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• AN A SSESSMENT OF T HE FSR RA INFA LL- RUNOFF MET HOD OF
FLOOD EST IMAT ION

0

411 D B Boorman , M C Acreman and  J  C Packman
Institute of Hydrology , Wa llingford , Oxfordshire .

• AB ST RACT

411 The Flood Studies Report, FSR , and its Supplementary Reports provide
widely used techn iques for design flood estimation in UK catchments .

ID There has been considerable debate on the accuracy o f the various
methods , but few of the objections have been substantiated . Th is
report describes work aimed at prov iding autho ritative comparisons

between flood estimates derived from observed flood data and
ID

- the origina l FSR rainfall-runo ff method ,

the FSSR16 rainfall-runoff method ,

411 the FSSR16 method with observed data , and

• the FSR statistical method  ( I  equation p lus regiona l growth

curve).
ID

The ana lysis was performed on  a  set of 88 catchments which had at

411 least 15 years of annual maximum peak flow data (to generate the
observed flood frequency relationships), and detailed rainfall and
runoff data describing five or more flood events (to provide param-
eter estimates to replace those obtained from catchment character-
istics). Comparisons were made for all catchments and a ll return
periods (2, 5, 10 , 25 and 50 years), for various subsets of

catchments , and for return periods be low a limit specified separately
for each catchment . Results show that estimates made using the

40 statistical  method  were unbiassed ,  while the rainfall-runoff meth-

ods , used without considering hydrologica l data recorded at the site,

lb had a tendency to overestimate. Th is bias was reduced virtually to

zero by including observed data (particu larly percentage runo ff).

411 The largest overestimates tend to be on catchments on relatively

permeable soils. Restricting comparisons further to cons ider the

• return periods within the specified lim its rendered the estimates
unbiassed .

ID

lb
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1.0 INT RODUCT ION
ID

411 Estimating flood magnitudes of given probability or frequency of
occurrence is an essential requirement for the design of drainage

II
systems, bridges, flood protection works and other river engineering
schemes.  If sufficiently long records of river  flow are available,

II
the flood magnitude-frequency distribution  can be  estimated di-
rectly . However, the majority of sites have little or no information

ID on  previous flood flows, and the distribution has to be estimated
indirectly

• The FSR 1  presents two indirect methods of flood estimation, which
have been applied to a large number of catchments throughout the UK ;

• firstly the statistical method , in which observed flood peaks  are
treated as random samples from some frequency distribution , and

• secondly the rainfall-runoff method , in which rainfall is treated
as the  statistical  element and is converted to flow using  a

II deterministic model of catchment response. In the rainfall-runoff
method the estimated flood magnitude depends on several aspects of

• the input (eg. rainfall depth , duration, and profile, and catchment
initial  condition), A simulation exercise (FSR 1.6.7, (437)) was

• undertaken to find a combination of inputs that would give a peak
flow of the required return period. Appendix B describes this sim-

0 ulation  exercise  in some detail.

• The statistical method estimates only peak flow , which may suffice
for the design of culverts and bridges. However, the rainfall-runoff

• method synthesises the entire hydrograph and is therefore better
suited to the design of flood storage or reservoir spillways . The

411 rainfall-runoff method  may  also be preferred where the hydrologist
has a feel for the parameter values (eg. the percentage of rainfall

• that runs off  as  flood flow). Adjusting such parameters to predict
the effect of catchment changes (eg . field drainage, urbanisation)

• is intuitively easier than directly adjusting statistical  parame-
ters,  such  as mean  annual flood.

ID With both methods, the various model parameters were related via

•
multiple regression equations to the physical characteristics of the
catchments, enabling flood quantiles to be estimated at sites without

ID

• References to the Flood Studies Report  are  made  as  FSR
volume.sectiOn(page); references to the Flood Studies Supple-

• mentary Reports (NERC,1977-1987) are made as FSSRnumber.

ID Introduction



flow (or rainfall-runoff) data . These estimates might be improved
using observed data from (or local to) the site of Interest. The
methods have been updated a number of times; of particular note here
is the revision of the rainfall-runoff model presented in FSSR16.

Considering the wide application of the methods, there have been few
studies comparing indirect flood estimates from the FSR methods with
values obtained directly from flow data . One study, by Lynn (1978,
unpublished), compared the statistical and rainfall-runoff methods
(amongst others) with such direct estimates. He considered estimates
of the mean annual flood (for 82 catchments), and the 10 year flood
(for 39 catchments). However, he did not consider the effects of
using observed data to refine the rainfall-runoff method estimates.
Lynn found that the FSR statistical methcd underestimated the mean
annual flood by 6% overall (15% in catchments less than 100 km2),
while the 10-year flood was underestimated by less than 1% overall.
The rainfall-runoff model was more biassed, overestimating the mean
annual flood by 13%, and the 10-year flood by 56%. Moreover, it gave

a marked regional pattern of errors, overpredicting in eastern En-
gland and underpredicting in south and south-west England (a similar
pattern to that found in the simulation study, FSR 1.6.7.4(448)).

The somewhat disappointing performance of the rainfall-runoff model
might be attributed to the design inputs derived from the simulation
study , or to model deficiencies discussed in the FSR 1.6.5.12(425),
FSSR3 and elsewhere. Of these , the 5-fold classification of so il
type (used to estimate the standard percentage runoff) is perhaps

most culpable, particularly for classes 1 and 5. For example,
Boorman (1980) found that too low a percentage runoff is predicted
from soil type 5 in north-west England and that a soil type 6 might
be a more appropriate classification in some areas. Reynolds (1981)
suggested that a similar problem existed in northern Scotland. A
recent study (Boorman et al, 1988) provides some support for this;
small upland catchments in Scotland on soil type 5 were found to
yield approximately 60% standard percentage runoff. The revised
parameter estimation equations presented by Boorman (1985) go some
way to rectifying the problems. These equations, summarised in
FSSR16, provide more runoff from soil type 5 (SPR=53%) and reduce
SPR to 10% (from 15%) on soil type 1. The requirement for even lower
SPR in some cha lk catchments (soil type 1) has been stated by Gurnell
and Midgely (1987).

Errors in assessing response time or unit hydrograph shape may also
be to blame for poor rainfall-runoff model performance. For example,
Reed (1987) suggests that response time estimates for small
catchments can be particularly poor. FSSR16 and Boorman (1985) also
include a more robust formulation of the unit hydrograph time-to-peak
equation, improving extrapo lation to small catchments.

Archer (1980) examined the performance of the statistical method in
north-east England and found that small-scale regional patterns in

An assessment of the FSR rainfall-runoff method of design flood
estimation



41

• 3

41

• model error could be identified . However, in a reply, Reran (1981)
argued that the patterns might be apparent rather than real, and

41 could be due to sample bias in the observed data caused by large
storms occuring over several catchments in an area. Archer and

• Kelway (1987) used observed flood frequency data from  46  catchments
in the Northumbrian Water Authority area to compare the  FSR  statis-

ID tical method with the  FSR  and  FSSR16  rainfall-runoff methods. They
found that overall the statistical method overpredicted the mean

41 annual flood by 9.5%, and the 30-year flood by 5.5%. The rainfall
runoff method underpredicted the mean annual flood by 4 .4% but

41 overpredicted the 30-year flood by 11.5% . A small-scale regional
pattern of errors was found , similar to that for the statistical

41 method . The use of observed rainfall-runoff data  was  not considered .

Other users of the  FSR  methods have made informal presentations at
41 meetings and conferences suggesting unhappiness with certain aspects

of the methods but these are frequently anecdotal and cannot be
41 referenced or investigated .

• This report aims to

41 - provide definitive comparisons of the various  FSR  techniques
against observed data,

40 test the effect of includ ing various amounts of observed data ,

41 identify classes of catchment where the current rainfall-runoff
method may be deficient (eg . size, urbanisation or soil type).

41
The criteria adopted in selecting the catchments used in the report

41 are described in the next section. The derivation of floods of re-
turn period 2, 5, 10, 25, 50 and 100 years is described in Chapter

• 3, along with consideration of the maximum return period to which
each catchment's observed flood frequency can be taken. , A de-

ID scription of seven separate combinations of methods and observed data
to be studied are given in Chapter 4 . Chapter 5 describes the re-

• sults, using different model and catchment subsets, while Chapter 6
presents results for a subset of six test catchments. Conclusions

41 and recommendations  are given in  Chapters 7 and H.

41 Appendix A contains full tables of results presented in summary form
in the body of the report. Appendix 13 describes the  FSR  simulation

41 exercise to define the combination of inputs required for -the
rainfall-runoff model to produce floods of designated return period .

• Appendix C contains details of a supplementary study which compares
estimates of the probable maximum flood , PM? , using the  FSR

• rainfall-runoff method , with maximum recorded historical floods in
the UK.

41

41

41

41

41 Introduction

41

41

41
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111
2 be suitable for application of the FSR procedures,

3.  have numerous  analysed individual flood events as  a  basis for
the assessment of the usefulness of observed data , and

4 . have  a  stable and natural hydrological regime.

The true flood frequency distribution for any catchment is of course
unknown . The quantiles of the distribution may best be estimated
from observed sequences of recorded data. The precision of each
estimate depends primarily on the length of record, although other
factors such as the accuracy of flow measurement are clearly influ-
ential. FSR 1.2.11.2 recommends that only floods up to return pe-
riods of 2N years, where N is the number of years of record, should
be estimated directly from at-site annual maximum data.

ID Figure 1 (from Lees, 1987) shows the number of stations with a given
length of record held on the UK Surface Water .Archive. The longest
record is 105 years on the River Thames at Teddington. Therefore,
even at this site only floods up to a maximum return period of 210
years should be estimated directly from the flood data. The original
di m  of this study was to estimate floods up to the 100 year return
period ; unfortunately there are only 12 stations in the UK whose
records exceed 50 years. To obtain a more comprehensive and repre-

40 sentative data set, the criterion was relaxed to include all
catchments with at least 15 annual maximum flood events.•
The FSR rainfall-runoff method assumes that the rainfall is evenly

4111 distributed over the catchment, therefore it is recommended for ap-
p lication on drainage areas up to 500 km2. All but one of the
catchments used in this study were smaller than this; the exception
being the Usk at Llandetty which has an area of 544 km2.

In order to test the utility of observed data when using the
rainfall-runoff method, the number of catchments employed in the
study  was  further restricted to include only those for which esti-
mates  of the unit-hydrograph model parameters had been derived for

ID Study catchments

•

•
•

2.0 STUDY CAT CHMENT S

Catchments selected for this study had to pass four stages of quality
control. Each catchment must:

have a reliable estimate of the true flood frequency curve
against which to compare the various methods,
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Figure 1. Record lengths for Surface Water Archive stations

at least five separate flood events . As part of the review of the
FSR rainfall-runoff model parameter estimation equations (Boorman ,

1985), rainfall and runoff data were collated for 210 catchments,
of which 128 had five or more events . N inety-one of these also had
at least 15 years of annual maxima .

While these data had already been checked when collected , it was

considered important to review their suitability for use in this
study . For example , if a catchment had good quality event data for
floods remaining in-bank , but the annual maximum flood series con-
tained many out of  bank flows ,  it would be  unsuitable for  this study .

At this stage of va lidation two stations were rejected from the
study . The flow record for the River Isle at Ashford M ill gaug ing

station shows that the highest five recorded annua l max imum floods

were all of similar magnitude (Figure 2). At this site a large

volume of flood water is stored on the flood-p lain immediately up-

stream of the station thereby attenuating flood peaks . The Ouzel
at Millen was not inc luded since floods are grossly attenuated by

the Willen Lake as part of the flood alleviation scheme for Hilton
Keynes . F lows for the Tyne at Tarset are now influenced by the

Kielder reservoir, which was commissioned in 1980; hence only data
up to 1979 were used . For the same reason  data for the Brenig  at
Pont-y-Rhuddfa were restricted to the period 1922-1974 .

An assessment of the FSR rainfall-runoff method of design flood
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•
Figure 2. Flood frequency  ana lysts for the Isle at Ashford
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411 Once unsuitable stations were rejected the number available was re-

duced to 88; the geographica l location of each is shown in
Figure 3. Unfortunately , for some areas of the country, no
catchments were available for use. Therefore the sample set is not

• entirely representative of all types of catchment upon which the
methods may be used in practice. In particular there are no
catchments north of the Highland Boundary fault, in the Lake District
or the Southern Uplands of Scotland. There are, however, a number

ID of catchments from upland Wales, urbanised south-east England and
low-lying East Anglia.

ID The range of physical characteristics encompassed by this sample of
catchments is depicted in the histograms shown in Figure 4 and listed

411 in Table 2.1 It can be seen that the sample contains a good range
of drainage areas up to 400km2, there being only 8 larger catchments,

• and that about 75% of mainstream slopes (81085) are below 10m/km.
For over half of the catchments, the proportion of the drainage area

4111 urbanised is less than 0.04. Although not shown diagramatically,
few of the catchments have more than 1% of their area draining
through a lake . These diagrams do not, however, disp lay the range

of combinations of different characteristics, but there are certain
combinations of characteristics which are more common than others.
Small catchments tend to be steep, wet cåtchments tend to have
impermeable soils, and urbanised catchments tend to be in areas of
low average rainfall and to have permeable soils.

40

•

ID

ID

ID

1111

ID

411 Study catchments

40



10

Figure 4. Histograms showing d istribution of catchment charac-
teristics
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No AREA

1900 1
19002
19005
2000 1
23005
24005
24007
27001
27035
28070
29001
29004
30001
30004
31005
330 14
33029
33045
34003
34005
35008
36008
37001
37007
38007
39004
39005
39007
39012
39022
39025
39026
39052
39053
40006
40009

40010
4 1005
41006
4 1007
41015
4 1028
45002

45003

369 .0
43.8
229 .0
307.0
284 .9
178 .5
44 .6

484 .3
282 .3

9 .1
108 .3
54 .7
297.9
61.6

417.0
272 .0
98 .8
28 .3
164 .7
73 .2
128 .9
224 .5
303 .3
136.3

21.4
122 .0
43.6
354 .8
69 .1
164 .5
147.6
199 .4
50 .2
89 .9
50 .3
136 .2

224 .3
180 .9
87 .8

403.3

58 .3
24 .0

421.7

226 .1

NSL 51085 SAAR

42.0 5 .81 914
17 .9 5 .06 1024
28 .2 6 .87 980
31.9 6.08 736
36 .3 4 .85 1322
31.7 6 .39 752
11.9 14 .89 797
84 .6 2.54 975
31.7 4.47 1134
4 .2 35.95 985
20 .2 3 .33 729
12 .1 1.98 630
46 .8 2 .13 625
15 .1 3 .26 697
55 .4 1.44 643
29 .9 2 .24 609
7.0 1.63 637
7.8 3 .26 627

22.4 2 .05 686
22 .7 1.73 647
14 .6 3.41 606
37.9 1.71 606
62.6 1.22 610
26 .9 1.85 606
5 .6 7.47 611
2 .4 4 .36 764
7.4 2.28 640

32 .3 0 .98 710
11.8 3.73 679
22.1 1.62 751
23.2 3.20 798
27.9 2.10 700
11.0 3.51 687
14 .6 2.25 825
13.5 6 .20 733
19 .4 3.24 808
30 .9 1.58 775
26.7 2.10 835
16 .4 3.99 837
44 .8 1.50 755
7.3 4 .69 959
10 .0 4 .88 842
48 .1 5 .70 1420

26 .4 6 .15 996

Tab le 2 .1 CatChment characteristics .

SOIL1 SOIL2 SOIL3 S0IL4 SOILS URBAN

0 .000 0 .000 0 .000 0.800 0 .200 0 .110
0 .000 0 .000 0 .000 1.000 0.000 0 .070
0 .000 0 .000 0 .000 0.640 0 .360 0 .100
0 .050 0 .000 0 .220 0.720 0 .020 0 .020
0 .000 0 .000 0 .000 0.000 1.000 0 .000
0 .000 0 .000 0 .000 0.990 0 .010 0 .050
0 .000 0 .000 0 .000 0.930 0 .070 0 .000
0 .010 0 .000 0 .000 0.690 0 .300 0.020
0 .000 0 .000 0 .000 0.530 0 .470 0.020
0 .000 0 .100 0 .000 0.000 0 .900 0 .000
0 .810 0 .000 0.0 10 0.190 0 .000 0 .000
0 .510 0 .080 0 .000 0.420 0 .000 0 .000
0 .4 10 0 .040 0 .000 0.550 0.000 0 .020
0 .000 0 .000 1.000 0.000 0 .000 0 .000
0 .020 0 .000 0 .000 0.980 0 .000 0 .010
0 .550 0 .000 0.450 0.000 0.000 0 .020
0 .750 0 .250 0.000 0.000 0 .000 0 .000
0 .000 0 .000 1.000 0.000 0 .000 0 .000
1.000 0 .000 0.000 0.000 0 .000 0 .000
0 .080 0 .000 0.920 0.000 0 .000 0 .000
0 .000 0 .100 0 .900 0.000 0 .000 0 .020
0 .000 0 .070 0.930 0.000 0 .000 0 .010
0 .000 0 .000 0 .800 0.200 0 .000 0 .100
0 .000 0 .030 0 .900 0.070 0 .000 0 .130
0 .000 0 .300 0.700 0.000 0.000 0 .290
0 .900 0 .100 0 .000 0.000 0 .000 0 .390
0 .050 0 .700 0.000 0.250 0 .000 0.810
0 .250 0.140 0.350 0.260 0 .000 0 .330
0 .250 0 .190 0.010 0.550 0 .000 0.460
0 .350 0.000 0.000 0.650 0 .000 0 .020
0 .060 0.090 0.000 0.850 0 .000 0 .010
0 .060 0 .000 0.000 0.940 0.000 0.020
0 .000 0.000 0.200 0.800 0 .000 0 .180
0 .000 0 .000 0.000 1.000 0 .000 0 .090
0 .550 0.060 0.000 0.380 0 .000 0 .030
0 .000 0 .000 0.000 1.000 0 .000 0 .010
0 .140 0 .000 0.110 0.750 0 .000 0 .030
0 .000 0 .000 0.000 1.000 0 .000 0 .040
0 .000 0.000 0.000 1.000 0 .000 0 .020
0 .040 0 .000 0 .000 0.960 0.000 0 .010
0 .840 0.100 0 .000 0.060 0 .000 0 .000
0 .000 0 .000 0 .000 1.000 0 .000 0.010
0 .000 0 .870 0.000 0.020 0 .120 0 .000
0 .470 0 .020 0 .000 0.510 0 .000 0 .000

11
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No AREA MSL 5I085 SAAR

45004 288 .5
46003 247.6
46005 21.5
47007 54 .9
48004 25 .3
48005 19 .1
52005 202 .0
52006 213.1
52010 135 .2
53005 147.4
53007 261.6
53009 72.6
54004 262.0
54006 324 .0
540 11 184 .0
540 16 259 .0
54019 347.0
54022 8 .7
55008 10 .6
550 12 244 .2
56003 62 .1
56004 543.9
56005 98 .1
56006 183 .8
57004 106 .0
57005 454 .8
58001 158 .0
58002 190 .9
60002 297.8
61001 197.6
61003 31.3
6400 1 471.3
65001 68 .6
66011 344 .5
67003 20 .2
67008 227 .1
68006 150 .0
69027 150 .0
71003 10 .4
71004 316 .0
72002 275 .0
72002 495.0
84008 51.3
84012 227.2

33 .6 3.58 1052
35 .2 16 .50 1696
11.8 22 .60 1987
16.6 17.80 1477
10 .0 17.48 1533
7.2 13.10 1121

37.3 5 .60 993
16 .7 5 .50 907
20 .4 4 .68 881
24.6 3 .00 972
27 .7 2.30 966
16 .1 8 .15 1018
28 .8 1.92 691
35.6 3.07 701
26 .9 4 .85 675
40 .2 0 .92 713
56 .7 1.40 692
4 .7 63 .70 2235
5 .4 47.44 2401

36 .0 7 .98 1643
20.2 9 .02 1260
48 .7 4 .58 1488
25 .4 14 .23 1469
22 .4 8 .87 166 1
25 .8 7.30 1759
42 .3 9 .23 1863
20 .1  10 .33 1839
28 .3 13 .50 1981
50 .0 4 .56 1637
27 .6 3 .24 1282
9 .4 25 .47 1474

37.5 5 .22 1836
15 .2 33 .55 3030
29.0 17.20 2162
7.1 13 .80 1308

45 .8 4 .97 90 1
30.9 10 .03 1053
41.4 5 .62 1179
5 .2 37.80 1792

37 .1 5 .02 1211
34 .2 7.74 1251
53.4 3 .69 1497
18 .9 13.45 1187
61.2 6 .62 1264

Tab le 2 .1 (Continued) Catchment characteristics .

