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Reducing the density of the raingauge netrcrk has been
shovn to have very'llttle effect on the efficiency of
the three-store model used by the lnstitute to sinulate
hydrological response in some experimental catchments.
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INTROOUCTION

The conceptua l  ca tchment  node ls  used in  th is  s tudy  conta ined th ree
(somet imes two)  s to rage e lements :  (a )  an  in te rcept ion  s to re !  | , / i th  con-
ten ts  dep le ted  by  evapora t ion  and t rans fer  to  (b )  a  so i l  no is tu re  s to re ,
dep le ted  by  t ransp i ra t ion ,  rap id  runof f ,  and t rans fer  o f  con ten ts  to  (c )
a groundwater store, with contents depleted by baseflor,/ discharge
Th is  mode l  ,  w i th  a  nax imum of  th i r teen paraneters ,  was  f i t ted  by  ca lcu l -
ating that set of parameter values nhich minim'ized the sum of squared
deviations from the observed streanflow of the streamflow estimates qiv-
en by the model .

Records  o f  p rec ip i ta t ion  J  po ten t ia l  evapot ransp i ra t ion  and s t reamf low
were  ava i lab le  fo r  th ree  exper imenta l  ca tchments :  the  Can down to
Dern ford  l \4 i l l ;  Coa lburn ;and the  Ray a t  Grendon l jnderwood.  The ava i lab le
record  f rom each ca tchment  was d iv ided in to  two.  The f i rs t  par t  was
used. to  f i t  mode l  parameters ,  wh i le  the  second -  together  w i th  the  para-
meter  es t imates  -  was  used to  t rans forn  the  prec ip i ta t ion  and po ten t ia l
evapot ransp i ra t ion  sequences  in to  a  rp red ic ted '  s t reamf ]ow sequence fo r
compar ison w i th  tha t  observed dur ing  the  per iod .

In each of the three catchnents studied, precipitation was neasured by
a network of monthly storage gauges together with one or nore recording
gauges. The purpose of the study was to exanine the effect of reducing
the density of the storage gauge netlork on (a) the goodness of f it ob-
tained in the first part of each record and (b) the agreement of pred-
ic ted  s t reamf low w i th  tha t  observed in  the  second par t .  The resu l ts
suggest  tha t  changes in  the  prec ip i ta t ion  es t imates  resu l t ing  f rom red-
uc ing  ne twork  dens j ty  were  compensated  dur ing  the  f i t t ing  s tage by
adJus tment  o f  the  parameters ,  p r inc ipa l l y  those cont ro l l ing  the  par t  o f
the  node l  govern inq  evapora t ion ,  Thb d i i fe rences  be tween 6bserveo ano
pred ic ted  s t reanf lon  inc reased,  however ,  as  ne twork  dens i t ies  decreaseo.

THE CATCHMEI{TS

The Cam Catchment

Fu l l  de ta i l s  o f  the  phys iography  o f  th is  ca tchment  a re  g iven by  D ick inson
and Doug las  11972)  -  

" I t  
l i es  approx imate ly  ten  n i les  south  o f  aambr idge

and compr ises  l9T  knz  o f  p redominant ly  agr icu l tu ra l  land  on  the  marg jn
o f  the  Fens ;  the  cent ra l  b ranch o f  the  r i ver  r i ses  in  the  cha lk  up lands
south  o f  Saf f ron  Walden and f lows s l ' i gh t l y  wes t  o f  nor th  to  the  gaug jng
s ta t ion  near  Dern ford  l l i l l ,  as  shown in  F igure  l .  ceo log ica l  l y ,  the
catchment  cons is ts  o f  bou lder  c lay  on  cha lk ,  wh ich  l ies  in  tu rn  on
Cambridge Greensand.

Figure I also sholis the networks of hydrological instruments located in
and around the Cam catchment. The data co'l iected by them was checked
and used to  ca lcu la te  r i ver  d ischarge,  mean bas in  p iec ip i ta t ion ,  porenr_
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ial evapotranspiration and nean basin soil noisture status. For the
purpose 0 f  the  mode l l ing  s tud ies  descr ibed be low,  d ischarge and prec ip -
i ta t ion  were  accumula ted  over  s ix -hour  in te rva ls ;  d ischarge was ca lcu l -
a ted  f rom a  cont inuous  r i ver  s tage record  and a  s tage-d ischarge re la t ion
der ived  by  the  Ang l ian  I ' l a te r  Author i ty ,  wh i le  mean bas in  p rec ip i ta t -
ion  was ca lcu la ted  by  subd iv id ing  the  da i l y  ca tches  by  the  ten  gauges
around the  ca tchment  in to  hour ly  components ,  the  propor t ion  a l loca ted  to
each hour  be ing  de termined f rom the  cont inuous  ra in fa l l  record  ob ta ined
at  the  meteoro log ica l  s i te ,  Hour ly  es t imates  so  ob ta ined were  combined
to  g ive  Th iessen es t imates  o f  mean area l  ra in fa l l  hour  by  hour ,  and
these were  used to  der ive  s ix -hour ly  es t imates  o f  nean area l  ra in fa l l .
Using neasurements collected at the meteorological site (daily naxinurn
and nin'inun air temperatures, 0900 Gl4T wet and dry bulb readings, hours
of sunshine, and 0900 GlilT wind run) dai' ly potential evaporation was cal-
cu la ted  us ing  the  Penman fo rmula  (1948) ;  th is  da i l y  es t imate  was sub-
d iv ided  in to  s i x -hour  es t ina tes  by  use  o f  the  fac to rs  0 .697 ,0 .138 ,0 .0
and 0 .165 fo r  the  per iods  0900-1500,  1500-2100,  2100-0300 and 0300-0900
hours  respec t ive ly ,

