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ABSTRACT

Part I of this Report covered the background to the selection
of moxphometric indices for use as independent variables in
the U,K, Flood Study (N.E.R.C., 1975) and the dexivation of
values for those indices on 755 catchments in the British
Isles. Part II now describes the interrelationships
between variables, including those extra ones derived for
unit hydrograph shape prediction, their re-mapping an
national maps and their usefulness for flood prediction

at ungauged sites. The results suppcort the systematic
organization of the drainage basin and its flood response
(even though the relationships are statistical) which

first guided the choice of variables,
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I INTRODUCTION

Scheme and variables

The production of the largest-ever archive of catchment characteristics
in the British Isles allows a general assessment of morphometric
interrelationships, hitherto only achieved on such a scale in the
United States. Although not so many variables were available as in
some smaller regional studies, the basic features of size, slope and
channel network were indexed {catchment area, two indices of main
channel slope and stream frequency) and, in addition, there were
indices of climate, soils, and land-use (see Table 1). Interrelationships
are of interest in marshalling variables prior to regression; they also
point to causative links., Certain of the latter can be developed as
linear regression medels. The analysis can be used to indicate the
effectiveness of the variables before their utility is tested in
regression of flood parameters. Residuals from flocd prediction may be
tested against morphometric irregularxities. As a result of all aspects
of the investigaticn further research topics are suggested.

Table 1 gives a definition of catchment characteristics as used in this
Report.

Data summarles

Lack of space prevents duplication of the basic catchment data here;
Volume 4 of the Flood Study (N.E.R,C., 1975), pages 120-135, gives
catchment data for 755 catchments in the British Isles. These are a
subset of 1294 catchments examined. Further subsets of the 755 referred
to here are the 533 finally used for predicting mean annual flood and
410 (Great Britain only) on which certain regression and principal
components analyses were performed. Subsetting has been necessary for
reasons of data quality, completeness and format. Finally 130-150
catchments have been used for unit hydrograph analysis.

Instead of listing basic data, parameters of the distribution of wvalues
on each variable used in the analysis of 533 catchments are given here
(Table 2)

For all subseguent analyses the data have been transformed to thelr
logarithm of the base 10. This has a distinct normalizing effect

as can be gathered from the skewness and kurtosis values when reading
Table 3. However, the resulting distributions are not completely
normal; with 533 values the sample skewness for normal data should be
in the range + 0.17 and kurtosis in the range 2.68 to 3.36 (both 95%
values). .

The normalizing effect is especially noticeable in the physiographic
variables - AREA, STMFRQ, 51085 and TAYSLO. The effect ig less in the
climatic group of variables, less atill for LAKE and URBAN (with SOIL
reacting poorly) but rises again for those annual flood variables
considered here. The histograms shown in Figure 1 illustrate the
effect and bear out Clark's (1973) and Gardiner's {1974} plea for
transformation of variables before multivariate analysis.



TABLE 1 Definiticong ¢of catchment characteristics

AREA
STMFRQ

51085

TAYELO

SAAR
M52D
SMDBAR
RSMD

URBAN

S0IL

DD
SHAPE
SFDL

MSL
bvF

BESMAF

CALMAF

Catchment area in square kilometres

The number of stream junctions, as shown on the

1:25 000 map, divided by the catchment area

The stream channel slope measured between twe
points, 10% and 85% of the stream length from gauge,
expressed in m/km ’

The Taylor-Schwarz slope of the channel. The stream
is divided into n elementary reaches each with slope
5 The Taylor-Schwarz slope S is calculated from

L
1 T 2o
1 -z 5 =
Vs noyay 78

and is expressed in m/km. (TAYSLO is the slope
of the uniformly sloping channel which, assuming
a Chézy law, has the same length and travel time
as the original.)}

Standard period annual average rainfall in mm. The standard

period used is 1916-1950 (1931-1960 in Ireland)

The catchment average two-day rainfall of five-year return

periocd
A weighted mean soil moisture deficit
2 net cne-day rainfall of five-year return pericd.

