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Executive summary

Using a regionalised ied-frequency method, estimates of high intensity rainfall for all New Zealand
have been revisetbr use inthe High Intensity Rainfall Design System (HIRID&) update of HIRDS

has been prepared in consultation with Regional Councils and was fundedjthamuEnvirolink

Tools GrantThe project has endeavoured to utilise all available historical records and the mest up
to-date rainfall measurements gathered from multiple agencies. This comprehensive data set has
enabled more accurate estimates of mediamaal maximum rainfall and more robust

regionalisation of growth curve parameters than was possible in earlier versions of this work. This is
particularly true for suldaily event durations and even more so suturly durations.

The main purpose of HIRBES6 provideestimates of high intensity rainfall at ungauged locations for

a range of return periods and event durations. These dehttationfrequency (DDF) tablesan be

used for design storm assessment and in the design of flood protection workdtadaaterway
structures.HIRDS DDF tables can also be used for flood modelling, including flood routing, retention
basin design and inundation mapping activities, helping to minimise flood risk within communities
across the countryin certain circumstares HIRDS may be used for pegent analysis, however, it

has been designed torovide reliable estimates of return periods at ungauged locations, not to
replace sitespecific extreme value analysis at gauged locations.

The impact of future climate changa extreme rainfall has been assessed using regional climate
model simulations of rainfall over New Zealand. From these simulations, amplification factors that
can be applied to deptdurationfrequency tables have been estimated for four different emissio
scenarios and two future time slices. These factors allow estimates of future extreme rainfall
intensities to be derived based on those calculated from historical rainfall records.

Several establisheareal reduction methodologies have been applied tifedent regions across év
Zealandandusing themostappropriate, aea reduction factors have bearstimatedfor three

regions in Mw Zealandand extended to apply to New Zealand as a whalBterature review and
extensive analysis has been made irgmporal design storm patterns and storm curves have been
estimated forthe sixmain climateregionsof New Zealand.

This report is intended to be a technical documentation of the data and methodology used in the
HIRDS analysis. Summary information and sste tie estimates of high intensity rainfall derived in
this report along with climate change projectioris available througtihe online tool found at
https://hirds.niwa.co.nz
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Reliable and Iaally relevant estimates of extreme rainfall intensities are vital to a large variety of
planning and engineering praotis. Theséncludethe desigrnof infrastructureto protect human life
and mitigate damagé&om flooding rainfall and runoff design guidelinedesignstorm analysis and
flood hazard planning

To this end, with support from Regional Councils, an update to the High Intensity Design Rainfall
System (HIRDS) has been performed via an Envirolink Tools Grant. The previous version of the HIRDS
tool (verson 3) was in urgent need of upgrading as, although launched in 2010, it was mostly based

on rainfall records up to 2006. The large increase in automated raingauges in the last two decades,
and the realisation that many older records were not includechim HIRDSv3, meant that theie

valuable additional insight into storm desigmbe gained by updating the HIRDS tool.

The main purpose of this work is to develop a method anéssociatetbol to estimate high

intensity rainfall at ungauged locations farange of return periods and event durations. The depth
durationfrequency (DDF) tables produced using this method are expected to be used for design
storm assessment and in the design of flood protection works and other waterway structures. The
DDF tal#s will also be applicable to flood modelling, including flood routing, retention basin design
and inundation mapping activities, thereby helping to minimise flood risk within communities across
the country.

In certain circumstances, the resulting tool nago be used to estimatesturn periods for post

event analysis, for example comparing a particular rainfall gauge event magnitude to the equivalent
DDF output. However, except for cases where the gauge record is short, it is preferable to estimate
the ewent return period directly from an extreme value analysis of the gauge record itself. That is, the
main purpose of the tool developed here is to provide reliable estimates of return periods at
ungauged locations, not to replace sitpecific extreme valuanalysis at gauged locations.

Extreme rainfalin New Zealantias beerstudied for many years, witbarlyinvestigationsnto the
frequency of heavy rainfall publishéy the New Zealand Meteorological SenjiBebertson1963;
Seelye1947] Fdlowing that severafregional frequeng analyses of extreme rainfalls and floods
have been undertaken in New Zealdfidhompson1992; 2002; 201T,omlinson 1980, for rainfall]
[Beable and McKerchat982;McKerchar and Pearspth989, for floods]A computerbased
procedure for estimatig rainfall event quantiles, called HIRDS (High Intensity Rainfall Design
System), was first developed in 1992 and was baseti 8nYy' f A y188R]graphkical method b
rainfall frequency analysis.

In 2002, the calculation of high intensity rainfallaskevised and updated to incorporate a large

increase in archived rainfall datand to take advantage of the robust analysis techniques afforded

by regional frequency analysihis version (HIRDSv2) was available as a Windows® executable. In

2011, a revised and updated analysmcorporating many regional council gauges and feedback
previousversiongg I & O2YLX SGSR IyR (KS NBadzZ da YIRS | @ Af
website (HIRDSvV3).

The underlying method in the secoadd thirdversion of HIRDE' hompson2002; 2011js an index

frequency procedure. The indesariable is a relatively common evditakrymple 1960;Stewart et
al., 1999] such as the median annual maximum rainfall that can be computed typically from the

High Intensity Rainfall Design System 9



available record. The frequenawriable is derived from a regional analysibere data from several
sites are combined to estimatedamensionless rainfall growth curvehichrepresents a set of
factors at different recurrence intervals relative to the index variable.

This report describes a further revision of HIRDS which includes additional rainfall observations that
were not includedn HIRDSvV3, both recent records to bring the tool up to date and older records that
were missing from previous versions. The rainfall data aneppseessing methodology are

described in SectioB. The underlying indeftequency procedure is very similar to that used in the
previous version of HIR28d is described in Secti@n This section also explains how the depth
durationfrequency tables are calculated including a discussion onthewool has been extended

to include event durations of 4 and 5 days and return periods of 250 years.

Sectiord covers a new analysis that has been performed to uptiadefactors used to estimate the
response of extreme rainfall toiciate changeUsing the regional climate model simulations

performed by NIWA based on four future climate scenarios (relative concentration pathways or
RCPs) estimates of the change in rainfall depth, for different event durations and frequencies, have
been calculated for both the mid and late 2tentury. Sections and 6 provide some background

and guidelines for the use of areal reduction factors and temporal design storm profiles, respectively.
These sections evaluate and desciibe most appropriate methodologies to use within New
Zealandbefore providingesults fordifferent regionsand New Zealand as a whole
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To generate nationwide estimates of maximum precipitation depth over agrahgurations and

return periods it is necessary to have a comprehensive dataset of rainfall observations covering as
much of the country as possible. In addition, to estimate low probability events very long records are
needed. For optimum results, theit is important to gather as many precipitation records as

possible.

2.1 Sources

In NewZealandthere aretwo main repositories for rainfall records, both manddey NIWA,; the
Climate Database (CliD&)d National Hydrometric Databas&liD).

CIiDB contaisclimate station observations frotmoth manual rain gauges and automatic stations
that arenow managed by both NIWA and MetService. In addition, CIliDB also hosts weather
observationdrom approximately 120 sites managby Fire and Emergency New Zealafite NHD
contains rainfall observations collected mainly for hydrological purposesaidhisveincludes
hydrology sites managed by NIWA and dietals copies of many of thecordsstored inNew
Zealand Regional and District Council archieaddition,rainfall data was sourced directly from
Regional and District Councils.

2.2 Station coverage

This HIRDS update has expanded the rainfall dataset by extending the end date of the rainfall records
obtained from CIliDBom 2008 to 206, an additional 8 years oath. For NHD data, the end data for
HIRDSv3 was 2005 for about 2/3 of stations and 2008 for the remainder; this has been extended to
2015 for HIRDSwekcept forAuckland Council which extends to early 2017

HIRDSv4 has B#lditional manual statiopwith at least 6 years of monthly data bringing in a total of

881 additional years of daily rainfall observatioAdditional CliDB stations with at least 6 years of
hourlyrainfall observations number 193toviding a combined total of 2785 additional years ofadat
Many of these sites are part of the network managed by Fire and Emergency New ZEalah@l.

minute observations, there are 23 additional CliDB stations totalling 178 years of data. There are 192
additional stations available from the NHhbEoviding aotal of 2360 additional years of data for all

event durations.

The total number ostations used in HIRDSv&8#&04and the numbers of stations available for the
various duration classes are showrilablel. The geographical corege of these sites is displayed in
Figurel which also shows which sites are new and gives an indication of their record length. It is
clear that some regions of New Zealand have much better coverage than others and this generall
correlates with population density. In particular, the south west of the South Island, inland from
Kaikoura and the Central Platehave lower station density thaother areas.

Tablel: Number of stations and statiotyears availake for three main groups of durations. Suiourly
includes 106, 20- and 3Gminute durations while subdaily includes hourly to 1zhourly durations.

Subhourly Subdaily Daily
Number of Stations 1134 1353 3402
Number of StatiorYears 22373 25929 97854
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Record length
+ 5-9years
+ 10-19
* 20-49
® >=50

Record length
- 5-9years
+ 1019
« 20-49
* >=50

* Sitein HIRDSv3
* New since HIRDSv3

¢ Site in HIRDSVv3
* New since HIRDSv3

Figurel: Climate staion coverage for HIRDSv4 for -ifinute (left) and 24hour (right) durations. The size of
each point represents the record length and red points are stations that are new since HIRDSv3.

2.3 Data preprocessing

Ranfall records are stored in a variety of formats in the source databases. Most of the NHD records
and some in CIiDB are storedeagntswhere each data point contains both a rainfall depth and the
duration over which it fell. This format allows high teonal resolution data to be stored in a

compact form as long dry periods can be stored as single events. Conversely, many of the records in
CIiDB are stored as tinseries with regular temporal spacing. The different accumulation periods

used in CliDB inalie 10minute, 1 hour and 24 hours.

2.3.1 Creating monthly maxima

To be of use for the regional frequency analysis, the source rainfall data needs to be processed to
produce monthly maxima for each of the standard durations used in HIRDS. For version 4, these
durations are 10, 20 and 30 minutes; 1, 2, 6 and 12 hours; and 1, 2, 3, 4 and 5 days. Monthly maxima
are calculated simply by finding the maximum rainfall that fell over the required duration any time
during the month in question. There are howeverapleof points that need to be taken into
consideation during this calculation.

Firstly, the (artificial) boundary between months should not limit whether an event occurred. That is
when searching for the largest event in any month, the end of the precedaorghmand beginning of

the following month need to be included. This leads to the second issue, which is that an event (or
part of an event) should not be double counted. Wheaxima from consecutive months are being
calculated, it is necessary to ensuratlif an event which straddles the month boundary is assigned
to one month, then any part of that event already accounted for should not also be included in the
largest event for the second month.

In practise, the simplest way to avoid these issues isdogss the entire rainfall record forgaven
site and event duration at once. This can be done iteratively by first finding the largest event;
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assigning it tahe correctmonth; removing that month and event from the record; and then
repeating the iteran by finding the next largest event in the redor

For records stored as regular tirseries, the shortest duratiofor monthly maxima is of course the
same as the temporal resolution of the original record (hence a much larger number of stations
availabk for daily durations than subiaily or subhourly). Foreventbased rainfall records, it is
convenient to convert the record intafixed frequencytime-seriesso it can be processed into
monthly maxima using the same methodology, however it is impotttaat the temporal resolution
of this intermediate stefis not so coarse that errors are introducethis can be ensured by setting
the intermediate resolution at least 10 times shorter than the required duration.

2.3.2 Daily measurement adjustment factors

When aiily data (usually recorded from 9am to 9aamg used to estimate monthly maxima,

significant errors are introduced due the rigid sampling that has been imposed. When a maximum
is found for a given month, the chance that the true maximum was missedibedbstraddled two

daily measurements is quite high. Adjustments should be made to monthly maxima calculated from
daily observations to account for this bias. Adjustment factors appropriate for New Zealand can be
estimated using available swdaily rainfll records by comparing the true monthly maxima to those
obtained when only using rainfall accumulations from 9am to 9am.

Adjustment factors for 1 through-8ay durations were estimated from the HIRDSv4 data set and are
shown inTable2. These values are slightly different from those used in the previous version of HIRDS
and although slightly larger than those given by the WMO, they are broadly consistent with both sets
of adjustment factors.

