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Abstract
Dimensionless rainfall depths are estimated
for New Zealand, treated as three regions,
for durations from 1 to 72 hours and return
periods from 10 to 1,000 years. Data from
individual gauges or sites are modelled using
the General Extreme Value distribution.
On average some 70% of sites follow an
Extreme Value type 1 distribution, 27% EV2
and 3% EV3. Regional data are modelled
by the Kappa distribution and show that
dimensionless depths decrease slightly with
duration, with the largest values for each
return period occurring in the South Island
East Region, intermediate values in the
North Island Region and smallest values in
the South Island West Region. As this study
is exploratory, derived values of dimensionless
rainfall depth may be employed as a rapid
check on High Intensity Rainfall Design
System (HIRDS V3) estimates up to return
periods of 100 years; and for greater return
periods as indicative values in design. At
locations where only the mean annual rainfall
is known, rainfall depths may be calculated
for specified return periods from 100 to
1,000 years using our dimensionless depth
values, and donor sites with suitable rainfall
records.
Problems with employing estimates of
probable maximum precipitation (PMP)
are reviewed and their use in design is not
recommended. A PMP value for a 24-hour
rainfall in Christchurch is likely to have
a return period of the order of 104 years.

Envelope curves for maximum recorded
rainfall depths and for dimensionless rainfall
depths are presented. World rainfall depth
maxima are from two to three times larger
than the New Zealand values for durations
from 10 minutes to 1 year.
Allowance for the effects of humaninduced climate change should be made when
using the results of this study, as it is based
on rainfall measurements from the interval
1961-2012, which exhibit no trends. Further
work on filling gaps in rainfall records, so as
to increase the rainfall database, should allow
more precise definition of dimensionless
rainfall depths for return periods exceeding
1,000 years.
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Introduction
Producing a reliable estimate of point
rainfall depth for a given duration and large
return period is an essential task in many
engineering design problems – for example
in river flood estimation and the design of
reservoir spillways, bridges and culverts.
Other applications occur in agriculture and in
the design of sewerage systems and drainage
in urban areas. Analysis of rainfall extremes
is also used to assess the severity of observed
rainfall events of interest to planners and
people affected by these events.
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Rainfall frequency analysis on a national
scale has been undertaken in New Zealand in
important studies by Seelye (1947), Robertson
(1963), Tomlinson (1980) and Thompson
(2002) for return periods limited to 100 years
or less. In what follows we undertake an
exploratory study, owing to limited longterm records, where interest lies mainly with
return periods from 100 to 1000 years. The
standard rainfall depth (P) – duration (D) –
return period (T) model (P-D-T) is fitted to
annual maximum rainfalls recorded at each
raingauge or site, and on a regional scale, as
for an index-frequency procedure. The index
variable is the mean of annual maxima, Pm,
and dimensionless rainfall depth, Pr = P/Pm.
Durations range from 1 to 72 hours.
We update the envelope of maximum
recorded rainfalls in New Zealand and
develop an envelope of Pr values. Some
commentary is also given on the relationship
between the probable maximum precipitation
approach to estimating extreme rainfalls and
the frequency approach. The purpose of this
paper is to examine the limits to reasonable
prediction of extreme rainfalls in New
Zealand. The aim is to provide designers and
planners with indicative values and an easyto-use tool for checking results of estimates
of rainfall depth for large return periods. The
analysis is based on data measured during the
interval 1961-2012.

Rainfall data
Rainfall data for this study listed in Tables 1
and 4 came from automatic raingauges
operated by Meteorological Service of
New Zealand, Regional and City Councils
and the National Institute for Water and
Atmospheric Research. Details about the
raingauges selected are given in Table 1 and
their locations are shown in Figure 1: see also
Walter (2000) for map references, archiving
and other details. We sought raingauges with
long, high quality records having few gaps in
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the time series. In a number of cases we had
to compile a composite record where small
changes in gauge location had occurred,
but the dominant problem was gaps that
markedly reduced the number of raingauges
or sites suitable for analysis. In Table 1 it can
be seen that missing records have reduced the
usable lengths of records at 10 sites by several
years. Henderson (1983) reports a similar
experience. One result of this paucity of sites
is that this study is an exploratory one.
The time series of annual maxima for
various durations from a sample of raingauges
with the longest records were examined
for evidence of non-stationarity and serial
correlation. No evidence of trend, periodicity,
persistence or shifts was found by inspection
and by using statistical tests. Specifically, test
statistics computed included the Spearman
rank order correlation coefficient and, for
a split sample, the Mann-Whitney test for
location difference and the Wold-Wolfowitz
runs test for any difference. In all cases the
null hypothesis was accepted at the 0.05
significance level. This means that each
record can be assumed to be stationary and
composed of independent values. In an
earlier, similar study Withers and Pearson
(1991) came to the same conclusion using
other statistical tests.