The rainfall is net in the sense that SMDBAR is subtracted

from it
The urban fracticn of the catchment

The fraction of the catchment draining through a lake or

reservoir

A soll index with values in the range 0.15 - 0.5, Soils are
classified into five classes. If Si is the fraction of

the catchment covered by soil class i the index is given

by

Lf).lSSl-i{J.352-!-(.').453-!-0.455"4-0.55.5

5145245 3+5u+ Ss

Dralnage Density in km of channel (1:2500C maps)
per km“ of catchment area

The K parameter of the lemniscate loop

First moment of stream frequency diagram

Main stream length in km,

Dry valley between stream head and valley divide as
proportion of MSL.

arithmetic mean of the annual maximum floeds

Coefficient of variation of the annual maximum floods
An estimate of the mean annuwal flocod, derived wherever

pessible by extending the record by correlation with

nearby records. If extenslen not possible, BESMAF = AMAF

Mean annual calendar day flood

"Unit hydrograph time-to-peak



TABLE 2 Parameters of catchment and annual flood characteristics

MEAN STD DEVN  MIN MAX SKEWNESS KURTOSIS
AREA  km? 515.9 922.2 0.0482 9868.0 5.253 40,402
STMFRQ jun/km? 1.19 0.92 0.01 7.54 2.043  10.045
s1085 7.21 11.87 0.19 117.78 4.750 32.563
TAYSIO m/km 6.14 10.17 0.26 93,99 4.915 33,060
SAAR mn/yx 1113.9  443.5 551.0 3454.0 1.426 5,727
RSMD mm 39,4 14.8 15.6 117.5 1.223 5.767
M52D mm 65.1 18.8 42.5 175.0 1.850 8.301
SMDBAR  mm 6.8 4.0 1,0 17.0 0.629 2.211
SOIL 0.39 0.88 0.15 0.50 0.807 3.116
LAKE see Table 1 0.98 0.22 0.00 1.00 2.865 10.630
URBAN 0.33 0.10 0.00 0.81 4,871  30.358
BESMAF cumecs 105.8 148.3 0.1l 997.5 2.603  11.417
cv cumecs 35.7 19.3  2.21 169.9 2.386 12,911

TABLE 3 Parameters of logarithmically-transformed variables

MEAN STD DEVN MIN MAX SKEWNESS KURTOSIS
LOGLO (ARER) 2.33 0.64 - ~1,32 3.99 -1.,01 7.05
LOG1O (STMFRQ) -0.58 0.38 ~2.00 0.88 -1.28  6.86
LOG1O{S1085) 0.58 0.47 -0.71 2.07 0.31 3.26
1OG10O (TAYSLO) 0.54 0.43 ~0,59 1.97 0.53 3.48
LOG1O (SAAR) 3.02 0.16 2.74 3.54 0.47 2.67
1LOG10 (RSMD) 1.57 0.16 1.19 2.07 0.101 2.69
1OGLO (M52D) 1.80 0.11 1.63 2.24 0.898 3.747
LOG10 (SMDBAR) 0.75 0.28 0.00 1.23 -0.350 2.615
LOG1O {SOIL) -0.43 0.12 -0.82 -0.30 -1.514 5.271
LOG1O (LAKE) 0.34 0.70 0.00 0.30 2.544 8.766
LOG1lO URBAN 0.01 0.03 0.00 0.28 4.305  23.963
LOGIO BESMAF 1.63 0.66 ~0.96 2.99 -0.586 3,878
LOG1O(CV) 1.50 0.21 0.34 2.23 -0.308 5.184
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il THE INTERRELATICONSHIP OF VARIABIES DERIVED FOR PREDICTING MEAN
ANNUAL FLOOD

Table 4 is reproduced from Table 4,8 of the Flood Studies Report. The
use of 533 observations for each variable clearly gives the correlation
coefficients in Table IV great strength; =r & .090 is significant at
C.05 and r 3 0.117 at 0.0l.

Figure 2 shows the location of the sample catchments

Correlations between varlables

As mentioned in Part I of this Report, the scaling effects of catch-
ment area produce a wide range of correlations with other varlables
which inevitably complicate its use for predictor. The effect appears
to be that area inevitably becomes the best prediction of discharge
parameters through its integrating effect*, Of the variables shown
in the table the most cbvious strong relationships with area are those
negative correlations with the two measures of channel slope (which
are themselves closely related). Obviously the nesting of catchments
leads to smaller catchment areas representing steeper watersheds.
Steeper watersheds are also more densely drained, as can be judged
from the relationship between the two slope measures and stream
frequancy. These intex-relationships are partly causal as evinced by
the good correlations of rainfall, catchment wetness (RSMD) and slope
variables but rather than attempting to unravel the causal links,

as did Melton (1958), the present study has attempted to lump the
related variables by principal components analysis (see Section IV).

Stream frequency is related to the interplay of relief and climatic
influences; the good correlation with SOIL is perhaps anindication
of Melton's view of feedback on the morphometric system.