Table2: Adjustment factors for monthly maxima derived from daily rainfall observations

1 day 2 day 3 day 4 day 5 day
WMO 1.13 1.04 1.03 1.03 1.02
HIRDSv3 1.14 1.07 1.04
HIRDSv4 1.148 1.056 1.045 1.036 1.030

2.4 Merging of neighbour sites

Precipitaton exhibits larg fluctuations in both time and spa¢see for exampléustin and Houze
1970} yetdespitethis near neighbour rainfalls tend to show high insite correlations
[Nandakumar et a).1997] For this study, rainfall sites within 500 of each other were merged into
composite site serie distance 0600m was used as it is largmough to capture small site
relocations, but well within the Rm resolution of the final HIRDS surfaces.

Merging of neighbouring siteslowed theextension of the monthly maximiame series if they were
mutually exclusive. Where rainfall records ovppad, the maximum value of the contributing sites
was chosen for the extreme rainfall seri@is process also provided an estimate of the extreme if
missing values existed within any of the serisighbouring sites were chosen in an iterative
processhy first grouping the closest sites together then checking if any additional sites are still
within 500m. This prevents combining two sites together which may be closer tham500t

would be better left separate and combined with other, nearer statidraalgamation reduced the
total number of sites t8168
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A fundamental issue in the estimation of quantiles is the need to extrapolate to recurrence intervals
significantly larger than the available recordssecond issue the ability to estimate quantiles at
locations for which no observed records are availaBtghissuescan be solved using

regionalistion, a standard practice for improving the estimation of event quantiles at sites with
comparatively short records. Amgrihe various regionation procedures, a widely used onelig
indexflood (also called indexainfall or indexfrequency) method first proposed Wyalrymple[1960]

for flood frequency estimationThe basic principle of this approach is defining statistically
homogeneous regions containing sites with similar frecy distributions apart from a saad factor

(the index variable).

Dalrymple defined the indexariable as the mean annual flood (j.#e 2.33year recurrence

interval derived froma Gumbefrequency curve for each site), and the regional growth curve
(frequencyvariable)asthe median of afsite event quantiles estimated from empiricatsite growth
curves.In this studythe median annual maximum rainfall has been used for the indegcaling,
variable and the Generalised Extreme Value distrilbutias been used to model the frequency
distribution, or growth curvelnstead of dividing the country up into fixed homogeneousioas, this
study finds nhomogeneous region for each rain gaug@ese regions will overlap and provide
enough data to deriva frequency distribution for each gauge. The details of this methodology are
described in this section.

3.1 Rainfall index variable

In this report, and in line with other studig$;aulkner 1999;Jakob et al.2007;3ewart et al, 1999;
Thompson2002]the median annual maximum rainfall, , was used in preference to the mean

annual maximum rainfall. The median has an annual exceedance probability (equivaleniltofl

0.5, corresponding to an annual recurpeninterval of 2years and is expected to be exceededery

20KSNJ @8SIENED a2NB AYLRNILFyYyQ(ft &dstridutionlacationandd2 6 dza G | y
not usually affected by the skewness of the distribution or by the presence of oulievgever, the

standard error of the sample median is gerigrdarger than that of the sample mean.

Robson and Reddi999]providecomplementaryprocedures in computing the indesariable(in their
case flow ratepased on the record length of the availablesite data. For series with at least 14

years of ranked annual maximagtimedian annual maximum éasily found ashe middleranking

value or 50 percentile. When the record length is shortdata are extracted in a peakser-
threshold(POTYorm, and an annual exceedance series is created containing on average one event
per year. In general peakwerthreshold can provide improved estimates of event quantileish

smaller standard errorsas the procedure utdes multiple rainfall exceedances in a year that would
otherwise not be included there were just annual maxianFor this analysis, monthly maxima were
used in the POT approach instead of a full daily (or similar) time series. This means the series only
approximates the true POT distribution, as independent storm maxima may occur in the same
month. However, as oylthe median annual maximum is being estimated here, this approximation
will have minor impact.
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3.1.1 Peaks over threshold technique

Robson and Redti999]provide the theoretical link between peakserthreshold and annual
maximum seriedf the POTeriesfollowsa Poisson proess then the annual exceedance probability
(' %0 of an event with magnitud2 is given by

500 p Q

where_ is the exceedance rate which can be estimated at each ordered position of a POT series of
length0 as

8

= 0
'Y  is evaluated by finding the two points in the POT series which are alaMestowan® O0
of 0.5(CY andY ).'Y isthe weighted average of these two points

Y oY p 0Y
where is defined as
, Yw
V) ~ o oo
Y w Yw
using the reduced variate B
<, . .000
Yo | +——8
p o0OvU

A POT series can be tested to see if it follows a Poisson process by evaluating its index of dispersion,
'O, which is defined as the ratio between the variance and mean of the number of events per year. If
‘Ois cbse to 1, then the series follows a Poisson process. For the HIRDS dataset, the mean of the
index of dispersion over all stations (weighted by the length of the POT series) comes to 0.97, so the
assumption that events occur randomly in time seems valid.

Avariation of theRdoson and Ree[1999]scheme was applied in this study. At sites afZ® years

of records, the median annual maximum is determined from ranked monthly maxima using a peaks
overthreshold method, while at sites with longer records (more than 20 years)5@h percentile of
ranked annual maxima were computdeigure2 shows a scatteplot of the index rainfall computed

by the two methods regardless of record length. On likexis of the median from the annual

maximum series, and on th@axis are the median from the equivalent peakser-threshold

approach. There is very close agreement. Points with greatest departure from equality line tend to
be sites with relatively short records.
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Figure2: Scatter plotof median annual maximum rainfaflor all standard durations On the yaxis are
medians obtained from the 50 percentile of annual maximum rainfalls, and on theaxis the medians are
computed from a peaksver-threshold method of monhly maxima Thered line is the1:1 line.

3.1.2 Standard error estimation

As no assumption has been made on the underlying frequency distributiénh for, resampling
methods[Robson and Reed999]are used to estimate the uncertainty (or standard errors)
associated with thenedian annuamaximum rainfallFor large sample sizes balanced resampling
method is used, and for small record lengths, a factorial standard error approach is used.

The basic idea of resampling is to take the observed data set and generate hypothetical samples
[Reed 1999] In balanced resampling, the observed data values are replicatiéaies to form a
supersample data set. These values are randomigndered and divided int@ sets of data. The
median of each resample is derived from which the standard girrd®s computedThis method has
been used to estimate the standard errfor’Y  calculated from annual maxima series.

The factorial standard erroiQi ‘QQ , is the exponential of the standard error on a logged scale,
and is used to estimate the uncertainty'yh  in terms of multiplicative errorfRobson and Reed
1999] Empiricdly derived factorial standard errors from New Zealand data sets are givieabie3.

Table3: Factorial standard errors for selected record lengths derived from annual maxima rainfall series

N 6 8 10 12 14 16 18 20 25 30

I ve 1179 1.154 1.138 1.126 1.117 1.109 1.103 1.097 1.090 1.080
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These were calculatdoly estimating thestandard error via balanced resampling for each different
record lengthValues close to 1 indicate good estimates of the medirarual maximaFactorial
standard errors have beamsed to estimate the standard error fof ~ calculated using the peaks
over threshold approaclAs the standard error is approximately symmetric ab¥ut , the
uncertainty associated with thmedian annual maximumisQ 'Y  "Qi Qp .

When the logarithm of the median annual maximum estimate imdtandard errorare compared,
there existsa linear relationship between tme (i Q @Y ) that is largely independent of
duration andsample sizeAs shown irFigure3, which contains all durationsyrorsincrease as
medians increasdJsing linear regressionnampirical relation for uncertainty ity is found to
be

fompy 8
whichis similar tathosefound for the earlier versiasiof HIRD$Thompson2002; 2011]

Al Correlation; 0.845
y=0.92x +-2.12
se =0.12R"%

N —]

—_—

[e}]

3,

o

o
o -
[N -

log(Rwien)

Figure3: Relationship between the logarithms of the median annual maximum rainfall and its standard
error.

When this relationship is fitted for each duration separately, the paramebensd ®are broadly
congstent, although the smaller sample sizes (particularly for shorter durations) result in some
variability between estimated~(gue 4). While this empirical method for estimating the standard
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error in median annual rainfall is natcurate for all locations, it has been used in this study for
locations where no other estimate was available.
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Figue 4: Parameters for the empirical standard error relationship as derived for each duration. The solid line
shows the estimated parameters when fitting to all durations.

3.1.3 Mapping the rainfall index variable

Surfaces of median annual maximum rainfall were fitted with-adriate thinplate spline, with the
three independent variables being easting, northing and&tien above sea levelhe trivariate
spline allows for a continuous spatially varying dependence on elefdigichinson 1995] is well
suited to applications over complex terrain as is found in New Zealand, and can provide a robust
method of surface fitting meteorological data from madtely sparse data networkF ait et al,

2006] Correctly specifying elevation units is critical to the performance ofphate splines
[Hutchinson 1995] as a rule the elvation scaling should bed@ times the horizontal scal&Vith
position coordinates in kilometres, elevation should be in decametres.

All 12 surfaces were fitted using a common signal to error ratio and were mapgpieg the
ANUSPLINoftware packagento a 2km by 2km digital elevation model. Fitting multiple surfaces
simultaneously (i.e10to 30minutes 1to 12 hours, and 1 to 5 daysnsures consistency between
the surfaces in the group. For 1®30minutesthere were 957 sites available, for 1 t8 hours there
were 1123 sites availabland for thedaily durations 2848ites The three groups are analysed
separately to allow for the larger number of sites available at longer durations

Following the spline interpolation procedyr& bias correctiorstep has been performed to ensure
that the largestY  values have not been excessively reduced by the smoothing process. This was
done by performing quantilguantile matching between the station and spliive  values.
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Maps showing thd 0 minute, 1hour and 1daymedian annual maximum rainfall over New Zealand
areshowninFigure5.¢ KS A GNRy3I Ay TFidsSyOoS 2F bS¢g %SIftlyRQa
noticeable in particular for the 1 day duratioim thatthe largest values are found in the

mountainous regions of both islanddowever, for thelO-minute duration, the north of the North

Island has values of similar magnitude to the mountainous regions and the west coast of the South
Island.

10 minute

64 128

Ruep

256 512

Ruep

Figure5: Median annual maximum rainfailmm) for 10 minute, 1 hour and 1 day durations. Note the
different logarithmic scales.
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3.2 Frequency distributiomnd regional growth curves

The second component in the indéequency method is theel/elopment and application of
regional growth curves derived from cumulative frequency distributions of fitted annual maximum
rainfalls As in the previous version of HIRDS,@aneralised BEseme Value (GEV) distributiamas
selected to fit annual maximm rainfalls in New Zealand for the 52orm durationsused in this

study.

3.2.1 Generalised Extreme Value distribution

The GEV is a flexibkaree-parameter distribution that combines three extreavalue distributions
within a single framework: the GumbgV1) Frechef{EV2)and WeibullEV3)Jenkinson1955] The
parameters of the distribution arg 1, and Qthe scale, location and shape respectively) with a
cumulative frequency distribution function given by

. T~ =
"0 Q ) h ~Q L @
Q h Qmn
whered @ * 7, andQis the shape parameter. Whé@d T, the three parameter GEV
distribution reduces tolie 2 parameter Gumbel) Ttcorresponds to a lower bound, heatail
Frechet distributionand@ 1tto an upper bound lightail Weibull distribution
The firstthree Lmoments of the GEV are
. . P 3p 0
= '?'Q ]
»P G 3p 0O @
= "'Q
o
7t P9
P Q
where the t L-moment ratio is analogous to the conventional coefficient of skewness and
T  _ 7_ is the kcoefficient of variationand_ is the mearfHosking 1990}

Two common methods of estimating the GEV parameters are method of maximum likkhdo

the method of Emoments.Morrison and Smitf2002]proposed methods for estimating the GEV
parameters that combine both maximum likelihood anchtment methods. Subsequentijlliot et

al. [2011]extended their method to include the asymptotic covariance structure of the estimates.
Theparameter estimattn methoddenotedML1 by Ailliot et al.[2011]is used here, wére the shape
parameter is determined using maximum likelihood, the scale and location parameters are estimated
by moments. This ifke the MIX2 method iMorrison and Smitf2002], but subject to an

additional constraintof T® Q T1®.

Although'Gis estimated using the mixedrhoment and maximum likelihood M1 method, the
subsequent mapping of the frequency distribution parametees performed on the-moment
ratios soinvolved determiningt andt .

