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Summary

Floodplain Mapping - Model Study of the River Frome (Gloucestershire)
Hydrological Study

Report EX 3171
August 1995

In September 1993 the National Rivers Authority - Severn Trent Region
commissioned Wallingford Water, the joint venture between the Institute of
Hydrology and HR Wallingford Ltd, to carry out the *Floodplain Mapping, Model
Study of the River Frome (Gloucestershire)® study.

This repon gives a detailed description of the hydrological components of the
study. The objective of this was to develop calibration and design event
hydrological inputs for the computational hydraulic model. All available data were
collated and analysed to develop the best possible estimates using the methods
of the Flood Studies Report. A routing model was constructed to provide an initial
check on the relative timings and magnitudes of the estimates produced, and a
physical model study was undertaken to investigate the out-of-bank rating for the
gauging station at Ebley Mill. The results of this latter study are presented in
Report EX 3170.
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1 Introduction

1.1 Background

In September 1993 the National Rivers Authority - Sevemn Trent Region (NRA-
ST} commissioned Wallingford Water (WW), the joint venture between the
Institute of Hydrology and HR Wallingford Ltd, to carry out the *Floodplain
Mapping, Model Study of the River Frome (Gloucestershire)” study. The overall
objective of the study was to construct and prove a hydraulic model of the River
Frome and a small part of its tributary, the Nailsworth Stream, in order to
determine the flood plain limits for six design events of specified retum pericds
of between 5 and 150 years.

This report presents the results of the hydrological components of the study,
including the derivation of the model inputs and an initial assessment of their
validity using a routing model of the Frome catchment.

1.2 Terms of reference

The terms of reference for the overall study are defined in the NRA-ST document
*Brief for Report and Advisory Works. Floodplain Mapping - Model Study of the
River Frome (Gloucestershire)® of July 1993, the WW proposal to undertake the
study of August 1993 and the NRA-ST letter of appointment dated 24 September
1993. The terms of reference for the hydrological study can be summarised as
follows:

(a) tdentification of suitable calibration events for use both in the hydrological
and hydraulic model studies

(b) Construction of a routing model for the Frome catchment to Ebley Mill and
calibration by comparison of observed and predicted flows

{c} Construction ot a physical model of Ebley Mill gauging station to extend the
rating for out-of-bank flows {described in Report EX3170)

(d) Derivation ot model inflows using the methods of the Flood Studies Report

(e) Comparison of estimated peak flows at Ebley Mill for design events with
those estimated from flood-frequency analysis

2 Approach to the hydrological study

The study requires flood magnitudes of given probability or frequency of
occurrence to be estimated in order lo identify the flood extent for development
control purposes. f sufficiently long records of river flow are available, the flood
magnitude-frequency distribution can be estimated directly. However, the
maijority of sites have little or no data on previous flood flows, and the distribution
has to be estimated indirectly.

Since no suitable flood record exists from which to abstract the required
information, the design events have been derived using hydrological and
hydraulic modelling techniques. The methods of flood estimation adopted were
those of the Flood Studies Report (FSR), Reference 1, and Flood Studies
Supplementary Reports (FSSRs), Reference 2.

1 . EX 317 1ww.ROB 030895
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The FSR presents two indirect methods of flood estimation, which have been
applied to a large number of catchments throughout the UK:

®  The statistical method in which observed flood peaks are treated as random
samples from some frequency distribution;

® The rainfall-runoff method in which rainfall is treated as the statistical
element and is converted to flow using a deterministic model of catchment
response, in this case the unit hydrograph and losses model.

With both methods the various model parameters are related via multiple
regression equations to physical and climatic characteristics of the catchment,
Table 1, enabling flood estimatesto be made at ungauged sites. Such estimates
can be improved by using observed data from or near 1o the site of interest.
However, the statistical approach estimates only peak flow, which may suffice for
the design of culverts and bridges. For design studies such as this one, where
flood routing is involved, the rainfall-runoft method, which synthesises the entire
flow hydrograph, is required.

In order to verity the magnitude and relative fimings of the inflows derived using
the FSR methods, a routing mode! is also required. This aliows the effects of
storage and attenuation of the hydrographs to be studied, so that the total
hydrograph can be compared with observed flows. The use of a routing model
is preferable to the use of the full hydraulic model due to the comparative speed
with which a routing model can be constructed. For the purposes of this study,
the HR RIBAMAN routing software was used, which includes full Muskingham-
Cunge routing, representation of storage ponds, and representation of structures
using stage-discharge curves at specified nodes.

The hydrological study required the identification of three calibration events for
use throughout the overall study. Following discussion with NRA-ST, the events
selected were as follows:

® 13 December 1965
® 30May 1979
¢ 5 January 1994

The choice of the December 1965 event reflects that this is the largest event on
the Frome for which there are observations. However, the flood predates the
installation of the gauge at Ebley Mill and as such there are no available data on
the event flows. The 1979 event is the largest event for which flow data are
available, whilst the 1934 event, though smaller in magnilude than the others, has
continuous level data available at six locations within the catchment, as well as
flow data at Ebley Mill.
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3 Frome catchment and river system

The Frome catchment extends from the Cotswold escarpment in the east, on the
boundary of the Thames and Sevem-Trent regions of the NRA, through to the
River Sevem in the west. A plan of the catchment and river system is shown in
Figure 1.

The River Frome rises in the north-east of the catchment, high up on the
Cotswold escarpment and flows southwards. After about 10 km the river tums
westwards for another 10 km or so, during which it is joined by two tributaries
from the north, the Holly Brook and the Toadsmoor Brook. Along much of this
streich the river runs parallel to the now disused Thames and Sevem Canal. The
river then tums northwards for about 5 km towards Stroud, the largest town in the
catchment, and then westwards again to Ebley Mil gauging station. Ebley Mill
is the only gauging station in the catchment, and has a catchment area of 198
km?. Just upstream of Ebley Mill the river is joined by the Nailsworth Stream from
the south and the Stroud flood relief channel from the north. The flood relief
channel is part of the old Stroudwater Canal and carries the flows from the three
remaining northem tributaries, the Randwick Stream, Painswick Stream and Slad
Brook.

Downstream of Ebley Mill the river continues in a north-westerly direction for a
further 10 km towards its confluence with the River Severn. Along much of this
stretch the river runs parallel to the now disused Stroudwater Canal. About 1 km
before the confluence, there is a flow diversion into the Gloucester and
Shampness Canal for water supply in the Bristol area. The total catchment area
upstream of the Savern is approximately 226 km®.

The Frome catchment is characterised by steep valley sides sloping down to the
river below and small, fast-flowing streams, particularly in the upper reaches.
The catchment lies on heavily fissured, colitic limestone and liassic sandstone
bedrock which dips from the Thames basin into the Frome basin. The limestone
is thought to act like a sponge, absorbing water until the aquifers are filled: heavy
rain may take several days to have an effect, and water lost in the upper reaches
may well reappear further downstream. The soils tend 1o be well-drained and
calcareous, with clayey, loamy and stony components. In the downstream part
of the catchment some non-calcareous soils are also present.

The catchment is predominantly agricultural in nature, though urban areas
account for around 10% of all land use. Bailey, Reference 3, assigned 50% of
the catchment to permanent grassland and 15% to temporary grassland, with
another 10% to woodiand. The remainder is made up of crop-growing areas and
open water such as canals and lakes. The Stroud conurbation extends for some
distance along the nearby valley bottoms, as does the smaller town of Nailsworth
in the south of the catchment. There are also numerous small villages.

Bailey reports that during the late eighteenth and early nineteenth centuries the
water resources of the River Frome were heavily utilised, firstly by the then
flourishing mill industry in and around Stroud, and secondly by the extensive
canal-based transport network. Many of the river and canal beds were lined right
up to their source to preserve the water supply lfor these uses. However, lack of
maintenance, associated with the decline of the mills and canals, has caused the
clay puddle bed lining to deteriorate, and water can now seep away again. This
is said to be an increasingly serious problem in summer.
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4 Data collection and processing

Both flood peak and flood event data were available for and used in the study.
The flood peak data were available in the form of annual maxima and peaks-
over-threshold series. Tha flood event data typically required for analysis include
flow data for the event, recording raingauge data for the storm, daily raingauge
data for both the storm and the 5 days preceding it, and estimated soil moisture
deficit data at 09:00 on the first day of the event; these data were available in
various forms. Some stage data for catchment lag analysis were also available.
Finally, physical and climatic characteristics of the catchments were derived from
maps to enable no-data estimates of the model parameters to be made using
FSR regression equations. The locations of the gauges and stations from which
data were obtained are shown in Figure 2. The data collection and processing
are described in detail below.

