conductivity/permeability and the riversthe Waihou catchment therefore
respond quickly to rain events.

The Uawa catchment consists mainly of bedded amdepb Mudstones, with some
more limited outcrops of Massive Sandstone. Theeefwe would expect greater
infiltration into the bedrock and greater influengiegroundwater in the Uawa. This
may lead to a slower response of rivers to raimaints.

2.4. Natural hazards

24.1. Uawa (East Cape)

The East Cape region around the Uawa River is gdryof New Zealand; however

interannual variability in rainfall is high. Raitfgotals are highest in Winter and

lowest in Spring. The region is at risk from tragicyclones and ex-tropical cyclones:
in 1988 when cyclone Bola hit, a peak rainfall a69illimetres over the three days
was recorded inland from Tolaga Bay (see Figurestuption). In severe events such
as Cyclone Bola, the Stat Highway in the Mangatoasin around the Uawa River
mouth becomes a flood-way and cannot be used,nguticcess along the coast
(Gisborne District Council, 2009). The Tolaga Bdsts are subject to relatively

frequent flooding and, given their economic impoce for a wide range of farming

activities. GDC recently undertook a feasibilitydy for flood mitigation measures

(Gisborne District Council, 2007).

The Uawa and Tolaga Bay regions are at risk froougint in addition to flood hazard.
The East Cape is one of the regions of New Zeaddiridghest risk of drought when
measured via the Potential Evaporation Deficit (M2805). Drought hazard is also
affected by the ENSO cycle with severe drought d¢as in the East Cape region
more likely during the El Nino phase when south{edyg airflows are more common,
such as the 1997-1998 year.

2.4.2. Waihou (Northland)

Northland is at significant risk from weather hamarfrom several sources. These
include tropical cycles, ex-tropical cycles, Noifasman Lows (such as the 2002
‘weather bomb’), and intense convective activithie$e weather hazards readily cause
flood hazard, due to the steep hills of Northlamitkjy feeding storm runoff to the
surrounding low-gradient rivers which are slow tspgrse flood waters (Gray, 2003).

Flood Risk Under Climate Change 11
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At high tides, water in the estuaries may furtheldtback flood waters and increase
flood heights. The hazard may be made worse by $ilgloads in flooded rivers due
to steep terrain with high erosion rates.

Figure7: The flood gauge on the Hikowai branch of the Uawa River (Willow Flat) provides
areminder of the power of the Uawa River in flood. When theriver stage reaches
the top of the old bridge pillar shown (12 m) the council activates its evacuation
plan for the lower flats, during Cyclone Bola the stage reached 3 m above the
pillar (15 m). Photo: H.K. McMillan

Weather hazards in Northland are affected by th&@MNycle (EI-Nino Southern
Oscillation). During the La Nina phase, North-Edgtevinds are more common,
bringing higher rainfalls to Northland, and incredsiumbers of ex-tropical cyclones
pass close to New Zealand.

Flood events have caused significant damage inhNord in recent years, particularly
the March/July 2007 and July 2008 floods. In resgoto this hazard, the Northland
Regional Council has set up the Priority RiversoBld&Risk Reduction Project, which
has identified 27 rivers in Northland where floggliposes a high risk to lives,
buildings, road access, infrastructure and agrceltThe Waihou river chosen as a
case-study for this project is one of the PriorRRwers due to the flood risk
particularly in the Rahiri-Rangiahua reach.

Flood Risk Under Climate Change 12
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3. Methods

3.1

311

3.1.2

Climate scenarios

Regional Climate M odel

The climate scenarios considered in this projeetdarived from the UK Met Office
HadCM3 Global Climate Model; one of the models uged the IPCC Fourth
Assessment Report to simulate future climate. Tiiglel has been coupled to the
HadRM3 Regional Climate Model, also from the UK Mgffice in order to provide
dynamically downscaled climate predictions for thew Zealand region at a grid
scale of 30km. Three simulations are used: firstbontrol experiment is available for
the years 1970-2000. In this model run, the RCNbrsed by a free-running GCM
(that is, one that is not constrained by real olz@ms), and provides simulations of
current atmospheric and climate conditions whioh directly comparable with the
future climate scenarios.

Two future experiments are used to simulate clintateditions in the years 2070-

2100. These model runs are driven by two diffeferding emissions scenarios, as the
model predictions are sensitive to the choice ofssions scenario. The IPCC SRES
B2 scenario represents a moderately low emissiotsre;, the IPCC SRES A2

represents moderately high emissions (IPCC, 20G@mparisons of results from

these two scenarios will hence allow us some utaledeng of the uncertainty in

changes in flood risk due to uncertainty in futanmaissions.

Bias correction

As explained in Section 1.2, quantile-mapping wagection is used to correct any
persistent bias in regional climate model rainfallumes when compared to observed
rainfall data. The method is as follows. Regiondim@te Model output from the
current climate scenario and the two future scesaaie extracted for the grid points
surrounding the chosen catchment. The locatiom@frélevant points in comparison
to the (A) Uawa and (B) Waihou catchments is showFigure 8.

Next the observed rainfall series for the same tiosa (one per grid point) is
extracted from the Virtual Climate Network (VCN; iTat al., 2006). The VCN
rainfall surface is derived from rainfall totals aseired at rain-gauges using spline
interpolation. The VCN is on a high resolution gofl 0.05 Lat/Lon and hence
locations can be matched very closely.

For each location, the cumulative density func{iGDF) of daily rainfall amount was
calculated for both the observed (VCN) and modeldrent climate’ data. The
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mapping between the two CDFs was then used toatareeh modelled daily rainfall
amount. This is done in two parts: first the petaga of days where rain was
observed is corrected, and second the CDF of tteasedays is corrected. To adjust
the modelled ‘future climate’ data in the same walfhough there is no ‘observed
future climate’ data for comparison, we assume tiiatsame multiplicative biases are
present as those in the current climate.

3.2.

3.2.1

A B
O RCM grid points
78l C.atchmem Outline
— River Network
35 O RCM grid points
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Figure8: Locations of the Regional Climate Model grid points surrounding the (A) Uawa

and (B) Waihou catchments.

The temperature series produced by each model Ism raquire bias correction.
Minimum and maximum daily temperature data areaettd from the VCN and used
for quantile-mapping bias correction of the modglldaily minimum/maximum
temperatures. The only difference is that the teatpee biases are treated as additive
rather than multiplicative, as is standard in clienehange applications.