Analysis
Point frequency analysis

Point rainfall depth-return period relations
for annual maxima for 1, 6, 24, 48 and
72 hr. durations were modelled at each site
(Table 1) by the commonly used Generalised
Extreme Value distribution (Jenkinson, 1955)
given by
P = u + (α/k) {1 – [– ln (1 – 1/T)]k}        

(1)

where u, α, k are parameters. For shape
parameter k = 0, k <0, k >0 the distribution
type is Extreme Value Type I (EV1), EV2
and EV3 respectively. Equation 1 was fitted

Table 1 – Automatic raingauge records and mean annual maximum rainfalls for
five different durations.
Site
Number

Site Name

Mean annual maximum rainfall (mm)

Start

End

Length
Record
(yrs)

1 hr

6 hr

24 hr

48 hr

72 hr

49905

Paraparaumu EWS

1961

2012

43

16

42

70

82

88

69202

Castlepoint AWS

1995

2012

17

21

50

83

91

100

143807

Wellington Aero

1962

2012

45

16

42

71

84

91

424602

Cape Reinga AWS

1962

2012

41

28

62

88

102

111

531207

Kaitaia EWS

1966

2012

38

26

64

97

112

123

649702

Mangere EWS

1995

2012

18

21

50

78

89

95

766204

Tauranga Aero AWS

1995

2012

18

28

77

127

147

154

769905

Whakatane Aero AWS

1995

2012

18

28

62

107

128

139

861303

Rotorua Aero AWS

1970

2012

46

26

66

108

128

139

864201

Purukohukohu at No 4

1969

2012

43

26

57

91

110

122

876905

Gisborne AWS

1967

2012

40

18

50

94

110

118

953510

Makotuku at F Trig

1973

2012

40

23

57

106

138

161

963410

Ngahere Hut

1973

2012

40

22

63

157

223

262

121610

Cobb at Trilobite

1970

2012

40

21

66

129

165

185

117504

Westport Aero AWS

1995

2011

16

20

48

82

99

112

1209101

Moss Bush original site

1963

2011

49

23

67

127

159

175

136943

Taylor at Tinpot

1966

2011

35

16

45

91

105

111

218117

Butchers Gully

1986

2012

27

32

81

163

204

239

219510

Arthur’s Pass

1960

2011

52

28

106

225

296

344

301913

Cropp Hut

1966

2011

44

53

196

449

595

719

318803

Winchmore EWS

1963

2007

39

11

30

57

73

79

324501

Christchurch Aero

1973

2011

37

11

29

52

63

70

399210

Cron Ck (Haast)

1955

2011

57

45

157

312

441

507

403711

Rocky Gully

1980

2011

32

14

36

61

77

85

509201

Dunedin Aero

1992

2011

20

10

30

56

67

71

582210

Gorge Ck (Oreti)

1975

2011

37

11

36

67

81

92

684303

Invercargill Aero

1961

2010

42

11

29

47

58

68

43

Figure 1 – Map of New Zealand showing raingauge location and definition of rainfall regions.
Dividing line between South Island West Region and South Island East Region corresponds to a
mean annual rainfall of approximately 3,500 mm.
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using L-moments and the Gringorten (1963)
plotting position.
Tomlinson (1980) employed only the
EV1 distribution to model the frequency
of high intensity rainfalls in New Zealand.
Pearson and Henderson (1998) later found
that his results could be improved by using
an EV2 model in some areas, particularly
eastern parts of the country. We applied the
Hosking et al. (1985) test to site rainfall data
to determine the percentage of the 71 fits
falling into each extreme value distribution
type for three durations (Table 2). Our results
are comparable to those of Pearson and
Henderson (1998, Table 2), allowing for our
much smaller sample size, and reinforce the
need to employ an EV2 model at a significant
number of sites to avoid underestimation of
design storm rainfalls.
Table 2 – Statistics of site data fits by extreme
value distribution type at the 95% significance
level.
Distribution
Type

Duration (hr)
1

6

24

EV1 (%)

