





At least 5 mm in less than 6 minutes
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Figure 7.3.2a Map of number of days per year for which a given
depth falls within a given duration
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At least 5 mm in less than 30 minutes
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Figure 7.3.2b Map of number of days per year for which a given
depth falls within a given duration
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At least 10 mm in less than 15 minutes
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Figure 7.3.2¢c Map of number of days per year for which a given
depth falls within a given duration
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At least 10 mm in less than 60 minutes
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Figure 7.3.2d Map of number of days per year for which a given
depth falls within a given duration
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At least 25 mm in less than 60 minutes
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At least 25 mm in less than 4 hours
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Figure 7.3.2f Map of number of days per year for which a given
depth falls within a given duration
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Depth = 5 mm
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Depth = 25 mm

Figure 7.3.3

Average number of doys per year
Average over 30 gauges. Depth limit — Smm
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Depth = 5 mm

Depth = 10 mm

Depth = 25 mm

Figure 7.3.4

Average number of days per year
Average over 30 gauges. Depth limit — Smm
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Table 7.3.3 Comparison of values of n obtained using the PEPR data
set, the revised Bilham formula (7.3.1) and equation
(7.3.2)

(@r = 5 mm

Time (minutes)

6 15 30 60 120 240 360 720 1440
PEPR 1.04 2.59 5.18 1036 20.73 41.45 62.18 12436 248.72
Bilham 0.61 2.04 3.91 832 16.01 2574 31.09 37.73 46.00
(eqn. 7.3.1)
(eqn. 7.3.2)  0.79 2.06 2.84 3.33 3.60 3.75 3.80 3.85 3.88
b)r = 10 mm
Time (minutes)
6 15 30 60 120 240 360 720 1440
PEPR 0.17 0.43 0.85 1.70 3.41 6.81 10.22  20.44 40.87
Bilham 0.07 0.28 0.64 1.32 2.87 6.36 8.99 13.08 19.36
(eqn. 7.3.1)
(eqn. 7.3.2)  0.05 0.35 0.67 0.89 1.09 1.18 1.21 1.24 1.26
(c)r = 25 mm
Time (minutes)
6 15 30 60 120 240 360 720 1440
PEPR 0.01 0.03 0.05 0.10 020 040 0.59 1.19 2.38
Bitham 0.00 0.00 0.04 0.08 0.13 0.40 0.61 1.35 2.31
(eqn. 7.3.1)
(eqn. 7.3.2) 0.00 0.02 0.08 0.17 0.26 0.31 0.33 0.36 0.37
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Table 7.3.4 Comparison of average number of occurrences of various
storms per 10 years which Bilham obtained in 1935 for
England and Wales and those obtained from the PEPR

data set for London

(@r =5mm

Time (minutes)

6 15 30 60
Bilham 8.2 20.6 44.1 92.3
PEPR 6.1 20.4 39.1 53.2
(b)r = 10 mm
Time (minutes)
15 30 60 120
Bilham 3.8 7.7 14.0 32.7
PEPR 2.8 6.4 13.2 28.7
(c)r =25 mm
Time (minutes)
1 2 5 24
Bilham 1.0 1.5 4.4 22.7
PEPR 0.8 1.3 4.0 (4 hours) 23.1

6.1 (6 hours)
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7.4 A RE-EXAMINATION OF THE BILHAM FORMULA FOR
STORMS OVER LONDON

7.4.1. Background

In the publication British Rainfall for 1935 Bilham presented an analysis of heavy
rainfalls of short duration. This analysis was based on 12 raingauge records in
England and Wales for the decade 1925-35. The raingauges included three from
London, at Campden Square, Croydon and Kew Observatory. The records were
reduced to counts of the number of days in the decade, n’, on which specified
amounts of rain in inches, r’, fell in a specified duration in hours, t. This allowed the
relation between n’, r’ and t to be examined and resulted in the well known Bilham
formula

n' = 1.25t(r' +0.1)735%, (7.4.1)

A re-examination of the analysis of Bilham was undertaken by D.K. Holland of the
UK Meteorological Office in 1964, using records up to 1962, and published as
Hydrological Memorandum No. 33, "Rainfall Intensity Frequency Relationships in
Britain". This suggested a scaling up by a factor of 10/9 to give

n' = 1.39(r" +0.1)>% (7.4.2)

and a modified formula for intensities greater than 1.25 ins hr' (~ 32 mm hr')

n' = r'exp(1-0.87'/6)(r' +0.1)55 (7.4.3)

The latter formula was inspired by considering the relationship between return period,
T = 10/n’ years, and rainfall intensity, r'/t, considering the latter as an extreme
variable (because of its computation as a daily peak value) of Gumbel form. A reprint
of the Memorandum issued in 1968 contained an Appendix which served to clarify
the form of the above equation and to tabulate the revised overall relationship.

7.4.2. Analysis of the PEPR records

The availability of the PEPR rainfall records over the London area provides the
opportunity to examine the applicability of the Bilham formula, and its revisions, over
the London area and to develop a more appropriate relationship if necessary. Records
from 30 raingauges, all with at least 5 years of data and free from suspect data, were
used. The maximum depth of a given duration within a day was computed for
durations of 0.1, 0.25, 0.5, 1, 2, 4, 6, 12 and 24 hours and used to count the days
on which a given maximum depth occurred, using depths of 2, 5, 10, 20, 25 and 50
mm. The counts per year, n (=n'/10), averaged for the 30 raingauges are tabulated
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for these depths and durations in Table 7.4.1. Figure 7.4.1 presents the table in
graphical form, plotting for each of the six depths the counts against duration: as the
depth increases the relation tends progressively towards a straight line. The counts
for a given depth have been standardised by dividing by the maximum count for that
depth.

An exponential relation for small depths

The exponential form of these curves for small depths suggests a relation of the form
n=a-be“. (7.4.4)

where a, b and c are parameters. Fitting of this relation for depths of 5, 10 and 25
mm Yyielded the following equations

r =5mm n = 44.5 - 44.4 %%
r=10mm n:=21.0-21.2 "™
r=25mm n=5093-599

The similarity of values for a and b, and their decrease along with ¢ with increasing
depth (in mm), r, suggests the modified form

n = ar®{l -exp(crit9)}. (7.4.5)

Fitting yielded the following parameter estimates: a = 176.3, b = -0.81, ¢ = -2.64,
d = -1.46 and e = 0.82. However, the relation proved to be biased giving a
consistent overprediction. As a result the modified form

n = ar’{l -exp(crit®)} +fr+g (7.4.6)

was investigated, yielding the estimates a = 179.5, b = -0.83, ¢ = -245,d = -
1.45, e = 0.85, f = 0.02, g = -0.98. (The addition of a term ht on the right hand
side provided little improvement). Whilst improvement was achieved at lower
intensities, problems arise with negative predicted counts at higher intensities.
Relations of the form n = at®(r°-d) and n = at®/r* were also tried but proved worse
than the exponential relation of equation (7.4.6).

A composite relation
A conclusion drawn from the above curve fitting experiments is that the exponential-

type relation of equation (7.4.6) provides improved fit over the Gumbel and Bilham
type formulae for lower rainfall intensities. This suggests that a composite set of
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Table 7.4.1 Counts per year for different rainfall depths and
durations obtained using the PEPR raingauge dataset for

London
Rainfall depth Duration (hours)
(mm)
0.10 025 050 1.0 2.0 4.0 6.0 12.0 24.0

2 590 13.92 2487 4036 5543 6546  69.29  75.07  82.70
5 061 204 391 832 1605 2574  31.09 3773  46.02
10 007 028 064 132 287 6.36 899  13.08  18.59
20 000 002 008 0.15 033 0.81 1.32 2.55 4.12
25 000 0.0l 0.04 0.08 0.13 0.40 0.61 1.35 2.31
50 000 0.0 000 0.0 0.2 0.03 0.04 0.10 0.25
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Figure 7.4.1 Counts per year (standardised) against duration for

rainfall depths in mm of 2 (top curve), 5, 10, 20,
25 and 50 (bottom curve).

98



formulae be developed from these three types of formulae. A generalised type of
Bilham formula was used of the form

n = at’(r+c)’. (7.4.7)

This was used over the depth and duration ranges employed by Bilham and over other
ranges for which the data suggested a Bilham-type relation. The ranges are tabulated
below and the parameter values obtained are a = 1.48 x 10*, b = 1.1, ¢ = 2.54 and
d = -3.65.

