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Executive Summary 

• Probable maximum flood (PMF) estimates are routinely sought for dam spillway design where 
a dam is classed as “high hazard”, and for urban flood protection schemes.  

• PMF estimation requires probable maximum precipitation (PMP) estimates and detailed 
rainfall-runoff modelling study of the catchment in question.  

• Selection of initial conditions and the duration of the event, or sequence of events, is a 
challenging part of the PMF estimation process for large catchments with lakes in their 
headwaters. 

• The philosophy and science behind PMP estimation is still far from settled and has been the 
subject of spirited debate over many decades in the engineering and scientific literature.  
Nevertheless, the approach is of value because it requires a detailed consideration of features 
that could contribute to extreme floods for a particular catchment. 

• In the early 1990s, a detailed study of 94 storms was undertaken in New Zealand to provide 
material for generalised PMP estimates. The study separated short-duration storms, typically 
convective thunderstorms lasting less than six hours, from longer-duration storms typically 
associated with frontal systems or ex-tropical cyclones.  

• The one-hour duration PMP for northern New Zealand is estimated to be 220 mm, and this 
estimate reduces progressively in a southerly direction to 140 mm in coastal Otago and 
Southland. 

• The highest one-hour rainfall in New Zealand (134 mm) was recorded in the headwaters of the 
Hokitika River, Southern Alps, on 8 January 2004; elsewhere, the highest one-hour total is 
109 mm, recorded at Leigh in Northland on 30 May 2001. 

• Based on data from 20 climate stations, those with low nearby relief (less than 500 m) had a 
ratio of the 24 hour duration PMP estimate to the 100 year return period estimate that was 
typically 2.8, whereas the ratio for climate stations in mountainous regions was typically 1.9. 
This is a useful guide for assessing PMP magnitudes for 24 hour duration storms. 

• Suggestions are given for the preparation of 500 and 1,000 year flood estimates, but attempts 
to integrate PMF (or PMP) estimates into a probabilistic framework have generally been 
unsatisfactory. 

• Global warming is expected to increase the magnitudes of PMP estimates. 
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1. Introduction 

In New Zealand, probable maximum flood (PMF) estimates have been made for over 
35 years for assessment of flood hazard posed by hydroelectric dams (Jowett & 
McKerchar, 1983). In recent decades, PMFs have also been used in the design of 
urban flood protection. This development, as well as the Building Act (2004) which 
laid responsibility for overseeing the safety of large dams with regional authorities, 
has created a need for better understanding of the processes for estimation of large and 
extreme floods. New Zealand has more than 1150 large dams, defined as those capable 
of containing more 20,000 cubic metres of water and of holding more than three 
metres depth of water. 

The issue with dams is assessment of spillway capacity where progressive failure by 
scour through overtopping could lead to catastrophe and loss of life. The Ministry of 
Commerce (1997) listed 65 high potential impact dams. This list includes mass 
concrete dams that do not fail progressively when overtopped – e.g. Roxburgh, Clyde, 
most Waikato River dams, but also earth-fill dams (e.g. Opuha, Benmore, Matahina, 
Taylor, Stebbings) where consequences of overtopping may be very serious. 

In recent decades, PMF estimates have also been considered in relation to urban flood 
hazard zoning and flood protection works. See, for example, Griffiths (1991).  

This guide has been prepared to inform New Zealand hydrologists, engineers and risk 
managers about the estimation of PMF and the limitations of the concept. The guide 
commences with definitions and gives a brief review of published material, including 
widely-held reservations about the PMP/PMF concept. The principal methods for 
PMP estimation are then summarised. These are envelope curves and generalised 
methods which involve storm maximisation and transposition. The latter was used in a 
major study undertaken in New Zealand in the early 1990s to estimate probable 
maximum precipitation (PMP). Some additional data on recent short-duration storms 
are presented and details are given on the process of estimating PMF given estimates 
of PMP. Finally, regional flood frequency methods are recommended for estimation of 
500 and 1000 year return period flood peaks. This guide is not intended as a detailed 
handbook for PMF estimation, but rather as a critique of the concept and a guide to the 
main developments of the methodology as it has been applied in New Zealand. It 
reviews only applications made in New Zealand. For more comprehensive 
international coverage of PMP estimation see WMO (in press). Also, a study of the 
application of weather radar for PMP estimation (Austin et al., 1995) provides a useful 
survey of PMP estimation methods. 
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2. Definitions and background 