Rainfall generator

Description

A multisite daily rainfall generation model has begeveloped for New Zealand
conditions under the FRST ‘Climpacts’ programmel @aas tested using a network of
raingauges in Canterbury (Thompseh al., 2006; 2007). Stochastic models for
rainfall occurrence and amounts are used to uratetstainfall variation over space
and time, within a localised area affected by regiescale weather patterns. The
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rainfall generator takes as input concurrent rélirsfaries for multiple locations and
generates further rainfall series as required whiabe the same rainfall volume and
pattern characteristics. The rainfall generatos Statistical distributions of daily
rainfall volume to the observed data, and then $sgnfsom these distributions to
generate new data. It is therefore possible fogdreerator to simulate rainfall heavier
than that occurring in the original series, becatise extreme tail of the fitted
distribution could be sampled. This would happely as a rare event with high return
period, and is consistent with the possibility adrenextreme events occurring when a
longer rainfall series is modelled.

The NIWA multisite rainfall generator is of the ‘ttien Markov Model’ type, which
first simulates a series of days divided into dight rain and heavy rain states, for
each location, and for each month of the year séglgr These rain states are then
used to generate individual daily rainfall totdsth the rain states and daily totals are
generated so that simulated rainfall displays #raescorrelation in time and between
sites as the original observed rainfall seriessTye of rainfall simulation model was
assessed as suitable for use in New Zealand by g$mmand Mullan (2002).

322. Set-up

Initial work had to be done to tailor the rainfgiknerator to receive climate model
output rather than measured rainfall. This includddpting the rainfall generator to
the more highly correlated and smoother patternsaoffall that are typical of a

regional climate model.

The bias-corrected 30-year rainfall series fromsilxéeRCM output grid points and for
each scenario (current climate, A2, B2) were thgwui into the rainfall generator
together with information of the location of eaairg. The rainfall generator was then
run to produce 1000-year rainfall series for eamnario.

3.2.3. Temperaturesimulation

Temperature, minimum and maximum, daily valuesadse required as input into the
hydrological model to be run for the 1000-year ewrias temperature controls
potential evapotranspiration and hence catchmenérwaalance. The temperature
values are represented as a first-order auto-r@geemoving average model, using
the method described by Mullahal. (2003).

Th)=[ATt-1+[B]zt)  (Eau
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Wheret is time, T” is the transformed temperature min/max vecforand B are
matrices representing the serial and cross-coioalatf the temperatures, arsare
independent normal variates. The temperature \@eb@ residuals from the average
annual cycle, which are normalised by mean andmed, separately for wet and dry
days, i.e.:

T =) -Y)-u)o [Eq. 2]

WhereT is the original temperature measuremanhis the yearly cycle component,
is the mean andis the standard deviation.

This temperature model is fitted to temperatureimmimn and maximum data from
each of the 30-year series output from the RCM, thieth used to generate typical
temperature data for the 1000-year series, sepaiffdted to wet and dry days as
determined by the rainfall generator.

3.3. Hydr ological model

3.31. Modd set up

For this research we used a distributed hydrolbgiwadel, TopNet (for a complete
model description see Clast al., 2008). The stream network is divided into first
order subcatchments, and for each subcatchmentnderlying spatial data file
contains information about soil cover, soil degtlgdraulic conductivity, elevation
(distribution), etc, as well as information abdue triver network, for example stream
width, roughness, etc. The main sources of spat#h used for New Zealand
applications of Topnet are the New Zealand Rivewit®nment Classification
(Snelder & Biggs, 2002), supplemented with adddicenalyses of topographic data,
the Land Resources Inventory (Newsome et al. 2080), the New Zealand Land
Cover Data Base (Willoughby et al., 2001). Exampésnformation used for the
Uawa and Waihou catchments is shown in Figute0%nd 11.

For each timestep and each sub-basin a water lealancalculated (precipitation,
evaporation, baseflow, overland flow, etc). Thea tiaseflow and overland flow are
added to the stream network, and the water initlegsris routed down through the
stream network. Figure 12 shows the main stateabke$ and fluxes in TopNet.
Further information on the model equations is givenAppendix B. For each
subcatchment and each timestep we get outputlfstaaé variables and fluxes of the
hydrological model.
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Figure9:

Uawa catchment outline, stream networ k and flow station locations.
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Figure 10:

Waihou catchment outline, stream network and flow station locations.
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Figure 12: Main state variables and fluxes in TopNet: State variables are canopy storage

(S), snowpack storage (Ss), soil, or root zone, storage (S), aquifer storage (S,),
and overland flow storage (S,). Fluxes are precipitation rate (p), throughfall (p;),
canopy evaporation (e;), snow met (mg), soil evaporation (e, infiltration (i),
drainage (d), aquifer discharge (qp), infiltration-excess runoff (q), saturation-
excess runoff (gs), basin outflow (qo). The wetness index In(a/tan B), where a is
upstream area and P is slope, divides the catchment into saturated and

unsatur ated zones.
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Input data are precipitation and temperature, argub variables are, amongst others,
evaporation, infiltration, overland flow, baseflostreamflow. TopNet was run on an
hourly timestep. However, the precipitation and genature data that comes into
TopNet is on a daily basis (daily sums for preeitpitn, daily minimum/maximum for
temperature). The daily precipitation was theref(stchastically) disaggregated to
hourly timesteps by TopNet. The temperature wasgdiregated using a sine curve,
fitted through the daily minimum and maximum tengiare.

The rainfall and temperature input was providedaogrid, and for each basin the
nearest grid point on the rainfall/temperature auefwas used as the basin value
(nearest grid point to the centroid of the basitaking into account elevation
differences in the case of temperature using alatdrlapse rate.

For the future scenarios the climate informatioadufor TopNet is as described in the
Climate section of this report (Section 3.1). Timeans that temperature and rainfall
are available at six RCM grid point locations, suniding the catchment. Temperature
was spatially disaggregated in the same way asridedc before, i.e. nearest

neighbour, corrected for differences in elevati@tween station and basin location.
For rainfall, we used the inverse distance mettaking the weighted average of the
surrounding stations, which we corrected for the-gxisting knowledge of the

difference between the mean annual rainfall at dtation location and the basin
(centre) location.