Depth Range of durations Implied range of rainfall intensities

mm hours mm hr'!
2 0.1t00.25 20 to 8

5 0.1t02 50t0 2.5
10 0.25t0 6 40to 1.7
20 0.5t0 12 40to0 1.7
25 1to 24 25t0 1

50 2t024 50to 2.1

The rainfall intensity threshold of 32 mm hr', above which a Gumbel-type relation
was found to hold by the Meteorological Office study, was also supported by analysis
of the PEPR records. The generalised form of Gumbel relation

n = ar exp(1-br/t)(r+c)* (7.4.8)

was fitted, giving parameter values of a = 136.5, b = 0.024, ¢ = 2.54 and d = -
3.36.

The exponential form of relation (equation (7.4.6)) was reconsidered in the light of
the revised Bilham and Gumbel formulaes’ superior performance at higher intensities.
Fitting was constrained to use data points in the ranges tabulated below and the
relation modified 1o the form

n = ar® c{1-exp(dre )} +gir+h. (7.4.9)
Depth Range of durations Implied range of rainfall intensities
mm hours mm hr!
2 0.5 to 24 4 t0 0.08
1to24 51t00.21
10 1to 24 10 to 0.42
20 12 to 24 0.6 to 0.83
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The following estimates for the parameters were obtained: a = 288.3, b = -0.52, ¢
=0.957,d = -2.76,e = -0.94, f = 0.33, g = -211.8 and h = 5.68.

Rainfall depths and durations for which the Bilham, Gumbel and exponential forms
(equations (7.4.7), (7.4.8) and (7.4.9)) have been adopted to form a composite
relation are summarised in Table 7.4.2. The notation G/B signifies equally good
performance of the Gumbel and Bilham relations and B(G) indicates a marginally
better fit was ottained for the Gumbel form but a preference for the Bilham form in
forming the composite relation; data points in each case were used in fitting both the
Gumbel and Bilham relations. Predicted values of the counts per year, n, using the
composite relation are presented in Table 7.4.3 and may be compared with the PEPR

Table 7.4.2 The relations adopted for different rainfall depths and
durations: B - Bilham, G - Gumbel and E - exponential

Rainfall depth Duration (hours)
(mm)

0.0 025 050 10 20 4.0 6.0 12.0 24.0

2 B B E E E E E E E

5 G B B E E E E E E

10 G G B B E E E E E

20 G G GB  G/B B B B B E

25 G G G/B B  B@G B B B B

50 G G G GB GB  GB B(G) B B

Table 7.4.3 Counts per year for different rainfall depths and
durations predicted using the composite Bilham, Gumbel
and exponential formulae (equations (7), (8) and (9))
Rainfall depth Duration (hours)
(mm)

0.0 025 050 1.0 2.0 4.0 6.0 12.0 24.0
2 470 12.87 2529 4023 5373 6495 7022 7689  80.88
5 0.63 202 433 897 1687  25.19  30.12 3833 4586
10 007 029 068 145 293 6.60 8.95 1328  17.89
20 000 003 008 0.17 040 0.78 1.22 2.62 4.57
25 0.00 001 004 008 0.8 0.38 0.59 1.26 2.70
50 000 000 000 001  0.02 0.04 0.06 0.11 0.26

100



data derived values in Table 7.4.1. The goodness of fit of the composite relation is
ilustrated in Figure 7.4.2 for depths of 2, 5, 10, 20, 25 and 50 mm.

7.4.3. A depth-duration-return period table for London

The new Bilham, Gumbel and exponential relations have been used to construct a
table giving the rainfall depth for different durations and return periods (Table 7.4.4).
This allows a dirsct comparison to be made with the similar table presented in the
Appendix to Memorandum No. 33 and reproduced here as Table 7.4.5. Note that,
since the exponeritial relation only applies for return periods smaller than one year,
it is not used in the construction of the table. Discontinuities at the crossover between
Bilham and Gumbel type relations at the threshold of 32 mm hr' are smoothed out
using a transition function which uses a weighted combination of estimates from the
two relations. This gives equal weight to the Gumbel and Bilham derived rainfall
depth values for durations either side of the threshold and weights of % and % for
values at durations two steps removed from the threshold, for a given return period.

The revised table based on the PEPR rainfall data for London (Table 7.4.4) shows
remarkable agreement with that previously obtained for England and Wales and
published in the Appendix to Hydrological Memorandum No. 33, here reproduced
as Table 7.4.5.

7.5 CONCLUUSION

An analysis of the sub-hourly rainfall information contained in the PEPR dataset has
allowed a re-examination of the Bilham-type relations to be undertaken. This analysis
broadly confirms the validity of these relations over London. A modified relation has
been established, but this is not radically different from that published in the
Appendix to Hydrological Memorandum No. 33 issued in 1968 by the Meteorological
Office.

Since 1968, and specifically with the completion of the Flood Studies Report in 1975,
a radically different approach to storm return period has gained general acceptance
for engineering design. Whilst the Bilham-type formulae are derived from a
consideration of maximum depths falling within a given duration, the Flood Study
approach considers the occurrence of a given depth and a given duration. The
quantities are clearly different and the latter is now viewed as the more relevant for
design. Consequently the re-examination of the Bilham formula utilising the PEPR
dataset primarily serves to demonstrate a result for London which is broadly
consistent with the original and subsequent Bilham-type analyses. The Flood Study
approach should be the preferred one for engineering design.
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Table 7.4.4 Rainfall depths in mm for different storm durations and
return periods obtained using the London PEPR dataset.

Duration Return period (years)

(minutes) 1 2 5 10 20 50 100
2.0 2.1 2.8 3.7 4.4 5.1 6.1 6.8
2.5 25 3.3 4.4 52 6.1 7.2 8.1
3.0 2.8 3.7 4.9 5.9 6.9 8.2 9.3
3.5 3.0 4.1 5.4 6.5 7.6 9.2 10.4
4.0 33 4.4 5.9 7.1 8.4 10.1 11.4
4.5 3.5 4.7 6.4 7.7 9.0 10.9 12.4
5.0 3.7 5.0 6.8 8.2 9.6 11.7 13.3
55 3.9 5.2 7.1 8.6 10.2 12.4 14.2
6.0 4.1 5.5 7.5 9.1 10.8 13.1 15.0
7.0 4.4 5.9 8.1 9.9 11.8 14.5 16.6
8.0 4.6 6.3 8.7 10.7 12.7 15.7 18.1
9.0 4.9 6.6 9.2 11.3 13.6 16.8 19.4
10.0 53 6.9 9.7 11.9 14.4 17.9 20.7
11.0 3.5 7.2 10.1 12.5 15.1 18.9 21.9
12.0 5.9 7.4 10.5 13.0 15.8 19.8 23.0
13.0 5.2 7.6 10.8 13.5 16.4 20.7 24.1
14.0 5.4 7.8 11.1 14.0 17.0 21.5 25.2
15.0 5.6 8.2 11.4 14.4 17.6 223 26.1
16.0 5.8 8.5 11.7 14.8 18.1 23.0 27.1
17.0 7.0 8.8 12.0 15.2 18.6 23.7 28.0
18.0 7.1 9.1 12.2 15.5 19.1 24.4 28.8
19.0 7.3 9.3 12.5 15.8 19.6 25.1 29.6
20.0 7.4 9.5 12.8 16.2 20.0 25.7 30.4
25.0 8.1 10.4 13.8 17.5 21.9 28.5 34.0
30.0 8.7 11.1 14.7 18.6 234 30.8 37.0
35.0 9.3 11.7 15.6 19.5 24.7 32.7 39.6
40.0 9.8 12.3 16.6 20.4 25.8 344 41.9
45.0 10.2 12.9 17.3 21.3 26.6 35.9 43.9
50.0 10.6 13.4 17.9 22.2 27.4 37.2 45.7
55.0 11.0 13.8 18.5 22.9 28.2 384 47.4
60.0 11.3 14.3 19.0 23.6 29.0 39.4 48.9
70.0 12.0 15.1 20.1 24.8 30.5 41.0 51.5
80.0 12.6 15.8 21.0 25.9 31.9 423 53.7
90.0 13.2 16.4 21.9 27.0 33.1 43.7 55.6
100.0 13.7 17.0 22.6 27.9 343 44.9 56.6
110.0 14.1 17.6 23.4 28.8 353 46.2 57.5
120.0 14.6 18.2 24.1 29.6 36.4 47.5 59.0
180.0 16.8 20.8 27.5 33.8 41.4 54.0 65.7

240.0 18.6 23.0 30.2 37.1 45.4 59.1 72.0
300.0 20.0 24.7 32.5 39.9 48.7 63.4 77.1
360.0 213 26.3 34.5 423 51.6 67.1 81.6

420.0 22.4 27.6 36.3 44 .4 54.2 70.4 85.6

480.0 23.5 28.9 37.9 46.3 56.5 73.4 89.3
540.0 24.4 30.0 39.3 48.1 58.7 76.1 92.6
600.0 25.3 31.1 40.7 49.7 60.6 78.7 95.6
660.0 26.1 32.1 41.9 51.2 62.5 81.0 98.5
720.0 26.8 33.0 43.1 52.7 64.2 83.2 101.2