PMP is defined by the WMO (in press) as: 

“theoretically the greatest depth of rain for a given duration that is 
physically possible over a given storm size area at a particular geographic 
location at a certain time of year under modern climate conditions” 

Similarly, PMF is defined, for example by the US Federal Energy Regulatory 
Commission (2001), as: 

“...the flood that may be expected from the most severe combination of 
critical meteorological and hydrologic conditions that are reasonably 
possible in the drainage basin under study.” 

Ideally, the probability of a flood peak exceeding the PMF is zero, but the use of the 
term “reasonably possible” introduces subjectivity into the definition.  

The validity of the PMP/PMF concepts has been debated vigorously for more than 
half a century (e.g. Alexander, 1957; Yevjevich, 1968; Benson, 1973; Dingman, 1994; 
Laurenson & Kucezera, 1999). Benson (1973), for example, regarded PMF as a 
flawed concept “… because it provides a solution that removes responsibility for 
making important decisions as to degree of risk or protection.” Dingman (1994) notes 
that “The concepts of PMP and PMF are controversial. Can we really specify an upper 
bound to the amount of rain that can fall in a given time?” However, he then refers to 
well-known envelope curves for maximum rainfalls versus duration to suggest that it 
is reasonable to do so, though recognising that the sample of observed rainfalls will 
not include the absolute maxima that have occurred. 

There has been a tendency for hydrologists and engineers to pass the problem of 
maximisation to a specialist meteorologist, effectively spreading the burden of 
responsibility. However this practice may not necessarily lead to greater consistency 
and in any case in New Zealand there are few such specialists.  

Where PMF estimates have been made, there has been a history of the estimates 
increasing as improved meteorological understandings have emerged and as more 
observations of extremes have accumulated: for example, Jarrett & Tomlinson (2000) 
cite an example for the Olympic Dam on the Big Thompson River in Colorado where 
a revised PMF estimate was almost four times larger than the original estimate. 
Similarly, a near-doubling of extreme flood estimates for the Warragamba Dam near 
Sydney (Deen et al., 1989, Pearce, 1993) led to a programme of major works to 
increase spillway capacity. The main reason for the increases has been the move from 
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in-situ maximization of storm rainfalls, where only storms recorded within the 
catchment are considered for maximization, to a generalised approach that 
incorporates the dynamics of storms observed over much larger areas.  

Despite the caveats, the PMP/PMF concept has an inherent appeal because it purports 
to provide certainty in protection from a hazard. A more satisfactory approach to flood 
hazard is to quantify the level of risk of flooding that a society is prepared to tolerate 
and to translate this accepted risk into an exceedance probability for flood level. 
Ideally, this level of risk should be established in conjunction with the risks of other 
geophysical hazards (seismic, wind, snow load) that are addressed in building codes. 

A justification for continued use of the PMF methodology is that it complements 
standard extreme value frequency analysis because it requires a detailed 
hydrometeorological study. Preparation of PMP estimates and proceeding from PMP 
estimates to PMF hydrographs requires study of storm and flood history for the 
catchment in question, and application of a suitable rainfall-runoff model, a process 
which entails a detailed consideration of the catchment hydrometeorology. This 
contrasts with the statistical approach which involves extrapolation in probability 
space using an observed record of extreme flows.  

3. Estimation of PMP 

3.1. Envelope curves 

Envelope curves of record rainfalls versus duration provide a useful reality check for 
PMP estimates. A recent version of world data is presented in WMO (in press). No 
New Zealand data fall among the world maxima. An early version of an envelope 
curve for New Zealand is in Tomlinson (1980) who, for catchments outside the 
western and northern slopes of the Southern Alps, gave an envelope curve as: 

 P = 112.1 T0.553        (1) 

where P is storm rainfall total (mm) and T is storm duration (hr). An event not used in 
preparing this curve occurred at Kerikeri on 19-20 March 1981 (McKerchar, 2009). A 
rainfall of at least 428 mm in 8.5 h was reported, and this exceeds the envelope curve 
by 21%. 