SOIL1 80IL2 50IL3 SO IL4 SOILS URBAN

0 .500 0 .000 0 .150 0 .350 0 .000 0 .010
0.260 0.240 0 .000 0 .000 0 .500 0 .000
0 .000 0 .000 0 .000 0 .000 1.000 0 .000
0.140 0 .500 0 .000 0 .000 0 .360 0 .000
0 .000 0 .250 0 .000 0 .000 0 .750 0 .000
0 .000 1.000 0.000 0 .000 0 .000 0 .060
0 .180 0 .470 0.000 0 .350 0 .000 0 .060
0 .300 0 .000 0 .450 0 .250 0 .000 0 .050
0 .070 0 .020 0 .630 0 .290 0 .000 0 .000
0 .600 0 .000 0.100 0 .300 0 .000 0 .050
0 .270 0 .030 0.350 0 .350 0 .000 0 .020
0 .570 0 .000 0.430 0 .000 0 .000 0 .070
0 .030 0 .000 0 .000 0 .970 0 .000 0 .250
0 .380 0 .140 0 .080 0 .400 0 .000 0 .140
0 .420 0 .000 0.010 0 .570 0 .000 0 .030
0 .500 0 .030 0 .000 0 .470 0 .000 0 .000
0 .300 0.000 0 .700 0 .000 0 .000 0 .040
0 .000 0 .000 0 .000 0 .000 1.000 0 .000
0 .000 0.000 0.000 0 .000 1.000 0 .000
0 .000 0 .630 0.000 0 .000 0 .370 0 .000
0 .000 0 .780 0.000 0 .000 0 .220 0 .000
0 .000 0.600 0.000 0 .000 0 .400 0.020
0 .000 0 .250 0.300 0 .000 0 .450 0 .160
0 .000 0 .530 0.000 0 .000 0 .470 0 .000
0 .000 0 .000 0.300 0 .000 0 .700 0 .040
0 .000 0 .000 0.400 0 .000 0 .600 0 .050
0.000 0 .140 0.430 0.000 0.430 0.040
0 .000 0 .000 0.100 0.000 0 .900 0 .010
0 .000 0 .630 0.000 0.000 0 .370 0 .000
0 .000 0 .950 0.000 0 .000 0 .050 0 .000
0 .000 1.000 0.000 0 .000 0 .000 0 .000
0.000 0.500 0.000 0.000 0.500 0 .000
0 .000 0 .020 0.000 0.000 0 .980 0 .000
0.000 0 .510 0.000 0.000 0 .490 0 .000
0 .000 0 .000 0.000 0.000 1.000 0 .000
0 .150 0 .700 0.000 0.100 0 .050 0 .040
0.110 0.080 0.000 0.490 0 .320 0 .020
0 .000 0 .000 0.000 0.410 0 .590 0 .220
0 .000 0 .000 0.000 0.000 1.000 0 .000
0.000 0 .000 0.000 0.710 0 .290 0 .090
0 .000 0 .070 0.000 0.460 0 .470 0 .010
0 .000 0 .000 0.340 0.000 0 .670 0 .000
0 .000 0 .000 0.140 0.750 0 .120 0 .260
0 .000 0 .000 0.320 0.500 0 .180 0 .270

An assessment of the FSR rainfall-runoff method of design flood
estimation
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41 As described in the last section, the catchments chosen for analysis

41 each had at least 15 years of observed  annual  maximum flood data .
This section describes how floods of various return periods were

41 estimated from these data, becoming the truth against which other
methods of estimation would be compared . It had been intended to

41 make such comparisons over a wide range of return periods , namely
2, 5, 10, 25, 50  and  100  years.  However, inspection of the observed

41 data for many catchments suggested that although values for the
longer return periods might be adequate as best estimates for engi-

10 neering design at that site, they were not reliab le enough to be used
as  a  basis for comparing other estimation methods. Thus, for each

41 catchment, an  upper  limit on T was chosen by visual inspection of
the plotted annual maximum data and fitted frequency curve. These

41
II
eyeball" limits of trustworthiness have been applied for most of

the comparisons in Chapter 5. More objective ways of defining the

41 limit were also investigated , including those based on goodness-of-
fit and estimation errors. Although these techniques were not gen-

ii
erally successful, they did improve consistency  i n  the eyeball
classification by focussing attention on those catchments where the
techniques showed greatest discrepancy .

41 3 .2 FIT T ING A FLOOD FRE UENCY DIST RIBUT IO

The FSR presents a number of procedures for estimating T-year floods
from annual maximum data; the choice of method depends on the re-

• quired return period, T , and the number of years of data, N (see FSR
1.2.11.2(243)). Thus, with N between 10 and 24, floods of return
period up to 2N should be estimated using the EV 1 (Gumbel) distrib-
ution (fitted by the method of  maximum  likelihood); with N of 25
or more, the GEV distribution should be used (again fitted by maximum
likelihood). In each case, floods of return pericd beyond 2N should
be found by scaling the observed mean annual flood, q,by the ap-
propriate regional growth factor. FSSRs 13 and 14 contain modifi-
cations to this  advice that affect  the b lending of flood frequency
curves derived from data with regional and national growth curves.

41 Firm guidance on how to assess the quality of derived flood frequency
curves is not given; users are encouraged to use several methods,

41 including examination of the plotted data .

41

5 Estimating T-year  flood peaks from observed annual maxima
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The methods of estimating T-year floods adopted in this report depart
from these recommendations in two ways . ID
Firstly, Hosking et al (1984) have suggested that more stable esti-
mates of flood frequency are obtained  when distributions are  fitted
by the method of probability weighted moments (PWM). For the GEV ID
distribution, the probability, F, of an annual maximum value, x ,
being less than any value, X , is given by : 411

F(x<X) = exp( -[ 1 - k( u ) /0,( )1/k) (3.2.1)

ID
This quantity F is usually called the non-exceedence probability. 411
Hosking et a l give the following  parameter estimation equations.

k = 2.9554c2 + 7.859c

DC= (261-b0)k/{(1-2-k)r (l+k)) (3.2.2)

u = b0+ oc[r (1+k)-11/k ID
where c = (2b1-b0)/(3b2-b0)-1n2/1n3 ID

bo= xo/N 40
1:31= 21pixo/N 110
be 2: p12x1/N

p1=(i-0 .35)/N

and i = ascending rank order of the annual maxima ID
The likely errors in estimating T-year floods using this method with ID
15 years of data are broadly similar to or better than those of using
maximum likelihood with 25 years of data (Hosking et al, 1984, Table 10
6, page 15). Since the catchments used in this study had at least
15 years of  data ,  it  was  considered reasonable to estimate T-year
floods using the GEV distribution fitted by PWM throughout.

ID
Secondly , the FSR recommendation to use regional growth factors in
preference to the fitted distribution for return periods beyond 2N ID
has not been followed . This is because the regional approach is
intended to improve on uncertain estimates obtained from extrapo- ID
lation of the at-site record , rather than to define the true value
of the quantile. 4111
For each catchment the GEV distribution was fitted by the PWM method 40and displayed with the annual maximum data on a graph of discharge

ID
An assessment of the FSR rainfall-runoff method of design flood ID
estimation

ID

ID

ID
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41 versus return period . The non-exceedence probability of each flood
was calculated using the Gringorten formula:

41
F = (i - 0.44) / (N + 0.12) (3.2.3)

41
Inspection of these frequency plots showed a number of catchments
where the observed data gave an indistinct trend or where the dis-
tribution seemed to provide a poor fit. In such cases, the accuracy

41 of 'the higher quantile estimates was considered to be poor and so a
limit on return period was sought, below which the flood estimates

41 could be trusted . Visual assessments of the plots were sensitive
to :

41 .. departure of observed data from the fitted curve at high return
periods  (remembering  though that the data points do not have

41 constant variance and the return periods and magnitudes of the
largest floods are poorly defined)

41
2. discontinuities in the observed data (suggesting changes in flow

41 mechanism and/or compounded frequency distributions)

• 3. groups of data points at  a  certain discharge (suggesting overbank
flow  is limiting discharge at some point upstream)

41
4. downward curvature of they fitted GEV distribution implying an

41 upper bound ; this could result from overbank storage, which might
fill eventually, and allow the flood frequency curve to resume

41 upward curvature at higher return periods.

• Reliance on visual definition using flood frequency plots can be
criticised on the grounds of subjectivity. However, as discussed

41 later in this section, more objective criteria based on the standard
error of estimate gave limits which were often intuitively unac-
ceptable.

•

Figure 5 gives twelve examples of the frequency plots and fitted GEV
41 distributions (a further six examples are given in Chapter 6 of this

report). Plots (a) to (c) show generally good fits where the eyeball
41 limit was set at 25 years. Plot (d ) shows  a reasonable  overall fit

but contains large local departures (not uncommon with longer re-
ID cords); the 10-year limit seems appropriate particularly when it was

found that fitting the GEV by maximum likelihood increased the
41 50-year estimate by 23% . Plots (e) and (f) show slightly inferior

fit and were limited to 10 years (the  downward curvature in (e)
41 looked to be strongly influenced by the smallest flood). Plots (g)

to (1) show poor fits, and were all limited to 5 years. Plots (g)
41 and (h) indicate breaks in trend at about 5 years. Plots  (i)  and

(j) exhibit downward curvature and the effect of the plotting pos1.-
11 tion of the largest flood. Plots (k) and (1) exhibit groups  of

floods at similar discharges .
41

Table 3.1 gives, for each catchment, the length of record , the eye-
ball limit, and the 2- to 100-year estimates. Of the 88 catChments,

41

41 Estimating  T-year  flood peaks from observed annual maxima

41

41

41
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18 were given eyeball limits of  25  years,  53  were given 10 years,
14 were given 5 years, and three were given  2  years. In every case,
the eyeball limit was considerably less than the FSR recommendation
of  2N,  and was often less than  N/ 2  (see Figure 6). The effectiveness
of these eyeball limits in filtering out poor quality'quantile es-
timates is assessed in Chapter 5 of this report.

The remainder of this section describes investigations aimed at de-
fining the eyeball limits more objectively , or at least ensuring that
the limits were chosen consistently . It may be omitted by the more
casual reader.

An assessment of the FSR rainfall-runoff method of design flood
estimation
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Tab le 3.1 Number of annual maxima , eyeba ll limit and GEV-P101 flood

quantiles (m3s -1) for 88 catchments.
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3 .3 OBJECT I E CRIT ERIA FOR SETT NG RET U N PERIOD L IMIT S

There is some chance, however small, that a  particular sample of
annual maxima could have come from any of  a  range of distributions,
however unlike the population the sample might be . Thus, in evalu-
ating the suitability of a particular distribution and parameter set,
the following questions may be asked.

How likely is it that the sample comes from this distribution?

What is the likely error in T-year flood estimate if this dis-
tribution is adopted?

If these questions can be answered by quoting the value of a derived
statistic, the same measure may  be useful  in helping to define the
maximum trustworthy T .

3 .3 . 1 Standar d er ror s

It might seem that the above questions are answered by considering
the standard error of estimation, both of the parameters  of  the
distribution and the associated quantile estimates. The maximum
trustworthy T could then  be chosen as the return period at which the
standard error reached some critical value. Unfortunately, esti-
mates of standard errors are not obtained when fitting a distribution
by probability weighted moments (PWM). However, fitting by maximum
liklihood (ML) gives a variance-covariance matrix of parameters from
which standard errors may be derived. The GEV distribution was
therefore fitted again to each catchment, this time by ML, and the
resulting standard errors were used to assess the goodness of fit
of both the ML and the PWM fitted quantiles.

Unfortunately , these standard error limits were quite different from
the eyeball limits. The standard errors seemed to relate more to
the parametric form of the distribution than to any perceived lack
of fit on the frequency plot. This was particularly true when the
derived value for the GEV k parameter was positive (corresponding
to downward curvature of the frequency plot with an upper limit on
flood magnitude). In such cases the predicted errors might even
reduce with rising T as the upper limit was approached . Flood fre-
quency curves for two of the catchments seen in Figure 5 on page 17
are shown again in Figure 7; this figure shows both the P101 and MI.
curves and one standard error either side of the latter curve. The
two catchments have similar record lengths, but catchment 41028 was
given an eyeball limit of 25 years, while catchment 72002  was given
a  limit of ten years. In contrast, the standard error derived for
the 10 year flood on  catchment  41028 was 12% , while for catchment
72002 the standard error of the 100 year estimate was only 2.5t
(which  was  considerably less than the difference between the PWM and
ML curves).

An assessment of the  FSR  rainfall-runoff  method of design flood
estimation
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Figure 7. Maximum likelihood standard errors

Such problems associated with the estimation of standard errors were

recognised in the FSR 1.2.5.6(170), where a single 'practical'

standard error formula was proposed :

se(Q(T)) = C / (3.3.1)

where C could be taken as 0.35 - 0 .8 ln(-1n(1-1/T)). This depended

only on the sample size and return period , and was therefore inde-

pendent of distribution form and parameter values. However, standard

errors which result from using this approach were still poorly cor-

related with the eyeball limits.

Estimating T-year flood peaks from observed annual maxima
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In an attempt to overcome these problems, standard errors were es-
timated by another method known as the jackknife (Miller 1974). The
distribution is fitted N-times, omitting each data point in turn,
thus giving N different estimates for the parameter and-quantile
values. The means (m) and standard deviations (S) of these N values
may be used to correct bias and to predict standard errors (se) in
the values derived from the full data set. Thus

QT = N QTN  - ( N-1 ) mT

se = ( N-1 ) ST / N

(3.3.2)

(3.3.3)

where QT is the bias free estimate of the quantile, QTN  is the es-
timate based on all N years data, and mT  and S . are the mean and
standard deviation of the the N jackknifed estimates of QT each based
on N-1 years of data .

This method would appear less sensitive to the presence (or other-
wise) of outliers, but since the method samples (in effect) from
within the available data, if those data are unrepresentative of the
true flood distribution , then the jackknife estimates will also be
unrepresentative. Note also that any outlier will appear in all but
one of the N sub-samples.

Jackknife standard error estimates for the PWM fitting method were
derived for each catchment and return period . Figure 8 shows the
results for the same two catchments as shown in Figure 7 on page 23
Taken over all catchments the results seemed intuitively more real-
istic than either the ML values or those from Equation 3.3.1. How-
ever, they were still poorly correlated with the eyeball limits,
giving higher limits to catchments with a downward curvature.

Despite these reservations, the jackknife error estimates were used
to find the return period at which the standard error first exceeded
X% of the corresponding flood estimate (with X = 10 , 12.5, 15).
Of these, the 12.5% error seemed best correlated with the eyeball
limits (though for some catchments even the 2-year flood failed the
criteria, while for others the 100-year flood easily passed). For
the example catchments seen in Figure 5 on page 17, jackknife limits
corresponding to plots (a) to (f) were all 25 years or more, (100
years surprisingly for both (d) and (e)), 2 years for (g) and (h),
and 10 years for (j) to (1). The limit corresponding to plot (i) was
100 years.

3.3.2 Goodness of f it

Since standard errors of estimate did not seem as sensitive as the
eye to deviations from the fitted curve , an independent measure of
goodness of fit was sought. In the Flood Studies Report, two good-
ness of fit indices were used  CX2, Kolmogorov-Smirnov) but were found
insufficiently powerful for the small samples typically available.

An assessment of the FSR rainfall-runoff method of design flood
estimation
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Figure 8. Jackknife standard errors

The Kolmogorov-Smirnov statistic is one of a number of so-called
empirical distribution function (EDF) statistics which compare, at
each data value (x), the observed non-exceedence probability
(0=rank/number) with the expected value (F) derived from the chosen
distribution. A more powerful EDF statistic is the Anderson-Darling ,
representing an integral weighted square error between 0 and F .
Ahmad et al'(1988) have recently studied a modified form (M) of this
statistic with the weighting function (1-F(x)) biassed towards er-
rors at high return period .

