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Abstract 

Estimates of PMP are needed in order to estimate the spillway design flood 
for dams which must be capable of safely passing the probable maximum 
flood (PMF). For over forty years the standard estimates of the Flood Studies 
Report (FSR) have almost always been used. However, since then several 
studies have shown that these values are too low, and new estimates for South 
West England and then Britain were published. This paper extends these 
studies to include the whole of the British Isles. The study uses 6570 station 
years’ data in a new method of frequency analysis that identifies part of the 
data which represents the long term situation. Further analyses to support the 
results of this approach have been produced from the in situ maximisation of 
12 historic storms using World Meteorological Organisation methods. The 
results are broadly consistent with those obtained from frequency analysis. 
Values of 24 hour PMP in Britain range from 600 mm in upland areas of the 
Lake District, to 400 mm in parts of East Anglia. This range of values is pre-
sent in Wales and parts of South West England. For Ireland the highest values 
are over the upland areas, such as in the Wicklow Mountains (550 mm) and 
SW Ireland (600 mm), while in the lowlands values around 350 mm can be 
expected. The question of uncertainty in estimating PMP is considered, most 
of which is due to the temporal and spatial shortcomings of the data. The im-
plications for the probable maximum flood (PMF) and spillway design flood 
mean that widespread reassessment of dam safety should be carried out at 
once. 
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1. Introduction 

Worldwide about one-third of all dam failures are due to overtopping following 
a major storm (Lemperiere, 1993). In Britain alone Hughes et al. (2000) reported 
that there have been 14 dam failures, 12 of which caused the loss of life. Since 
then there have been several near misses, including Boltby in 2005 (Clark, 2008). 
However, since 1925 when Coedty dam failed and 16 people were drowned, 
there has been no loss of life (Hughes et al. 2000). This incident led to legislation 
for dam safety assessments, followed by the Institution of Civil Engineers in-
terim report on floods and reservoirs (ICE 1933). This was later reprinted with 
additional data (ICE, 1960). Publication of the Flood Studies Report (NERC, 
1975) included estimates of PMP which are still being recommended for use in 
dam design and safety assessment (ICE, 2015). This latter publication is the 
fourth edition of a guide on the estimation of spillway design floods and dam 
safety assessments. Although the rainfall of lower rarity than PMP has been pub-
lished (Institute of Hydrology, 1999, Stewart et al. 2013) no reassessment of PMP 
for the whole of the UK or British Isles has been produced. In a nationwide sur-
vey of historic dam incidents (Charles et al. 2011) identified exactly 100 UK 
cases. This figure excludes two which occurred during construction. Of the re-
mainder 15 took place after the 1930 Reservoir Act, and of all events which in-
volved overtopping, seven were post 1930. The Whaley Bridge incident of 2019 
did not involve overtopping but was flood related. Their survey clearly shows a 
potential for serious overtopping in the future since none of the known events 
were caused by a PMP event as suggested by the Flood Studies Report and cer-
tainly not by the present findings. 

In the past 25 years there have been several studies which have shown that 
FSR estimates are too low (Collier & Hardaker, 1995, Clark, 1995, 2002), while 
Clark (2016) gives a list of events which have exceeded the FSR values, including 
a fall of 355 mm in 14 hours when the 24 hour FSR PMP was only 300 mm. Al-
ternative estimates have been provided for Britain (Clark, 2002) but not for the 
British Isles. The only attempt to reconcile the differences of PMP on the PMF 
came about with a reassessment of the spillway design flood of Bruton dam, 
where it was necessary to increase values of PMP over the range 2 - 24 hours by a 
factor of about 1.25 - 1.37 respectively. This, together with a decrease in the time 
to peak of the Unit Hydrograph and an increase in the percentage runoff, al-
lowed a realistic estimate of the median flood, and a close comparison with a 240 
year historic based flood frequency analysis (Clark & Pike, 2007). As result the 
spillway design flood was increased from 240 m3·s−1 to just over 500 m3·s−1. An 
analysis for the upper Stour at Bourton in Dorset UK came to a similar conclu-
sion (Clark, 2015). Given that there are about 2500 large regulated reservoirs in 
the UK and more being constructed mainly for flood storage (Faulkner & Benn, 
2016) it is essential that a revision of PMP standards are made. The main pur-
pose of the present study is to provide new estimates of 24 hour PMP which can 
be used to design dam spillways that are able to safely pass the probable maxi-
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mum flood (PMF). Although PMP values in excess of Flood Studies Report 
(NERC, 1975) have been used to upgrade one dam in the UK a higher standard 
of PMP is needed for the whole of the British Isles since many of the +3000 dams 
are earth filled and many are over 100 years old. 

