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REGIONAL RAINFALL FREQUENCY -
SOUTH WEST ENGLAND

1. Introduction

The analysis of rainfal l frequency is fundamental to reservoir safety assessment.
This report presents a detailed study of the frequency of 1 and 2-day rainfalls
in South West England. Particular emphasis is placed on the analysis of
rainfall depth-frequency relationships for Wimblebal l Reservoir, in order to
derive estimates of design rainfalls of up to 10,000-year return period.

Th e report discusses the background to the problem of rainfall frequency
estimation in South West England and outl ines the methodology adopted in
the analysis. Details of the mapping of two key rainfall statistics arc given,
and growth curves centred on ten locations within the study region are
presented.

The problem of ra infa ll frequency in Sou th
West England

UK practice in the estimation of rainfall frequency relies on the method
presented in Volume I I of the Fl ood Studies Report (Natural Environment
Research Council, 1975). The approach taken is a two-stage onc, involving
the estimation of the rainfall of 5-year return period (M5) to which a growth
factor is applied to yield the rainfall of the required duration and return
period. Two geographical regions, England & Wales and Scotland & Nor thern
Ireland, are distinguished, across each of which a fi xed set of growth factors is
assumed.

In an analysis of 2-day rainfall using a number of long-term gauge records in
Somerset, Bootman & Willis (1977 & 1981) expressed concern about the
applicabil ity of the FSR 11 growth factors to South West England. It was
demonstrated that the FSR method seriously underestimates the frequency of
2-day rainfalls in the region.

More recently, the derivation of regional growth curves for 1-day rainfall
(Reed & Dales, 1988) has confi rmed strong regional traits within the U K
which are not represented in the FSR II growth factors. An alternative
generalization of point rainfall frequency has been proposed, based on the
regions shown in Fig. 1. It was noted that the West Country region
exhib ited particularly high values of the coeffi cient of variation (CV ) of 1-day
annual maxi mum rainfal l at a number of gauges. Histor ically, the region has
experienced a relatively high frequency of heavy rainfall events, often associated
with summer thunderstorms.



In the light of thcse apparent anomalies in the FSR I I model, the availabil ity
of long and short-term daily raingauge data in the region has allowed a
detailed re-evaluation of rainfall frequency in South West England.

3. Study region

Wimbleball Reservoir is situated in the South West region presented in Reed
& Dales (1988), close to the boundary of the West Country region and the
area of Somerset for which the E'ER method is known to underestimate
rainfall frequency (Fig.1). For these reasons, the study region was defi ned as
the arca represented by the combined South West and West Country regions

4. The analytical approach

The two-stage approach to the development of rainfal l frequency relationships
has been retained in the study. However, at the fi rst stage, the mean annual
maximum rainfall (RBA R) of the appropriate duration has been used as the
standardizing variable, in preference to the M5 rainfall value. This fol lows the
method adopted by Reed & Dales (1988) in order to correct for regional
discrepancies in the FSR model. The advantages of using RBA R are its
simplicity and the fact that it avoids a distr ibutional assumption.

The second stage of the analysis has been concerned with the development of
1 and 2-day rainfall growth curves for South West England. A new technique
for rainfall growth estimation has been developed which provides a more
detailed regionalization than the FSR method, yet avoids imposing regional
boundaries.

5. M apping of ra infa ll sta tistics

5.1 THE REQUI REMENT

Detailed maps of I and 2-day RBA R values for South West England were
required as the first stage of the procedure for deriving point rainfall estimates
of any return period. The rainfal l regions of Reed & Dales (1988) were
determined through the analysis of a second rain fall statistic, the coeffi cient of
variation of I -day rainfall (CV). Since CV is considered to be a useful
measure of the var iabil ity of rainfall, maps of 1 and 2-day CV have also been
produced.
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• 5.2 A VA I LA BLE D AT A

•
Several sources of long and short-term daily raingauge data were used for the
mapping of KBA R and CV. The Institute of Hydrology holds daily rainfall
totals from 1961 to thc present for over 4000 gauges in the UK. A selected

• number of records of length greater than 40 years are also held. A dditional
long and short-term data were provided by South West Water.

•

Series of annual maximum 1 and 2-day rainfalls were extracted for each gauge
• situated within the study region. Maximum values were only accepted if

three-quarters of the year's daily totals were available. A t each gauge which
• could provide ten or more maxima, values of RBA R and CV were calculated.

The numbers of gauges used in the mapping of RBAR and CV and their
• record lengths arc shown in Table 1.

Table 1 Sum mary of da4 gauge data used in the study

• Number of years of record Number of gauges

•

10 - 19 295
• 20 - 29 190

30 - 39 37
• 40 - 59 31

>60 37
•

Total 590
0

•

The raingauges are fairly evenly distributed and their positions are shown in
Fig. 2. Point values of I and 2-day RBA R and CV are given in Appendix 1.

• 5.3 G EO ST A11S11CA L AN A LYSIS

41
53 .1 Backg ro un d to geosta t ist ics

•

• T he method adopted in the mapping of the rainfall statistics is that of kriging,

•
which is one of a number of techniques which comes under the general term
geostatistics. Geostatistical techniques provide a set of statistical procedures for
analysing the- spatial structure of random variables and for performing
interpolation and areal estimation (Cooper & Istok, 1988). These techniques
have been used for some time in the field of mining and geology. More
recently geostatistics have been applied to hydrological problem-solving

•
(Delhomme, 1978), particularly in hydrogeology. However, a number of studies
have been specifically concerned with the spatial variability of rainfall fi elds

•
(Bastin et at ,  1984; Obled, 1987; Lebel & Laborde, 1988).



A primary advantage of geostatistical techniques is that they can be applied to
irregular fi elds and arc tolerant of missing values. A lso, their theoretical basis
does not take into account the physical nature of the phenomenon being
studied, and when interpolation is carried out a measure of the estimation
error is given. While the end-product of a geostatistical analysis is often a
contour map of the required variable, a description of the nature of the
spatial structure of the variable is also produced. Geostatistics therefore
provide a powerful methodology for the analysis of point rainfall statistics
which are irregularly distr ibuted in space.

The geostatistical approach to mapping can be divided into three stages:
description of the spatial correlation of a particular variable, modelling of the
spatial structure of that variable and interpolation. The descriptive stage is
based on the analysis of exper imental semivariograms. A semivariogram
expresses the spatial variability of an irregular field in terms of intersite
distance; the mean spatial correlation between pairs of observations is plotted
at regular distance intervals. The semivar iogram general ly increases with distance
unti l it becomes approximately equal to the global variance in the fi eld of
values. Several semivariograms can be calculated for diff erent directions in
order to determine whether the spatial correlat ion function is isotropic. The
second stage of the analysis involves fi tting a mathematical model to the
semivariogram. Finally, this model is used in kriging to obtain estimates of
the variable of interest at unmeasured points.

Valid applicat ion of gcostatistical techniques relies on certain conditions being
met. The fi rst assumption made is that the underlying distribution of the
data points is normal. However, deviations from normal ity can oft en be
corrected by transforming the data, for example by taking the natural
logarithm of the observations. Th e regionalized variable is also assumed to be
stat ionary .

5.3.2 Semivariogram analysis

Semivariograms were derived for 1 and 2-day RBA R and CV (Fig. 3). Firstly
the data were checked for normali ty using the Kolmogorov-Smirnov statistic
(Hoe), 1962). In each case it was found that taking the natural log
transformation of the data increased the normal ity and fol lowing Rendu (1979)
and Cooper & Istok (1988), a constant was added to improve the fit . The
transformation used is given by

Y(x) = In [Z (x) t A ] ( 1)

where Y(x) is thc natural log-transformed variable, Z(x) is the set of
observations and A is a constant. Values of A are given in Table 2.
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Table 2 Values of A u sed to imp rove the lognorm al fi l of the da ta
• p oints

•
Variable A

•

• 1-day RBA R -28.37
2-day RBA R -26.33

• 1-day CV 20.75
2-day CV 7.24

•

• Journel & Huijbregts (1978) give practical rules for estimating a true
semivariogram from experimental data. They state that the number of sample

• pairs should be large, and that the semivari ogram should not be estimated
over a distance exceeding half the longest dimension of the region of study.

• Since 590 sample observations of RBA R and CV were available the fi rst rule
was easily met, and in accordance with the second, semivariograms were

• estimated over a maximum distance of 150 km.

• Sernivariograms in four directions were calculated for each variable and
analysed using the UN1RAS graphics packagc (version 5.4). In each case, the

• forms of the sernivariograms were similar in ' all directions. Therefore an
isotropic semivariogram was derived for each variable and these arc shown in

• Fig. 3.

•
5.33 Structural analysis

•

-• Models were init ially fitted to the experimental semivariograms by eye. A ll
four semivar iograms showed a spherical shape with a marked discontinuity at

• the origin (" nugget  effect"). The nugget eff ect is usually ascribed to
microregional eff ects that are too smal l to be explicitly defi ned by the data

• points. In the spherical model, the var iance of the fi eld increases with
distance' unti l, at a distance called the range, it levels off at a value

• approximately equal to the global variance of the data points (the sill).