For  the  Can ca tchment ,4 l  years  o f  record  ( ,January '1968 -  June 1972)  o f
s ix -hour ' l y  cumula t ive  s t reamf low,  p rec ip i ta t ion  and po ten t ia l  evapot rans-
p i ra t ion  es t imates  were  used in  the  ana lys is .  The so i l  mo is tu re  record ,
ment ioned above,  was no t  used exp l i c i t l y  in  th is  s tudy .

coa l  burn

The s t ream dra in ing  th is  smal l  up land ca tchment  ( l -52  km21 is  a  t r ibu tary
of the River Irthing, Cumberland. The Coalburn experiment was set up to
study the hydrological effects of ploughing rough grassland and subse-
quent  a f fo res ta t ion ,  and the  Ins t i tu te  has  been co l lec t ing  ra in fa l l  and
runof f  records  s ince  

, ]966.  
The Fores t ry  Cor rmiss ion  p loughed the  ca tch-

ment  in  Ju ly  1972 and t rees  were  p lan ted  in  1973.

F igure  2  shows the  ne twork  o f  ins t ruments  loca ted  in  the  ca tchment ,
R jver  s tage is  recorded a t  a  convent iona l  Crump l ,Je i r  ma in ta ined by  the
North-l,]est blater Authority, and stage is converted to discharge by neans
of  a  theore t ica l  ca l ib ra t ion  curve .  Prec ip i ta t ion  was recorded,  dur ing
the  per iod  fo r  wh ich  the  record  was used in  the  ana lys is  be low '  by  a
network of 12 storage gauges read weekly; one sanple recording gauge
s'ited a l itt le belor,r the weir was used to distribute the weekly total
catch at each gauge into three-hourly conponents. These were used to
compute three-hourly Thiessen estimates of nean areal precipitation. No
neteoro log ica l  s ta t ion  js  s i ted  in  the  ca tchment ,  bu t  read ings  o f  da i l y
maxinun and minimum air te peratures, 0900 GMT wet and dry bulb record-
ings, and 0900 hr wind run from a station at Spadeadam some 13 kn away,
are  used to  ca lcu la te  a  Pennan es t imate  o f  da i l y  po ten t ia l  evapot rans-
p i ra t ion ,  Th is  i s  d iv ided in to  th ree-hour ly  components  by  the  propor t -
ions  0 .341  ,  0 .356 ,  0 .138 ,  0 .0 ,  0 .0 ,  0 .0 ,  0 .0 ,  0 .165 .  s ince  p lough ing ,
an  au tomat ic  weather  s ta t ion  has  been s i ted  in  the  ca tchment  to  p rov ide
data  fo r  the  es t imat ion  o f  po ten t ia l  evapot ransp i ra t ion ;  the  record  used
be low,  however ,  ex tended f rom oc tober  1967 to  September  1970,  i .e . ,
be fore  p  lough i  ng  began,
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The Ray at Grendon Underwood

Ear l ie r  mode l l ing  s tud ies  o f  the  Ray
Mandev i l le  e t  aX (1970\  who descr rDe

catchment have been described by
the  bas i  n  as  fo l lows:

"This experimental basin of 19 knz is a tributary of the Thames, lies
almost entirely on deep inpervious clay. There is no groundwater table
in the usual sense; the soil layer is thin and the main storage occurs
in the upper 30 cn of the profilei temporary storage also occurs in the
forn of surface and ditch retention. Sone storage also occurs in thin
linestone and sandy strata in the upper part of the basin. The topo-
graphy is  gent ly  ro l l ing,  r is ing f ron 67 to '186 n.  About  19% of  the
basin is wooded, and the renainder is mainly grassland, nith some root
and cereal crops; periodic surveys have shown that the land use is rel-
a t ive ly  constant .  R iver  f low is  measured cont inuously  by a cr i t ica l
depth flune, and daily estimates of open tiater evaporation are derived
f rom observat ions at  a  s ing le  meteoro log ica l  s i te .  The evaporat ion
estimates have been distributed throughout the day to provide a conpar-
able record. The records have been subjected to quality control checks
and are stored on nagnetic tape in three-houriy values of areal mean
rainfali, open water evaporation and runoff".

The period used in the study was of three year's durat'ion (llay 1970 to
Apr i l  1973) ;  throughout  th is  t i rne there were '14 da i ly  gauges and 3 rec-
ording gauges. Records fron the latter were used to distribute the tot-
al catch by the foroer into the three-hourly components, from which
Thiessen estimates of mean areal preciDitation were deduced.