3.3.2. Modd calibration

The hydrological model was calibrated based on aredsstreamflow series for one
year (2005; chosen because it included a largaedfloim the Uawa we had three
measurement locations; in the Waihou, one (seeré&iguand Figure 10). The
calibration was done via manual optimisation, aeange of different parameter sets
were tested, and the parameters were also adjusaedially to ensure a good fit
between measured and modelled streamflow seriesfiflvas assessed using both
time series of measured and modelled flow (to endlaiod peaks and timing were
properly represented), and cumulative flow and ipietion series (to ensure correct
water balance). Example calibration results arevshoelow (Figure 13, 14 15 and 16)
with time series of flow data shown in the uppgufes and cumulative plots shown
in the lower figures. Verification of the model pareters was also undertaken using a
different year of precipitation and flow data (2D0The best three parameter sets
identified for each catchment were chosen for tharé climate simulations — using
multiple parameter sets allows us to assess thertanaty in the final results due to
the choice of hydrological model parameters.
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River (reach 5007406; see Figure 9).

Calibration results for year 2005 for flow station at Willow Flat on the Uawa
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Figure 14:

Calibration results for year 2005, for flow station at Willow Bank on the

Mangaheia River (Uawa tributary) (reach 5008060; see Figure9).
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Calibration results for reach 5006266
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Figure 15: Calibration results for year 2005 at flow station at Hikowai No. 4 Bridge on the
Uawa River (reach 5006266; see Figure 9).

Calibration results for reach 1007423
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Figure 16: Calibration results for flow station on Waihou River (reach 1007423; see Figure
10). (NOTE: parameter setswere different for the two catchments).
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3.3.3. Model and field comparison for verification of small-scale soil water dynamics

3.3.3.1 Model to model comparison
Introduction

A difficulty with calibrating a model with measureidta is that you can never be sure
if the chosen parameter set will also be the bmstuture, unknown situations. In the
future there might be events with different raihtd runoff dynamics to those we
have measured to date, so we want to be confilabtite can “extend” the catchment
behaviour to these possibly more extreme eventsmi& therefore be sure that the
model is representing the right processes. Oneh@fntost determining processes
governing the catchment’s rainfall runoff behaviasrthe capacity of the soil to
infiltrate, store, and transport water. To gainfa®ence that we are representing the
dominant processes appropriately here, we caruéd small-scale comparison of the
soil water dynamics of our hydrological model, T@Nand a 3D physically based
model, SPW (Butler and Jackson, 2003).

TopNet soil moisture and water table calculations based on the TOPMODEL
concept (Beven and Kirkby, 1979; Beven, 1997). Acdption of the governing
equations can be found in Appendix B. For a mortailgel description of the
equations, see Clark et al., 2008. A figure ofrtten storages and fluxes can be seen
in Figure 12.

SPW is a three-dimensional model, based on Rickagquation (Equation 3), which
is the commonly accepted equation describing flowdriably saturated soils (Hillel,

1992). Richard’s equation for soil water flow in ltiple space dimensions can be
written as:

=DK@+ D) v, [Ea. 3]
where:
K'is the hydraulic conductivity,
w is the pressure head,
zis the elevation above a vertical datum,
6 is the water content,

u,,is root uptake,

tis time.
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Schematic layout of SPW showing 3D representation of the soil zone. Colours
represent percentage volumes of the soil column corresponding to different
textural classes. The model includes a vegetation layer which can be adjusted for
different plant characteristics and can include forest cover.

SPW provides a physically consistent and volumalisicexplicit representation (and
understanding) of soil moisture fluxes. However, delo simulations are
computationally intensive and solutions break doiknthe grid sizes used in
applications are too large. Therefore 3D Richamfjsiation models such as SPW
cannot be applied credibly at full catchment scabecept perhaps at great
computational expense to very small catchmentsit Asgs not possible to run the
model for either of the full catchments, due totime, we instead applied the model
comparison to a single subcatchment representedesnit within the Uawa TopNet
setup, and using a 1m by 1m (lateral) by 1cm (eabtigrid within SPW.

Results

Individual state variables and fluxes within TopNeére matched as closely as
possible to the spatially explicit volumes and #ayproduced by SPW. In some cases,
the comparison had to be adjusted to take intowatdadirectly coupled processes in
TopNet. For example, in TopNet the drainage isexded for the evaporation demand
unsatisfied in the canopy and upper soil layerhait storing both original fluxes
separately. In such cases we could not isolateviohekl fluxes, but were able to
compare and closely match the additive combinatlmetsveen the two models. We
therefore ensured that total water balance andatviixes from catchment to river
were respected in TopNet. For a more detailed esgian of all our specific findings,
see Appendix A.

Figure 18 shows the results for the comparisontreflamflow between TopNet and
SPW, where the storage and conductivity relatigpshietween the models are
matched. As can be seen in Figure 18, the overahmflow, predicted by TopNet
and SPW, matches well. The timing and extent okpese approximately equal,
although SPW predicts a slightly longer recessieniogl after a flood.
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Streamflow comparison, TopNet versus Richards' equation model
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In conclusion, the flow prediction behaviour theimportant for TopNet streamflow
forecasts is consistent with the physics-based hmatputs in flood conditions. We
were able to relate conceptual storages and flixxespatially explicit volumes and
transfers between states, and also able to putgathg®nstraints on model parameters
such as saturated hydraulic conductivity and seytld. We therefore have increased
confidence that TopNet correctly models water mametnthrough the soil zone and
will have good predictive power in the study catemin

Model to field comparison
Introduction

To further verify the output of TopNet, as well the (calibrated) model parameters,
we undertook field investigations at the Willow Bamarm, which lies in the
catchment where the model-to-model comparison vaased out. In this catchment
we have a streamflow gauge, and soil moisture measnts and samples were taken
for a soil textural classification.

To supplement the quantitative investigation of #ie, we made a qualitative
inspection of the catchments behaviour, duringte @isit which coincided with a
medium rainfall event. We assessed the wetnedweafdtchment at different locations
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(using hand-held TDR probes), soil texture acrbessite and dominating processes of
rainfall runoff (e.g. infiltration vs. saturatiorkeess runoff; overland vs. subsurface
flow).

Results

Results from the calibrated Uawa TopNet model iegplihat a substantial part of the
streamflow was generated by overland flow. Speddific the model results showed

that most of this overland flow was infiltrationass overland flow (as opposed to
saturation excess overland flow). Our field assesdérshowed that the behaviour in

these model simulations was consistent with obsepvecesses. We saw a significant
amount of overland flow (e.g. see Figure 19). A lbipart of the catchment, close to

the river, was saturated (i.e. the water tablerigah to the land surface) and showed
saturation excess runoff, but the major part ofdhechment was subject to overland
flow without the soil being saturated. This findimgs confirmed by measuring soil

volumetric moisture content at a range of depths $oil moisture readings we

performed approximately 15 m away from the rivearaiel showed a decrease of soil
moisture with depth for the first 10-20 cm of tlodl ¢see Table 2).