(0(x)-F(x))2

N N 1 dF(x)
(1-F(x))

0  (3.3.4)

Estimating T-year flood peaks from observed annual maxima
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Integrating for constant 0(x) between xi and xi,i, and summing over
the xi gives the calculation formula:

M =  N/2 - 4 : F1 - ( 1/N)E 1(21-1)1n(1-Fi)i
1=1 1=1

In  a  series of simulation experiments, they derived samples from a
known GEV parent distribution , fitted a GEV to the sample (to give
F values), and derived the corresponding M values. In this way they
built up  a  probability distribution for M, and then derived an
equation for exceedance probability:

p(M) = sin2(h(M)) (3.3.6)

where h(M) = -0.9394 + 0.9939M - 0.05411/M312 + 0.3476/M
- 0.7785M/N1/2 + 0.05715/(MN1/2)

3 .3 .3 Combined standard er ror s and goodness of f it

(3.3.5)

Using this equation, it is possible to estimate the probability of
a sample with a given M value coming from the fitted distribution.

Thus for each catchment, the 11 value of the fitted GEV was found and
the corresponding probability derived. In general, these probabil-
ities seemed well correlated with the trustworthiness of the T-year
flood estimates, and indeed the three catchments given the lowest
eyeball limit (27035,29004,41007) had the lowest probabilities (less
than 0.5%). However, the correlation was not felt to be strong
enough to provide a suitable objective method of setting maximum
trustworthy T. In particular, long records were penalised where,
although the distribution departed from the data, intuitively rea-
sonable T-year estimates could still be obtained. For the example
catchments in Figure 5 on page 17, plots (b) and (d) gave probabil-
ities of 14% and 2% , while plots (a) and (c) gave probabilities of
95% and 98%. As expected , plots (e) and (f) gave lower probabilities
of 35% and 15% , but unexpectedly similar values (44% and 23%) were
given by plots (g) and (1). Plots (h) to (k) all gave 1% or less.

From the analysis described in Sections 3.3.1 and 3.3.2 it seems that
neither standard errors nor goodness of fit statistics alone can
quantify the intuitive confidence a hydrologist has in flood fre-
quency estimates based on visual inspection of flood frequency plots.
Standard errors, in general, reduce with the length of record , but
seem  to be too closely associated with the form of the distribution
rather than any apparent lack of fit. Goodness of fit generally gets
worse with longer records where, although the overall fit may be
adequate,  small local departures are heavily penalised .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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Since standard errors and goodness of fit are complementary, it was
felt that a combination might be useful in defining the maximum
trustworthy T . Figure 9 shows shows each catchment plotted on a graph
of Mod ified Anderson-Darling probability (goodness of fit) against
the jackknife (standard error) limit, with different symbols used
to show the chosen eyeball limits. Overall, this figure seems to
confirm that the eyeball limits combined both ideas. Furthermore,
although  the arguments are somewhat circular, the figure suggests
that the eyeball limits have been applied in a reasonably consistent
manner. Catchments which did not fit the trend were re-examined ,
but the eyeball limits were not redefined. The eyeball limits seemed
consistent enough to use in the next stage of the comparisons.

A number of ideas for further work have been identified in the in
the course of the investigations described in this chapter and are
discussed in Chapter 8 .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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4.0 EST IMAT ING T - YEAR FLOOD PEAKS BY INDIRECT MET HODS

ID

41 4. 1 INT RODUCT ION  

• The main objective of this study was to establish how well the FSR
rainfall-runoff method of flood estimation works . This was achieved

ID by comparing values calculated from flood data with estimates ob-
tained using FSR methods. Chapter 3 described how "true" values were

ID obtained as a basis for comparison. This section describes the
various estimated values.

4 .2 T HE RA INFALL- RUNOFF METHOD
41

I I
The FSR rainfall-runoff method .can be applied at sites with no
hydrological data by using estimates of model parameters based on

1111 catchment characteristics derived from maps. The details of this
method are given in the FSR and are not repeated here: FSSR16 re-

10 vised the parameter estimation equations, and therefore slightly
different estimated flood peaks are obtained . Two sets of estimates

0
corresponding to the FSR and FSSR16 model parameter estimation
equations were calculated .

• In both the FSR and FSSR16 it is recommended that, where possible,
the model parameter values obtained from the regression equations

I I are replaced with, or revised using, values from observed data. By
analysing flood events, values of percentage runoff and unit

4110 hydrograph time-to-peak can be derived. Two types of data can be
distinguished . Firstly, data collected at the site of interest,

4111 which may be called observed data . Since flood estimates are usually
required at ungauged sites , this is rarely available. However, on

II large schemes there may be time to install equipment and collect data
from at least  a  few storm events. The second type of data is usually

ID referred to as local data, meaning that it has been collected at a
station local to the site of interest. If the gauged catchment is

• sufficiently similar to that for which the estimates are required,
information can be transferred between the sites . In this study only

• the utility of observed data was examined, and then only with the
FSSEI6 version since this is the currently recommended rainfall-

• runoff method .

I I Percentage runoff is not transferred directly from analysis to the
design method , but is adjusted to a standard percentage runoff tic-

• cording to the catchment wetness and the rainfall depth. An ad-

40

•
Estimating T-year flood peaks by indirect methods

411

41
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justment is also made to remove the effect of urbanisation. Thus
from an observed value of percentage runoff, PR, rural percentage
runoff is calculated using the equation:

" rural = ( PR - 21.0 URBAN ) / ( 1.0 - 0 .3 URBAN ) (4 .1)

Standard percentage runoff (SPR) is calculated by subtracting two
dynamic terms, OPRC" ,  which is the dynamic  contribution to per-
centage runoff based on catchment wetness index (CWI), and DPRrain,
the dynamic term based on rainfall depth (P). Thus:

SPR PR DPRr.in= --rural- " Rcwi-

where

DPRCWI = 0.25 ( CWI - 125 )

in which

CWI = 125 + API R ID

(4 .2)

(4 .3)

(4 .4)

API is a 5-day antecedent precipitation index defined in FSR 1.6.4 .4,
R ID is the estimated soil moisture deficit, and

= 0.45 ( P - 40)" for P > 40mm (4 .5)

= 0 for P 4 40mm

It is recommended that SPR values should be calculated from at least
five events. If they agree reasonably, then their average should be
used in design flood calculations.

The observed event data can also be used to derive unit hydrographs.
This can be done in two ways. The triangular FSR unit hydrograph
can be replaced with an ordinate-by-ordinate representation, or the
triangular form can be retained but with a time to peak derived from
observed data. Only the latter form of modification  was  used in this
study; again average values of time to peak were calculated from at
least five events.

Revised T-year flood peak estimates were calculated using the FSSR16
method for four cases:

'. with model parameters estimated from catchment characteristics
("no data"),

2. with SPR from observed data ,

3. Tp from observed data, and

4 . with both observed SPR and Tp.

An assessment of the FSR rainfall-runoff method of design flood
estimation
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40 Some of the catchments availab le contained large urban areas . For
such catchments it is recommended that the bas ic method of flood

• estimation is modified ; the revised techn ique is described in FSSR5 .
The main difference between the FSR method and FSSR5 was the dif-
ferent way in which the increased runoff from urban areas was han-
d led . However, FSSR16 uses the same urban correction as FSSR5. The

• methods for rural and urban flood estimation now differ on ly in the
return period of the rainfall event required to estimate the flood

• of specifed return period , and the shape of the rainfall profile.
This study was concerned on ly with the method for rural catchments ;
estimates calculated for catchments with large urban fractions use
the rural method . It was hoped that these estimates would indicate

• the suitability of the method on urban catchments .

• 4.3 T HE STAT IST ICA L METHOD

40 Although the primary aim of the study was to assess the performance
of the rainfall-runoff method , estimates were also calculated using

• the FSR statistical technique based on catchment characteristics .
Again the rural catchment method was applied to all catchments even
where an urban adjustment was appropriate .

•
4.4 SUMMARY

•
"True" flood quantiles were calcu lated from observed annua l max ima

• in Chapter 3. Six indirect methods of estimating flood magnitudes
have been desribed in this chapter:

40 '. Using the FSR statistical method based on catchment character-

•
istics : FSR/STATS(CC).

2 . Using the FSR rainfall-runoff method based on catchment charac-
• teristics : FSR/RF-RO(CC)

3. Using the rainfa ll-runoff method based on catchment character-
istics with FSSR16 modifications : FSSR16(CC)

4 . As 3 but with observed data values of Tp and SPR: FSSR16(Tp&SPR)

S. As 3 but with observed data va lues of Tp : FSSR 16(Tp)

411 6 . As 3 but with observed data va lues of SPR: FSSR16(SPR)

40

40

40
Estimating T-year flood peaks by indirect methods

40
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5 .0 RESULT S

For each of the 88 catchments, floods of five return periods (2, 5,
10, 25 and 50 years) were estimated using the six different methods
described in Chapter 4. These estimates were then compared with the
respective flood quantiles derived from observed flow data as de-
scribed in Chapter 3. Results are presented in two ways.

The accuracy of flood quantile estimates are compared across all
catchments.

Flood frequency curves for each catchment are examined in terms
of slope and index flood.

In order to assess the individual influence of particular catchments
and ranges of catchment type (indexed by the physical character-
istics), analyses were performed on various subsets of the 88
catchments. Some of these are described in detail in the text whilst
the results from all subsets analysed are given in Appendix A .

5 .2 PERFORMANCE STA IST ICS

For each catchment a relative error was calculated for  each  of the
30 estimates (five return periods and six methods) using :

RT" = (QT" - QT1) /  QT1  (5.2.1)

where QT" is the T year return period flood quantile estimated on
catchment i using method j and QT1  is the same flood quantile from
the observed flow data at the gauging station . A positive value
indicates that the method is predicting a peak flow greater than that
observed , ie. overestimation, whereas  a  negative value indicates
underestimation.

A residual statistic, defined in log space, was used by Lynn (1978)
in his comparison of several flood frequency estimation methods.

RT'„ = log ( QT1/ (Tr i ) ( 5 .2.2)

Rather confusingly underestimation results in negative value using
Equation 5.2.1 but a positive value using Equation 5.2.2.

Results
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To examine how well the models performed over a range of catchments,
these residuals were used to calculate two summary statistics.

meanj = 1/n)ERTij (5.2.3)

where the meanj is the average value of the residual for return pe-
riod T calculated using method j over all catchments 1 to n . This
equation gives the mean residual, or bias , describing how well the
method is doing , on average, over the range of catchments included
in the calculation . The statistic indicates the expected accuracy
of an estimate on a catchment chosen at random from the sample .

RMSj = ,/l/nL ( RT112 ) ( 5 .2.4)

This equation provides the root mean square residual, RMS, indicating
the variability of the estimates about zero rather than about the
mean residual. This root mean square residual should only be used
where the mean residual is close to zero .

5.3 T H E ST A N D A RD SET O F C A TC HM EN T S A N D RET U RN PER IO D S

The full data set contained flood magnitudes from 88 catchments, 5
returns periods and 6 estimation methods. However, as already noted ,
some of these estimates come from urbanised catchments for which the
methods are considered inappropriate, or are for return periods be-
yond our eyeball limit. A data set was identified that comprised
those 74 catchments with less than 107; of the drainage area under
urban development and with the quantiles restricted to those within
the eyeball limits described in Chapter 3. This "standard data set"
is used as the benchmark for many comparisons in the following
sections. It is noteworthy that this set of 74 catchments contains
quantiles up to the 25 year return period only, ie. no 50 year flood
estimates were felt to be sufficiently reliable.

5.4 C O M P SO N IT H RESU LT S FRO M LYNN 1978

The residuals calculated for the 74 catchments, using the
logarithm-based residual defined in Equation 5.2.2 for the 2 and 10
year return period floods were compared with the corresponding re-
sults reported by Lynn (1978). These two sets of statistics are
given in the upper section of Table 5.4 .1. They disp lay a similar
pattern of results ie. the statistical method is out-performing the
rainfall-runoff method in terms of both mean and RMS residuals. The
statistical method is almost unbiassed whereas the rainfall-runoff
method overestimates, on average, both the 2 and 10 year floods.
The RMS statistics are larger, in all cases for the Lynn data set.
This may be partly due to the data sets comprising different
catchments, but is more likely to result from exclusion of observed

An assessment of the FSR rainfall-runoff method of design flood
estimation



quantiles which were felt to be of poor qua lity in this study

(Boorman , Acreman and Packman , abbreviated to BAP in Table 5 .4 .1).

Shown in the lower ha lf of Tab le 5 .4 .1 are the mean and RMS statis-

tics based on the relative error (Equation 5.2.1). These show the

same basic pattern of the rainfall-runoff model overestimation and

the better performance of the statistical method in both bias and

variability . It should come as no surprise that the statistical

method performs better at low return periods since it has been cal-

ibrated directly against the mean annual flood .

The logarithm-based residuals have on ly been used to compare results

with those reported by Lynn . In the remainder of the chapter com-

parisons are based on the.relative error as given by Equation 5.2 .1.

However, Appendix A contains all four statistics for all subsets of

catchments examined .

2 1 FSR/STATS(CC)

2 FSR/RF-RO(CC)

10 1 FSR/STATS(CC)

2 FSR/RF-RO(CC)

Method

2 1 FSR/STATS(CC)

2 FSR/RF-RO(CC)

10 1 FSR/STATS(CC)

2 FSR/RF-RO(CC)

RT '"

mean

BAP Lynn BAP Lynn

74 43 0 .01 0 .05 0 .16 0 .21

74 43 -0.05 -0 .06 0 .21 0 .32

57 38 0 .02 0 .00 0 .15 0 .16

57 38 -0.06 -0 .19 0 .19 0 .35

RT

mean RMS

74 0 .06 0 .43

74 0 .27 0.89

57 0.02 0.37

57 0 .28 0.72

RMS

BAP Lynn

Table 5 .4 .1 Statistics for return periods 2 and 10 years

for the FSR statistical and rainfall-runoff

methods for the standard catchment set used in

this study (BAP) and those derived by Lynn (1978).

35
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•
5 . 5 COMPARISON OF ORIGINA L FSR AND FSSR16 MET HODS •
As described in Chapter 1, Boorman (1985) found that the revisions
to the FSR rainfall-runoff parameter estimation equations (FSSRI6)
in general left the flood estimates on ly s lightly changed from those
obtained using the org inal equations. Table 5.5 .1 shows a comparison
of results using the FSSR16 and the original FSR equations . It can
be seen that overa ll the FSSR16 method performs slightly better than
the origina l FSR method in terms of both mean and RMS relative er-
rors , with both methods overestimating by , on average , 22-41% . The

•
•
•
•

FSSR16 method is the current recommendation and hence the FSR method
is not considered further in this chapter, although comprehensive
resu lts are given in Appendix A .

•
•
•

RT"
Method n mean RMS •

2 2 FSR/RF-RO(CC) 74 0 .27 0 .89 •
3 FSSRI6(CC) 74 0 .22 0 .73 •

5 2 FSR/RF-RO(CC) 71 0 .37 0 .92
3 FSSR16(CC) 71 0 .34 0 .77 •

10 2 FSR/RF-RO(CC) 57 0 .28 0 .72 •
3 FSSR 16(CC) 57 0 .28 0 .64

•
25 2 FSR/RF-RO(CC) 15 0 .39 0 .96

3 FSSR16(CC) 15 0 .41 0 .83 •
•

Tab le 5 .5 .1 Statistics for return periods 2, 5 , 10 and 25 years
for the FSR/RF-RO(CC) and FSSR16(CC) methods .

•
•

5 .6 USE OF MODEL PARAMETERS FROM FLOOD EVENT DATA •
The FSR strong ly recommends that values for the rainfall-runoff model
parameters derived from flood events observed on the catchment should
be used in preference to those values given by the catchment char-
acteristic based equations. Flood estimates were derived using the

•
•

FSSR16 model with parameters obtained from observed SPR and Tp data . •
The residuals were then compared with those from using the no-data
equations in the same method . The results are g iven in Tab le 5 .6 .1. •
For a ll return periods the bias is reduced by using observed data ;
s lightly when observed Tp is used , more so when observed SPR is used . •
Using both observed Tp and SPR makes a substantial improvement, for
example, reducing the average overestimation of the 25 year flood
from 41% to 11% . Using both observed Tp and SPR also reduces the

•
•

An assessment of the FSR rainfall-runoff method of design flood
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411 RMS residual. However, it can be seen that this decrease results
predominantly from using SPR, since using observed Tp alone increases

•
the variability of the estimates of all but the 10 year return period
flood quantiles .

4111
RT1J

•
Method n mean RMS

I I 2 3 FSSR16(CC) 74 0.22 0 .73
4 FSSR16(Tp&SPR) 74 -0.01 0 .35

4111 5 FSSR16(Tp) 74 0.16 0 .83
6 FSSR16(SPR) 74 0.07 0 .39

4111 5 3 FSSR16(CC) 71 0.34 0 .77

ID 4 FSSR16(Tp&SPR) 71 0.07 0 .32
5 FSSR16(Tp) 71 0.26 0 .83

I I 6 FSSR16(SPR) 71 0.16 0 .38

I I 10 3 FSSR16(CC) 57 0.28 0 .64
4 FSSR16(Tp&SPR) 57 0.06 0 .27

II 5 FSSR16(Tp) 57 0.17 0 .61
6 FSSR16(SPR) 57 0.16 0 .37

I I 25 3 FSSR16(CC) 15 0.41 0 .83

ID 4 FSSR16(Tp&SPR) 15 0.11 0 .41
5 FSSR16(Tp) 15 0.41 1.04

I I 6 FSSR16(SPR) 15 0.16 0 .40

41
Tab le 5 .6 .1 Statistics for return periods 2, 5 , 10 and 25

years comparing the utility of observed data.

Since observed Tp and SPR are usua lly available together and because
using both g ives the best estimates , further results obtained using

111 methods FSSR16(Tp) and FSSR16(SPR) are not considered further in the
body of this report but are contained in Append ix A. The remainder
of this chapter considers the three methods :

1.FSR/STATS(CC),
3. FSSR16(CC) and
4 . FSSR16(Tp&SPR)

1111
5.7 RESULT S FROM T HE STANDA RD SET

Tab le 5.7.1 shows the statistics for return periods 2, 5, 10 and 25

5 years for the standard catchment set, for the three methods chosen
for detailed ana lysis. The most striking result is that the majority

ID of the va lues in the first column are positive indicating that the

40
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methods are, on average , over-estimating the flood peaks . On ly for
one method (FSSRTp&SPR) and one return period (2-years) is there,
on average, underestimation. The figure o f -0 .01 indicates that on
average this method is underestimating the 2-year return .period flood
peak by 1% . Both this and the statistical method show  a  small
overall bias; on ly for the 25 year quantiles does it reach 10% . The
RMS statistics are sma llest for the statistical method for the 25
year quantile, but the FSSR16 method with observed data shows sma ller
variability in the 2 , 5 and 10 year cases .