THE MODEL

The nodel used for a'l l three catchments was that described by Dickinson
and Douglas (1972) .  Essent ia l ly ,  i t  regards each catchment  as a lumped
systen represented by three storages: (l) an interception store, t./ith
contents augmented by precipitation, depleted by evaporation at a rate
proportional to that fron open water, and depleted by transfer of excess
to (2) a soil noisture store, with contents depleted by transpiration
(at a rate that is a nonotonic decreasinq function of the soil moisture
def ic i t  be ' low an upper  l ' imi t  i r rposed on;o i l  no is ture content ) ,  depteted
by rapid runoff (at a rate that is again a nonotonic decreasing function
of soil moisture deficit) and dep'leted by transfer of water to (3) a
groundwater store, with contents depleted by baseflow at a rate that is
a monotonic increasing function of groundwater store contents. Figure 4,
copied from Dickinson and Douglas, il lustrates the model structure, and
Table 1 lists the paraneters wh'ich, nhen known, detennine nodel behav-
iour .

The rapid runoff fron the soil moisture store and the baseflow from the
groundwater store are conbined to give estinated streanflor. Rapid run-
off is subjected in the model to a constant tine delay, the magnitude of
which is treated as a paraneter to be estimated frolt data; baseflow is
delayed and attenuated by routing through a linear or non-linear reser-
voir. For the Coalburn and Ray catchments, which have no appreciable
groundwater conponent, the third groundwater storage was omitted.
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I.IODEL

l ,  Ef fect ive ra i  n fa  l ' l
ERAIN = RAI I { (  I I  ) - (SS-05)

2, Surface evaporation
Es = Fs.EVAP( I I  )

3. Residual evap. denand
EEVAP = EVAP( l I ) -Es
Paraneters: FS, SS
opt .  const ra in t i  FS = l .0

Actua'l transpiration
ET = ECP,EEVAP
where

-^ (ocT-Dc )ELr = r L-.1D.CT:DCS'

Direct runoff

R0FF = R0P. ERAII{

where

RoP =  RC.exp( -Rs.DC)

Percol ati on to ground-
wa f,er

GPR = GLR, (l .o-DC/GDl,l)

Paraneters: FC, DCT, DCS,
RC, RS, GLR, GDIiI

7. Groundwater f ' low

Gs = Gsil. (GF.GPR+( l -GF ).GRo )
Paraneters: GSli1, GF

8.  S  =  DRK.RA

wi  th
R delayed by DEL

Parameters: DRK, DEL, A

opt .  cons t ra in t :  A  =  1 .0

Tab'le I .

DCS>O

ocs<o

noP. ac.e-RS'oC

GPR
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The parameters in the model were estinated by least squaresi parameter
va iues  were  ca lcu la ted  wh ich  n in i rn ized  the  sum o f  squared d i f fe rences
between the observed and 'f i tted ' three-hourly streamfl ows . Denot ing
the  observed s t reanf low sequence by  q , ,  q " ,  . . . .  q . ,  dnd the- f i t ted  f lows
tha t  cor respond to  a  par t i cu la r  se t  o f  paFameter  v8 lues  h /  Q, 'a ,  . - . .
Qu the paraneter values were calcu'lated by minimizing FZ, glven'by

with suitable assumptions about the starting values of the contents of
the three storages.

I t  is  custonary to  hase a neasure of  goodness of  f i t  o f  a  nodel  on the
values of Fz and Fsz, r' ihere Fo' is th€ sun of squared differences between
the observed s t reanf lows and the i r  ar l thmet ic  nean,  i .e .

.N
Fn '  = . ! .  ( c j  -  q ) '

N
where  i  =  t  q . /N .  Fo l low in !  l inear  regress ion  theory ,  in  wh ich  the

coefficient of deternination (expressed as a percentage)

t t t
R'=  ( l  -  F ' lFo - )  x  100

is  taken as  a  measure  o f  thq  goodness  o f  f i t  o f  a  l inear  s ta t i s t i ca l
model , this same quantity Rz is often taken as a measure of the goodness
of  f i t  o f  a  non- l inear  hydro ' log ica l  mode l .  l t  i s  essent ia l l y  o le  s ta t -
i s t i c  tha t  i s  used to  sumar ize  the  sequence o f  res idua ls  q i  -  q .  In
Iinear statistical theory, however, Rz must be between 0 and 100 on a
percentaqe sca le ,  a  res t r i c t ian  wh ich  does  nq t  app ly  w i th  non- l inear
mode ls  ( i ince  the  va lues  o f  F 'nav  exceed Fnz ,  a l though i t  wou ld  be  a
poor  mode l  indeed where  th is  occur red : ) .  A-va lue  o f  Rz  near  to  100
i i ves  some conf idence tha t  the  f i t  i s  good,  bu t  must  no t  a l low complac-
ency: an oft-quoted exQmple of the danger resulting fron a too easy
acc ip tance o f  a  h igh  Rz is  tha t  g iven  when a  s t ra igh t  l ine  is  f i t ted  to
po in ts  l y ing  on  a  parabo ' la ,  fo r  wh ich  R '  exceeds 90 .

I t  must  a lso  be  unders tood tha t  the  op t im ised parameter  va lues  do  no t
inp ly  phys ica l  exac t i tudes .  I t  i s  the  va lues  taken by  Dc,  the  so i l
mo is tu re  de f ic i t ,  wh ich  de termine the  func t iona l  re la t ionsh ip  be tween
the parameters in the soil moisture store, and these DC va'lues are very
deDendent on the assuned init ial value. The dominant feature in achiev-
in! balance between the model input and output is the interdependence
of the parameters in this store.
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t I'IETHOD OF

The number
catchnents

Table  2 .