Parameters othe GEV distribution were fitted to data for each of tHgdurations at each site
provided there was at least Mears of annual maximum rainfalls fine subdaily durations, and 18
years for the daily durations. This reflects the relative lengths etidta where the record lengths of
the annual maxima are generally smaller for-slaly durations than for the longer durations. The
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minimum record length is also a compromise between fitting GEV distributions with small amounts
of data which can lead tdifficulties inreliablyestimating the shape paramet@lcu and Stedinger
1992;Martins and Stedinger2000] and having a sufficiently large number of tpldy distributed

sites across New Zealand in order toguce acceptable nationwide maps of GEV parameters.

3.2.2 Regionalisation

Regional frequency analysis is a common method used in the estimation of quantiles when rainfall or

river flow records are too short to allow reliable estimation of long recurrence iatenA region of
influence is a sitespecific region with a collection of sites with similar extreme rainfall properties that
can be used in the estimation of quantiles at the site of intefBstrn 1990;Burn andGoe| 2000]

The collection of sites should be able to form a homogeneous region, and ideally the site of interest
should be close to the centre of the group of sites as determined by an appropriate similarity
measure[Burn 1997]

The number of site to include in the region of intere chosen to provide a large enough total
number of statioryears U , while retaining homogeneity within the group of sitéfosking and
Wallis[1988]recommended the use of 20 sites as being optimal, whilekie and Pess¢E090]
suggested thaat least 300 statiofyears provided stability. More recently has been recommended
by Burn[1997]andRobson and Redd999]to use 5 times the length of the required recurrence
interval as a guide to the optimal total number of statipears. Using thisule of thumb, the
maximum recurrence interval of 250 years that this version of HIRDS is required to moggsts a
total numberof stationyears of 1250However, because the 18@ar return period will be more
commonly used, a lower value of 100€ays has been used for , as a compromise between 500
and 1250 station years for return periods 100 and 250 years, respectiazlgubdaily durationsp
has been reduced further to 800 due to the sparser network ofdaily observations.

Stations should not be ihaded in the region of interest simply to achieve the target number of
stationryears if they are too dissimilar from the central site. Homogeneity of stations is engarad
three-stage process. Firstly, for each site and duration, stations are ordexsatlton geographic
distance from the target site and enough sites are selected to bring the total statiars toc 0 .

Secondly, a similarity metric is used to rank thesesditased oselected station attributes antb

remove those which are too dissimilar. The attributes used in this step were the second and third L
moment ratios t and?t ) and 90" percentile of the annual maxima seriéhe metric used was the
Mahalanobis distance, which considers not only the grauprage of all the sites but also the
covariance structure of the attributg€underlik and Burr2006] Sites that fail thédosking and
Wallis[1997]discordancy test at the 10% confidence are removed from consideration.

Finally, the remaining stations are removed in order of their dissimilarity as measured above to
ensure the total statin-years is less thaih and also that the region as a whole is homogeneous.
Homogeneity is ensured following the methodology describeiiglione et al[2007], where either

the ksample Andersoiarling rank test or thélosking and Walligl997]" 0w test is used

depending on whether the regionaldoefficient of skewness is greater or smaller than 0.23,
respectivelyTheAndersonDarlingtest is based on comparing individual sites with regional empirical
distributions. Sinificant heterogeneity in theegion of nfluence is found by estimating the 0.05 level
of significance by Monte Carlo simulatiofihie’Ow test compares the variability oflnoment ratios

for the group of sites with the expected vabifity obtained from simulation and Ow ¢ then the

region of influence isdefinitely S § SN2 3Sy S2dza¢ ® { A0Sa I NBemgonN2 SR

is found to be homogeneous or the total number of statigrars does not drop belowd® 0 . The
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percentage of sites whose region of influemeenainedheterogeneous (in order to keep the number
of stationyears at an acceptable level) ateosvn inTable4.

Once the region of influence has been established, regien@ment ratios(t andt ) arefound
by taking theaverageoverthe individual sitesveighted by an effective record lengfRobson and
Reed 1999] This can be expressed

where0 is the number of sites in the region of influence, ands an effective record length at site
"Qdefined by0 Yt . Here¢ is the actual recortength and’Yis a similarity ranking facta@iven

by

Thus the mostsimilar site has a similarity ranking factor of 1, while atléestsimilar site
'Y ¢j¢& E ¢

Table4: Percentage of sites remaining heterogeneous following the Viglione homogeneity testing strategy.

Duration 10m 20m 30m 1h 2h 6h 12h 1d 2d 3d 4d 5d

% 53 36 3.8 0.7 1.7 0.6 0.6 0.4 0.6 0.7 13 14

3.2.3 Frequency clustering over event @tions

Frequency distributions, at a site averaged over a regiofitted to data from different durations

are not always consistent. For examglee 12-hour 108year rainfall event could be smaller than the
6-hour, 100-year raingll. To minimize thisaurrence Durrans and Kirbj2004]proposed a three
class data typing based on the duratiofstorm rainfalls; daily, hourly, and stiourly. This has
somemeteorological equivalenc® synoptic (dailyandconvective (sudhourly) storm typing
reflecting the dominant dynamic atmospheric processes associated with such rdiffafapson
2002] However, he datatype for durations from X, 12 hours is likely to bablend of both
convective and synoptic scale processes as the storm dynamics transition froimagibconvective
processes to synoptic rainfall processssduration increases

More refined datatypes have been used in this study by using hierarchical clustering of the
regionalised Imoment ratios Figure6 shows the clustetree derived using botti andt using
only those sites which have data for all durations. This ¢@@ebe nicely divided into either two
groups (durations up tand above hours) or four groups (sutourly, hourly (1 & 2 hy), sub-daily (6
& 12hr) and daily) Thelatter grouping seems most appropriate as it avoids ciinly durationshat
have quite different properties, i.e10 minutes with Zhours or 6hours with 5 days.
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Figure6: Clustering tree based on regionaliseehioment ratiosover the 12 event durations.

Durrans and Kirbj2004]adjusted the kmoment ratios so thathey would vary from site to site, but
would remain constant across all durations with the given dgpe, by computing averages of
original kmoments for the constituent durations. To maintain consistency, the original second L
moment,_ , and the coresponding and, are adjusted to conform with the mean ¢oefficient of
variation,t , for the datatype.

3.2.4 Mapping thefrequencyvariables

Surfaces of regionatdoefficient of variation ) and Lcoefficient of skewnesd () for eat of the
datatypes were fitted using a common signal to error characteristic, and were mapped orkma 2
by 2km spot digital elevation model using the ANUSPLIN suite of programs. Maps of the spatial
patterns fort andt are given irFigure7 andFigure8, respectivelyfor all the datatypes.

Highest values of-toefficient of variatiorare generally in eastern regions of New Zealandtaed
regional pattern is broadly similar for thefi@irent data typesFor longer durations hie smallest

values of tcoefficient of skewness (i,avhere the shape parameter tends also to be close to zero or
positive)tend to bein the westernand mountainous areas of New Zealand, while for short duration
the lower values tend to be in the north of the North Islaifiesespatial patternsand the general
increasein "Qwith duration are consistent witfindings made byearson and Hererson[1998]in an
earlier New Zealand study into annual maximum frequency distributions.

The importance of separating the 1, 2, 6 and 12 hour durations from a single data type in HIRDSv3 to
two separate types becomes apparent when examining the map@epiéncy variables, in
particulart , which is markedly different between the hourly and sidly data types.
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Figure7: Spatial distribution of the kcoefficient of variation for the different data types used.

Sub-hourly Hourly Subdaily Daily

T T
0.1(0.12) 0.13(0.07) 0.17 (0) 0.22(-0.08) 0.29 (-0.18) 0.38 (-0.31) 0.5 (-0.46)
Coefficient of Skewness, 15 (and Shape Parameter, k)

Figure8: Spatialdistribution of the L-coefficient of skewness for the different data types usethe
equivalent GEV shape parametdl is also shown on the colour scale in brackets.
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3.3 Depthdurationfrequency calculation

To derive deptidurationfrequency tables for a pticular location, estimates of the magnitude and
standard error of the rainfall index variable and the two growth curve parameters are needed. These
are obtained from the mapped variables usindibéar interpolation Where the required location is
within 2km of a rainfall gauge, a weighted average of the mapped parameter and any gauge derived
parameter is used for the final parameter estimate. The weights used are a combination of the
inverse distance from the gauge to the point of interest and therse®f the standard error. The
combined weighting then accounts for both the quality of the record (mainly related to the record
length) and the distance from the required location.

Given the median annual maximum rainfafl, , and the two regionl-moment ratiost andt ,
“Yyear rainfall depths for a range of storm durations taen be readily computed. The regional L
moment ratios derive the regional growth curve for a GEV frequency distribution. The shape
parameter,’Q iscomputed directly from its relationship with the-coefficient of skewnessd; , (see
Equation(2)), while the scal@nd locationparametess are given by

I T p 1lg

— AT A Y 5
” -Y p 'Q

wheref is given byRobsorand Reed1999]as

o
t3p Q 11¢ 3p Qp ™

A depthdurationfrequency table (DDF), or equivalently an intensityation-frequency table (IDF),
canbe easily computed using the inverse of the cumulative density functions given itideqd3,
the quantile function

. p 1o . .
« 1 171foh QO n

The error estimatefor the index variable and growth curve parametars combined using a
bootstrap approach to estimatde uncertainty for each rainfall depth in the DDF table. This
bootstrap approach assumes that the errors in the three parametersiarstrongly correlated with
one another In reality, the errors are likely to be somewhat correlated, so the final stahelrror
estimates on the DDF tables may be slightly underestimated.

3.3.1 Ensuring internal consistency

Despiteusingthe indexfrequency method to estimate tables of deptturation-frequency, the
tablescan beinternally inconsistent. Whedurations are treag¢d separately, it is possible for

O2y NI RAOUGAZ2Y A 0 $FaukBeslgog]lodeyf Fetwbeh dusatibBsyaiidaeturrence
intervals. Power laws of the foriW & 'O, whereOis the duration,Y s the rainfall depth or
intensity andwand Gare modelcoefficients, are commonly used to provide consistent tables. This
wasalso done in the earlier versisof HIRDS.

Faulknef1999]used a écoefficient flexible form of the power law relationship basedtioree
concatenated line segments allow the logarithmic relationship between duration and intensity to
change with durationHIRDSv3 used a modifieet8efficient version of this relationgito allow for
additional flexibilityf Thompson2011] For ths study, the~aulkne[1999]model has beemodified
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in a different wg to allow for additional flexibility in the frequency dimensimd remove the need

for segmentationTo do this the relationship between intensity and the Gumbel reduced variate has
been modelled using a second order polynomial instead of a linear naodethe three separate

linear segments used to model the intensatyration relationshighavebeen replaced with a third

order polynomial

This alteration means thenodelis nowfitted to all durationssimultaneoushand removes the
complication of requing an intercept for each segment.

The full DDF model is defined as

Y GooQo @ " Qo D Q 3)
wherewis the Gumbel reduced variate

’ N 1T N 1T p
w | 1 | 1 —_— .

P 5vo
and® 1 D.0is the duraton in hours 'Yi©in years ant¥is the rainfall depth in mnirheseven
parametersothroughGare fitted usingveightedlinear least squared heeffective lengths of the
annual maxima timeseries at each duration aresedfor the weights This mans that the final DDF
model should not be negatively affected by poor estimates at certain durations, for example near

sites with long daily, but sparse sdhily, records.

Theaddition of thethird order polynomial allows for an improved fit over usindividual segments,
however if left unconstrained can cause issues when the input dépthtion-frequency values are
not snoothly varying For this studyChas been constrained to be in the rangerst 1t ¢rv.

Limiting the parameter tde negativeneans there is no positive inflectidor the longerdurations
Cases where a positive value provides a better fit were those with intermediate duratiotwldgyb
intensities that were unrealistically low. Large negative value¥Xfmoduce too much curvature at
longer durations and can resultiimconsistencies where for large return periods, intensities are not
strictly increasing with increasing duratiorhellower limit of 1@t 1T @Mas chosen after fitting the
unconstrained model to all points over New Zealand and finding that all inconsistencies occurred
when™Q 1@t 1. Both the lower and upper constraint®me into effectin approximately 206 of
cases.