Organic carbon, particle size analysis and bulksdgnwere measured at a variety of
depths, and related to soil hydraulic propertiesugh the Saxton and Rawls (2006)
pedo-transfer relationships (statistically relatmdk density, %sand, %silt, %clay, &

organic matter to saturated hydraulic conductiahd plant available water, among
other quantities). We compared the hydraulic cetidity and plant available water

inferred through these pedo-transfer relationshipshe values within the TopNet

simulations (the latter were fixed by calibrationstreamflow).

The pedo-transfer relationships suggested plaraée water of the order of 0.11 —
0.18 cm crit, consistent with the values we derived from theNet parameters. The
pedo-transfer derived hydraulic conductivities wem@und 60-150mm “h at the
surface, dropping to 8.9-70mn lat 40cm below the surface (low values associated
with grassland and high values with trees/shrutis¢. TopModel calibration assumed
a more severe decline in hydraulic conductivityhwaepth, but the most important
“bottleneck” conductivity at depth was not obvigushconsistent with that inferred
from the textural data. Some caution is neededh@smposed declining hydraulic
conductivity relationship with depth does lead taidage being very sensitive to the
soil depth parameter, which might at times impacistorage and hence accuracy of
flood predictions. Overall however, the pedo-trangfesults further supported our
general finding that, within the Uawa TopNet sintigias, significant subsurface
water storage volumes and rates of water flow withese stores are consistent with
the physical environment.
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Figure 19: (a) Overland flow observed in the catchment. (b) Pits dug for soil moisture
sampling
Table 2: Volumetric soil moisture content measured using a hand-held Campbell
Scientific TDR probe at a pasture location at 15 m .distance from the river
channel.
Depth Soil Moisture % Mean % moisture
(cm) (Individual readings) content
5 44 42 35 46 41.75
10 43 42 35 32 38
15 35 34 33 34 34
20 36 34 35 33 345
30 47 46 46 47 46.5
40 54 53 51 47 51.25
50 61 60 61 60 60.5
4. Results
4.1. Uawa catchment
4.1.1. Climate

This section shows the results of data extracteah he Regional Climate Model for

the Uawa catchment, after bias correction. In otdecompare differences in the

climate between current conditions and future diorh, the average daily rainfall is

compared per month (Figure 20). The results shat tite extended high-rainfall

winter period observed in the current climate (Magtober) is expected to be

shortened under both future scenarios (typicallgting only June-September).

Although mean daily rainfalls during the wettest ntits of July and August are

expected to be maintained under the B2 scenagoAfhscenario results suggest that
the mean daily rainfall will be reduced by 10-20%sidg the winter months.
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Uawa at Tolaga Bay
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Mean daily rainfall for each month, calculated from the 30-year bias-corrected
RCM output for the Uawa catchment. Figure shows current climate compared
with futureclimate under A2 and B2 IPCC emissions scenar ios.

In addition to examining mean rainfall behavioudanclimate change scenarios, this
project focuses on high-rainfall extremes whichseafloods in the Uawa catchment.
We therefore use the Regional Model output to commtremes of daily rainfall
totals between current and future scenarios, foh @onth. The results are shown in
Figure 21. The figure shows that extremes in rédimfaange little over the autumn,
winter and spring months (Apr — Dec), but during summer period (Jan — Mar) we
expect significant increases in the extremes uruh A2 and B2 scenarios.
However, it is also clear that these extreme rémtae rare events, especially in the
case of the B2 scenario, often occurring only oncthe 30-year simulation period.
For example in January, the highest daily rainfaller the B2 scenario was 400mm,
but the second highest was only 153mm. The unogytam the extreme rainfall is
therefore high and repeat model runs may yieldceatily different extreme values.
NIWA plans to run repeated RCM simulations usinteralative GCM boundary
conditions as part of the Regional Climate Modgllprogramme, so in the future it
will be possible to quantify this uncertainty intemes using model ensembles.

Changesin flood risk (30-year return period)

In order to assess the changes in flood risk uctierate change, the rainfall and
temperature series from the Regional Climate Mddatrent climate, A2 and B2
climate change scenarios) are used to drive theolggical model set up for each
catchment. The output from the hydrological modelai continuous 30-year flow
record which reflects the daily, seasonal and ayaléir patterns in catchment wetness
which could be expected under each scenario. Baalculated hourly by the model.
In order to estimate flood frequency under eacmage, the largest flood from each
year of simulated record are used to develop thedflfrequency curve. There is
uncertainty in the hydrological model because dsifi¢ sets of parameters can give
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similarly good results during the calibration peridout produce different predictions
during a future period. In the Uawa catchment, éhparameter sets were chosen as
equally good. Hence the model is run with each rpatar set in turn, giving three
different flood frequency records.

Uawa at Tolaga Bay
700

Current (1970-2000)
= A2 (2070-2100)

600 B2 (2070-2100)

500

400 -

300 -

Range of Max Daily Rainfall (mm)

Jun Jul Aug Sep
Month

Figure 21: Ranges of daily rainfall maxima for each month, calculated from the 30-year
bias-corrected RCM output for the Uawa catchment. Figure shows current
climate (black) compared with future climate under A2 (Red) and B2 (Blue)
IPCC emissions scenarios. Lines give range of values, circles show values from
individual years of the RCM output.

We can then assess the changes in flood frequemdsr iclimate change scenarios.
For each return period up to 30 years, the perd®nge in flood magnitude under the
A2 and B2 scenarios is calculated. These valuestaen in Figure 22, for the three
gauging stations in the Uawa catchment. The rafigalaes is shown using an error
bars, rather than as points, to show the unceytaloe to the hydrological model

parameter set.

The figures show clear differences between the #® B2 climate scenarios. Under
the B2 scenario (moderate emissions), floods ateailrn periods and all gauging
locations are expected to be larger, having appratély 1.2 times the discharge seen
under current conditions. Under the A2 scenarimpdk at less than two years return
periods (e.g. the annual flood) are expected toedse slightly (approximately 0.9
times current discharge); floods at 2- t010- yedum period will be little changed
(0.9 — 1.1 times current discharge); but floodshat15 — 30 year return period may
become significantly larger, up to 1.8 times curréischarge for the two sites on the
Hikowai. The results suggest that the Mangaheiadbravill be worst affected under
this scenario, with the 30-year return period uR.times current volume, although
this result is highly uncertain as it relies on thest extreme event predicted by the
models. The Mangaheia is likely to be worst afféalee to the steep upland country
in the headwaters which can cause high-dischahget-duration flood events.
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Uawa Catchment: Hikowai at No 4 Bridge
Relative change in Flood Magnitude for A2 and B2 Climate Scenarios
Lines show range of values due to uncertainty in hydrological model
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Uawa Catchment: Hikowai at Willow Flat
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Uawa Catchment: Mangaheia at Willowbank
Relative change in Flood Magnitude for A2 and B2 Climate Scenarios
Lines show range of values due to uncertainty in hydrological model
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Figure 22:

4.1.3.