NETI/OR( DENSITIES

each 0f the three

each catchnent

STUDYIM THE EFFECTS OF YARYIM RAIIIGAUGE

of storage gauges and recording gauges on
were as shol,/n in Table 2,

Nunber of storaqe and recordi

No,  o f  s to rage gauges

l0  ( read da i l y )
13 (read week ly )
'14  ( read da  i  1y )

No.  o f  record i  ng  gauges

in subsets of network

I
I
3

For each catchment, subsets of storage gauges from the complete netr,/ork
were takeni for each subset, the Thiessen polygon areas were rneasured
by planineter and a Thiessen estinate of nean areal precipitation conp-
uted. The single recording gauge on each of the Can and Coalburn catch-
nents was included in every subset: the three recording gauges on the
Ray catchment were also included. The number of gauges in each subset
were as shown in Table 3.

Tab le  3 .  Number  o f  gauges in  each subset  o f  the  to ta l  ne twork

Can
Coal burn
Ray

Lam

Coalburn
6

8

8

4

5
6

2
3
3

I
I
2

For each subset, five spatial affangements of that number of gauges were
usual ly  taken:  thus,  for  the Can,  5  ar rangements,  each of  8  gauges,  were
selected f rom the l0  in  the to ta l  network,5 ar rangements each of  6
gaug€s,  5  o f  4  and 5 of  2  were taken.  (0n1y I  ar ranger ient  o f  I  gauge
was taken) .  S imi lar ly ,  for  Coalburn,  5  spat ia l  ar rangenents  each of  10,
8,  5  and 3 gauges were taken,  wi th  I  spat ia l  ar rangement  o f  1  gauge;  for
the Ray,  5  spat ia ' l  ar rangements each of  l l ,8 ,6 ,3  and 2 gauges were
taken. To each spatial arrangement of gauges there corresponded a unique
mean areal precipitation sequence; the sequences of estimated open water
evaporat ion and s t reamf low were the same for  a i i  subsets ,  and for  a l l
spat ia l  ar rangements wi th in  each subset .

The total duration of record of mean areal precipitation, open water
evaporation and streamflow for each spatial arrangement was divided
into t!ro, The first half was used to estimale the model parameters by
least  squares,  and to  ca lcu la te a va lue of  Rz i  us ing these paraf ie ter
ya lues,  the sequences of  nean areal  prec ip i ta t ion and open water  evap-
ofatlon in the second half of the record were transforned by the model
in to  a sequence of  'pred ic ted '  s t reanf lows.  A va lue of  R2 was ca lcu l -
ated fron this sequence and taken as a Deasure of the value of tne moo-
el for pred iction purposes.

Gauges in
ful I network

l0
13
l4

Gauges

8

l0

1 l

t

t

I
I
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Tab le  4 .  E f f i c iency  (R)  fo r  f i t t lng  and pred ic t ing  s t ramf low in  the
Crn aT-Deinf oia-mTf-

No. of groups
in subset

Ef f ic iency,
f i t t ins  (R ' )

69.1
70,6
70,2
70,5
69.2
59.9

70.08

69 .5
67 .8
7 t .0
69 .4
69 .6

69 ,46

69 .6
69 .6
69 .6
68 .3
67 ,1

Ef f i  c i  ency :^
pred ic t ion  (Rz  )

76 .0
77 .7
78 .3
79  .O
7 5 .1
75.5

77 .12

74 ,6
14 .1
68.8
75 .0
73  .5

l0

8
8
8
8
I

l.lea n

6
6
6
6
6

Mean

4
4
4
4
4

ltlea n

2
2
2
2
?

Mean

I

73 .18

67 .2
72 .8
64 .5
70 .0
65 .5

68.68

70.0
67.0
66.7
68.6
66 .7

68.03

66 .2
74 .2
75.9
64 .9
7  2 .2

I

67 ,94

68 .1

70.69

60.40
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RESULTS

The Cam at Dernford l ' l i l l

Table 4 shows the efficiencies of the nodel , as neasured by Rz, for f it-
t ing and predicting streanflow in the Cam at Dernford Uil l, The nost
ngticeable feature of this tab'le is the general decline in the value of
R2 obtained in^prediction as the gauge d6nsity decreases; with I gauges,
the value of RZ is 77S on average, fall ing to 601 where only one daily
storage gauge is used. The latter value, being based upon one spatial
a r rangenent  on ly ,  may be  n is lead i however. An analysis of the effic-arrangement only, may be nlsleadrng holr
ienc ies  o f  fab le  4  i s  g iven  in  tab le  5 .