• The semivariograms for 1 and 2-day RBA R show similar characteristics,  with  a
small nugget eff ect and some variabili ty around the sill. A gain, the

• semivariograms for 1 and 2-day CV also resemble one another in shape, this
t ime having a more marked nugget and less irregularity after reaching the
range.

• Model parameters were fi tted using the cross-validation procedure proposed by
Delhomme (1978). In this method, each data point is taken out in turn and

• point kr iging is performed with the remaining sample points in order to
estimate the value at that point. A number of criteria based on the mean

• diff erence between observed and estimated point values are then used to
determine the optimum parameters. Details are given in A ppendix 2. The

• fi tted parameters are shown in Table 3.



53 .4  Kriging

53 .5 Results

Kriging is a linear unbiased interpolation technique used to estimate values of
a regionalized variable at unmeasured points. The semivariogram model is the
basis of the kr iging system. Values are assigned to points on a regular grid
according to a linear combination of the point observations, and a measure of
the estimation variance, or kriging variance, is given. The procedure has the
advantage that the original values at observed points are honoured.

Kr iging was carried out on the 1 and 2-day RBA R and CV values using the
scmivariogram models already described. The method adopted was that of
str ict kr iging, using the Krigpak software package within UN1RAS. The
method of sliding neighbourhoods was used (Journel & Huib regts, 1978), in
which kr iging is performed using only those sample values that lie within the
neighbourhood of the point to be estimated. This helps to correct for
non-stationari ty in the underlying distr ibution. Since the scmivariogram models
seemed to be well defi ned up to a distance of 120 km, this was used as the
radius of infl uence in thc kriging process. Points were kr iged onto a regular
grid of interval 1 km. An inverse log transformation was carried out to
produce grid values in mil limetres, which were then contoured to produce the
maps in Fig. 4 a-d.

The 1 and 2-day RBA R maps (Fig. 4 a & h) show similar patterns, with high
values occurring in the upland regions of Exmoor and Dartmoor. The
relatively high values of CV of extreme 1 and 2-day rainfalls in the arca
around Bridgwater in Somerset arc clearly demonstrated in Fig. 4 c & d.
This is in agreemcnt with the findings of Bootman & Willis ( 1977 & 1981)
and Reed & Dales (1988).



6. Focu ssed ra infa ll growth estimat ion

6.1 IN TRODUC TIO N

"Ih e second stage of the analysis of rainfall frequency in South West England
has been concerned with the construction of 1 and 2-day rainfall growth
curves. In selecting a new procedure for rainfall frequency estimation, the
fol lowing properties were identified as desirable. The method should:

( I ) fully exploi t the daily rainfall data,

(2) avoid fixed geographical regions or at least minimize boundary
problems,

(3) provide, through regionalization, estimates of relatively high return
period rainfalls, including the 10,000-year event,

and

(4) avoid undue regionalization in the estimation of design rainfalls of
moderate return period.

T he approach taken to the problem has been to modify the so-called
"station-year" method to incorporate the concept of spatial dependence in
point rainfall extremes.

62 T HE STAT IO N-YEAR M ET HO D

The requirement for estimates of high retur n period events was met in the
Flood Studies Report by partial recourse to the station-year method. In the
derivation of regional fl ood growth curves the assumii t ion was made that the
largest four standardized fl ood peaks from groups of N stations of average
record length m years could be assigned plott ing positions in the extreme
value analysis consistent with them being the largest four events in m.N years
of record (FSR 1.2.6.2); however, care  was  taken to avoid near neighbours in
the  a priori  grouping of stations. Using the Gringorten formula, the plott ing
position of the ith highest standardized value is:

yi = In (- In Fi) (2)

where y is the Gumbel reduced variate, F is the non-cxceedance probability:

Fi = (i 0.44) / (M * 0.12) (3)

and M = m.N is the number of station-years of record.

A similar assumption was made in the derivation of rainfall growth factors
(FSR 11.2.3) but without the safeguard of segregating near-neighbour stations.



The station-year method has been widely cri ticized because it assumes spatial
independence in hydrological extremes. There is, however, considerable spatial
dependence in rainfall extremes and this undoubtedly contributes to spatial
dependence in fl oods. In eff ect, the N stations of average record length m
years provide many fewer than m.N independent station-years of record. Thus
the station-year method has a gross error which is only partly corrected by its
similar neglect of dependence in the highest values themselves. (The FSR's
treatment of the four highest standardized fl oods al lowed particular events such
as the September 1968 fl oods to supply more than one station-year point.)

6.3 A MOD EL OF SPAT IAL DEPEND ENCE IN MA XI MU M
RA INFA L LS

Reed & Dales (1988) present a simple model for spatial dependence - in
maximum rainfalls. For any network of N sites, an effective area spanned
(A REA km2) is identifi ed and a regression model applied to estimate an
equivalent number of independent sites, Ne:

In Ne / In N = a + b In A REA + c In N d In D (4)

where D is the rainfal l duration in days. The UK average model is:

In Ne = In N(0.081 + 0.085 In A REA 0.051 In N 0.027 In D)

Thus, for example, four sites spanning 1000 km2 are deemed equivalent to
2.29 independent sites for 1-day maximum rainfalls.

6.4 A MO D LFI E D STAT IO N-YEA R ME THO D

(5)

The spatial dependence model provides a means of correcting the deficiencies
of the station-year method. For a fixed network of N gauges operating for m
years the equivalent number of independent station-years, Me, is simply m.Ne
However, in practice, the number of gauges operating varies from year to year
and M is instead calculated by accumulating values of  Ne year by year. In
the modifi ed station-year method, the r largest independent standardized values
arc plotted as the r largest events in a record length of Me station-years,
again using the Gringorten formula (Equation 3) but wi th Me replacing M.
Thus the method gives emphasis to the most extreme events observed in a
region.

The modified station-year approach forms the basis of the focussed rainfal l
growth estimation (FORGE) method. This is designed to produce a rainfal l
growth curve that is centred on a particular location. The FORGE method
meets the cri terion to provide regional ized estimates of high return period
events while keeping faith with what more local data infer about events of
moderate return period.
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• 6.5 FOCUSSED RAINFALL GROWT H CU RVES FO R SO UT H
WE ST E NG LAND

•

•
6.5. 1 'M e FO RG E method

•

• The FORGE method has been used to construct a series of 1 and 2-day
rainfall growth curves focussed on ten locations in South West England.

• These locations, which are shown in Fig. 5, were chosen to give approximately
even coverage of the study region, and it can be seen that the area studied •

• by Bootman & Willis ( 1977 & 1981) is well represented.

• T he analysis was carried out using daily rainfall data from 1255 raingauges.
Of these, 590 were situated within the rcgion of study (see Table 1). The

• remainder were included either because they were adj acent to the study region,
or because they had reliable records of greater than 40 years. A nnual

• maximum 1 and 2-day rainfall series were constructed for each gauge and
standardized by the relevant RBA R value at that gauge, each series comprising

• at least ten values. The standardized annual maxima provided the input
dataset for the FORGE analysis.

•

The FORGE method is largely a graphical one in which an extreme value
• plot of standardized data is constructed by a series of applications of the

modifi ed station-year method.
•

In the fi rst applicat ion, the three gauges nearest to the focal point are
• analysed. For each year containing at least one annual maximum value, the

equivalent number of independent sites is calculated using the spatial
• dependence model. The Ne values arc then cumulated over all the years of

•
record to  give the  equivalent number of independent station-years, M . The
six highest independent standardized values are plotted using plotting posit ions

••
based on Equations 2 and 3, before the analysis is repeated for a larger
network of gauges.

• In the second application, data are analysed for the six stations nearest to the

• focal point. Again the six highest independent standardized values are
abstracted. Because the larger network provides morc equivalent independent

•
station-years, the points plot further to the right in the extreme value plot.

•
The analysis continues, doubling the number of gauges each time. A s gauges
at a greater distance from the focal point are gradually included, the reliabil ity

•
of their records becomes more important since they are being used to estimate
rainfall frequency at higher return periods. For this reason, in order to be

•
included in the analysis, gauges at a distance of more than 50 km from the
focal point must have more than 20 annual maxima. Similarly, gauges more

•
than 100 km from the focal point must have more than 30 maxima, and
gauges more than 150 km away must have more than 40 values. Thus, the

•
fi nal i teration incorporates all gauges in the UK with more than 40 years of
data, as well as those local gauges with reliable records.