2. Methods of PMP Estimation 

There are several methods that can be used to estimate PMP and these have been 
described in the World Meteorological Organisation manual (WMO, 2009). 
These are listed below. 

1) Statistical methods such as Chow (1951) and Hershfield (1961), with modi-
fications (Desa et al., 2001; Afzali-Gorouth et al. 2018). 

2) Hydrometerological methods using moisture maximisation and transposi-
tion such as Wiesner, 1970, Rakhecha and Clark (1999), Casas et al. (2011), 
Ishida et al. (2015). 

3) Generalised methods using depth duration data, for example Rakhecha and 
Kennedy (1985), Australian Bureau of Meteorology (2003). 

4) Empirical formulae from historic storms for example Clark (1995), WMO 
(2009). 

5) Storm models such as Austin et al. (1995); Chavan and Srinavas (2015), 
Hiraga et al. (2021). 

All of these methods have their strengths, weaknesses, and uncertainties. Ben 
Alaya et al. (2018) have shown that all methods have some subjectivity and show 
that a range of values should be given to take account of the uncertainty that ex-
ists. However, it has been shown that the Hershfield method for India is not ap-
propriate. The Indian Institute of Tropical Meteorology (1989) used this method 
to estimate one-day PMP for India, giving a value of 700 mm for the Mumbai 
area. Rakhecha and Clark (1999) used depth area analysis in order to compen-
sate for the low raingauge network and then the physical method of moisture 
maximisation. The result was 1200 mm for Mumbai. The difference was to some 
extent settled by the storm of 25th July 2005 which had a one-day depth of 944 
mm. Further difficulties with more recent research include the failure to men-
tion the density of the raingauge network (Ben Alaya et al., 2018) who produced 
estimates with a resolution of about 700 km2 which may fail to account for con-
centrations of very high rainfall and was the main motive to apply depth area 
analysis for Indian storms which were based on a similar raingauge density net-
work (Rakhecha & Clark, 1999). Another common drawback is that some stud-
ies fail to give storm details (Thanh Thuy et al., 2019) so that verification of their 
results cannot take place. There is also a dependence on model studies to esti-
mate future temperature and precipitable water with the assumption that current 
estimates of PMP may already be too low (Rastogi et al., 2017). There is also no 
indication of the areal characteristics of PMP which are based on actual storms 
and how this may change in the future, although the WMO (2009) manual gives 
an example of enveloping curves of depth area duration data.  
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In this study two methods are used. The first is a statistical analysis of annual 
maximum one-day rainfall; the second is the moisture maximisation procedure 
(WMO, 2009). In the first approach the search for a representative part of the 
data follows the use of rank-size analysis (Clark, 2019a). This has been shown to 
produce realistic estimates of both extreme rainfall and floods, in particular us-
ing data available up until 1990 before higher estimates for the American River 
in California which were produced after the flood of 1997. Further evidence for 
very high rainfall that was missed by the official raingauge network is also pre-
sented on historic storms, in particular the Martinstown storm of 1955 (Clark, 
2005), the Dublin storm of 1963 (Clark, 2019b) and Norfolk 2020 storm (Holley 
et al., in press). 

3. Data and Methods 

The annual maximum from 139 sites in the British Isles was gathered from the 
British Atmospheric Data Centre website and from Met Eireann of which 135 
were suitable for analysis. A total of 6570 station years data were used and in-
cluded 12 historic storms were found that were maximised according to WMO 
methods. Figure 1 shows the distribution of the sites and historic storms. Table 
1 shows the percentage distribution of elevation of land and the raingauges in 
Ireland and Britain wherein it is seen that all classes of elevation have a repre-
sentative number of sites. However, there are very few sites above 300 m and this 
may obscure details of rainfall in areas known to be much wetter than the low-
lands. 