1080.0 30.6 37.6 49.0 59.8 72.9 94.4 114.7

1440.0 33.7 41.2 53.7 65.5 79.7 103.2 125.3
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Table 7.4.5 Rainfall depths in mm for different storm durations and
return periods: from Appendix to Hydrological
Memorandum No. 33

Duration Return period (years)

(minutes) 1 2 5 10 20 50 100
2.0 2.3 2.9 3.6 42 47 5.5 6.1
2.5 2.7 34 4.2 4.9 5.6 6.5 7.2
3.0 3.1 3.8 4.8 5.6 6.4 7.5 8.3
3.5 3.4 4.2 5.4 6.2 7.1 8.3 9.3
4.0 3.7 4.6 5.9 6.8 7.8 9.2 10.2
4.5 4.0 5.0 6.3 7.4 8.5 10.0 11.1
5.0 4.2 53 6.8 7.9 9.1 10.7 12.0
55 4.5 5.6 7.2 8.4 9.7 11.4 12.8
6.0 4.7 5.9 7.5 8.9 10.2 12.1 13.6
7.0 5.1 6.4 8.2 9.7 11.3 13.4 15.1
8.0 5.4 6.8 8.9 10.5 12.2 14.6 16.5
9.0 57 7.2 94 11.2 13.1 15.7 17.8
10.0 6.0 7.6 10.0 11.9 13.9 16.8 19.0
11.0 6.2 8.0 10.5 12.5 14.7 17.7 20.2
12.0 6.4 8.3 10.9 13.1 15.4 18.7 21.3
13.0 6.7 8.6 11.3 13.6 16.1 19.6 22.3
14.0 6.8 8.8 11.7 14.1 16.7 20.4 23.3
15.0 7.0 9.1 12.1 14.6 17.3 21.2 24.3
16.0 7.2 9.3 12.4 15.1 17.9 22.0 25.2
17.0 7.4 9.5 12.8 15.5 18.4 22.7 26.1
18.0 7.5 9.7 13.1 15.9 19.0 23.4 27.0
19.0 7.7 9.9 13.4 16.3 19.5 24.1 27.8
20.0 7.8 10.1 13.6 16.6 19.9 24.7 28.6
25.0 8.5 10.9 14.8 18.3 22.0 27.6 32.2
30.0 9.1 11.6 15.8 19.6 23.8 30.0 35.2
35.0 . 9.6 12.2 16.6 20.7 25.3 32.2 379
40.0 10.1 12.8 17.3 21.6 26.6 34.0 40.3
45.0 10.5 13.3 18.0 22.4 27.7 35.7 42.5
50.0 10.9 13.8 18.6 23.2 28.7 372 44 .4
55.0 11.3 14.2 19.2 23.9 29.5 38.5 46.2
60.0 11.6 14.6 19.7 24.5 303 39.7 47.8
70.0 12.2 15.4 20.7 25.7 31.8 41.8 50.7
80.0 12.8 16.1 21.6 26.8 33.1 43.6 53.1
90.0 13.3 16.7 22.4 27.8 343 45.2 55.3
100.0 13.8 17.3 23.2 28.7 354 46.6 57.2
110.0 14.2 17.8 23.9 29.5 36.5 479 58.8
120.0 14.6 18.4 24.5 30.3 374 492 60.4
180.0 16.7 20.9 27.8 34.3 4.3 55.5 68.0
240.0 18.4 22.9 30.3 37.4 46.0 60.4 73.9
300.0 19.7 24.5 325 40.0 492 64.4 78.9
360.0 20.9 25.9 343 423 51.9 68.0 83.2
420.0 z21.9 27.2 36.0 443 54.3 71.1 87.0
480.0 2.9 28.3 37.4 46.0 56.5 73.9 90.4
540.0 23.7 29.4 38.8 47.7 58.5 76.5 93.5
600.0 24.5 30.3 40.0 49.2 60.4 78.9 96.4
660.0 252 31.2 41.2 50.6 62.1 81.1 99.1
720.0 25.9 32.1 423 51.9 63.7 83.2 101.7

1080.0 29.4 36.3 47.7 58.5 71.7 93.5 114.3

1440.0 32.1 39.5 51.9 63.7 77.9 101.7 124.1
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8. Conditional Rainfall Forecasting

8.1 BACKGROUND

An application of the PEPR dataset which is of immediate relevance to operational
flood warning is its use for rainfall forecasting. Historical rainfall records can be used
to establish conditional relationships between rainfall amounts over consecutive time
periods and the relationship used subsequently as a basis for conditional rainfall
forecasting. In turn, these can be used as input to rainfall-runoff models in real-time
to obtain flood forecasts for extended lead times.

One approach to the problem is to formally construct a stochastic rainfall model, for
example based on distributions of storm features such as interarrival-time, storm
duration and magnitude. Conditional probabilities are then worked out based on the
nature of the storm features given past rainfall, for example the storm duration and
magnitudes given that it has already been raining for t hours to a depth of r mm. A
much simpler approach is to explore the dependence in the rainfall series, without
formally identifying features within it, and exploit this dependence in forming a
rainfall forecast. This may be achieved by modelling the rainfall series as a Markov
chain in which the probabilities of transition from one "rain state" to another are used
as the basis of forecasting. This approach is developed in the remainder of this
section.

8.2 THE MARKOYV CHAIN MODEL

The "rainfall states" to be considered are the rainfall rates assigned to non-
overlapping categories. It has been found appropriate to adopt the categorisation into
12 intervals shown in Table 8.2.1. This allows the time series of rainfall for a given
site to be transformed to the chain of n states {X,} for time periods t = O0,...,T,
where X, is an n vector containing n-1 zeroes, and one unit entry corresponding to
the rainfall category at time t; for example [000...010...0]. Now let a transition
probability matrix, P, be defined such that the (j,k)th element p, is the probability
of moving from state j to state k. An empirical estimate of this probability matrix is

J, .
p, = J.k=12,....n. 8.2.1)

Jk n
Tf,

i=1
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Table 8.2.1 Rainfall categorisation

Category Rainfall rate (upper limit) Rainfall value assigned
mm hr! mm hr!

1 0 0

2 0.1 0.05

3 0.5 0.3

4 1 0.75

5 2 1.5

6 4 3

7 6 5

8 8 7

9 10 9

10 12 11

11 16 14

12 40 28

where fjlc is the number of transitions from state j to state k, over consecutive time
intervals, counted using the rainfall record. The matrix F, of which f, is its (j,k)th
element, is called the frequency count matrix and its j’'th row total, denoted

Fj+ =X ]j.l., is the total number of occurrences of state j in the rainfall record.
i=1 ,

The choice of rainfall categories in Table 8.2.1 was arrived at so as to assure that E,
is never too small. This was achieved by increasing the rainfall class range with
higher, more infrequent, rainfall intensity. The choice was also guided by the
categorisation used by the UK Meteorological Office in storing weather radar data.

Let X(0) denote the state vector at the forecast origin and X(7) the state vector at lead
time 7. Suppose also that the rainfall at the forecast origin is in state k. Then the
theory of Markov chains gives as the probability of state X(7)

Prob(X(r)) = P}, = |pis plo..-Pi (8.22)

where P} denotes the vector formed by the k’th row of P". In other words, the
transition probability matrix P is multiplied by itself 7 times and row k of the
resulting matrix contains the probabilities of transition to each of the possible n states
of rainfall intensity. The result of (8.2.2) follows from the definition of a Markov
chain as a sequence of random variables where the t+1°th value, X,,,, given all
previous values X;,X;,...,X, depends only on the last value, X,, and not the previous
t values X,,X;,...,X.;-

The n probabilities can be used to define an empirical distribution function, F(7),
(i.e. probability of non-exceedence function) such that
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P s=12,..,n (8.2.3)

1

Prob(X('r) st:' = F(1) = .

where x, may be chosen to be the mid-point value of the s’th rainfall class interval
(see Table 8.2.1). Interpolation between the n values defining the empirical
distribution function (and the two end points, 0 and 1) allows the rainfall with a given
probability of non-exceedence to be obtained. The median value of rainfall,
corresponding to a probability of 0.5, provides an estimate (forecast) of the rainfall
at lead time 7. This will be denoted as R(r) which is the rainfall satisfying Prob(X(7)
< R(7)) = 0.5. An alternative estimator is provided by the mean (expected value)

B

R(7) = T x, [ (8.2.4)

i=1

where x; denotes the mid-value of the i’th rainfall class. The results that follow use
the median estimator but trials indicate that use of the mean estimator is preferred.