Maijor floods are known to have occurred during the 1950s, and in 1965 and
1868, but all prior to installation of the gauging station at Ebley Mill. Very little
information conceming these events is available, and so it was not possible to
incorporate them into the analyses in any way. However, the 1965 event was
used as a calibration event, as described in Chapter 11.

4.1 Flow data
Flow data and abstracted flood peak data for Ebley Mill gauging stalion were
oblained from NRA-ST. The flow data were derived from stage data by applying

the most recent sel of rating equations retrospectively to the entire record (G.
Davies, 1993; personal communication):

Q =7.7936 (h + 0.05721) 2% forh<0.334m
Q=20.5842 (h + 0.074)2'®® for0.334 < h< 0.429m
Q = 14.292 (h + 0.10796) 205 for0.429 < h < 1.600m

Q=-1257.7 + 25329h - 1654 '+ 365.5h* for1.6800 <hm

(The final equation was derived from the physical mode! study undertaken as a
part of this study, and described in Report EX 3170).

The record was continuous from January 1969 up to and including the January

1994 event, thus providing 24 complete water years of data for flood frequency
analysis.

Events for flood event analysis were selected from examination of the stage
charts for Ebley Mill gauging station trom 1986 onwards. Two events from 1979,
identified previously by NRA-ST, were also included. The annual snow reports
published by the Meteorclogical Ofice (MO} were referred to in order to check
that the events chosen were in snow-free periods. Table 2 lists the dates of the
39 events selected. -

4.2 Stage data

Stage data from six continuous leve! recorders, the details of which are listed in
Table 3, were obtained from NRA-ST. The recorders were installed in the
catchments between May 1992 and June 1993. Apart from the recorder originally
installed at Bowbridge Lock (C3a) which was moved to Thrupp (G3b) in early
1993, the records were continuous upto September 1993, Events for catchment
lag analysis were selecled from examination of the stage data, and where
possible the same events were chosen for each recorder. The requirement was
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that at least six smooth, single-peaked events were chosen for each recorder.
Table 4 lists the dates of the events selected. The outicome was that 10 events
were chosen for recorder C1, 8 for recorder C2, and 6 each for recorders C3a,
C5 and C6. No events were selected from recorders C3b and C4.

4.3 Rainfall data

The raingauge coverage of the Frome catchment is adequate, and generally
better lor daily gauges than for recording gauges. For a number of mid-1980s
events, only one recording gauge, usually some distance from the catchment,
was operational, whereas the daily gauges were spread fairly evenly across the
catchment.

The only long-term recording raingauge within the Frome catchment is at
Miserden in the north-east of the catchment. There are, however, four long-term
recording raingauges nearby at Dowdeswell, Longford and Netheridge, all to the
north, and at Kingswood to the south-west. In addition, three new recording
raingauges were installeg within the catchment during May and June 1993 at
Painswick Lodge in the north, at Eastington Park in the east, and at Avening
Court in the south. Recording raingauge data corresponding to the selected flood
events and catchment lag events were supplied by NRA-ST. Data from the long-
term gauges were provided as hourly totals, whilst data from the three new
gauges were provided as bucket tip times which were converted to hourly totals.
All the recording raingauges were used in the flood event analysis at Ebley Mill,
and Table 2 indicates the availability of gauge data for each event. However, for
the catchment lag analysis, the recording raingauges used varied between the
level recorders. Table 3 shows the raingauges used for each catchment and, on
the basis of this, Table 4 indicates the availability of gauge data for each of the
events.

Recording raingauge data were also collected for the three events chosen for
calibration of the hydraulic model. The dates of the events and the corresponding
availability of recording raingauge data are listed in Table 5. For the 1965 event
it was necessary o obtain data from Pershore, some distance 1o the nornth of the
Frome catchment, as none of the other raingauges were operational at that time.
1965 data from Henley-in-Arden, which is even further away, were also provided
but were not used.

Daily rainfall data from raingauges within or close to the Frome catchment were
obtained from the MO supplied daily rainfall archive at IH, though data from NRA-
ST were used to supplement the 1992, 1993 and January 1994 records. The
daily gauges are spread fairly evenly across the catchment, with perhaps a
slightly higher density to the north and the east.

The rainfall data were used to derive catchment average event rainfalls for the
events selecled for flood event analysis and catchment [ag analysis. The daily
rainfall data were used to determine catchment total rainfall, and the autographic
raingauge data to provide storm profile information. In addition, the daily rainfall
data for the 5 days preceding the start of each of the events selected for flood
event analysis were used to calculate the catchment average 5-day antecedent
precipitation index APIS, used to estimate the likely state of the catchment prior
to the storm.
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4.4 Soil moisture deficit data

Estimates of soil moisture deficit SMD at the beginning of each event selected for
flood event analysis were obtained from the MO. Data from three sites were
used: Cheltenham to the north, Cirencester to the south-east and Monmouth to
the west on the Welsh side of the River Severn. The data were weightad on the
basis of distance from the catchment: Cheltenham and Cirencester were given
weights of 0.4, and Monmouth was given a weight of 0.2. The SMDs ware used
to derive catchment average SMDs for each event, again to enable the state of
the catchment prior to the storm to be assessed.

4.5 Catchment characteristics
Catchment characteristics, as listed in Table 1, were abstracted from maps for
the Ebley Mill catchment and for the catchments upstream of each of the

continuous leve! recorders. The values were obtained as described in the FSR,
and are listed in Table 6.

5 Approach and methodology

The FSR rainfall-runoff method uses a relatively simple, 3-parameter model,

known as the unit hydrograph and losses model, to represent the catchment,
The three parameters are;

Tp - the time-to-peak of the unit hydrograph which determines how quickly the
catchment responds to effective raintall input;

PR - the percentage runoff which is the ratio of total to effective rainfall i.e. the
proportion of the total rainfall inpu; which becomes response runoff in the river;

ANSF - the average non-separated flow or baseflow which represents the flow
in the river before the event started.

The unit hydrograph and losses model makes several simplifying assumptions:
linearity i.e. that there is a direct proportional relationship between the effective
raintall input and the response runoff; superposition i.e. that successive inputs of
effective rainfall produce independent responses which can then be summed to
give the total runoft response; time-invariance i.e. that the rainfall-runoff
relationship does not change with time; that the effective rainfall input is uniform
in both time and space; and finally that the percentage runotf and baseflow are
constant through the event.

Further details of unit hydrograph theory and the unit hydrograph and losses
model may be found in standard texts, such as Shaw, Reference 4, and Wilson,
Reference 5.

5.1 Time-to-peak Tp

The unit hydrograph transfonms etfecive rainfall into response runoff. The T-hour
unit hydrograph defines the response of the catchment to unit (10 mm or 1 cm)
input of effective rainfall in time T hours. On an ungauged catchment the unit
hydrograph is synthesised as a simple triangle of fixed shape, the dimensions of
which are controlled by time-to-peak Tp. Time-to-peak theretore has an indirect
effect on flood magnitude. Time-to-peak of the instantaneous unit hydrograph
Tp(0) is estimated from catchment characleristics using the FSSR16 equation:
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Tp(0) = 283 S1085° (1+URBAN)2? SAAR®* MSLO2

The instantaneous unit hydrograph assumes an infinitesimally small data interval,
but in design fiood synthesis the rainfall input will be in block form, each block of
duration T hours. Therefore, the time-to-peak of the instantaneous unit
hydrograph must be adjusted for this data interval T using the equation:

Tp(T) = Tp(0) + T/2

The data interval depends on the size of the catchment and its response time; for
most UK catchments, including Ebley Mill, a data interval of 1 hour is suitable.

5.2 Percentage runoff PR

The percentage runoff indicates the proportion of total rainfall which becomes
firstty effective rainfall, and then response runoff in the river. The rainfall *losses"
include evaporation, transpiration, infiltration to soil moisture stores, and
percolation to aquifers to contribute ultimately to baseflow. Percentage runoff is
an important parameter with a direct scaling influence on flood magnituds, and
the original FSR percentage runoff model was completely revised in FSSR16.
The percentage runoff from the natural part of the caichment PR, is estimated
in two parts: a "standard® part SPR representing the normal capacity of the
catchment to generate runoff, and a *dynamic’ part DPR representing the
variation in runoff depending on the state of the catchment prior to the storm
(DPRcw) and the storm magnitude itself (DPR):

PRru = SPR + DPR,,, + DPRg,,,

SPR varies between catchments, but is fixed for all storms on a particular
catchment. It is estimated from the five soil class fractions abstracted from the
WRAP (Winter Rainfall Acceptance Potential} map (FSR [.4.2.3, FSSR7,
FSSR17). For chalk calchments underiain entirely by WRAP class 1 permeable
soils, SPR will be 10%, whilst for clay catchments underlain by more
impermeable WRAP class 5 soils, SPR will be 53%:

SPR = 10 SOIL1 + 30 SQIL2 + 37 SQIL3 + 47 SOIL4 + 53 SOILS

DPR varies between storms on a particular catchment. Its components are:
DPRcw = 0.25 (CWI - 125)

DPRguy = 0.45 (P - 40)*7 for P > 40 mm

DPRpun =0 for P < 40 mm

CWI is the catchment wetness index (FSR 1.6.4.4) and P is the storm rainfall
depth. Hence percentage runoff will be higher when antecedent conditions are

wet, and when storm magnitude is large.