In this study two methods have been used to estimate 24 hour PMP. The first 
is a frequency analysis using a rank size method and modified Gumbel scale. The 
second method is the maximisation of 12 major historic storms, the results of 
which are then used to support those from the frequency analysis. The first 
method of analysis has been described by Clark (2019a). Data that are used in 
flood frequency analysis are assumed to be independent and identically distrib-
uted random variables (Klemes, 2000). In fact hardly any study checks this as-
sumption by visual examination of a frequency plot and then by the use of 
Rank-Size Analysis. The latter method examines the data with return periods in 
the range of about 1.1 - 4.5 years. Figure 2 gives an example of a rank size plot 
for Sandringham in Norfolk UK, where the annual maximum data are ranked 
and plotted against rainfall depth in order to identify a part of the data which are 
close enough to being described as identically distributed which is manifest in 
being aligned in a straight line. The return period is estimated using the empiri-
cally checked equation of Clark (1983):  

( )Return period 0.3N M= −                     (1) 

where N = sample size and M = rank order 
The data range of return period of about 1.1 - 4.5 years is likely to show, if it 

exists at all, a representative part of the data which can then be extrapolated to 
higher return periods. The resulting rainfall frequency equation is then used  
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Figure 1. Location of rainfall stations in the British Isles used in this study. 

 

 
Figure 2. Rank size analysis of Sandringham UK rainfall. 

 
Table 1. Distribution of land elevation and raingauges in Ireland and Britain. 

 
cumulative % land* cumulative % raingauges 

  
(number of gaues in brackets) 

Height (m) Ireland Britain Ireland Britain 

0 - 100 58 58 67 (37) 51 (41) 

101 - 200 88 88 89 (12) 75 (19) 

201 - 400 99 99 96 (4) 90 (18) 

401 - 1000 100 100 100 (2) 100 (2) 

* values rounded to the nearest whole number. 
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with the extreme frequency scale of Rakhecha and Clark (1999) in order to esti-
mate the likely maximum rainfall which is assumed to have a return period of 
106 years (Lowing & Law, 1995; Nathan et al., 2016). 

( )( ) 0.046518ln 1 1 1 3.3842 1.09348 3.3842y T T − = − − − × +         (2) 

where T = return period (years). 
Using a value of y = 9.3826 for a return period of 106 years in the equation in 

Figure 2 gives an estimate of PMP of 370 mm. This result is converted into a 24 
hour value by the factor of 1.16 (Institute of Hydrology, 1999). Thus the 24 hour 
PMP for Sandringham is 430 mm. 

It was not always possible to use the method for some sites such as Birkside in 
Northumbria, England because a representative part of the data could not be 
identified. All results were multiplied by the factor of 1.16, the ratio of 24-hour 
to 1 day rainfall. The results are related to the annual average rainfall for 
1940-1970. The effect of latitude is discussed below. 

Storm maximisation of the 12 major storms is obtained by using the 12-hour 
persisting dewpoint of the storm and a frequency analysis of at least 20 years 
dewpoint temperatures 15 days either side of the storm date. From these data the 
100-year persisting dewpoint temperature is estimated (WMO, 2009). The 
moisture maximising factor (MMF) is the ratio of the maximum precipitable 
water (pw) and the storm precipitable water multiplied by the storm rainfall 
depth: 

[ ]rain Mpw SpwM R=                       (3) 

where Mrain = maximised rainfall; 
Mpw = maximum 12 hour persisting precipitable water;  
Spw = 12-hour persisting precipitable water during the storm; 
R = storm rainfall. 
The precipitable water or depth of water that the atmosphere can hold is re-

lated to air temperature and assumes a saturation adiabatic lapse rate for the 
depth of uplift. Data in WMO (2009) show an exponential increase in pw with 
temperature. Maps show the distribution of pw to be broadly related to latitude 
(Henderson-Sellers & Robinson, 1986). The world catalogue of extreme rainfall 
shows the importance of this fact (WMO, 2009). Britain covers a latitudinal 
range of 8.7˚ while for Ireland it is 3.87˚. Therefore the data for Britain were 
analysed in three parts as shown on Figure 1, namely with average latitudes of 
56.95˚N for region 1; 53.95˚N for region 2, and 51.3˚N for region 3. The island 
of Ireland is divided into two parts, with average latitudes of 54.4˚N and 52.5˚N 
respectively. For Ireland there was only one historic storm, that of 25-6th August 
1986 (Wallingford, 1996). This is because of the much lower raingauge density 
(Clark, 2019b), with one gauge per 146 km2 in Ireland and one gauge per 86 km2 
in Britain. For the southern half of Ireland the value is one every 137 km2. Pro 
Rata according to area, Ireland should have received about four 24 hour historic 
storms in excess of 200 mm, but only one has been recorded. 

