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INSTITUTE AN IMPRQVED SUBCATCHMENT MODEL
0F FOR THE RIVER DEE
hydrology

by

C S GREEN

ABSTRACT

This report describes improvements to the
original {(Lambert) model used for real-time

flow forecasting on the River Dee (North Wales)
subcatchments. The model produces a flow
prediction from a knowledge of rainfall and the
present telemetered flow using two parameters;
the catchment lag, L, and the storage parameter
k. By allowing the parameter k to vary with
discharge it is shown that a much improved flow
forecast is possible. Modification of the lag
parameter is also considered. A technique for
deriving the relationship between k and discharge
from historic data is also described. The model
is applied to data from five gauged subcatchments
of the Dee and tested on eight flood events from
each catchment. The improved model is now used
in real time operation for flow forecasting on
the River Dee.
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LIST OF SYMBOLS

storage parameter (used generally)

storage parameter (usaed specifically for I.S8.0. Function Type I)
storage parameter (used specifically for I.S8.0. Function Type II)
as kl, but the first part of a two~part k versus q relationship

as k., but the second part of a two-part k varsus q relatienship

17
catchment lag (hours})

flow
present flow value

flow at time T hours from now
rainfall

catchment storage (mm)

time period or data intexval (hours)

time

central rainfall fraction
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1, INTRODUCTION

1.1 A brief history of the I.S5.0. function model

The I.5.0. (Inflow-Storage-Outflow) rainfall-runoff model was first
proposed by Lambert in 1962 and applied to the Ceiriog, a tributary of
the River Dee {(N. Wales). Subsequently the model was defined in two
forms (linear and non-linear) and applied to the Afon Dyfxrdwy { a
tributary to Llyn Tegid on the River Dee) as a subcatchment model and
as a routing model to Llyn Tegld itself (Lambert, 1972).

The Lambert model was chosen as the basic rainfall-runcff model for

five gauged subgcatchments of the River Dee and employed in the real-time
flow forecasting system based at Bala (Harvey and Lowing, 1976). The
five subcatchments, shown in Figure 1, are:

1. Hirnant 2, Ceiriog 3, Dee at New Inn (Afon Dyfrdwy)
4. Alwen (below Alwen reservoir) 5. Gelyn
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FIGURE 1 The River Dee catchment

Application of the Lambert model to these subcatchments hag been
described by McKerchar, 1975, and Lowing, Price & Harvey (1975},
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1.2 Recommended developments

Following implementation and initial evaluation of the real-time fore-
casting system at Bala, recommendations for further development of the
rainfall-runoff model were made by the project’s Steering Committee

in 1978. Two areas of further study were proposed, both involving
the form of the model's twe parameters; the catchment lag, L, and the
storage parameter, k:

(1) The replacement of the existing single 'lag’ measure by a
simple triangular time area diagram.

At present the rainfall input tc the model is considered to be that

occurring during one basic time interval (%hhour on the Dee), L hours in

the past. However, it was suggested that variation of travel time
along the length of the catchment could be represented by a symmetrical
distribution of contributing area around the central lag estimate of L
hours. This effect is achieved by smoothing the rainfall thus:

r -

y Yoty T ¥y * ¥¥

(L+T)
where
rT = Total rainfall input to the model
r = Rainfall recorded over basic time period (T)
L = Catchment lag (hours)
y = {1-x)/2
x = central rainfall fraction l>x2>0

At present x = ], but one sultable model might be defined by a value
of X = 0.6 giving a rainfall pxofile 0.2 - 0.6 - 0.2 as shown in

™
]

Figure 2.
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(2) The replacement of the existing storage parameter k, by a
more flexibie relationship between k and q (discharge).

Originally McKerchar derived a two part storage-outflow relationship
for some subcatchments, incorporating a threshold above which a second
storage parameter was employed (Figure 3). In addition, two seasonal
parameter sets were derived separately for summer {(May-October) and
winter (November-April) months. However, it was considered that a
fully flexible k vs g relationship would improve the model performance.

Storage parameter ' Threshold discharge = Ay

k, is slope of , (1) S8torage parameter kla
1 below flow of A

S vs log

- eq {(2) Storage parameter klb
relationship 5 above flow of q

(mm)

FIGURE 3 Two-part 8 vs q relationship

1.3 ZImprovement objectives

The Lambert model is currently in operational use in the Dee basin

to produce subcatchment flow predictions. It is stored as a

subroutine on the Bala control centre computer as part of the total
hydrological /hydraulic model, Any improvements made to the sub-
catchment model should therefore result in more yeliable flow forecasts
at all points on the system, thereby ralsing confidence in their use
by the engineers responsible for flood warning and reservoir control.

The Lambert model in its original form of fixed parameters was ideally
suited to real-time application because of its ability to continually
self correct and produce a revised forecast in the light of new
telemetered flow and rainfall information. Although its ability to
reproduce long lengths of historle record is not therefore its main
attribute, there is no doubt that an improved performance in this

(the simulation mode as distinct from the forecasting mode) must
increase the reliability of the forecasts made 24 hours ahead. Lack
of accuracy at this lead time is not a serious constraint at present
because such a forecast on a subcatchment requires almost as long a
forecast of rainfall. But as a quantitative precipitation forecasting
(QPF) improves, so must the model performance in simulation,




2. THEE LAMBERT MODEL

2.1 Assumptions

In the derivation of the basic equations, Lambert ([1972) assumes:

" {l) That run-off is principally controlled by water stored
naturally within the surface layers of the catchment area.

(2) That the rate of run-off (q) from a catchment area at any
time is uniquely related toc the amount of water stored
naturally at that time within the catchment area .{in
surface depressions, soil strata, aquifers, etc),
collectively called 'catchment storage' (5).