The correlation of + 0.592 between SOIL and stream frequency is the
strongest exhibited by the former variable (this means Winter Rain
Acceptance Rate is lowest where stream frequency is highest - a
logical outcome).

* To gquote H, W. Andersen (1957) in full:

“"area can well be called the devil's own variable, Almest every
watershed characteristic is correlated with area so every charac-
teristic that is left out as a separate variable is in part hidden
in "area". Big watersheds are not like little watersheds and the
differences may be disguised in the texm area. Therefore it is
dangerous to ascribe physical significances to the regression
coefficients of the area variable”.




Q00" T 98970 98L7O 608°0 £€LEO  ¥OCT'O 89t "0 68Z°0 610  QO0S°0 {0070 LLETO LBLTO VHINS

989°0 000771 25670 ST6°0 LLT70 LGT'O 9gb"0 09570 PPP O 5¥S°0 GET'O £ErC°0O 9LE"O azgH
g8L°O 29670 000" T 8¢6°0 8IC°0 o1 0 oS0 ClAe 6C¥ 0 L9g°0 [AA RS 00g "0 Pot "0 TWsy
6080 ST6°C 8Z6°C 000°T AT AN £1¢2°0 8L¥ 0 PIS O 06£ "0 £E09°0 AR -0 LBE O gyvs
ELZO  LLTTO 81270 252°'0 000°T L8070 0sT° 0 vo1-0 TLTTO 6ET 0 90T °0 560°0 $80°0 AL
¥02°0 LBET O 01Z°0 €170 LBOC  00O°1 ¥60°0 ¥1o0°¢C crO 0 6LT O 88070 890°0 58070 NN
89¢°0 2y 0 o5k 0 8LF'O 09170 600 000" T 60t "0 (A XA £es’o ZZ0°0 QL1 0 S1¥ 0 1I0S
6BC°0 G950 8¥g-o IS0 ¥OT"0O ¥I0'0 e0E "0 CO0°T g88°"0 QT "0 §L9°0 S90°0  081°0 S80TS

¢61°0 ¥y 0O YA e 06E°0 TLT70 ero-o ALY 888°0 000" 1 SkETO LTL"O T100°0 0Bz O OISAVL
005" 0 G¥S 0 £95°0 £09°0 6ETT0 6L T O 26570 otvr -0 SPE"C 00071 2L0°0 ovZ 0 I ZAY OaanLS
LOOO GET"O Ze¢1°0 AR 90T°C  88C°0 £¢0°0 SL9°0 LTLTO 9L0°0 0001 69070 0gL "0 factn S
LLETO A AR Qog "0 %e*0 G600 89C°0 L1t o g80'0 10070 orZ 0 69070 000*1 ZLT'O AD
LBE"O 2LE"0 FeL-o LBE"C §80°0 S80°0 SIP°0 C8T°0 0Bz o A4 o5L°0 ZLT O Q00T JVYWSHY

avddus aZcH anWsa ¥vvs TV NYgdn 1I0S g801s OISAYL OMAWLS VEIY AD JYHSId

puetsil PUR UTRITAg 1PaID
UT SJUSMUDIED €66 A0J SOTISTISIDRIBYD JUSUUDIED DPLWIOISURA3 PO O XTIJeWw uoTie[eXXol § TIAVL




Sampling
Points

) NATIHAL R ¥ 2 3 4.' 5 [ — 0
a *
)
n W w M w0 DU 9 B 3 '
uT™ GRIp [ .- N
5 = 54l Hwg 300 :‘»—dﬂ’g' .F'
STRIITE MMLES

w0

i ) Rty RMARTTIT L T-TT T

FIGURE 2 Location of gauging stations of sample catchments



The association of our major uwrban concentrations with lowland sites
shows wp in low but negative correlations of the URBAN variable with
"wet" variables such as SAAR, RSMD and M52D. The firm positive inter-
relationship of all the climatic variables is shown in the remaining

- golums of the matrix.

Not included in the matxix for the 533 stations but used in the analysis
of 410 catchments in Great Britain alone (see Section IV), MSL (main-
stream-length) has a very strong relationship with AREA {see Table 5)

‘PABIF. 5 Correlations of MSL & DVF on 410 British
catchments (these variables were omitted
from the sample of 533)

DVE MSL

AREA - 0.622 0.942
STMFRQ - 0.287 - 0.056
51085 0.299 - 0.620
TAYSLO 0.365 - 0.69%
DVF 1.000 - - 0.708
MSL - 0.708 1.000
SAAR - 0.109 - 0.079
M52D - 0,122 - 0.050
RSMD -~ 0,128 - 0.063
SMDBAR 0.164 - 0.019
SOIL - 0.331 0.139
URBAN | 0.111 - 0.105
LAKE - 0.191 0.162

Ignering Anderson's warning for a meoment, the regression relationship
obtained for MSL on AREA corresponds closely to those given in the
literature by Hack (1957) and Gray (196l}, and the summary given by
Eagleson {1970).