Much has been written about the accuracy of rain gauges (Rodda & Smith, 
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1986; Rodda & Dixon, 2012; Pollock et al., 2018). The main problem is under 
recording, especially in upland areas. The problem can be summed up by: 
“Anyone who has stood out in suffocating torrential rain and observed water 
splashing out of a standard raingauge funnel is, like me, quite likely to believe 
that the gauges understated the precipitation” (Cochrane, 1991). Rodda and 
Dixon (2012) compared ground level and standard raingauge data and have 
provided a map of the UK showing that upland areas under record by about 10% 
and the remainder by about 5%. Although a 10% difference in parts of Somerset 
is indicated by this relationship there are no data to support the claim. At 
Charldon Hill Research Station in East Somerset the difference is only 1% while 
for North Brewham which is 55 m higher it rises to 5%. Wind is the chief factor 
for under estimating rainfall. There is as yet no method that obtains the true 
value. In some catchments in Scotland there can be more runoff than rainfall, 
proof of an undercatch of the true depth (Clark, 2016). For three successive years 
for the river Irt at Galesyke there was 226 mm more runoff than rainfall, but the 
true under catch is unknown. In view of these facts an additional 10% has been 
added to upland areas in excess of 400 m and 5% to all other areas. 

4. Results 

Figure 3 and Figure 4 show the relationship between PMP estimate and annual 
average rainfall (AAR) for 1940-1970 for Britain and Ireland respectively. Table 
2 shows the regression equation for the three regions in Britain.  

Figure 3 shows that the highest values of PMP are in Region 3 with a steady 
increase from about 400 mm in areas of AAR of 550 mm rainfall to about 550 
mm in areas with over 2000 mm rainfall. Area 2 has a lower rate of increase of 
PMP with AAR: typically an area with 2000 mm AAR has an estimated PMP of 
450 mm. Region 1 follows the same pattern with an even lower rate of increase 
so that in the wettest areas PMP values are in excess of 400 mm. In Figure 3 a 
higher correlation between AAR and PMP could not be expected because of the 
uncertainty in both the rainfall data and the method of analysis. If we had pre-
cise values for the annual maximum rainfall for a longer and more representa-
tive time period then the scatter on Figure 3 may be reduced. Consistent infor-
mation on detailed site locations, maintenance of equipment, and accuracy of 
the measurement process are unknown. However, overall these results are con-
sistent enough with the expectation of both convectional and orographic rain 
producing processes that cause the highest storm depth to be applicable for fur-
ther analysis. This is supported by the results of three t tests between N and S 
Ireland PMP values (t = 21.1, sig. > 0.1%) and between region 1 and 2 of Britain 
(t = 21.00 sig. > 0.1%) and region 2 and 3 (t = 16.73 sig. > 0.1%). 

 
Table 2. Regression equations for the three regions in Britain. 

Region 1 PMP = 0.02139AAR + 327.6193 r = 0.38 sig 5% n = 21 

Region 2 PMP = 0.0577AAR + 342.9241 r = 0.50 sig 5%  n = 27 

Region 3 PMP = 0.0854AAR + 367.3290 r = 0.84 sig 0.1%  n = 34 
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Figure 3. Relationship between annual average rainfall (mm) and estimated PMP (mm) for three 
regions in Britain Open circles region 1; closed circles region 2; squares region 3. 

 

 
Figure 4. Relationship between annual average rainfall and PMP for two regions in Ireland Open 
circles North Ireland, closed circles South Ireland. 

 
For Ireland a similar pattern of results is apparent (Figure 4). However, for 

the northern half values of PMP are about 300 mm for areas with 800 mm AAR, 
rising to about 470 mm for 2000 mm AAR. In the wettest areas of SW Ireland 
PMP can be as high as 600 mm. The regression equations for Ireland are shown 
in Table 3.  