(3) That, as a first approximation, it is unnecessary to
subjectively divide river flow into components (surface
run—off, interflow, base-flow, etc),

(4} That the water-balance for the catchment shall be gatisfied
at all times." '

2.2 Model formulation

The water balance for a catchment may be written as:-

ds

'a"E = ¥y - e - g . L (1)
where,
S8 = g¢atchrent storage -
r = rainfall input
e = losses due to evaporation etc.p Expressed as
: instantaneous rates
q = outflow from the catchment

The losses teyrm, e, in Equation (1) has been ignored not only because
evaporation tends to be low in North Wales (particularly in the winter
time) but also bhecause optimisation of the model's parameters can, o
a certain extent, compensate for it. '

Equation {1) then becomes:-

ds -
d—t— = r—q .-0(2)
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To solve Equation (2) a second equation relating storage to outflow
is required, two forms of which were proposed by Lambert.

(1} 1I80-function Type I {log-linear)

S _ = kllbgeq s (BJ

Differentiation givesg:-

dq q con (4)

{2} 1S0-function Type II (linear)

5 = kg cee (5)

Differentiation givesg

ds
“'d—q_ = k2 010(6)

It should be noted that the units of k. are storage units {mm) for the
Type I model and time units (hours) fo¥ k, of the Type II version.
The symbol k is used to represent either k1 or k2 as appropriate.

Since,

49 _ dg . ds
dt as 4at vea {7)

Equation (2) may be combined with either Equation (4} or BEquation (6)

For model Type I, therefore,

& _ g, (r-9) «ve (8)
at ky

and Type II,

dg = (r - q)
at k2 voe (9)

Integration of Equations (8) and (9) give the £inal equations of the
Lambert model:-




fa) When r # O

= .-.(10)
q q,
P X+ (1 - X1
Y

4, - predicted flow at time T hours from now

9, = present telemetred flow
T
X = e kl
r = total rainfall input to mcdel
T = basic time interval (0.5 hours for Dee)
kl .= storage paraméter
Y =z
%W
{(b) when r = O
a, = %
{1+q IT) . !.l(ll}
O -}\'C— :
1
Type II model
@ T G W WY Voo (12)
where,
T
w o= e 7%
qO

Equations {10), (Il) and (12), therefore, form the basic cperating
equations, The second parameter, the catchment lag, L, is introduced
into the model by delaying the effect of rainfall by L hours. The

teotal rainfall input to the model, r, is that which occurred during the
tine period T, L hours previously.
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Rlthough it is the log-linear form of the model (I.S.0. function type
I) currently in use on the Dee subcatchments, both model forms are
considered in this report for two reasons:

(1) Other catchments where the Lambert model could be applied in
future may not require a log-linear type model but would
benefit from a variable k.

(2) To determine, in the light of increased parameter flexibility,

whether the more complex Type I log-linear I.S.0. function
was really necessary,

3. DATA

The data used in this report comes from the five subcatchments shown in
Figure 1:

Dee Subcatchment ‘Area

2
Dee at New Inn (Afon Dyfrdwy) 53.9 m,
Hirnant 33.9 km2
Ceiriog 113.7 kmj,
Gelyn 13.1 km,
Alwen 137.2 km

The main body of this report uses data from the first catchment
studied, the Dee at New Inn; they were also used in the development
work on the model, the results of which are reported in Section 8.

The Dee at New Inn, in common with the other subcatchments, is a
mountainous catchment with steep valley sides covered with only a
thin layer of soil on impermeable rock; there is a rapid response of
runcff to rainfall. Rainfall is greatest in the winter months, but
the ocecurrence of thunderstorms in summer means flooding is possible
any time of year.

The data come from a time when the area was covered by a dense network
of recording ralngauges for the Dee Weather Project {Steering Committee
Report, 1978) and are therefore of a relatively high quality.

Rainfall and flow data are both at half-nour intervals. In determining
the best parameter values for the Dee at New Inn, an 1l month period
from November 1972 to September 1973 was used. '

Lambert model parameters, in use before completion of the work reported
here, are given in Table 1.

|



TARLE 1. TLambert model parameter values
{In use until August 1978)

WINTER SUMMER
(NOV-APR} MAY-0CT) ALL YFAR
e
kl kl or.kla Thr?:ﬁji? G klb (ﬁ)
{mm) (mm} (mm)
Celriog 17.0 60.4 0.08 17.9 2.5
Alwen 8.6 23.6 0.10 5.1 2.5
Celyn 6.9 24.2 0.0 6.8 0.5
Hirnant 1i.7 15?9 - 1.¢
Dee at New Inn 4.9 7.9 - 1.0

* Denotes g at which change from kla to klb ogeurs

4, RAINFALL MODEL

This section congiders the replacement of the existing single lag
measure by a simple time-area diagram concept. Formmlation of the
rainfall smoothing process was given previously as:

o

= +
by Y¥ 11T

oy Y Y

Figure 4 shows five possible types of rainfall model, type O - 1 - O
baing the simple lag measure at present employed. Before going as
far as actually producing a time-area diagram, the sensitivity of the
model was tested on twe of these simple triangular distributions.
There is no reason why the model should be symmetrical or why it
should extend over three data intervals; however, with & ¢catchment
lag of one hour and a data interval of half an hour the models
illustrated seemed a reascnable proposition. Types 0-1-0,
0.2-0.6-0.2 and 0.33-0.33-0.33 were applied to the flood event of
lst April 1973. In this analysis, present parameter values of L = 1
and k. = 4.9 were used in the basic Type 1 model on Dee at New Inn
data. Observed and predicted hydrographs are shown in Figure 5.
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From Figure 5 it can be seen that only minor changes to the hydrograph
shape result from lncorporation of the rainfall model; the hydrograph
peak is progressively smoothed and rounded as the rainfall model
becomes flatter. However, there is a danger in taking the smcothing
too far since this implies a corresponding reduction in sensitivity

to rainfall (ie there is little point in having half-hourly rainfall
data if it is going to be averaged out over 1% hours as in model

Type C.33-0.33-0.33).