Figure9 contains rainfall depths plotted against duration for a location in Mount Aspiring National
Park at a selection of return periods. For this location, there are some discontinuities arising at the
boundaries of the differengroups of durations, particularly for the longer return period events. The
different colour curves show the threeegmentFaulknef{1999]model (red) and the thirebrder
polynomial model used in this report (bluédis clear that the polynomial model provides a closer fit
to the data especially at longer durations.

The twomain improvements of this model over the earlier versions are firstly the more flexible
intensity-frequency relation which reduces errors particularly for very low and very high frequency
events (i.e.2-year and 256/ear return period events). Secondhy; fitting the full model
simultaneously, biases are reduced and more evenly spread across the durationsF-aubkkeer
[1999]model, the intercept is derived from the linear model fitted to only the first segment, so the
error tends to increase in the second and third segments. The reduction in bias from the
three-segmentmodel to the polynomial model is shown kigurelO.
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Figure9: Example design rainfalls showing two different DDF models fitted to the data.
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Figure10: Mean error of the deph-duration-frequency model over all standard durations and frequencies.
Each histogram includes aloints in the 2km digital elevation model.
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3.4 Example resultand comparison with HIRDSv3

For illustrative purposes 24hr duration growth curve for a gaagwith a relatively long record
lengthof 54 yearss provided inFigure 11. Annual maximum rainfall depth for Auckland Airport is
plotted along with fitted GEV distributions at various stages in the HIRDS ariBhgsi#. after
regionalisation (red line) is slightly different from the GEV fitted directly to the data (blue line) as it
includes information from surrounding sites. For gauges with shorter record lengths, the difference
between these two curves can be significanthgéa. After applying the DDF model described in the
previous section the curve (green line) is slightly different again as it has been adjusted to improve
the continuity between different event durationbor reference, the result obtained using the
previous version of the HIRDS tool is also shown (orange line).

Figurel2 contains a map of the 16¢ear, 24hour duration event magnitude and its associated
standard error. The most extreme events occur in areas of high elevatiothdretare also regions

over Tasman, Coromandel and East Cape that have relatively high event magnitudes. The smallest
1-day events occur in the soutast of the South Island (Canterbury, Otago and Southland) and also
in the Manawatu region, inland from Vdhganui. The standard error generally follows the same
pattern as the event magnitude, with the largest errors in those places with the heaviest rainfall.
Estimates of the standard error are generally lower in the vicinity of rainfall gauge locations.
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Figure 11: Example24-hr duration HIRD$rowth curvefor Auckland Airport Observed annual maxima are
shown as black circles while the blue line shows a GEV distribution fitted directly to this data. The GEV fitted
using regional frquency analysis is shown in red. The final HIRDS result following application of the DDF
model is shown by the green lind.he orange line shows the HIRDS version 3 result.
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The standard error expressed as a percentage of the rainfall depth for a selettarations and

return periods is shown iRigurel3. As expected, this figure shows that the relative error increases
with return period; that is the uncertainty grows faster than the expected depth with increasing

rarity. Theg maps also show that even though the largest absolute errors are collocated with the
largest rainfall depths (refdfigurel?), the relative errors are actually lower in those regions with

the largest rainfall depths, particulgrfor longer durations. This is likely to be due to the strong
forcings (e.g.; topographic) in those regions providing more predictable or consistent extreme rainfall
depths.

Another point of interest is that the shortest duration events generally havdatgest relative

error, especially for low frequency events. This is likely to be a result of the greater paucity of sub
hourly data, but also may be due to the larger variability of short duration events. Further work is
needed to understand some aspedisthese error patterns, such as the relatively high uncertainty in
Otago/Southland for the longer duration events.

A

\
60 120 240 480 960 0 20 40 60 80 100 120
Rainfall Depth (mm) Standard Error (mm)

Figurel2: Rainfall depth and standard error for a 2dour duration event with a 108year recurrence
interval. Depth is shown on the left using a logarithmic scale, while standard error is shown on the right
using a linear scale.
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Figurel3: The percent standard error in rainfall depth for 1&nd 10@year recurrence intervals for a
selecion of event durations.

Depending on location, there can be considerable differences between this analysied2@ll 1
HIRDSV3. An example of this difference is showgure11 and a spatial comparison for the 1:00
year, 2hour duration event is shown iRigurel4. The general spatial pattern is consistent between
versions, however there are clear differences, most notably the increase in spatial detail derived
from the underlying digital elevation medl In regions where the observation network is sparse, the
spline mapping algorithm relies more heavily on the topography to estimate the index variable
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(median annual maximum®ther differences that are observed, for example southern Fiordland
where thehourly observations have nearly doubled in length, are mostly due to additional
observations.

The percentage difference between HIRDSv3 and HIRDSv4 for three different event durations is

shown inFigurel5for a 10Qyear recurreice interval. The central panel is the percentage difference

between the two maps shown lRigurel4. For all durations, the change from version 3 can be either

positive or negative and is quite variable, that is a blanket statédmerd dzOK ' a &l Lw5{ @n LJ
fIF NHSNI N AyFlrff RSLIGKa GKFY I Lws5{@oé¢ OFyyz2i 06S 3
sub-daily durations (due to additional observations) or in regions of complex topography.

For all durations, the largest incress in depth are generally seen in high elevation areas of the
South Island. When increases are seen in other parts of the country they are generally moderate and
typically less than 15%.

HIRDSv3 HIRDSv4
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Figurel4: Rainfall depthfor a 2hour duration event with a 10Byear recurrence intervalResults from the
previous version of HIRDS are shown on the left and the current analysis is on the right.
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Decreases in rainfall depth can be quite large even when not associated with complex teorain.
sub-hourly durations, the largest decreases are in central areas of the North Island and the Gisborne
region.For 1 and zhour durations, there is eeasonablyconsistent decrease in rainfall depth in the
lower North Island and both the east and soutltleé South Island. For daily durations, the largest
differences are in regions of complex topography and there is a tendency for much of the North
Island to havdower rainfall depths.

Change from HIRDSv3 to HIRDSv4 :: 100 yr ARI

Percentage Difference

Figurel5s: Difference in rainfall depth betwen the previous version of HIRDS and the current analysis for a
100year recurrence interval. The percentage difference (relative to HIRDSv3) is shown for three different
event durations.

An overview of the range of depths across different durations aitial @ifferent return periods can

be seen irFigurel6. While this figure is too broad to be useful for individual durations, frequencies
or locations, it does show the generally monotonic increase in rainfall depth with bothiciuratd
return period. This is valuable information to check that both the mapping of the index variable at
different durations and the combining of different durations into data types for the mapping of the
frequency variablebas not introduced inconsiehcies. In addition, the smooth increase in rainfall
depth from the 5year to 250year return period shows that the fitted growth curves are performing
sensibly.
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Figurel6: Rainfall depths for all standard durations and for fodifferent average recurrace intervals. The
top row displays rainfall depths for a §ear recurrence interval, the next row for 2gear, the third row for
100year and the bottom row a 25@ear recurrence interval. The 12 durations are shown from left tght;
10, 20 and 30ninute; 1, 2, 6 and 1%our; and 1, 2, 3, 4 and &ay.
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It is generally accepted that precipitation extremes will increase in intensity due to climate change
[Fischer andKnutti, 2016;Trenberth 1999] This general increase is due to the ClauSilagpeyron
(GCrelation, which states thathe amount of precipitable watethe atmosphere can hold increases
by approximately 7% per degree of warming. However, an increasiogra of research has shown
that there are additional processes impacting on precipitation extremes that also need to be taken
into account. These includshanges in dynamic processes such as vertical ve[@tdil et al. 2017]
which can lead tohe intensification of short duration convective storfit®eng et al.2016;Preinet

al., 2017] In the midlatitudes, changes in precipitation intensity can be up to twice & C
relationship for the most extreme eventse, the increase in intensity may be up to 14% per degree
of warming[Lenderink and Fowlg2017]

In the New Zealand contexgriffiths[2007; 2013Jooked at trends in observed extreme
precipitation indices, but found little statistical significance or obvious regional tr&@eieySmith et
al.[2010]used regional and global climate model simulations to test the validity of {Ge€ation
over New Zealand and using the limited simulations avigilabthe time found thechange in
extremeprecipitationto range between 5 and 12% per degdeaegional warmingA study by
Graham et al[2016]using the same generation of climate models described below found that the
intensity of events with a peak precipitation rageeater than 2 mm/hr increased between 9 and
21% by the end of this centuryhe previous version of HIRDS useddkigeme precipitation climate
change factors from th2007 Ministry for the Environment guidance manwddich are shown in
Table5 [Mullan et al, 2007]

Table5: Factors usedby HIRDSv®r deriving extreme rainfall intensities from current intensity estimates
and an expected temperature chand#ullan et al., 2007]

Duration/ARI 2yr 5yr 10yr 20yr 30yr 50yr 100yr
10 minutes 8.0 8.0 8.0 8.0 8.0 8.0 8.0
30 minutes 7.2 7.4 7.6 7.8 8.0 8.0 8.0
1 hour 6.7 7.1 7.4 7.7 8.0 8.0 8.0
2 hours 6.2 6.7 7.2 7.6 8.0 8.0 8.0
6 hours 5.3 6.1 6.8 7.4 8.0 8.0 8.0
12 hours 4.8 5.8 6.5 7.3 8.0 8.0 8.0
24 hours 4.3 5.4 6.3 7.2 8.0 8.0 8.0
48 hours 3.8 5.0 6.1 7.1 7.8 8.0 8.0
72 hours 35 4.8 5.9 7.0 7.7 8.0 8.0

Due to the increase in availability of regional climate change information and advances in extreme
precipitation research, tis HIRDS releageovides an updated set of augmentation factorhese
factors for precipitation extremes hawgainbeen given as a percent change per degreeaiming

but can be converted tdixed percent changef®r different future time periodsand climate change
scenariofRCPs)y multiplying the augmentation factors by the relevant temperature chafdpes
augmentshe approach taken by the recent Ministry for the Environment report on climate change
projections for New Zealar{dAullan et al, 2016]which limited its discussion of precipitation
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extremes to changes in the 99ercentile of daily precipitation, findingsystematic increase in
much of the South Island, with both time and increasing greenb@as concentratiorand a more
varied signal in the North Island.

4.1 Climate scenarios

Thisstudyconsiderschanges ifuture extreme rainfalusingfour concentratiorpathwaysfrom the
Intergovernmental Panel on Climate Change (IPCC) Fifth Asse$br@Dt 2014]The pathways are
knownas representative concentration pathways (RCPs), and abbre\dat®LCP2.6, RCP4.5, RP6.0,
and RCP8.5, in order of increasing radiative forcing by greenhouse gases. These pathways are
identified by their approximate total (accumulated) radiativeciag at2100 relative to 1750 (i.e.
RCP2.6 has a total radiative forcing of approximately\2r6=2.

Global climate models (GCMaje used to make future climate change projectidos each of these
future scenarios and results from these are available throlnghQoupled Model Intecomparison
Project (CMIP55ix GCMwere selectedby NIWAfor dynamical downscalingsing the UK Met
OfficeHadMM3Pmodel that is, sea surface temperatures from gigbal climatemodels are used to
drive an atmospheric global mobevhich in turn drives a higheesolution regional climate model
(RCM) over New Zealand. The six models chasea those whicltvalidated well onthe present
climate, and were as varieas possible in the pareigiobal modeto span the likly range of rodel
sensitivity[Mullan et al, 2016]

The siXxGCM choserfor dynamical downscaling weBCGCSM1.1, CESMIAMS5,GFDECM3, GISS
ELR, HadGEMES andNorESMIM and all simulations provided hourly precipitatiorfin 1970

through to 2100. Theative resolution of the RCM is & and there are known biases in the
precipitation fields derived fromhis model. While there existstaas corrected version of this data at

5 km resolution, this has not been used for thtady as the bias correction methodology excludes
the most extreme events from its adjustmeamd does not provide subaily information For this

study, onlyrelativechanges in extreme precipitation within a particular simulation are assessed and
used, ® the effect of biases in absolute values of precipitation are minimised.

4.2 Analysis of RCM extreme precipitation

The impact of climate change on extreme precipitation was assessed using RCM simsjietionsg
from 1971 to 2100.For each RCM simulation, umdy estimates of precipitation were used to
calculate annual maxima series for all standard duratior® (& through 5day) at each model grid
square.The generalised extreme value (GEV) distribution was then fittélde annual maxima
seriesat each gid square separately.