The results of the storm maximisation are given in Table 6 and they have 
been included in Figure 3 and Figure 4. They all support the results of the re-
gional frequency analyses. For example storms 1 - 3 are all close to the regression 
line for region 1. Storms 4, 10 and 12 are close to the regression line for region 2, 
while the remaining storms have some of the highest maximised rainfall depths. 
In Ireland the maximised Kippure storm compares well with the regression line 
for region South.  

The next stage of the analysis was to produce an equation that links AAR and 
latitude (LAT) with PMP. The average latitude for each region was related to the 
slope of the regression and the regression constant. The results for Britain and 
Ireland are given in Table 4.  

The results were combined to produce two equations for PMP (Table 5). 
Using values of AAR and latitude and a correction for under recording of 

rainfall a new map of 24 hour PMP was produced (Figure 5). Lowest PMP val-
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ues are in Northern Ireland and Scotland, with the highest values in SW Ireland 
and the uplands of SW England and Wales. Values of PMP range from about 
300 mm to over 550 mm in upland areas of Scotland, Wales, Northern England 
and Ireland. The results of the storm maximisation as given by Equation (1) are 
given in Table 6 and they support the results shown in Figure 5, with r = 0.94 
sig. 0.1%. The root mean square error (RMSE) of the maximised rainfall and the 
value given in Figure 5 = 39.3 mm. 

 
Table 3. Regression equations for Ireland north and south of 53.5˚N. 

PMP (south) = 0.1211AAR + 293.2820 r = 0.70 sig 0.1% n = 23 

PMP (north) = 0.1067AAR + 233.2081 r = 0.53 sig 1% n = 30 

 
Table 4. Relationship between mean latitude (LAT) in the zones of Britain and Ireland, 
regression slope and constant. 

 
Slope Constant 

Britain S = −0.01136LAT + 0.6691 C = −7.7060LAT + 761.2386 

Ireland S = −0.0093Lat + 0.6073 C = −27.4315LAT + 1733.1478 

 
Table 5. Regression equations for the estimation of PMP for Britain and Ireland. 

Britain PMP = AAR (−0.01136LAT + 0.6691) + (−7.7060LAT + 761.2386) 

 
slope of regression       regression constant 

Ireland PMP = AAR (−0.0093LAT + 0.6073) + (−27.4315LAT + 1733.1478) 

 
Table 6. Storm events in the British Isles. 

Location Year 
Rainfall  
(mm) 

Td deg 
C 

Td  
Maximum 

MMF 
Maximised 

rainfall 
PMP Figure 5 

      
(mm) (mm) 

1. Inverness 1915 179 11.2 16.5 1.6 292 345 

2. Cruadhach 1954 257 7.2 12 1.57 403 420 

3. Loch Lomond 1974 239 7 11 1.42 339 394 

4. Norfolk 1912 218 13.9 21 1.83 399 430 

5. South Wales 1929 211 7.2 16.4 2.34 494 564 

6. South Essex 1968 210 12.4 19.5 1.88 395 435 

7. Exmoor 1952 267 12.7 20.5 1.98 529 574 

8. Bruton 1917 243 13.3 20 1.87 454 466 

9. Martinstown 1955 355 16.1 20.5 1.46 518 489 

10. Honister 2015 341 10.5 16 1.63 559 563 

11. Kippure 1986 285 10 18 2.01 583 563 

12. Seathwaite 1869 233 5.4 13.5 2.1 489 528 
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Figure 5. Distribution of 24 hour PMP (mm) for the British Isles. 

5. Implications for Dam Safety and the 1 in 10,000 Year  
Storm 

When compared with the Flood Studies Report (NERC, 1975) PMP the results of 
this paper show that 24-hour PMP has been underestimated for the whole of 
Britain by about 150 - 200 mm. Over upland areas the difference is about 100 
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mm. The effect of relief is apparent over much of SW England and also Ireland. 
In contrast to this finding the FSR PMP shows little variation with relief, a fact 
which was shown to be in error following the August 25-26th storm over the 
Wicklow Mountains in 1986 (Wallingford, 1996). The implication for dam 
safety is that all else being equal, values of the spillway design flood can be ex-
pected to need revising upwards by about 20% - 40%. Higher PMP values were 
found necessary when attempting to reproduce a 240 year historic flood fre-
quency analysis for the upper Brue in Somerset UK for a dam safety study: the 
design flood was found to be more than double the original value of 240 cumecs 
(Black & Veatch, 2005). The other contributing factors to the increasing estimate 
were higher percentage runoff and lower time to peak. The effect of a reduction 
of time to peak is due to rainfall intensity (Clark, 2004; Wass et al., 2008). Fol-
lowing the flood study the flood detention dam was given a major upgrading 
(Pether, 2010).  