Rainfall model Type 0.2~0.6-0.2 does give some smoothing (an improvement
on the single lag Type 0-1-0) whilst retalning some sensitivity to the
rainfall data. There 1s alsoc credibility in the physical significance
of Type 0.2-0.6-0.2 (which implies that the total rainfall arriving at
storage is composed of (.2 time the half-hourly rainfall from the time
interval commencing 1.5 hours ago plus 0.6 times that from L hour ago,
plus 0.2 times the rainfall falling from 0.5 hours ago) in that it is
most like the likely real time-area diagram.

The benefits of rainfall smoothing are not great on this catchment and
are really of a cosmetic nature, but as they do improve the hydrograph
shape, a Type 0.2-0.6-0.2 model is recommended for the Dee at New Inn
and is incorporated in the remaining results of this rxeport.

It was anticipated that the benefits from this type of rainfall
smoothing would become more noticeable with an increase in catchment
area and two events from the Alwen (137.2 km?) and Ceiriog (113.7 km?)
catchments were analysed to investigate this point.

Figures 6 and 7 (opposite) show the results of the 0-1-D, 0,2-0.6-0.2
and ©.33-0,33-0.33 type models applied to both floods.

Compared with the smaller (53.9 kmz) Dee at New Inn catchment,
improvements in hydrograph prediction appear to be of a similar size
and nature [Figure 53). It is possible that a further improvement in
prediction might have been possible with a broader based rainfall
smoothing model. One possible model, for example, which extends
over five time intervals ig shown in Figure B.

FIGURE 8
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However in the light of the small changes resulting from the simpler
model it was not considered worthwhile to pursue this point.
Nevertheless 1t ig quite possible that in catchments where travel
times are longer, investigation of a more sophisticated type of
model would prove beneficial,

Therefore, in addition to the Dee at New Inn, the 0.2-0.6-0,2 _
rainfall model was incorporated on the Alwen and Ceiriog catchments
but not on the Hirnant and Gelyn catchments for the following
reasons:

{1) with areas of 33.% km’ and 13.1 km2 the Hirnant and Gelyn
catchments are very quick to respond to rainfall (lag times of 0,5
hours for both), Smoothing of the rainfall input is not necessarily
beneficial as sensitivity 1s lost,

{2} The catchment lag of 0.5 hours implies that rainfall input
to the model should basically come from the previous half hour pericd.
Introducing a 0.2-0.6-0,2 type of model on a lag of 0.5 hours means
that 0.2 times the rainfall over the future half hour period is
required to make the prediction, In practice this implies that a
rainfall forecast is needed. Ofdinarily on the system at Bala there
is no such forecast and the model therefore assumes zero rainfall.

In such a situation the model would be operating below its best. No
rainfall smoothing is therefore incorporated on the Hirnant and
Gelyn catchments {ie a 0~1-0 type of rainfall input is used).

5, STORAGE PARRMETER, k

5.1 Original derivation

The second of the two recommendations expresszed in the introduction
states that the existing storage parameter, k, should be replaced by a
relationship between k and g {the cutflow discharge}. This is the
subject of the majority of the remainder of this report and is where
dreatest improvements in model performante have been made. Firstly,
however, it is necessary to derive the k vs g relationship.

Techniques previously used for deriving k are:

(1) Lambert's original dexivation of k is based on a recession
curve analysis whereby at a series of time increments, depletion of
catchment storage is computed from the changing 'velume' under the

recession curve, Catchment storage is plotted against flow for I.S.0.

function type II or log flow for I.8.0. function Type I and where the
slope of the line gives k and k, respectively. Although several k
values over a flow range may be éatermined by this method, it is based
on isolated hydrograph recessions and does not produce the best
overall hydrograph fit (ie including the rising limb).

U MR G8 SN @) Gy W UL WS O Ou 0% Sy S8 O3 G S On 08
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{2) McKerchar derived L and k. by an optimization technique in
which the sum of squares of the res}duals between observed and predicted
flows were minimised over several months of data, Using this
technique separately over winter and summer months, seasonal 1. and kl
values were derived with a two part k, {incoporating a threshcld)
for some subcatchment during sumer m%nths. The values of Xk
produced were therefore based not only on hydrograph recessiolls as in
{1) above, but algo on the rising limb. Optimisation in this way
allowed for evaporation to be incorporated in the final kl valus,

{3} The parameters produced by method {2) above gave the best
fitting model over the months for which they were optimised, but for
real time use, where the difference is the continual updating by
telemetered flow, better forecasts were produced by a set of parameters
optimized subjectively on isolated flood events,

5.2 Parameter generation

An additional technique of deriving k from basic rainfall-run-off data
has been developed to produce a relationship between k and g. The
principle involves rewriting the basic prediction squations for I.S.0.
functions I and II to leave k as the unknown term on the left hand side

of the equation:

1)y I.S.0. function Type I ~ S = kllogeq
Bguation (lO)} may be re-written as:~
k = o 3 T IWhEn 3.' ﬁ o) [N {13)

1
log, % (r-qn)
9 !r—qoi

and equation (11) as :~

{when ¢ = 0) ced (24

{2) I.8.0. function Type II - 8 = k q.

Bauation (12) may be re-written as:-
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k, = -T

«vs (15}

The value of k so derived may he considered as that which would be
necessary to give perfect prediction of flow, q_, from the initial
value q, and rainfall input r. Advantages of Bhis method are threefold:

1)

{2)

{3)

The parameter is derived in the real-time {or point by point}
sense and not by one optimisation over several months of data.

Each value of k may be associated with the initial discharge
q , at which it occurred. This forms the basis of derivation
of a k vg g relationship.

The rising and falling limbs of the hydrograph may be treated
separately and an individuval k vs g relationship for each
part, This introduces another degree of flexibility to the
model with minimal complication in its formuwlation; the
benefits are discussed later in Section 8,

5,3 Elimination of unwanted points

In order that q be predicted exactly there is considerable scatter in
the k parameter produced. However, since there are almost as many k
values produced as points in the optimisation data set {16032 for 11
months New Inn data), some may be discarded provided an acceptable
reason for doing so can be found. Points were discarded for the
following reasons:

(L)

{2)

kX parameter generation Equations {13) and {15) break down
when ¢ > r » gn. Under these conditions there is an
attempg to take the logarithm of a negative number. Only
relatively few points are eliminated in this way (of the
order 0.1%)}.

vValues of k less than zero are generated when the storage
principle of the model is violated:

{a) the flow rises when no rain has been recorded.