•

•

•

•



Reed & Dales (1988) provide diff erent se ts of paramete rs for the spatial
dependence model for each of the regions shown in Fig. 1. In the
applica tion of the FO RGE method to South Wcst England, the means of the
parameter values for the South Wes t and West Country regions were used.
Thus, Equation 4 becomes:

In Ne = In N (0.098 In A REA 0.0715 In N + 0.0 In D) (6)

Howeve r, in mo st practical cases the resu ltant interregional differenccs  in
assessments of spa tial dependence are generally slight and it is suggested that
wide r applications of the mod ifi ed station-year method might reasonably adop t
the UK average mode l (Equa tion 5).

6 .5 .2 R es ults

T he forms of the 1 and 2-day rainfall growth curves for the tc n foci in South
West England are shown in Figs. 6 and 7. Individual cu rves were sketched in
to follow the points plo tted in the FO RGE method and are given in Figs. 8
and 9 (a to j).

The characteristic S-shapc of the growth curves is illustrated in Figs. 6 and 7.
That the diff eren t curves approach one another at high return period is a
fea ture of the FO RG E method. The reason for this is this that long-term
gauge rccords from the whole of thc UK are included in the final iteration of
the graphical method. Th erefore the very highest standardized rainfalls are
likely to be common to each focussed growth cu rve, with the plo tting posit ions
vary ing slightly due to differences between sites in the final numbe r of
independent station-years.

From Fig. 6 it can be seen that the 1-day curve focussed on Bridgwater is
no tably h igh in the rc tu rn period range 20 to 200 years, confirming Bootman
& Willis' fi nding that ra infall growth rates in Somerset are especially se vere.
The curve focussed on Chard is particularly h igh between retu rn periods of
100 and 300 years. That for Bristol, however, lies beneath the o thers between
re tu rn pe riods of 200 and 1000 years. Th e curve focussed on Wimbleball
Reservoir lies in the middle of thc ten curves. The 2-day focussed growth
cu rves (Fig.7) show a similar pattern relative to one another, although the
curve for Great Torrington is particularly low between return periods of 50
and 500 years.

In Fig. 10, the 1-day growth curve focussed on Wimbleba ll Reservo ir is shown
together with the growth curves for the West Country and South West reg ions
de rived by Dales & Reed ( 1988). It can be see n that up to a return period
of about 800 years the Wimbleball curve is remarkably close to that of the
West Country. For highe r return periods, however, mo re moderate growth
ra tes pei ta in.

65 3 Discu ssion

In the study, particular e mphasis has been placed on the requirement to

10



derive estimates of design rainfalls of high return period for Wimbleball
Reservoir. In Figs. 11 and 12, 1 and 2-day rainfall frequencies in millimetres
derived using the FORGE method are compared with FSR estiMates for
Wimbleball . The large departures from the curve based on the FSR method
are obvious at all return periods for 1-day rainfalls and at return periods of
greater than 50 years for 2-day rainfalls.

Estimates of 10,000-year return period rainfalls for Wimbleball arc given in
Table 4.

Table 4 Comp ari son of I0,000-year rainf all estim ates f or Rrunbleball
Reserv oir

1-day duration

2-day duration

6.5.4. lj nk with FS R II

7.  Conclusion

10,000-year rainfall (mm)

FORGE FSR II

264 239

314 266

Similarly, rainfall frequency curves centred on Bridgwater are shown in Figs. 13
and 14. In this case, estimates of design rainfalls derived by the FORG E
method exceed those of the FSR method at all return periods.

Use of the FORGE analysis technique in South West England has indicated
particular shortcomings in the FSR II method when applied to the region.
Methods of linking the results of the analysis to the standard FSR method,
for example by computing correction factors, are currently being investigated.

In this study a two-stage approach to the analysis of rainfall frequency in
South West England has been undertaken. The results of the analysis indicate
signifi cant departures from the FSR I I method, and thus have important
implications for fl ood design in the region. The methods used in the analysis
are of considerable interest since they could be applied to any region of the
UK, provided suff icient data were available.

The use of the kr iging technique in mapping ROA R values has demonstrated

11



the value of the geostatistical approach in the analysis of rainfall statistics. In
view of the relationship between RBA R and alt itude, it is thought that
extension of the technique to incorporate regression could produce maps of
higher quality if digital elevation data  were  available.

The FORGE method provides a new and powerful technique for estimating
rainfall growth curves where suffi cient data are avai lable. Development of the
technique is cont inuing and the possibili ty of seeking parametr ic forms for the
growth curves is being investigated.

8. References

Bastin, G., Lorent, B., Duque, C. & Gevers, M. (1984) Optimal estimation -of
the average rainfal l and optimal selection of raingage locations. Wat.
Resour. Res. 20, 463-470.

Bootman, A . P. & Will is, A . ( 1977) Extreme two day rainfal l in Somerset.
Fl ood Studies, A n Opportuni ty for Discussion, Univ. Birmingham, March
1977.

Bootman, A . P. & Willis, A . ( 1981) Discussion on papers 4-6, Fl ood Studies
Report - Five Years On. Thomas Telford L td., London, 62-63.

Cooper, R. M. & Lstok, J. D. ( 1988) Geostatistics applied to groundwater
contamination. I : Methodology. J. Envir. Engg., 114, 2: 270-286.

Delhomme, J. P. ( 1978) Kriging in the hydrosciences A dv. Wat. Resour., 1,
5: 251-266.

Hoel, P. G. (1962) Introduction to Mathematical Statistics. Wiley, New
York.

Journel, A . G. & Huij bregts, C. J. ( 1978) Mining Geostatistics. Academic
Press, New York.

Lebel, T. & Laborde, J. P. (1988) A geostatistical approach for areal rainfal l
statistics aqscssment. Stochastic Hydrol. Hydraul. 2, 245-261.

Natural Environment Research Council (1975) Fl ood Studies Report. (5
vols.) NERC, London.

Obled, C. ( 1987) Interpolation optimale et geostatistique appliquec aux
precipitations. Deuxiemes j ournees hydrologiques de l'ORSTOM a
Montpell ier, 16-17 September 1986, Editions de l'ORST OM. Paris, 174-221

Reed, D. W. & Dales, M. Y. (1988) ReOonal rainfall risk: a study of spatial
dependence. Paper to IA HR Symposium, Birmingham, August 1988.

Rendu, 1. M. (1979) Normal and lognormal estimation. Math. Geol. 11, 4:
407-422.

•
•
•
•
•
•
•
•
•
•
•
•
•

•

•
•
•
•
•
•
•
•
•

•
12 •

•



Ackn owledgemen ts -

This study was carried out under contract to South West Water. The
focussed rainfall growth estimation method was born out of the spatial
dependence model for rainfall ext remes developed in research for the
Department of the Environment (Contract PECD 7171135). Strategic research
on fl ood and rainfall estimation is also supported by the Fl ood Protection
Research Commission of the Ministry of Agriculture, Fisheries and Food. The
author gratefully acknowledges the cont ribution of Dr D. W. Reed to the
study.

13



117
 N

. I
R

E
LA

N
D

S
O

UT
H

W
E

ST

W
A

LE
S

W
E

S
T

C
O

U
N

T
R

C
E

N
T

R
A

L

E
A

S
T

E
R

N

S
O

U
T

H
E

R
N

0

F
ig

ur
e 

la
 

U
K

 r
ai

nf
al

l 
re

gi
on

s 
p

re
se

n
te

d 
by

 R
ee

d 
&

 D
al

es
 

(1
98

8)
.

R
E

T
U

R
N

 
P

E
R

I
O

D
T

y
e

a
r

s

2 
5 

10
 

2
0 

5
0 

10
0 

2
0

0 
5

0
0

0 
5

R
E

D
U

C
E

D
 

V
A

R
I

A
T

E
 , 

y

• 
•

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
•



• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
•

2
0

0
0 

I

15
0

0

10
00

5
0

0

F
ig

ur
e 

2 
L

oc
a

tio
n

 of
 ra

in
ga

ug
es

 i
n 

So
ut

h 
W

es
t 

E
ng

la
nd

•
•

•

•
t

•
•

•

•
•

•
•

•
•

'

•

• 
• 

%,
• 

.

• 
•

•
•

•

• 
••

 
• 

.
. 

•
.

•

•
• 

• •
 •

• 
• 

• 
•

 

• 
• 

• 
• 

•

• •
 

• 
• 

• 
• 

P 
•

• 
• •

 
•

. 
•

• 
• 

• 
• 

•

•
•

I.

o

• •
 •

10
0

0 
15

0
0 

2
0

0
0 

2
5

0
0 

3
0

0
0 

3
5

0
0 

4
0

0
0

E
a

st
in

g



•
•

16

40

40

41

41



• 
•

• 
•

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

•
• 

•
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
•

• 
•

•
• 

• 
•

2
0

0
0

15
0

0

- 
10

00

5
0

0 10
00

47

Fi
gu

re
 4

a 
M

ea
n 

(R
BA

R
)

 of
 an

nu
a

l
 m

ax
im

um
 1-

da
y

 ra
in

fa
lls

(r
nm

).