Method

2 1 FSR/STATS(CC)
3 FSSR16(CC )
4 FSSR16(Tp&SPR)

5 1 FSR/STATS(CC)
3 FSSR16(CC)
4 FSSR16(Tp&SPR)

10 1 FSR/STATS(CC)
3 FSSR16(CC )
4 FSSR16(Tp&SPR)

25 1 FSR/STATS(CC)
3 FSSR16(CC )
4  FSSR115(Tp&SIT )

RT
n mean RMS

74 0.06 0 .43
74 0 .22 0 .73
74 -0.01 0 .35

71 0 .02 0 .36
71 0 .34 0 .77
71 0 .07 0 .32

57 0 .02 0 .37
57 0 .28 0 .64
57 0 .06 0 .27

15 0 .09 0 .32
15 0 .41 0 .83
15 0.11 0 .41

Tab le 5 .7 .1 Statistics for return periods 2, 5 , 10 and 25 years
comparing the performance of three models on
standard set of catchments.

It is necessary to remember the characteristics of the two methods
when considering these results . FSR/STATS(CC) uses a regression of
the mean annual flood on six catchment characteristics and  a  re-
giona lly based multiplier; it should therefore be expected that very
good estimates of the 2-year flood are obtained . To estimate more
extreme floods with this method a family of regiona l growth curves
is used and the quality of the estimates  will decrease .  On the other
hand the rainfall-runo ff method uses catchment characteristics in a
less direct fashion and contains no regionalisation . Estimates from
FSSR 16(CC) are therefore un like ly to be as good as those using
FSR/STATS(CC) at low return periods . What might not have been an-
ticipated is that the use of observed data in FSSR(Tp&SPR) improves
results on ly to the same level as obtained with FSR/STATS(CC). It

An assessment of the FSR rainfall-runoff method of design flood
estimation



is , unfortunately , not possible to estab lish the relative perform-
ance of the methods at  higher return  periods .

5 .8 RESULT S FROM T HE FULL SET

Tab le 5 .8 .1 shows the statistics for return periods 2, 5 , 10 , 25 and
50 years using each of the three methods on all 88 catchments , thus
relaxing the eyeball limits and including the more heavily urbanised
catchments. The performance of the rainfall-runoff method is con-
siderab ly worse than on the standard set, even with observed data .
These results would seem to justify the need to have a specific
method for urban catchments and to restrict the return periods to a
reasonable limit.

Curious ly the statistical method displays a sma ller bias on this set
of catchments than on the standard set , although the RMS is slightly
worse.

39

Table 5.8 .1 Statistics for return periods 2, 5 , 10, 25 and SO years
comparing the performance of three models on all 88
catchments . Statistics for the standard set are shown
in brackets .

Results
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5 .9 EXCLUD ING CAT CHMENT 39004

It was noted that from one catchment 39004 , the Wandle at Beddington,
the flood frequency curves generated by the rainfall-runoff methods
provided very poor estimates of those derived from the observed data
(Figure 10). Even when using observed flood event data, estimates
of the percentage runoff were far too high. In contrast the
FSR/STATS(CC) method performs well on this catchment . The River
Randle is underlain predominantly by chalk but has an urban fraction
of 0.39, characteristics that together present particular problems
for flood frequency estimation. In Chapter 6 details are presented
of flood estimation problems on another catchment with a high pro-
portion of WRAP type 1 soils, the Waithe Beck at Brigsley; the same
problem occurs on the Wandle and it would be inappropriate to delve
too deeply into causes for poor estimation on an individual catchment
at this point. It is, however, worth noting that while observed SPR
data does improve the estimates, using observed time to peak makes
estimates worse. This is because the derived unit hydrographs have
a very different shape to the triangular unit hydrograph used in
making the flood estimates.

To test this catchment's influence on the overall results the sta-
tistics in Table 5.8 .1 were recalculated after excluding this
catchment. The results are shown in Table 5.9.1. A comparison of
this table with Table 5.8.1 shows that, for the rainfall-runoff
methods, the degree of improvement is marked. For each return pe-
riod the bias is reduced by around 10% and the RMS is also signif-
icantly smaller, whereas the results for the statistical method are
virtually unchanged. This demonstrates the considerable effects
that a single poorly modelled catchment can have on the overall re-
sults. The comparison of Table 5.9.1 with the standard set given
in Table 5.7.1 perhaps gives a more realistic impression of the ef-
fects of including the urban catchments and removing the quantile
limit constraints. To aid this comparison the statistics for the
standard set are given in brackets on Table 5.9 .1. For the 5 and
10 year floods the bias and variability of both rainfall-runoff
methods has increased by including the urban catchments and relaxing
the return period limits. Results for the 2 and 25 year floods are
about the same. It can be concluded that the overall performance
of the model is not being unduly influenced by the inclusion of urban
catchments or poorly estimated observed quantiles .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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Figure 10. Flood frequency curves for the Wand le at Bedd ington

(39004)
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Tab le 5 .9.1 Statistics for return periods 2, 5 , 10, 25 and 50
years comparing the performance of three mode ls on a ll
88 catchments except 39004 the Wand le at Beddington .
Statistics for the standard set are shown in brackets .

5 . 10 EXCLUD ING CAT CHMENT S UNDERLA IN BY RAP T YPE 1
SOILS

The Wand le catchment is underlain by soils with a high W inter Rain
Acceptance Potential. It was speculated that the rainfall-runo ff
models were performing relative ly badly on other catchments with high
proportions of WRAP type 1 soils. Tab le 5 .10 .1 shows the results
from a set of catchments which have less than 20% WRAP type 1 soil.
These figures can be compared with those from the standard set wh ich
are given in brackets . The FSR/STATS results are about the same,
or slightly worse , suggesting that it is performing relative ly well
on the catchments underlain by WRAP type 1 soil. An improvement in
the resu lts is evident for FSSR16(CC), and , with FSSR16(Tp&SPR), the
statistics are slightly better. This implies that the rainfall-
runoff method is indeed working poorly on these catchments when no
observed data are available and that observed Tp and SPR provide
va luab le in formation . It is noteworthy that on this set of
catchments the rainfall-runoff model w ith observed data shows

An assessment of the FSR rainfall-runoff method of design flood
estimation



sma ller variability than the statistical method and the bias is on ly
greater for the 5 year return period floods. Furthermore, overes-
timation is, for this set , no greater than 12X for any return period ,
and is virtua lly unbiassed at the 2 and 10 year quant iles when ob-
served data are emp loyed .

5 . 11 MOUNT OF A ILA BLE OBSER ED E ENT DA A

Tab le 5 .10.1 Statistics for return periods 2, 5 , 10, 25 and 50
years comparing the performance of three mode ls
on standard set exc luding catchments with more than
20% WRAP type 1 soils . Statistics for the standard
set are shown in brackets.

43

A further set of statistics were derived to investigate whether im-
proved quantile estimates would resu lt from increasing the amount
of observed event data. This was achieved by reducing the standard
set of catchments to include on ly those w ith at least 10 ava ilable
events from which SPR and Tp had been derived . Results for this
subset of catchments are given In Tab le 5 .11.1. C learly the no-data
methods should give similar results if the two subsets contain the
same range of catchments. This appears to be the case for the
rainfa ll-runoff method since the results are not significantly dif-
ferent from those for the standard set , given in brackets . Con-
versely , the statistical method performs slightly worse all round ,
which is presumab ly a curiosity of the mix of catchments in the two
sets . The most important statistics are those for the observed data
method . On ly for the 25 year quantiles is variability and bias

Results
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smaller. This result is based on only 13 catchments but suggests
that the value of increasing the number of events availab le is on ly
important for higher return periods . Comp lementary to the findings
in Section 5 .6 , the full version of Tab le 5 .11.1 in Append ix A (Table
A .5) shows that the type of observed data availab le may be important.
In all cases the variability of estimates is greater using observed
Tp than when using no observed data at all. On the other hand , es-
timates using on ly observed SPR have similar RMS values to the use
of both types of observed data . This suggests that there are prob-
ab ly a few catchments for wh ich the no-data estimates of Tp are much
better that those derived from the availab le events . On average the
performance of the un it hydrograph model is imp roved by increasing
the numbers of events with estimates of percentage runo ff.

5 . 12 HE NUMBER OF ANNUA L MAX IMA AVA ILA B E

Tab le 5 .11.1 Statistics for return periods 2, 5 , 10 , 25 and 50
years comparing the performance of three models
on standard set excluding catchments with less than
10 events . Statistics for the standard set are shown
in brackets.

In add ition to eyeba ll limits, the amount of data available for de-
riving observed flood frequency estimates may g ive an indication of
their accuracy . To test this, statistics were derived for a further
subset of the standard set of catchments with at least 25 annual
maxima. The results are given in Table 5 .12.1. For FSSR16(Tp&SPR)

An assessment of the FSR rainfall-runoff method of design flood
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40
the RMS statistic is sma ller for the 2 and 5 year floods , though not
significantly so . Results for the 10 and 25 year floods show a de-

10
cline in performance but are based on on ly 11 and 6 catchments re-
spectively . Surprising ly the bias is greater for FSR/STATS(CC ) and
FSSR 16(Tp6SPR). With observed data there is little d ifference.

ID Overall, these results suggests that the errors are not due to poorly
defined observed flood frequency curves caused by too few annua l

ID maxima .

Tab le 5 .12.1 Statistics for return periods 2, 5 , 10, 25 and 50
110 years comparing the performance of three models

on standard set excluding catchments with at least
ID 25 years annual maximum floods . Statistics

for the standard set are shown in brackets .
4111

5. 13 S T IAL D IST R IBUT ION OF RESIDUALS

ID
Figure 11 shows the spatia l distribution of residuals from the FSSR 16

4111 observed data method for the standard set at the 2 year flood . These

residual va lues are g iven in Table 5 .13.1, and for the 10 year flood
in Tab le 5.13.2 . The model underestimates in south-western parts
of Eng land and Wa les, and there is a tendency for overestimation in
south-east Eng land . The findings for south-west England reproduce
those reported by Lynn (1978) which also co incide with the residuals
mapped in the FSR 1.6 .7.4(448), reproduced as Figure 26 on page
105 . However, both Lynn and the FSR found underestimation in
south-east Eng land . The mixture of over- and underestimation de-

Results

40
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Figure 11. 2-year flood residuals using FSSR16(Tp&SPR)
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•
picted in Figure 11 for the rest of the UK does not suggest regional
patterns . However, it appears that underestimation dominates near
to the west coast, with , generally, overestimation elsewhere .

The division line between these two regions follows, very roughly ,
• the 800mm average annual rainfall isohyet. Table 5.13.3 shows that

for catchments wetter than 800mm the average underestimation of the
• 2 year flood by the FSSR16 method using observed data is, on average,

6% . For catchments drier than 800mm the mean overestimation is 10% .
II The remainder of the table shows that the relative overestimation

in the drier east of the UK is true also of the 5 and 10 year flood
411 quantiles. Variability appears to be about the same in both regions.

411 It would be foolhardy to read to much into these results. Annual
average rainfall is just providing  a  convenient way of splitting the

II catchments. The reason for the observed pattern of residuals is
likely to be a combination of factors that will include soil type,

• topography and possibly design storm specification.
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48 ID

411

II

Catchment Residual Catchment Residual 4111
19002 0.09 46003 -0.45
19005 -0.08 46005 -0.45 10
20001 0.29 47007 -0.14
23005 -0.46 48004 0.04 111
24005 -0.08 48005 -0.43
24007 -0.06 52005 -0.23 II
27001 -0.02 52006 -0.19
27035 0 .45 52010 -0.30 ID
28070 0 .36 53005 -0.31
29001 0 .69 53007 -0.28 ID
29004 -0 .03 53009 -0.27
30001 0.05 54011 -0.02 411
30004 -0.19 54016 0.12
31005 0 .22 540 19 -0.37 411
33014 -0.48 54022 -0.17
33029 -0.25 55008 -0.22 ID
33045 0.05 550 12 -0.34
34003 0.00 56003 0.17 411
34005 0 .12 56004 -0.20 I

35008 0 .30 56006 -0.26 0  1
36008 0.09 57004 0.00
37001 -0.05 57005 0.04 40
39022 0 .32 5800 1 -0.4 1
39025 -0.04 58002 -0.36 ID
39026 0.02 60002 0.10
39053 0.16 6100 1 -0.17 ID
40006 0.28 61003 -0.17
40009 0 .29 6400 1 -0.04 ID
40010 1.39 65001 -0.20
41005 0.03 660 11 -0.12 40
4 1006 -0.29 67003 0.33
4 1007 0.30 67008 0.37 II
41015 1.67 68006 0.05
41028 0.06 71003 -0.18 II
45002 -0.03 71004 -0 .19
45003 -0.19 72002 0.03 411
45004 -0.06 77002 -0.30

II

Tab le 5 .13.1 Residua ls for the 2 year return period showing
the performance of the FSSR 16(Tp&SPR) on the ID
standard set. For examp le -0.02 indicates
underestimation by 2% .

ID

An assessment of the FSR rainfall-runo ff method of design flood
estimation
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41

41

41 Catchment
19002

Residual Catchment Residua l
0.10

 
48004 -0 .09

41 19005 -0.06 48005
52005

-0 .40
20001 0 .11

 
-0 .18

41 23005
24005

-0.29
0 .05

52006
52010

-0 .30
-0 .25

24007 0 .01 53005 -0 .2041 27001 0 .04 53007 -0 .14
29001 0 .89 53009 -0 .1741 30001 0 .15 54011 0 .04
30004 -0.04 54016 0 .34

• 31005 0 .11 54022 -0 .06
33029 0 .21 55012 -0 .14

• 33045 0 .08 56003 0 .18
34003 0 .10 56004 -0 .21

• 34005 0 .08 56006 -0 .19
35008 0 .32 57004 -0 .04

• 36008 0 .02 57005 0 .08
37001 0 .08 58001 -0 .24

• 39022 0 .63 58002 -0 .29
39025 0 .17 60002 0 .34

• 39053 0 .57 61003 0 .08
40009 0 .50 64001 0 .35

• 41006 -0.18 65001 -0 .08
41028 0 .27 66011 0 .13

• 45003 -0 .21 67003 0 .50
45004 -0 .07 68006 0 .13

• 46005 -0 .32 71003 -0 .11
47007 0 .38 72002 0 .53

• 77002 -0 .21

•
Table 5 .13.2 Residuals for the 10 year return period showing

• the performance of the FSSR 16(Tp&SPR) on the
standard set . For example -0.12 indicates

• underestimation by 12% .

•

•

•
41

41

ID

411

111 Results

•

•

•
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5 . 14 CATCHMENT SIZE

Table 5 .13 .3 Statistics for return periods 2, 5 , and 10
years comparing the performance o f three models
on standard set d ivid ing the catchments into two
groups on the basis of a threshold value of SAAR
of 800 mm .

Further investigations were undertaken to examine whether the model
performed better on large or small catchments. The standard set of
74 catchments was d ivided into two groups with AREA greater or less
than 100 km2 . The resulting statistics for the two groups are given
in Tab le 5 .14 .1. The statistical and no-data rainfall-runoff methods
perform much better on the larger catchments in terms of both bias
and variability for a ll but the 25 year floods , which are based on

groups of on ly 5 and 10 catchments . In contrast , the rainfall-runoff
method using  observed data  displays consistent  performance  for both
groups of catchments . In can be concluded from these results that
observed data are more beneficial on sma ller catchments . This may
resu lt from the problem of accurately abstracting physical charac-
teristics, such as soil type , on sma ll catchments, whereas errors
tend to average-out on larger catchments . Another possible expla-
nation is that on sma ll basins the response is dominated by the land
phase of catchment response, wh ich is d ifficu lt to model, whereas
on larger basins response is dominated by the channe l phase , which
is relative ly easy to model.

An assessment of the FSR rainfall-runoff method of design flood
estimation
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40

Method n meanRT11 RMS

40 < > <100 > 100 <100 >100

2 1 FSRISTATS(CC) 25 49 0 .24 -0 .03 0 .55 0 .34
• 3 FSSR16(CC) 25 49 0 .42 0 .12 1.00 0 .54

4 FSSR16(Tp&SPR) 25 49 0 .01 -0 .02 0 .40 0 .32•
5 1 FSR/STATS(CC) 24 47 0 .22 -0 .09 0 .47 0 .29

• 3 FSSR16(CC) 24 47 0 .57 0 .21 1.03 0 .59
4 FSSR16(Tp&SPR ) 24 47 0 .11 0 .05 0 .39 0 .28

41
10 1 FSR/STATS(CC ) 20 37 0 .25 -0 .10 0 .48 0 .28

• 3 FSSR16(CC) 20 37 0 .48 0 .17 0 .73 0 .59
4 FSSR16(Tp&SPR ) 20 37 0 .05 0 .06 0 .25 0 .28

ID
25 1 FSR/STATS(CC ) 5 10 0 .23 0 .02 0 .33 0 .32

• 3 FSSR16(CC) 5 10 0 .46 0 .39 0.46 0 .96

4 FSSR16(Tp&SPR ) 5 10 0 .28 0 .03 0 .40 0 .41
•

•
Tab le 5 .14 .1 Statistics for return periods 2 , 5 , 10 and 25

years comparing the performance of three models
on standard set dividing the catchments into two
groups on the basis of a thresho ld value of area
of 100 km2.