(b} when r > q , k determines by how much should increase
above ¢ _. If g < qo' however, then a negative k value
e
is produced.
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{c) When r < d,r k determines by how much q¥hshould fall
below q,- {But if q is in fact less than q. 2
negative k value is g@nerated).

{3) Occasionally, very large values are assigned to k where the
apparent cause-and-effect relationship between rainfall and
runoff seems unlikely. In recesslion, for example, when a
much smaller drop in flow ls recorded than would normally
be expected or when a sudden burst of rain produces a
minimal increase in flow, a very large k value is generated.
It could be argued that a model should be able to predict
this, but the aim is to get the best overall fit and
inclusion of these large numbers makes it more difficult to
establish the general trend of the k vs g relationship.
values of k greater than the arbitrary limit of 80 (for
model Type I and IX) have been discarded. |Points lost by
eliminating factors {2) and (3) amount to approximately 2k%
of the total.

Figures 9-14 illustrate the scatter of points cbtained by generating
k1 and k. values from three individual months of data; NOV 72, APR 73
and AUG 33 {a plot of the entire 11 months data would be overcrowded).
Figures 9, 10 and 1l represent model Type I, while Type II is shown in
Figures 12, 13 and 14, Points for exclusion under criteria ({2) and
{3) above, have been included in these graphs for illustration.

Points obtalned from the rising and falling limb are shown separately
and points outside the graphical limits of ~10.00 and +50.00 are
plotted on the graph's perimeter.
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5.4 Parameter generation during low flows

B0 .00

Rising k2

Falling kz

In periods of recession where there arxe very small changes in flow at

successive half hourly intervals, two or more adjacent flow measurements

can have the same recorded walue. This 1s because the accuracy of the

flow meagsurement station is Ilnsufficlent to record the small changes

in head which occur.

During the parameter generation process the

following procedure is adopted when one or more successive flow values
are detected as being the same,

{1)

{2)
{3)

{4)

x

No parameter (k) is generated until a drop in flow ococurs from

9

to Q2

The number of data points with the same value 1s stored (N)

The eventual drop in retorded flow is divided by N,

N

One parameter is then generated for this period with the
fellowing values of 4 and 4,

g9, = 9
o, -~ 0.}
= 17 "2
4G = Q-
N

+

oy G Gy G on OF Sy US WS Sy =
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6. SEASONAL VARIATION

McKerchar (1975) allowed for seasenal variation in catchment response
{evaporation, transpiration etc), by deriving sets of model parameters
independently for summey (May-October) and winter {(NMovember-April)
months. For the Dee at New Inn the following were developed:

L
kl
Summex 7.9 1.0
Winter 4.9 1.0

In an attempt to determine a seasonal trend for this study, the following
analysis was carried out: o

{1) The catchment storage parameter, k, was derived on a month
by month basis using a 0.2-0.6-0.2 rainfall smoothing filter
and the optimum lag of 1 hour.

{2) The mean of all k values obtained in any one month was
plotted against their respective month for I1I.5.0. function

Type I and II {(Figure 15).

MODEL TYPE I (kp)

MODEL TYPE I (ky

o
- [ I | i [ | i | 1 I 1
JAN FEB MAR APR MAY JUN  JUL AUG SEP  OCT NOvV DEC JAN

FIGURE 15 Seasonal variation of parameter k
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From these results there appears to be a general trend towards a

lower mean storage parameter around the months of May and June rising

to a maximum in winter months {the opposite to McKerchar's observations).
However, since some of these months contalned very few flood events,

it was considered that there was too little evidence to support this
trend and the analysis would need to be repeated for several years to
establish it with any certainty. The approach which was adopted
therefore, was to use data from November 1972 to September 1973 as a
whole and derive the best all year round relationship. In the final
analysis this relationship was tested on both winter and summer

events to determine whether an adequate hydrograph prediction was
being achieved in both instances.

7. DERIVATION OF THE kX vs g RELATIONSHIP

Using an assumed lag of 1.0 hours (the derivation of this is discussed
later in Section 8.4) and the 0.2 - 0.6 - 0.2 rainfall smoothing
process (Section 4), a set of k and q values were generated from the

11 months data as described in Section 5.2, 5.3 and 5.4. The 16032
data points from this periocd produced approximately 8000 values of
storage parameter and associated discharge. These were divided into
points from the hydrograph rising limb and hydrograph recession (approx-

mately 1640 and 6360 pocints respectively). Both I.S5.0. function types
(I and IX) were considered.

To reduce the considerable scatter and guantity of points into a smooth
relationship between k and q, the following technique was applied:

{1) Points were arranged in ascending order of discharge
magnitude.

{2) The effect of a change in k on discharge prediction becomes
increasingly influential as k approaches zero (ie the
difference in discharge prediction for k¥ = 3 as opposed to
k = 4 is more than for k = 33 as opposed to k = 34). For
this reason all k values were replaced by their logarithms.

{3} All points between O and 1 cumecs were grouped and the
average discharge and average k parameter found for that
group.

(4) 'This was repeated for points between 1 and 2 cumecs, 2 and 3
cumecs ete until the maximum discharge was reached. When
there were less than five points within a group, the group
was extended to include additional points to make up the

™
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required number. This was necessary to ensure that there
were sufficient points to obtain a 'good' average, damping
the effects of an occasional spurious point. 'These results
were then anti~-logged, The slze of the grouping {1 cumec
in this case) was chosen to give a reasonable number of
points for derivation of the final k vs q relationship.

(5) A three point moving average was run through the grouped
and averaged points to provide an initial smoothing to the

relationghip. The results of this were then plotted
{Figures 16-19).