Percent changes in flood frequency expected under A2 and B2 climate change
scenariosfor three gauging stationsin the Uawa catchment: (A) Hikowai at No. 4
Bridge (B) Hikowai at Willow Flat (C) Mangaheia at Willowbank

Figure 23 shows the changes in flood frequency emms$ of discharge rather
percentage change, to aid understanding of the data

Rainfall generator results

In order to make predictions of flood discharge amdimate change for floods of
return period great than 30 years, the rainfallegator (described in Section 3.2) was
used to generate rainfall series of 1000 years thighrsame statistical properties as the
30 year sequence. In order to check that the thgdaerator is working correctly, the
rainfall values produced are compared with the imgilg Regional Climate Model
rainfall values for each scenario. The comparisomade by splitting the 1000-year
series into 30-year sections, and comparing thgerarf values with the RCM value
(Figure 24).

Figure 25 shows that the rainfall generator is wakeasonably well, with the range
of rainfall maxima from the rainfall generator saunding the recorded RCM output
rainfalls in most cases. At the 1-day timescale,rtdinfall maxima for a 3-year return
period or more extreme are higher under both futdimate scenarios. This

demonstrates how the rainfall has become more blariander climate change, with
higher extremes and hence greater flood risk. Heweat the 28-day timescale, the
rainfall maxima are forecast to be lower in theufat This shows how long-term

rainfall will decrease (leading to more common gjtats), despite occasional heavy
rainstorms giving high 1-day totals.

Flood Risk Under Climate Change 30



—NIVA_—

Taihoro Nukurangi

Uawa Catchment: Hikowai at No 4 Bridge
Estimated Flood Magnitude for A2 and B2 Climate Scenarios
Lines show range of values due to uncertainty in hydrological model
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Uawa Catchment: Hikowai at Willow Flat
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Uawa Catchment: Mangaheia at Willowbank
Estimated Flood Magnitude for A2 and B2 Climate Scenarios
Lines show range of values due to uncertainty in hydrological model
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Absolute changes in flood frequency expected under A2 and B2 climate change
scenariosfor three gauging stationsin the Uawa catchment: (A) Hikowai at No. 4
Bridge (B) Hikowai at Willow Flat (C) Mangaheia at Willowbank

However, we also note that in some cases (typigallge range of return periods 3-10
years), the rainfall generator produces lower \altan the original RCM rainfall.
This discrepancy may be due to the type of statiktistributions fitted in the rainfall
generator (mixture of exponentials light-tailedtdimition) which restricts the range
of extreme values it is able to produce. In theireit NIWA aims to diversify the
range of distributions able to be fitted by thenfali generator.

The figure also shows the variability inherent ire tclimate system (refer to the
uncertainty bounds shown from the simulated rdirdalies). We should therefore
expect that although sometimes there will be dgryer multi-year periods without
damaging floods; in general the flood risk will gesater under both A2 and B2
scenarios.
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Maximum rainfall at different durations, compared between RCM output and
rainfall generator output, for current and future (A2/B2) RCM scenarios.
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A
Uawa Catchment: Hikowai at Willow Flat
Predicted Extreme Flood Magnitudes for Current, A2 and B2 Climate Scenarios
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Uawa Catchment: Mangaheia at Willowbank
Predicted Extreme Flood Magnitudes for Current, A2 and B2 Climate Scenarios
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Figure 25: Absolute changesin flood frequency for return periods up to 500 years, under A2
and B2 climate change scenarios for three gauging sations in the Uawa
catchment: (A) Hikowal at Willow Flat (B) Hikowai at No. 4 Bridge (C)
Mangaheia at Willowbank. Solid lines show median predicted values, dashed
lines show uncertainty bounds.

4.1.4. Changesin flood risk (500-year return period)

Using the 1000-year rainfall series produced byr#éivefall generator, the hydrological
model is run for a 1000-year period to simulate e¢lttreme floods possible in the
Uawa catchment, under Current (1970-2000), A2 (Z01A0) and B2 (2070-2100)
scenarios. The procedure is exactly the same ahdoB0-year model runs described
in Section 4.1.2. In order to estimate flood fraggyeunder each scenario, the largest
flood in each year of simulated record is noted| Hrese values are used to form a
flood frequency curve. The three plausible hydradalgmodel parameter sets used
give uncertainty in the flood frequency curve. Trecedure is then repeated for a
second independent 1000-year series produced hitifall generator (the series are
produced using random sampling from statisticakrithistions fitted to observed
rainfall data, and therefore re-running the rainfgnerator produces a different
series). This allows us to further account for wtaety caused by the stochastic
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nature of the rainfall generator; although typigahis uncertainty is small compared
with that caused by the choice of hydrological nig@eameters.

The results are used to calculate the flood diggh#or return periods up to 500 years
(it is good practice to estimate return periods/ad to one half of the length of series
available: an estimate of the 1000-year flood wdwdconsidered too unreliable due
to high errors). The results are shown in FigureT2te flood discharges in the current
climate are also shown with uncertainty boundshia tase, as these values also are
estimates derived from extrapolation of the meabueeord. The extrapolation was
done by fitting a Gumbel extreme value distributtorthe record which gave a good
fit to the data.

The projections show that floods up to approxinya@®b00 cumecs at a 500-year
return period are possible at the Willow Flat galagation on the Uawa under the A2
climate change scenario, compared with 2800 curaader the B2 climate change
scenario and 1800 cumecs under current conditideswith the 30-year data, a
complex picture emerges where any increases ird fitischarge are controlled by
both emissions scenario and return period. Re$udta the A2 scenario show the
most extreme floods at the 500-year return periddclv may indicate increased
instability and intensification of weather systeomsder a high emissions scenario.
However the moderate-emissions B2 scenario showshiphest floods at lower
returnperiods. The uncertainties are very largestah extreme return periods due to
both uncertainty in the climate change projectiamsl uncertainty in the rainfall
generator and hydrological model: the error bowardgypically+ 500 cumecs. Where
estimates are required for floods of lower retuenigal, the 30-year results should be
used in preference as they have lower uncertatidyever the results presented here
give an indication of changes in flood dischargdarrclimate change and may assist
Regional Councils needing information on a ‘woras€& scenario’.