For catchments in the alpine region Tomlinson (1980) suggested: 

 P = 190 T0.553         (2) 
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More recently, S.M. Thompson (1993) compared Southern Alps intensity data with 
world maxima. He showed that for the most extreme event recorded (Alex Knob, near 
Franz Josef Glacier), maximum intensity (Imax) could be approximated by: 

 Imax = 270 T
-0.5   

Expressing this as rainfall depth gives: 

 P = 270 T0.5         (3) 

For a 24 h rainfall, this yields 1323 mm, which is 20% more than the estimate of 1102 
mm from Equation 2. However the recorded maximum one-hour rainfall, from the 
Cropp basin in the headwaters of the Hokitika River, is 134 mm and is considerably 
below the one-hour values indicated by either of the alpine envelope curves.  

3.2. Generalised methods  

3.2.1. Storm maximisation 

The standard approach for in-situ storm maximisation examined records of storm 
rainfalls within the catchment of interest. Storm maximisation involved increasing 
measured rainfall depths for a number of storms by a ratio of the highest possible 
atmospheric moisture content possible to that occurring at the time of the storm. This 
ratio was deduced from an estimate of the maximum dew-point estimate for the month 
of the storm with the 12 h persisting dew point temperature that occurred during the 
storm. Based on local and overseas studies, a maximum ratio of 1.8 was used. 

3.2.2. Storm transposition 

The need to consider storms that have occurred elsewhere, but which could have 
occurred over the catchment in question, led to the idea of storm transposition. This 
immediately raised the question of the effect of topography on storm rainfall totals, an 
issue that is encountered nearly everywhere in New Zealand. It is this step of storm 
transposition that has led to some of the large PMP increases noted above. 

Approaches introduced in the 1970s in New Zealand have distinguished between short 
duration convective storms (or thunderstorms), typically lasting up to six hours, and 
longer duration storms, typically lasting up to 72 hours, and associated with frontal 
systems or ex-tropical cyclones that have moved to mid-latitudes and intensified. The 
short duration storms are used where PMF for catchments up to a few hundred square 
kilometres in area are under consideration, whereas longer duration storms typically 
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are required for larger catchments, in catchments where there are lakes or where flood 
detention dams are part of the catchment. 

3.2.3. ECNZ/ARC study 

In the 1980s, dam safety assessment issues led to recognition of the need to generalise 
PMP estimates. The then Electricity Corporation of NZ (ECNZ) and the Auckland 
Regional Council (ARC) Water Services funded a major study that was undertaken by 
the NZ Meteorological Service. The full results were detailed in a client report 
(Tomlinson and Thompson, 1992), hereafter referred to as TT92. Because of the 
pervasive commercially-competitive corporate culture of the 1980s, this report was 
neither widely distributed nor publicised. However, for short duration (typically less 
than six hours) storms, summary results were published in Thompson and Tomlinson 
(1993), hereafter referred to as TT93. Similarly, for long duration (typically more than 
six hours) storms, summary results were published in Thompson and Tomlinson 
(1995), hereafter referred to as TT95. 

3.2.4. Short duration storms 

For short duration storms, notable severe storm rainfalls were maximised according to 
persisting dewpoint temperatures and an estimation scheme prepared. A reference 
dewpoint for the northern North Island was estimated as 24.5 oC and a latitude-based 
adjustment factor enabled storms recorded throughout the country to be grouped. The 
authors gave a table (TT93, Table 1) of notable extreme rainfalls recorded in New 
Zealand, and another table (TT93, Table 2) of storm rainfalls maximised to the 
northern New Zealand reference dewpoint. A peak one-hour rainfall of 220 mm for 
the far north was indicated as a maximum for the maximized and latitude-adjusted 
storm totals. In addition, a range of ratios for the six hour to one hour totals were 
given, the maximum of which was 3.62 for the Taita storm in the Hutt Valley on 20 
December 1976 (TT93). The value of this ratio tends to be lower for a single-cell 
thunderstorm in which most of the rain falls in the first hour, and higher where multi-
cellular thunderstorms are embedded in synoptic-scale weather systems. TT93 indicate 
that in inland basins, especially in the South Island, thunderstorms are the predominant 
mesoscale storm systems, and that larger multi-celled meso-complexes are observed 
elsewhere. 