H

Points after
computer
smoothing = x

Final
relationship = +

F-00 ]'I.O-'E%RHHF%T-%H?U-M g5-00 F£0.00

xx X NX

won

0.00 §.00 30.00 15.00 20.00 b5.00 %0.00 95.00 %0.00 %E.00 50.00 55.00 be.on
FLBH [CUNECST

FIGURE 16 Dee et New Inn : k, v8 q relationship (rising limb)

_1 Points after
computer
smoothing = x

Final
relationship = +

00 __p-00 IIO-%RH?%T-ED% : £0-00 26,00 20.00

0.00  5.00 10.00 15.00 20.00 25.00 B5.00 95.00 %0.00 %5.00 Go.a6 55.00 0.00
FLBN C(CUMECS] .

FIGURE 17 Dee at New Inn : kl v8 q relationship (falllng limb)
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Points after
computer
smoothing = x

Final
relationship = +

p.00 10.00 FO.;U“R%E-W “140.00 po0-00 p0.00

b.og 5.00 1o0. . . . . . . . . . .
0 00 35.00 20.00 gfaao‘cggsggj 95.00 40.00 %6.00 50.00 55.00 B0.00

FIGURE 18 Hew Inn : kz vs q relationship (rising limb)

Points after
computer
smoothing = x

Final
relationship = +
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Xy

R X3 B e

p.00  3a.00 2008 5000 40.00 50.00 p0.0D

b.o0 ' 5.00 0.00 \5.00 20.00 ©25.00 350.00 35.00 " - - - .
FLBW [CUHECS) %0.00 ¥5.00 50.00 B5.00 bo.oo

FIGURE 19 New Inn : k2 vs q relationship (falling limb)

16) Final smoothing was done subjectively by hand (Figures 16-19)
and cor~ordinates read from the line at successive 2 cumec
increments on the discharge axis.

{7) The final k vs g relationship of model type I and II are shown
in Pigures 20 and 21 respectively. Two lines indicate the
separate rising and falling limb components; the third is
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Rising k1 = x
Falling kl = +

Combined ky = ¢

0.00  §.00  40.00 368D " 20.00 £5.00 30.00

b.oo 5.00° Yo.c0 Ys.00 %0.00 25.00 30.00 55.00 40.00 ¥5.00 $0.00 B56.00 &0.00
FLBN (TUNEC) .

FIGURE 20 Dee at New Inn : parameter k, - Type I

1

R =
ising kz x

Falling k2 = +

Combined k2 = &

PARANETER %
.60 1‘10-00 ?U.BD %HUE.UEU iw.ﬂﬂ po.00 po.0O

.00 5.00 1p.00 35.00 20.00 25.00 50.00 95.00 40.00 %6.00 60.00 66.00 &0.00
FLBW (CUNEC)

FIGURE 21 Dee at New Inn : parameter k2 - Type 1I

the mean of the two ~ the combined relationship. The latter
was used to determine the relative benefit gained bv using
separate as opposed to a combined relationship.

The k vs q relationships shown in Figures 16 to 21 indicate that:

{1) The basic I.S8.0. function assumption {log-linear for
Type I, linear for Type II) is in fact correct on segments
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(2)

(3)

of the graphs showing a constant k value, Ceg; Figures 16
17: g < 25 m®/sec; Figures 18, 19: q between 20 and 35 m /sec}.

If the graph shows a changing value of k with ¢ {eg Figures
16, 17: q >25m°/sec), then the basic I.S.0. function
assumption is not correct, and the catchment response is
modelled appropriately by assuming a ‘changing' k value
based on q.

Figures 16-21 have been derived using a data time interval

of 30 minutes and therefore should strictly only be used
with this time step {if k is dependant on q).

8. RESULTS (NEW INN)

8.1 Test Cbjectives

Having derived a storage~outflow relationship, the following questions
need to be answered: '

{1

(2

{3)

{4}

{5)

Does the variable parameter Lambert model produce significantly
better hydrograph predictions than the fixed parameter vexrsion?

bDoes the division into riging and falling limb Xk vs g
relationships produce a worthwhile improvement in prediction
accuracy? .

Which of the two forms of I.S.0. function give better results?

Is there a requirement for a seasonal variation in parameter
values?

Are any improvements in model prediction on floods within
the calibration period, extended to f£locods which have not
been used to determine the best parameter values?

8.2 Tesgt description and results

Seven floods events were sgselected from the calibration period on the
basis that they should represent seasonal variation and a range of
peak discharges. An elghth event, from 8th February 1974, was used to
test the effectiveness of the k vs g relationship outside the
generation pericd. The events, covering a range of peak flows from
8.4 cumecs to 52,73 cumecs, are listed below in Table 2.
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Table 2, Test events for the Dee at New Inn

Start Date Peak Discharge
9th November 1972 52.73 cumecs
26th Jahuary 1973 37.19 cumecs
1zt April 1973 46.21 cumecs
12th May 1973 37.58 cumecs
4th August 1973 ' _ 21.5 cumecs
18th October 1973 48.4 cumecs
27th November 1973 8.4 cumecs
8th February 1974 43,4 cumecs

The comparison was made against the existing fixed parameter model
{Type I) with values as given in Table 1 {le Lag = 1.0 hours, k1 = 4,9
{winter), kl = 7.9 {summer)).

Each event prediction extends for 24 hours and is assumed to have a
'perfect' rainfall forecast. For each event there are four cases
considered:~ ’

{1} Model Type I with fully varlable k. {ie separate rising and
falling limbs), henceforth called %he Type I variable.

{(2) as in {1) but using the combined k, vs ¢ relationship,
henceforth called the Type I combiified.

(3) Model Type II with fully variable k, {separate rising and
falling limbs), henceforth called the Type II variable.