By contrast ,  the va lues of  Rz obta ined dur ing the f i t t ing phase are very
s imi lar  to  each other  whether  mean areal  prec ip i ta t ion is  computed us ing' |  

or  10 s torage gauges.  Th is  suggests  that  er rors  in  the est i rnate of
mean areal  prec ip i ta t ion due to  unrepresentat ive networks nay be large ly
'absorbed '  by the model  parqmeters  leav ing the goodness of  f i t  -  as
measured by the s ta t is t ic  RZ -  large ly  unchanged.  Expressed in  another
way,  the goodness of  f i t  for  the Cam catchment  model  is  l imi ted less by
systemat ic  er rors  due to  network b ias than by def ic ienc ies in  the nodel
s t ructure i tse l f  and the ver is imi l i tude wi th  which i t  descr ibes the
behaviour of the system it purports to represent. To support this cont-
ention, Table 6 shows the mean values, over the 5 spatial arrangements
in each subset, of the 13 parameters in the Can nodel . l l ith the poss-
ible exceptions of DCS and GLR, the mean values over the 5 spatial arr-
angenents tend not to be too dissimi'lart the standard deviations tend to
be nuch rnore variable however, particularly those for DCT, DCS and FC,

Table 5.  Analys is  o f  var iance of  R2 va lues obta ined by vary ina rne
ra i  nqauge network dens@
TOr  p rec l r c ! ron

I

a

Source l'15dfI 7 5 .237 6.707***Between densi t i es

I
I

Si ngl e gauge

l0  gauges v .

Li near trend
and 2

Remai nder

v,  res t
8 ,  6 ,  4 ,
amongst

and Z

8 ,  6 ,  4

138.285
13.712

' t49.548

74.640

12.328***

1 .222n',s '

l3  .33**

6 .65**

'l

'I

I l , J j  th i  n  dens ' i t ies  ( res idua l  ) 16 11 .217

I
I
t
I

*  S ign i f i can t  a t  the  5" l  leve l  bu t  no t
* *  S iqn i f i can t  a t  the  l% leve l  bu t  no t

* * *  S ign i f i can t  a t  the  0 ,1% leve l .
n .s .  No t  s ign i f i can t  (a t  the  5% leve l ) ,

l i  l eve l .
0 .1% leve l

This  convent ion v i l l  be used throuqhout  the report.
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Tab le  6 .  Means and s tandard  dev ia t ions  o f  l3  parameter  es t ina tes :  Cam a t
DeffifoitrnTlf-
(See Table I for meaning of parameter sj4lbols)

I
I
I
INo.  o f

groups
Parameters;

ss FCFS

I
6
4
2

0.7710.031
0.74r0 .043
0 .74!0.042
0.78 i0 .093

DCT

5.7?!O-407
4.74 !1  .247
5.0910.374
5 .52!1 .029

DCS

1 .78610.107'| .93210 .222
2 -070!0.272
1 .79810.706

RG

I
I
I
I
I
I
I
I
I
t
t
I
I
I
I
I

210.171  4 .49
204.41! 9 .77
197 .03124 .83
210.29!42 .53

RS

5 .24!1 .49
5.36 !4 .26
6.73 !7  .50

10 .0015  .80

I /GLR

0 .8610 .'190
1 .26!0.499
0 .9610 .241
0 .97 !0 .254

GD[4

0.0221!0 .0?124
0.0?57 !0.0i242
0.024 r r0 .0 ; t  7 l
0 .0248i0.0 '286

GS14

6.44 !0 .773
12.33!2.952
8.9912.560
7 .93!0 .321

I  /DRK

80.2411 .957
80.8216.639
80.4012 .370
B0 .6 . | i3  .627

DEL

667.9131 .68
577 .5 i41 .31
67 6  .4 !23 .26
616 .2 !36  .14

0 .16210 .01 l2
0 .16310.0040
0 .16410 .0053
0 .168 t0 .0066

2.7A0!0.347
3 .13610.035
3 .14910 .007
3  . I  50 i0 .013

-0 .052r0.007
-0.03410.010
-0,046r0.010
-0.050r0.002

al l  o f  which increase as the network densi ty
s tandard dev ia t ions of  GLR,  DEL is  a lso very
related to network density). This variation

decreases (var ia t ion in  the
I  arge,  but  not  cons i  s tent lY
in  s tandard dev ia t ion of

cirtain of the paraneters ;uggests that they change to accorflnodate the
ai r ieren ier  in  mian areat  pre i ip i ta t ion assoc iated wi th  d i f ferent  sub-
sets  o f  the netvork .
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Table 7. Efficiencies (R2) for fitting and predicting streanflow in
foilSurn-_.--.-

No. of gauges

in subset
l2

l5

Ef f ic iency:  f i t t ing
(  R ' )
92.1

9',1 .9
9t ,9

92,1
9?.0

Eff iciency: prediction

(R- )

7? .11

72 .49
7? .15
72 .45
72  .14
72 .37

I

l 0
l0' t0
t0
10

14ean

8
8
8
8
8

lilean

5
5
5
5
5

l'4ean

3
3
3
3
3

14ean

I

92,02

9 l  .9
92,2
0 2 t

9?.0
9 l  .9

72 .32

72 .69
1)  .14
72 .11
72 .50
72 .91

92 .04

0 2 2

92.1
9?.0
92 .2
92 ,2

92,14

92,2
92,2
92.4
9 l  .9
92,9

7 2.39

7t  -45
70.1  5
7 l  .45
70.33
72.53

7t .18

71 .79
72.05
7t .95
69.14
71 .82

92.32

o t o

7 l  .35

67 .37
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Coal  burn

Tab le  7  shows the  e f f i c ienc ies  o f  the  mode l  fo r  f i t t ing  and pred ic t ing
s t reamf low in  Coa lburn ,  ln i t ia l l y  the  pred ic t ing  and f i t t ing  e f f i c ien-
cies showed a much greater difference, but exanination of the record
used fo r  p red ic t ing  revea led  severa l  anona] ies  in  the  da ta  fo r  l r in te r
]969.  Snow had fa l len  in  November  and on  two occas ions  dur ing  January
and February the weir was frozen for a period of not less than a week
each tine. The model lras unable to take account of these events so
these months were excluded fron the fitt ing efficiency calculations.