4.2. Waihou

In order to further test the flood frequency assesd method developed for the Uawa
catchment, the same analyses are repeated for éifeoWcatchment. This enables us
to compare the method in a different location whitdy undergo different changes in
rainfall patterns under climate change, and tosas® consistency of the method. To
reduce the computational burden for this catchmamiyy a single 1000-year rainfall
series was used to drive the hydrological modelith&o uncertainty in the rainfall
generator 1000-year results is not assessed ircdisis. Three parameter sets for the
hydrological model are used, as before.
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42.1. Climate

This section shows the results of data extractaah fhe Regional Climate Model for
the Waihou catchment, after bias correction. Thmesanalyses are carried out as for
the Uawa catchment. In order to compare differeimcdahe climate between current
conditions and future conditions, the average dediyfall is compared per month
(Figure 26). The model results show a similar patte the Uawa, where the extended
high-rainfall winter period observed in the currelitnate (May-October) is shortened
under both future scenarios (typically lasting ordlyne-September). Mean daily
rainfalls during the winter months are reduced undeth A2 and B2 climate
scenarios, with the reduction being more extrenteuthe A2 scenario.

Waihou
5 T T T T T T T T T T

—%—— Current (1970-2000)
451 —k— A2 (2070-2100) * B

B2 (2070-2100)

3.5 b

25

Mean Daily Rainfall (mm)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 26: Mean daily rainfall for each month, calculated from the 30-year bias-corrected
RCM output for the Waihou catchment. Figure shows current climate compared
with future climate under A2 and B2 |PCC emissions scenarios.

The extremes of daily rainfall totals between cotrend future scenarios, for each
month, are also examined for the Waihou catchmiére. results are shown in Figure

27. The figure shows that extremes in rainfallinoeeased throughout the year, under
both A2 and B2 climate scenarios, although theease is the most pronounced
during the summer period (Dec — Mar).

Unlike the simulations for the Uawa catchment whdre A2 scenario gave the
highest extreme rainfalls, in the Waihou catchnmeigt the B2 scenario produces the
highest daily rainfall values. This demonstratesdbmplex nature of climate changes,
under different emissions scenarios and in diffelecations. The results suggest that
in the Waihou, a limited increase in greenhouseeganay give rise to decreased
average rainfall but increased rainfall extremdsemgas under greater greenhouse gas
increases, the increase in rainfall extremes isetoas total rainfall volumes fall.
However as commented with the Uawa results, theentgiaties relating to these
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modelling results are high, and further model rwil be essential to confirm the
conclusions.

Waihou
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B2 (2070-2100)

w

a

o
T

)

W

o

o
T

Range of Max Daily Rainfall (mm

Month

Figure 27: Ranges of daily rainfall maxima for each month, calculated from the 30-year
bias-corrected RCM output for the Waihou catchment. Figure shows current
climate (black) compared with future climate under A2 and B2 IPCC emissions
scenarios. Lines give range of values, circles show values from individual years of
the RCM output.

4.2.2. Changesin flood risk (30-year return period)

In order to assess the changes in flood risk uoll®mate change, the 30-year rainfall
and temperature series from the RCM (current ckma2 and B2 climate change
scenarios) were used to drive the hydrological rhedé up for the Waihou. In the
Waihou catchment, three parameter sets were chasesqually good. Hence the
model is run with each parameter set in turn, givimree different flood frequency
records. The flood frequency curve is calculatededsre.

We can then assess the changes in flood frequehmhware possible under climate

change. For each return period up to 30 yearspe¢heent change in flood magnitude
under the A2 and B2 scenarios is calculated. Thadges are shown in Figure 28

below, for the gauging station in the Waihou catehtnThe values are shown as error
bars (ranges of values) rather than points to shioav uncertainty due to the

hydrological model parameter set.
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Waihou Catchment
Relative change in Flood Magnitude for A2 and B2 Climate Scenarios
Lines show range of values due to uncertainty in hydrological model
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Percent Changesin Flood Frequency expected under A2 and B2 Climate Change
Scenariosfor the gauging station in the Waihou catchment

Figure 28 shows clear differences between floodqueacy under the A2 and B2
climate scenarios in the Waihou catchment. UnderAB scenario (high emissions),
floods at all return periods are expected to bgelarapproximately 1.4 times the
discharge for current conditions. Under the B2 acen(moderate emissions), floods
at less than 3-year return periods are similarutoent conditions; and floods at 4- to
15-year return period will increase to approximatelice the current discharge.
Floods at the extreme 30 year return period arevshio become up to 2.6 times
current discharge; however, this result is highhcertain as it relies on the most
extreme event predicted by the models. As commeifatethe rainfall values, in the
Waihou it the B2 climate scenario which is predidte give the most increase in flood
discharges. For the A2 scenario, floods are stiieeted to be larger than in the
current climate, but the increase will not be asse

The following Figure 29 shows the changes in fli@djuency in terms of discharge
rather percentage change, to aid understandirfieafdta.
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Waihou Catchment
Estimated Flood Magnitude for A2 and B2 Climate Scenarios
Lines show range of values due to uncertainty in hydrological model
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4.2.3.
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Absolute changes in flood frequency expected under A2 and B2 climate change
scenariosfor the gauging station in the Waihou catchment

Rainfall generator results

In order to make predictions of flood discharge amdimate change for floods of

return period great than 30 years in the Waihoe,rtinfall generator (described in

Section 3.2) was used to generate rainfall sefi@®@0 years with the same statistical
properties as the 30 year sequence. As with thealdatchment, the rainfall generator
series are checked by comparison with the origR@\ output (Figure 31).

Figure 30 shows that as in the Uawa catchmentrdahdall generator is working
reasonably well in the Waihou, with the range dhfal maxima from the rainfall
generator surrounding the recorded RCM output ali;hfn most cases. At the 1-day
timescale, the rainfall maxima for a 2-year retpamiod or more extreme are higher
under both future climate scenarios, with the B2nstio producing the highest
rainfall totals.
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Figure 30:
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Maximum rainfall at different durations for the Waihou catchment, compared

between RCM output and rainfall generator output, for current and future

(A2/B2) RCM scenarios.

4.2.4.