• 5 . 15 COMBINING SUBSET SELECT ION CRITERIA

40 There are a large number of possible combinations of restrictions
which can be applied to produce subsets of catchments for comparison
of the various techniques . In order to display the relative per-
formance of the three primary methods on a number of subsets , a "bush
d iagram" was produced separately for each of four statistics, namely
.the 2 year mean and RMS and the 10 year mean and RMS. These are shown

• in Figure 12 to Figure 15 . The diagrams contain a number of boxes
each of which represents a combination of restrictions . Arrows

• leading to each box indicate the additiona l restriction imposed
compared with the box from which the arrow originates . Hence the

• box at the extreme left contains the results for the fu ll (88
catchment) data set, whereas the box on the far right contains the
same statistics for a reduced set of catchments which satisfy all
the restrictions imposed at once . In general, the numerical values

• decrease from left to right as the qua lity of the observed flood
frequency curves increases and as the catchments on which the model

411 performs poorly are omitted . Figure 12 shows that, in all subsets
of the data , the basic rainfall-runoff model is, on average, over

• estimating the 2 year return period floods by around 20% . In con-

•

Results

ID

411

40
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•
trast, when observed data are employed, this method displays little
bias or slightly underestimates. This model performs predictably II
across the range of subsets. The bias reducing from 9% for all 88
catchments virtually to zero in many boxes on the right-hand side. I I
Anomalies occur with the restriction on the number of annual maxima
available. As indicated in Chapter 2, this is not a good indicator I I
of the accuracy of observed quantiles. An explanation is that the
subset of long record catchments just happens to include those on I I
which the model performs relatively poorly. It may also be argued
that this restriction reduces the number of catchments to a level ID
where the results may be insignificant.

For the 10 year floods (Figure 14), both methods overestimate. This
positive bias is small when observed data are used (less than 10%)
but around 20-30% for the no-data case.

ID
It is important to note that the number of catchments decreases from
left to right. In the most restricted set only seven catchments 1111
remain , thus the sample is not very representative of the UK as a
whole.

The RMS statistic for FSSR16(CC) decreases from over 70% on the left
to just over 30% on the right for both the 2 and 10 year floods; the 111
corresponding figures for FSSR16(Tp&SPR) are 22 and 11% respec-
tively. In nearly all but the full 88 catchment set F5SR16(Tp&SPR) ID
out-performs FSR/STAT5(CC).

411

40

40

411

40

40

An assessment of the FSR rainfall-runoff method of design flood ID
estimation
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• 5 . 16 A SSESSING T HE ENT I RE FLOOD FRE UENCY C UR E

ID The results presented so far have been in terms of the average error
across all catchments in a set for individual quantiles . To examine

ID the performance of the FSSR16 model (FSSR16(Tp&SPR)) on each
catchment individually an index of the whole flood .frequency curve

ID was needed, indicating , for example, whether the estimated curves
were too steep, too shallow , or about the right slope but always

ID over- or underestimated . To achieve this objective the slope of the
flood frequency curve was assumed to be adequately described by the

ID slope of two segments of the curve

• the slope of the curve between the 2 and 10 year floods

the slope of the curve between the 10 and 50 year floods .

ID
In other words, how much larger is the 10 year than the 2 year return
period flood , or the 50 year than the 10 year? The magnitude of the
10 year flood can be used to indicate the typical size of floods on

ID the catchment and therefore fix the general location of the curve
on the flood magnitude scale . In order to arrange the 88 curves into
a small number of groups a 25-way classification system was devised.
The slope of each segment was classified according to whether the

40 value was

1. a marked underestimate of that observed < -20%

2. a slight underestimate -10% to -20%

3. about the same +10% to -10%
ID

4. a slight overestimate 10% to 20%

5. a marked overestimate. > 20%

40 Each of the 10 year flood indices was classified according to a
similar 5-way scheme. Thus each catchment was assigned to one of
25 classes, each of which has a unique description eg . class two
consists of those catchments where the slope of the curve is slightly
underestimated and the index is markedly underestimated .

Table 5 .16.1 shows the results of this 25-way classification as
indexed by the 10 year return period flood and the ratio of the 10
and 50 year floods . Table 5.16.1 shows that the errors in both slope
and index are not symmetrically distributed ie. there are relatively
few catchments where the index or slope is slightly over- or under
estimated , with the majority being either about right or very wrong.
There are 26 (out of 78) catchments where the estimated flood fre-
quency curve, between the 10 and 50 year floods , is too shallow and
30 where this slope is too steep . For 12 of these oversteep curves
the index 10 year flood is also markedly overestimated .

Tables 5.16.2 and 5 .16 .3 show similar classifications for the 2 and
10 year return period floods, the former using the 10 year flood as

ID Results

ID

ID
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the index , the latter using the 2 year flood . Table 5.16.2 shows
that for 22 of the 88 catchments the slope is overestimated along
with the 10 year flood. It is also noteworthy that in over half of
the catchments (47) the ratio of 10 to 2 year flood has been over-
estimated by more than 20% and three-quarters by more than 10% .. One
possible explanation for these results is that the relationship be-
tween rainfall and flow return periods derived in the FSR simulation
exercise (see Appendix B) is too steep .

The numbers in the right-hand boxes are reversed between Tables
5.16 .2 and 5 .16.3. This suggests that, for many catchments, the
estimated flood frequency curves cross the observed, between the 2
and 10 year flood quantiles, thus the 2 year flood is underestimated
and the 10 year flood is overestimated . The majority of catchments
in Table 5.16 .3 are still in the right-hand boxes indicating that
the slope of the curve between the 2 and 10 year floods is markedly
overestimated on as many catchments as the slope between the 10 and
50 year floods .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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% ERROR RATIO OF 10 AND 50 YEAR FLOODS

<-20% <-10% -10% - +10% >+10% >+20%

Too flat

% E8808 10  ** ** * * ** * * *** * * ** * **** * *** * * *** *** * * *** ** * *** ** ** **
le] *2 *3 *4 *5 *

<-20% * 3 * * 9 * * 4 *
Too small * * * * * *

***************************************************

*6 *7 *8 *8 * 10 *

-20% - -10% * 3 * * * * 1 *
* * * * * *
***************************************************

* 11 * 12 * 13 *14 * 15 *

* 9 * 2 * 7 * 1 * 2 *
About right * * * * * *

***************************************************

* 16 *17 * 18 *19 *20 *

10% - 20% * 1 * 1 * 4 * 3 * 1 *
* * * * * *
***************************************************

*21 *22 *23 *24 *25 *
>+20% * 2 * 1 * 11 * 4 * 12 *

Too big * * * * * *

***************************************************

Number of catchments appears in centre o f box .
Box number is in top left of box .

About right Too steep

An assessment of the FSR rainfall-runoff method of design flood
estimation
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40

410

4I

ID

40



Box Catchment numbers
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1 52006 55008 56004
2 45003 54019 56006
3 4 1006 46003 48005 52005 520 10 53005 53009 58002 77002
4 69027
5 23005 33014 46005 58001
6 39026 40006 71004
7 56005
8 71003
9 53007
10 55012
11 34005 36008 41005 41007 45004 48004 54006 57004 57005
12 27001 54022
13 24005 24007 29004 33045 37001 540 11 6 1003
14 65001
15 30004 38007
16 31005
17 68006
18 19002 20001 37007 45002
19 30001 34003 660 11
20 84012
21 28070 40010
22 56003
23 19005 35008 39022 39025 39052 40009 410 15 41028 54016 60002

67008
24 39004 54004 67003 84008
25 19001 27035 29001 33029 39005 39007 390 12 39053 47007 61001

64001 72002

Tab le 5 .16 .1 Class ification of flood frequency curve estimates by
method 5 (FSSR 16(Tp&SPR)) according to the
accuracy of estimation of the 10 year flood and ratio
of 10 to 50 year floods as compared with observed data.

Results
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% ERROR 10

<-20%
Too sma ll

-20% - -10X

-10% - +10%
About right

X ERROR RATIO OF 2 AND 10 YEAR FLOODS

<-20% <-10% -10% - +10% >+ 10% >+20%

Too flat About right Too steep

***************************************************

* 1 *2 *3 *4 *5 *

* * 0 * 3 * 5 * 11 *
* * * * * *
***************************************************

*6 *7 *8 ore * 10 *
* 2 * 0 * 0 * 2 * 3 *
* * * * * *
***************************************************

* 11 *12 * 13 *14 * 15 *
* 3 * 2 * 5 * 4 * 7 *
* * * * * *
***************************************************

* 16 *17 * 18 *19 *20 *

10% - 20% * 1 * 1 * 1 * 3 * 4 *
* * * * * *
***************************************************

*21 *22 *23 *24 *25 *

>+20% * 2 * 0 * 5 * 1 * 22 *

Too big * * * * * *

***************************************************

Number of catchments appears in centre o f box .
Box number is in top left of box .

An assessment of the FSR rainfall-runo ff method of design flood
estimation
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ID

ID

ID

Box Catchment numbers

152006

ID 3 45003 54019 56004
4 48005 52005 52010 55008 56006

ID 5 23005 33014 4 1006 46003 46005 53005 \53009 58001 58002 69027
77002

6 39026 40006
9 71003 71004
10 53007 55012 .56005
11 41007 48004 54006
12 36008 4 1005ID 13 33045 34005 45004 57004 57005
14 24007 27001 29004 540 11411 15 24005 30004 37001 38007 54022 61003 65001
16 20001
17 31005
18 19002

ID 19 30001 37007 68006
20 34003 45002 66011 84012

411 21 28070 40010
23 19005 35008 4 1015 56003 84008
24 19001
25 27035 29001 33029 39004 39005 39007 39012 39022 39025 39052

ID 39053 40009 41028 47007 54004 540 16 60002 6100 1 64001 67003
67008 72002

40

ID

ID Tab le 5 .16 .2 Classification of flood frequency curve estimates by the
method 5 (FSSR 16(Tp&SPR)) according to the
accuracy of estimation of the 10 year flood and ratio
of 2 to 10 year floods as compared with observed data .

40
Results

ID

41
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ERROR RATIO OF  2  AND 10 YEAR  FLOODS

<-20% <-10% -10% • +10% >+10% >+20%

Too flat

Number of catchments appears in centre o f box .
Box number is in top left of box .

About right Too steep

% ERROR 2 ***************************************************

* 1 *2 *3 *4 *5 *

<-20% * * 0 * 3 * * 21 *
Too sma ll * * * * * *

***************************************************

*6 *7 *8 *9 * 10 *
-20% - -10% * 0 * 0 * 0 * 0 * 2 *

* * * * * *
***************************************************

* 11 *12 * 13 *14 * 15 *
-10% - + 10% * 2 * 2 * 5 * 7 * 12 *
About right * * * * * *

***************************************************

* 16 *17 * 18 *19 *20 *
10% - 20% * 0 * 0 * 2 * 0 * 1 *

* * * * * *
***************************************************

*21 *22 *23 *24 *25 *
>+20% * 6 * 1 * 4 * 1 * 11 *
Too big * * * * * *

***************************************************

An assessment of the  FSR  rainfall-runo ff method of design flood
estimation
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41

41

41

41

•
Tab le 5 .16 .3 C lassification of flood frequency curve estimates by the

• method 5 (FSSR16(Tp&SPR)) according to the
accuracy of estimation of the 2 year flood and ratio

41 of 2 to 10 year floods as compared with observed data .

41

41

411
Results

41

41

41

41
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41

41
6 .0 EXAMPLE CAT CHMENT S

41

41 6 . 1 INT RODUCT ION  

41 In Chapter 5 results were given for the whole data set and for var-
ious subsets based on physical characteristics of the basins or the

411 quantity and quality of hydrological data . In this section data and
results are presented for six example catchments. These catchments

ID are:

19001 Almond at Craigiehall
29001 Weithe Beck at Brigs/ey

41 39012 Hogsmill at Kingston
46003 Dart at Austins Bridge

ID 54016 Roden at Rodington
55008 Wye at Cefn Brwyn

41 Three of these (19001, 39012 and 54016) were trial catchments in the

ID FSR and therefore not used in developing the FSR regression equations
or in the simulation exercise (Appendix B). These three catchments

411 and 29001  were  not used in the review of the FSR rainfall-runoff
model parameter estimation equations on which FSSR16 is based . The
extra two catchments are included to give a better distribution and
range of catchment types. Values of catchment characteristics can

ID be found in Table 2.1.

For each of the six catchments, two graphs are given comprising (a)
the annual maximum data and the fitted curve, and (b) this curve
plotted with the various estimated flood frequency curves. Beware
of scale changes within each pair of figures.

ID Percentage runoff has already been identified as a most important
variable to estimate well if accurate flood estimates are to be made.

411 With this in mind, for some catchments, graphs are presented which
illustrate how percentage runoff varies with rainfall for observed
events, and how estimated percentage runoff increases using the
FSSR16 model. Also shown in this figure is a curve that shows what
percentage runoff would be required to estimate perfectly the fitted
curve . The difference between this line and the FSSR16 model should

40 not be viewed as the error in the PR model. Errors are obviously
present at various stages of the estimation procedure. This perfect
fit line gives a representation that assumes  all  such errors are in
the PR term. If this line is quite different from the observed data

411 it points to there being errors in some other part of the procedure.

111 Example  catchments

ID
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6 .2 19001: A LMOND AT CRA IGIEHALL

Period of record, N : 29 years
Eyeball limit on return period : 10 years
Return period for jackknife standard error of 12.5% : >100 years
Modified Anderson-Darling statistic : 0 .237

Firstly, consider the fit to the annual maximum data (Figure 16a).
The fitted GEV has a positive k (0.14) and therefore curves down-
wards . The largest two peaks are well below the fitted line and are
largely resposible for its downward curvature. Looking at the data
points it might be thought that there is a kink at a return period
of about 5 years (160 m3/s). Such features in the plotted data can
be caused by real catchment or hydraulic effects, or may be totally
spurious. In a study involving so many catchments the data could
not be investigated in detail. The authors would feel unhappy using
the GEV curve to extrapolate beyond 10 years and would prefer to use
an EV1 distribution . Below 10 years these two curves are very simi-
lar, hence the eyeball limit of 10 years. This is greatly less than
the 60 years of the 2N rule. The modified Anderson-Darling sta-
tistic of 0.237 reflects the variation of the annual maxima about
the fitted curve above 4 years. At first sight it seems surprising
that the jackknife limit is greater than 100 years. This is because
of the positive k; as return period increases the curve flattens and
the standard deviation decreases.

From the estimated flood frequency curves (Figure 16b), it can be
seen that the no data rainfall-runoff estimates are all too large
and the curves too steep (hence the catchment appears at the bottom
and to the right in the box diagrams in Tables 5.16.1, .2 & .3).
Only four observed events were available but they gave model param-
eter values very similar to those obtained from regressions. These
resulted in slightly larger estimated peaks. The statistical method
underestimates the observed data .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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6 .3 29001: A IT HE BECK AT BRIGSLEY

Period of record , N : 26 years
Eyeball limit on return period : 25 years
Return period for jackknife standard error of 12 .5% : 8.2 years
Modified Anderson-Darling statistic • 0.982

Figure I7a shows that 25 of the 26 annual maximum flows plot on a
near perfect straight line; because the 26th plots well above this
line the fitted QEV curves upwards (negative k). The modified
Anderson-Darling statistic is 0.982, closer to a perfect fit of unity
than might have been thought by inspection . Also surprising is that
the return period corresponding to the jackknife limit is 8.2 years.
The  eyeball limit  was 25 years,  indicating  that the data comprise
one of the most consistent sets in the study. Note the scale of peak
flow in the figure; the mean annual flood is about 2 m3/s and the
25 year flood 4 .5 m3/s. The catchment has an area of 108 km2  but has
80% WRAP type 1 soils.

FSSR16(CC)  estimates  are much too big but are greatly improved by
using parameter estimates based on observed data. However, as the
peaks are so small an estimated mean annual flood of 4 m3/s repres-
ents a large error in percentage terms. The estimated curves are
steeper than the observed one so the catchment is in the bottom
right-hand corner of the box diagrams (Tables 5.16.1, .2 & .3)

It is worth looking slightly deeper at the percentage runoff values
obtained from the events. Figure 18 shows all observed percentage
runoffs were between 1.0% and 3.3% , yet when they were converted to
SPR (as indicated by the arrows) a mean value of over 10% was ob-
tained. The lower line representing the percentage runoff required
for  a  perfect fit passes through the observed percentage runoff
values, but the upper line, used in calculating the design flood
peaks, is much higher. However, the absolute errors in estimating
percentage runoff are small; at the 5-year level 4% is estimated when
2% is required for a perfect fit.

An assessment of the FSR rainfall-runoff method of design flood
estimation
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I 6 .4 39012: HOGSMILL AT K INGST ON

• Period of record , N 27 years
Eyeball limit on return period 10 years

• Return period for jackknife standard error of 12 .5% 10.9 years
Mod ified Anderson-Darling statistic 0 .188

41
The plotted annual maxima (Figure 19a) show some deviations from the

• fitted GEV distribution , hence the low value of the modified
Anderson-Darling statistic . The k value is very close to zero so

• the fitted distribution is very close to being an EV1. The eyeba ll
and jackknife limits are both 10 years.

41 The FSSR16(CC) est imates are too large (see Tab le 6 .1). Using ob-

.
served data values of SPR and Tp gives the correct va lue for the
2-year flood , but the estimated flood frequency curve is too steep .

41 The statistical method gives estimates that are too small.

However, both sets of estimates use the rural method although the
41 catchment is 46% urbanised and the urban corrections to the methods

should be applied . Table 6.1 gives the values using the urban
• methods .

41

41 Return Data Ra infall-runoff methods Statistical

41 Period method
Rural Urban Urban Rural Urban

Tp+SPR
41

41

41 Tab le 6 .1 Comparison of flood estimates using the rural method
and the urban corrections .

71

41
The rainfall-runoff estimates have hard ly chang ed as there is only

41 a slight difference in profile shape and use of ra infall return
period. The statistical method estimates have increased to be very

41 close to the data . That the statistical method worked poorly before

is not surprising as the method made no allowance for the

41 urbanisation (un like the rainfall-runoff method ). The adjustment
made in the statistical method is based on the mode l used in the

41 rainfall-runoff method .

41

41 Examp le catchments

41

41

41
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• 6 .5 46003 : DART AT AUST INS BRIDGE

II Period of record , N : 27 years
Eyeball limit on return period : 5 years

411 Return period for jackknife standard error of 12.5% : 10.9 years

Modified Anderson-Darling statistic • 0.221

•
As can be seen in Figure 20a there is one very large flood in the
annual maximum series; it is almost twice the size of the next big-
gest. With such an extreme flood in the series„the fitted GEV of

411 course curves upwards; without this flood it would have curved the
other way . There is obviously some concern about the plotting po-

411 sition of this large flood . The authors made their eyeball limit
5-years, less than the 10 years jackknife limit. The modified

Anderson-Darling statistic is relatively small.