When an annual maxima series covers a time period that isstetionary (e.g.during climate
change), the parameters of the fitted GEV distribution may vary with time. In the case of extreme
precipitation, it is expected that the ¢ation and shape parameters will vary (to first order) as a
function of temperature. If this is the caseand,, can be replaced in the Equati¢t) with an
expected value and a trend component, that is * ‘ "Yand, » Ywhere"Yin this

study is the annual average temperature anomaly for the given yedreohnnual maxima series. For
this analysis, the nostationary GEV distribution has been fitted using ¢ixtRemesoftware
packagdGilleland and Kaj2016]

¢KS GSYLISNI Gdz2NBE G NAF o6t S dz&ASR Fa GKS dag@deNRA | S 7
annual temperature anomaly (relative to 192605)as shown irFigurel?.
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Figurel7: Projected New Zealandverage temperatures relative to 1988005 for six CMIP5 global climate
models downsca SR @Al bL2! Qa w/ ad | A &IDSNkdIouf futidiersindiztionsi A 2 y &
(RCPs 2.6, 4.5, 6.0 and 8.5) are incldfiéullan et al., 2016]

The nonstationary GEV can be fitted individually to eacid goint for each RCM simulated annual
maxima series. An examplelodw the rainfall event depth varies with temperature anomaly is
shown inFigurel8which contains the 24our annual maxima series for two simulations at a-grid
point near DunedinAlso included on these plots is the event magnitudes for three different return
periods estimated from the noatationary GEV distribution. The RCP2.6 simulationtfkaitd image)
shows very little trend with time, although the rainfadlagnitudes are generally larger near the
middle of the time period which matches the general temperature anomaly curve for RCP2.6 in
Figurel?7. An increasing trend is much more apparent in ight-hand image (RCP8.5) and thisnd
clearly follows the RCP8.5 temperature anomaly.

HadGEM2-ES (RCP2.6): 24 hr annual maxima (Dunedin) HadGEM2-ES (RCP8.5): 24 hr annual maxima (Dunedin)
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Figurel8 The 24hour annual maxima series at a point near Dunedin for two RCM simulations driven by the
HadGEMZES global CMIP5 model (black I®§eRCP2.6 (left) and RCPgrtght) are included for comparison.
Event magnitudes for three different return periods derived from a nastationary GEYV fit to the data are
shown in the coloured lines.
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Because the temperature anomaly is used as the covariate it means that the chaegéeme

rainfall derived from the nosstationary GEV can be expressed as changes per degree of warming.
Additionally, the trend in thé and, parameters is expected to be the same for all RCP scenarios
because it is expressed as a function of tenapere anomalyThis is illustrated ifrigurel9which

shows the trends fitted at each RCM grid point over New Zealand. Each histogram shows the trend
derived from the GEV distribution fitted to annual maxima from all 6 GCM muamtgd¢her. It is clear

that the estimated trends are consistent over all the RORs main differences can be observed in
the,, trend for which the distribution is wider for the lower RCPar{icularly RCP2.6 but also

RCR.5) compared with RCP6.0 and RCPEs is due to the much weaker temperature anomaly
signal in RCP2.6, meaning it is more difficult to obtain a clear trend
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Figurel9: Distributions ofH,(left) and d (right) trends over all RCM land points for 4 different RCPs. Each
histogram includes all six CMIP5 GCMs.

Given that these trends are consistent between scenarios, the four R&Ps cambined and a

single nomrstationary GEV distribution fitted to the combined series. For each GCM driving model this
includes a 3%ear historical period (197%12005) and four 9%ear future periods (2006 2100)

providing a combined annual maxima semé<15 years. All years in this series are independent and
each has an associated temperature anomaly relative to 198#5. Analysis was done in this way

to compare the regional structure obtained from each GCM (see next section).

For the final analysig|ll 24 RCM simulations were combined to obtain the most robust GEV
parameter estimates for all available event durations. All maxima values in this final series are not
totally independent as the historical period for the six GCMs was forced by the daser/ed sea
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surface temperatures. However, thg S I (i i 8askEGCM simulitn was not constrained so these
series are effectively independent for the purposes of this study.

Once fitted both for the individual GCMs and all models combirted GEV parametersanbe used

to calculate deptkdurationfrequency tables at each grid square for the current climate and a future
climate with one degree of warming. The percentage difference per degree of warming between the
current and a future climate periochnthen be estimated.

4.3 RCM results

Despite the know biases in RCM precipitation, there is a high degree of similarity between the
HIRDS derived rainfall depth surfaces and those derived from the climate model simulations. The
24-hour, 100year event magnitudeerived from all RCM simulations combinedhown inFigure

20, whichuses the same colour scalefgurel2 for ease of comparisomue to the coarse

resolution of the RCMhe largest rainfall depths estimatddr the 1985-2005 period do not reah

the same magnitudes as those from the HIRDS anahmigeverthe spatial characteristics are
broadly consistentTwo maps based on future warming of 1 ald degreesare alsasshown.

24 hr duration (100 yr)

1985-2005 1 degree warmer 2.6 degrees warmer
\ 3 9
‘\\j‘ﬁ.\{\‘ \ﬁ;ﬁ: , \}fh‘hi‘
T W S T
e ¢ ¢ &
A % ‘.\ b; \\\ ﬁ‘:,
W o B W S YE %
| B £ | Bl € \ B
LRV Fa e
¥\ s N
L S e }1 = . - b A
¥ S “> 8 ~®/ & N
| A /:[ r/" J ; g
- . ] e
Vi ( "~ ( Ve
NS ’!; “ - 7 - - 1>
- ™ /
\u /jl \p / \,‘»‘ /
f AT A
- \/{ o p // A QL" / }/ F/ 4 7
| Y ) H u“"fc;#é L,:" f | . % rs /.f
Vit S 4 v Y § s
1 4 I "4 ' Ji -
L /} f‘/” A ;’.‘/ /A}
1’4 - ’/ 1/} // 4
nt g | - 4
Py =
.
4 4 I y 48
s - ' ' -
gé?? r. ' &
& - >
% P ‘ LA -
e R 4
'5}.{ 5;1 ' :} M
& & &
I |
60 120 240 480 960

rainfall depth (mm)

Figure20: The RCM derived 10@ear eventmagnitude of a 24hour duration event.Each map is a mukHi

model mean over 24 separate RCM simulatioriBheresultsbased on the current climat€1985t 2005)are

shown on the left while the centre and right maps show projections based on thend2.6 degrees of

warming. Thesdatter two imagegand most other images in this section) are not associated with a particular
future period, rather they show results associated with a particular temperature change. This has been done to
reduce the complexity thatames when dealing with multiple possible emissions scenarios.
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These future spatial patterns are also consistent with the HIRDS analysis and while on this
logarithmic scale the differences appear small, the depths generally increase with temperature.
Howe\er, the changesn rainfall depth due to climate change show regional patterns that vary
considerably depending on the driving model. This is because the 24 different RCM simulations (6
driving models by 4 RCPs) have boundary conditions that come framedifiglobal climate
simulations, and therefore, they each have different extreme events that occur at different times.

This can be observed Figure21, which shows percentage changes in rainfall depth per degree of
warming foreachRCM simulationThese maps show thatcreases in rainfall depth are more
common than decreases (particularly for RCP8.5), but the spatial pattern of these changes is very
different for the different simulations. Not only are the spatial patterngedént between the 6
different driving models, but they also vary across the different RCPs for the same model.
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Figure21: Percentage changgser degree of warmingn the 24-hour duration, 58year event magnitude for
each individual model simulation. The top row shows the change based on the RCP4.5 emissions scenario
and the lower row shows the changeased onthe RCP8.5 scenario.

Some of this variability can be reduceddmmbining the different RCP simulations for eacthef6
different driving modelso create a 415/ear series as described in the previous sectisshown in
Figure22, the increase in rainfall depth is naskearer, especially for short duration eventand the
differences between theix GCM&ave becoméessapparent.For the thour event duration, the
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changes are all positive and for theday duration there are only some small regions where the
rainfall depth decreasesiowever, the spatial patterns are still quite variable.

What this figuresuggestss that there appears to be no clear regional pattern to the percentage
change in extreme precipitation, regardless of the event duration. That there are no regions of New
Zealand with a clearly different trend from anywhere else suggiat, given the available RCM
projections, i is appropriate to use a uniform estimate of the percentage increase in precipitation
per degree of warmingfor each event duration and return period) to be used over the whole
country.

50 yr ARI: Change per degree of warming
BCC: 1 hr CESM: 1 hr GFDL: 1 hr GISS: 1 hr HadGEM: 1 hr NorESM: 1 hr

BCC: 5 day CESM: 5 day GFDL: 5 day GISS: 5 day HadGEM: 5 day NorESM: 5 day
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Figure22: Percentage changgser degree of warming in the 59ear event magnitide for each GCM driving
model. The top row shows the change for theHour duration ewent and the bottom row for the 5day event.

To obtainmore robust estimates of therends in the and,, parameters of the fitted nosstationary
GEV distribution, all available simulations were combined as described in the previous Seuotieam.
trends are shown for a $tion of event durations ifrigure23and the resuing changes in event
magnitude for a 5§/ear return period are shown iRigure24. After combining all simulations, the
changes in rainfall depth are all positive, regardless of event duration. Despite the large regional
variabilty between the different models shown Figure22, someregional structure is apparent in
this multimodel result, in particular, for short durations there appears to be larger increases in the
north of the North Island and irhe southeast of the South Island. ScrutinyFfjure23 shows that
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the increase in the far south is due to increases in the location of the GEV distribution (analogous to
the mean); i.e., the entire annual maxima series distrilrt has increased more strongtythis

region. Conversejyncreases in the north are due to increases in the scale parameter (analogous to
the variancg; i.e, the spread is larger, producing larger extremes in this region

1 hr duration 6 hr duration 24 hr duration 120 hr duration

). ,«

0 5 10 15 20
% change in p per °C (relative to 1986-2005)

1 hr duration 6 hr duration 24 hr duration 120 hr duration

0 2 4 6 8
% change in ¢ per °C (relative to p 1986-2005)

Figure23: Trends inrHand d as a function of temperaturefor four different event durations,derived from all
24 RCM simulations combined. Each parameter is mapped as a percentage chelatiee to Hover the
19860 2005 period.
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50 yr ARI: Change per degree of warming
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Figure24: Percentage changes in the §@ar event magnitude fofour different event durations. Each map
combines all 24ifferent RCM simulationgnd shows the changper degree of warming

While these regional patterns appear coherent and may tsmree physical explanation (for

example more intense tropical storms in the future may lead to the most extreme events becoming
more intense in Northland and Coromandebe large regional variability between RCM simulations
does not allow us to say wittonfidence that these patterns are corretintil further research has
confirmed or updated these patterns, iti®t appropriate to estimate climate change augmentation
factors for the HIRDS surfaces on a regional scale, however users should be awiarecthiay

some regions of New Zealanthyhave larger increases than others.

4.4  Augmentationfactors for HIRDS

For use in the HIRDS tool, change factors to incorporate the effect of climate change on extreme
rainfall have been estimated from RCM results dkirig an average over the whole of the New
Zealand mainland. That is, for each event duration and return period, a unéstimate of the
percentage changper degree of warminas been made by taking tmeedianover New Zealandf
the relevantsurfaceequivalent tothose shown irFigure24. In addition, the & and 93" percentile

over the country has been taken to provide some indication of the possible range of values that
might be expected.

These average values are showirigure25 and Table6 for a selection of durations and return
periods. There is a large difference in the percentage change per degree of warming between the
different event durations, whereas for a givdaration the percentage change is relatively similar
across the range of return periods shoviAar the 24hour duration the increse ranges from about

7.2 to 8.80/°C which is roughly equivalent to the Clausisiperyon relation discussed earlier. For
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longer durationsthe increase is less than this, but for shorter durations the increase exceedsGhe C
relation. At the thour duraion it ranges from 12.2 to 13%/°G which is slightly less than double the
GC relation.

The shaded bars FRigure25 give an indication of the range of possible values that could be expected
within New Zealand for the-fhour and 5day event durationTable7 provides this range of expected
values for a larger selection of ditions. The size of these bars relative to the difference between
durations shows that we are still a way off providing precise predictions of how extreme

precipitation will change in a warming climate. However, we can be confident that the change will be
positive even for long duration events, and that for hourly dimas increases in excess 0f%0C

are very likely.
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Figure25: Augmentationfactorsfor extreme precipitation based on 1 degree of warmimpdptted as a
function of return period. The solid lines show the median over New Zealand for different event durations
and the 3" and 95" percentiles are displayed as shaded bars for theahd 12Ghour event durations.