(4) as {3) but using the combined k., vs g relatlonship,
henceforth called the Type IT combined,

Graphs of observed and predicted flow for case (1) above (Type I
variable model) may be found in the Appendix. Graphs of the other
three {(and in the final analysis less satisfactory) model types have
not been included to save space. Table 3 summarizes statistics from
each event and model type where the conventilon, error = cobserved -
predicted (discharge, time of peak and volume) has been adopted. For
each event the following information is provided

(1} Percentage error at peak

(2) Maximum error on rising limb as a percentage of peak discharge

25
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{3} Timing error of peak discharge

(4) Error in predicting flood volume as percentage of recorded
volume,

The following event analysis was produced after considering each flood
in turn in conjunction with Table 3 and the appropriate graph from
the Appendix,

9 NOV 72 (Figure Al)

A significant improvement in shape and prediction of peak dilscharge
is evident from Figure Al for model Type I variable over the fixed
parameter version. Although not shown, this improvement in shape
is extended to model Type II, There is only a small improvement
in using the separate rising and £alling limb parameter (Table 3).

26-JAN-73 {Figure A2)

Starting with the best, predictions for thls event are easily
categorised in the following order:-

(1) Type I variable

(2) Type II variable

{3) Original fixed parameter

{4} Type I combined

(5) Type II combined
This implies, for this event, that unless separate parameters are
used for the rising and falling limb, no benefit is gained over using
the fixed value, k., = 4.9, However, by using Type I variable, srrors
in peak discharge are reduced from 16.1% to 9.2%. rising limb errors
from 17.3% to 11.0% and volume errors from 12.9 to -~ 1.5%.
1-APR-73 (Figure A3)
The comments on the event of 9-NOV~-72 apply here also, except thak the :

rising limb reproduction is hetter with Types I and II varlable and the
peak discharge is predicted better with the combined parameter.,

12-MAY-73 (Figure a4)

There is a large improvement in prediction accuracy with this event,
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Categorization of models in order of merit glves:

(1} Type II variable
(2) "Type I variable
(3) Type I combined, Type II combined

{4) Fixed parameter, kl =7.9

Using the best prediction, a Type II variable. peak discharge
estimation has improved from 42.6% to 1.2%, rising limb error Ffrom 49 4%
to - 7.1% and volume error from 32,.9% to - 2.9%.

4-AUG-73 (Figure AS5)

The original fixed parameter model with k_= 7.9 produced a very poor
prediction for this event with an error i3 peak discharge of 78.4%

and a 48.,2% volume exror. Optimum peak discharge prediction, rising
limb reproduction and volume prediction were, on this occasion, produced
by three different models (see Table 3)}.

18-0CT-73 (Figure R6)

Although there is a reducticn in accuracy in the prediction of peak
discharge from -0.3% to arcund -5% (for all variable types) on this
event, the hydrograph shape, and in particular the rising limb, is

modelled better by all variable parameter types.

27-NOV~73 (Figure A7)

Peak discharge and rxising limb error are best preduced by a Type II
variable model on this event {(reduced from 17,9% to 3.2% and 20.3% to
-10.9% respectively), Again, the separation of rising and falling
limb parameters improves the prediction for model Types I and IT.

8-FER~74 {Figure 28}

This event was taken from outside the calibration period, Overall,
the best prediction was made by a Type I variable model, with the
error at peak reduced from -9.9% to 1.0%, volume erroxr from 10.0% to
1.0% and there was a slight improvement on the rising limb from ~10.0%
to B.1%.
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8.3 Summary of results

Having considered each event individually, it appears to be difficult
to determine which type of model to use and whether or not it is
worthwhile to employ 2 separate k vs q relationship on rising and
falling limbs. A clearer picture emerges, however, when the average
of all eight events is taken (see Table 3) to give an overall absolute
error at the peak, error on the rising limb, error in timing and
volume erxror for each type of model. From these results on New Inn
data, it is clear that the best type of model is based on I.5.0.
function Type I and that it is better to have a separate rising and
falling limb k vs g relatienship. Improvements using the cptimum
combination - a Type I variable model are:

{1) Average reduction in peak discharge error from 35.1% to
6.0%;

(2) Average reduction in rising limb error from 35.2% to 12.7%:

(3) Average reduction in volume error from 18.3% to 6.9%,

Although the average absolute timing error is given as 0.4 hours, the
average timing error (given in brackets alongside the former) ranges
from 0.1 to ©.3 hours. The catchment lag of 1 hour is therefore
satisfactory, bearing in mind that it can only be defined as some
multiple of the basic data interval {0.5 hours).

In answer tc the guesticons posed in Section 9,1, it may now be stated
that:

(1) The variable parameter Lambert model does produce significantly
better hydrograph predictions than the fixed parameter
version.

{2) The division inte rising and falling limb k vs g relationship
produces an improvement in prediction accuracy. This is
particularly true with the model Type I.

(3) Model Type I generally produces better results than model Type
IT.

(4} There is no noticeable seasonally-based error. It would re-
quire several years' data in order tc establish a trend with
any certainty by using the method described in Section 6.

{5) Improvements gained within the calibration period extend to

floods outside that period of which the 8th February 1972
event was an example chosen,
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8.4 The catchment lag parameter, L

At the beginning of Section 7 it was stated that for subseguent
analysis an assumed catchment lag of 1 hour was to be used. This
section, coming after the results have already been dlscussed, may
appear to be out of place. However the final cholce of the catchment
lag is based on the result analysis summarized in Table 3. The
procedure used for obtaining the optimum lag 1s given below:

1)

{2

(3)

k vs g relationships were derived from the basic data for a
range of lags likely to contaln the optimum value {for the
Dee at New Inn, 0, 0.5, 1.0, 1.5 and 2.0 hours were considered).

The eight flood events used in the result analysis were
selected with the criterla that they should cover a range of
peak discharges and come from summer and winter menths.