Figure 206 shows that all the estimates are low; the statistical
method is the best. Using model parameters based on event data has
made the estimates worse, mainly by reducing the SPR value from &bout

•
3 6% to 30% . The revised value has come from 23 events distributed
throughout the year. Figure 21 shows that the event rainfalls were

• generally between 20 and 60mm (one event had 122mm). This figure

also shows that percentage runoffs varied between 17% and 42%, giving

• an average SPR of 30% . The large rainfall event has almost exactly

this average SPR . The line plotted on the diagram to represent the

PR needed to estimate perfectly the observed flood frequency curve
is much higher than any of the event data which suggests strongly

that an error in PR estimation is not the cause of the poor flood
peak estimates .

That estimates should be so poor even though over 20 events are

available is worrying and is the subject of further research. Apart
from looking again at percentage runoff estimation, there are several

other concerns that should be considered .

10
The event flow peaks were between 60 and 200 m3/s (ie. all less

• than the mean annual flood). Events with larger peak flows may

give larger percentage runoffs.

The triangular unit hydrograph may not be suitable for the
catchment. A peakier unit hydrograph would give some increase

in design flood peaks.

•
The rainfall input is too low or the profile shape too diffuse.

Rainfall depths may have been overestimated for the observed

• events .

• It is most likely that a combination of factors is responsible.

41
Example catchments

ID

ID

4111



74

The catchment appears in the top line of Tables -5.16 .1, .2 & .3,
which shows the magnitudes are underestimated , but in the centre and
right hand columns indicating the slope of the estimated flood fre-
quency curve is about right or too steep .

0

( s o a un i a) a 6 l ey a s K )

CD
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0
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Figure 20. Dart at Austins Bridge (flood frequency curves)

An assessment of the FSR rainfall-runoff method of design flood
estimation
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6 .6 54016 : RODEN AT RODINGTON

Period of record , N . 23 years
Eyeball limit on return period :.10 years
Return period for jackknife standard error of 12.5% : 15.8 years
Modified Anderson-Darling statistic : 0.496

The plot of annual maximum data has a strong trend but has two
,'waves ksee Figure 22a); the scatter about the fitted line is typ-

ical of a curve with a modified Anderson-Darling statistic of 0.5.
The eyeball limit was 10 years, slightly less than the 16 years
corresponding to the 12.5% jackknife standard error.

All the methods give peaks larger than the observed data (see
Figure 22b). The performance of the rainfall-runoff method is im-
proved by using observed data, but is still not as good as the sta-
tistical method which agrees well with the observed data at low
return periods. The event data are from seven events, but they are
all small (the largest is just over 11 m3/s). Figure 23 shows that
three events have SPR values greater than PR, arising as they do
from events with large SMDs. As on catchment 29001, for the design
case, using mean PR rather than mean SPR would give a better repre-
sentation of the observed flood frequency curve.

The catchment falls in boxes 23, 25 & 20 of Tables 5.16.1, .2 & .3
indicating that the estimates and the slope of the estimated flood
frequency curve are too large .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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The GEV distribution fitted to the annual maxima has a large negative
k (-0.31) and therefore curves steeply upwards as shown in
Figure 24a. The figure also shows that the annual maxima are dis-
tinctly stepped and that there are two very large floods . The modi-
fied Anderson-Darling statistic is extremely low. The authors felt
happy using the fitted curve only below 5 years despite 34 years of
data.  The  return  period corresponding to a jackknife standard de-
viation of 12.5% is slightly higher.

The FSSR16 no-data rainfall-runoff estimate agrees with the data at
2 years but is too big at 5 years. Incorporating observed data de-
creases the estimates to below the observed values. The statistical
method over-estimates lor low return periods but is then too flat
so it intersects the observed curve at 10 years, as shown in
Figure 24b. Figure 25 shows the event data represent a good range
of rainfall depths and that variations in percentage runoff are
roughly as predicted by the estimation equation.

The catchment appears in the top line of Tables 5.16.1, .2 & .3,
which shows underestimation of magnitudes, but moves from the left
to the right side of the table showing that the estimated flood
frequency curve is too steep at low return periods and not steep
enough for high return periods.
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41
7.0 CONCLUSIONS

The objective of this study was to make a definitive assessment of
flood estimates (up to return periods of 100 years) on rural
catchments using the Flood Studies Report rainfall-runoff method . '
Many problems, both expected and unexpected , were encountered , but
the study has provided a quantitative insight into how the FSR
rainfall-runoff method performs and has indicated some of its po-
tential weaknesses.

The first problem encountered was identifying a set of catchments
41 for which flood quantiles could be calculated reliably, and for which

flood event data were available to permit refinement of the
41 rainfall-runoff model parameters. This latter consideration imposed

the greater constraint A S only 128 catchments had the required 5
41 events available. The original idea of trying to examine flood mag-

nitudes up to the 100-year return period had to be modified as no
41 catchment for which event data were available had sufficient annual

maxima data to provide reliable estimates of the 100-year flood .
41 Eighty-eight catchments were selected for study by lowering the re-

quirement for annual maxima data to just 15 years. According to the
• 'twice-the-period-of-record" rule-of-thumb it was anticipated that

all catchments could have been used for a comparison of estimates
• up to 25 years, which would still have been a considerable im-

provement on results published from other studies.

In collating the true quantiles against which the estimates were to
41. be compared, plots were produced showing the goodness of fit of the

observed annual maxima to the fitted distributions. They showed very

41 clearly the problem of trying to identify the true distributions from
limited amounts of data . Some data sets plotted consistently and gave
confidence in using quantiles from the distribution, but other data
sets were very inconsistent and gave little confidence , even at re-

ID turn periods less than the period of record . A limiting return period
was set by inspection (and termed an eyeball limit) to mark the
maximum return period at which the fitted distribution WA S considered
reliable. In all cases this WA S less than twice the period of record
(2N), and usually less than N .

This comparision with the 2N rule is unfair as the rule gives a guide
to the point at which a developed flood frequency curve should depart
from the at-site line to the regional curve. The rule is concerned
with how to get the best estimate of the T-year flood from observed

41 annual maxima, rather than how to be sure that the estimate is ac-

e

Conclusions

41
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curate enough to be used as a benchmark for testing indirect methods
of estimation . However, the comparison does serve as a reminder of
how careful one must be in using at-site annual maximum data .

Considerable effort was expended in trying to replace the eyeball
limit with a statistically derived one that could be applied ob-
jectively and, therefore, by anyone unfamiliar with the problems of
fitting distributions to observed data . Some success was achieved
by combining the modified Anderson-Darling statistic with a standard
error from a jackknife analysis, but this is still far from being a
standard technique that can be applied generally .

When catchments with urban areas greater than 10% were excluded , and
the eyeball limits were applied , just 74 catchments were left on
which to assess estimates of the 2 year flood. The number of
catchments reduced as return period increased , so that only 15
catchments were available for comparison at the maximum return period
of 25 years. These catchments are not well distributed geograph-
ically ; there are none in Northern Ireland , none in Scotland outside
the central lowlands, and none in the Lake District or northern
Pennines. Comparisons using subsets of the data (eg . small or wet
catchments) were based on very few catchments.

Using this standard data set, the no-data rainfall-runoff method ,
with parameters estimated by the FSSR16 regression equations, tended
to over-estimate flood magnitudes. However, estimates were greatly
improved when model parameters were derived from observed data; bias
was then zero at the 2 year return period , increasing with return
period to 11% at 25 years (the corresponding figures in the no-data
case were 22% and 41%). It is reassuring that with parameters from
observed data the method is seen to work fairly well. Values of
standard percentage runoff were seen as particularly valuable in
improving estimates. The statistical method , without observed data,
performed as well as the rainfall-runoff method with data.

In the various subsets of catchments that were examined the per-
formance of the rainfall-runoff method varied much as expected .
Estimates were better at higher return periods if more events were
available, they were worse on catchments with mainly permeable soils,
and, in the no-data case, better on larger catchments. The variation
in the performance of the statistical method was more random between
these subsets. A plot of the residuals on a map of Britain showed
general over-estimation in the south-east of England and under-
estimation in south-west England and Wales; in other regions resi-
duals were mixed. Dividing the catchments into those with more or
less than 800mm average annual rainfall showed that the estimates
tended to be better on wet catchments than on dry ones. The various
derived statistics have been presented in three different ways in
summary form in the body of the report, and comprehensively in an
appendix .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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• This study has provided statistics describing the performance of the
rainfall-runoff method of flood estimation. It is seen to work

41 reasonably well in most cases where model parameter values can be
derived from observed data. If such data are available, the method

41 performs about as well as the statistical method without observed
data, but has several advantages: it can provide a complete design

41 hydrograph, it is based on a model of catchment response, and it
performs in a predictable manner. However, several areas for further

41 work remain and are described in the next chapter.

41

41
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41
8 .0 RECOMMENDAT ION S

41 The lack of catchments available for this study clearly demonstrates
the continuing need to gather both event data and annual maximum

• data . Such data underpins the design of land drainage schemes which
accounted for 4:67M of Water Authority capital expenditure in 1986/7

41 (the last year for which figures are currently available, Water Au-
thorities Association , 1987). Authorities measuring data must be

41 made aware of the value of long records in estimating flood statis-
tics; there is a national need for such data. There is a particular

41 need for data from remote catchments in Scotland and Northern
Ireland.

Work should continue on trying to identify measures of accuracy as-

.
sociated with fitting distributions to annual maxima. Perhaps an
expert systems approach is needed to encode the principles used by

41 the authors in fixing their eyeball limits.

The rainfall-runoff method with observed data is unbiassed overall,
41 but there are particular catchments on which the flood frequency

curve is poorly estimated . Since errors are not eliminated when
41 observed model parameters are used , the method of defining the design

inputs, or the way in which model parameters are assumed to vary on
• individual catchments, must be at fault. It is not acceptable to

state that the method is unbiassed on average when errors on par-
111 ticular catchments can be large. A great deal of further work is

required to improve the accuracy of estimation on all catchments.
41

The value of using local data (ie. data from a gauged catchment
• 'hydrologically similar to the site of interest) rather than data from

the site of interest itself, should be considered , as it is this type
• of data which is normally available. The use of observed unit

hydrographs instead of the triangular FSR one should be investigated ;
41 if this proves beneficial, the use of a more realistic unit

hydrograph in the no-data situation should be considered . The type
• and quality of local data that give the greatest improvements should

also be investigated since larger storms and floods may be found to
41 be much more useful than smaller events.

• While improving the quality of estimates obtained using the no-data
equations is a valid objective , no flood estimate for a site in the

6 UK should be made without some reference to local data . Estimating
the variation in percentage runoff is of most importance. It is hoped

• that the existing project to replace the 5-class Winter Rainfall

•

ID Recommendations
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Acceptance Potential map with a more detailed map with a greater
number of classes will produce significant improvement in flood es-
timation. An important objective for research is the further de-
velopment of methods of calibrating percentage runoff by reference
to easily extracted measures of catchment response, such as base flow
index .

An assessment of the FSR rainfall-runoff method of design flood
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APPENDIX A . FULL T AB LES OF COMPA RISONS AND RESULT S

Appendix A . Fu ll tables of comparisons and results



41
92 41

41

Method
RTij RT 'ij

n mean RMS mean RMS 41

2 1 FSR/STATS(CC ) 74 0 .06 0 .43 0 .01 0.16 41
2 FSR/RF-M CC ) 74 0.27 0 .89 -0 .05 0 .21
3 FSSR16(CC) 74 0 .22 0 .73 -0.04 0 .19 41
4 FSSR16(Tp&SPR) 74 -0 .01 0 .35 0 .03 0 .14
5 FSSR16(Tp) 74 0.16 0 .83 -0.01 0 .19 41
6 FSSR16(SPR) 74 0.07 0 .39 -0.00 0 .14

41
5 1 FSR/STATS(CC) 71 0 .02 0 .36 0 .02 0 .14

2 FSR/RF-RO(CC) 71 0 .37 0 .92 -0.09 0 .21 41
3 FSSR16(CC) 71 0 .34 0 .77 -0.09 0.20
4 FSSR16(Tp&SPR) 71 0 .07 0 .32 -0.01 0 .12 41
5 FSSR16(Tp) 71 0 .26 0 .83 -0.05 0 .19
6 FSSR16(SPR) 71 0 .16 0 .38 -0.05 0 .13 41

10 1 FSR/STATS(CC) 57 0 .02 0 .37 0 .02 0 .15 41
2 FSR/RF-RO(CC) 57 0 .28 0 .72 -0 .06 0 .19
3 FSSR16(CC) 57 0 .28 0 .64 -0 .07  0.18 41
4 FSSR16(Tp&SPR) 57 0 .06 0 .27 -0 .01 0.11
5 FSSR16(Tp) 57 0 .17 0 .61 -0.04 0.17 41
6 FSSR16(SPR) 57 0 .16 0 .37 -0.05 0.13

41
25 1 FSR/STATS(CC) 15 0 .09 0 .32 -0 .02 0 .14

2 FSR/RF-RO(CC) 15 0 .39 0 .96 -0 .09 0 .22 41
3 FSSR16(CC) 15 0 .41 0 .83 -0.11 0 .22
4 FSSR16(Tp&SPR) 15 0 .11 0 .41 -0.02 0 .15 41
5 FSSR16(Tp) 15 0 .41 1.04 -0.08 0 .24
6 FSSR16(SPR) 15 0 .16 0 .40 -0.05 0 .14 41

Table A .1 Four statistics for return periods 2 , 5, 10 and 50 years 41
comparing the performance of six models on standard set
of catchments. 41

41

41

41

41

41

41

41

41

41
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41

41 Method

RT RT 'll
mean RMS mean RMS.

• 2 1 FSR/STATS(CC) 88 0 .01 0 .43 0 .03 0 .18

41
2 FSR/RF-RO(CC)
3 FSSR16(CC)

88 0 .38 1.23 -0 .07 0 .23
88 0 .34 1.13 -0 .06 0 .22

4 FSSR16(Tp&SPR) 88 0 .10 0 .89 0 .01 0 .16
41 5 FSSRI6(Tp) 88 0 .31 1.49 -0 .03 0 .22

6 FSSR16(SPR) 88 0 .15 0 .69 -0 .02 0 .17
41

5 1 FSR/STATS(CC) 88 -0 .02 0 .39 0 .04 0.17
41 2 FSR/RF-RO(CC) 88 0 .51 1.44 -0 .11 0.24

3 FSSR16(CC) 88 0 .48 1.30 -0 .11 0 .23
41 4 FSSR16(Tp&SPR) 88 0 .21 1.06 -0 .04 0 .16

5 FSSR16(Tp) 88 0 .45 1.75 -0 .08 0 .23
41 6 FSSR16(SPR) 88 0 .27 0 .78 -0 .07 0 .17

41 10 1 FSR/STATS(CC) 88 -0 .02 0 .38 0 .04 0 .18
2 FSR/RF-RO(CC) 88 0 .48 1.42 -0 .10 0 .24

41 3 FSSRI6(CC) 88 0 .47 1.28 -0 .11 0.23

4 FSSR16(Tp&SPR) 88 0 .20 1.05 -0 .03 0 .16
41 5 FSSR16(Tp) 88 0 .44 1.73 -0 .07 0 .23

6 FSSR16(SPR) 88 0 .26 0 .77 -0 .07 0 .17
41

25 1 FSR/STATS(CC) 88 0 .01 0 .40 0 .03 0.17
41 2 FSR/RF-RO(CC ) 88 0 .45 1.38 -0 .09 0 .24

3 FSSR16(CC) 88 0 .46 1.31 -0 .10 0 .23
41 4 FSSR16(Tp&SPR) 88 0 .20 1.04 -0 .03 0 .18

5 FSSR16(Tp) 88 0 .42 1.68 -0 .06 0 .24
41 6 FSSR 16(SPR) 88 0 .26 0 .83 -0 .06 0 .17

41 50 1 FSR/STATS(CC) 88 0 .05 0 .46 0 .02 0 .18
2 FSR/RF-RO(CC) 88 0 .46 1.41 -0 .09 0 .25

41 3 FSSR16(CC) 88 0 .48 1.36 -0 .10 0 .24
4 FSSR16(Tp&SPR) 88 0 .23 1.14 -0 .03 0 .19

41 s FSSR16(Tp) 88 0 .45 1.73 -0 .07 0 .25
6 FSSR16(SPR) 88 0 .29 0 .85 -0 .07 0 .19

41
Tab le A .2 Four statistics for return periods 2 , 5, 10, 25 and 50

41 years comparing the performance of six models on all 88
catchments.

41

41

41

41

41

41
Appendix A . Full tables of comparisons and results

41

41

41

41



Table A .3 Four statistics for return periods 2 , 5, 10 , 25 and 50
years comparing the performance of six models on all
catchments except 39004 the Wandle at Bedd ington .
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• Tab le A .4 Four statistics for return periods 2 , 5, 10 , 25 and 50
years comparing the performance of six models on the

• standard set with less than 20% SOIL l.

•
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Tab le A .5 Four statistics for return periods 2, 5, 10 , 25 and 50
years comparing the performance of six models on the
standard set with at least 10 observed events .
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2 1
2
3
4

5
6

5 1 FSR/STATS(CC)
2 FSR/RF-RO(CC)
3 FSSR16(CC)
4 FSSR16(Tp&SPR)
5 FSSR16(Tp)
6 FSSR16(SPR)

10 I
2
3
4

5
6

25 1
2
3
4
5
6

Method

FSR/STATS(CC)
FSR/RF-RO(CC)
FSSR16(CC)
FSSR16(Tp&SPR)
FSSR16(Tp)
FSSR16(SPR)

FSR/STATS(CC)
FSR/RF-RO(CC)
FSSR16(CC)
FSSR16(Tp&SPR)
FSSR16(Tp)
FSSR16(SPR)

FSR/STATS(CC)
FSR/RF-RO(CC)
FSSR16(CC)
FSSR16(Tp&SPR)
FSSR16(Tp)
FSSR16(SPR)

RT1.1 RT 'IJ
n mean RMS mean M S

16 0 .16 0 .30 -0 .05 0 .11
16 0 .44 0 .99 -0 .11 0 .22
16 0 .35 0.71 -0 .10 0 .18
16 -0 .03 0.31 0 .04 0 .15
16 0 .31 0 .92 -0 .07 0 .20
16 0 .03 0 .32 0 .0 1 0 .14

16 0 .11 0 .25 -0 .04 0 .09
16 0 .55 1.06 -0 .14 0 .23
16 0 .47 0 .80 -0 .14 0 .20
16 0 .05 0 .27 -0 .01 0 .11
16 0 .41 0 .94 -0 .11 0 .20
16 0 .14 0 .35 -0 .04 0 .13

11 0 .12 0.27 -0 .04 0 .10
11 0 .57 1.13 -0 .15 0 .23
11 0 .52 0 .89 -0 .15 0 .21
11 0 .12 0 .33 -0 .03 0 .11
11 0 .51 1.15 -0 .13 0 .23
11 0 .21 0 .42 -0 .06 0 .14

6 0 .29 0.36 -0 .11 0 .13
6 0 .77 1.41 -0 .18 0 .28
6 0 .71 1.14 -0 .19 0 .26
6 0 .20 0 .50 -0 .05 0 .16
6 0 .81 1.54 -0 .18 0 .29
6 0 .23 0 .49 -0 .07 0 .16

Tab le A .6 Four statistics for return periods 2 , 5, 10 , 25 and 50
years comparing the performance of  six  models on
standard set of catchments which have at least 25
years of annual maximum data .