Changesin flood risk (500-year-return period)

Using the 1000-year rainfall series produced by rdiafall generator, the Waihou

hydrological model is run for a 1000-year periodsimulate the extreme floods

possible in the Waihou catchment, under Curren7@2000), A2 (2070-2100) and
B2 (2070-2100) scenarios. The procedure to formflined frequency curve is the

same as for the Uawa catchment. The three plausilmieological model parameter

sets used give uncertainty in the flood frequencye.
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The results are used to calculate the flood digghtor return periods up to 500 years.
The results are shown in Figure 31. Floods up t@01@imecs at a 500-year return
period are predicted in the Waihou under the ckmelhange scenarios. At this
extreme return period both A2 and B2 scenarios giwglar ranges of values. This

discharge compares with 880 cumecs for the 500fy@aal under current conditions,

extrapolated from measured data. It is also importa note that the climate change
uncertainties become very large for such extrenmgrmeperiods, and therefore the
results can only be used to give an indicatioradd discharge.

Waihou Catchment
Predicted Extreme Flood Magnitudes for Current, A2 and B2 Climate Scenarios
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Absolute changesin Flood Frequency up to 500-year return period under A2 and
B2 Climate Change Scenarios for the gauging station in the Waihou catchment.
Solid lines show median predicted values, dashed lines show uncertainty bounds.

Seasonal impacts of climate changein the Uawa and Waihou

A brief comparison of the differing impacts of chte change on seasonal
precipitation in the two case-study catchments howsy below (Figure 32). This

figure shows that the climate change scenariosheaa significantly different effects

in different locations in NZ, dependent on predictdanges in local weather patterns.
In this case the reduction in seasonal precipitatiitals by 2070-2100 is most severe
in the projections for the Waihou catchment whers eéxpected to decrease across all
seasons for both A2 and B2 scenarios. In the Uaealhanges are less certain with
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totals under the B2 scenario, not greatly reduced fcurrent levels. By season,
spring rainfalls are predicted to be most severetiuced; which has implications for
pasture growth and requirements for irrigationhas tritical time of year. Rainfalls
during autumn and winter are predicted to be legsrely affected.
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Figure 32: A comparison of seasonal precipitation change under IPCC climate change
scenarios A2 and B2 for the Uawa at Tolaga Bay and the Waihou. Results are

split by season.

5. Conclusions

5.1. Development of the flood risk assessment framework

The flood risk assessment framework developed i1 study has been shown to be
able to produce projections of climate change irtgpaa rainfall patterns and totals;
and river flow and floods — at annual, seasonaldaily scales. The framework differs
from previous methods used to assess climate chamggcts because it is ‘process-
based’ — i.e. it explicitly models the water cytlgough rainfall, catchment water
balance and flow processes, and the changes inatez cycle under different climate
scenarios. This enables us not only to predictréuthanges in river flows, but to
understand the reasons behind the changes antfabts en the wider water resource,

and hence provides opportunities for improved irgtgl catchment management
under climate change.

This process-based framework allows us to draw dewange of conclusions and
understand changes to a wide range of processesllegting information from the
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models at the appropriate point. For example: aflitdtals and peaks can be analysed
for different areas of the catchment, flow can balgsed at different locations in the
river network giving detailed projections for sitgfsinterest. Feedback from end-users
in response to the presentation of results at thélidrological Society conference in
Whangerei (McMillaret al., 2009) was very positive; in particular the apilid make
projections of river flows at known gauging siteaswelcomed.

The results presented in the two case-study catutsnebosen for this study show that
flood frequency changes under climate change alelyndependent on location and
underline the importance of high-resolution modejliof climate and hydrological
processes, tailored for the individual river orcbaent.

5.2. Limitations, extensions and recommendations

The development of the Flood Risk Assessment fraoriewas designed as a short-
term (1-year) pilot study and has identified vasicareas where further work is
appropriate before the framework can be rolledtoyirovide national projections of
climate change impacts.

1. The Regional Climate Model simulations undempig this study are
currently being updated under FRST programme CO0X0&ith new
emissions scenarios, GCM boundary conditions andemlarged model
domain. Once these simulation results are availatiie bias in model
simulations compared to measured climate data béllreduced and the
hydrological model simulations should be re-run goovide improved
predictions.

2. The rainfall generator used in this study penfed reasonably well for
producing daily rainfall simulations over long tinseries. However the
following improvements are suggested as necessgfigreb further work is
undertaken: (i) The range of extreme-value distiims able to be fitted
should be increased, in particular to include hdaied statistical
distribution types. (ii) Rainfall generator feasilyi for application over large
catchments with high numbers of RCM grid pointsudtidbe ensured. (iii)
Alternative downscaling methods from 30km grid fmp@opriate scales for
small catchments should be investigated: currght#ylong-term mean rainfall
surface is used but the use of different rainfatfecces for storm event types
would also be beneficial.

3. During this study, the uncertainty in the cltem@&hange impact projections
due to the IPCC climate scenario, the stochastaitthe rainfall generator,
and the uncertainty in hydrological model paranseteere all taken into
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account to produce error bounds for the predicteddf discharge values.
However it would be desirable to additionally imdduthe uncertainty due to
which Global Climate Model is used to provide thegi®nal Climate Model

boundary conditions. In a concurrent FRST prograrf@@1X0804) the RCM

simulations will be placed in the wider context tok range of 12 GCM

simulations currently used by NIWA, and the resaftghis analysis should be
included in future work.

This study has also identified opportunities foe tthevelopment of climate change
impact scenarios to provide additional informattonNZ water resource and hazard
management practitioners. Due to the process-basedre of the Flood Risk
Assessment Framework which models the completerwgitde, statistics on changes
in soil moisture and soil water processes were @lected. Further analyses of these
statistics to provide information on changes ini@dtural conditions under climate
change would be expected to be highly beneficraladidition, the ability of the
rainfall generator to quantify rainfall patterns ierms of mixtures of statistical
distributions has the potential to provide an inwai method to quantify changes in
mean and extreme rainfall behaviour predicted leyRlegional Climate Model over
the whole of NZ.