In order to use the augmentation factorsTiable6 to create depthdurationfrequency tables for a

particular time period of a given emissions scenario it is necessary to estimate the temperature

change relative to the current climate. For this analysis, the New Zealand land av&isigeids

corrected surface air temperature was used to model the change in extreme rakitalt€17). The

years 1986 2005 were used to provide th® dzZNNBy & Of A Yl GS€é¢ G SYLISNI (dzNB |
equivalent to the periodised for the main HIRDS analysis.
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Table6: Percentage change factors to project rainfall depths derived from the current climate fature
climate that is 1 degree warmer

DURATION/ARI 2 YR 5YR I0YR 20YR 30YR 40YR ©5S0YR 60 80 YR 100 YR
1 HOUR 12.2 12.8 13.1 13.3 13.4 13.4 135 135 13.6 13.6
2 HOURS 11.7 12.3 12.6 12.8 12.9 12.9 13.0 13.0 13.1 13.1
6 HOURS 9.8 10.5 10.8 111 11.2 11.3 11.3 11.4 11.4 115

12 HOURS 8.5 9.2 9.5 9.7 9.8 9.9 9.9 10.0 10.0 10.1
24 HOURS 7.2 7.8 8.1 8.2 8.3 8.4 8.4 8.5 8.5 8.6
48 HOURS 6.1 6.7 7.0 7.2 7.3 7.3 7.4 7.4 7.5 7.5
72 HOURS 5.5 6.2 6.5 6.6 6.7 6.8 6.8 6.9 6.9 6.9
96 HOURS 5.1 5.7 6.0 6.2 6.3 6.3 6.4 6.4 6.4 6.5
120 HOURS 4.8 5.4 5.7 5.8 5.9 6.0 6.0 6.0 6.1 6.1

Table7: As inTable6, but showing the variability that could be expected across New Zealand based on the
Regional Climate Modelling results.

DURATION/ARI 2YR 5YR 10 YR 20 YR 30 YR 50 YR 100 YR

1 HOUR 9.8¢17.5 10.6¢18.1 10.7¢185 10.7¢18.8 10.7¢18.9 10.7¢19.1 10.7¢19.4
2 HOURS 9.2¢18.0 9.9¢184 10.0¢18.7 10.1¢19.0 10.1¢19.1 10.1¢19.3 10.1¢19.6
6 HOURS 7.5¢149 8.0¢154 8.3¢15.9 8.4¢16.4 8.5¢ 16.6 8.5¢17.0 8.5¢17.4
12HOURS 57¢135 6.5¢13.9 6.8¢14.2 7.1¢14.5 7.2¢14.8 7.3¢15.1 7.3¢15.4
24 HOURS 4.0¢119 4.6¢120 4.8¢12.1 4.9¢12.2 5.0¢12.3 5.1¢12.5 5.2¢12.8

48 HOURS 2.6¢11.0 3.1¢11l1 3.3¢11.2 3.4¢11.3 3.4¢11.3 3.4¢l114 3.5¢11.5
72 HOWRS 2.1¢105 2.6¢10.6 2.7¢10.8 2.8¢10.9 2.9¢11.0 29¢11.1 29¢q11.2
96 HOURS 1.7¢10.0 2.2¢10.2 2.4¢10.5 2.5¢10.7 2.6¢10.9 2.6¢11.0 2.7¢11.2
120 HOURS 1.3¢9.6 1.9¢9.7 2.1¢10.0 2.3¢10.2 2.3¢10.4 2.4¢10.5 2.4¢10.7

The historical observations usddr the HIRDS analysis coviee period1853t 2016, which is clearly
very different from 1986 2005, however, the vast majority of the observations were from the more
recent decades (2/3 from after 1970). The 198805 periods approximately half way between
1970 and 2016, and assuming a roughly linear temperature trendo(deé !se@emnstation series

for examplé), the average temperature during the shorter period should be similar to that of the
longerperiod (1970 2016)

It is important that the temperature data used to estimate future augmentation factors be from the
same source as that used to model the changes in extreme precipitation observed in the RCM
simulations. For this purpos&able8 contains the mean temperature change for each RCiRrae

future time periods relative to 19862005.These projected temperature changes are different to
those provided inabless, 6 and 7 oMullan & al. [2016]as those projections were derived from
statistical downscaling of global climate models (rather than dynamical downscaling using a regional

1 https://www.niwa.co.nz/ourscience/climate/informatiorand-resources/nzemp-record/sevenstation-seriestemperaure-data
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climate model) and also because the chasigethis report are averages over the entire New
Zealand rather than selected locations or the seven station series.

Table8: New Zealand laneéaverage emperature increase relative to 19862005for four future emissions
scenarios. The¢hree 215 century projections result from the averagef six RCM model simulations (driven by
different global climate models). The early 32century projections are based only on the subset of models
that were available and so should be used with caution.

2031t 2050 2056r 2075 2081 2100 2101 2120
RCP 2.6 0.59 0.67 0.59 0.59 (4 model avg)
RCP 4.5 0.74 1.05 1.21 1.44 (5 model avg)
RCP 6.0 0.68 1.16 1.63 2.31 (CESMAAMS5only)
RCP 8.5 0.85 1.65 2.58 3.13 (3 model avg)
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5.1 Background

In hydrological design and planning, it is usua#cessary to prescribe a catchment design rainfall
event consisting of a set of rainfall depths or intensities varying in sjpaceareal variationand

time reflecting natural conditions within a storm. Howeveingauge data arpoint-based and
normally uniform over a small surrounding area. To convert point adidepths to areal depthan
Areal Reduction Factor (AR&employed whichsithe ratio between areal average rainfall and point
rainfall for a given i@a, duration and return periodlheARFmay vary depending on catchment
climate and characteristics as well as the record period and methods used in its derj@&igmsson
and Jones2010]

At presentareal rainfall is difficult to measurep both indirect theoretical and empirical approaches
have been developefPietersen et al.2015;Srikanthan 1995;Svensson and Jon&$10]

Theoretical methods assume thainfall processes are stationary and isotropic and have large data
requirements. They are best suited for application to short duration rainfalls over small areas
[Sveasson and Jone2010] In this nationwide exploratory studwhere appropriate rainfall data are
sparse, we employ an empirical approach. Two empirical methods are used internatgstalfgn-
centred andgeographically centred (fixed area). Broadly deg, fixed area methods estimate ARF
values by averaging rainfall data over an area whereas stemtred ARF values are the result of
calculating ARF values for each of a large sample of storms and averagin@thara et al. 2008]

The storngcentred approach has not seen widespread application mainly due to lack of information
about storms with large return periods, problems with incligimulticentred storms and limitation

to specific types of storm evenfAsquith and Famigliett2000] This approaclis generally used in
calculating catchment probable maximum precipitatj@rikanthan 1995]

In New ZealandJTomlinsor{1978]examined seven storms with extreme rainfalls, but was unable to
calcuate ARF values owing to very large variations in rainfall deph characteristics.
SubsequentlyTomlinsor{1980]recommended the use, with caution, of ARF valpgislished by the
Natural Environment Research CoufidiERC, 1975yhich were derived by a fixegrea method.
These values are commonly empldyie@ New Zealand without verification in the absence of
alternatives.

Given these findings we adopt a fixatka approach and apply three standard methods for
estimating ARF values. Due mainly to limitations regarding record length and raingauge density,
investigations are confined to areas in Aucklahdsman and Christchurdbther areas in Northland,
Hawkes Bay, and Southlangére examined, butonsistent resultgould not be obtainedt these
locations.The methods and results shown in this secttwabased on work described Singh et al.
[2018]

5.2 Theory

Three standard methods are employed internationally to derive ARF values empirically using
recorded minfall depths at a number of raingaug&sikanthan 1995] Two specify ARF as a function
of area @) and rainfallduration (O): the other includes return periotiras well. A brief description of
the methods and their behaviour follovjRietersen et al.2015;Srikanthan 1995]
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5.2.1 US Weather Bureau method (USWB)

Using data from raingauge networks covering areas from 200 to 108GHerUnited States
Weather Burea(il957]employed the expression
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0
B B 0

0
- )
in which0 is the number of raingages,0 is a Thiessen weighting facti@mith 1993]for gawge™Q

0 s the point rainfalfor gauge®n the day the annual maximum areal rainfall occurgear’Q)

is theannual maximum point rainfall for the chosen duration year Cat gaugeQThe aeal

reduction factor for each event of specified duration is calculated uBmgssen weights and the

largest of these in each year of record is selected. The sum of the resulting annual series multiplied
by the number of gaugesonstitutes the numerator in Equatiqd). The denominator itequation(4)

is the sum of the largest point rainfalls at each gauge in each year over all gauges and all years. On
average the number of raingauges employed was six and the data period rangedtivdlb years.

5.2.2 UK Flood Studies Report methidKFSR)

In the UKFSR methodieal rainfall for each raingauge is computed to identify the time the maximum
occurs and thé@  values are abstractefNERC, 1975AIso, the maximum point valugs , are
identified. The mean of the ratio @ 0 over all gauges and all years of record is determined and
0 Y'i®defined as
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Generallyfor a given area the ARF values produced by this methodragdier (i.e. they produce a
larger eduction)than those given byhe USWB methodbut this difference decreases with
increasing duration and area.

523 . SftfQa YSiK2R

For the method oBell[1976], the annual maximum areal rainfall and the annual maximum point
rainfall series at each raingaugeeaanked. Then the Thiessen weighted mean of point rainfalls of

the same rank is computed to give an annual series of weighted maximum point rainfalls. The ARF of
ranka is defined as the ratio of the areal rainfall of rainko the weighted average poi rainfall of

rankd , that is

5 Y0 'Y B 00 ©)
o ~ a7 5
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where"Y is thed " ranked annual maximum areal rainfall aid is thed ™ ranked areal avege of
annual maximunpoint rainfall. If ARF values are assumed to be independent of, @nieturn

period, then the mean ad 'Y "@ver all ranks gives an estimate dependent onlyyand O.

.Sttt Qa YSUK2R Oly 08 dzb&ienARF édratrvperiod ToldKtsis, NSt I G A
an extreme value distribution is fittegbparatelyto both the numerator and denominator of

Equation(5). The ARF at a given return period is then simply the ratio of the two extvaine

curves evaluated at that return period. Care must be taken to ensure that the fitted extreme value
distributions are robust, especially when the record length is shsnt this analysithe Gumbel
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distribution has been useds it isless prone to wer-fitting thanthe GEV which has been used in
other parts of this report.

5.3 Analysis

5.3.1 Data and preprocessing

Using the station rainfall data gathered for the HIRDS analgsatjons in New Zealandere sought
where there was a sufficient density of rgauges having enough simultaneous or common record
length to be able to apply the three methods of ARF estimation. These requirements regarding
density and record are quite stringent and were satisfied only by locations in Augkagduges

with record engths of 11 yearsChristchurch(19 gauges with 12/ear record lengthsdnd Tasman

(15 gauges with 1¥ear record lengthg)Table9).

Table9: Gaugewsed for ARF analysia each of the threeegions.