97
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•
RT" RT 'ij

Method n mean RMS mean RMS •
2 1 FSR/STATS(CC) 50 0 .05 0.44 0 .01 0 .16 •

2 FSR/RF-RO(CC) 50 0 .06 0 .79 0 .02 0 .18
3 FSSR16(CC) 50 0 .07 0 .64 0 .01 0 .17 •
4 FSSR16(Tp&SPR) 50 -0 .06 0 .34 0 .05 0 .14
5 FSSR16(Tp) 50 0 .06 0.82 0 .03 0 .18 •
6 FSSR16(SPR) 50 -0.03 0 .32 0 .03 0 .13 •

5 1 FSR/STATS(CC) 48 0 .01 0.39 0 .02 0 .15
2 FSR/RF-RO(CC) 48 0 .16 0 .78 -0.02 0 .18 •
3 FSSR16(CC) 48 0 .19 0 .66 -0.04 0 .17
4 FSSR16(Tp&SPR) 48 0 .04 0 .33 0 .00 0 .12 •
5 FSSR16(Tp) 48 0 .17 0 .81 -0 .02 0 .17
6 FSSR16(SPR) 48 0 .08 0 .32 -0 .02 0 .12 •

10 1 FSR/STATS(CC) 39 -0 .00 0.40 0 .03 0 .15 •
2 FSR/RF-RO(CC) 39 0 .02 0 .32 0 .01 0 .14
3 FSSR16(CC) 39 0 .08 0 .35 -0 .01 0 .13 •
4 FSSR16(Tp&SPR) 39 -0.01 0 .26 0 .02 0 .11 **5 FSSR16(Tp) 39 0 .01 0.29 0 .01 0 .13
6 FSSR16(SPR) 39 0 .05 0 .29 -0.01 0 .11 •

25 1 FSR/STATS(CC) 11 -0.01 0 .29 0 .03 0 .13
2 FSR/RF-RO(CC) 11 0 .03 0 .25 -0 .00 0 .11 •
3 FSSR16(CC) 11 0 .12 0 .32 -0.03 0 .13
4 FSSR16(Tp&SPR) 11 0 .03 0 .34 0 .01 0 .14 •
5 FSSR16(Tp) 11 0 .02 0 .30 0 .01 0 .14
6 FSSR16(SPR) 11 0 .13 0.39 -0.32 0 .13 •

Table A .7 Four statistics for return periods 2 , 5, 10, 25 and 50
years comparing the performance of six models on
standard set of catchments which have SAAR greater
than'800 mm .

•
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•
•
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Table A .9 Four statistics for return periods 2 , 5, 10 , 25 and 50
years comparing the performance of six models on
standard set of catchments which have AREA less
than 100 km2.

An assessment of the FSR rainfall-runoff method of design flood
estimation
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APPEND IX B . T HE FSR SIMULAT ION EXERC ISE

B . 1 INT RODUCT ION
•

The Flood Studies Report rainfall-runoff model provides a method of
• deriving a flood hydrograph from a single rainfall storm event. It

is, of course, possible that different combinations of storm char-
acteristics and catchment state produce flood peaks of the same
magnitude, and it is to be expected that the magnitude of the derived

1111 flood peaks will be more sensitive to some of these variables than
to others. For example, perhaps rainfall depth affects flood peaks
more than the rainfall profile. A large number of computer simu-
lations was performed to examine the way in which the return period

411 of the peak flow was affected by these variables so that  a  single
set of design inputs could be specified to generate a T-year flood

• peak. In fact the analysis had two stages. Firstly it had to be
proven that the technique of using a set of design inputs and an
event based model would work (ie. that it could reproduce observed
flood frequency curves). Once this was established, the second stage
was to formulate a way of selecting a single set of inputs that would
give the flood peak of required return period . The following two
sections review the two stages of the simulation exercise .

B . 2 REPRODUCT ION OF FLOOD FRE UENCY CUR ES

The four variables that are required for design flood estimation

• using the rainfall-runoff method are:

1. rainfall storm duration,

2. rainfall profile shape ,

3. rainfall storm depth (or return period), and

4 . catchment wetness.

Each of these variables has a corresponding probability distribution

• and these can be combined to yield an overall probability distrib-
ution of peak flow (statistically they are the marginal distibutions

• of  a  joint probability surface). As the marginal distributions and
their interdependence were known, numerical integration could be

•
used to obtain the joint probability of particular combinations of
inputs (for uncorrelated marginal distributions, A and B,

• p(AnB)=p(A).p(B)). The corresponding flow peak was derived from the

•
Appendix B. The FSR simulation exercise

•
•
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rainfall-runoff model. The probability of obtaining a flood magni-
tude in the interval qi to q2  was then found by summing all the joint
probabilities for derived peaks in that interval. The flood frequency
curve was built up by performing this summation over successive in-
tervals and thereby covering the required range of flood peaks.

While this process was exhaustive in that all possible combinations
of the four variables were considered , it was greatly simplified by
defining just six to twelve sub-divisions to represent the entire
range of each of the four variables.

Such simulations were carried out on 98 catchments for which
rainfall-runoff model parameters, and a suitable length of annual
maximum flows , were available. Seventeen catchments were later re-
jected because their response was too flashy for successful simu-
lation based on hourly rainfall. General comparisons were made
between the flood frequency curve derived from annual maxima and the
the one resulting from the simulation exercise. However, subsequent
analysis was restricted primarily to comparing observed and simu-
lated values of the mean and 10 year floods .

In general, catchments with large floods were underestimated , but
individual departures were worse on small and medium flood
catchments. Figure 26 shows the pattern of residuals from a re-
gression of the observed mean annual flood (BESMAF) on the simulated
mean annual flood (SIMMAF), the latter having been adjusted by
raising it to the power of 0.98

BESMAF SIMMAF" g

B .3 CHOICE OF A SINGLE SET OF DESIGN INPUT S

(B.1)

The simulations tend to underestimate in the south and south-west,
and to overestimate floods in East Anglia and on the east coast.
The pattern resembles that of residuals from the regression of BESMAF
on catchment characteristics, suggesting that the mean annual flood
would be similarly over- or underestimated in the same areas by both
the statistical method and full numerical integration of probabili-
ties and simulation of peaks using the rainfall-runoff method .

The conclusion was that "the probability distributions of floods from
real catchments can be adequately predicted by the simulation tech-
nique", FSR 1.6.7.4(444).

The second stage of the analysis involved selecting a single choice
of variables for each flood return period . This was achieved by
choosing suitable fixed values of the three less important variables
and then optimising the remaining variable such that the model re-
produced the required flood magnitude . Since storm profile was found
to be the least important variable it was fixed as the 75% winter
profile, since this profile gave results closest to the average of

An assessment of the FSR rainfall-runoff method of design flood
estimation
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all profiles. It was found that flood magnitude was less sensitive
to storm duration than to either of the remaining variables (ie.
antecedent wetness and storm depth). Thus duration, D , was fixed
by the equation

D = ( 1.0 + SAAR / 1000 ) Tp (B.2)

This equation was intended to estimate the duration giving the
largest flood magnitude but, as curves of flood magnitude against
storm duration are very flat , the choice of D is not critical.
Antecedent wetness (CWI) and storm depth were found to be equally
important in influencing flood peaks. When CWI was fixed , the re-
lationship between flood return period and rainfall return period
was similar between catchments. Conversely, fixing rainfall depth
(by return period) led to inconsistent CWI values for different
catchments. Therefore CWI was fixed and rainfall return period was
chosen by optimisation . For each catchment the return period of
rainfall required to produce floods of a range of return periods W a s

evaluated. Curves depicting the relaL onships between the resulting
return periods are given in FSR Figure 1.6.54(456) for seven
catchments. An average curve was recommended for selecting the ap-
propriate storm return period to give the peak discharge of required
return period when combined with the other variables.

Two points in particular may be made about the second stage of the
analysis. Firstly, in selecting the single choice of variables, a
match was sought with the simulated flood frequency curves, rather
than those derived from observed data. Thus the regional deviations
present in the simulations (see Figure 26) were built into the single
choice of variables. Secondly , it is not clear how many catchments
were used, and how much variability was present, when defining the
relative return periods of design rainfall and peak flow. FSR Figure
1.6.54(456) shows considerable scatter in the relationship for seven
catchments where the rainfall return period varies from (i) 5 to 10
years for the 5 year flood , (ii) 12 to 27 years for the 10 year flood
and (iii) 60 to 128 years for the 50 year flood. The corresponding
recommendations of the FSR are 8, 17 and 81 years respectively .

An assessment of the FSR rainfall-runoff method of design flood
estimation
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C . 1 NOT AT ION

A cross-sectional area of river channel
AREA catchment drainage area (km2)
ARF areal reduction factor
CWI catchment wetness index
DPR..1  dynamic term of percentage runoff model

controlled by catchment wetness
DPR,„i n  dynamic term of percentage runoff model

controlled by storm rainfall depth
MSL mainstream length (km)
n roughness coefficient in Manning equation
R IF normal maximum flood (m3/s)
PMF probable maximum flood (m3/s)
P IP probable maximum precipitation (mm)
PR percentage runoff
R hydraulic radius of river channel
S water surface slope (m/km)
51085 slope of mainstream between 10% and 85%

d istance between outlet and source (m/km)
SAAR average annual rainfall for the standard

period 1941-1970 (mm)
SOIL1 proportion of drainage area underlain by

soil of WRAP class 1
SPR standard percentage runoff
Tp mean time-to-peak of un it hydrograph (hr)
Tp minimum time-to-peak of unit hydrograph (hr)
URBAN proportion of catchment area urbanised
WRAP winter rainfall acceptance potential

An assessment of the FSR rainfall-runoff method of design flood
estimation
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ID
C . 2 INT RODUCT ION  

•

41 Dam failures are amongst the most catastrophic calamities;  a  total
of almost 350 people lost their lives in just three disasters in

41 Britain (Bilberry in 1852, Dale Dyke 1864 and Dalgarrog in 1925).
Gruner (1963) reported that  a  quarter of dam  failures  documented

41 between 1799 and 1944 resulted from insufficient spillway capacity.
The hydrologist therefore has an important role in developing design

41 flood estimation techniques which accurately estimate the largest
flood likely to be encountered , thus minimising the risk of catas-

40
trophe, whilst avoiding costly over-design .

It  is fifteen  years since the Flood Studies Report method (NERC,
• 1975) for estimating a maximum flood hydrograph was first applied

in the UK . As a design tool it replaced some approximate rules-of-
thumb with recommendations based on the first rigorous study of na-
tional rainfall and river flow data, though it too has been

41 criticised for its simplistic assumptions. The question to be asked
in 1989 is whether we can now do any better. A number of Flood

• Studies Supplementary Reports (NERC, 1977-1985) have been published
refining the  FSR  procedure and  many  other papers have been written

41 on this or closely related subjects; there should be, therefore, some
new insights. On the other hand , as we are discussing maximum floods

41 we do not expect much in the way of new data to prove or disprove
the accuracy of our estimates . Indeed , if, in that space of time,

41 we had had  a  major flood somewhere which equalled or exceeded our
estimate, we would be concerned to say the least.

40
In normal estimation techniques it is intended that the best estimate

41 is (roughly) equally likely to be under or over the true value . With
maximum floods not only are  we  deprived (by definition) of the true

40 value but even if we had some values that were close to being true
we would not allow ourselves to underestimate any of them; we place

40 all.the error of estimate on one side. This is not like  a  factor
of safety, applied as a multiplier to the final figure to reflect

40 the lumped uncertainties; in the FSR procedure the approach is to
maximise, or make the worst reasonable assumptions about, each com-

e ponent of the procedure  as we go.  In doing so, our estimates on many
catchments may be greatly - perhaps an order of magnitude - in excess

41 of any experienced flood . This paper compares some estimates of
recorded floods with FSR maximum flood estimates made for the same

40 catchments. It also examines the FSR procedure and suggests which
aspects are most open to review.

411
C .3 SIGNIFICA NT FLOODS IN BRIT A IN

40 Records of historical flood events are available from  many  sources
including water authority archives, newspapers and journals , some

41 of which include photographic evidence and eyewitness accounts. For
some other floods, the peak water levels are recorded as flood marks

41 on bridges, walls and houses or as specially sited stones . A know-

110
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ledge of the maximum recorded water level is only the first step in
hydrological analysis; an estimate of the peak discharge is required
if we  are  to estimate runoff potential and transfer our findings to
other catchments.

Table C .1 contains  a  list of some major floods over the past 200
years with estimates of peak discharge . Also given is the method
of estimation . The symbol G denotes a flow gauging station with an
existing relationship between stage and discharge . This relation-
ship will almost certainly have been extrapolated well beyond any
flows used for its calibration. Uncertainty is compounded by the
probability that the flow will have overtopped the measuring struc-
ture or river banks, and that the river bed may have been scoured
during the flood, changing the stage-discharge relationship . Occa-
sionally a gauging station is built at, or near, a site where a
historical flood was recorded , such as on the Dee at Woodend (no 2
in Table C .1) where the peak discharge of the 1829 flood was esti-
mated (NERC , 1975) by extrapolating the present stage-discharge re-
lationship to the peak level given in the account of the floods by
Lauder (1830).

The symbol SA in Table C .1 indicates that the discharge, Q , was
calculated by the slope-area method eg. using the Manning equation

Q = A R213 s 1 / 2  / n (C.1)

where A is the cross-sectional area, R is the hydraulic radius , n,
the channel roughness and S, the water surface slope. The Manning
equation was developed to describe flow in an infinite channel with
constant cross-section, energy gradient and roughness; conditions
rarely encountered in natural channels. Use of this retrospective
discharge estimation technique relies on post-flood surveys to pro-
vide an accurate picture of the hydraulic properties of the channel
at the peak of the flood. Critical to the calculation is the nu-
merical value assigned to n. Text books provide suitable values for
regular surfaces such as concrete, but suitable values for mixed
surfaces including cobbles and grass containing fallen trees and
supermarket trolleys are more difficult to determine. Despite these
drawbacks , the technique has been widely used in the UK (see for
example Acreman , 1983b for no 57 in Table C .1; Hydraulics Research,
1968 for nos 36-39; and Whiter, 1982 for nos 62-65).

Hydraulic equations can also be used to compute a minimum estimate
of the peak flow by calculating the critical velocities needed to
entrain material, such as large boulders, which were known to have
been transported during the flood (see for example Metcalfe, 1979;
Table C .1 no 91). Making certain assumptions about the hydraulic
conditions, the difference in peak flows at two gauging stations (eg.
Shenchie and Forres on the Findhorn , no 42) can give an estimate of
the inflow from the intervening catchment (in this case the Divie
and Dorback tributaries).

An assessment of the FSR rainfall-runoff method of design flood
estimation
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ID Techniques may be combined where the channel geometry and hydraulic
conditions are complicated. Sargent (1982; no 12) calculated the

4,
peak flow for 1948 at Haddington using a back-water approach, to
model the effects of weirs, combined with slope-area estimates where

411
the water level was controlled by channel friction. A variety of
other methods have been used ; Dobbie and Wolf (1953; 19-23) built a

411
scale model from paraffin wax to estimate the peak discharges of
several streams around Lynmouth affected by the floods of 1952;

ID Acreman (1986; nos 3 & 4) showed how a rating curve for the site of
a historic peak level could be constructed using flow data from
elsewhere on the same river; and erosion damage was used by Baxter
(1949; no 14) to estimate the depth of water passing over a spillway.
In each case the authors point out the uncertainties involved and
would usually admit to errors of estimate  of at least  20% and often
much more.

ID Figure 27 shows the location of the sites mentioned in Table C .1.
It can be seen that there are concentrations of flood events recorded
in the highlands of Scotland, the Southern Uplands and south-west
England. This pattern reflects, to some extent, the distribution

411 of flood producing mechanisms. Floods result from a combination of
intense rainfall falling on a responsive catchment, Thus the largest

ID floods would be expected on steep, impermeable catchments, on small
catchments in thunderstorm prone areas and on large catchments where

4111 long duration rainfalls are intense. However, the pattern of floods
in Figure 27 is also partly due to the a geographical bias in

• available estimates of peak flows. The Hampstead storm of 14th Au-
gust 1975 (Keers & Wescott, 1976), resulted in severe flooding of

ID parts of north-west London but precise estimates' of peak discharge
are not available for the worst affected areas (Binnie and Partners

1111 (1976) estimated the peak runoff from an area of 0 .5 km2  to be between
about 2 and 7 m3/s, lack of data precluded a more exact figure). A
further example for which no flow data were recorded is the great
Till flood of 1841 (Cross, 1967) which resulted from rain falling

411 on frozen ground. Under normal conditions on this type of catchment,
underlain by chalk, most of the rainfall would percolate into ground

411 with . only  a  low proportion producing stream-flow .

Despite some shortcomings these historical extreme events can be used
to provide an indication o f the likely maximum size of floods in the

ID UK and their distribution. Figure 28 is a graph which shows each
estimate from Table C .1 with its reference number attached . It also

411 shows, with a +  symbol, the  maxima  from each gauged catchment held
on the Surface Water Archive (Institute of Hydrology, 1988).

ID Figure 28 on page 113 also shows two lines . A-A defines the original
Normal Maximum Flood , NMF (Institution of Civil Engineers, 1933) and

ID B-B is the suggested spillway design flood curve for upland reser-
voirs which accompanied a later review (Allard et al, 1960). This

41 latter line appears not to have formally superseded the earlier
practice of taking some multiple ('at least twice') of the NMF as

ID the spillway design (or 'catastrophic') flood .