A matrix of forecast rainfall values may be calculated for each possible state at the
forecast origin ard for each lead time. The resulting 7,,, by n matrix is termed the
"forecast matrix" and needs to be computed only once. Forecasting then proceeds as
a simple "look-up table" procedure, choosing the appropriate entry in the forecast
matrix for a required lead time and given initial state.

8.3 APPLICATION

The quality controlled PEPR hourly rainfall record for Hampton for the period 1954
to 1974 has been used to investigate the performance of the Markov conditional
rainfall forecasting method. As a basis for assessment similar criterion to those
developed to asszss the local radar rainfall forecasting procedure have been used.
Specifically, the root mean square log-error criterion

rms log-error = L €?
1
where the log-error

e = log{(1+R)/(1+R)}

has been employzd. Here, R is the observed rainfall intensity and R is the forecast
value. This error criterion has been calculated for each forecast lead time 7 = 1, 2,
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3, 4, 5 and 6 hours and the result plotted as a graph of root mean square log-error
against lead time. The result obtained using a single transition probability matrix
computed from the entire record (183125 time-steps) is shown in Figure 8.3.1 and
the corresponding matrix displayed in Table 8.3.1(a). The error criterion obtained
using a persistence forecast is also plotted in Figure 8.3.1 as a baseline for
assessment.

r
0-20

15

Root mean square log—erro
-

T T T |
4 )

Lead time in hours

Q-

Figure 8.3.1 Root mean square log-error as a function of
Jorecast lead time for the non-seasonal Markov
chain forecast method and persistence (dashed
line).

It is reasonable to conjecture that the transition probability matrix exhibits a variation
with time of year. To investigate this conjecture transition probability matrices have
been calculated for the 12 months of the year and for the two seasons winter (90407)
time-steps) and summer (92472 time-steps). Table 8.3.1(b) and (c) show the winter
and summer matrices and Figure 8.3.2 shows the resulting log root mean square error
against lead time plot obtained from the seasonal Markov chain forecast method.

Figure 8.3.3 shows the month-to-month variation in log root mean square error
obtained from the monthly Markov chain forecast method. The largest errors are seen
to occur in summer when the Markovian assumption might be expected to be least
applicable.
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Table 8.3.1 Transition probability matrix for Hampton hourly rainfall

(a) Non seasonal

Rainfall rate (upper limit) mm hr')

0 0.1 0.5 1 2 4 6 8 10 12 16 40
0 0.931 0.052 0.011 0.003 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.417 0.455 0.088 0.022 0.013 0.004 0.001 0.000 0.000 0.000 0.000 0.000
0.5 0.173 0.318 0.302 0.116 0.063 0.022 0.005 0.001 0.001 0.000 0.000 0.000
1 0.086 0.205 0.288 0.217 0.149 0.042 0.012 0.001 0.000 0.000 0.000 0.000
2 0.071 0.152 0.215 0.194 0.238 0.107 0.017 0.003 0.002 0.001 0.000 0.000
4 0.039 0.124 0.164 0.171 0.247 0.191 0.046 0.010 0.004 0.002 0.001 0.001
6 0.036 0,107 0.156 0.124 0.178 0.244 0.107 0.027 0.009 0.004 0.004 0.004
8 0.033 0.067 0.167 0.100 0.167 0.167 0.150 0.067 0.000 0.050 0.017 0.017
10 0.136 0.000 0.182 0.136 0.091 0.136 0.091 0.182 0.045 0.000 0.000 0.000
12 0.000 0.091 0.182 0.182 0.091 0.273 0.091 0.091 0.000 0.000 0.000 0.000
16 0.250 0.125 0.000 0.000 0.125 0.125 0.000 0.125 0.000 0.000 0.000 0.250
40 0.000 0,000 0.222 0.000 0.000 0.222 0.000 0.111 0.111 0.000 0.000 0.333
(b) Winter

Rainfall rate (upper limit) mm hr)

0 0.1 0.5 1 2 4 6 8 10 12 16 40
0 0.926 0.056 0.012 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.409 0464 0.092 0.020 0011 0.003 0.001 0.000 0.000 0.000 0.000 0.000
0.5 0.153 0.324 0.314 0.119 0.064 0.022 0.003 0.000 0.000 0.000 0.000 0.000
1 0.069 0.193 0.297 0.237 0.145 0.044 0.012 0.002 0.001 0.000 0.000 0.000
2 0.056 0.140 0.230 0.194 0.255 0.107 0.017 0.002 0.001 0.000 0.000 0.000
4 0.038 0.113 0.145 0.170 0277 0.193 0.050 0.008 0.004 0.000 0.000 0.000
6 0.028 0.075 0.160 0.142 0.208 0.236 0.104 0.038 0.009 0.000 0.000 0.000
8 0.000 0.043 0.174 0.174 0.174 0.043 0.130 0.130 0.000 0.130 0.000 0.000
10 0.125 0.000 0.250 0.375 0.000 0.125 0.125 0.000 0.000 0.000 0.000 0.000
12 0.000 0.000 0.333 0.333 0.333 0.000 0.000 0.000 0.000 0.000 0.000 0.000
16 1.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
40 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
(c) Summer

Rainfall rate (upper limit) mm hr')

0 0.1 0.5 1 2 4 6 8 10 12 16 40
0 0.935 0.049 0.011 0.003 0.002 0.001 0.000 0.000 0.000 0.000 0.000 0.000
0.1 0.425 0445 0.084 0.024 0.015 0.005 0.001 0.001 0.000 0.000 0.000 0.000
0.5 0.197 0311 0.287 0.112 0.062 0.021 0.007 0.002 0.001 0.000 0.000 0.000
1 0.106 0.219 0.277 0.192 0.155 0.040 0.011 0.001 0.000 0.000 0.000 0.000
2 0.089 0.165 0.199 0.193 0.218 0.107 0.017 0.005 0.004 0.002 0.001 0.000
4 0.039 0.134 0.184 0.171 0.216 0.190 0.041 0.012 0.004 0.004 0.002 0.002
6 0.042 0.134 0.151 0.109 0.151 0.252 0.109 0.017 0.008 0.008 0.008 0.008
8 0.054 0.081 0.162 0.054 0.162 0.243 0.162 0.027 0.000 0.000 0.027 0.027
10 0.143 0.000 0.143 0.000 0.143 0.143 0.071 0.286 0.071 0.000 0.000 0.000
12 0.000 0.125 0.125 0.125 0.000 0.375 0.125 0.125 0.000 0.000 0.000 0.000
16 0.143 0.143 0.000 0.000 0.143 0.143 0.000 0.143 0.000 0.000 0.000 0.286
40 0.000 0.000 0.222 0.000 0.000 0.222 0.000 0.111 0.111 0.000 0.000 0.333
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(a) Winter

(b) Summer

Figure 8.3.2
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Root mean square log-error as a function of forecast
lead time for the seasonal Markov chain forecast
method and persistence (dashed line).
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Figure 8.3.3  Root mean square log-error as a function of month of
year for the monthly Markov chain forecast method
and persistence (dashed line): the forecast lead time is
1 hour.

A further property of the Markov chain models is the matrix of forecast rainfalls,
corresponding to & 50% non-exceedence probability value, for given values of
forecast origin state and lead time. This "forecast matrix", of dimension 7, by n (6
by 12 in this case), is shown in Table 8.3.4 for the non-seasonal and winter and
summer Markov chain models.
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Table 8.3.4 Forecast matrix for Hampton giving the forecast category
rainfall for a given forecast origin category rainfall and lead
fime

(a) Non-seasonal

Lead time Forecast origin rainfall category (upper limit) mm hr!

hr 0 0.1 C.5 1 2 4 6 8 10 12 16 40

1 0.000 0.009 0.057 0.232 0443 0.758 1.078 1.350 1.125 1.125 1.500 6.000
2 0.000 0.000 0.024 0.048 0.125 0.207 0.253 0.299 0.256 0.280 0.204 0.920
3 0.000 0.000 0.000 0.021 0.031 0.042 0.048 0.077 0.047 0.066 0.040 0.231
4 0.000 0.000 0.000 0.000 0.007 0.016 0.020 0.025 0.018 0.024 0.012 0.047
5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.020
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

(b) Winter

Lead time 1 Forecast origin rainfall category (upper limit) mm hr!

hr 0 0.1 0.5 1 2 4 6 8 10 12 16 40

1 0.000 0.010 0.068 0.250 0.473 0.841 1.091 1.291 0.450 0.525 0.000 0.000
2 0.000 0.000 0.028 0.076 0.157 0.242 0.295 0.372 0.189 0.218 0.000 0.000
3 0.000 0.000 0.006 0.028 0.038 0.049 0.091 0.137 0.042 0.049 0.000 0.000
4 0.000 0.000 0.000 0.006 0.015 0.024 0.029 0.036 0.017 0.024 0.000 0.000
5 0.000 0.000 0.000 0.000 0.000 0.002 0.007 0.012 0.000 0.002 0.000 0.000
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

(c) Summer

Lead time Forecast origin rainfall category (upper limit} mm hr'

hr O 0.1 0.5 1 2 4 6 8 10 12 16 40

1 0.000 0.008 0.049 0.208 0.409 0.677 1.063 1.438 2.250 2.000 2.250 6.000
2 0.000 0.000 0.019 0.041 0.083 0.172 0.213 0.261 0.300 0.292 0.300 1.032
3 0.000 0.000 0.000 0.013 0.024 0.035 0.040 0.045 0.048 0.050 0.068 0.216
4 0.000 0.000 0.000 0.000 0.000 0.007 0.011 0.016 0.016 0.020 0.020 0.042
5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.013
6 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
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8.4 CONDITIONING ON STORM TYPE

The previous sections have introduced the theory of conditional forecasting and
illustrated application of the method based on annual, seasonal and monthly transition
probability matrices. In practice a particular type of event can be recognised at the
time of forecasting, for example when it is known that convective storms are likely.
It is therefore of interest to impose conditioning on the event type in calculating the
transition probabilities.