Using the appropriate k vs q relationship with each lag, the
eight events were modelled and the average timing error of
these events obtained. Figure 22 shows how the hydrograph
prediction for one particular event changes for the five lag
times. The optimum catchment lag was indicated by the
results with the average timing error of all esight events

s
% OBSERVED FLOW -—~— TYPEI MODEL PREDICTION - - «
3
@_ EFFECT OF LAG PARAMETER ON FLOW PREDICTION
o
o]
=3 LAG {L}
HOURS
5 29
a%“ 10
o= 05
=55 . .
a8 00
&8
0 |
[
[}
[=a
g
o
000 200 %00 600 B00 1000 1200 1400 9600 I800 2000 22-00 2400
TIME  {HOURS)
FIGURE 22 Dee at New Inn : variation of lag
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EFFECT OF LAG PARAMETERA ON TIMING ERRORS

i FIGURE 23

201 .- '

5 ~ _ Effect of lag parameter on
pn Se timing errors
51.0__1 % .
205
5 0- e

— —

T T T
45 40 05 0O 05 1-0 15
TIMING ERROR (HOURS}

closest to zero [Figure 23). From Figure 23 and Table 3 it
can be seen that the average timing error for the Type T
variable model was -0.1 hours. This figure implies that
the best synchronisation of runoff with rainfall on eight
representative flood events is achleved with a catchment lag
of 1 hour. It should be noted that it is not possible to
improve on this because the lag must be a multiple of the
basic data interval (O.5Shours).

g. RESULTS (ALL CATCHMENTS)

Preceeding sections have been concerned with data and results from
the Dee at New Inn subcatchment of the Dee. The variable parameter
model thus developed was then applied to the four other gauged
subcatchments on the Dee, namely the Hirnant, Ceiriog, Gelyn and
Alwen. Between 11 months' and two years' data were used, depending
on the availability of a continuous record:

CATCHMENT FITTING PERIOD

Hirnant July 72 +June 74
Ceiriog Nov 72 *0ct 74
Gelyn Sept 72 *July 73
Alwen July 72 *Aug 73

{when Alwen
reservoly not spill-
ing)

From the New Inn results discussed in Section B, the Type I [log-linear)
model with separate rising and falling parameters emerdged as the most
satisfactory model, In the light of this it was decided to apply this

. form of model to the remaining catchments,



In common with the New Inn catchment, eight flood events were selected
from the data to encompass a range of peak discharges from both summer
and winter months and to have one event from outside the calibration
pericd to ensure that any improvements were maintained after calibration
ceased, On each catchment the lag parameter was determined from these
events by the procedure described in Section 8.4. The lag parameters
for the five subcatchments are given in Tahble 4 below, togther with the
Figure number for the final discharge/storage parameter relationship
{the New Inn results are included for completeness) .

TABLE 4 Final catchment lag and storage parameter relationship

CATCHMENT LAG,L STORAGE PARAMETER

{HOURS) kl
New Inn l.0 Figure 24
Hirnant 0.5 FPigure 25
Ceiriog 2,0 Figure 26
Gelyn 0.5 Figure 27
Alwen 1.5 Flgure 28

Table 5 contains a summary of the results for all catchments uging
the parametexs indicated by Table 4. The results are a comparison
between the original fixed parameter version of the Lambert model and
the new Type I model with separate rising and falling limb parameters
incorporating the rainfall smoothing function (Sectiond}.

{1) Hirnant

The variable parameter model gives a significant improvement
in prediction over the original fixed parameter version. Although
this improvement is not as great as that recoyded on the New Inn
catchment, the average absoclute error on the paak discharge
estimation 1s down from 26.4% to 20.0% and the rising limb error from
33.2% to 22.4%. There is little difference in the timing or volume

errors. However, the most significant improvement on this catchment
is in the average errors {given in brackets alongside the average
absolute errors). For peak discharge estimation these are reduced

from 26.2% to 4.5%, for the rising limh from 33.2% to 4.2%, and in
volume prediction from 12.4% to 3.6%. This means that there is no

Ooverall tendency to consistently oversor under..predict on this group
of events, .

a
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TABLE 5 Summary of resuits for all catchments
ORIGINAL VARIABLE kl TEST
kl TYPE I
35.1 { 8.9 6.0 | 3.6) A
NEW INN 35.2 (26.4) 12,7 { 8.1) B
0.5 {~0.1) 0.4 { 0,13 C
18,3 {17.4) 6.9 {-4.9) D
26,4 (26.2) 20.0 { 4.5} A
HIRNANT 33,2 (33.2) 22.4 {1 4.2) B
0.3 { 0.0) 0.3 { 0.1) c
13.0 {12.4) 14.5 [ 3.6) D
39.1 {36.4) 17.8 {-0.8) a
CEIRIOG 42,35(40.1) 23.3 {-9.7) B
l.l t—-l.Oj 0.4 t-O-l) C
22.1 {22.1) 22,2 [~16.0} D
19,5 =~ 6.2} 19,8~ 5.5) A
GELYN 27.0 (- 7.7) 23,4(-10.2) B
0.8 {- .L) c.7{ .2} C
14.0 t 6.2% 12,7 {-1,6) D
25,2(25.2) 21.1{18.7} A
ALWEN 44,9{44.9) 25,4§21,4) B
1.7(=1.7) 0.4{ 0.3} C
16.71{9.2) 14.3{~2.58) D
AVERAGE 29.1{18.1) 17.0( 4,1) A
of 36.4(27.4) 21.4¢ 2.8) B
ABSOLUTE 0.9t -.6) 0.4{ 0.1) o
ERRORS 16.81{16.8) 14,1 {-2.3) D
A = % Brror at Peak
B = Maximum error on rising limb as % of Peak
C = Timing Error {(hours)
D = Volume Frror (%)
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{2) Ceiriog

The comments on the Hirnant results glven above apply ecually
to the Celriog results. In addition, however, there is an improvement
in the timing error of peak discharges from -1.,0 to ~0.1 hours. This
has been achieved by using a catchment lag of 2.0 hours instead of
2.5 hours (Table 1).

{3) Gelyn

This catchment showed the least improvement of all those
studied. There was only a small improvement in the rising limb
error from 27.0% to 23.4% and a marginal improvement in volume
error from 14.0% to 12,7%. The reason for this is possikbly due to
the fact that the original results with the fixed parameter model were
fairly good, it being the best of the five catchments studied.

{4) Alwen

Cn the Alwen there was a noticeable improvement in rising
limb reproduction (from 44.9% to 25.4% error) and the average timing
error was reduced from 1.7 hours te 0.3 hours. There was a small
improvement in peak discharge estimation from 25,2% to 21.1% and in
volume estimation from 16.7% to 14,3%.