As  w i th  the  Cam,  reduc t ion  in  the  ra ingauge ne twork  f rom 12 to  I  week ly
gauge gave no  reduc t ion  in  the  e f f i c iency  o f  the  f i t ted  f lode l  .  Th is  i s
no t  unexpected ;  the  Coa lburn  ca tchment  i s  sna l l  (1 .52  k l l l z ) ,  and i t s
topography  re la t i ve ly  smooth ,  so  tha t  spa t ia l  var iab i l i t y  in  p rec ip i t -
a t ion  migh t  be  expec ted  to  be  smal l  a lso .  I f  th is  were  the  case,  the
nean area l  es t imate  o f  p rec ip ' i ta t ion  f rom l3  gauges wou ld  be  un l i ke ly
to show significant i$proveflent on that from a single weekly gauge.

Tab l  e  S .
dens i t jes  a t  cod tburn :  R.  computeo lo r  p reo tc r r ( )4

I

Source MSdf

Between densities 5 .0081 7.36***

I
Si ngl e Gauge

l2  Gauges  v .

Li near trend
and 3

Remainder

18 .9428
0.0854

4 .6746

0 .7830

27 .85***
0 .13n 's '

I  .0**

o .72n s '

v .  res t
'10 ,8 ,  5 ,  and 3
amongst  10,  8 ,  5 I

t
| l i th in  dens i t ies  ( res idua l  ) l 6 0 .6802

t
IReqard inq  the  e f f i c ienc ies  o f  p red ic t ion ,  an  ana lys is  o f  var iance sbows

i i , i i  i r , i i i ""J."- i isni i i iuni  ai t i "" .nies between thi  mean values of R2
assoc ia ted  w i th  the  s i x  gauge  dens i t i es  ( i .e .  '  l 3 '  l 0 '  B '  5 '  3  and  I
s to rage gauge) .  Th is  ana lys is  i s  shown in  Tab le  8 '  The e f f i c iency  ass-
oc ia ted  w i th  dne gauge on ly  i s  s ign i f i can t ly  lower  than tha t -o f - the  o ther
dens i t ' i es ,  wh i ls t - there  is  sone ev idence o f  a  t rend in  Rz  (a lbe i t  a  5 l igh t
one)  wh ich  decreases  as  gauge dens i ty  decreases .

Tab le  7  shows the  rnean va lues  and s tandard  dev ia t ions  o f  the  parameter
es t imates ,  computed f rom the  5  spat ia l  a r rangements  tes ted  in  each subset '
The s tandard  dev ia t ions  are  var iab le ,  bu t  appear  to  show n0 cons is ten t
t rend as  gauge dens i ty  var ies ,  wh i ls t  the  s l igh t  t rends  exh ib i ted  by  the
means o f  somi  parameter  es t imates  (DCT,  DCs '  fo r  example)  a re  l i ke ly  to
be smal l  re la t i ve  to  the i r  sampl ing  er ro rs '

t
I
t
t
I
I
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Table 9. l leans and standard deviations of I paraneter estimates:

(see Table I for meaning of paraneter sJfibols)

17

No.  o f
g roups

Parameters :
FCss DCT

l 0
8
5
3

t
I
I
I
I
I
I
I
I
I
I
t
I
I
I
I

2,386!0 .835
1 .87010 .818
1 .a12!o .7 42
l  -872r0 .660

DCS

0.863!0 .0782
0.86710.0864
0.877 i0 .0657
0.89410.0685

RS

153 .4116.06
146 .3131 .51
125 .61  4 .18
116 .3 !21 .12

1/DRK

-1a0.5--20.42 0.0245=0.0;662 0 00958=0'0 i146
-96.9 '  4 .05 0 .0261.0 .0 i213 0 .00803=0.0 i102
-93.5  -  10.7  0  0 .0267r0.0" ' ]02  0 .00800:0 .0"199

0.601210.0 t506
0.606010.0 ;776
0.606610.0 ;321
0.608810.0 ' l  54

DEL

2 .17 7 lo -0124
2.1  5710.0303
2 .21010 .0043
2.214!0 .0070

at Grendon lJnderwood

Tab le  lO shows the  e f f i c ienc ies  o f  the  node l  fo r  f i t t ing  and pred ic t ing
streamflow in the Ray at Grendon Underwood. As with Coalburn the eff-
i c ienc ies  o f  p red ic t ion  are  undoubted ly  less  than the  e f f i c ienc ies  in
the fi tt i  ng phase.

There rias l itt le evidence that the efficjency of f itt ing was reduced by
reducing the number of storage gauges in the network from 14 to.3' Reg-
ard ing  ihe  e f f i c ienc ies  o f  p ied ic t ion ,  there  was sone s l igh t  ev idence o f
a  dec iease in  p rec is ion  as  s to rage gauge dens i ty  decreased.  Tab le  l l
shows the  ana lys is  o f  var iance wh ich  suggest  these resu l ts .