5.3. Summary of climate and hydrological modelling results

This section gives a brief summary of the climatdelling results for the two case-
study catchments (Uawa and Waihou). These restdtdaken from the statistical
analysis of the Regional Climate Model simulatioosmparisons of current (1970-
2000) and future (2070-2100) climate projectiomg] hydrological model output. As
highlighted in the previous section, these resaitts based on A2 and B2 scenarios
from a single Global Climate Model (HadCM3 from tb& Meteorological Office),
and there is a need for further research to urataidtow the scenarios studied fit into
the range of alternative climate scenarios and GCMs

5.3.1. Seasonal and Annual Rainfall Trends

In the Northland and East Cape locations studied,hennual and seasonal rainfall
totals are expected to decrease under climate ehsymical changes are between -5%
and -20% of current rainfall totals. Spring raifdadre predicted to be most severely
reduced; while rainfalls during autumn and winteg predicted to be less severely
affected. The decrease is predicted to be morereseee the A2 scenario (high

emissions) than the B2 scenario (moderate emigsiand more severe for Northland
than for East Cape. In Northland, approximate ptedi change in annual total is -
15% to -20% (A2) or -10% to -15% (B2). In East Cag@proximate predicted change
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in annual total is -10% to -15% (A2) or 0% to -5%B2]. Exact values depend on
which location in the region is used.

5.3.2. Changesin Seasonal Extreme Rainfalls

The extreme rainfall values which can cause floskdsw different patterns under

climate change than the changes seen in seasormhmual totals. In the Uawa

catchment the overall pattern seen is a drier ¢érnbait with more severe storms and
flood events. Again there are differences accorttingeason: rainfall extremes change
little over the autumn, winter and spring month@i(A Dec), but during the summer

period (Jan — Mar) there are significant increasesinfall extremes in the 30-year

future scenario under both A2 and B2 scenariosh Wit highest projected daily

rainfall totals up to double those measured inctireent climate.

In the Waihou catchment, the picture is more compfemoderate carbon emissions
scenario (B2) is projected to have similar effdotshose in the Uawa: drier winters
but more extreme rainfall in the summers (Dec —)Maath 30-year daily extreme
values simulated to double. However under the ra@teeme climate change scenario
(A2), increases in the daily rainfall extremes krgs severe, which we hypothesise
may be due to the overall decrease in rainfall.

5.3.3. Changesin Flood Frequency (30-year data)

By using the simulated rainfall data for differegmhissions scenarios to drive the
TopNet hydrological model, the changes in raindairemes and patterns can be used
to model changes in flood frequency.

In the Uawa catchment, under the B2 scenario, §dodreturn periods up to 30 years
are expected to be larger, having approximatelytiin@s the discharge seen in current
conditions. Under the A2 scenario, floods for retperiods up to 10 years will be

little changed (0.9 — 1.1 times current dischargej;floods at the 15 — 30 year return
period may become significantly larger, up to li®es current discharge. For

example, the current 10-year flood of 808stis projected to increase to 900-1100
m’s™; the current 30-year flood of 1100°sn is projected to increase to 1300-1400
m’s™* (B2 scenario) or 1700-2200°st (A2 scenario).

In the Waihou catchment, under the A2 scenarimdioat return periods between 2
and 30 years are expected to be larger, havingzippately 1.4 times the discharge
seen in current conditions. Under the B2 scen#ldogds at less than three years return
periods are little changed; but floods at 4 — 3@rgeeturn period may increase to
twice the current discharge or even higher. Fongle, the current measured 10-year
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flood discharge is approximately 400°sT this is projected to increase to 600-700
m’s™ (A2 scenario) or 850-900%s1 (B2 scenario).

5.3.4. Changesin Flood Frequency (1000-year data)

The hydrological model was also used to simulatedicharacteristics during a 1000-
year simulation, using input data from the rainfg@herator. This information gives an
indication about the magnitude of extreme flooddasrclimate change, but is highly
uncertain due to the high level of extrapolatioeded.

In the Uawa catchment at the Willowbank gauge @enHikowai branch, the 500-year
flood under current climate conditions is predictecbe 1650-1900 e, calculated
by extrapolation using standard extreme value thednder climate change scenarios,
this discharge is simulated to increase to 200®318" (B2 scenario) or up to 2900-
4000 mis* (A2 scenario), with the higher emissions scentiraefore giving rise to
more extreme flood events. In the Waihou catchntbiet 500-year flood is currently
estimated to be 830-930°s1, which could increase to 1100-1400sh(B2 scenario)
or 1000-1500 5™ (A2 scenario).

6. Summary of research outputs

Five presentations were made during the reseaaodraanme. These are listed below:

1 McMillan, H.K., Jackson B., Poyck, S.
Impacts of climate change on river flow and floods: summary of proposed research.
Presented at the New Zealand River Managers Forum, Wellington, March 2009.

2 McMillan, H.K., Jackson B., Poyck, S.
Impacts of Climate Change on River Flow and Floods. Presented at the New Zealand Climate Change
Conference, Wellington, 2009.

3 B. M Jackson, H. K. McMillan, S. Poyck, B. O’Leary
Increasing confidence in model predictive capabilities under climate change through diagnosis of internal
fluxes and storages
Poster presented at the American Geophysical Union Fall Meeting, San Francisco, 2009
Refer to Appendix A for full text of the poster.

4 McMillan H.K., Jackson B., Poyck, S.
A framework for assessing the impacts of climate change on river flow and floods, using dynamically-
downscaled climate scenarios
Presented at the New Zealand Hydrological Society Conference, Whangerei, November 2009.

5 McMillan, H.K., Jackson B., Poyck, S.
Impacts of climate change on river flow and floods: review and findings of the 1-year research program.
Presented at the New Zealand River Managers Forum, Wellington, March 2010.
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Appendix A: Poster Presentation

The poster below describes results of the propbgective to compare the
TopNet catchment model to a 3D Richard’s equati@dehand experimental
data from the Uawa catchment. The poster was pesseat the American
Geophysical Union Fall Meeting, December 2009, Bamcisco.
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Appendix B: State equations of TopNet

There are five components of storage of water sul-catchment. They are the
canopy storage (Sc), snowpack storage (Ss), soilpai zone, storage (Sr), aquifer
storage (Sa), and overland flow storage (So). Mbeement of water in time t into
and out of each of these storages is describediffeyetial equations. The three that
are relevant to this project are:

ds
dt

r:i_er_d [EC]Bl]

where

S is soil storage

i is the infiltration rate

e is the evaporation rate,

dis the rate of drainage from the soil to the aquife
tis time.

ds
a=d- Eq. B2
it Gy [Eq ]

where

S, is aquifer storage,

dis the rate of drainage from the soil to the aquife
Oy is the baseflow rate,

tis time.

ds
dto = qix + qsx + qb - qo [Eq BS]

where

S is overland flow storage,

Oix Is the infiltration excess overland flow rate,

O IS the saturation excess overland flow rate,

0y is the subsurface runoff rate,

0o is the basin outflow rate from the surface ster@gthe river network,
tis time.
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