-1
4

6
°

15
0

0 
2

0
0

0 
2

50
0

La
st

in
g

3
0

0
0

0 
20

k
m

3
5

0
0 

4
0

0
0



20
0

0 
—

15
0

0

_E
O

D
 1 

0
0 

0

0

5
0

0 o 10
0

0

5
:

F
ig

ur
e 

4b
 

M
ea

n 
(R

B
A

R
) 

of
 

an
n

ua
l 

m
ax

im
um

 
2-

da
y 

ra
in

fa
ll

s
(m

m
).

so

)0
4

4

i
t

)

R
0 

(

)
. 

C
0 

-- 
-;

i

0 
31

9 
_

.0
; 

-o
 

\ —
N

J 
i

'
S

 cl 
—

 \ S
O

 
:

8

--
...

—
I

1
SO

,—

: 
,r,

'-•
--re_

. 
54

r
. 

4.
- \

V
 N

.- \
 ,

.. 
s'

o 
r-

>
-

-
5

4 
L

._

0 
0 

I
 C

)
c.

 
0

x 
—

1
. 

.../
--5

 
r(

A
.

0 
•;,.

)

15
0

0 
20

0
0 

2
50

0
Ea

st
m

g

50

3
0

0
0

0 
2

0
k

m

3
5

0
0 

40
0

0

• 
•

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
•



• 
• 

• 
• 

• 
•

•
• 

•
•

• 
• 

•
•

• 
•

•
• 

• 
• 

• 
• 

•
•

• 
• 

• 
• 

• 
• 

• 
• 

• 
•

F
ig

ur
e 

4c
 

C
oe

ffi
ci

en
t

 of
 va

ri
at

io
n 

(C
V)

 of
 an

n
ua

l 
m

ax
im

um
1-

da
y 

ra
in

fa
ll

s 
(%

).

c.r
)20

00

10
0

0
S- O

50
0 10

00

0 
\

26
 -

1
77

)
2

.0
0

k
q

y
L

1-
__

) 
,Z

,1
 

*
-)

.3
4

1 IC

15
0

0 
20

0
0 

2
50

0
Ea

st
in

g
3

0
0

0

34

.2
6

7
:1

-r
 =a

j
0

L'
 

0

0
V

 \
--

N

0 
20

i 
k

m
 

j!o
i

 i

3
5'

0
0 

40
00



N
J

20
0

0 
—

  

15
0

0

10
0

0
0

5
0

0

F
ig

ur
e 

4c
l 

C
oe

ffi
ci

en
t

 of
 va

ri
at

io
n

 (0
1 

of
 an

n
ua

l 
m

a
ti

m
um

2-
da

y 
ra

in
fa

lls
 

(%
).

10
0

0 
15

0
0 

20
0

0 
2

50
0

Ea
st

in
g

3
0

0
0

0 
20

km
 

 

O

3
5

0
0

4
0

10
0

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
•



• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
• 

• 
•

2
0

0
0

15
0

0

5
0

0

F
ig

ur
e 

5 
F

oc
i

 of
 ra

in
fa

ll
 g

ro
w

th
 

cu
rv

es
 i

n 
So

u
th

 
W

es
t 

E
ng

la
nd

.

T
ru

ro

B
o

d
m

inG
t.

T
or

ri
n

g
to

n

P
ly

m
o

u
th

•

W
im

b
le

ba
ll

•

E
xe

te
r

•

C
ha

rd
•

B
ri

d
g

w
a

te
r

B
ri

st
o

l

D
o

rc
h

es
te

r
•

0 10
0

0 
15

0
0 

2
0

0
0 

2
5

0
0 

3
0

0
0 

3
5

0
0 

4
0

0
0

Ea
st

in
g



CL

C3

17
(3)

C3

3 .

2

O.

Figure 6

2

O. 10 .

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•



•
•
•

•

S C

6

4 .

Figure 7 2-day f ocussed gm wth c oves f or South Ii iest EnglantL

C h ard1J 3.• ia)

6 :6
• o

2 Br id g w a t e r

Pl y mout h

Do r c he st e r

10 .

- at- - B r i s t o l

- ce- G t To r r i n g t o n

W im b le b a I I

ft

•
•
•
•
•
•
•
•
•

2

0 .

5 10

-"" - -- P l y mout h

RETURN PERIOD , YEARS

20 5 0 100 200 5 00 100 0

5.

Reduced var iate ,

23

1000 0



Figure 8 I -day f ocussed growth curves f or South West England:

a) i h iro
b) Boc !min
c) Plymouth
(1) Great Tarrington
e) Exeter
D Wimblehall
g) Bridgwater
tz) Chard
i) Bristol
j ) Dorchester
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Figure 9 2-clay f ocussed growth curves f Or South West England :

a) Truro
b) Bodmin
c) Plymouth
cl ) ( ; reat TOrrington
e) Exeter
f ) Winch !M all
g) Bridgewater
h) Chard
i) Bri stol
j ) Dorchester
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•

• Figure 11 1-day rainfall f requency curves for Firunbleball Reservoir.
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•
•Figure 12 2-day rainf all f requency curves f or Wim bleball Reserv oir.
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A pp end ix I I and 2-day rainfall statistics f or gauges in the
study region.

Gauge Grid 1-day 2-day 1-day 2-day No . o f
number reference RBAR(mm ) RBAR(mm ) CV(%) CV(% ) years

346847 4045 950 35.81 48.32 22 .03 25.14 26
346876 4060 924 37.12 48 .83 23.15 22.78 26
34688 1 4074 923 37.86 49 .98 25 .62 23.98 21
346882 4082 919 36.97 49 .19 23.76 25.57 16
346887 4077 926 35.04 44 .16 29 .54 19.59 10
346975 40 16 903 36.17 48 .37 21.88 23.65 21
347013 4006 937 36.36 49 .35 27.87 25.35 24
347110 3876 928 38.05 50 .77 23 .17 21.82 15
347766 3805 1030 41.38 52 .56 21.62 21.70 14
347819 3804 983 4 1.60 53 .25 28 .23 29.23 16
347927 3851 939 38.15 49 .98 26 .48 19.05 17
347973 3886 889 38 .24 48 .66 28 .39 25.68 23
348392 3575 95 1 49 .67 61.56 53.13 41.14 44

348684 3659 1040 45 .66 56 .35 22 .84 22.14 26
348792 3667 949 43.94 57.35 25 .02 25.96 12
348847 3684 905 4 1.29 53 .30 16 .15 16.85 26
348903 3716 928 37.24 49 .99 21.81 17.08 14
348909 3712 917 40 .08 53 .61 22 .68 19.68 15
348916 3718 912 42 .46 54.00 27.14 20.85 24
349024 3648 888 43.74 55 .95 25 .13 17.88 17
349 122 3688 898 39.88 53 .69 20 .46 18.34 20
349 125 3693 899 40 .19 53 .25 17.25 19.46 10
349326 3741 878 4 1.15 52 .70 23.59 21.54 15
349492 3820 870 40 .71 54 .18 29 .62 25.09 24
349695 3870 866 42 .50 53.84 27.07 23.72 18
349784 3911 823 4 1.75 54 .64 33 .58 31.90 63
350079 3960 825 42.02 55.16 32 .07 28.87 19
350278 4030 794 34 .67 47.35 25 .18 18.94 26
350531 3707 839 4 1.96 51.56 17.40 22.00 10
350570 3681 805 37.27 48 .14 33 .79 26.92 11
350593 3652 857 42.93 53 .05 63.40 49.78 67
350749 3661 795 38.18 47.02 35 .33 25.99 17
350753 3676 791 36.64 46 .07 58 .11 46.39 68
350 776 3677 692 35 .28 44 .88 26 .62 29.9 1 18
350790 3687 717 39.11 50 .55 30 .91 28.4 1 15
350818 3667 770 31.31 43.68 22 .45 20.65 10
35092 1 3578 852 37.56 46 .75 29 .98 28.93 26
35 1053 3550 902 42.22 51.35 23 .34 24 .89 17
35 1190 3482 1011 44 .54 56 .57 33.15 27.54 52
351256 3469 993 4 1.86 51.67 30 .31 22.19 20
35 1463 3498 940 39 .99 48 .64 20 .64 25.67 10
35 1827 3371 937 38 .96 49.57 25 .34 19.00 21
35 1986 3315 913 39 .89 50 .97 37.14 25.25 30
35200 1 3301 909 40 .44 52 .40 37 .46 25.51 12
35228 1 3373 1086 45.80 60 .80 28 .85 24.9 1 48
352316 3359 1051 45 .21 56 .94 24 .52 21.92 62
35246 1 3358 1006 45.79 58.16 29 .57 26.26 17
352519 3291 1073 46 .94 60 .02 33.64 30.15 18
352634 3290 1037 4 1.04 52 .77 27 .22 29.37 10
352686 3307 977 43.47 54 .72 29 .76 26.63 20
352.746 3271 1133 51.08 64 .26 34 •54 29.03 18
352856 3244 1082 42 .91 55 .08 43.78 43.23 12