The total percentage runoff is estimated by adjusting PRy ,o,, for the effects of
catchment urbanisation:

PR = PRgyaa (1.0 - 0.3 URBAN) + 70 x 0.3 URBAN

The equation assumes that only 30% of the urban area is impervious and gives
70% runoff, whilst the other 70% of the urban area acts as natural catchment.
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5.3 Baseflow ANSF

The baseflow represents the flow in the river before the event started. Baseflow
is usually a relatively unimportant parameler as it tends to be small compared
with the magnitude of the response runoff hydrograph. It is constant for a
catchment and given by the FSSR16 equation:

ANSF = {{33 (CWI - 125) + 3.0 SAAR + 5.5) x 10%) AREA

5.4 Local data

The FSR recommends that where possible model parameter values obtained
from regression equations are replaced with or revised using observed values,
from either the site of interest or a nearby similar site. In the unit hydrograph and
losses modei there are essentially three ways in which local data can be used:

® Direct estimation of the model parameters at the subject site from the
analysis of observed flood events;

®  Estimation of hydrological characteristics which are related to the model
parameters from data at the subject site;

¢  Transter of information from neighbouring catchments.

All three of these methods were employed in the current study, making full use
of all the available data. In paricular, Chapter 7 describes the analysis of
recorded flood events at Ebley Mill which provided observed values of time-to-
peak, standard percentage runoff and baseflow.

For situations where slage data are available but no ratings exists to conver
them to flows, a similar approach to flood event analysis provides observed
values of catchment lag time LAG. Lag time is the time between the centroid of
the total rainfall and the flow peak or centroid of the flow peaks, as illustrated in
Figure 3, and is closely relaled to time-to-peak.

Standard percentage runoff is similarly related to baseflow index BFI. BFi
indexes the proportion of the hydrograph that is comprised of baseflow, and
ranges from 0.1 for relatively impermeable clay catchments to 0.95 or more for
highty permeable chalk catchments, Reference 6. The method yields estimates
inferior to those from flood event analysis but, being based on hydrological data,
is preferable to the SCIL equation.

Chapter 8 describes catchment lag analysis at six sites in the Frome catchment,
as well as the eslimation of standard percentage runoff by these methods.
Refinement of model parameter values using data from nearby sites is achieved
by simply applying the ratio of the observed value to the no-data estimate of the
value atthe nearby gauged site to the no-data estimate at the ungauged subject
site.
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6 Flood frequency analysis

Flood trequency analysis, using the IH HYFAP hydrological frequency analysis
package, Reference 7, was carried out at Ebley Mill. The flow record at Ebley Mill
was conlinuous from January 1969 to the present, thus providing 24 complete
watar years of data.

The choice of method for flood frequency analysis depends upon the length of
record. The FSR recommends that for record lengths between 10 and 24 years
an Extreme Value 1 (EV1) distribution should be fitted to the data, Reference 8,
whilst for record lengths greater than 25 years a Generalised Extreme Value
(GEV) distribution should be used (FSR 1A4), Reference 9. The FSR
recommendation of fitting by the method of maximum likelihood (MML) has since
been superseded by the method of probability-weighted moments (PWM),
Reference 10. Boorman et al,, Reference 11, found that it was reasonable to fit
a GEV distribution 1o records of 15 or more years in length by PWM, since the
likely errors for estimating the T-year flood with a GEV distribution fitted to 15
years of data by PWM were similar or better than by using an EV1 distribution
fited by MML. This conclusion was in line with that of Hosking et al., Reference
12

A GEV distribution was therefore fitted to the 24-year annual maxima series using
PWM. For intormation, the annual maxima are listed in Table 7. An EV1
distribution was also fitted, again by PWM, for comparison. The plots of
discharge against return period are shown in Figure 4.

For return periods of more than twice the record iength (i.e. 48 years), the fitted
flood frequency curves are shown as dashed lines to emphasise the uncertainties
involved in extrapolation. The two curves correspond fairly well up to the 50-year
return period, where the GEV distribution tends towards EV3. The data, which
are stepped, are best fitted by the EV1t distribution, with no particularly large
departures of the data from the line. The ledges in the data might perhaps be
explained by overtopping of flood banks and flooding of offline storage
progressively further downstream. However, higher leve! ledges in frequency
distributions of flow can be explained simply as a result of sampling effects for
small data sets, Reference 13.

Itis worth considering how representative this llood frequency curve is. Several
major historical floods were reported in the 1950s and 1960s before the gauging
station was installed. In their previous hydrological study NRA-ST estimate, using
FSR techniques, that an event in December 1965 may have approached 25 m¥s,
whilst ancther event in July 1968 may have been between 30 m*s and 40 m*/s.
The 24-year record at Ebley Mill may be of adequate length for flood frequency
analysis, and the data may be better fitted by an EV1 distribution than by an EV3
distribution (the latter almost suggesting an upper limit to flood magnitudes);
however, the fitted line does not rise particularly steeply and may be giving a
false impression of the true behaviour of the calchment. Clearly, the longer the
record, the more likely it is to contain rare floods. Therefore, for comparison,
several other flood frequency curves for Ebley Mill were derived using the FSR
techniques referred to in Chapter 4. The modelling was done using the IH Micro-
FSR software, Reference 14.
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In the FSR statistical method, an index flood, called the mean annual flood MAF,
is scaled up to the required retum period using regional growth curves. On an
ungauged catchment, the mean annual flood is estimated using the equation:

MAF = Constant AREA®* STMFRQ*#” S$1085*'® SOIL'® RSMD'® (1+LAKE)®®

The Constant varies with region of the country (FSR I.LA.4.1). For Ebley Mill, in
hydrometric area 54 and region 4, the value is 0.0213 giving, on substitution of
the appropriate catchment characteristics, a mean annual flood of 19.5m¥s.
However, the mean annual flood may also be obtained as the mean of the annual
maxima, giving an "observed” value of 11.2 m¥s, some 40% lower. The region
4 growth curves (FSR 1.2.6, FSSR14) were applied to each of these values of
mean annual flood, and corresponding flood frequency curves produced. The
curves are plotted in Figure 5, together with the EV1 line. The no-data statistical
method greatly overestimates the observed curve, but when the observed mean
annual flood is substituted in a much better approximation is obtained.

Two other flood frequency curves are shown in Figure S: the no-data rainfall-
runoff method i.e. unit hydrograph and losses model parameters estimated from
calchment characterisiics, and the statistical method with the observed mean
annual flood and an urban-adusted regional growth curve. The former
overestimates the observed curve even more than the no-data statistical method,
whilst the latter is a slightly better than when no urban adjustments are made.
Urban adjusiments in the statistical method are definitely recommended when the
urban fraction of the catchment is greater than 0.10, and usually advised for
urban fractions greater than about 0.05. Since the catchment to Ebley Mill has
an urban fraction of 0.09, urban adjustment to the regional growth curve is
certainly appropriate.