Choice of event type for conditioning

The choice of type of event has been resulted in consideration of three broad
categories of storm event based on different durations and intensities. These are:-

(a) Events of any duration and intensity, where an event is defined as a period
of time when rainfall occurs.

(b) Events of a given duration, with at least one hour in each event having
rainfall above a given intensity.

©) As (b) except that the events are chosen to be within a given duration, and
not a fixed duration.

Forecasts are made for a lead time of 6 hours, but curtailed by the end of each event.
This means for case (a) and (c), with variable duration storms, the number of
forecasts associated with each lead time is variable. This fact should be noted, since
in a later comparison of different forecast models there is only comparability across
models at a given lead time and not of errors across lead times.

Evaluation of Forecasting models

It is of interest to compare the performance of the event-conditional forecasts with the
yearly, monthly, seasonal and persistence forecasting models employed in the
previous section. The inclusion of event-conditional models has led to a
reconsideration of the rainfall intensity categories used as state variables in the
forecasting scheme. The categories have been reduced from 12 (Table 8.2.1) to 8 and
are set out in Table 8.4.1. The results obtained using this revised categorisation of
rainfall are described next under the three broad event categories identified above.

(a) Events of a given duration and intensity
Probability transition matrices have been calculated using data only from storm events
of a given duration and intensity. The specific duration/intensity events considered

are 2h,3mm/h, 2h,5Smm/h, 3h,5mm/h, 4h,3mm/h, 6h,Imm/h, and 12h,1mm/h.
Forecast matrices have been calculated for each of these six event types and used as
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Table 8.4.1 Rainfall categorisation

Category Rainfall rate (upper limit) Rainfall value assigned
mm hr' mm hr!

1 0.1 0.05

2 0.5 0.3

3 1 0.75

4 2 1.5

5 4 3

6 8 5

7 16 12

8 40 28

the basis of forecasting. The rms log-error statistics for a lead times up to 6 hours are
presented in Table 8.4.2 along with comparable error statistics obtained from yearly,
seasonal, monthly and persistence models. For each of these models the same event
data are used to allow direct comparison between models for a given lead time; the
number of errors making up the error statistics is indicated at the foot of each table.
The event model always outperforms the other models with the yearly model often
giving the second best set of forecasts, especially at lower lead times. It is seen that
the naive persistence forecast is always worst, except at short lead times in the events
of 12 hour duration.

(b) Events within a given duration and above a given intensity

The performance statistics are presented in Table 8.4.3 along with those obtained
from the alternative models. In general the event-conditional model outperforms the
others. The persistence model is always bettered except for a one hour lead time for
events of 12 hours duration or less, and also in the case of 2 hour events or less,
where the intensity must be at least Smm h! for one hour of the event.

(c) Events of any duration and intensity

Table 8.4.4 (a) shows the performance statistics obtained in this case. In addition to
the yearly, seascnal, monthly and persistence model results the performance of the
6h,lmm/h event-conditioned model is shown; this model performed well overall in
the assessment up to now. Note that the statistics are calculated over events of any
duration and intensity and that in this case the yearly model is equivalent to the event-
conditioned model of any duration and intensity. The yearly model is best for a lead
time of one hour, but the 6hr,lmm h' event-conditioned model subsequently
outperforms the other models. A persistence forecast is always worst except at a one
hour lead time.
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Table A.5.1.2 Number of occurrences of differences between
PEPR daily totals and microfiche check gauge
readings for Bury Farm, 1972 and 1973.

Difference Number of occurrences
PEPR dry, microfiche rain, 5
SUSPECT =8
Difference <0.5min 18
Check gauge value different to PEPR total, but 7

PEPR mare consistent with trace.
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Table A.5.2.1a

Comparison of PEPR daily totals and trace

changes (approx.),

in mm when rain/no

rain/missing periods are inconsistent: Green Lanes

1963

Date PEPR Microfiche SUSPECT Comments
31/03/63 0.0 Missing 0 1/1-18/4 mis
27/04/63 0.0 2.8 0 77
27/05/63 0.0 1.3 0 27
06/06/63 0.0 0.4 0 Similar
17/07/63 0.0 0.4 0 Similar
19/08/63 0.0 1.8 8 Missing
23/09/63 0.0 3.8 0 77
03/10/63 0.0 1.5 0 7
16/10/63 0.0 0.5 0 Similar
19/10/63 0.0 0.5 8 Missing
21/10/63 0.0 1.3 0 7
30/10/63 0.0 10.0 0 277
04/11/63 1.1 0.0 2 7
08/11/63 0.0 0.5 8 Missing
09/11/63 0.0 2.8 8 Missing
10/11/63 0.0 5.8 8 Missing
13/11/63 0.0 0.3 0 Similar
15/11/63 0.0 0.3 0 Similar
25/11/63 0.0 Rain??7? 0 Mult. trace
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Table A.5.2.1b

Comparison of PEPR daily totals and trace

changes (approx), in mm when rain/no
rain/missing periods are inconsistent: Green Lanes
1967.

Date PEPR Microfiche SUSPECT Comments
19-24/03/67 0.0 Missing 0 1/1-24/4 mis
28-31/03/67 0.0 Missing 0 1/1-24/4 mis

25/04/67 0.0 0.0 8 Missing
21/05/67 0.0 2.8 0 7

29/05/67 0.0 10.0 8 Missing
08/06/67 0.0 0.3 0 Similar
19/06/67 0.0 0.5 0 Similar
26/06/67 0.0 0.3 0 Similar
02/08/67 0.0 2.0 0 7

05/08/67 0.0 0.3 0 Similar
17/08/67 0.4 0.0 0 Similar
20/08/67 0.0 0.0 8 Missing
12/09/67 0.4 0.0 2 Similar
22/09/67 0.3 0.0 0 Similar
05/10/67 0.0 2.5 0 77

11/10/67 0.0 5.5 8 Missing
29/10/67 0.0 0.5 0 Similar
31/10/67 Missing 3.0 -1 7

02/11/67 0.0 1.3 0 7

26/11/67 0.2 0.0 0 Similar
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Table A.5.2.2a  Number of rain/no rain/missing day inconsistencies
between PEPR and microfiche data: Green Lanes

1963
Inconsistency Number of occurrences
Microfiche missing, PEPR dry 1
Microfiche rain, > 0.5 PEPR dry 6
Microfiche zero, PIZPR rain > 0.5 1
0 < Microfiche < 0.5, PEPR dry 5
Microfiche >0.5, PEPR dry, SUSPECT=8 5
Trace confused by others on 1

same chart

Table A.5.2.2b  Number of rain/no rain/missing day inconsistencies
between PEPR and microfiche data: Green Lanes

1967

Inconsistency Number of occurrences
Microfiche missing 10
PEPR dry
Microfiche >0.5, 2
PEPR dry, SUSPECT =8
Microfiche dry 2
PEPR dry, SUSPECT=8
Microfiche >0.5mm 4
PEPR dry
0 < Microfiche < 0.5, PEPR dry 5
Microfiche dry, 0 << PEPR < 0.5 4
Microfiche >0.5mm 1
PEPR missing
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Table A.5.3.1 Comparison of daily Totals (mm) from PEPR data
and microfiche: Hampstead, 1941.