59.3

70.4

81.5

EV2 (%)

40.7

25.9

14.8

EV3 (%)

0

3.7

3.7

Regional frequency analysis

As this study is exploratory, we partition
New Zealand into just three rainfall regions –
North Island (NI) Region, South Island East
(SIE) Region and South Island West (SIW)
Region. Given the limited number of rainfall stations (Table 1) the boundary between
the South Island regions is somewhat
arbitrary (Fig. 1). Our regionalisation
scheme is based on previous meteorological
and hydrological experience gained in
investigating New Zealand rainfall and
flooding regions (Griffiths and McSaveney,
1983; McKerchar and Pearson, 1989;

Griffiths and Pearson, 1993; Pearson
and Henderson, 1998; McKerchar and
Henderson, 2003). We computed Hosking
and Wallis (1993) V statistics for each
Region and all five durations to test for
regional homogeneity. SIE is the most
homogeneous and SIW the least, but even
SIW is reasonably homogeneous, given that
it contains only five sites.
For each Region the relationship between
dimensionless rainfall depth and return
period was modelled for the five durations
by a Kappa distribution (Miekle, 1973;
Hosking, 1994).
P = a + (b/c){1 – {[1 – (1 – 1/T) d]/d}c}

(2)

where a, b, c, d are parameters. Equation (2)
was fitted using L-moments and the
Gringorten plotting position. It includes as
special cases the generalised logistic, extreme
value and Pareto distributions (Hosking and
Wallis, 1997). Griffiths and Pearson (1993)
found Eq. 2 to be a satisfactory model of
dimensionless rainfall depths in Christchurch.
Figure 2 shows examples from a total of 15 fits
of the fit of Eq. 2 to data from each Region
for 1, 24 and 72-hr durations.
From the results of fitting Eq. 2, we
calculated dimensionless rainfall depth values
for all five durations and return periods
ranging from 10 to 1,000 years (Table 3).
The values in Table 3 show the usual increase
with return period, and for a given return
period a small decrease as duration becomes
larger. The largest values of the medians for
each return period occur in the SIE Region
and the smallest in the SIW Region.
This regional frequency approach does
not allow systematic calculation of standard
errors for the values in Table 3. Nevertheless,
with regional procedures, errors are usually
proportional to 1/(n N) 0.5, where n is average
record length and N is the number of records.
Based on this result, we estimate limits of
no more than ±20% to standard errors for
rainfall depths of return periods of less than
1,000 years.
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Figure 2 –
 Examples of
Kappa curve
(Eq. 2) for
Regional data:
SIE (1 hr);
SIW (24 hr);
NI (72 hr).
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Table 3 – Dimensionless rainfall depth values (Pr = P/Pm) for various return periods and durations for
all Regions: North Island = NI; South Island East = SIE; South Island West = SIW.
Return
period
(yrs)

Region

10

Duration (hrs)
1

6

24

48

72

Median

NI

1.46

1.42

1.43

1.44

1.45

1.44

10

SIE

1.50

1.45

1.50

1.50

1.48

1.50

10

SIW

1.30

1.28

1.29

1.32

1.30

1.30

50

NI

2.08

2.00

1.95

1.92

1.90

1.95

50

SIE

2.39

2.10

2.13

2.14

20.7

2.13

50

SIW

1.69

1.49

1.54

1.52

1.52

1.54

100

NI

2.38

2.31

2.20

2.13

2.08

2.20

100

SIE

2.91

2.45

2.44

2.45

2.34

2.45

100

SIW

1.89

1.57

1.64

1.58

1.60

1.60

500

NI

3.19

3.16

2.88

2.64

2.49

2.88

500

SIE

4.57

3.48

3.25

3.28

3.06

3.28

500

SIW

2.47

1.72

1.87

1.69

1.76

1.76

1000

NI

3.10

3.61

3.21

2.87

2.65

3.21

1000

SIE

5.53

4.03

3.64

3.69

3.41

3.69

1000

SIW

2.79

1.78

1.96

1.72

1.82

1.82

Application
At a site where sufficient data are available to
obtain a reasonable estimate of Pm – say 10
years of record – then P may be calculated for
a given duration and return period using the
Pr values listed in Table 3.
At a site where P is unknown, perhaps
the simplest approach is to use a donor or
analogue raingauge for which a suitable
record is available – the former nearby and
the latter more distant, where both are under
a similar meteorological regime to the site of
interest. To calculate P at this site one can
use the transfer equation (Robson and Reed,
1999).
(Pm  /Pa)s = (Pm  /Pa)t