It seems possible theretore thatthe EV1 line, whilst fitting the observed annual
maxima series well, may not be representing the long-term behaviour of the
catchment, simply because the record does nol contain the large floods reponted
in earlier decades. To investigate this further, an attempt was made to extend the
annual maxima series back another 2 years in order to include the large flood of
1968. NRA-ST have given a lower estimate of the July 1968 flood peak as 30.6
m’/s, and this value was assignedto the 1967 water year. The recorded value
of 8.5 m¥s for May 1969 was assigned to the 1968 water year. GEV and EV1
distributions were again fitted 1o the now 26-year annual maxima series using
PWM, and the plots of discharge against retum period are shown in Figure 6.
This time the two curves correspond fairly well up to only the 20-year return
period, where the GEV distribution tends upwards towards EV2 under the
influence of the 1968 peak. In fact, the PWM fitting method tends not 10 be
unduly affected by extreme floods. Although including the estimated peaks for
June 1968 and May 1969 has changed the curve from type 3 to type 2, this is
because the series now has a larger flood i.e. the absolute value of this flood is
less important than the fact thal it is significantly larger. Hence uncertainties in
the true value of the June 1968 flood should not greatly affect this curve fitting.
In summary this evidence suggeststhat if the estimate of the 1968 flood peak is
realistic, and furthermore i it is typical of some of the pre-1369 flood magnitudes,
then the tlood frequency curves derived from the observed mean annual flood
and the region 4 growth curve {either with or without an urban adjustment) may

be a better representation of the behaviour of the catchment than the observed
curve. ' )
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7 Flood event analysis

This chapter describes the flood event analysis undertaken on the catchment to
Ebley Mill, in order to obtain some “observed® values for the unit hydrograph and
losses model parameters which can be used to replace the no-data estimates at
Ebley Mil, and to refine the no-data estimates for ungauged neighbouring
catchments. The data requirements for flood event analysis were briefly
described in Chapter 5, and Table 2 lists the dates of the events selected.

Figure 7 shows a typical flood event. The hourly flow data are plotted against
time for the catchment hydrograph, and hourty rainfall data through the event are
plotted as hyetographs from up to four recording raingauges (though more may
be used in the analysis) and as a catchment average. The catchment average
rainfall was derived from the nearby recording and daily raingauges. Each daily
raingauge was weighted according to its location with respect to the catchment,
Reference 15. The recording raingauges were weighted in the same way, and
then for each gauge, each hour was expressed as a proportion of the total event
rainfall at that gauge. For each hour in tumn, the weighted proportions at each
gauge were summed across all the gauges to yield an average profile. The
weighted daily rainfalls were averaged to give a catchment average event total,
which was distributed between the hours of the event using the average profile
cakulated from the recording raingauges, to give the catchment average rainfalt
profile. In addition, daily rainfalls for the 5 days preceding the start of the event
were analysed to give the catchment average S-day antecedent precipitation
index APIS. The catchment wetness index CWI at the start of each event was
calculated from API5 and the catchment average SMD, and used later in fitting
the unit hydrograph and losses model.

The graphical approach adopted in Figure 7 is a useful way of presenting data
because it may reveal errors or inconsistencies not apparent from columns of
numbers e.g. timing errors between rainfall and flow, discrepancies between
recording raingauges, or the possible presence of snow melt. Any one of these
things may cause an event to be rejected, and of the 39 original events, 17 were
discarded at this stage. Table 8 lists these events, together with the reasons for
rejecting them. Non-uniform rainfall across the catchment caused eight events
to be rejected, and this was the most common reason. Two events were rejected
because the derived catchment rainfall did not match the recorded flow, and
another event was rejected later on in the analysis when these data gave a
negative lag. A further three events were discarded because they were multi-
peaked and too complex for analysis. The last three events all had suspect
recording raingauge data.

The FSR unit hydrograph and losses model analysis programs first separate the
flow and rainfall, and then derive a smoothed unit hydrograph by the matrix
inversion method as described fully in FSR 1.64. Each of the 22 remaining
events was inspected and coded as being of quality suitable for derivation of a
unit hydrograph, only suitable for assessing volumes of rainfall and flow i.e.
losses only, or of poor quality and not suitable for use in the current study. For
tull unit hydrograph analysis, smooth single-peaked events are most likely to
produce good unit hydrographs, though reasonable ones may sometimes be
obtained from double or multi-peaked events. The simple unit hydrograph model
may often prove to be an inadequate tool for fitting complex runoH events, where
limitations on the input rainfall data often limit the fitting process. In most cases
these complex events tend to produce multi-peaked unit hydrographs, making
them suitable for estimalion of losses only.

11
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Table 9 contains the results of the event analysis in terms of the event details and
the derived model parameters. The event details include the storm duration and
depth, the peak flow and the caichment lag, and the SMD, APIS and CWI used
to determine the antecedent conditions. The derived model parameters include
the baseflow, the percentage rnoff from which standard percentage runoft
values can be abstracted, and the 1-hour unit hydrograph time-to-peak and peak
flow Qp. Events where lag values and unit hydrograph parameters are absent
are those designated as losses only events,

It is clear that there is some considerable varialion in the derived model
parameters. Baseflow values range from 1.14 m¥s to 4.43 m¥s, percentage
runoff values from 0.7% to 7.6% with standard percentage runoff values from -
1.27% 1o 22.26%, and 1-hour time-to-peak values from 2.0 hours to 8.0 hours.
The low percentage runoff values, and the low and sometimes negative rural
percentage runoff and standard percentage runoff values, though physically
meaningless, serve o indicate the dominating influence of the downstream urban
areas. Many of the flood peaks are clearly the products of rapid urban runofi
from the Stroud conurbation, which reach the gauging station and pass before the
rural runoff component has travelled downstream. i

It was necessary that these events were splitinto a group where the flow peak
was solely caused by urban runofi, and a group where the entire catchment was
believed to be responding, and this was done using the catchment lags. Urban
runoff events would be expected to have smaller lags than combined rural and
urban runoff events. The mean catichment lag from the 22 flood events was 3.8
hours, and so the 15 evenls with smaller tags (including the losses only events)
were designated as urban runoff events, whilst the 7 evenls with larger lags were
assumed to be the result of runoft from the whole catchment.

This division reduces the vanability in the derived model parameters.
Considenng the combined rural and urban runoff evenls first: the 1-hour time-to-
peak values range from 2.5 hours to 8.0 hours with a mean of 4.6 hours, the
standard percentage runoff values range from 0.38% to 9.59% with a mean of
3.67%, and the baseflow values range from 2.16m?¥s to 4.49m%s with a mean of
3.15m%s. The corresponding mean values for the urban runoff events are: 1.6
hours (some 65% lower), 9.49% {some 158% higher), and 1.57m¥s {some 50%
lower). These results are not unsurprising: urban areas tend to respond more
quickly than rural areas, and to have higher runoff and lower baseflow.

Chapter 8 goes on to consider indirect estimation of model parameters through
estimation of hydrological characteristics which are related to the model
parameters. The results from the flood event analysis are therefore considered
further in a wider context in Chapter 9.

8 Estimation of unit hydrograph and losses model
parameters by indirect methods

Tha previous chapter described the usual, direct way of refining the no-data
estimates of unit hydrograph and losses model parameters through flood event
analysis. This chapter considers altemative approaches which provide indirect
ways of obtaining model parameters through estimation of hydrological
characteristics which are related to the mode| parameters, as described briefly
in Chapter 4. Unit hydrograph time-to-peak is related to catchment lag LAG, and
standard percentage runoff is related to baseflow index BF}.
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8.1 Catchment lag analysis

Lag time is the time between the centroid of the total rainfall and the flow peak or
the centroid of the flow peaks. Unit hydrograph time-to-peak Tp(0) may be
derived from lag time by the equation:

Tp(0) = 0.604 LAG''“

Though catchment lag analysis is usually restricted to situations where only stage
data exist, the results of the flood event analysis for Ebley Mill provide details of
catchment lags which can be utilised. The main part of this section, however, will
be concemed with catchment lag analysis at the six continuous level recorder
sites in the Frome catchment.

I lysis for Ebley Mil
The results of the flood event analysis at Ebley Mill are shown in Table 9. The
event details include the catchment lag which varies, for the entire dataset, from
1.3 hours 1o 8.4 hours with a mean value of 3.8 hours which corresponds to a
lime-to-peak Tp(0} of 2.8 hours. The lag values are as variable as the derived
model parameters, and indeed it was on the basis of catchment lag that the
events were divided into urban runcff events (lag less than 3.8 hours) and events
where the entire catchment was thought to be responding (lag greater than 3.8
hours).

This division reduced the variability in the caichment lag values. For the
combined rural and urban runoff events, the lag values range from 4.0 hours to
8.4 hours with a mean of 6.1 hours which corresponds to a time-to-peak Tp(0) of
4.7 houwrs. The mean value for the urban runoff events is 1.5 hours which
corresponds to a time-to-peak Tp(0) of 1.0 hours. These results again illustrate
the point that urban areas tend to respond more quickly than rural areas.

| velr

Table 4 lists the dates of the events selected for catchment lag analysis from the
six continuous level recorders. These events chosen were simple, single-peaked
events. Several problems were encountered during event selection, In general
the record quality was poor, often characterised by apparent jumps in datum
level, and by the existence of high peaks and low troughs, both of very short
duration.