The process of maximising an observed storm rainfall requires specialist 
meteorological assessment of the storm to select the prevailing dewpoint temperature 
for the time of the storm (TT93). A maximum factor of 1.8 was adopted for this 
process.  



  
 

Probable maximum flood: guidelines for New Zealand  6 

Notable storms in addition to those listed in TT93 are given in Table 1. The March 
1981 Kerikeri storm is of particular interest. It was a particularly intense convective 
storm that was not included in the PMP studies, presumably because the data are not 
held in national archives, but it was the subject of a detailed unpublished report that is 
reproduced as an Appendix in McKerchar (2009). Most of the raingauges were 
locally-operated manual gauges and the only recording raingauge (Black Poll) ceased 
operating part-way through the storm because of flooding. The 6 hr total was 
estimated as at least 255 mm and when maximised using the factor of 1.8 given above, 
the 6 hr total maximised is 459 mm. This is somewhat in excess of the 6 hr maximum 
for Northland given in TT93 as 420 mm.  

The total of 109 mm in one hour for Leigh measured in 2001 was very similar in 
magnitude to the previous lowland record total of 107 mm recorded at Whenuapai in 
1966. 

Table 1:  Rainfall (mm) for short duration storms additional to those reported in TT93. 

Duration 

Location 
Latitude 

(deg min S) 
Longitude 

(deg min E) Date 1 h 2 h 3 h 

Leigh 36 16 174 48 30/05/2001 109 - - 

Picton, Boons Valley 41 18 174 03 17/02/2004 85 136 158 

Awakaponga 37 57 176 46 18/05/2004 95 - - 

Kerikeri (Black Poll)* 35 11 173 56 20/03/1981 58 103 255 
 

* The one hour total was recorded. Observations of the 2 hr and 6 hr Kerikeri storm totals are partly by correlation: 
see an unpublished Ministry of Works and Development report that is included as an Appendix in McKerchar 
(2009).  

3.2.5. Long duration storms  

For long durations (greater than six hours) the generalization involved separating 
observed storm rainfalls into two components: a convergence component C and a 
topographic or orographic component T. The convergence component C can be taken 
as a flat land component which is determined by the storm structure, whereas the T 
component arises from hills and mountains enhancing rainfall, a feature that is very 
pronounced in the Southern Alps and parts of the North Island.  

The total storm precipitation P is given by: 

P = FAFP (T/C)       (4) 

where FAFP is the “free atmosphere forced precipitation” or the non-orographic 
component and T/C is component representing the broad-scale orographic influences 
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(TT95). The FAFP is an idealised concept: it is the precipitation from the dynamic 
processes in a weather system and is calculated from (4). It is also the component of 
precipitation that is maximised with respect to moisture. 

It is assumed that the T/C ratio is given by the ratio of the 24 hour 100 year rainfall to 
the 24 hour 100 year sea level rainfall in the absence of orography, where the latter 
were estimated from New Zealand rainfalls thought to be least affected orography. 
These main areas are the Aupori Peninsula in Northland and the mid-Canterbury coast 
between the Ashburton and Rangitata River mouths, supplemented by data for 
Farewell Spit and Foveaux Strait. TT95 presents a pair of maps showing the estimated 
convergence rainfall for areas of 25 km2. It ranges from 160 mm in northern New 
Zealand to 110 mm in the south and does not show any pattern resulting from 
topography (TT95, Figure 1). A second map pair gives contours of T/C that are 
strongly related to patterns of orographic rainfall. These maps were derived from a 
study of 94 severe storms. From the initial selection of 94 storms, 20 of the largest on 
a depth and area basis were subject to detailed analysis for storm maximisation. 
Analysis of 12 hr persisting surface dewpoint temperatures for a selection of climate 
stations around the country is a part of the storm maximisation process.  