In recent years in the UK flood standards for dams have fallen into the Safety 
check flood and the Design flood, or the PMF and the 1 in 10,000 year event re-
spectively (ICE, 2015). The effect of the higher estimates of PMP would be ex-
pected to affect lesser but nevertheless rare storm depths. This effect is shown in 
Table 7 where the results from two sites, storm duration, and three scales are 
shown. 

The areal estimates of rainfall are based on the ARF’s (Institute of Hydrology, 
1999) and Clark (2012). In the latter report the lower areal rainfall reduction 
factors were based on the most serious storms in the UK whose rainfall in the 
central area is much more concentrated than those of Institute of Hydrology 
(1999) suggest. Even so, with this greater areal reduction in rainfall the depths of 
1 in 10,000 year rainfall are still higher, with the exception of 6hr duration over 
an area of 20 km2 at Ogston Reservoir. Overall, the differences become bigger 
over smaller areas which is the scale covered by many dams in the UK. Clearly 
such results will leave the potential user with a choice which may result in either 
an over or under-design. The most obvious way to test the alternative results is 
to use them to estimate the PMF and then to compare the results with the enve-
lope curve for floods which have occurred in Britain (Acreman, 1989). Thus the 
estimates of PMP were treated in exactly the same way in the non-linear flow 
model previously described (Clark, 2004, 2012). The online material of Clark 
(2019a) gives the details of the method, while the results are presented in Table 8. 

Clearly the higher PMP has produced a PMF close to the envelope curve of 
historical floods. Although it could be argued that the runoff model used overes-
timated the PMF, the use of the lower rainfall has produced a PMF with a runoff 
rate less than half that indicated by actual events. Although there will be uncer-
tainty with the historic flood estimates the overall weight of this evidence is in 
favour of the much greater estimate of the PMF. As an added perspective to the 
situation, a higher result using FEH13 rainfall can be obtained using FEH areal 
reduction factors, but as we have already seen these factors are much greater 
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than those observed during extreme rainfall events. Thus it is important to get a 
realistic estimate for the right reasons. 

 
Table 7. Estimates of 1 in 10,000 year 24 hr and 6 hr rainfall (mm) at two sites and three 
different areas. ARF = area reduction factor. 

 

24 hour duration (mm) 

FEH13 (Stewart et al., 2013) 
 

This paper 

Point  2 year 10,000 year 
 

10,000 year PMP* 

St Mawgan  39 171 
 

299 500 

 
ARF (1) 

 
ARF (2)  

 
Areal: 20 km2 0.966 165 0.83 256 

 

 
10 km2 0.973 166 0.874 267 

 

 
5 km2 0.978 167 0.914 278 

 
Point  2 year 10,000 year 

 
10,000 year PMP* 

Ogston Res.  41 192 
 

273 440 

Areal: 20 km2 0.966 185 0.83 235 
 

 
10 km2 0.973 187 0.874 244 

 

 
5 km2 0.978 188 0.914 260 

 

  
6 hour duration (mm) 

Point  2 year 10,000 
 

10,000 year PMP* 

St Mawgan  23 135 
 

203 352 

Areal: 20 km2 0.943 127 0.72 155 
 

 
10 km2 0.955 149 0.782 165 

 

 
5 km2 0.964 130 0.854 178 

 
Point:  

      
Ogston Res.  25 156 

 
190 318 

Areal: 20 km2 0.943 147 0.72 145 
 

 
10 km2 0.955 149 0.782 156 

 

 
5 km2 0.964 135 0.854 168 

 
y for PMP = 9.3826 and for 2 year = 0.1891; * Based on 1 hr PMP = 160 mm (Clark, 2009) and regression of 
Log duration (hours) and rainfall depth; (1) FEH volume 4 p. 45. (2) Clark (2012). 

 
Table 8. Estimates of the PMF and runoff rates for a catchment in SW England 20 km2 
with an average slope of 20˚, and the runoff rate of the Extreme Catastrophic Flood (ECF), 
(Allard et al., 1960; Acreman, 1989). 