Date PEPR Microfiche CG SUSPECT Comments
01/03/41 6.4 7.6 0 PEPR
02/03/41 0.4 0.8 0 Similar
21/03/41 0.9 0.8 0 Similar
23/03/41 0.4 0.6 0 Similar
03/04/41 4.6 4.4 0 Similar
18/04/41 15.4 133 0 7?Microfiche
19/04/41 5.9 8.0 2 PEPR
21/05/41 0.2 0.3 0 Similar
23/05/41 1.2 1.1 2 Similar
09/06/41 40.6 40.4 2 Similar
25/07/41 7.9 8.1 0 Similar
26/07/41 8.1 7.9 2 Similar
30/07/41 0.0 Messy Tr., 7.1 8 Missing
04/08/41 16.0 16.1 0 Similar
07/08/41 4.8 4.4 1 Similar
08/08/41 4.4 4.8 2 Similar
22/08/41 0.6 0.2 0 Similar
23/08/41 25.8 26.2 2 Similar
02/11/41 Missing 1.2 -1 77
03/11/41 1.2 Missing 0 7
07/12/41 0.0 1.8 8 Missing
08/12/41 0.0 0.1 8 Missing
09/12/41 0.0 0.2 8 Missing
10/12/41 1.5 1.4 0 Similar
21/12/41 0.3 0.2 0 Similar
22/12/41 0.2 0.3 0 Similar
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Table A.5.3.2 Differences between PEPR daily totals and

microfiche check gauge values: Hampstead 1941

Difference Number of occurrences

Daily PEPR total-microfiche check 7
gauge=0.1mm

Daily PEPR total-microfiche check 5
gauge=0.2mm

Daily PEPR total-microfiche check 5
gauge=0.4mm

Difference between PEPR daily 2
total and microfiche check gauge

value > 1lmm, but trace more

consistent with PEPR

Difference between PEPR daily 1
total and microfiche check gauge

value > 1mm, but trace more

consistent with microfiche cg.

Difference >0.5mm, SUSPECT =8 2
Difference small, SUSPECT =8 2

PEPR missing 1
Microfiche rain :

PEPR rain 1
Microfiche missing

There were four two day periods when the data may have been swapped around.
These are:

1.

25/7/41 Microfiche check gauge=7.9mm, PEPR daily total=8.1mm
26/7/41 Microfiche check gauge=8.1mm, PEPR daily total=7.9mm

7/8/41 Microfiche check gauge=4.8mm, PEPR daily total=4.4mm
8/8/41 Microfiche check gauge=4.4mm, PEPR daily total=4.8mm

2/11/41 Microfiche missing, PEPR daily total=1.2mm
3/11/41 Microfiche check gauge=1.2mm, PEPR missing.

21/12/41 Microfiche check gauge=0.2mm, PEPR daily total=0.3mm
22/12/41 Microfiche check gauge=0.3mm, PEPR daily total=0.2mm
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(a) Total rainfall in mm

Rainfall Totals (mm).

1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974

Avg.

Yrs.

JAN FEB
26.2 51.9
54.5 27.1
92.7 5.7
38.3 70.3
48.7 54.4
49.6 1.6
46.2 42.2
59.9 52.9
67.8 9.8
14.2 4.8
16.5 19.0
47.5 11.5
34.1 64.6
35.2 53.4
52.6 27.6
69.1 19.7
54.8 38.5
69.3 13.7
50.7 50.1
11.2 11.5
58.3 47.3
47.5 32.3

21 21

MAR

44,
22.
12.
23.
27.
44,
38.

3.
33.
60.
83.
38.
10.
39.
24,
57.
37.
47.
56.
13.
29.

35.

FAFUNOWEAYNWLEHEOUNOUVEHVOONMIULY®N

N

21

Station: 284152
APR MAY JUN JUL
6.7 43.9 108.0 57.4
5.8 87.5 63.1 8.0
26.2 4.4 46.7 130.8
7.5 36.8 18.6 75.4
25.8 59.5 90.7 58.8
51.2 25.2 24.6 45.7
15.4 47.5 42.7 94.1
47.5 29.3 30.2 34.9
37.7 45.6 7.9 53.4
51.6 42.3 25.5 33.1
77.6 50.2 105.0 21.7
36.2 38.2 47.1 74.0
78.2 48.6 64.3 72.9
51.2 107.3 42.7 63.6
54.5 74.0 57.5 74.2
22.1 53.7 25.7 85.8
48.8 21.6 21.9 50.6
43.0 66.4 132.6 21.6
38.8 28.8 15.5 19.3
45.1 48.8 80.0 50.4
15.3 38.0 69.8 35.1
37.4 47.5 53.3 55
21 21 21 21

Yearly total of monthly averages (mm) 590.6

Average of yearly totals (mm) 590.6

143.

Table A.5.4 Seasonal data table for Hampton
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SEP  OCT
43.4 45.2
47.0 57.2
52.8 46.6
63.0 45.5
85.8 50.2

0.8 49.8
56.8 138.5
55.7 51.4
65.0 54.3
65.3 38.6
13.3 27.3

114.3 15.8
27.8 89.9
59.1 95.2

133.3 60.6

5.1 3.7
50.5 11.7
16.7 47.3
30.3 14.4
72.4 25.0

129.5 78.1
56.6 49.8

21 21

NOV  DEC
84.7 48.8
25.5 48.4
11.0 69.2
55.5 44.7
45.1 66.7
65.1 72.7
93.0 50.2
53.1 59.5
47.9 29.8

118.9 18.0
35.7 34.0
64.6 82.8
36.2 68.6
38.2 50.5
45.1 83.8
78.3 38.4

137.4 27.4
59.8 13.5
45.8 53.3
27.5 38.9

142.9 35.2
62.4 49.2

21 21

Total

646.
466.
566.
597.
690.
462.
726.
578.
503.
540.
517.
621.
677.
693.
752.
602.
543.
605.
412.
454,
742.

NWOMNMNMAAWOOO®WOVU NSO NDNWRWM

21

Mths
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12



(b) Maximum hourly rainfall in mm

Station: 284152

Maximum Hourly Totals (mm).

DEC ov. yr.
5.3 12.7
2.

OCT  NOV
3.4 8.4 4.7
8.5 4.8
6.6
3.5

SEP
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5

1.8
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0.9
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0.5
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1
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2.6
2.8

3.

7
7

.5
.6
.6

3
3
3

.8 2.4 1
7.8 25.9 4.8

1

2
4.2

3.5

4.7

2.0
1.5

6.6

1972
1973
1974
over
all

25.

7
7

1 2.6
.3 2.8

3.4
1.9

7

8

7

.6

.0

4.7

5.6

5.4

10.6 11.9 6.9 31.1

9.9

13.0 25.9 31.1

8.9

8.5

5 5.8

13.0

yrs.

Table A.5.4 continued Seasonal data table for Hampton
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(c) Proportion of days without missing data

Fexcentage of days where all data are present.

1954
1955
1956
1957
1958
1959
1260
1961
1962
1963
1964
1965
1266
1967
1268
1969
1970
1971
1972
1973
1974
over
all
yIs.

b O e e e O e e O b b e s e

(o]

JAN
.00
.00
.00
.00
.00
.00
.97
.00
.00
.94
.00
.00
.00
.00
.00
.00
.00
.00
.90
.00
.00

.99

O et o b O b b ek bk et b b b e e e O O

o

FEB
.00
.93
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—
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e il e e e o R R O e T o Y L J T gy SR PRt

—

APR
.00
.00
.00
.00
.00
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.00
.00
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.00
.00
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.00
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.00

.00

e e e b e b b e e et e fd ek b e e e b b

[a—y

MAY
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

.00

e el e T e e B e o S "o S Sy WPy WPV I P Y

—

JUN
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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.00

e el el e R el o O <. QS

.00

—

JUL
.00
.00
.00
.97
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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.00

Station: 284152

AUG
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00

e i e e e e e N el Y gy

[y

.00

i i a a all e e e Y S e i S Wit S S P S U S

=

SEP
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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.00
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b et O b b b e e b b b b e e b b e e

[

OCT
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
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.00
.00
.97
.00
.00
.00

.00
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P b et b O et b b b et b e ek ped et ped pd b ek

=t

NOV
.00
.00
.00
.00
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.00
.00
.00
.00
.00
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.00
.00
.97
.00
.00
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PR R OORORMMEIEOOIM M

o

DEC ov.