Tab le  l2  shows the  means and s tandard  dev ia t ion  o f  the  es t imated  para-
ne ters ,  based on  the  f i ve  a l te rna t ive  spat ia l  d is t r ibu t ions  o f  the
qauqes in  each subset  o f  the  to ta l  ne twork .  As  w i th  Coa lburn ,  i t  wou ld
6e unwise  to  c la im any  ev idence fo r  t rend e i ther  in  means or  s tandard
deviations of parameter estimates as the number of storage gauges dec-
reaseo.



Tab le  10 .

No. of gauges

in  subset

Effic iencies Rz for f i tt i
en erwoo

t8

Ef f i  c  i  ency :  f i t t ing
(R2)

9 t .0
9 l  .3
9 l  .0
90 .9
90 .9
90 .9

ic t in streanflow in the

I
I
I
I
I
I
I

t
I
I
I
I
I
t
I
I
I

I
I

I
I
I
1
I

3
3
3
3
3

9 l  .0

89 .6
9 t .0
9 l  .3
9 l  .6
90 .9

90 ,9

9 l  .6
90 .4
90 .6
91  .2
9 t .5

9 t .1

90 .8
90.6
88 .4
91  .8
89 .0

Ef f i c iency :  p red ic t ion

(R2)

30 .3
80 .9
79 ,6
80 .2
80 .2
79 .9

80 .2

79 .4
79 .7
79 .4
82 .0
80 .6

80.2

80 .1
79 .0
79 .7
80 .1
79  ,7

79 .7

79.6
79 .5
78,2
78.4
79 .1

IMean

I
8
8
8
I

Iqean

5
6
6
6
6

llea n

l'!ea n

2

90.1

49.2

79 .0

7  5 .8

I
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Tab ' le  1 l .  Ana lvs is  o f  var iance o f  R '  va lues  ob ta ined bv  varv inq  ra in -
aauqe ne twork  dens i t ies  on  the  Rav ca tchment :  R .  conDuteo
lo r  Dredrc t ron

oiSourceI
Between densities 4 .1381 7.99***

I
I
I

2 gauges v .
'14 gauges v .

3  gauges

Li near trend
6and3

Ren]ainder

15.2800

0 .30  s l

4 ,266

0 .4198

29.5t  ***

0 .59n 's '

8 .24*

0.81n s '

reSI

l l ,  B ,  6 ,  and

amongst  
' l l  

,  8 ,

I

1

I ,

2

I
I
I

l , i i  th i  n  dens i t ies  ( res idual ) l 6 0.  s l  78

Tab le  12 .  Means and s tandard  dev ia t ions  o f  7  Darameter  es t ina tes :  Rav
da urenoon unoerwood

No.  o f
g r0ups

Paraneters:
FC DCT

I
I
I

I
I
I
I
I

' t1
8
6
3

22.31 !0 .222
22.17 !0 .533
22.17 !0  .280
22.14 !0 .616

DC5

0.87810 .018
0.88210.065
0 .90610 .030
0 .87 I10 .046

FS

208.6 r  3  .04
212.3  t  l5 .5 l
219.1  r14.08
212.4 ! 7 ,06

I /DRK

t
-38 .12 j0 .568
-37 .91 i2 .564
-39.24 i0 .960
-38.5512 .302

DEL

0.023310.  O;691
0.0223r0.0;152
0 .0223!0 .0i7 49
0.0236t0 .0 '1  55

0.r68to.ot5so
0.  16810.0 ; '173
0.16810.0 ;234
0 .  166 i0 .0 '505

r .392r0.03183' l .38910.0 i570

1.38510.0;262
1.389J0-0 '592
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CONCLUS IONS

l .  Reduct ion  in  the  nunbers  o f  da i l y  gauges (week ly  in  the  case o f
Coa lburn)  has  very  l i t t le  e f fec t  on  the  e f f i c iency  ob ta ined when f i t t ing
the model . Even if but one gauge is used - together with a recording
gauge to distribute its catch - any systenatic error introduced by the
unrepresentativeness of the network is l ikely to be compensated for
dun ing  the  f i t t ing  o f  the  node l  parameters ,  Th is  uas  t rue  o f  a l l  th ree
catchments .

To some ex ten t ,  there fore ,  an  index  o f  p rec ip i ta t ion ,  such as  migh t  be
obta ined f rom one or  more  record ing  gauges and a  very ' l im i ted  number  o f
da i l y  record ing  gauges,  i s  a l l  tha t  i s  requ i red  to  f i t  the  mode l  reason-
ab ly  we l l ;  in te rpre ta t ion  o f  the  paraneters  in  phys lca l  te rms w i l l  be
nade nore dlff icult, however, because the values obtained for them may
reflect raingauge network deficiencies. (c,f. the results for the Can
at Dernford l ' l i  l I ).

2 .  There  is  ev idence f rom a l l  th ree  ca tchments  tha t  the  e f f i c iency  o f
p red ic t ion  is  reduced to  some ex ten t  by  reduc ing  the  nurnbers  o f  da i l y
(week ly )  gauges;  the  loss  o f  e f f i c iency  was sna l l  fo r  the  t r lo  smal le r
catchnents - the Ray and Coalburn - and rather greater for the cam.
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APPENDIX I

CAM CATCHI'IENTThjessen po lygon areas  in  hec tares .  To ta l  a rea  19 ,423 ha .