0.5
MSL = 1.42 ARERC °®®(R = o0.95) e D)
(Hack: MSL = 1.4 areaC-®
Gray: MSL = 1,40 AREAO'SGBJ

Smart and Surkan (1967) point out that the expconent deviates from 0.5

due to increasing stream sinucosity with increasing catchment area and

the separation of this phenomenon from one of changing catchment shape
(i.e. longer catchments) as area increases is attémpted here.

Figure 3 shows a plot of the relationship and deviations from it. Points
below the regression line have a shorter mainstream than predicted by
area, those above a longer one, Most of the large deviations are below
the line and comprise a group of catchments in East Anglia and south-
east England with Chalk in their headwater areas. Those larger rivers
above the line have well-known meanders. To see if sinuosity is a

real effect the possibility of a shape relationship with area is
examined in Figure 4 when the k parameter of the lemniscate locp (see
Section IIN)is related to AREA. The lack of relationship is cleax.

Since Sckelov (1962) suggests the use of residuals from standard
relationships such as MSL = f (AREA) as separate variables for flood
analyses, a map has been prepared in Figure 5 to show the sign of
residuals from eguation (1) above for Great Britain. Comparing with
residuals from BESMAF equation {((8) in this Report), it is clear that
there is a resemblance in the midlands of Scotland, north-east England,
and East Anglia, where the catchments with high sinuosities (positive
deviation from equation (1}) have low annual flocods (negative devia-
tions from equation (8)). However, the same is not true on the western
side of Britain and does not work in reverse in areas of shorter main-
streams. In areas such as Devon, East Cornwall and Lancashire perhaps
rainfall influences are at work. (Pig. I 4.23, Volume V of the Flood
Studies Report shows residuals from a nation-wide BESMAF equation.
Later some of the regicnal differences shown were covered by regional
analyses). Other high correlations followed up by regression analysis
are as follows:

s1085 = 40.71 Mst” 084 (z = - 0.63) e (D)

showing the natural reduction of gradient with increasing distance from
the watershed. Residuals from this equation, when mapped, show all of
lowland Britain negative and all the highlands positive. Thus devia-
tions here are of little value and result from the regional association
of 'slope and the freedom from such of mainstream length.

s1085 = o.0001 SARRI(r = 0590 ... (3)

STMFRQ = 0.00002 SAAR1'548[r =0.61) = saiess (4)

Equations (3} and (4) were used to guide mapping of the individual
variables S1085 and STMFRQ in areas where data wWere sparse (zee
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Section IV). Residuals from equation (4) werxe mapped (Figure &)} to
separate the climatic effect from stream frequency, leaving in Carlston's
(1963) temms "terrain transmissibility™. Very marked regional groupings
result, The limestones of southern Britain give a broad belt of negative
residuals from Dorset to the Wash, flanked by the Severn/Avon/Quse
lowlands, Essex and Sussex/Kent which have a higher stream frequency

than rainfall predicts. The lower stream frequencles of $.W. England
may be due to granite outcrops (see Gardinexr, 1971). The Pennines,

east of the watershed are positive, as is North Wales, possibly explained
by having headwater areas with dense drainage, whilst SAAR is reduced
sharply east of the divide. This argument ought to apply to east
Scotland but doesn't, perhaps due to drlft deposit differences.

FIGURE & Residuals from Equaticn (4) plotted by sign, positive or
negative
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III VARIABLES DERIVED FOR UNIT HYDROGRAPH PREDICTICN, ESPECIALLY THE
STREAM FREQUENCY DIAGRAM

Certain extra catchment variables were derived for about 150 catchments
undey 500 kmz, used for catchment response studies {see Part I, pages
31-43) . They included drainage density, the K parameter of the
lemniscate loop {Chorley, Malm and Pogorzelski, 1957) and parameters of
the distribution of channels at unit distances above the point of
interest (stream frequency diagram). :

Drainage density

The relationship between drainage density and stream frequency was used
to index the former by the latter on the basis of Melten's work and a
pilot study.