.00
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.94
.84
.00
.00
.00
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.97
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.94
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Table A.5.5.1a  Comparison of PEPR daily totals and microfiche
trace changes (approx), in mm when rain/no
rain/missing periods are inconsistent: Chandos
Recreation Ground, 1957

Date PEPR Microfiche SUSPECT Comments
05/02/57 0.0 15.5 8 Missing
07/02/57 0.0 15.5 8 Missing
20/03/57 0.0 1.3 0 Pen jump??
17/04/57 Missing 1.3 -1 7
18/04/57 Missing 0.8 -1 77
07/06/57 0.0 0.3 0 Similar
14/07/57 0.0 1.3 8 Missing
16/07/57 0.0 4.7 8 Missing
09/08/57 0.0 0.8 8 Missing
11/08/57 0.0 1.5 8 Missing
26/08/57 Missing 0.0 -1 7
23/09/57 0.0 33 8 Missing
24/09/57 0.0 43 8 Missing
16/10/57 0.0 5.0 8 Missing
17/10/57 0.0 Messy 3.3 8 Missing
28/10/57 0.0 0.5 8 Missing
29/10/57 0.0 3.8 8 Missing
31/10/57 0.0 33 8 Missing
02/11/57 0.0 3.0 8 Missing
04/11/57 0.0 6.0 8 Missing
15/11/57 0.5 0.0 2 Similar
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Table A.5.5.1b

Comparison of PEPR daily totals and microfiche
trace changes (approx), in mm when rain/no
rain/missing periods are inconsistent: Chandos
Recreation Ground, 1 January to 25 April 1958

Date PEPR Microfiche SUSPECT Comments
05/01/58 0.0 6.8 8 Missing
28/01/58 0.0 7.8 8 Missing
07/02/58 Missing 3.0 -1 72, Snow
08/02/58 0.0 1.0 8 Missing
18/02/58 0.8 Messy tr.,0.0 2 Similar
21/02/58 0.0 1.5 8 Missing
23/02/58 0.0 Messy tr., 3.8 8 Missing
24/02/58 0.0 15.3 8 Missing
25/02/58 0.0 0.0 8 Missing
04/03/58 0.4 0.0 0 Similar
06/03/58 0.3 0.0 2 Similar
05/04/58 0.0 Missing 8 Missing
07/04/58 0.0 0.0 8 Missing
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Table A.5.5.2a  Number of rain/no rain/missing day inconsistencies
between PEPR and microfiche data: Chandos
Recreation Ground, 1957.

Inconsistencies Number of occurrences

PEPR dry, microfiche rain 15
SUSPECT =8

PEPR dry, microfiche >0.5mm 1
0 < PEPR < 0.5, microfiche dry 1
PEPR missing, microfiche rain > 0.5 2
PEPR missing, microfiche dry 1
PEPR dry, 0 < microfiche <0.5mm |

Table A.5.5.2b  Number of rain/no rain/missing day inconsistencies
between PEPR and microfiche data: Chandos
Recreation Ground, 1 January to 25 April 1958.

Inconsistency Number of occurrences

PEPR dry, microfiche rain 8
SUSPECT =8

PEPR dry, microfiche dry 1
SUSPECT =8

PEPR missing, microfiche =0.5 mm 1
0 < PEPR < 0.5, microfiche dry 2
PEPR >0.5, Microfiche dry, but messy 1
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Table A.5.5.3¢  Comparison of PEPR daily totals and bottle

readings (mm): Chandos Recreation Ground, 26
April to 31 December 1958

Date PEPR Microfiche SUSPECT

03/07/58 Missing 0.0 -1

21/07/58 0.0 2.8 0

24/09/58 Missing 0.0 -1

22/12/58 0.0 No chart 0

Table A.5.5.3b

Comparison of PEPR daily totals and bottle
readings (mm): Chandos Recreation Ground, 1959

Date PEPR Microfiche SUSPECT
13/03/59 0.0 No marks 0
15/03/59 0.0 No marks 0
05/04/59 Missing 0.0 -1
12/04/59 0.0 5.5 0
30/05/59 0.0 No marks 0
31/05/59 0.0 No chart 0
09/06/59 0.0 1.8 0
31/08/59 0.0 No chart 0
08/11/59 Missing 0.0 -1
09/11/59 0.0 No marks 0
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Table A.5.5.3c  Comparison of PEPR daily totals and bottle
readings (mm): Chandos Recreation Ground,
1 January to 25 August 1960

Date PEPR Microfiche SUSPECT
01/01/60 0.0 25.0 0
02/01/60 0.0 1.0 0
03/01/60 0.0 1.3 0
15/01/60 Missing 0.0 -1
26/02/60 0.0 6.0 0

04-06/03/60 0.0 No marks 0
14/03/60 0.0 No chart 0
17-20/03/60 0.0 No marks 0
09/04/60 0.0 1.3 0
24-29/05/60 0.0 No marks 0
29-30/07/60 Missing 0.0 -1
31/07/60 0.0 0.5 0
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Table A.5.5.4a Chandos Recreation Ground 246738, 26/4/58-

31/12/58
Number of days in period
PEPR missing, bottle reading =0 2
PEPR dry, bottle rzading rain 1
Chart missing 1

Table A.5.5.4b Chandos Recreation Ground 246738, 1959

Number of days in period

PEPR missing, botile reading=0 2
PEPR dry, bottle reading rain 2
PEPR dry, no marks on chart 4
PEPR dry, no chart 2

Table A.5.5.4c Chandos Recreation Ground 246738, 1/1/60-
25/8/60

Number of days in period

PEPR missing, botile reading dry 2
PEPR dry, bottle reading rain 6
PEPR dry, no marks on chart 3
PEPR dry, no chart 1
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Table A.5.5.5 Comparison of PEPR daily totals and microfiche
check gauge readings (mm) when rain/no
rain/missing periods are inconsistent: Chandos
Recreation Ground, 26 August to 31 December
1960

Date PEPR Microfiche SUSPECT Comments
10/10/60 0.0 1.8 8 Missing
17/10/60 0.0 1.5 8 Missing
21/10/60 0.0 3.8 8 Missing
06/11/60 0.0 0.3 0 Similar
16/11/60 0.0 1.3 8 Missing
26/11/60 0.0 1.8 8 Missing
11/12/60 0.0 1.3 8 Missing
15/12/60 0.0 0.3 8 Missing
23/12/60 0.0 1.8 8 Missing

Table A.5.5.6

Number of rain/no rain/missing day inconsistencies
between PEPR and microfiche data: Chandos
Recreation Ground, 26 August to 31 December
1960

Inconsistency Number of occurrences
PEPR dry, microfiche rain, 8
SUSPECT=8
PEPR dry, microfiche <0.5mm 1
Table A.5.5.7 Comparisons of PEPR rain values and microfiche
check gauge readings, not within 0.5mm: Chandos
Recreation Ground, 26 August to 31 December
1960
Date PEPR Microfiche SUSPECT
22/10/60 2.7 3.5 0
27/11/60 2.2 2.8 0
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A6. Raingauges with zero monthly totals

Tables A.6.1 list raingauges which have ‘dry’ months. There are 35 in total.

Table A.6.1a

List of gauges which have ‘dry’ months

Gauge name Number ‘Dry’ months
Spring Park Farm 237611 June 1973
Riverside STW 237868 September 1972
Waltham Stow, Lloyd 245228 June 1976
Park
Lowhall Farm Depot January 1973
Green Lanes 245291 December 1963, March 1963, 1964,
1965, 1966, 1967, February, March 1968,
December 1968, April 1971, December
1976
Clapton Pond 245310 January, February 1963, September-
: November 1964
June, July 1974
Wick Lane 245400 February 1971, June 1974
Lyle Park 246020 October 1973
Western PS 246277 January 1966, May 1970, February-May
1971
Mill Hill 246627 April 1964, February 1969, December
1970
Hampstead 246690 August 1943
Stanmore 246719 February 1960, February 1969
August 1970
Chandos Recreation 246738 February 1942, March 1955, March 1956
Ground May-December 1958, Jan-April 1959
June 1959-July 1960, September 1973
Brent Reservoir 246847 March 1948, June 1970
Ealing Castlebar 247060 June 1967
Sudbury Hill PS 247095 February, August 1956
Northolt 247344 July, August 1947, March 1963
Aerodrome
Hayes, Wood End 247449 June 1934

Nurseries
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Table A.6.1b List of gauges with dry months contd.

Gauge name Number ‘Dry’ months
Ashford Common 284058 March 1972
Maldon STW 286390 November, December 1966
Canbury Gardens 286405 January 1951, February 1952

February 1960, August, September 1963
March, April 1965, July 1969
June-August 1971

Sutton STW 287144 January 1964
Raynes Park 287203 January 1969
Putney Heath 287283 October 1965, December 1968

January-March 1969
February-April 1970, June 1970
July-September 1971

How Green Res. 287451 August 1976

Purley Oaks 287722 March 1965, September 1967
Carshalton PS 287883 February 1969, June 1971

Morden Hall 287909 February, March 1963, October 1965

November 1966, June 1967
February, March 1968, March 1969, August 1972

London Road 287946 January 1967, February 1968
April-August 1971
January, February, September 1972
March-June 1974

Furzedown Rec. Gd. 288020 August 1975
King George’s Park 288065 April 1974, March 1976
Ruskin Park 288327 December 1976
Kelsey Park 288749 March 1966, March 1967
January, February 1968, March 1969
Crossness STW 290007 March, October 1965
Orpington 291241 February 1963, January 1968
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A7. Updated list of available raingauge data

The original PEPR data set was supplied with a list of dates for which data are
available for each raingauge site. Results from the seasonal analysis indicated that
there were missing data within the limits of these dates (apart from the ‘dry’ periods)
and that a new listing of available data should be created. This is presented as
Table A.7.1. Only completely missing months have been eliminated from the list and
‘dry’ months are still included which, in reality, are likely to be also missing.