For each event selected, catchment average rainfalls were derived from the
nearby recording and daily raingauges, as described in Chapter 7. The centroid
of the rainfall and the time of the stage peak were used to calculate the lag time.
However, during analysis several of the flow peaks were found to have no
corresponding rainfall, rainfall recorded a day late or rainfall on the correct day
but after the flow peak. Though it is acknowledged that the use of an hourly data
interval for the rainfall may have reduced the accuracy slightly, there are
implications of possible artificial influences or liming errors.

The record from each level recorder is considered in tum in the following
sections. Overall the results were inconclusive, with none of the recorders giving
particutarly meaningful results. In response to concemns about possible datum
errors and timing errors, NRA-ST reported that all the recording raingauge data
from Avening Coun, Eastington Park and Painswick Lodge prior to July 1993
were at BST rather than GMT (P. Davies, 1994; personal communication). This
may well account for some, but not all, of the problems encountered; these three
gauges are important because of their prominent position within the catchment.
However, in view of the general poor quality of the level records, and the
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satistactory results from the flood event analysis at Ebley Mill, the catchment lag
analysis was not pursued further.

C1 Nailsworth Stream at Dudbridge

The record is continuous from June 1892 to Seplember 1993. The early and late
parts of the record are of reasonable qualty, but the central par over the 1992-93
Winter period contains several possible datum changes. Although this record
covered all the Ebley Mill fiood events of 1992 and 1993, only two of these events
were of good enough quality to use. Eight turther events were selected, seven
from 1993 and the other from 1932. The results are listed in Table 10. Four of
the ten events gave lag values ranging from 0.25 hours to 2.0 hours, one event
gave a lag of zero and another three gave negative lags, possibly indicating
timing errors. The remaining two events had no corresponding raintall.

€2 Stroudwater Canal at Stroud

The record runs from June 1992 to September 1993. The record is quite coarse,
indicating few registered changes in water level and making event selection
difficut. Again this record coveredall the 1992 and 1993 events at Ebley Mill, but
only three were of good enough quality to use. An additional five events were
selected, four from 1993 and onefrom 1992, The results are listed in Table 11.
Three of the eight events produced lag values ranging from 0.67 hours to 1.5
hours, one event had a lag of zero and three events gave negalive lags, again
possibly indicating timing errors. The remaining event had no corresponding
rainfall.

C3a River Frome at Bowbridge Lock

The record runs from June 1992 to January 1993 when the recorder was moved
to Thrupp, a little upstream. However, after mid-September 1992 the record
becomes characterised by spikes of constant height and large changes in datum.
Ot the record prior to this, apart from a single spike comparable with the later
ones, the peaks never exceed 44.1m, and this casts doubt on the reliability of the
early part of the record as well. Only the minimum of six events were selected,
and the results are listed in Table 12. Of these only one gave a lag value, of 3.0
hours. The other five events were characterised by post-avent rainfall and even
rainfall the next day, but in view of the record quality these results are not
surprising.

C3b River Frome al Thrupp

The record is continuous from April 1993, when the recorder was moved from
Bowbridge Lock, to September 1933. The record has a lot of high and low
spikes, and many of the events were multi-peaked, making selection of single-
peaked events difficult. The record does cover all the events in 1993 selected for
flood event analysis at Ebley Mill, but none of them were of adequate quality to
use. The general quality of the record prevented other events from being
selected.

C4 River Frome at Golden Valley

The record runs from June to September 1993, covering less than 3 months.
Most of the record appears to be on a recession, making it difficult to select
events. Only one of the 1993 flood events al Ebley Mill was contained in this
period, and it was not of adequate quality to use. Further evenl selection was
restricted by the quality and length of the record.

C5 Nailsworth Stream at Egypt Mill
The record is continuous from May to September 1993, covering 4 months,
Particular problematic features are deep troughs which frequently occur
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immediately betore peaks, making the peaks unusable. Five of the 1993 Ebley
Mill events were contained in this record, though only one was of a good enough
quality to use. However, a further five events were eventually selected, and the
results are listed in Table 13. Two of the events gave positive lags, of 0.5 hours
and 1.25 hours, one had zero lag, two had negative lags, and the remaining
event had no corresponding rainfall.

=6 Painswick S S |
This was another 4 month record, continuous from May to September 1993. This
level recorder had the best record of the six with few spikes, no obvious datum
errors and smooth peaks and troughs of variable stages, usually rising sharply
with gentle recessions. Five of the 1993 events selected for flood event analysis
at Ebley Mill were present; three were usable and a further three were selected
to make the total up to the minimum of six. The results are listed in Table 14,
Three of the events gave lag values ranging from 0.5 hours to 2.5 hours, one
event gave a negative lag, possibly indicating a timing error, and the remaining
two events had no cerresponding rainfall,

8.2 Estimation of standard percentage runoff through
baseflow index

Standard percentage runcff is related to baseflow index BFI. BFl is the ratio of

the baseflow to the total flow in the observed flow hydrograph. Standard

percentage runoff may be derived from BF| by the equation:

SPR=720-66.5BFI

There are two sources of BFI information available for input into the above
equation. The Hydrometric Register and Statistics 1386-90 contains BFI values
for many catchments, Reference 16. The published value for the Frome at Ebley
Mil is 0.86, which yields a standard percentage runoff of 156%. The other source
is provided from the results of recent MAFF-funded research to develop a more
detailed classification of soil types, known as HOST (Hydrology Of Soil Types),
Reference 17. The ultimate aim is to replace the 5-class WRAP map.
Interpretation for percentage runoft estimation has yet to be finalised, but
Boorman has supplied details of the HOST classes covering the Frome
catchment together with provisional estimates of BFI applicable to each class.
A recent revision of the HOST system has renumbered many of the classes, and
so the class numbers are omitted from this report to ensure that they cannot be
misapplied in the period unlil the HOST system is fully launched. The derived BFI
is 0.73, which yields a standard percentage runoff of 23%, some 50% higher than
lhe estimate obtained from the published value of BFI.

The next chapter considers the results from this chapter, together with the flood

event analysis results from Chapter 7, in order to come up with the best estimates
of the unit hydrograph and losses model parameters at Ebley Mill.
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9 Discussion

This chapter brings together the results from the flood event analysis at Ebley
Mill, described in Chapter 7, and the results from the altemative approaches to
unit hydrograph and losses model parameter estimation, described in Chapter 8.
These values are compared with the no-data values derived from catchment
characteristics using regression equations. Table 15 shows the results for Ebley
Mill from the various methods in tabular form,

Considering time-to-peak Tp(0) first, the flood event analysis and catchment lag
analysis give very similar results to each other, but very different results from the
no-data estimate. The ‘observed" time-to-peak for the combined rural and urban
components of the catchment is around 44% lower than the value derived from
calchment characteristics.

For the standard percentage runof, the values obtained from the SOIL equation
and from the published value of BFI agree well, but the value obtained from BFi
derived from HOST is around 60% higher. However, the resuits from the flood
event analysis suggest that the "observed® standard percentage runoff is in fact
lower than that derived from catchment characteristics; for the combined rural
and urban components of the catchment some 75% lower which is an enormous
correction. These results are in iine with Gurnell & Midgley, Reference 18, who
state the requirement for a standard percentage runoff of less than 10% for
WRAP class 1-dominated catchments in southern England.

A similar pattern of results are obtained for the baseflow. The catchment
characteristic method again overestmates the *observed® catchment baseflow,
by a little over 30%.

Following considerable debate on the accuracy of the various FSR methods, a
study was undertaken to investigate the performance of the rainfall-runotf method
by comparison of observed and modelled flood frequency curves, Reference 11.
The rainfall-runoft method with mode! parameters estimated from catchment
characteristics has a tendency o overestimate, particularly on WRAP class 1
catchments, as was most clearly ilustated in Figure 5. The results obtained from
the analyses carried out for this study show that the no-data estimates of the
model parameters are somewhat erroneous, and serve to illustrate the
importance of incorporating local dala whenever possible.

At this point it is also convenient to discuss a concern raised by NRA-ST
regarding the effects of heavy rainfall and/or snow melt if the catchment were
frozen. The concerns seem unfounded if observations by Gurnell & Midgley,
Reference 18, are considered; they were worried that on their WRAP class 1
catchment, runoff might occur before thawing made the surface permeable
enough to accept the rainfall, but evidence from an observed event suggested
that the runoff was still substantially less than 10%
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10 Derivation of model parameters

The objective of the hydrological study was to provide inflows to the hydraulic
model. These inflows would be either from observed events for the purposes of
model calibration, or from design events for the flood plain mapping study.