The final greoup of results in Table 5 are an overall average of all
events on all catchments, By replacing the existing fixed parameter
Lambert medel by the Type 1 separate rising and falling limb parameter
model, it can be seen that:

(1) Error in the estimation of peak discharge is reduced from
29.1% to 17.0%;

(2} Error in the rising limb is reduced from 36.4% to 21.4%;:
(3} "Timing error is reduced from ~0.6 hours to 0.1 hours:
{4} Volume error is reduced from 16.8% to 14.1%.
Furthermore, the average errors {given in brackets) on these 40 events

are reduced to an insignificant level; 4.1% on peak discharge, 2.8%
on the rising limp and ~2,.3% on volume prediction.



PARAMETER X '
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FIGURE 24 New Inn : final kl vs q relationship
Rising kl = x

Falling kl = +

/

h.00 %.00 B.00 12.00 18.00 b0.00 P4.00 %8.00 92,00 36.00 40.00 %4.00 48.00
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FIGURE 25 Hirnant : final kl vs q relationship
Rising kl =X

Falling kl = +
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FIGURE 26 Ceiriog @ final ki vs q relationship
Rising kl = x

Falling k1 = 4

10.00 jz2-00

(.00
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Fi.8H{ CUNECS)

FIGURE 27 Gelyn : final k vs q relationship
Rising kl = x

Falling kl = +
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ARAHETER K
p.00 ,40?‘ p.BﬂF EnﬁEﬁR 16.00 go-00 g4-00

h.00 10.00 20.00 130.00 4%G.00 —bgaﬁo[cgg":gg “%0.06 B0.00 B0.00 100.00 110.00 120.00

FIGURE 28 Alwen : final k vs g relationship

Rising kl = x

Falling kl = +

10. CONCLUSIONS

The results for the New Inn catchment (Section 8) and the other Dee
subcatchments [Section %) show that a significant improvement in
hydregraph prediction can be achieved over the fixed parameter version
of the Lambert model by using the Type I model with separate rising
and falling limb parameters. A small improvement {in hydrograph shape)
is obtained by using a smoothed rainfall input as described in Sectiocn
4. For the New Inn catchment the log-linear Type I model gave the
best results and this is probably due to the relative confidence with
which the smooth line of the k vs g relationship can be drawn through
the derived points (Figures 16 and 17), It is much easier to fit the
best straight line in the low flow region of the log-linear curve than
to fit the best curved line in the same region in model Type 1II curves
{Figures 18 and 19}.

Although 11 months was the minimum peried used to obtain the k vs ¢
relationship, it is possible to get an approximate relationship from a
mugh shorter period than this, Figure 10, for example, contains
information from only one month's data {(April 1973) during which there were
three flood events. hs a first approximation, it would be possible

to use these results to draw in a best fit line and later improve

on this as more data become available.




In practice, development of the k vs g relationship could be done in
two ways:

(1) After every few months or after a significant flood event,
manually repeat the analysls described in this report and
then run the model from that point in time with the revised
relationship.

{(2) By having a fully automated procedure whereby the model
starts off with an initlal assumption of the k vs g
relationship (a constant value, for example). Each time the
new telemetered data are received, calculate the value of
k which required to give a perfect prediction. This is
then combined with the existing k vs g relationship to
provide instant updating. The form of this relationship
would ocbviocusly change very rapldly to begin with but after
several months it should stabilize apart from some
modification after a large flood event.

The rainfall data used in this report are of a very high standard,
coming from a dense network of raingauges throughout the subcatchments.
Where subcatchment rainfall is not so reliable [perhaps because it
comes from just one raingauge) a greater random varlation in the values
of k generated might be expected. However, if values from the same
raingauge{s) used in the derviation of the k vs a relationships are
alse used for flow prediction, an advantage becomes apparent.

Assuming that the raingauge({s) are such that they consistently over

{or under) estimate the average catchment rainfall, this bias will
automatically be incorporated in the k vs ¢ relationship for the
rising limb (as higher or lower k values respectively). The
subcatchment model can therefore be considered to be 'tuned' into one
or a combination of raingauges for prediction in a particular
subcatchment.
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‘APPENDIX

This Appendix contains the graphs of the results from the tests
described in Section 8.2. The pradicted flow in each case was
obtained by using a Type I variable model.

EVENT ) FIGURE
9th November 1972 Al
26th January 1973 ' Az
lst April 1973 ' A3
12th May 1973 : a4
4th August 1973 ' a5
18th October 1973 : -1
27th November 1%73 A7
8th February 1974 A8
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FIGURE Al
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Yn.00 32.00 14.00 16.00 148.00 20.00 22.00

' Dee at New Inn :

Observed = X
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9th Novemher 1872 - Type I

k1 = 4,9 + | variable kl = ¢
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FIGURE A2 Dee at New Inn : 26th January 1973 - Type 1

Observed = %

k., = 4,9 +

1 variable k, = &

1

24 .00



4Z.00 40.00 48.00

GI-I?‘(.%UDHECSl

L

p.00 IlSIJ'EI

0 .00

b.00 2.00 %.00 b.00 B.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00
TIME (HBURS)
FIGURE A3 Dee at New Inn : 1lst April 1973 - Type I
Observed = x k1 = 4.9 + variable kl =
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FIGURE A4 Dee at New Inn : 12th May 1973 - Type I

Observed = x

= = &
kl 7.9 + variable kl
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FIGURE A5 Dee at New Imn : 4th August 1973 - Type I

Observed = x kl = 7.9 + variable kl = &
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FIGURE A6 Dee at New Inn : 18th October 1873 -~ Type I

Observed = x kl = 7.9 + variable k, = ¢
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FIGURE A7 Dee at New Inn : 27th November 1972 -~ Type I

Observed = x kl = 4.9 + variable k1 = &
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FIGURE AB Dee at New Inn : 8th February 1974 - Type I

Observed = x k_'l. = 4,9 + variable kl = 4