Table A.7.1 ‘Available’ PEPR data
Gauge Periods of available data

1. Bury Farm April 1972-December 1976

2. Spring Park Farm July 1972-December 1975

3. Riverside STW April 1972-December 1975

4. Chigwell STW March 1973-December 1976

5. Folkstone Road August 1970-December 1976

6. Waltham Abbey . April 1972-December 1976

7. Muswell Hill August 1958-November 1961

January-October 1962
March 1963-December 1966
February-October, December 1967

8. Deephams STW April 1972-December 1976
9. Walthamstow, Lloyd February-April 1974
Park October 1974-January 1976

June-December 1976

10. Lowhall Farm Depot January, February 1958
April 1958-January, March 1959
June-August 1959
October 1959-January 1960
March, May-November 1960
January, February 1961
April 1961-March 1962
May, July, September-December 1962
March, April, June-November 1963
March-August, October, November 1964
January, March-July, September 1965
November 1965-September 1970
November 1970-January 1973
August 1973-December 1976
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Table A.7.1 continued ‘Available’ PEPR data

Gauge Periods of available data

11. Green Lanes March-December 1963
March-November 1964
March-October 1965
March-December 1966
March-November 1967
February-December 1968
April-November 1969
April-December 1970
April 1971-December 1976

12. Clapton Pond January-December 1960
March 1961-November 1964
January 1965-July 1974
January 1975-November 1976

13. Auckland Road November 1971-December 1976
14. Wick Lane January 1971-April 1973

June 1973-December 1974
15. Lyle Park October 1973-December 1976
16. Parliament Hill April 1974-December 1976
17. Regents Park : August 1973-July 1974
18. Western PS October 1963-December 1967

March-December 1968
March-November 1969
March-December 1970
February 1971-December 1976

19. Kensington Mernorial April 1974-December 1976
Gns.

20. Holland Park July 1972-December 1976

21. Mill Hill August 1960-December 1976

22. Hampstead January 1933-December 1940

March 1941-December 1961
March-December 1962
March 1963-April 1965
June 1965-December 1975

23. Golders Hill Park January-December 1976

24. Stanmore January 1942-January 1945
March 1945-February 1947
June 1947-December 1971

25. Canons Park October 1973-December 1976

26. Chandos Rec. Grround January 1942-May 1945
September 1945-January 1956
March 1956-September 1973
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Table A.7.1 continued

‘Available’ PEPR data

Gauge

Periods of available data

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.
37.
38.
39.

40.
41.
42.

43.

Brent Reservoir

Harrow Weald Cem.

Wembley

Gladstone Park

Willesdon Works

Stonebridge Park

Ealing Castlebar

Brentside School

Sudbury Hill PS
Pinner Cemeitery
Northolt Aerodrome
Newton Park Depot

Hayes, Wood End
Nurseries

Perry Oaks
Hatton Nurseries

Twickenham $STW

Mogden STW

March 1948
January 1949-December 1950
July 1953-December 1976

January 1972-December 1976

January 1964-December 1965
February 1966-September 1969

January 1969-January 1972
April 1972-December 1975

April 1972-December 1976

January 1966-September 1970
September 1971-November 1975

February 1962-December 1965
March 1966-March 1970

July 1970-January 1974
September 1974-September 1976

September 1961-December 1962
March 1963-August 1971

November 1953-October 1956
January 1957-April 1961
September 1946-December 1973
February 1975-December 1976

October 1928-May 1930
August 1930-March 1937
May 1937-August 1938
October, November 1938
January 1939-January 1941
March 1941-May 1944
June 1961-September 1974

April 1972-December 1976
January 1973-December 1976

January 1941-November 1942
January 1943-April 1945

January 1969-December 1976
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Table A.7.1 continued

‘Available’ PEPR data

Gauge Periods of available data

44. Ruislip February 1957-January 1963
March 1968-December 1976

45. Uxbridge, Honeycroft October 1974-December 1976

NRS

46. Ashford Common March 1972-December 1976

47. Hampton January 1954-December 1974

48. Epsom Water Works April 1971-September 1974

49. Maldon STW August 1957-December 1966

50. Hogsmill STW July 1957-January 1959

51.

52.
53.
54.

55.

56.

57.

58.
59.
60.
61.

62.

Canbury Gardens

Kew Observatory
Kew STW
Sutton STW

Raynes Park PS

Putney Heath

Banstead

How Green Reszrvoir

Alderstead Heath
Purley Oaks

Beddington Park

Beddington STW

March 1959-December 1976

February 1948-August 1960
October 1960-December 1961
January 1963-December 1976

July 1944-December 1974
August 1966-December 1976

October 1936-December 1938
January 1940-December 1945
January 1947-December 1974

November 1960-December 1961
October, December 1964-
December 1976

June 1964-June 1970
August 1970-December 1976

February 1967-March 1971
November 1971-December 1974

May 1972-December 1976
October 1962-December 1968
March 1965-November 1972

October-December 1962
April 1963-December 1964

January 1972-December 1976
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Table A.7.1 continued

‘Available’ PEPR data

Gauge

Periods of available data

63.

64.

65.

66.
67.
68.
69.
70.

71.

72.

73.

74.

75.

76.

77.

Carshalton PS

Morden Hall

London Road

Gap Road Cemetery

Furzedown Rec. Grd.

King George’s Park
Battersea Park

Ruskin Park

Telegraph Hill

Earl PS

Kelsey Park

Crossness STW

Westerham Hill PS

Keston

Orpington

April 1965-September 1970
November 1970-June 1971

January 1960-May 1965

July 1965-September 1966
November 1966-January 1969
March 1969-December 1976

January 1965-February 1972
September 1972-December 1976

January 1972-December 1976
April 1974-December 1976
April 1974-December 1976
April 1974-December 1976
April 1974-December 1976

April-December 1974
January-December 1976

January 1972-December 1976

April-November 1965

March, May-December 1966

March, May-November 1967
January, February, April-August 1968
October 1968-March 1969

July 1970-December 1974

March, October 1965-September 1970
November 1970-December 1974

April 1972-July 1974
November 1974-December 1976

July 1972-December 1976

January 1963-November 1971
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A8. Conclusions

Despite improvements in understanding the PEPR data format other uncertainties have
become apparent. These have mainly concerned the presence of occasional ‘dry’
months in PEPR szasonal totals, when the microfiche data are known to be missing
and the month often known to have had some rain. At least from the gauges analysed
it would appear that there is generally good consistency between PEPR and
microfiche data for rain/no rain/missing days apart from periods when there are large
blocks of microfiche data missing. It appears that it is during these blocks of missing
microfiche data that most of the problems occur, e.g. for one of the ‘dry’ months
examined the PEPR dataset gave all but one day of that month correctly as missing,
but for some unknown reason gave one day in that month being present and dry -
hence the whole raonth being given as dry. For another gauge, during a missing
microfiche period the PEPR record indicated all dry periods correctly and gave all
wet periods as missing, which meant that the monthly total was given as zero. There
seems to be little consistency and based on this restricted analysis it is unwise to make
any generalisations about how the PEPR data should be used (if at all) during these
periods.

Despite these ambiguities, analyses using the PEPR record were continued. with the
understanding that the validity of the results (especially those concerning return
periods) must be open to question, without any quality control being carried out.

On a more positive note, a lot of analyses depend on selecting events where the
rainfall is always greater than zero, with zero rainfall at each end, and without any
missing data in between. Given that periods most associated with missing microfiche
data seem to be those which cause most uncertainties and that much of the data
examined outside rhese periods were fairly good, it seems that analyses based on
periods when rain occurs and where microfiche data are obviously present, must be
more reliable. However, errors may occur in the rare event of there being a zero at
the beginning of a storm period which should be missing because it occurs at the end
of a missing block. For inter-event periods to be identified there needs to be an event
either side of them, with no missing data in between. Unless a missing microfiche
period occurs where all of the missing data are incorrectly given as dry the chances
of an inter-event period being chosen incorrectly are small; given that is, an assumed
valid dataset outsicle these missing periods. However, uncertainties concerning the
data generally and the possibility that these inter-event periods may be chosen when
the data are really missing should always be borne in mind.

The Bilham analysis does make a count of all days being given as present. Therefore,
because the count raay be too high due to the presence of these ‘dry’ days, only years
which do not contain these ‘dry’ months are used when carrying out the Bilham
analysis.
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