 
6 hr PMP PMF m3·s−1 Runoff rate ECF runoff rate m3·s−1 km2 

This paper 352 378 18.9 17.8 

FEH13 213.5 153 7.7 17.8 
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6. Uncertainty of PMP Estimates 

In more recent years concern has been raised about the uncertainty of estimates 
of PMP (Salas et al., 2014). These have been summarised in Table 9. 

The importance of PMP for dam safety assessments has been highlighted by 
Rakhecha & Clark (1999); Stratz & Hossain, (2014); Wickramasuriya & Fer-
nando (2012), while in the UK there has been one dam that has been upgraded 
as a result of using higher estimates of PMP than are generally accepted (Black & 
Veatch, 2005). 

The most important uncertainties in estimating PMP stem from the following: 
1) There are no long term rainfall records that may include a fuller range of 

the natural variability of the existing climate. As time passes new record rainfall 
depths will be recorded making it difficult to distinguish between climate vari-
ability and change. Furthermore, an underestimate of the current PMP may be 
misinterpreted in the future when higher values are recorded as evidence of cli-
mate change. 

2) There are not enough raingauges that can measure the distribution of 
storm rainfall in detail, much of which is lost, especially over high ground where 
there are even fewer gauges. 

3) The existing records are incomplete especially during a severe storm such 
as at Boltby (Clark, 2008) where the gauge was flooded out from the nearby 
river. 

4) Although the lack of a more dense network of gauges can be compensated 
by undertaking depth area analysis (Rakhecha & Clark, 1999), this is rarely done 
with the result that PMP is seriously underestimated. 

5) Measurement error especially in the case of out-splashing from the gauge 
(Cochrane, 1991) and the effects of turbulence on high ground where the runoff 
from rivers can be higher than the measured rainfall (Clark, 2016). 

6) Uncertainty also stems from there being not enough extreme floods which 
could be used to test the estimates of PMP. In the case of the Upper Brue in East  

 
Table 9. Uncertainties of PMP estimates. 

Cause Source 

Rise of atmospheric moisture Abbs (1999) 

Non-linear relationshio between 
dewpoint and temperature 

Chen & Bradley (2006) 

No return period for PMP Koutsoyiannis (1999), Papalexiou & Koutsoyiannis (2006) 

Uncertain Gumbel distribution Papalexiou & Koutsoyiannis (2013) 

Climate change effects 

Kunkel et al. (2013), Rastogi et al. (2017), Lee et al. (2016) 

Thanh Thuy et al. (2019), Rouhani & Leconte (2020) 

Sarkar & Maity (2020), Gangrade et al. (2018) 

Climate variability Salas et al. (2020) 

Assessment of uncetainty Micovic et al. (2015), Singh et al. (2018), Ben Alaya et al. (2018) 
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Somerset UK (Clark, 2014) which now has a 295 year historic flood record, the 
FEH 6-hour storm with 100% runoff only yields a flood of 327 m3·s−1 which was 
almost equalled in 1768 (Clark, 1999). Furthermore, the flood of 1917 with a 
rainfall intensity of 25 mm·hr−1 gave a peak discharge of about 175 m3·s−1 while 
the Martinstown storm of 1955 which took place 45 km to the south if trans-
posed would have caused a flood that exceeded 330 m3·s−1. By using a 6.5 hr PMP 
storm of 345 mm as calculated using the results in this paper a PMF of 497 m3·s−1 
is produced. According to the historic flood frequency analysis this discharge 
has a rarity of about 106 years. This leads to a brief discussion about the apparent 
uncertainty of safety standards which leaving aside the technical aspects of the 
estimation method, is the main use of PMP. 

7) In the UK the threshold population for a reservoir safety study is ten per-
sons (ICE, 2015) but there is uncertainty in the frequency of the probable 
maximum flood (PMF)—assumed to have been caused by the PMP—that it oc-
curs at an acceptable level of risk. For example it is associated with a return pe-
riod of 1 in 105 years (ACDS, 1991); 107 years (Ale, 1991, quoted in Hughes et al. 
2000), and 104 (Halpin, 2010). More recently (Environment Agency, 2013) gives 
an acceptable level of risk of 1 in 106 years is associated with 100 deaths as a re-
sult of dam failure, and 105 years for 10 deaths. This leads us to ask one question: 
given all the uncertainties which have already been mentioned above, should the 
minimum standard for saving human lives from dam break floods be increased 
to a minimum risk of 1 in 106 years or even 1 in 10−7 years? If the answer is in the 
affirmative then much of the effort in uncertainty analysis would be better spent 
improving the hydrometric networks and more historic flood studies as already 
described.  