Ste Number Site Name Latitude Longitude
Auckland (2002 2012)

646619 Orewa at Orewa Treatmt Plant Pond -36.596434 174.678149
647510 Ararimu at Zanders -36.704659 174.555419
647513 Kumeu at Maddrens -36.773967 174.561478
647614 Rangitopuni at WalkersRarm ) -36.738856 174.618907
647618 Albany at Albany Heights Rd -36.710511 174.691272
647619 Paremoremo at School -36.754625 174.6484
647727 Oteha at Rosedale Pond Treatment Plant -36.731362 174.694872
647737 Mairangi Bay at School -36.744046 174.7467
647738 Birkdale at Inwards Reserve -36.797871 174.706593
647739 Torbay at Glamorgan School -36.700983 174.73442
648510 Swanson at O'Neills Rd -36.87369 174.582822
648513 AC Waitakere Filter Stn -36.892107 174.556324
648515 WCC WI/S Reservoir, Red HRts -36.838533 174.58314
648516 Waitakere Domain, Bethell Rd -36.850893 174.539685
648517 Candia Rd at Henderson Valley -36.893342 174.594503
648612 Henderson W.E.P.B. Depot -36.884809 174.622353
648613 Transpower Sub Stn -36.840714 174.617947
648614 WCC Sewer Pump Stn -36.894149 174.659604
648615 Avondale Racecourse -36.894539 174.692155
648625 WCC Pump Sn at Constable Lane -36.819614 174.642112
648626 Te Pai Park Henderson -36.861213 174.633011
648627 Sunnyvale, Blue Ridge Close -36.892694 174.63125
648717 Meola Ck at Mt Albert Grammar -36.885911 174.724481
648718 Alexandra Park Raceway -36.892219 174.779623
648719 Albert Park ACC -36.850061 174.767324
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648732 Bayswater at Plymouth Reserve -36.813746 174.783211
648733 Cox's Bay Park -36.85153 174.732595
648816 Churchill Park -36.853623 174.876208
648817 Okahu Bay Bowling Club -36.855487 174.820177
649514 Arataki Visitor Centre -36.946515 174.594618
649516 WCC Res Bush Rd, Waiatarua -36.93492 174.586489
649517 247 Forrest Hill Rd, Waiatau -36.915066 174.588274
649518 71 Opanuku Rd, Henderson Valley -36.912678 174.566891
649625 Waituna Stm at Huia Filter Station -36.938591 174.641589
649636 Oratia Cemetery, Oratia -36.910971 174.620727
649637 Cutler Park, New Lynn -36.92261 174.683864
649638 9 Cochran Rd Oratia -36.937205 174.61461

649713 Mt Roskill Sub Stn Whau -36.912939 174.725157
649714 Onehunga Harbour Rd Reserve -36.930903 174.783986
649723 Onehunga at Rowe St -36.924523 174.788301
649818 Anns Ck at ACC Abattoir -36.936379 174.83353

649820 Pakuranga at Pakuranga Village -36.901037 174.896567
649836 Bassant Reserve -36.908868 174.80811

649937 Mangamangaroa at Craigs -36.936457 174.93234
659401 Matiatia Bay, Waiheke Island -36.779297 174.999701

Christchurch (208t 2015)

323605 42A Peraki SKaiapoiXKA) -43.384903 172.651829
324501 ChCh Airport -43.493000 172.537000
324606 Harbour Rd, Brooklands -43.399418 172.691247
324607 Lower Styx Rd -43.443502 172.683612
324608 PS 62Tyrone St -43.443371 172.637901
324610 Firesbne FactoryPapanui -43.490961 172.604243
325403 PS 80 site, Templeton -43.544940 172.464075
325507 College of Education -43.522960 172.566812
325508 Wigram Retention Pond -43.553878 172.579083
325510 Halswell Retention Basin -43.561003 172.526998
325615 Kyle St EWS -43.530740 172.607690
325616 ChCh Gardens -43.529403 172.620063
325617 Horseshoe Lake, PS205 -43.503167 172.682807
325618 PS 42, Sparks Rd -43.566721 172.602812
325619 Tunnel Rd -43.555134 172.691695
325621 Bowenvale Flume -43.580714 172.647646
325711 Van Asch St, Sumner -43.580006 172.757B3

325712 Reservoir #4, Clifton -43.577674 172.740416
326616 Upper Bowenvale Valley -43.599785 172.650323
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Tasman(2007t 2017)

132337 Wakapuaka at Hira -41.213 173.3979
133236 Richmond at Race Grse -41.3284 173.1843
133237 Richmond at TDC Office -41.3418 173.1865
133336 Brook at Third House -41.3253 173.3247
133337 Nelson at Princes Dr -41.2831 173.2562
134001 Wairoa at Little Ben -41.4662 173.0959
134036 Watiti at Birds -41.423 173.07

134236 Lee at Trig F -41.4792 173.1883
157517 Watiti at Belgrove -41.4554 172.958
157521 Wairoa at Irvines -41.4033 173.1308
157523 Waimea at TDC Nursery -41.3137 173.1262
157524 Roding at Skid Site -41.3567 173.2618
157531 Kainui Dam -41.5109 172.9542
157608 Orphanage at Ngawhatu -41.3239 173.2317
157808 Maitai at Forks -41.2931 173.37

Time series of annual maxima for the various durations exhibited no evidence of trend, perjodicity
persistence or shifts according to the Makvhitney and WaleWolfowitz statistical tests and visual
inspection[see alsdG A Griffiths et al.2014;Withers and Pearsqri991] This means that recds

can be assumed to be stationary and composed of independent values.

Area of 10 square km Area of 100 square km

0 10km 0 10km

Figure26. Examplesof Thiessn polygons for 10 and 100 khareasin the Auckland regionBlack circles
represent statons used in the study. Colours pertato the different Thiessergroupsfor the given areaFor
the 10 kn¥ area, there are 12lifferent Thiessen groupseach containing 2 gauges. For the 1003area,
there are four groups containing between 5 and 14 gauge each.
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The areal rainfall for a giveareaandduration was determined using the Thiessen polygon method
[Smith 1993] This method divides a circular area into different polygons each containing a single
gauge, where the edges of the polygons are halfway between the nearest gauges. Tiis weig
assigned to each gauge are determined by the relative size of its containing polygon.

For each region and area, the different combinations of gauges making up a Thiessen area were
searched to find the maximum number of mutually exclusive sets of ga@dfs values were found

using the above methods for each group of stations. The final ARF for each region and area was then
calculated as the average of the different groups, weighted by the number of gauges in each group.
This technique means that the siea areas, which contain fewer gauges and would therefore be

less robust, have many groups of stations which increases confidence in the result. For the largest
areas, there is generally only one group, but as it contains many gauges typically prawadesta

result. Examples of this are shownkigure26.

5.3.2 Comparison of ARF methods

¢KS !'{2.32 !'YC{w I yRplied$fcdlcOide ARS ialifed Rrithe thi®dEgidhs LJ

applying the three methods, circular areas of 20, 50, 100200and 500 kmwere specified along

with durationsranging froml hour to 5 daysAsFigure27 and Figure28 show, areal reduction

factors derived using the different methodologies arev@rg YA f | NX» . St f Qa YSGK2R 13
largest ARF values while the UKFSR method has the lowest, however the difference between the

three methods less than 2 or 3%.

Agreementamong the three calculation methodsproves dor longer durations. This outooe

agrees with previous work Bg A Griffiths and Pears¢t993]andG A Griffiths et a[2009]using

storm and flood data for the Avon River catchment in Christchurch which yielded ARF values similar

to those predicted by NERT975]as presented ifraulknef1999] Due to the similarity between the

0KNES YSiK2Raz ¢S KIS OK2aSy KSNB (2 dzasS .Sttt Qa
values for differenstorm return periods.

The difference between the regions is also small, with Auckland and Tasman showing very similar
results, both having slightly higher ARF values than Christchurch.

5.3.3 ARF empirical model

Areal reduction factors can be approximately mbee as a function of area (A) and duration (D)
using the power law

6'YOp @ O (6)

where the exponentsoandQare positive. This function has been fitted to the regional ARF data
using a nodinear minimisation technique and, as can be observdeigure29, on a logarithmic

scale the empirical fit is quite good for durations less than or equal to 24 hours. However, for
Auckland, and to a lesser extent Tasman and Christchurch, the power law relationship breaks down
for durations greater than 24 hour$his poorer fit is not critical however, as the difference between
the calculated and fitted ARF values for longer durations is on the order of 1 or 2%. Due to this
mismatch, the parameters for Equati@®) have been estimated usj only durations of 24 hours or

less and are given ifablel0.
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Figure27: Areal reduction factors for a 100 km2 area derived from Auckland gauBé$erent colours
denote the different methodologiesused.
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Figure28: AsFigure27 but for the Christchurch and Tasman regions.
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Bell's Method
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Figure29: Empirical power law function fitted to areal reduction factors for Auckland (left),rS8kchurch
(centre) and Tasman (right). All panels showARF on a logarithmic scale on theaxiswith calculated ARF
values as solid lines and the empirical fits as dashed lingse top row shows each different area (as colours)
plotted as a function ofduration. The bottom row shows the different durations (as colours) plotted as a
function of area.For both duration and area, the-axis is also on a logarithmic scale.

Tablel10: Parameters for empirical power law function in Egtion (6) fitted to regional areal reduction
factors.

Parameter Auckland Christchurch Tasman All regions
c 0.04 0.026 0.015 0.024
d 0.62 0.46 0.51 0.53
a 0.41 041 0.48 0.41

The areal reduction factors and fitted empiricahees are shown on a linear scaldrigure30. This

figure again shows the similarity between Auckland and Tasman, with Christchurch generally having
lower values. Also showas a black dashed lirie this figure is the empiricdit of Equation(6) to all

three regions at once. As can be seen, this global fit is never more than approximately 5% away from
any of the regional fitted curves so appears to be an appropgpmoximation

For referenceFigure30alsoincludes areal reduction factors as publishedlmynlinsor{1980]
These are generally lower than the values derived in this study, although in most cases the
differences are not large.
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Bell's Method
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Figure30: The same data aSigure29, but separated by area and showing ARF on a +hogarithmic yaxis.
The different regions are shown as different colours and areal reduction factors as publiblgeitbmlinson
[1980] are shown by the dotted orange line. The dashed black line shows the empirical modelted fib all
three regions at once.

5.3.4 Return period dependence
As described iSection5.2.3 . St f Qa YSiK2R Oly Ifaz2 o6S dzaSR G2
factors change depending on the rarity of an event. To do this aemtvalue distribution iftted
separately to each dhe two components that make up the areal reduction rgtié and’Y ) from
Equation(5). In this report, eactGumbeldistribution was fitted after taking the averagver the
(normalised)Y and’Y from the Thiessen groups within each area (reffiégure26). If there arev
groups,thesenormalised averages are found using

p Yoo p Y

— — Al AY - —
0] Y L Y

where"Y is thed " ranked annual maximum areal rainfall for i group and'Y is the average of
alla annual maxima areal rainfall for grol@"Y is used to normalise both the ardmsed maxira
("Y' ) and the poirtbased maximaY ). Once the Gumbel distribution has been fitted to both and
'Y , the areal reduction factor for a given return periisdhe ratio of the two extreme value curves
evaluated at that return péod. This fitting process is repeated for each duration and area.
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Due to the limited length of the data sets ussdmetimes the best fit distribution for a region did
not seem plausible, especially for long durations and sana#is. For this reason, thiesults included
in the report (sed~igure31) are derived from all three regions combined.

Even after combining across regions, when both area is less than%dnhknduration greater than

24 hours the results are not reliable it some of the reduction factors exceeding 1. However, for
the larger areas and shorter durations, the reduction factors follow a consistent decreasing pattern
with increasing return period. For thelbur event duration, the decrease in ARF fromgearto
100year return period can be up to 10%, whereas for thehdRr duration the decrease is around

2%.
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Figure31: Areal reduction factors as a function of return period for a range of durations and areas. The
curves derived fron the three regional datasets are shown as solid lines and an empirical fit to these results
is depicted by the dashed lines. Note the differeniaxis scales.

This relationship can be approximated by adding an additional term to Equ@jiea that it
becomes

5YOp e O 11Y ()

where"Yis the return period in years and the additional exponéig positive. This empirical model
shown by the dashed lines Figure31, was fitted © the results described above, but only for

durations of a day or less and areas greater than 20km. The parameters for this model were found to
bedd ™MIc¢,® ™ ¢O T8 @nd® TR o
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5.3.5 Usage

Areal reduction factors should be usedderive area averageiinfall depth frompoint-based

estimates ofainfall depth for an event of a given frequency and duratibime most common use is

to estimate the total rainfall amount that will contribute to flow at the basea@ftchment.Areal

reduction factors are mst accurate whemnS @Sy 1 Q&4 NI Ay FlL ff RSLIGK Aa yz2i
catchmentasit isassumel that the rarest parts of the evertould occur equally likely anywhere in

the catchment When part of the catchment has much larger rainfall depths tharremainder, the

rare events in that area will typically align closely with the rare catchment evEnis means that

areal reduction factors should be used with caution in areas of complex terrain.