(3)

where the subscripts s and t refer to the speci
fied and donor sites respectively, and Pa is
mean annual rainfall. Pa may be determined
at the specified site from the 1:500,000 scale,
1941-1970 mean annual precipitation maps
(New Zealand Meteorological Service, 1975)
or particular studies by, for example, Griffiths
(1986) and Henderson and Thompson
(1999). With Pm found from Eq. 3, P can
be calculated by employing the Pr values in
Table 3, as above, for a site with a rainfall
record. This procedure should be repeated
using a number of donor sites and a weighted
average based on meteorological experience
taken. More formal statistical methods for
solving this problem are given in Hosking
and Wallis (1993).
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For return periods equal to or less than
100 years we recommend use of the High
Intensity Rainfall Design System (HIRDS,
V3) (Thompson, 2002) to determine P and
its standard error (for durations from 10
minutes to 72 hrs and return periods from
1.58 to 100 yrs) at a site where no rainfall
records are available. HIRDS employs a
statistically based region of influence approach
and calculates a weighted average value using
information from a collection of raingauges
(15 or more) surrounding the site of interest
which have similar extreme rainfall properties.
The database is much larger than that of our
fixed meteorological region approach and
the standard errors are smaller. Nevertheless,
our work may be used as a quick check on
HIRDS estimates or, for example, as prior
information in a Bayesian analysis of rainfall
data (Viglione et al., 2013).

Envelope curves
Tomlinson (1980) presents an envelope curve
to maximum recorded rainfall depths in New
Zealand given by
P = 112 D 0.55 0.167 ≤ D ≤ 120 hr

where P is in mm and D in hr. A log-log
least squares regression of all available data
(Table 4) gave a slope of 0.55, and the values
are enveloped by the curve
P  =  145 D 0.55 0.167 ≤ D ≤ 8760  hr (1 year)

(5)

which is certain to be exceeded in the future
(Fig. 3).
In contrast, world maxima are enveloped
by (Smith, 1992)
P  =  422 D 0.475 0.017 ≤ D ≤17520  hr (2 years) (6)

and are two to three times New Zealand
recorded maxima (Fig. 3).
Another envelope of particular interest is
that to Pr . Application of the method used to
obtain Eq. (5) above yielded
Pr  =  5.1 D-0.11 0.167 ≤ D ≤ 72 hr

(7)

This curve is skewed upward by the 1 hr
outlier value at Cobb at Trilobite (Fig. 2) of
5.1. The predicted value from a regression
of the other values of Pr is 4.2 for a 1-hr
duration.

(4)

Figure 3 – Maximum recorded
 rainfall depths as a function of
duration. The New Zealand
maxima and the World maxima
lines are given by Eq. 5 and
Eq. 6 respectively.
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Table 4 – Maximum recorded New Zealand rainfall depths
Rainfall
Depth
(mm)

Duration
(hrs)

     34

0.167

   134

1

   428+

Site

Date

Tauranga

17 April 1948

Cropp at Waterfall
(Hokitika Catchment)

8 January 2004

8.5

Near Kerikeri*

19-20 March
1981

   566

12

Hokitika at Prices Flat

11 May 1978

   758

24

Cropp at Waterfall
(Hokitika Catchment)

27 December
1989

1,049

48

Cropp at Waterfall
(Hokitika Catchment)

11 December
1995

2,927

730
(1 month)

Cropp at Waterfall
(Hokitika Catchment)

Dec-95

18,405

8760
(1 Year)

Cropp at Waterfall
(Hokitika Catchment)

30 Oct 1997 to
29 Oct 1998

* See Ministry of Works and Development (undated): A report on the
flood at Kerikeri on 19th-20th March, 1981. Whangarei Residency,
14 p and 3 Appendices.