8) The Hershfield method (Hershfield, 1961) for estimating PMP has been 
used in many studies but has not been tested against an actual storm event. For 
Mumbai in India it failed the test in July 2005 when 944 mm in 24 hours were 
recorded. prior to this the highest recorded storm was 575 mm, while the IITM 
PMP Atlas (IITM, 1989) which was produced using the Hershfield method pre-
dicted a PMP for Mumbai of 700 mm. Whatever allowance for uncertainty and 
uncertainty analysis, future storm events may override all these efforts. Finally, 
WMO (2009) clearly states that the Hershfield method produces results that are 
not as reliable as those produced by detailed meteorological analysis. In spite of 
this advice Sarkar & Maity (2020) split the daily rainfall records of India into pre 
and post 1970 time periods and argued that a change of PMP between the two 
time periods as described using a modified Hershfield method was an indication 
of a change of climate, with the earlier period showing results similar to the PMP 
Atlas published by the IITM (1989). However, the new results are very similar to 
those of Rakhecha & Clark (1999) where 10 out of the 11 storms that were 
maximised took place from 1880 to 1968 which is the time period when lower 
estimates of PMP according to Sarkar & Maity (2020) were produced. Not only 
should the authors have carried out a full meteorological analysis but also con-
sider if they have described climate variability instead of climate change. 
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7. Conclusion 

The estimates of PMP which have been presented are probabilistic and determi-
nistic. Therefore considerable uncertainties exist with the results. Although there 
will always be uncertainties in the accuracy and coverage of rainfall measure-
ments, storm dew point rarity and choice of storm rarity which may best de-
scribe values of PMP, much higher or lower results would produce estimates of 
the probable maximum flood (PMF) which either have been exceeded or fall 
outside of the extreme catastrophic flood of Allard et al. (1960), and Acreman 
(1989). It must always be remembered that raingauge data are essentially point 
measurements, and rainfall can vary considerably over short distances. Perhaps 
the greatest uncertainty is with the rainfall data since it can vary greatly over 
short distances in major storms and there are not enough raingauges to account 
for this. The methodologies employed involve a choice of storm rarity (106 
years), frequency distribution, and fitting procedure. The WMO method of 
storm maximisation also has arbitrary rules which can produce a range of values. 
At the same time the design engineer needs a single value from which the PMF is 
estimated and the size of dam spillways calculated. Over the years estimates of 
maximum rainfall and flood have tended to rise. This is mainly because a larger 
sample of rainfall data has been gathered. Similarly, extending a flood record 
beyond the era of measurements has shown that very significant floods have 
taken place during the 18th and 19th centuries. Higher estimates of the PMF will 
mean that the size of design floods will also increase. Typically there will be a 
30% rise in the 1 in 100-year rainfall as a result of PMP increasing from 300 mm 
in the Flood Studies Report (NERC, 1975) to 500 mm. For St. Mawgan in SW 
England a difference of 48 mm over an area of 5 km2 will lead to higher per-
centage runoff and a lower time to peak of the unit hydrograph (Clark, 2004).  

Although several studies have suggested that estimates of PMP will increase in 
the future (Kunkel et al., 2013; Sarkar & Maity, 2020) the existing ones that are 
normally used in the UK are too low so the apparent effect of a change of climate 
as described by higher results calculated more recently may not be correct. This 
stems from an insufficiency and even decreasingly dense raingauge network, 
without which an accurate description of the storm data base will be lacking. It is 
largely the difference in network density between Ireland and Britain (Clark 
2019b) that helps to explain the low number of high rainfall events in Ireland. 

Together with suitable areal reduction factors, a more realistic time to peak, 
and percentage runoff values the spillway design floods of many category A 
dams which are earth filled in the British Isles should now be reassessed. The 
results could be expressed in probability terms so that they can provide a risk 
based assessment for the greater protection of the public against a serious dam 
break incident. 
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