•

•

Gauge Grid 1-day 2-dny 1-day 2-day No . o f 41
number reference RBAR(mm ) RBAR(mm) CV (% ) CV(%) years

41
35286 1 3241 1079 50 .96 57.68 46 .83 36 .14 10
353056 3267 986 39 33 50 .30 27.12 23.48 33 41
353175 3259 926 40.35 46 .24 39 .93 32.53 11
353394 3207 1022 44.59 56 .73 27 .85 26 .30 24 41
3534 19 3214 1004 44 .16 57.29 23.89 29 .10 14
353423 3210 1000 55 66 69 .46 43 .33 33.86 10 41
353472 3248 966 36.62 47.07 14 .86 25 .85 19
353510 3236 922 34 .64 48 .09 17.08 17.61 13 41
353518 3244 923 40.36 50 .39 44 .59 33.79 42
353529 3259 913 32.91 45.12 12.25 19 .25 10 41
353608 3230 894 43 .14 51.44 66 .13 56 .83 31
353612 3226 892 38.87 47.4 1 40 .04 32.01 17 41
353863 3124 873 37.66 46 .00 45 .38 35.79 23
353894 3224 114 1 47.79 66 .31 22 .89 27.87 16 41
353964 3206 1089 47.88 61.51 44 .51 33 .72 15
353967 3203 1088 42.62 55.47 31.48 34 .54 12 41
354 170 3171 1004 48.64 62 .00 35.37 30 .76 28
354295 3108 994 38.01 49 .78 27.58 23 .38 56 41
354352 3101 1048 41.18 50 .34 64 .32 51.17 17
354492 3110 954 41.53 54 .36 34.06 24 .50 25 41
354497 3088 952 40.93 49 .04 51.46 42.86 15
354556 3071 928 39 .27 48 .04 22.45 19 .92 32 41
354568 3067 921 43 .23 52.97 40 .33 29 .22 12
354590 3084 9 14 38.86 47.70 31.68 24 .13 16 41
354658 3082 882 39.34 48 .86 37.51 30 .10 23
354 778 3064 830 34.52 44 .71 21.54 20 .81 16 41
354864 3026 819 38.09 46 .82 34.27 28 .55 77
354880 3015 843 40.23 49 .35 38.68 30 .73 26 41
354895 3013 825 36 .34 47.70 26 .60 23 .19 15
355052 3021 1005 37.94 47 .04 46 .84 35 .47 2 1 41
355279 3031 939 39.67 49 .77 38.14 27.04 54

355348 2964 940 42.39 50 .11 45 .64 37.31 18 41
355363 3001 933 40.51 50 .86 44 .18 31.64 26
355436 2970 934 41.13 49 .94 37.21 32 .62 27 41
355459 3039 892 40.90 52.36 31.98 24 .88 19
355639 2843 1383 65.39 85 .27 29 .25 26 .01 38 41
355650 2857 1384 58.30 77.74 19 .90 22 .31 23
355735 2906 1348 51.9 1 67.91 28 .14 2 1.65 45 41
35608 1 296 1 1338 52.39 71.87 26.08 16 .85 16
356232 2784 1389 66.20 82 .14 19 .29 14 .35 11 41
356262 2797 1392 57.52 78 .52 4 1.34 31.97 44
356466 2877 1327 52.60 69 .39 16.62 19 .53 26 41
356616 29 12 1280 48.55 60 .07 39.32 29 .91 22
356650 2930 1243 45.30 56.28 22 .50 16 .01 12 41
356671 2875 1266 40.43 54 .09 30.70 25 .07 24
356984 3022 1230 40.46 51.71 38.07 28 .13 23 41
357054 2966 1255 44.2 1 57.08 34 .4 1 26 .11 31
357055 2964 1256 42 .71 56 .09 40 .10 27.86 16 41
35 7187 29 16 1185 46 .71 55 .27 50 .4 7 36 .86 11
35 7205 2928 1171 37.62 50 .82 12.85 13 .63 13 41
357435 2990 1180 38.84 49 .83 37.68 26 .79 22
35 7477 2965 1132 36.62 48 .62 29 .20 24 .09 34 41

41

41
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•

0 Gauge Grid 1-day 2-dny 1-dny 2-day No . of
number reference RBAR(mm ) RIIAR(mm ) CV (% ) CV(%) years

0
35 7522 2966 1152 34 .26 45 .4 1 16 .31 18.16 10

41 357703 2914 1080 31.16 44 .09 12 .06 22.47 10

357958 2925 984 37.39 49 .35 36 .72 24.72 16

41 357960 2936 98 1 35 .38 47.8 1 39 .59 28.16 16

357983 3202 1162 53.79 65.07 42 .30 32.71 17

41 358 100 3136 1076 42.33 52.64 19 .90 15.32 2 1

358232 3139 1126 46 .49 59.85 43 .24 35.77 22
0 358233 3139 1128 47.04 58.17 46 .23 35.34 12

358263 3122 1147 43.22 55.32 47.34 36.81 17
• 358300 3102 1152 37.67 48 .69 39 .88 32.85 44

358511 3065 1075 37.70 48 .52 47.20 34.16 23
41 358549 3039 1194 45 .86 54.69 49 .49 37.81 11

358550 304 1 1195 36 .07 48 .20 19 .37 15.82 11
0 358670 3033 1113 39 .86 50.99 50 .62 37.11 14

358674 3035 1103 34.59 43.95 23 .01 19.71 15
• 358795 3020 1073 35 .74 46 .87 33 .42 25.38 72

358856 3000 1045 35 .97 44 .45 30 .43 25.21 52
• 358942 2994 1033 40 .80 49 .53 4 1.27 35.49 25

359171 2819 1074 37.94 47.32 42 .45 29.79 22
• 359424 2726 943 39 .23 54.95 27 .42 28.95 12

359600 2760 1003 40 .55 50.52 44 .46 34.38 13

• 359631 2771 1020 35 .21 45.39 32 .00 24.47 48

359725 2805 1014 34 .04 45.31 43 .00 33.63 20

• 359869 2832 1006 35.25 45.34 46 .21 34.20 13

359946 286 1 10 11 39 .65 47.58 38 .95 31.43 19

• 359975 2879 98 1 4 1.84 51.16 37 .30 27.23 18

360 143 292 1 926 43.40 51.54 38 .61 32.73 14

• 360 155 2928 917 35 .11 49 .22 17.58 24.00 16

360 199 2943 920 38 .94 48.94 37 .25 33.67 38

• 360247 2894 9 17 41.49 55.9 1 39 .87 34.14 18

360333 2905 880 4 1.90 52.74 32 .99 35.17 38

• 360344 2926 889 4 1.07 52.38 28 .60 32.11 33

360699 2957 836 37.66 52.32 2 1.44 30.84 16

• 360709 2959 834 37.96 47.35 32 .06 29.18 29

360724 2972 821 . 38 .35 48.79 35 .35 28.47 26

I . 360763 2944 800 43.46 56.29 39 .44 32.31 21

360863 2943 768 4 1.88 54.10 29 .22 27.38 45

• 360892 2953 751 40 .52 51.71 33 .89 26.42 26

36090 1 294 1 745 43.52 56.62 31.99 25.46 17

• 360905 2938 737 37.95 48.46 15 .4 1 19.21 14

360906 294 1 728 38.31 47.68 31.68 28.45 77

• 36 1067 2674 894 46 .77 63.86 2 1.40 29.53 14

36 1121 2670 842 67.38 89.49 31.32 26.97 30

• 36 1123 2672 843 70.45 93.62 25 .11 26.68 30

36 1126 2673 842 71.76 93.39 17.84 29.45 14

• 36 1130 2670 850 64 .54 88.25 33 .01 25.83 56

36 1155 2692 88 1 56 .62 68.96 43 .15 31.64 11

• 36 1185 2714 870 55 .12 71.51 30 .15 28.19 24

36 1273 2711 921 42.48 57.68 50 .65 38.64 25

• 36 1321 2770 932 39 .90 58.0 1 19 .27 26.22 13

36 1361 2775 908 45.96 61.96 17.71 28.69 11

• 36 1704 2807 839 46.35 60.22 26 .85 23.73 66

•

•
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•
•
• Gauge Grid 1-day 2-day 1-day 2-day No . o f