Appendix C. Estimation of some extreme historical UK floods
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C .4 EX T RA PO LATE O R INTERPO LAT E?
41

The presentation of maxima in Figure 28 allows the engineer to in-
terpolate a value for his catchment. It is interpolation in the 41
sense that recorded maxima are themselves being used directly to
estimate similar maxima which might be expected at other and ungauged II
sites. It is implicit in such a use of envelope curves that the very
highest floods , expressed in this case as runoff per unit area are II
the worst that our climate is capable of producing . We suggest later
that, for larger catchments, this is  a  dubious proposition. ID
Interpolation can be supplemented by engineering judgment if condi- II
tions of the design catchment are significantly different from those
of the observed sites. Clearly, a method of estimation based solely II
on catchment area, though attractively simple, is rather restric-
tive. However, this was not a problem when British design usage was 40
dominated by upland reservoir construction . The post war development
of lowland reservoirs and control of larger catchments, helped to II
highlight the need for new guidance where the allowances could be
made explicit. Such guidance is provided in the Flood Studies Re- II
port.

Instead of drawing an envelope around recorded flow maxima, the FSR
method of maximum flood estimation in effect draws the envelope
around recorded rainfall maxima2 . Rainfall is then converted to flow
using a simple linear rainfall-runoff model. Model parameters were
related to those physical characteristics of the catchment which
quantify the upland v. lowland factor. The key difference between ID
this technique and the one it has replaced is that the envelope
method gains nothing from lesser flows recorded on the same
catchment; the method relies on interpolation between observed
maxima at all available sites. The rainfall-runoff methodology, on 411
the other hand, uses data from a wider range of events, many of which
are smaller - often much smaller - than those featuring in Table C .1; 40
this method can be considered an extrapolation from recorded data
on the same catchment.

C .5 PRO BA BLE M AX IM UM FLOO DS 411

The FSR method transforms maximum rainfall estimates into flow
hydrographs to produce the Probable Maximum Flood , PMF . This is
achieved by assuming the worst possible conditions regarding 40
antecedent wetness, design storm construction and speed of catchment
response. One obvious test of the procedure is that its estimates 411

' The term rainfall is used loosely here to include snowmelt. There
is no doubt that snowmelt is  a  significant factor in many large
floods , especially on large catchments, but, in this country , ID
snowmelt alone can not generate flows in the PMF range.

ID

An assessment of the FSR rainfall-runoff method of design flood
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ID



should always be greater than any recorded maxima. These observed
maxima, on the other hand, might be exceeded as time passes. At the
time of publication of the FSR it was noted (Lowing, 1975) that the
peak flow from the Red-a-ven event (Worth, 1930 no 8) had been es-
timated to be slightly higher than that given by the FSR procedure.

To test whether this was a unique occurrence, Piff s were calculated
(using the Institute of Hydrology's micro-FSR computer package , de-
veloped by  Boorman,  1988)  for a  selection of the catchments listed
in Table C .1. Table C .2 provides the necessary catchment and climate
characteristics required by micro-FSR. Boorman (1985) provides es-
timates of model parameters required for PMF estimation for a large
number of catchments throughout the UK includ ing the Tyne at East
Linton (used for estimate 12). Boorman et al (1988) give values for
several other catchments in Scotland. Table C.3 gives the results
from the PMF procedure. These are shown in Figure 29 plotted against
the maximum recorded floods. On the larger catchments (ie. those
with larger absolute flood peaks), R IF  is  around two  and half  times
the historical maximum. In addition to Red-a-ven, it can be seen
that estimated flows at five sites (Stobshiel, no 14; Claughton, 39 ;
Divie/Dorback, 42; Caldwell, 51; Chulmleigh , 62) exceeded the esti-
mated PMF. To consider whether these exceedences pose  a  serious
threat to the credibility of the PIP estimation procedure, we need
to examine the estimates in a little more detail.

C .6 HO CAN OBSER ED FLOODS EXCEED PMF?

There are a number of possible reasons why observed flood peaks might
exceed R IF . The PMF model may be deficient in rainfall input, per-
centage runoff or unit hydrograph, or the model parameters may be
inappropriate. Alternatively , the recorded flood peak may be in
error.

C .6 . 1  Rainfall input

115

Unfortunately there are no short duration rainfall data for the
largest event, the Caldwell Burn flood, although  a  professional me-
teorologist from Eskdalemuir Observatory, who was caught in the
storm, estimated that the intensity probably equalled the 90 mm/hr
which had been recorded in 1953 (Metcalfe, 1979). This is still far
less than the 166 mm/hr probable maximum precipitation , PMP, used
to estimate the Pg . There has been no definitive study comparing
R IP and recent olpserved storms. However, the largest daily rainfall
since the FSR data were collected , 238.4mm at Sloy Main Adit in
January 1974 (Reynolds , 1982), is considerably less than the
300-350mm PMP for that site. Of the six historical floods which have
exceeded RIF,  five  are on  small  catchments (< 10 km2), for which the
critical storm duration is much shorter than 24 hours. The Hampstead
storm of 14th August 1975, during which 169 mm rainfall fell in two
and a ha lf hours (Keers & Wescott, 1976), is the closest to PMP re-

Appendix C. Estimation of some extreme historical UK floods
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cently recorded ; the maximum two hour rainfall for this area is 190
mm. Table C.3 shows the peak runoff expressed in mm/hr over each
catchment. Even during these six events runoff intensity was far
less than the estimated PMP. This suggests that any deficiency in
the PMF model is unlikely to arise from the rainfall input.

C . 6 . 2 Pe rc e nt ag e r u noff

Henderson (1986) estimated that percentage runoff, PR, exceeded 90%
in all parts (up to 107 km2) of the Water of Leith catchment in
Midlothian during the flood of November 1984, which was not influ-
enced by snowmelt or frozen ground . However, it is not always clear
that the methods used for the calculations are consistent with those
specified in the FSR. A recent report by Welsh and Burns (1987)
illustrates the sensitivity of PR estimates to the selected duration,
showing that for small upland catchments in the south of Scotland
PR can vary from around 40% for the first 5 hours of the storm to
nearly 100% when calculated for the first 24 hours of the storm.
Using the recommended procedure, Boorman et al (1988) confirmed that
in small catchments underlain by impermeable soils (WRAP class 5),
PR could be higher than given in the FSR. However, the PMP inten-
sities are, in most cases, greater than twice the runoff rate re-
corded during the historic floods. Therefore even a PR as low as
50% would supply a sufficiently high runoff rate, suggesting that
the percentage runoff part of the model is not inadequate.

C . 6 . 3 Unit hy d ro g rap h

117

The FSR procedure uses a unit hydrograph to transform rainfall to
runoff. The linear mode/ has one  parameter,  its time to peak, Tp.
For IM F estimation , Tp is reduced by one-third to simulate the worst
possible conditions (this is the average ratio of minimum to mean
Tp in the UK). This reduction may be inadequate to model the very
rapid runoff experienced during extreme events . Alternatively, use
of a linear model may not be appropriate. Nevertheless it is dif-
ficult to visualise what sort of model could reproduce the flood of
189 m3/s estimated for the Caldwell Burn flood (no 51).

During some large floods  the peak  discharge results from a surge of
water caused by the release of temporary blockages upstream. There
is evidence that this occurred during the Lynmouth flood when a 15m
high railway embankment collapsed on the River Heddon above
Parracoombe (west of the Lyn); three people died (Delderfield , 1978).
Such effects are not allowed for in the PMF model, but are usually
short lived , and would not be important for spillway design as the
peak would be attenuated when routed through the reservoir.

There are situations where the flood  wave  form and the channel ge-
ometry may combine to produce an unusual effect. Rather than at-
tenuating as it moves downstream, the rising limb is steepened and
the peak enhanced . This phenomenon may have occurred on the Findhorn

Appendix C. Estimation of some extreme historiCal UK floods
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in 1970 and would explain the large inferred flood peak for the
intermediate catchment of the Divie/Dorback (no 42). If this was
the case it would be wrong to take the difference In peaks as an
estimate of the inflow from the extra contributing catchment area.

Whilst the FSR rainfall-runoff procedure may be deficient for in-
tense rainfall events on small catchments, it may lead to overesti-
mation of PMF on large catchments. When  a  large floodplain is ID
involved, the flood wave travel time may be increased during large
floods as the water spills into overbank storage and flow resistance ID
increases .

C .6 . 4 Poor est enat h, n of histor ical f lood peaks 111
The method of flood peak derivation for the Red-a-ven flood is not
clear from the article by Worth (1930). The floods at Chulmleigh, ID
Forest of Bowland and Berryscaur were estimated by the slope/area
method . As described above, even when the technique is applied by
experienced hydraulic engineers, the accuracy of estimation can be
poor, and the true peak may well have been closer to PMF. Apart from 411
the doubts about inferring the peak discharge from the intervening
area  between two gauging stations, the Divie/Dorback flood discharge
estimate relies heavily on the stage-discharge relationship at
Forres gauging station. Previous to the flood, the highest current
meter measurement used for the rating equation was around 2.1m. The
flood peak stage was 4.71 m, thus the peak discharge was based on 411
a large extrapolation . Futhermore, the control at the station is a
gravel bar which suffered considerable scour and redeposition during
the flood. Therefore, despite being recorded at a formal gauging
station , the peak discharge may be a poor estimate.

There is  a  danger of dismissing all six of the estimated peaks which 411
exceeded PMF. It is possible that some were underestimates. It is
interesting that, with the exception of the Divie/Dorback - which 40
is not a true catchment - the PMF exceedances all relate to
catchments under 10 km2 . Indeed , only one of the events from such ID
a small catchment (no 66) did not exceed PMF and this is underlain
by chalk . Perhaps we would expect PMF to be approached more fre- 111
quently on small catchments. The chance of maximum rainfall of small
areal extent coinciding with a small catchment is much greater than 411
a larger storm sitting squarely over a larger catchment . Even the
Lynmouth storm was not centred over the Lyn catchment.

ID
C .7  CONCLUSION  

10
Extreme flood estimation is prone to uncertainty whether the estimate
relates to an  actual  event or to  a  hypothetical design storm . The
two design approaches - interpolating with an envelope curve or ex-
trapo lating with a model - are seen to have strengths and weaknesses, ID
but the former still has a strong intuitive attraction which helps

ID

An assessment of the FSR rainfall-runoff method of design flood
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to aid interpretation of the latter. Recorded floods have high-
lighted the potential extreme response from small (<1.0 km2)
catchments.

Appendix C . Estimation of some extreme historical UK floods
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Date Water course/site

1 Feb 1795 Trent , Nottingham 1416 .0 7490 .0

2 Aug 1829 Dee , Woodend (Aberdeenshire) 1900 .0 1370.0

3 Findhorn, Shenachie (Morayshire) 1050 .0 417.0

4 Dulnain , Balnaan Br (Morayshire) 500 .0 272.0

5 Spey, Boat o 'Brig 1665 .0 2850 .0

6  Jan  1849 Ness (Invernessshire) 1700 .2 1792 .3

7  Nov 1894 Thames, Teddington 1059 .0 9948 .0

8 Aug 1917 Red-a-ven , Dartmoor 110.4 4.0

9 May 1920 Lud, Louth (Lincolnshire) 138 .0 55 .1

10 Dec 1936 Moriston , Invermoriston 557.5 391.0

11 Nov 1947 Glen Cannich , Inverness 433.3 128 .1

12 Aug 1948 Tyne , Haddington (East Lothian) 255.0 264.0

13 Aug 1948 Ga la Water, Galashiels 200 .0 207.0

14 Aug 1948 Tyne , Stobshiel (East Lothian) 40.8 4 .1

15 Jan 1949 Tweed , Peebles 1079.0 694 .0

16 Sep 1950 Ken, Earlston Dam (Galloway) 708 .0 372.3

17 Sep 1950 Polharrow , Carsfad Dam (Galloway) 254.9 59 .5

18 Nov 1951 Tay , Caputh

19 Aug 1952 West Lynn, Lynmouth

20 East Lynn , Lynmouth

21 Hoaroak Water, Lynmouth

22 Hoaroak Water, Lynmouth

23 Badgeworthy Water, Lynmouth

24 Sep 1953 Allt Uaine (Dumbartonshire)

25 Dec 1954 Lune, Lancaster

26 Jan 1955 Tirry, Rhian Bridge

27 Aug 1957 Foston Brook (Derbyshire)

28 Snelston Brook (Derbyshire)

29 Sep 1960 Alphin Brook, Exeter

30 Oct 1960 Withycombe Brook , Exmouth

31 Jan 1962 Nith , Friars Carse

32 Feb 1962 Allt Larig  nan Lunn  (Argyll)

33 Feb 1962 Loch Awe (Argy ll)

34 Feb 1962 Lyon (Perthshire)

Peak Area Estimation Reference

flow method

(mom -l) (km2)

148 1.0 3211.0

252.8 22.8

436 .1 76 .0 PM

148 .7 8.1

286 .0 17.0

97 .7 25 .3

11.3 3.1

1161.0 1011.7

110 .9 64 .2 VA

200.4 27.4 SA

39 .1 3.6 SA

59.5 7.2 SA

99 .0 36.0 SA

1274 .0 799 .0

18.1 6.8

1076.2 797.0

324.3 161.5

35 Feb 1962 Beauty, Erchless (/nvernesssh ire) 608 .8 841.8

36 Aug 1967 Hindburn , Bou land Forest 637.0 83 .4 SA

37 Dunsop Water, Bowland Forest 271.8 28 .7 SA

38 Blacko Water, Bou land Forest 52.3 6.9 SA

39 Claughton Beck , Bow land Forest 66.5 2.2 SA

VA G NERC (1975)

VA G NERC (1975)

VA Acreman (1986)

VA Acreman (1986)

VA Werritty & Areman (1985)

Nairne (1895)

TH G SWA

Worth (1931)

Crosthwa ite (1921)

VA G Mclean (1945)

SA Wo lf (1952)

SA BW Sargent (1982)

VA G NERC  (1975)

TH Baxter (1949)

SA G NERC (1975)

TH Chapman  6,  Buchanan (1966)

TH Chapman & Buchanan (1966)

VA G SVA

PM Dobbie & Wo lf (1953)

PM

PM

PH

TH NERC (1975)

VA G Chapman & Buchanan (1966)

NERC (1975)

Barnes & Potter (1958)

Brierley (1965)

Harrison (1961)

VA G SWA

Chapman & Buchanan (1966)

Chapman & Buchanan (1966)

VA G Chapman & Buchanan (1966 )

VA G Morgan (1966)

Hydraulics Rsearch (1968 )

An assessment of the FSR rainfall-runoff method of design flood
estimation
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SWA Surface Water Archive, Institute of Hydrology

•
SA velocity from water surface slope ,

channel roughness and cross-sectional area
W river level from back-water effect of weir

•
critical velocity required to entrain
transported material

VA velocity/area from current metering
PM physical model

• TH thoorectical calibration of hydraulic structure
at formal gauging station

11. Table C.1 Peak discharge estimates for some documented floods since 1795

•
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•

41

41

• Site Date of Area Estimated peak PMP PR RIF
historical runoff maximum

flood intensity41
(km2) (m3s- 1) (mm hr - 1)(mm hr -l) % (m3s-1)

• 3 Shenachie 4-AUG-1829 417.0 1050 .0 9 .06 76.0 79.4 2400 .

• 4 Balnaan Br 4-AUG-1829 272 .0 500.0 6 .62 82 .3 73.4 1400 .

41 8 Red-a-ven 17-AUG-1917 4 .0 110 .4 99 .36 264 .8 79.1 78.1

9 Louth 29-MAY-1920 55 .1 138.0 9 .02 114 .6 34 .3 317.

41 12 Haddington 12-AUG-1948 307.5 255.8 2.99 82 .6 66 .3 1150 .

• 13 Galashiels 12-AUG-1948 207.0 200.0 3.48 89 .2 61.4 782 .

• 14 Stobshiel 12-AUG-1948 4 .1 40 .8 35.8 164 .1 59 .7 36 .7

15 Peebles 7-JAN-1949 694 .0 1079 .0 5 .60 78.4 64 .8 2790 .
41

19 Lynmouth 15-AUG-1952 23.5 252.1 38.6 167.0 68 .5 258 .

• 39 Claughton 8-AUG-1967 2.3 66.6 104 .2 264 .0 70.5 33.3

• 42 Dorback 16-AUG-1970 365.0 1939 .3 19 .12 79.4 66 .5 1400 .

49 Oykel 5-OCT-1978 330 .7 847 .5 9.23 51.9 85 .2 2210 .41
51 Ca ldwell B 13-JUN-1980 5.7 189 .0 119 .4 166 .0 62 .2 49 .6

41 57 Ardessie 25-SEP-1981 13.5 65 .0 17.3 172.0 77.0 157 .

• 62 Chu lmleigh 12-JUL-1982 1.7 68.0 144 .0 294 .0 59 .4 25 .2

• 65 Hermitage 26-JUL-1983 35 .9 165 .0 16.5 141.6 79.1 362.

66 Lyons Gate 20-MAY-1986 0 .83 7.0 31.5 286.0 56 .7 10 .8
41

• Table C .3 R IF estimates for 17 UR catchments together w ith

• the peak flow for the largest recorded floods

41

41

•

411

40

•

•
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The d emand for long-te rm sc ientifi c cap a bilities conce rning the
resources of the land and its freshwate rs  is  rising sha rp ly  as  the
powe r of man to chang e his environme n t is growing, and with
it the scale of his imp a ct. Comp rehens ive res earch facilities

(labora tories, fi e ld stud ies, computer mo d e lling, mstrume ntation,
re mote se nsing) are need e d to pro v id e solutions to the

challenging problems of the modern w o rld in its conc e rn for
approp riate and sympathetic ma nage me n t of the frag ile syste ms of

the land s surface .

The  Terre strial and Freshw ater Scie n c es  Direc torate of the
Na tural Environment Rese arch Counc il b rings toge the r an

e xceptionally wide rang e of app ropriate d isc ip lines (che mistry
b iolog y, e ng ine e ring, physics, geology, g e ograp hy, mathe ma tics

and compute r sc ience s) comp rising on e of the world s larg est
bod ies of es tablis hed e nvironmental e x p ertise . A staff of 550,

large ly grad ua te and professional, from fo ur Institutes a t e leven
labo ra tories a nd fi eld s tations and two Un ive rsity units p rovide

the sp e cialise d knowled ge and e xperie n c e to me e t nationa l and
inte rnationa l needs in three m ajor are as

Land Use and Natural Re s o urces

Environme ntal Quality and Pollution

Ecology and Conserva tion