P = 1,24 STMFRQO'SOO {r = 0.85) cea (5)

(n=130 r > 0.230 sig. at 0.0l)

No other variables introduced to a multiple regression improved on this
estimate. (TAYSLO, RSMD, SAAR and URB only raised the correlaticn
coefficient to 0.86). The relaticnship is shown in Figure 7. The
residuals from the relationship were investigated to discover explana-
tions, especially since no other independent variables seem capable of
reducing them. Figure 8 maps signs of the deviations with regional
groupings.

The relationship between DD and STMFRQ has often been phrased in the
reverse form to eguation (5). Hence egquation (5b)} is given below.

STMFRQ = 0.651 DD? cee (5b)
This compares almost exactly with Melten's (1957) result
STMFRQ = 0.6 DD’ e (5c)

Melton says, "there is some reason to belleve that degree of departure
from maturity is reflected in values of F/D " (i.e. STMFRQ/DD2

It represents, he says, the completeness with which the channel network
fills the basin outline for a given number of channel segments (junctions

in our case). This theme is taken up by Abrahams (1972) and Wilcock

(1975). The latter presents British results (26 catchments in the

Bowland area, 19 in S.E. Scotland) which show that as the hypsometric
integral approaches equilibrium, Melton's relation holds good (cf. the
lower exponent which Wilcock derives for his third and fourth order basins).
Thus on Figure 8, positive deviations (negative by equation 5(b))} mean
immature basins in which the network does not fill the basin well. In
practice the effect of geclogy is more pronounced.

Figure 9 shows that there is some systematic failure of equation {3)
since high DD catchments have DD cver-predicted and vice versa,
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However, the pattern is again complicated by the inclusion of a wide
range of geclogiles.

Table 3 shows that S1085 predicts STMFR) {r = 0.60) better than DD
(r = 0.46) which may also be a geological effect.

It should alsc be considered that map errors may contribute a great
deal to scatter in DD and STMFRQ values.

The 'K' parameter

The value of this parameter increases as the model 'leaf' shape
elongates. However, the relationship with MSL is clearly complex

(see Table 6). Although MSL is the best single predictor, virtually
no other variable is well correlated with SHAPE (apart from SFDL which

has the dimensions of stream length too). The following four-variable
equation is required to index shape moderately well:
-0, 50 . -0. .
sHAPE = 0.885 AREA O 20 wms10 %! smuprg O Y8 mavsr® *e(r = 0.56)

-h b (6)

It appears .(Figure 4) that catchment shape is not strongly a function
of area but of mainstream length. However, area does improve the
prediction based on MSL alcne.

SHAPE = 1,50 AREA'O‘43 MSLP'Tz {r = 0.50) waeen (T}

The negative exponent on area, of course means there is some elcngation
of catchments as area decreases, vut is also a complication created
by the good correlation of AREA and MSL.

The stream frequency diagram

The diagram's construction is described in Part I. The chosen method
of indexing the shape of the diagram was to calculate 1lst, 2nd, 3rd
and 4th moments, (later all but the first were dropped). However, to
summarize the data, Figure 10 shows computer-produced histograms for
the two most extremely skewed cases. The range of location of maximum
network width, from 25% to 74% of network length agrees well with random
model (Kirkby, 1974). By cbtaining the distribution of networks at
distance ordinates (both dimensionless by a %-—total transformation)
the whole picture of British channel network shapes is shown in

Figure llb; itcan be seen that the average case shows a negative
skewness although its general form has an unrepresentatively low
kurtosis.

Turning to the relationship between SFD parameters and othey catchment
characteristics, SFDL (centroid of the diagram} shows an cbvious
relationship with MSL since it retains the dimension of length. For
this reason it also has a close relaticnship with AREA, 51085, and
TAYSLO (see Table 6). It can be used instead of MSL to predict time-
to-peak but takes longer to derive. In fact SFDZ enters regression
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first, behind S1085 and URB, if all SFD parameters are used. None
attains a significant t statistiec,

Under the conditions investigated, the SFD does not cbey the model

of Rogers (1972) or Calver, Kirkby and Weyman {1972) in predicting
cutflow hydrographs even though theoretically it should. A possible
explanation is that the use of distribution statistics of maEEed
channel flows to index actual flood flows is rather dangerous as
indicated by an analysis of Blyth and Rodda's data (1973, plus personal
comminication) on the expanding network of the Ray at Grendon Underwood.
Figure i2 shows how the distribution as well as the magnitude of the
channel network changes in flcods.

A further possible explanation is the dominance, in the sample
catchments, of slope, climate and gross network properties.