•
number reference RBAR (mm ) RBAR(mm ) CV (% ) CV(% ) years

•
366873
368060

2667 502
2629 612

38.90
57.33

52.66
75.39

20 .40
25 .49

22.72
22.74

14
21

•
368 119
368 124

2588 590
2598 585

46 .06
48 .57

64.51
65.06

19 .83
34 .87

25.42
24.15

12
19

•
368231
368235

2577 512
2574 504

39 .54
38 .86

52 .08
51.14

23 .80
2 1.06

19 .49
25.09

38
11

•
368487
368633

2492 529
2585 735

40 .00
61.17

51.62
79 .99

34 .51
28 .36

26.11
29.02

56
35

•
368668
368714

2566 698
2553 687

49 .35
53 .96

66.10
67.90

25.25
26 .70

18.02
25.27

13
26

•
368715
368717

2552 685
2558 682

55 .34
55 .64

68.95
73.63

26 .63
22.60

25.07
21.25

23
60

•
368923
369021

2574 628
253 1 571

52 .74
43 .49

69.73
55.89

28 .05
37.84

22.67
29.08

4 1
30

369051 2486 569 42.16 55.54 46 .97 34.42 19

• 369122 2478 537 37.84 48 .12 33.91 27.33 81
369 124 248 1 551 4 1.99 53.32 46 .97 32.87 17

• 369296 2474 640 51.17 65 .72 34 .52 28.80 55
369483 2522 813 55 .89 71.77 17.72 33.39 12

• 369503 2509 784 54 .18 69.06 21.26 30.23 12
369680 2482 748 49 .4 1 61.56 58 .18 36.94 93

• 3699 19 2577 742 60 .0 1 77.30 38 .72 40.34 23
370007 2512 701 51.71 64.90 44 .60 30.0 1 22

• 370096 2513 675 49 .84 64.77 43.36 34 .20 20
370542 2311 1021 4 1.28 50.94 40.04 33.69 26

• 370543 2312 1028 36.75 47.93 28 .43 29 .49 10
370579 2314 982 37.62 49 .07 33.24 29.09 60

• 3706 12 2327 1066 40 .24 50.02 20 .87 25.28 12
370670 2365 1058 43.06 54 .85 39 .38 27.44 18

• 370679 2343 1040 39.29 52.03 27.88 22.76 34
370934 2309 947 43 .88 54 .25 38 .89 31.00 28

• 371160 2169 .916 37.27 52.63 26 .15 19.79 12
371322 2227 916 40 .68 57.38 20 .91 31.98 12
371460 2259 90 1 42 .71 59 .07 4 1.24 31.00 18

371600 2332 872 4 1.4 1 55.10 30 .81 27.22 30

• 371634 2413 1013 37.02 52.12 23.93 22.02 12
371724 2388 952 41.12 50 .74 35 .75 30.45 16

• 371799 2379 926 38.12 50 .96 4 1.09 39 .00 10
371899 2230 869 45 .68 65 .27 19.73 27.95 12

• 372003 2327 839 45 .51 60 .33 36 .12 32.38 26
372159 2548 910 54 .21 71.14 30 .25 25.75 26

• 372318 2473 848 46 .81 60 .88 30 .87 24.44 58
372437 2397 849 43 .43 56 .53 22.95 33.96 10

• 372697 2462 950 33 .39 47 .53 24 .0 1 34 .65 11
372920 2396 819 42.77 56 .34 19.26 30 .33 12

• 373078 2349 797 40 .69 54 .63 29 .35 24 .48 84
373165 2222 812 54 .57 75 .16 22 .09 26.43 12

• 373392 2286 803 50 .51 50 .78 10
373827 2422 707 48.59 61.87 4 1.92 30.06 13

• 373953 2406 647 47.07 59 .54 44 .88 34 .11 23
374086 240 1 632 44 .76 54 .57 56 .11 40 .68 20

• 374093 2435 626 43.98 54 .44 17.04 16 .71 10

•
•
• 55



Gauge
number

Grid
reference

1-day
RBAR(mm)

2-day
RBAR (mm)

1-day
CV (% )

2-day
CV(%)

No . o f
years

•
•
•
•

374322
374323

2244
2244

765
765

54 .11
46 .86

75 .00
62 .34

29 .18
17.17

26.28
17.06

25
17 •

374360
374385

2295
2289

770
743

47.78
46 .37

63 .35
62 .69

16 .60
18 .08

23.61
28.04

12
12 •

374499
374514

2273
2290

707
70 1

56 .64
52 .72

74 .61
69 .63

27 .97
35 .79

25.50
27.46

21
19 •

374661
375292

2323
2253

74 1
675

46 .28

50 .00
61.47
66.34

18 .46
29 .97

20.21
24.39

12
24 •

375396
375568

2282
2240

596
630

46 .42

44 .63
58.09
61.72

21.43
19 .39

18 .44
23.48

17
10 •

375572
375746

2257
2209

642
6 13

47.51
46 .68

60 .32
62.82

40 .14
35 .06

25.43
32.79

13
23 •

376507
376747

2167
2096

707
624

47.47
45 .03

67.86
61.29

19 .62
17.11

22.16
29.51

12
13 •

376770
377089

2107

2121
600
520

43.73

37.0 1
63.17
49.17

20 .48
24 .58

27.43
21.38

10
17 •

377162
377222

1989
2015

606
587

47.35

53.48
62.83
72.31

22 .96
21.97

23.72
22.19

15
11 •

377449
377504

2041

2002
532
559

41.61

50.04
51.29
65.93

28 .16
19 .70

21.77
17.78

11
11 •

377557
377795

2018
1978

525
468

46 .47
41.16

60 .90
51.24

44 .45

25 .12
33.95
23.01

19
11 •

378025
378032

1851
1853

350
330

40 .57
38.52

53.19
49 .26

43 .35
37 .13

35.93
30.50

12
35 •

378296
378299

1966
1966

527
518

49.88
49 .64 63.26

24 .71
44 .97 34.68

10
18 •

378760
378768

1834
1831

456
435

43.98
40.57

55.84
53.57

39 .74
38.06

34 .09
4 1.64

20
11 •

378965
379134

189 1
1847

511
464

43.62
43.46

55 .23
55.36

36 .67
32.58

32 .93
28 .98

29
82 •

379372
379495

1736
1722

402
365

44 .53
51.87

57 .51
66 .85

30.53
32.60

26 .41
32.19

97
13 •

379706
379710

1778
1784

336
34 1

45.49
46.11

57.46
58 .54

40 .95
29.56

32 .22
26 .02

26
16 •

379758
3799 19

1802
1677

325
307

41.59
49.85

52.47
60 .37

33.45
51.14

23 .77
42 .96

89
29 •

380002
380483

1722
1700

214

119
52.96
36.98

64 .35
48 .98

40.57
41.77

42 .27

30 .81
11
25 •

380837
380967

1676
1516

253
300

44.59
38.54

52 .89
49 .13

39.09
34.56

29 .69
32 .74

16
23 •

381117
381210

1486
1469

317
302

41.37
39.42

52 .67
51.04

35.21
28.48

27.71
24 .91

21

91 •
381232
381316

1450
1437

313
286

47.11
44 .94

59.63
57.26

30.88
33.8 1

32 .49
32 .94

26
25 •

381319
38 1518

1442
1385

295
227

45 .96

39.0 1
58 .02
48.84

34 .83
29 .30

33 .15
26 .66

26
30 •

38 1548
381584

1365
913

217

121

33.08
35.64

42.36
47.10

26.29

28.9 1

27.29
26 .25

14
70 •

381899
382035

1501
1581

392
325

47.06

40 .23
60.66
50.66

38.04
22.26

31.15
23 .49

28
12 •

382153
382380

1543
1643

359
412

4 1.42
42.54

52.00
54.63

32.65
35.80

28 .41
31.96

23
26 •

•
•
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•
•
• Gauge Grid 1-day 2-day 1-day* 2-day No . of

•
number reference RBAR(mm ) RBAR(mm ) CV (% ) CV(%) years

•
382444

382603
1657 363
1703 459

47.68
40 .57

60 .71
52.23

32 .23
36 .36

31.11
40.92

35
12

•
382793
382923

1721 505
1787 537

46 .36
46 .36

58 .34
60 .28

50 .70
42 .90

39.00
38.16

29
12

•
383335
38335 1

180 1 604
1812 614

40 .62
35 .91

50 .87
44 .77

43 .67
4 1.36

34 .64
34.20

16
71

•
383478
383584

1873 642
1910 638

40 .61
42.50

52.31
56 .95

46 .23
21.44

34.87

15.07
30
10

•
383815
383874

1867 745
1889 759

36 .05
37 .37

46 .48
44 .80

37.37
42.55

26.55
34.07

26
28

•
383900
383902

1914 755
1917 754

33 .70
36 .15

44 .17
4 7.43

40 .58
32 .85

32.53
23.43

12
20

•
384021
3840 73

1978 729
2104 832

46 .49

56 .38
58 .75
70.13

70 .04
62 .62

50.67
47.21

12
28

•
384 101
384158

2128 831
2126 807

54 .77
47.88

71.69
65 .40

40 .64
26 .95

35.30
26.38

34
25

•
384342
384541

2132 765
2076 673

48.45
44 .73

65 .79
57.95

25 .20
27 .83

22.13
24.70

26
46

•
384542
384895

2073 672
2075 835

43.22
53.36

60 .02
62.72

18 .83
58 .19

25.12
52.75

10
18

384966 2075 785 40.22 55 .65 21.28 25.49 12

• 385207 1982 727 34 .85 46 .62 39 .70 37.38 14
385436 1937 772 32 .47 43 .05 46 .85 31.88 10