As anexampleof applying areal reduction factgrsuppose theaveragerainfall depth for a 4&our,
1-in-20 year event is required for a given catchment that has an area of 28CFkistly, an estimate

of the catchment averagpoint-basedrainfall cepth is requiredThiscan be found by takinthe
catchmentaverage omultiple HIRDS 48our, %in-20 year rainfall depthas derived in Sectio® of

this report. This pointbased catchment average will be larger than the actual catchment event depth
as it is unlikely that an event afgiven rarity will occur throughout the catchment at the same time.
The actual catchment average rainfall depth is found by multiplying the {paised average by the
appropriate areal reduction factor.

Area average rainfall depth can also be derived gimilar manner based on estimates of peint
based rainfall depth from gauge measurements instead of HIRDS. However, care must be taken as
the one or more gauges used must be representative of the entire catchment.

5.4 Summary

Areal reduction factors have be@&stimated for three regions in New Zealand and the three

methods tested produced relatively similar results. This study has used, and recommends usage of,
the method described bRell[1976]as it produces consistent results also allows for dependence on
return period.

Areal reduction factors for Auckland and Tasman were found to be very similar, while those for
Christchurch were slightly lower. The similarity between Auckland and Tasman may be because
extremes in both locations will be dominated by coaotiee processes, even though the initiation
mechanisms may be different, with topography being a more important driver in the Tasman region.
That the reduction factors are lower in Christchurch (i.e.; larger reductions) may seem counter
intuitive. Howeveras the largest differences are for large areas and durations of around 6 hours, this
may be because in Christchurch extreme events of this type are caused by passing systems affecting
only part of the region at a time, whereas for Auckland/Tasman theeaxdive initiation mechanisms

are geographically stationary and may cause similar impact throughout the event area.

Due to consistency between the regions, it is recommended that the empirical model fitted to all
three regions be used to derive areal redoatfactors for most regions New Zealand, excluding
mountainous areadrigure32 can be used to find the NZide areal reduction factor for a given

duration and area. However, where appropriate, the reductions factors found &inithividual

regions should be used instead. The Auckland and Tasman values should be used in those regions,
respectively, and the Christchurch values should be used on the plains of Canterbury and Otago. For
these regions, Equatiof®) along with the appropriate parameters froffrable10can be used to

derive the areal reduction factors.
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Figure32: Area reduction factors (in %) derived from the empirical modélEquation(6) fitted to all three
regions.

For event durations of 24 hours or less and areas greater than 20ulsing reduction factors that
R2y Qi GF1S NBUdZNY LISNA2R Ayildz2z | 002dzyi oAff
That is, usind=equation(6) or Figure32 will result in smaller reductions than those derived from
Equation(7), but the latter will be more accurat&®hen both the above criterieelating to duration
andarea are met, it is recommended that Equati@hand associated parameteb® used to derive
areal reduction factors; i.e.

OYOp micgow® O 8 11ir?

whereo is the area in k) Ois the duration in hours aniis the return period in years.
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6.1 Background

In contemporary flood estimation where interest lies with predicting not only the peak but also the
volume of a catchment outflow hydrograph, it is ne@ydo prescribe a hyetograpbf storm

rainfall of given duration and return period. The variation of rainfall with t{orehyetograph is
characterised by a maximum rainfall depth and a temporal pattern or shape. It has long been known
that cumulative hyetotaphs of rainfall in convective or frontal type storms tend to have their peak
rainfall rates early in a storm while cyclonic events tend to have their peak rates near the middle of
the storm duration[Eagleson1970] Moreover, results from rainfatunoff modelling show that
hyetograph shape has a strong influence on the shape of a catchment outflow hydrgdeabima

and Singh2002;Marani et al, 1997]

Several methods have been employed to generate temporal patterns of storm rainfall. These include
stochastic or statistical approachfBarroll and Rahmar2004;Grimaldi and Serinald2006]

sampling patterns frona raingauge recorflLaurenson et gl2010]Jand analysis of bursts in actual
patterns[Bhuiyan et al.2010;Pilgrim and Corderyi975;Rahman et a).2006] In New Zealand,
Tomlinsor{1978]found from a small sample of storms that, regarding peak rainfalldamation,
temporal patterns varied most between storms as opposed to within storms; and that variations
were relatively insignificantc AGriffiths and Pearsofi993]employed dimensionless parabolic
cumulative curves for hyetographs in a study of high intensity rainfalls in Christchurch. For design
flood estimationJowett and Thompsoid977]andG A Griffiths et a[1989]used patterns from

actual hyetographs. However there appears to have been no regional or national study of temporal
storm rainfall patterns. Owing mainly to pauciifydata we undertake a reconnaissance or pilot study
of storm hyetographs using a conventional analysis of suitably long records from clusters of
raingauges where available in New Zealand.

The purpose of the work is to provide guidance as to likely teaigmatterns of varying durations for
design hyetographs in a number of regions in New Zealand

6.2 Theory

Temporal patterns of storm rainfalls are derived by applying the commonly and easily used average
variability method ofPilgrim and Corderfd 975] For a given raingauge and duration the largest

storms by total rainfall depth are listed and the percentages of rain falling in a number of equal
intervals of the duration are determined amdnked according to decreasing size. Then the average
percentage of rain is found along with the average rank for each interval. The most intense period of
rain is assigned to the interval with the lowest average rank and the second to the next lowest and
on. The method is not able to preserve the temporal correlation structure of storm rainfalls and may
contain higher temporal correlations than in real storms, leading perhaps to overestimation of
rainfall depths within a hyetograplfustralian Rainfall and Roff, 2015]

To represent a pattern as a cumulative hyetograph we employ adimaensional asymmetric
hyperbolic tangent functiofiFrench and Jong2012]of the form
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in which is the proportion of total rainfall depth of a hyetograghjs the proportion of the
duration,co andw are warp @ shape factors left and right of the point of contraflexure or peak
rainfall depth andx and¢ are the ordinateof (proportion of rain fallen gtand abscissaf
(proportion of time past gtthe peak rainfall depth. Thanh function is flexible as toternal

subdivision and is more suitable for use in raiafafioff models than a gammiike function as used
by GarciaBartual and André®omeénectj2017]for example.

8)

6.3 Analysis

Using the station rainfall data gathered for the HIRDS analgs&tjons in New Zealandere sought

where there was a suffient density of raingauge@t least10) all measuring at 1Xinute intervals

or less and having longcommon record length (30 years) for analy$isese requirements

regarding density and record are quite stringent and limit this $tudy tocover broal climate

regions rather than smaller council regions. Around 70 gauges covering New Zealand were split into 6
climate regions as shown kigure33.
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Figure33: Location of raingauges and regions used fbe temporal design storm analysis.
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At each raingauge iRigure33, and for durationf 1, 6, 12, 24, 48 and turs, a sliding window
was used to find the largest storm in each y&dre average variability method wtsen applied to
each multiyear series of storms tealculatea singlenyetograph foreach site andiuration.
Parametervaluesfor Equation(8) were estimatedor all durations at each of the 6 regionsing a
standard nodinear curvsitting methodavailable in theR softwardanguage Example results from
this procedure are shown iRigure34 for the East of Sl regioft is evident fronthese resultghat
the asymmetric hyperbolic tangent function providesimple and robust model for cumulative
hyetographs.

Figure34 shows that the steepness of the hyetograph increases with duration, that is, as the storm
duration gets longer, the rainfall is less evenly distributed across theteivénalso clear that for the
longer durations, there is more variability in the individual raingauges. This is likely to be because the
longer durations allow for multiple rain events to be included in the same storm, which introduces
inconsistenciesithe temporal ranking.

Results for altegionsare listed inTablel1 and shown irFigure35. The same general patterns seen
in the East of Sl region are also apparent across the country. All regi@hgtehow a steepening of
the hyetograph with increasing duration and there is more similarity between sites at the shorter
durations.
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Figure34: Fitted cumulative hyetograph(red line)for raingauges in theeast of the South Isind regionfor all
durations. The cumulative hyetographs based on observations from each raingauge are shown bygrtiyn
lines.
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Tablell: Parameter values in Equatio(8) for each of the climate regions ahthe whole country.
Parameters are given for 6 different storm durations

Duration (hr)

Region Parameter
1 6 12 24 48 72
North of NI A 3.58 3.05 3.55 4.71 4.85 5.52
T4 3.99 4.58 4.76 4.72 6.13 5.89
O 0.55 0.55 0.58 0.52 0.51 0.50
. 0.54 0.65 0.63 0.54 0.53 0.46
West of NI A 4.28 4.77 4.57 5.52 5.44 4.60
T4 3.94 2.63 3.68 4.03 3.02 2.95
O 0.50 0.38 0.56 0.43 0.43 0.65
. 0.49 0.45 0.53 0.46 0.35 0.35
East of NI A 3.54 3.31 3.25 3.3 5.18 2.86
T4 3.28 353 3.88 4.48 4.28 7.75
O 0.50 0.48 0.54 0.57 0.43 0.65
. 0.51 0.52 0.57 0.58 0.46 0.63
North of SI A 2.79 3.04 3.8 4.20 5.79 6.77
T 4.55 3.78 4.33 5.86 5.46 4.52
O 0.56 0.54 0.51 0.54 0.44 0.44
. 0.60 0.59 0.56 0.59 0.43 0.35
West of SI A 2.96 3.52 4.05 3.24 5.40 2.46
T4 3.85 3.21 3.40 4.53 3.21 6.92
m| 0.59 0.46 0.46 0.56 0.46 0.65
. 0.58 0.49 0.48 0.56 0.35 0.62
East of SI A 4.38 3.27 4.07 3.75 5.39 5.93
T4 3.12 3.35 3.52 4.66 6.38 6.78
m| 0.40 0.50 0.45 0.55 0.51 0.65
. 0.41 0.51 0.48 0.54 0.50 0.51
New Zealand A 3.24 3.23 3.57 4.00 5.19 4.75
T4 3.91 3.55 4.09 4.61 451 4.45
m| 0.57 0.52 0.52 0.53 0.45 0.48
. 0.57 0.56 0.56 0.55 0.45 0.43
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Figure35: Fitted cumulative hyetographs for various duratiorshowing results for individual regions
(coloured linesyandfor the whole country (thick black line).

TablellandFigure35also include resudt for New Zealand as a whole. These curves were fitted
using the same methodology except that all gauges from all regions were used at tiaaam
curve fittingstep. For many regions, the courtyide hyetograph is likely to provide adequate
patterns br design storm use as the different climate regions have broadly similar hyetographs.

However, sme regions and durations have hyetographs which depart from the curve for New
Zealand For the shorter durations, storms in the East of Sl region tend to gegdiler, while those in

the North of NI and North of Sl peak later. The largest regional differences are seen at longer
durations where the West of NI peaks earliest and, for thén@a@r duration, both the East of NI and
West of S| have storms with lesgdnse peaks. However, these observations may not be very robust
as quite different patterns are seen for the-#8ur duration. As stated above, this may relate to the
longer duration containing more than one rain event which will tend to reduce the densis

between storms.

Figure36 shows the fitted hyetograph for the #2our duration at all climate regions, including the
individual site hyetographs used in the fitting process. The differences between regions are apparent
and t also clear that the asymmetric hyperbolic tangent function is not able to reproduce some of
these curves as well as others. For example, the first half of the East of NI and West of SI hyetographs
are nearly linear ando provide the best fit to thesares, the hyperbolic tangent function no longer
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has an intercept aik 1tand¢ Tt Further research is needed as to whether a different functional
form may provide better results, but while not perfect, the hyperbolic tangent function provides
results adequate fomosttemporal design storm useases

Figure36: Fitted cumulative hyetograph(red line)for the 72-hour duration at each climate regiorThe
cumulative hyetographs based on observations from each raingauge are shown by thin grey lines.

Figure37 shows the fouparameters necessary for describing the fitted hyetographs as a function of
duration on a log scale. These plots show the relationship between the shape of the hyetograph and
duration more clearlyFor New Zealand as a whole, the parameters describingtineature (0 and

w ) increase with duration and those describing the position of the inflection pairar(de)

decrease with duration. The fact that the latter two parameters tend to decrease together means
that the most intense part of thetorm occurs both earlier in time and after a smaller proportion of

the total rain amount has fallen.

In most cases the regional parameters follow the same general pattern as the coudéey
parameters, however they are much more variable, both betwegores and between durations
within the same region. This variability does reduce confidence inetjienal parameters, although
inspection of the fitted curves against raingauge d&tig\re34 and Figure36) suggests the resulting
curves are robust. The oscillating nature of some parameters (e.gd, tredé parameters for the
West of NI) suggests that the function is oyparameterised and that altering one parameter can be
compensated for by alterganother.
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