Probable maximum precipitation
Probable maximum precipitation (PMP)
is defined by the World Meteorological
Organisation (1986) as theoretically the
greatest depth of precipitation for a given
duration that is physically possible over a given
size storm area at a particular geographical
location at a certain time of year. Since its
introduction in the 1940s, the concept
has been extensively criticised (Benson,
1973; Koutsoyiannis, 1999; Papalexiou
and Koutsoyiannis, 2006) on a number of
grounds. Technically, there are various ways
to estimate PMP, all uncertain and somewhat
subjective, with little or no justification for
selecting one result from another. Ethically,
there is the implication that PMP design
values are free of risk, as the probability of
exceedance is zero; and, practically, actual
estimates have often been exceeded (Willeke,

1980). Despite these convincing criticisms,
the PMP approach is still used in the design
of major works such as dam spillways and
flood protection schemes. But, for economic
and hazard analysis, and indeed most modern
design work, this approach is unsuitable as
there is a need to associate probabilities with
estimates of rainfall extremes. It is still useful
however, even with the frequency approach,
to consider the meteorological conditions
leading to the generation of extreme rainfalls.
A standard method for calculating PMP
is that of Hershfield (1961). Koutsoyiannis
(1999) showed, using Hershfield’s original
data set, that his estimate of PMP has a
return period of about 60,000 years. It
is of interest to examine this relationship
in a New Zealand context. We take, as
an example, the Christchurch Gardens
site and a 24-hr duration for which the
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median annual maximum rainfall = 57 mm
(Griffiths et al., 2009). Using the TomlinsonThompson method (Tomlinson and
Thompson, 1992) the PMP is 400 mm
(Griffiths and McKerchar, 2013) or about
twice the recorded annual maximum 24-hr
Christchurch rainfall. The ratio (400/57) is
7.92 and for this value Griffiths et al. (2009)
predict, with considerable extrapolation, but
based on a dataset of 8087 annual maxima,
a return period of the order of 104 yr, which
is consistent with the result of Koutsoyiannis
(1999).

Climate variability and change
In addition to carrying out statistical tests
on the rainfall series at a number of sites, we
checked those series for any visual evidence
of trends as well as the influence of the
Interdecadal Pacific Oscillation and El NiñoSouthern Oscillation. None was found and
from this we infer that although the New
Zealand rainfall regime has been highly
variable since records began, its behaviour has
not changed significantly.
Now, any effects of climate change
induced by humans will be superimposed on
this natural variability. To provide guidance
on assessing the impacts of these effects, the
Ministry for the Environment has produced
a manual (Ministry for the Environment,
2008) based in part on the Fourth Assessment
of the Intergovernmental Panel on Climate
Change (Intergovernmental Panel on
Climate Change, 2007). Using this manual
it is a straightforward exercise to determine
projected increases in extreme rainfalls
anywhere in New Zealand for low, medium
and high ranges and for two design intervals
– 50 yr and 100 yr.

Future work
A considerable amount of work is required
to increase the quality of long-term rainfall
records by, where practicable, filling significant
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gaps therein. Achievement of this difficult
task will allow more precise definition of Pr
values for longer return periods than listed
here. It should also permit better definition
of regions although, ideally, another variable
or variables need to be discovered to combine
with Pr so that growth curves for the various
regions collapse into a single curve for New
Zealand for each rainfall duration.

Conclusions and
recommendations
A table of values for calculating dimensionless
rainfall depth in New Zealand (treated as
three separate regions) for durations from
1 to 72 hr, and return periods from 10 to
1,000 yr may be used as a quick check on
HIRDS estimates up to a return period of
100 yr. For return periods exceeding 100 yr,
the table provides indicative values for use
in design.
On average, rainfall data from about
70% of the sites follow an EV1 distribution,
27% EV2, and 3% EV3. At a regional scale,
dimensionless depths decrease slightly with
duration, with the largest values for each
return period occurring in the South Island
East Region, middle values in the North
Island Region and least values in the South
Island West Region.
Where no rainfall data are available at a
site we recommend use of HIRDS to estimate
rainfall depths for durations from 10 min
to 72 hr and return periods up to 100 yr.
Alternatively, donor or analogue sites with
suitable rainfall records may be employed to
supply estimates through a transfer equation
for return periods from 100 to 1000 yr.
World maximum recorded rainfall depths
are from two to three times larger than New
Zealand recorded maxima for durations from
10 min to 1 year.
Employment of estimates of probable
maximum precipitation in design is not
recommended. An estimate of PMP for a

24-hr rainfall in Christchurch is likely to have
a return period of the order of 104 yr.
Results obtained herein are based on rainfall
measurements in the interval 1961-2012.
When using these results, allowance should
be made for the effects of human-induced
climate change and it is recommended that
Ministry for the Environment guidelines be
followed.
Further work is needed on filling gaps
in rainfall records to increase the size of the
database. In turn this should allow more
precise prediction of dimensionless rainfall
depths for return periods greater than
1000 yr.
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