(L P B = B

INCREASING DISCHARGE

FIGURE 12 Stream frequency diagram of Ray at Grendon Underwood with
changing flow conditions (field mapping)



20

IV REMAPPING VARIABLES AND PRINCIPAL COMPONENTS ANALYSIS

Remapping of derived data accomplishes two aims: it aects as a check

on computation and the final maps are useful to cbtain an approximate
value of the catchment characteristic for an ungauged catchment. Of
course, the procedure only applies to data derived from topographic
maps: there would be little sense in re-mapping annual average rainfall.

Figure 13 conseguently shows the maps of 81085 and STMFRQ for the British
Isles. Both are given isopleth treatment although linear symbols should
be used for main channel slepe. However, there is a good correlation
between all tributary slopes and that of the main channel {gsee Part I)

so an areal interpolation is Jjustified; the same view is taken of stream
frequency.

Both maps show the obvicus subdivigion of Britain inte highland and
lowland zones with the Exe/Tees line as a rough Boundary. Thus an
upland catchment would be expected to show a stream freguency of more
than 1.C and a channel slope of over 2m/km. BAs mentioned in Section II
extrapolation in poorly-sampled areas has been achieved by means of
regression on SAAR {(a variable itself extrapolated by relief factors).

Several areas are displayed very clearly, for example the Chalk of
Southern and Eastern Britain has very low STMFRQ values whilst the
Avon/Thames /Ouse lowlands show up on the S1085 map. The less pervious
soils of Essex and Kent show up as isclated high values for stream
frequency. Stream frequency is a more conservative variable than 51085,
only reaching peaks in the most pronounced of the uplands; S1085 values
over ten can range over 100 as shown in Table 2,

Because the maps in Figure 13 resemble the relief, climate and soil

maps of the British Isles, a multivariate analysis was conducted to
investigate the possibility of dividing Britain (for which most data
exists) by means of a multifactor variable. Lewis (1969) reports on

a similar method of physiographic regionalization in Indiana. Principal
components analysis was conducted on the matrix of 410 British catch-
ments (preceded by log transformation of the variables). The results
are shown in Table 7. &gble 8 shows a more restricted analysis performed
on all 533 catchments. In the former case, graduated values of each
principal component were listed against catchment number and in Figure 14
a map was produced of Component I values. These describe the relief/
climate/channel network set of variables for which reason the Principal
Component has been called WET/DRY. Again the Exe/Tees line can be drawn,
although the dividing line hugs the Welsh Marches before bulging east
around the Pennines. North-east Scotland shows up as a comparatively
dry area. Lewis, Mather and Doornkamp (1970) and Eyles (1971) all use
more rigorous techniques for their final regional groupings, e.g.

cluster analysis and multiple discriminant analysis, using more than one
factor.

Component I has high negative loadings on 'wet' variables such as STMFRD,
51085, TAYSLO, SAAR, M52D, and RSMD, with a high positive loading on

SMDBAR. Component II is clearly one of scale; in other words catchments
show most variance through WET/DRY but next through S1Z€, with high positive
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TABLE 8

Eigenvectors

Variance
BREA
STMFRQ
51085
S0IL
URBAN
LAKE
RSMD

FIGURE 14

Principal Component Analysis of logarithmically transformed

catchment characteristics for 533 catchments in Great Britain

and Ireland

Component Component - Component Component Component
No.l No. 2 No.3 No. 4 No.5

2.61677 1.54151 <.92411 Q. 86008 ©.51698

0,25068 0.62026 0.04361 0. 37060 0. 38707
- 0.49125 Q.2043¢ 0.03616 0.270l4 0.04750
- 0.47426 - 0.44002 - 0.04460 - 0.10076 0.12842
- 0.43204 0.23762 0.20694 C.39108 - 0,55373

0.13298 - (.34338 0. 86395 0,25853 0,21117
- 0.1104% 0.43306 0.45294 - 0,74294 - 0.14023
- 0,50433 Q.13402 - ©.02029 - 0,0882¢ 0.67865
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Mapping of Principal Component I - WET/DRY

Component

No.6

0.37390
0.07856
0.73880
0.09129
0.50320
0.05196
0.05225
0.29796

Camponent
Ng. 7

. 16665
0.50715
0.04769
€.73789
- 0.03596
C.06209
.14403
0.41248



loadings on catchment area and channel length variables. This component

has not been mapped since catchment size has very little regional cohesion
and cannot be interpolated.