Application of the method uses the equation: 

 PMP = FAFPx (T/C – m2(T/C – 1))     (5) 

where FAFPx  is the convergence PMP estimate at sea level. The parameter m (less 
than 1) is a “storm intensification factor” which modifies and reduces the orographic 
influence during a PMP storm. It is the ratio of precipitation during the most severe 
portion of the storm to the total storm precipitation and it takes into account the idea 
that orographic precipitation enhancement during very severe storms is reduced. This 
is based on the notion that there should be a limit to the rate of precipitation 
production increase caused by orographic forcing. The intensification factor typically 
has values around 0.6.  

Application of the method to provide estimates for large (greater than 500 km2) 
catchments requires assessment of FAFPx and T/C. The scale of these maps in TT95 is 
too large for practical calculation and recourse is needed to gridded data files. Depth-
area tables are given to estimate PMP over a large area as a fraction of the 25 km2 
PMP. 

A criticism of the method applied in New Zealand was that whereas the value of the 
ratio T/C was typically up to 2.0 in the overseas regions where the method had been 
developed, in New Zealand T/C could be much larger, perhaps 6.0 or more, and it was 
not easily estimated. For example, a Canadian guide (National Research Council of 
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Canada, 1989) recommends caution where there is limited understanding of 
mountainous terrain on precipitation phenomena and cites several authors who 
recommend that storm transposition be severely restricted or entirely excluded in such 
areas. Nevertheless, the study was very valuable because it focussed attention on local 
hydrometeorological conditions. Ex-tropical Cyclone Bola of March 1988 provided 
the prototype for a severe storm to be considered over much of the country, apart from 
catchments draining from the main divide of the Southern Alps.  

In their Table 8.1, TT92 give PMP estimates for 20 climate stations and the ratios of 
PMP to 1 in 100 AEP estimates. The ratios range between 1.48 (Ranfurly, rainfall 
normal 418 mm/yr) and 3.48 (Ivory Glacier, rainfall normal in excess of 8,000 
mm/yr). Classifying the 20 stations as mountainous (on the basis of relief in excess of 
500 m in close proximity), or low relief otherwise, the mean ratio for mountainous 
stations is 1.9, and for the low relief stations 2.8.  

4. Estimation of PMF 

Proceeding to estimate the PMF given PMP estimates requires the calibration and use 
of a rainfall-runoff model, as well as the need to consider the initial conditions of a 
catchment. The initial conditions can include the soil moisture status, the extent of 
snow cover, and in the case of large catchments, the levels of the lakes in the 
headwaters, all of which may vary seasonally. Examples of the steps necessary in 
application to the Clutha and Motu rivers are detailed in Jowett and S.M. Thompson 
(1978) and Riddell (1980) respectively. The Clutha study is of particular interest 
because a major flood in the river in October 1978 confirmed many of the assumptions 
made in preparing the PMF estimate (Jowett, 1979).  

For the large New Zealand hydroelectric catchments with lakes in their headwaters, 
the requirement to look beyond a single storm was addressed by S.M. Thompson 
(2003) who considered the duration of wet weather necessary to cause probable 
maximum flood level in hydroelectric storages. He showed that a synoptic weather 
pattern allowing two distinct episodes of intense rain over periods of 14 days or more 
can be relevant for estimating PMF. Sequences of certain conditions are also relevant 
in other situations. For example the devastating largest known flood in the Clutha 
River in September 1878 was preceded by severe snowfalls, exceptionally high lake 
levels and flooding of Queenstown. The second largest flood in the lower Clutha, in 
October 1978, occurred when Lakes Wakatipu, Wanaka and Hawea which feed the 
Clutha River were at low levels. The 1978 flooding in the lower Clutha would have 
been much worse if preceding storms had filled the lakes to their flood levels, as in 
1878 (Jowett, 1979).   
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Another issue for larger catchments, especially those in the South Island alpine areas, 
is assessment of the spatial rainfall distribution. This includes assessing the extent of 
“spillover” eastwards from the main divide of the alps during northwesterly storms, 
and the need for consistency between the spatial rainfall distributions used in rainfall-
runoff-losses assessments and spatial distributions adopted in PMP assessments. 