The limits of the hydraulic model divided the Frome catchment naturally into six
subcatchments: Upper Frome, Toadsmoor Brook, Slad Brogk, Painswick Stream,
Randwick Stream and Nailsworth Stream, as illusirated in the schematic plan in
Figure 8. The remaining four areas were modelled as diffuse lateral inflows, with
their hydrographs based on that from Nailsworth Stream, considered the most
similar from the six mentioned above. The catchment characteristics abstracted
tor each of the six subcatchments are listed in Table 16, together with the
characteristics for the Frome catchment to its outfall at the River Severn.

Table 17 lists the no-data estimates of the unit hydrograph and losses model
parameters for Ebley Mill, the six subcatchments and the catchment to the
Severn. The "observed"” values for Ebley Mill are also included. Refinement of
model parameter values using data from nearby sites is done by simply applying
the ratio of the observed value to the no-data estimate of the value at the gauged
site to the no-data estimate at the ungauged site.

For the Upper Frome, Toadsmoor Brook, Painswick Stream and Randwick
Stream this was a straightforward procedure. These four subcatchments were
regarded as having combined rural and urban responses. The appropriate ratios
related the observed parameter values for the entire Ebley Mill catchment to the
no-data parameter values. For example for time-to-peak the ratio is:

Tp(0)obs ,anme / TP(O) cCs

which works out as 0.56 (i.e. Tp(0)0bs,, e 0f 4.1 hours / Tp(Oyccs of 7.3 hours).
Corresponding ratios were applied for standard percentage runoff and baseflow,
and the *observed® values for the subcatchments are also listed in Table 17,

For the Slad Brook and the Nailsworth Siream the situation was more
complicated. These two subcatchments each had a fairly large rural area with
an urban area concentrated at the outfall, and it was felt necessary to model the
rural response and the urban response separately. The subcatchments were
splitinto rural areas and urban areas, each with appropriate urban fractions, as
shown in Table 18. The rural part of each catchment was modelled as above for
the other four subcatchments. The urban part was modelled in the same way but
applying the appropriate urban ratio, except for time-to-peak where the value was
fixed at 1.0 hours. For example for standard percentage runoff the ratio is:

SPRobs ../ SPRccs

which works out as 0.66 (i.e. SPRobs ., 0f 9.5%/ SPRccs of 14.3%). Fixing the
time-to-peak values at 1.0 hours was forced by the requirement for a sub-hourly
data interval for some of the smaller subcatchments. After consideration of the
various catchment sizes and response times and the *working" data interval of
1 hour, a compromise of 0.5 hours was reached for the remainder of the
modelling. The two hydrographs produced for each subcatchment were added
together to give total catchment hydrograph.
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The tour diffuse lateral inflows were modelled from the rural and urban
hydrographs for Nailsworth Stream. Table 18indicates the rural and urban areas
in each of these catchments, and the multiplying factors listed in Table 19 are
simply the ratios of the coresponding areas. For example the Lower Frome has
23.44/45.83 times the rural hydrograph for the Nailsworth Stream, and 4.96/2.27
times the urban hydrograph for the Nailsworth Stream. Again the two
hydrographs produced for each subcatchment were added together to give the
total catchment hydrograph. ‘

11 Derivation of event inflows

The previous chapler described finalisation of the unit hydrograph and losses
-model parameters for each of te six subcatchments, and the way in which
inflows for each of the diffuse fateral inflow subcatchments were to be derived.
Inflow events were derived for calibration of the hydraulic model, and for the
ultimate objective of the study to determine flood plain limits for various return
period design flood events. This chapter describes the derivation of the
calibration and design event inflow hydrographs, which were then used for input
to the RIBAMAN routing model in order 1o assess their suitability.

11.1 Calibration events

Three events were chosen for the purposes of calibrating the hydrological and
hydraulic models, as described in Chapter 2. Catchment average rainfalls were
derived for the entire catchment to the Sevem, for each of the events, as
described in Chapter 7. The daily rainfall data for the 5 days preceding the start
of each event were analysed to give the catchment average API5, and this was
combined wilh the observed catchment SMD to give the observed pre-event CWI.
Table 20 lists the storm details and antecedent conditions for each event.

These storm and antecedent inputs were combined with the unit hydrograph and
losses models for each of the six subcatchments to produce the calibration event
inflows. The four diffuse lateral inflows were defived as described in Chapter 10.
Figures 9, 10 and 11 show the teninflows for each of the calibration events.,

11.2  Design events

Design flood estimates for retum periods of 5, 10, 25, 50, 100 and 150 years
were required to fulfil the mode! study objectives. The conventional FSR package
of design inputs was assumed i.e. a design CWI (related to SAAR), a T-year
design rainfall depth (where T is the return period), a bell-shaped temporal storm
profile (the 75% Winter profile), and the standard FSR rainfall statistics. The
storm duration was estimated from time-to-peak and again SAAR. The design
inputs were derived for the entire catchment to the Sevem, and the storm details
and antecedent conditions for each event are listed in Table 21. It can be seen

that the only variable is the raintall depth; the storm duration and profile and the
CWI remain fixed.

In the same way as for the calibration events, these storm and antecedent inputs
were combined with the unit hydrograph and losses models for each of the six
subcatchments to produce the design event inflows, and the four diffuse lateral
inflows were derived as described earlier.
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12 RIBAMAN modelling

In order 10 verity the predicted inflows a simpilified routing model of the River
Frome was built using the HR RIBAMAN software. This model was used to
check hydrograph shape and peak flow predicted at Ebley Mill gauging station.

12.1 Model construction

The model extended from the upstream model boundary at Whitehall Bridge on
the River Frome, and from Egypt Mill on the Nailsworth Stream, to the Ebley Mill
gauging station. A stretch of the Dudbridge relief channel was also included. The
model consisted of almost 70 nodes, and the schematisation of this is shown in
Figures 12, 13 and 14. Five types of unit were used in the model, and these and
the data required for them are outlined below in more detail.

Non-routing reach

Non-routing reaches are used to transfer a flood hydrograph from one model
node to another without imposing any attenuation or delay, so that the outflow
hydrograph is identical 1o the inflow hydrograph. They are generally used as a
means of combining hydrographs from ditferent branches of the model.

Bouting reach

A hydrograph input to the upstream end of a routing reach is routed downstream
using the variable parameter Muskingham-Cunge method. The method requires
information on the reach length, kinematic wave speed and attenuation
parameter. The last two of these can be derived by the package from a
representation of channel and floodplain geometry given to RIBAMAN, and this
was the method used for the Frome model. Average channel properties for each
of the routing reaches were derived from a consideration of the available section
data for the reach, and these were then input into RIBAMAN.

-li fi-1in versi
These last three reach types can all be considered as simitar in terms of the data
required by the package. Though slrictly intended to mode! storage ponds, they
can also be used to model structures, either directly as a weir or a sluice, or using
arating curve. For the purposes of modelling the flow splits and structures in the
Frome model, data on each structure to be modelled was input into a
spreadsheet and a rating for each derived using standard flow equations. Values
for the coefficients of discharge for these equations were derived from an
inspection of the structures and experience in other studies of likely values for
them. These ratings were then applied within the model to represent the
structures. .
12.2 Model verification
The purpose of the RIBAMAN model was to assess the output hydrographs from
the FSR models of the Frome catchment, prior to modelling them within the
hydraulic model. As such, the RIBAMAN mode! could only provide an indication
of the validity of the FSR results, since the routing model and the full
hydrodynamic model are unlikely to behave identically. A simplified approach to
the model verification was therefore adopted. This was based on adjusting
RIBAMAN mode! parameters within acceptable limits, and comparing the
predicted and recorded hydrographs at Ebley Mill,

Two events were used for this purpose, the May 1979 and the January 1994.
The December 1965 event was not used since no estimate of flows at Ebley Mill
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was available. The parameters adjusted ware the coefficient of discharge used
in the calculation of the structure and diversion ratings (Cd), and the wave speed
curves for the routing reaches (c). No adjustment was made to the attenuation
parameter since the method is relatively insensitive to changes in this, Reference
19. The adjustments made were an arbitrary 2 20% for both of these parameters,
so that four tests were run for each event in addition to that with the default reach
parameters. The results of these tests are shown in Figures 15 and 16,

From the results of these tests it can be seen that the default set of parameters,
indicated by the green line on the two plots, gives a peak flow at Ebley Mill which
is around 4 m¥s higher than that observed for the May 1979 event. This
translates as an error of c.20% For the 1994 event, the error is smaller, being
€.17%. Itcan also be seen that the routing model is insensitive to changes in the
wave speed curve, but significant changes in the peak discharge are obtained by
modifying the discharge coefiicient. The lack of sensitivity to wave speed is
thought primarily to be a function of the steepness of the river.