Components I and II are shown in Figure 15 to be the only significant
Ones and account for 68% of catchment variance. Further explanation

this method is treated by Craddock and Flood {1969) and Farmer

{1969 ). Table 8 shows that loadings are similar for the larger sample.
A brief examination of lower order components in Table 7 shows less
obvious relationships with original variables although 3 appears to be
connected with STMFRQ and SOIL, 4 with URBAN, 5 with LAKE with repetitions
thereafter. The instability of these components is indicated by changes
between Tables 7 and 8,
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2 345678 910112131415

Eigenvalue number

FIGURE 15 Separation of significant Principal Components



Table 9 shows that size, relief and channel network components dominate

the outcome of multivariate analyses of catchment characteristics.
Variations in their order and dominance are clearly related to sample

size and type: most singlé region approaches relegate size factors down the
list (e.g. 1,3) although Gardiner's intensive study of S.W. England lists
gize as the first component. Given a wide range of catchment sizes,

AREA's position in the outcome depends on its logarithmic transformation
{see Part I of this Report). The regicnal coverage of the sample is
clearly important and the British sample relegates the size factor

below those of the climate/relief/network complex.

A plot of catchments according to their scaling on Components I and II
is shown in Figure 16. This can effectively be used for picking large/
wet, large/dry, small/wet and small/dry catchments for further analysis.
The plot is not symmetrical, showing that the majority of small catch-
ments are fairly dry (mestly urban) although a few are very wet {mostly
research upland catchments). King (1966) uses such a plot for regionali-
zation but this is avoided here because of the lack of clear groupings;
further analysis is necessary, as suggested by Mather and Doornkamp

{op. cit.). Figure 14 is left as the most effective regienalization
available from these data, bearing in mind especially that the gauged
catchments do not represent a totally objective sample.

-5 11

1+

o I -

-4

FIGURE 16 Catchments scaled against the Principal Components WET/DRY (I)
and SIZE (II)
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Conclusions

The derivation of catchment characteristics for a large number of sites
in the British Isles was not a gecmorphological exercise and the
considerable effort involved must be judged finally on the degree to
which the varlables were successful in predicting flood parameters.

Although the final prediction equations are statistically (not
mechanically} valid, some very logical combinations of variables appear.
For instance:

0.94 1.03 1,2 7 16

23 0.2 0.
BESMAF = 0.0201 BARE RSMD SOIL STMFRQ Sl1o85

(1 + LAKE)_O'SS .. (8)

shows the logical scaling of the input by AREA, its conversion to
runoff by SOIL in conjunction with RSMD, the conversion of this runoff
to a hydrograph by the channel network (STMFRQ and S10B5) and the
influence of storage on a large scale by LAKES, Slope and lakes have
less effect on the longer duration "mean annual calendar day flood"
(CALMAF) : :

97 1.09

CALMAF = 0.0056 AREAO' RSMD SOIL.O'49

STHFRQO'46 e (D)

but slope returns to explain the ratio of even longer duration floods,
e.g. that of 10 days, to the calendar day flood:

AR10 = 0.54 glogs 013 ee (10)

The prediction of unit hydrograph time-to-peak logically includes
channel length and slope (though these were not used as a combined

index of velocity}, plus a climatic and a land-use factor (RSMD and
URBAN)

0.14

Tp = 46.6 MsrO 1% 510857038

(1 + vrean) 7% remp 04 ... D)

The derivation of the SOIL index again proves of value in the prediction
of standard percentage runoff {SPR).

SPR = 95,5 (SOIL) + 0.12 (URBAN) . (12)

Although this equation only explains 45% of the variance it represents
an advance on the conclusion of Woodruff and Hewlett (1970) that
quick-flow runoff velumes cannot be predicted, only magped.

The appearance of URBAN in the prediction of unit hydrograph varlables
is the logical outcome of including certain London catchments in the
sample. The effect of urban development on hydrograph shapes has
been studied {(e.g. by Hollis, 1974) and the appearance of the URBAN
variable is satisfactory only if it 1= remembered that it is a vexry
coarse variable and purports to represent a uniform effect whereas,

of course, urban land-use and storm drain networks differ widely. At
least URBAN appears with exponents of the correct sign; at one stage
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Qf the investigation it appeared that mean annual flood would be
léversely related to URBAN through the latter's negative correlation
with the flood-enhancing properties of slope, stream frequency and so
on. Finally, however, in the prediction of mean annual floods for the
Thames, Lee & Essex areas where such negative correlations are weak,
URBAN proves a stronglypositive wvariable:

0.70

52 5

(13)

BESMAF = 0.302 AREA (1+URBAN)2'

s TMFRQO ’
Further indication of a suitable outcome is the agreement between the
BESMAF equation (8} and those produced by Benson {1962) for a humid
temperature zone of the United States, Nash and Shaw (1965) and Cole
(1965) for Britaln (see Section 4.3.11 of the Flood Studies Report).