• 385503 1990 789 39.52 50 .15 55 .92 40 .87 13
385633 2064 889 38.95 49.02 35 .00 29.41 29

• 385637 2092 866 45.87 56.83 33 .76 28.88 18
385701 2130 902 43.26 57.32 29 .50 36.52 12

• 386255 2208 1063 33 .48 43.29 27.97 25.97 74
387198 2231 1276 33 .18 43.38 28 .12 26.81 26

• 387253 2310 1250 43.12 55.86 27.88 20.70 36
387321 2443 1297 33.08 41.51 35 .85 25.80 17

• 387585 2337 1163 44 .71 59 .74 21.20 27.93 14

-•
387598
387698

2367 1163
2394 1118

39 .40
48.98

53.17
61.91

20 .26
30 .00

24.48
27.53

13
23

387787 2447 1094 4 1.11 51.78 4 1.36 34.15 23
388371 2483 962 47.15 59.76 38 .16 31.09 22
388389 2507 940 44 .67 59 .44 16 .52 31.43 10
388514 2445 1016 39 .20 50.17 44 .49 32.75 21
388667 2547 978 38 .85 53.26 12.87 18 .48 16

• 388772 2499 1048 42.46 52 .43 52 .91 41.20 12
388933 2585 928 56 .00 74.53 33 .49 29.25 23

• 388936 2587 938 50 .87 66 .88 38.48 28 .06 34
389005 2615 934 57.0 7 76.6 1 22.86 29 .00 18

• 3890 18 2591 946 47.26 64 .20 37.95 29 .33 25
389 191 2610 10 15 34 .93 45 .79 52 .57 39 .51 21

• 389284 2612 1069 4 1.03 50.19 57.52 44 .46 12
389394 2563 1080 37.33 48.38 13.45 16 .68 10

• 389623 2507 1102 39 .57 51.64 17.71 15.60 12
389716 2579 1171 37.34 48 .08 4 1.56 30.20 22

• 389897 2482 1191 39 .10 50 .03 34 .87 29.02 23
390167 2387 1202 46.06 60 .70 29 .86 25.86 87

• 390388 2444 1247 36 .24 47.42 34.73 29 .10 60



Gauge

number
Grid

reference
1-day
RBAR (mm )

2-day
RBAR (mm )

1-day
CV (% )

2-day
CV(% )

No . o f
years

•
•
•
•

390467

390468

2483 1253

2483 1253

37.52

37.00
48 .54

48 .24
39 .48
38 .78

28 .56
29 .35

30

50 •
390480 2454 1271 39 .12 47 .65 3 1.44 30 .67 20
3905 16 2448 1277 37.76 46 .15 36 .69 37.39 14
390858 2654 944 44 .78 60 .82 23 .47 27.9 1 2 1
39088 1 2658 983 40 .94 55 .91 40 .21 30 .28 19
390883
390937

2630 988
2672 1022

38 .40
38 .19

52 .58
5 1.88

19 .27
43 .73

23.13
4 1.59

13

30 •
39 1263
39 1424

2725 1017
2772 1075

39 .62
33 .04

51.60
42 .92

40 .78
34 .27

37.94
23.66

20

14 •
39 1497
39 1605

2822 1116
2729 1075

33 .11
38 .92

42 .89
47.8 1

25 .65
45 .05

23.57
32.40

15

21 •
39 1695
391867

2680 1118
2835 1200

37.80
39 .62

48 .98
53 .28

40 .73
24 .43

29 .09
14 .4 1

29
16 •

391998 2773 1161 40 .94 50.97 44 .86 31.20 15
392106 2734 1134 40 .29 50 .73 52 .65 37 .36 13 •
392196 2711 1184 38.85 48 .95 39.15 24 .79 11
392291 2636 1110 45.53 56 .99 33.55 23.42 10 •
392373 2606 1168 41.18 53 .44 20.86 17.40 12
392465 2639 1166 44.05 55 .56 42 .44 28 .84 10 •
392686 2716 1256 39 .48 50 .60 41.77 28 .31 26
392695 2866 1265 40.25 56.16 29.95 23 .11 27 •
392970 2739 1254 41.85 50 .94 37.92 27.17 20
393059 2792 1230 41.69 52 .12 33.01 23.01 22 •
393315 2692 14 11 56.42 67.71 21.09 22 .57 16
393330 2689 14 10 55.79 73.88 38.28 30 .59 SA •
393386 2682 1380 55.68 68 .34 23.10 20 .93 21
393432 2685 1347 52.80 67.04 24.31 21.00 23 •
393619
393812

2672 1283
2690 1190

46.03
35.36

54 .85
47.03

46 .14

32.43
35 .01
20 .02

13
16 •

39392 1
393986

2639 1239
2632 1266

37.39
36.4 1

49 .74
47.14

46 .15

38 .97

32 .29
30 .84

12
24 •

394 149 2565 1247 38.79 48 .50 43.87 32 .06 14
394299 2568 1298 32.36 45 .99 12 .6 1 17.75 12 •
394318

39435 1
2648 1332

2623 1305

45.63

38.20
56 .14
50 .44

32 .85
35 .43

24 .20

26 .95
18

18 •
3945 14 2600 1334 37.42 47 .88 33 .80 25 .0 1 18
394659 2558 1330 34.32 44 .12 24 .44 24 .83 4 1 •
394784 2609 1384 47.67 59 .63 24 .63 22 .46 15
394855 264 2 1386 52.62 66 .51 28.36 24.55 18 •
395034 254 1 1422 40 .60 54 .02 18.77 17.65 10
395 123 2561 1348 37.19 47 .63 25.03 18 .57 26 •
395 162 2494 1347 35.66 44 .65 33.35 25.92 31
395219 2482 14 19 46.70 57 .72 34.03 23 .92 15 •
395348 2550 1375 40.4 1 52.90 21.08 22 .86 12
39560 1 2505 1453 43 .28 56.96 24.56 22.44 77 •
395622 2520 1478 39.92 51.87 31.14 24 .53 33
395952 2698 1493 40 .73 56.49 20.98 22 .93 13 •
396 100 2822 1473 50 .37 67.66 25.13 24 .44 28
396384 2133 1442 36.43 46.48 27.28 28 .19 16 •
397328 2960 1462 43.18 53.17 49 .28 40 .10 11
39 7445 2956 1421 54 .50 68.51 46.33 36.73 16 •

•
•

58 •
•
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Gauge
number

Grid
reference

I-day
IM AR (mm )

2-day
1113AR (mm )

1-dny
CV (% )

2-dny
CV(%)

No . of

Years

0

4111

402938 3244 1216 47.60 56 .25 63 .05 49 .86 13
403058 3264 1284 44 .50 54 .24 71.68 54.56 10 ID
403115 3286 1291 39 .12 48 .83 56 .69 45.30 25
403116 3289 1291 44 .80 53 .08 73 .13 56 .98 12 II
403138 3333 1289 40 .22 50 .22 51.43 38.35 25
403143 3344 1288 39 .55 48 .58 48 .50 36.94 24 II
403146 3357 1305 37.95 48 .0 1 49 .68 37.98 26
403219 3331 1330 37.79 48 .14 58 .30 42.78 25 I I
403426 3300 1368 38.15 48 .31 46 .73 42.64 66
403451 3224 1367 42 .05 52.29 60 .45 46.21 20 111
403490 3274 1363 40 .74 50 .04 46 .85 39.83 26
403541 3277 1378 44 .07 53.07 63 .63 53.12 10 II
403543 3283 1377 40 .08 48 .57 54 .4 1 47.00 17
403664 3573 1288 34 .08 45 .07 38 .62 28.46 12 II
404 124 3439 1365 36.65 45 .38 41.50 32.90 26
404552 3213 1362 43 .20 54 .37 51.76 40 .39 23 II
404564 3236 1385 40 .24 50 .03 47.90 36.74 26
404580 3244 1394 39.58 49 .18 48 .21 36.97 25 II
404585 3255 1399 39.91 49 .82 46 .95 38.76 20
404642 3192 1396 50.28 60 .39 56 .33 51.33 10 I I
404979 3486 1353 38 .29 46 .07 39 .49 34.76 17
404988 3492 1362 34.62 42 .14 43 .77 36.29 113 II
404994 3485 1364 36.38 44 .32 44 .77 39 .04 25
404996 3481 1373 42.46 50 .37 46 .96 37.00 12 II
40514 1 3434 1373 37.46 47.94 39 .59 32.49 14
405279 3367 1431 36.22 44 .49 37 .63 31.90 24 II
405455 3704 1385 42 .50 54 .76 38 .63 28.89 25
405488 3723 1344 38.47 49 .89 33 .92 24 .07 12 41
405669 3638 1329 33.82 43.16 30 .14 32.06 12
4058 17 3647 1390 35.72 46 .75 36 .71 30.21 15 I I
406028 3541 1331 35.85 44 .46 38 .30 34.75 20
406169 3630 1433 36.31 46 .71 36 .86 31.15 60 I I
406177 3623 1435 42 .60 54 .68 26 .36 19.11 24
406353 3535 1451 38.31 47.51 43 .06 29.17 20 II
406525 3562 14 17 41.35 50 .17 24 .44 19.92 10
406797 3399 1448 42.04 50 .16 48 .42 47.93 20 II
40 7021 3349 1458 37.15 45 .48 49 .99 40 .84 24
407154 3304 1495 35.67 44 .46 43 .67 39.36 52 II
407156 3305 1505 34 .43 44 .0 1 15 .92 10.68 12
407157 3304 1506 36.50 45 .69 51.37 42.27 11 II
40 7236 3528 1477 41.48 52 .03 42 .22 30.70 19
407349 3488 150 1 45 .88 55.0 1 51.17 40 .71 22 II
407398 3437 1487 42 .66 51.65 70 .21 54 .66 17
407635 3452 1534 38.70 48 .64 46 .60 35.92 26 II
40 7733 3415 1572 40 .62 51.91 57 .89 43.00 23
407865 3340 1563 36.25 47.15 39 .89 31.74 17 II
407924 3327 15 14 40 .44 49 .31 47.66 39.28 14
408040 3351 1588 44 .83 55 .48 50 .58 42.49 10 II
408126 3318 1602 37.13 46 .20 33 .18 31.06 62
408346 3505 1604 44 .52 54 .22 52 .07 40 .03 26 I I
408414 3479 1629 44 .27 53 .29 45 .48 36.18 25
408528 3421 1658 45.81 53 .58 64 .27 56.27 12 I I