An example of the preparation of a PMF estimate for the Waimakariri River in 
Canterbury is given in Griffiths et al. (1989). The Waimakariri River rises at the main 
divide of the Southern Alps in the vicinity of Arthur’s Pass and flows in a 
southeasterly direction to the coast just north of Christchurch, where the catchment 
area is 3210 km2. In the lower reaches, where the river poses a serious flood hazard for 
Christchurch, the river’s course is controlled by a series of flood protection stopbanks 
and a PMF estimate was required as part of the process of reviewing the adequacy of 
these works. The PMP used in this study as assessed from Tomlinson’s 1980 envelope 
curve (Eqn 1) was for an 18 hour duration storm rainfall of 555 mm and a 24 hour 
rainfall of 650 mm at Arthur’s Pass, with reducing values over the catchment moving 
away from the main divide. The rainfall-runoff modelling used the RORB rainfall-
excess routing model (Laurenson et al, 1974) with loss rates and model parameters 
determined from study of recorded rainfall-runoff events. The modelling approach 
required division of te catchment into a number of sub-areas and estimates of rainfalls 
for each. 

PMF estimates have been prepared for a number of other catchments. Typically, these 
estimates are available in unpublished reports that have been prepared for regional 
councils or other clients. Cases known to the writer include the following: 

• Waikato River (Jowett, 1997) 

• Topehahae Stream near Morrinsville (Maunsell Ltd, 2009) 

• Hutt, Otaki and Waikanae Rivers near Wellington (McKerchar, 1991) 

• Porirua Stream tributaries with flood control dams (McKerchar, 2004, 2007) 

• Taylor River flood control dam near Blenheim (Pearson et al., 1993) 

• Waitaki River (Carter et al., 1993) 

• Waihopai River and other small stream near Invercargill (Hydrology Centre, 
1988).  
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5. Floods with 500 and 1000 year return periods 

The estimation of peak flood flows using probability methods is a separate but related 
topic. McKerchar and Pearson (1989) gave guidelines for estimation of floods with 
return periods of up to 200 years. For stations with sufficient records, typically at least 
two decades, these involve fitting the Extreme Value type 1 (Gumbel) distribution to 
the annual maxima. 

For more extreme (500 and 1000 year) return periods, the recommended approach is 
to use a regional flood frequency methodology. This involves selecting annual 
maxima flood records for each river in a homogenous region, plotting dimensionless 
flood frequency data against estimated probability and then fitting a frequency curve 
to the pooled dimensionless data. This approach was used by Pearson (1991) in 
preparing dimensionless flood frequency curves for South Canterbury the South Island 
West Coast. The South Canterbury region data were fitted with an EV2 distribution 
using L-moment methods (Hosking, 1990) and the regional multiplier for the 1000 
year estimate was 12.3 times the mean annual flood. In contrast, the West Coast data 
were fitted with an EV1 distribution and the 1000 year estimate was 2.41 times the 
mean annual flood. A similar approach was used by Griffiths and Pearson (1993) to 
estimate extreme rainfalls for Christchurch. They employed a method described by 
Hosking and Wallis (1993) to demonstrate that storm rainfall series for the 
Christchurch region can be regarded as homogeneous.   

6. Future work 

The extensive work undertaken in the early 1990s (TT92, TT93, TT95) provides the 
current substantive guide for PMP estimation in New Zealand. Since then, however, 
an understanding of climate change influences has evolved. 

Climate change is now recognised as an important consideration for long lifetime 
infrastructure such as dams and urban flood protection works. Guidance for assessing 
climate change effects on flood flow is offered in a forthcoming MfE guide. This 
guide gives projected changes in temperature for 2040 and 2090 and includes a table 
(MfE, 2008, Table 5.2) that indicates typically an eight percent increase in storm 
rainfall intensity for a one degree rise in temperature. This topic needs further 
consideration in the context of PMP estimation. 

Another topic with potential for development is the concept of assessing the frequency 
of the envelope curve for the most severe floods for a number of gauged catchments 
within a homogeneous region. This topic is termed “floods of record” in the literature 
(e.g. Griffiths and McKerchar, 2008) and offers a possible pathway to estimation of 
probability of particularly extreme events, perhaps verging on PMFs. 
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