The other main feature of the performance of the FSR and RIBAMAN models is
the inabifity to predict the raised baseflow component of the hydrograph which
occurs after the peak of the evenl has passed. This is presumably a function of
water entering into storage unrepresented in either model, in particular
groundwater.

Despite reservations over the quality of the hydrological inflows predicted it was
decided, in consultation with NRA-ST, to use these inflows in the hydraulic model.
The main reason for this was that te total inflow produced a reasonable estimate
of peak discharge at Ebley Mill, and that this was conservative in terms of the
peak flow. In padicular it was anticipated that the full hydrodynamic model, which
models floodplain storage and performance of structures more accurately, would
produce a further reduction in the peak flow al Ebley, possibly also associated
with an increase in the length of time the hydrograph took to peak. This was
subsequently proved to be the case.

12.3 Design events

It was originally proposed to use the RIBAMAN model 1o produce an estimate of
the peak flows for each of the designevents at Ebley prior to medelling them with
the full hydrodynamic model. However, due 1o the relative timings of the
hydrological and hydraulic phases of the study, it was decided to run these
events only on the full hydrodynamic model, due to the perceived greater
accuracy attributable to the results from this model. As such, they were not
simulated on the routing model.

Chapter 6 describes the flood frequency analyses performed for Ebley Mill
gauging station. In Figure 5, the EV1 flood frequency curve from 24 years of
observed data was compared with the curves derived from various FSR methods.
However, the EV1 curve may not represent the long-term behaviour of the
catchment because it does not contain the large floods reported in the 1950s and
1960s, before the gauging station was installed. Figure 6 shows the EV2 curve
fited to an extended annual maxima series which contains the estimated peak
value for large flood of 1968, and the shape of the curve is strongly influenced by
the 1968 peak. Assuming that the estimate of the 1968 ficod peak is realistic,
and that the 1968 flood peak is typical of some of the pre-1969 flood magnitudes,
then the FSR flood frequency curves derived from the observed mean annual
flood and the region 4 growth curve may be a better representation of the
behaviour of the catchment than the EV1 curve derived from 24 years of
observed data.
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Following derivation of the design event inflows for each of the Frome
subcatchments, and routing of these combined flow hydrographs down to Ebley
Mill, a flood frequency curve was drawn up from the flood peaks generated at
Ebley Mill gauging station. This curve is shown on Figure 17, together with the
EV1 curve from 24 years of annual maxima, the EV2 curve from 26 years of
annual maxima, and the *best estimate® curve derived using the Ebley Mill unit
hydrograph and losses model parameters presented in Table 17. Also shown is
the curve derived from the observed mean annualflood and the region 4 growth
curve,

The EV1 curve has the flattest line, whilst the curve from the unit hydrograph and
losses model has the steepest line. The line for the mean annual flood and
region 4 growth curve is slightly beneath the EV2 curve; there is good agreement
on curve shape, but the position of EV2 curve implies a slightly higher mean
annual flood. The curve from the routed flows fits between the curve from the unit
hydrograph and losses model, and the EV2 curve. The routed flows produce a
less steep curve than direct use of the unit hydrograph and losses model does,
because of the attenuation effects associated with the routing. However, the
steepness of the curve trom the routed flows compared to the EV2 curve and the
curve from the mean annual flood and region 4 growth curve needs resolving.

Also shown on Figure 17 is the curve from the mean annual flood and region 6/7
growth curve, and this corresponds more closely with the curve from the routed
flows; the agreement on curve shape is reasonable, but the position of the curve
from routed flows implies a higher index flood. Regional growth curves represent
the average behaviour of catchments within that particular region, and it is
appropriate 10 use the region 6/7 growth curve because the Frome catchment is
right on the boundary of regions 4 and region 6, and it might be that the
properties of the Frome catchment are more similar to catchments in region 6
than to catchments in region 4, FSSR14 also states that regions 4 to 8 show
increasingly similar behaviour with increasing retum period, and identifies these
regions as together comprising a major region.

Several conclusions can therefore be drawn from this. Firstly, the 24 years of
observed flow data, from which the EV1 curve was derived, appear to be not
wholly representative of the catchment. Inclusion of the estimated 1968 {lood
peak caused the curve to steepen, and if the 1968 flood is typical of large floods
on the catchment, then the derived EV2 curve may be a better representation of
the true flood frequency curve of the catchment. The EV2 curve corresponds
fairly closely with the FSR curve derived from the observed mean annual flood
and the region 4 growth curve. The curve derived from the routed flows has a
higher mean annual flood, but otherwise is of similar shape to the EV2 curve.
This would be expected if large floods are missing from the observed record from
which the mean annual flood was derived. The curve from the routed flows
corresponds fairly closely, parlicularly at higher return periods, with the FSR
curve derived from the observed mean annual fiood and the region 6/7 growth
curve. This suggests that the Frome catchment may be more like catchments in
the neighbouring Thames basin, than caichments in the rest of the Severn region
in its behaviour.

In summary, a fairly narrow band can be defined which indicates the most likely
position of the true fiood frequency curve for the Frome at Ebley Mill. This band
has a width of about 3 m¥s at the low (5-year) return period end, and widens to
about 8 m¥s at 150-years retumn period. This band is higher than the flood
frequency curve derived from 24 years of observed data, which is thought to be
lacking some large flocds, such as those reported in the 1950s and 1960s before
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the gauging station was installed. The flood frequency curve derived from the
routed design events forms the upper limit of the band, hence errs on the
conservative side. Further data collection and analysis may be able to narrow
this band.

13 Conclusions

This review of the hydrology of the Frome catchment has made use of all
available data to develop the bestpossible estimates of the design flood inflows
required by the hydraulic model. The FSR rainfall-runoff method, whereby rainfal)
is converted to flow using the unit hydrograph and losses model of catchment
response, was used for the hydrological modelling because it synthesises the
entire flow hydrograph, which is required in cases such as this, where flood
routing is involved,

The three model parameters are related via multiple regression equations to
physical and climatic characteristics ot the catchment, enabling flood estimates
o be made at ungauged sites. However, the FSR recommends that where
possible such no-data estimates are refined using observed data from, or near
to, the site of interest, and the current study considered various ways of doing
this.

Firstly, the model parameters for the catchment to Ebley Mill were estimated
directly by analysis of observed flood events. The derived model parameters
showed considerable variation, indicating the dominating influence of the
downstream urban areas, and making it necessary to divide the flood events into
a group where the flow peak was caused by urban runoff, and a group where the
entire catchment was believed to be responding. This separation was done on
the basis of mean catchment lag time, and reduced the variability in the derived
model parameters. The unithydrograph time-to-peak was some 44% lower than
the value estimated from catctment characteristics, whilst the standard
percentage runoft was some 75% lower than the value derived from catchment
characteristics. Similady the catchment characteristics method overestimated the
baseflow by around 30%

In another approach, hydrological characteristics which are related 1o the model
parameters were estimated. The caichment lag analysis at Ebley Mill gave time-
to-peak values which agreed closely with those derived by flood event analysis.
Lag analysis from the continuous level recorders in the catchment gave
inconclusive results. Standard percentage runoft derived from BF| was similar
1o the value derived from catchment characteristics, whilst the value derived from
the new HOST classification was some 60% higher.

The model parameter values derived from the rainfall-runoff analysis were taken
as the best estimate of the true values for the Frome catchment. This information
was transferred to the each of the six subcatchments making up the Frome
catchment by simply applying the ratio of the observed value to the no-data
estimate of the value at Ebley Mil to the no-data estimate for the particular
subcatchment. This was straightforward for four of the subcatchments, where the
observed value used was that from the events showing a combined rural and
urban response, but more complicated for the Slad Brook and Nailsworth Stream
which both have a fairly large rural area with an urban area concentrated at the
catchment outfall. For these catchments it was necessary to model the rural and
urban responses separately, with the rural parts modelled in the same way as for
the other four subcatchments, and the urban parts modelled in the correspanding
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way, but where the observed value used was that from the events resulting solely
from urban runoff, Four remaining areas were modelled as ditfuse lateral inflows,
with their hydrographs modelled on those for the Nailsworth Stream
subcatchment,

Inflow hydrographs were derived for calibration of the hydraulic model, and for the
ultimate objective of the study to determine flood plain limits for various retum
period design flood events. The predicted calibration event inflow hydrographs
were verified using a RIBAMAN routing model of the River Frome, and checking
the shapes and peak flows of the routed hydrographs at Ebley Mill. The main
feature apparent from the routing was the inability of the FSR model to simulate
the raised baseflow component of the hydrograph which occurs after the event
has passed. This baseflow is interpreted as water entering into storage
unrepresented in the mode! e.g. groundwater. Howaver, the routed inflows
produced reasonable estimates of peak discharge at Ebley Mill, which were
conservative in terms of the peak flow.