II

II
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•
•
• Gauge Grid 1-day 2-day 1-day 2-day No . of

•
number reference RBAR(mm ) RBAR(mm) CV (% ) CV(%) years

•
408549
408723

3447 1577
3473 1680

45.87

33.83
57.78
44 .18

55 .75
25.61

41.81
23.65

20
18

•
408772
4090 13

3466 1670
3489 1721

4 1.96
40 .4 1

50 .89
51.97

5 1 39
45 .22

45 .31

38.22

17

23

•
409085
409224

3425 1715
3472 1754

34 .88
32 .93

46.53
45.60

28 .14
18 .36

27.88
23.08

67
15

•
4 10324
4 10444

3899 1887
3786 1855

40 .00
41.48

49 .22
51.43

45.68
4 1.84

38.15
31.87

26
23

4 10524 3807 1829 40 .25 50 .49 37.52 36.11 24

• 4 10598 3863 1864 38.75 48 .42 36 .80 35.15 26
4 11524 3955 1804 4 1.40 50 .46 46 .84 39.74 19

• 4 11686 4006 1784 34 .79 43 .42 23.11 23.02 18
4 11950 3974 1699 39 .31 49 .15 - 32 .36 27.06 26

• 4 12205 3912 1751 38 .50 49 .47 43 .86 39.00 23
412209 3919 1727 4 1.13 52.29 49 .45 40.37 22

• 4 12297 3921 1702 38 .71 49 .09 47.90 38.36 26
4 12386 3874 1694 36 .34 49 .72 28 .75 29.87 17

• 4 12392 3885 1694 39 .27 51.00 47.53 37.73 18
412507 3909 1647 38 .35 48 .01 48 .93 36.61 15

• 412728 3858 1633 39 .49 51.81 36 .49 32.74 20
4 13479 3862 1483 38 .73 48.6 1 31.86 26.10 26

• 4 13747 3858 1577 37.60 48 .78 33 .06 30.46 25
413787 3843 1562 38 .32 49 .19 29 .69 29.86 26

• 4 13825 3845 1583 42.73 53.90 27 .39 33.25 11
413886 3825 1606 45 .86 58.52 30 .26 37.50 10

• 414290 3774 1487 41.06 5 3.44 29 .15 25.45 25
4 14372 3631 1494 48 .56 62.76 34 .13 25.19 14

• 4 144 15 3657 1481 50 .44 62.33 24 .11 25.05 10
4 14743 3756 1480 38 .17 49 .55 32 .08 28.38 55

• 4 14744 3756 1480 42 .80 52.04 28 .15 19 .14 12
4 14829 3774 1514 40 .59 55.67 27.83 22.6 1 22

• 4 15086 3647 1524 44 .50 59.34 27.63 21.32 26
4 15125 3656 1508 43.85 58.32 25 .69 23.43 24

• 4 15161 3668 1535 38 .43 51.25 17.48 14 .24 13
4 15 176 3712 1527 43.44 55.59 23 .71 16 .83 24
415375 3594 1570 48 .07 61.72 38 .06 27.26 21
415583 3750 16 17 43.39 55.40 38 .03 32.02 23

e ) 4 15588 3763 1616 44 .45 56.87 35 .06 30 .78 24
4 15725 3772 1744 39 .24 53 .49 23.77 37.03 12

• 4 16056 3794 1669 42.32 56.05 28 .71 33.33 14
4 1608 1 3755 1711 42 .42 54.35 50 .70 42 .27 24

• ; 416128 3769 1685 37.73 49 .07 44 .42 35.92 113
4 16213 3750 1668 47.9 1 60.36 47.04 38.74 26

• t 4 16224 3754 1653 34 .36 44.37 36 .29 28.13 64
4 16242 3751 1638 43.22 54.98 43.39 36.86 24

• 4 16263 3743 1662 5 1.73 64.36 45 .29 40.43 19
4 16282 3718 1676 49 .53 62.19 49 .01 36.81 14

• 4 16742 3667 1699 4 1.38 51.63 56 .68 45.06 24

4 16743 3664 1692 35 .55 45 .91 21.81 29.67 10

• 4 16771 3597 1528 47.99 62.03 29 .36 19.71 20

4 16807 3589 1554 44 .05 57.02 30.43 24.74 78

• 4 16950 3597 1604 52.43 63.16 46 .59 34.71 12

•
•
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Gauge
number

G rid
re ference

1-day
RBAR (mm )

2-day
RBAR (mm )

1-day
CV (% )

2-day
CV(% )

No . o f
years

0

41

41
4 17005 35 70 16 17 48 .12 58 .67 48 .43 39 .27 26
4 17634 3537 1679 42 .17 53 .05 45 .66 35 .99 62 41
4 17640 3535 1699 42 .38 53 .52 5 1.53 40 .58 26
4 17899 3668 1884 40 .0 1 53 .32 32 .59 28 .34 26 41
4 17986 3669 1819 45 .16 56 .07 42 .18 32.65 11
4 18 120 3600 1805 4 1.79 52 .80 37 .90 33 .34 20 41
4 18288 3645 1746 45 .6 1 55 .19 35 .88 30 .33 16
4 183 17 3589 1763 44 .45 56 .56 46 .27 40 .17 24 41
4 1836 7 3577 1737 39 .78 52 .66 49 .92 39 .30 26
4 18545 35 16 1732 39 .19 52 .21 35 .48 29 .36 82 41
4 19 13 1 3623 1872 35 .90 48 .96 43 .38 33 .28 21
4 19364 3636 1906 35 .4 1 48 .79 21.19 17.13 15 41
4 19746 3773 19 14 34 .11 46 .75 23 .24 34 .07 13
4 19751 3780 1870 36 .4 1 50 .47 23 .9 3 32 .44 14 41
4 19869 3743 1929 39 .77 53 .40 32 .48 28 .59 23
420216 36 74 1995 34 .49 48 .59 29 .25 29 .73 14 41
420259 3670 2022 37.44 47.90 27.49 2 1.54 14

420320 3764 1988 43.00 53 .60 38 .4 7 35 .64 14 41

41

41

41

41

41
41

41

41
41

41

41

41

41

41

41
41
41

41
41
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Append ix 2 Cross-valida t ion procedure for
semivar iogra m model selection

The cross-validation procedure (Delhomme, 1978) was used to aia the
identification of the optimum model parameters for each semivariogram. • he
method requires thc defi nit ion of three statistics: average kriging error (A KE),
mean squared error (MSE) and standardized mean square error (SMSE).
A K E is defined as the mean difference between estimated and observed point
values: for the estimator to be unbiased, the AKE must be close to zero.
MSE is the mean of the squared dif ferences between estimated and observed
values. The choice of model is minimized by finding that with the minimum
MSE. Finally, SMSE is the mean of the squared diff erence between estimated
and observed values, standardized by the kr iging variance at each point. For
the estimation errors to be consistent with the kriging var iances, SMSE shOuld
lie in the interval:

1 - 2 2/n C SMSE s 1 * 2  ) 2In

where n is the number of point observations. Results of the cross-validation
test for each of the four basic variables are now given:
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