No detailed comparison of coefficients is attempted for statistical
reasons quoted previously., The time-to-peak relationship includes

the well-correlated size and slope indices (cf. Nash (1%60) whose area
and land-sliope were not well correlated) and includes the urban variable
which has been proved so important in American studies.

On the less optimistic side it must be pointed out that, both in the

case of mean annual flood and unit hydrograph predictions, censiderable
residual errors exist. For instance the information content of even

the detailed regilcnal equations for mean annual flood is only equivalent
to 1.1 years of data. The superior performance of Benson's (1962)
equations is noticeable., If a measurement of catchment lag exists

where the unit hydrograph is reguired, the error in predicting Tp can

be halved from that inherent in predicting from catchment characteristics.

There is evidence both in the use of a subdivision inteo regions for
BESMAF prediction and in the distribution of residuals that a further
real factor is at work. Data errors can be discounted since flow data
of various grades were combined in different ways during trials without
significantly affecting the cutcome. Various stratifications by catch-
ment area were also tried, Of the less available catchment characteristics
used for trials with unit hydrograph predictions, none was successful.
SFD1 was a poor surrogate for MSL, shape appeared only in Tp regressions
for catchments under 50 km? and DD similarly for catchments between

200 km? and 500 km?. It therefore seems unlikely that, if derived for
all catchments, an improved BESMAF prediction would result.

It seems difficult to spot a catchment characteristic which will produce
further refinements if derived. Howeveyr, certain research topics are
worthy of attention.

(a) The indexing of the partial contributing area by means of
more detailed soils, land use or natural vegetation mapping
is the next logical step following the inclusion of stream
network variables. This would incorporate a concept of
flood runoff widely proved in humid, especially upland,
catchments.

(b) Whilst good correlations between channel slope and catchment
("overland') slope were proved in pilot studies of the
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Brigtol region and for Ireland, the relationship is not so
strong on a national scale. It is now felt that a corollary
of partial area indices would be the use of maps of ground
slope categories when available. The form of the hypsometric
integral might also be useful. The markedly weaker relation-
ship of overland slope with size variables makes it more
statistically valid in situations such as equation (11).

For this reason it is preferred to channel slope by Wong
(1971). The problem of intercorrelations of AREA and S1085
are shown by the technique of ridge regression {see Flood
Studies Report, Vol., I, page 362). Refinements may still be
possible to channel slope measurements. British catchments
are all relatively small and steep, with "polycyclic"

channel profiles. Although TAYSLO, which samples the whole
profile, is closely related to S1085 which picks only two
points, there remains much information in the whole profile
and the channel slope is much easier to work on with automated
methods than the ground slope. An attempt has been made to
plot the relief - stream frequency diagram {King, 1972) and
so derive overland slope. This works quite convincingly

in 2ambia but no similar orientation of the points could be
discovered in British data. Much more spread occurred in
relief than in stream frequency. Consequently, only data
for E. Anglia, Essex/London and the South gave a spread
within King's range of wvalues, This is c¢learly not a short
cut to overland slope values although trial comparisons

have not been made.

{c} Noc time was available to include channel capacity measures
in the Flood Study. Evidence is growing that incorporaticon
of field survey data (which often exist near gauging
stations) could well improve predictions. The author is
still convinced of the theoretical validity of the stream
frequency diagram and hopes that the diagram will achieve
more success if combined with the nature of the channels
sampled, which must be very variable in capacity, roughness
and slope.

It seems unlikely that progress in morphometry from maps, even using
automated techniques, will be rapid enough to provide national scale
data to refine flecod prediction. More likely is the arrival of remote
sensing and the automatic analysis of monochrome, colour, UV and I-R
rhotography which will provide the next new opportunity for significant
progress,

Hollyday (1975) claims a reduction of standard errors by over ten
perxcent in 15 out of 40 prediction equations for streamflow characteris-
tics when using ERTS data, automatically retrieved, compared with map
catchment characteristics.

Finally, the catchment characteristics assembled for the Flood Study
have been shown to exhibii the regularity of interrelationships between
physiography, land-use, soils, climate and hydrology that the systems
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concept of drainage basins has led us to expect and which led to their
initial choice (see Part 1 of this Report).
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