The full hydrodynamic model, which models flood plain storage and performance
of structures more accurately, produced a turther reduction in peak flow at Ebley
Mill, possibly also associated with an increase in the length of time the
hydrograph took to peak. The design events were run only with the full
hydrodynamic model, due to the greater perceived accuracy attributable to the
results from this model.

The 24 years of observed flow data at Ebley Mill appear to be not wholly
representative of the catchment as the record does not contain any of the major
floods reported in the 1950s and 1960s before the gauging station was installed.
The flood frequency curve fitted to the annual maxima steepens significantly, from
EV1 to EV2, when the estimated 1968 flood peakis included. If the 1968 flood
is typical of large floods on the catchment, then this EV2 curve may be a better
representation of the true flood frequency curve of the catchment. The flood
frequency curve derived from the routed design events has a higher mean annual
flood, but otherwise is of similar gradient to the EV2 curve. This would be
expected if large floods are missing from the observed record from which the
mean annual flood was derived.

A fairly narrow band can be defined which indicates the most likely position of the
true flood frequency curve for the Frome at Ebley Mill. This band has a width of
about 3 m¥s at the low {5-year) return period end, and widens to about 8 m¥s at
150-years ratumn period. The flood frequency curve derived from the routed flows
forms the upper limit of this band, and it may be possible to narrow the band by
further data collection and analysis.
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Table 1  Definition of catchment characteristics
Catchment Units Description
Characteristic
AREA km2 Catchment area
STMFRQ junctigns | Stream frequencyi.e. nymber of natural

km stream junctions per km catchment area
MSL km Mainstream length
$1085 mkm 10-85% channel slope
" LAKE - Lake index i.e. fraction of catchment

draining through a significant
lake/reservoir

URBAN - Urban index i.e. fraction of catchment in
urban development

SOIL - Soil index i.e. the weighled sum of the
individual soil class fractions SQILt to
SOILS from WRAP {Winter Rainfall
Acceptance Potential) map.

SAAR mm Standard annual average rainfall jor
period 1941-70

RSMD mm 1-day catchment rainfall of 5-year return
period less effective mean soil moisture
deficit

M5-2D mm 2-day raintall of 5-year return period

r - Jenkinson's ri.e. the ratio of M5-60min to
M5-2D

SMDBAR mm Effective mean soil moisture deficit
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Table 7 Ebley Mill annual maxima B

Year Peak flow (n¥/s)

1969 7.000
1970 13.350
1871 8.600
1972 13.034
1973 11.893
1974 9.122
1975 10.523
19786 10.857
1977 8.426
1978 19.358
1979 17.500
1980 8.000
1981 10.857
1982 13.495
1983 12.387
1984 10.000
1985 12.002
1986 10.750
1987 11.784
1988 7.300
1989 12.892
1990 5.271
1991 8.717
1992 14.926
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Table 8 Events rejected from flood event analysis

' m|
| Event date Reason for rejection

02 Apr 1986 Non-uniform rainfall

28 May 1986 Non-uniform rainfall

19 Jun 1987 Complex event

22 Aug 1987 Rainfall does not maich flow

12 Sep 1987 No recording raingauge data

18 Aug 1988 Non-uniform rainfall

16 Sep 1988 Rainfall does not match flow

06 Mar 1989 Non-unitarm rainiall

23 May 1989 Non-uniform raintall

24 May 1989 Non-uniform raintall

07 Jul 1989 Non-unitorm raintall

16 Sep 1989 Complex event

29 Sep 1990 Complex event

01 Jul 1992 Negative lag

11 Jun 1993 Zero lag/suspect recording raingauge data

14 Jun 1993 Non-unifor rainfall/suspect recording raingauge data

09 Jul 1993 Suspect recording raingauge data
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Table 10 Results of catchment lag analysis for C1

Event Date Time of flow Time of rainfall Lag(hr)
peak centrold
26 Jun 1992 1515 - -
26 Jul 1992 21.30 21.30 0.00
05 Apr 1993 06.45 04.50 2.00
| 12 Apr 1993 12.45 13.45 -1.00
09 May 1993 01.30 00.30 1.00
11 Jun 1993 18.45 18.00 0.75
14 Jun 1993 15.45 16.30 -0.75
09 Jul 1993 08.00 07.45 0.25
19 Jul 1993 13.00 14.20 -1.33
30 Jul 1993 16.00 - -
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Table 11 Results of catchment lag analysis for C2

Event Date Time of {flow Time of rainfall Lag(hr)
peak centroid

01 Jul 1892 04.00 05.00 -1.00
21 Jul 1993 03.45 02.20 1.50
10 May 1993 01.00 00.20 0.67

10 Jun 1993 14.30 15.20 -0.83

14 Jun 1993 18.15 18.15 0.00
09 Jul 1993 06.45 08.30 -1.75

19 Jul 1993 13.30 - -

30 Jul 1993 16.30 15.30 1.00
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Table 12 Results of catchment lag analysis for C3a

Event Date

Time of flow Time of rainfall Lag(hr)
peak centroid
29 Jun 1992 10.30 - -
20 Jul 1992 15.45 12.40 3.00
08 Aug 1992 21.30 . .
21 Aug 1992 10.45 - N
31 Aug 1992 17.30 - -
16 Sep 1992 15.15 - -
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Table 13 Results of catchment lag analysis for C5

Event Date Time of flow Time of rainfall Lag(hr)
peak centroid

14 Jun 1993 16.10 16.30 -0.33
19 Jul 1993 13.15 14.20 -1.00
22 Aug 1993 22.45 22.45 0.00
08 Sep 1993 08.30 07.15 1.25
08 Sep 1993 17.30 - -

09 Sep 1993 04.30 03.30 1.00
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Table 14 Results of catchment lag analysis for C6

" Event Date

Timeof flow Time of rainfall Lagihr)
peak centroid
10 Jun 1993 14.15 15.20 -1.00
11 Jun 1983 20.15 17.40 2.50
14 Jun 1993 18.15 16.40 1.50
19 Jul 1993 13.15 - .
30 Jul 1693 16.00 15.30 0.50
03 Sep 1993 01.15 - -
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Table 15 Estimation of unit hydrograph and losses
model parameters by different methods

ll Method Time-to-peak Standard Baseflow ANSF
Tp(0) percentage (m’s™)
(hr) runoff SPR
(%)
Catchment 7.3 14.3 4.80
characteristics
Flood event 3.0 8.5 2.22
analysis
4.1 rural/urban 3.7 ruralurban 3.15 ruralfurban
1.1 urban 9.5 urban 1.57 urban
LAG from flood 28
event analysis
4.7 rural/urban
1.0 urban
BFI from flow 14.8
BFI from HOST 23.4 -
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Table 19 Multiplying factors to apply to Nailsworth
stream hydrographs for diffuse lateral
inflow subcatchments

Multiplying factors to apply to Nailsworth Stream

—|

hydrographs
Catchment :;;:;:::: Urban hydrograph
Upper Middle Frome 0.2433 0.7709
Lower Middle Frome 0.1414 1.3084
Lower Nailsworth 0.2429 1.4846
Lower Frome 0.5115 2.1850
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Table 20 Details of calibration events
Date Raintall Storm SMD APIS cwi
depth duration {mm) (mm) {mmy)
{mm) (hr)
18 Dec 1965 85.8 120 0.14 2.14 127.0
30 May 1979 41.0 72 4.43 928 129.9
05 Jan 1994 20.9 72 0.29 11.26 136.0
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Table 21 Details of design events

“ Return period Rainfall depth Storm duration cwi
(mm) (hr) (mm)
5 year 35.7 8.5 120.7
10 year 42.4 a.s 120.7
25 year 50.6 8.5 120.7
50 year 58.1 8.5 120.7
100 year 65.2 8.5 120.7
150 year 69.9 8.5 120.7
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Figure 2 Locations of flow gauging stat:ons and meteorological sites
in the Frome basin
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Frome at Ebleld Mill
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Figure 4 Flood frequency plots for Ebley Mill (based on 24 years of
data) I
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Figure 5 Flood frequency plots for Ebley Mill from various methods
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Frome Subcatchment Inflows
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Figure 16 RIBAMAN results at Ebley Mill - January 1994 calibration event
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