Gauges l0 II sanpl es 4 5

t Gauge
Nos .

' I  
,2  ,4 ,5 ,

6  ,7  ,9 ,  t0 ,
,12.

2,4 ,6  ,
7 ,9 ,  10 ,

,12 .

1 ,2  ,4  ,
6 ,7 ,9 ,
1 t , t2 ,

' I  
,4 ,5  ,

6 ,9 ,10 ,
11 ,12 .

2,4  ,5 ,
7  ,9 ,10,

, t2 .

1 ,2 ,4 ,

1 1  1 2

I
2
4
5
6'l

9
l0
l t
12

I
I
I

217 9
1355
936

2973
1726
2325

'1381

1377

2425
4595
2300
1575
20t4
3356

2\  41
I507
1242

4544
3961
I169
1612

3247

3412

1878
3681
2117

1287
1't 40
1940
3368

tit,
1864
3171

2825
2337
1639
2825
3325

3421
1665
919

3529
2066

1299

tgr r
4613

218
584
924

3203

I Gauges
Sampl es 5

I Gauge
Nos.

1  ,2 ,4 ,
5 ,7  ,9  .

' I , 5 ,6 ,9 ,  I ,4 ,5 ,10 ,
l0 , l l .  , 12 .

2 ,5 ,6 ,10 ,5 ,6 ,9 ,10 ,' l l , 12 .  l l , 12 .

I
2
4
5
6
7
9

l0' t l

t2

2382
4116
3217
37 39

2677
3292

4385

257 3

2424
3895
2565

4518

2310
4081

r iur
2903
3859

zi:o
3838
4087

1620
1962
5580

3852
3436

3406
l95 l
2s',t7
4261

I
I
I
I Ga uges

Sampl es 4

I
Gauge
Nos ,

I  ,10' l l  
, r  2. 1 1  ,12.

I  ,6 ,
7 ,10.

2 ,6 ,
7  ,10, 6,10 .

I

2
4
5
6
7
9
0
I
2

I
I
t

u:oo
z, os

|  653

2103
6781

5080

4103

4585

5612

4919
527 2

3520

6352

3639
47_97

4645

-

2048
7307
4268

I
I
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COALBURN CATCHI4ENTThi es sen polygon areas
152.1  hec tares .

(hectares )  . Total area

I
Gauges '13 t0 I
Sampl es 54

Gauge
Nos. 9 ,10,11,

l2  ,13.

1  ,2  ,3  ,4  , I ,3 ,4 ,5 ,  I  ,3 ,4 ,5 ,
6 ,7  ,8 ,9 ,  8 ,9 , r  0 ,
l0 ,12.  11 ,12,

t ?

I ,3 ,4 ,5 ,  1  ,2 ,3 ,4 ,
6 ,8  ,9 ,  5  ,7  ,8  ,
10 ,12 ,  10 , , ]2 ,

13 .  13 .

I
t

1
2
3
4
5
6
7
8
9

t0
1 l

l3

5.5
4,2
5.6
1.8

r  4. l
16.7
5.4

I  5 .8
20.6
29,2'16.7

0.4' t6 .1

6.9
4,2
5.4'I .8

I  5 .3
21 .2

21 .7

51 .3
22.3
2.0

6.9

8 .0
2 ,6

23 . l' t 8 .1

5 .0
20 ,6
24,2
42,9

0 .7

8 .4

6 .4
2.7

25.2
'10.5

21 .7

,u.o
?3.6
0.7' t7 .5

6.1
3.1

14.3
21 ,4

16.3
21 .8
29 .4
15.5

6-0
4 .2
6 .9
2 .2

33 .4

10  .0
29 .6

42 .4

o-.7
16.3

I

I
I

Gauges B

sampl es

Gauge
Nos.

1 ,2  ,5  ,7  ,
8 ,9  ,10 ,

1 t .

I ,4 ,5 ,6 ,
8 ,10,11,

3,4  ,5 ,7  ,
8 ,10 ,  ,

12 .

1,2 ,3 ,4 ,  1  ,2 ,3 ,4 ,
8 ,11,12,  5 ,7  ,9 ,

13.  l l . t
I
2
3

5
6
7
8
9

10
l t
12
l3

6 .8
t :u

26,7

rr.o
16 .6
t 2  1

43 .7
16 .7

' i9 .8

4 .9
5 ,2'ao

22.2

.

6 l  .6
3 .3

33 .1

7 .1

.7
2 .2

5 l  .6

11 .2

:n.  t

25 .5

-

6.2
t E  c
19. l

22 .6

38-6
24 .7

I  5 . 7

1.2

27.6

14 .0
20.7

57 -9
l 8 .  t

1 . 5

I
I

I

I
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CoALBURN lATCHl,,lENf (conti nued )

I Gauges

Sampl es

I Gauge
Nos .

2,3  ,5  ,
6 ,7  .

I  ,3 ,4 , 6,7  ,8 ,
9 ,  .

1,2 ,4 ,
6 ,13 .

4 ,5 ,6 ,
l0  ,13.

I
2
3
4
5
6
7
I
9
0
1
2
3

I
I
I
I

8.0

76.3
28.s

54.7

17  .7
, , ,

uu,o

48-.7
10 .8

39 .5

34 .9

7 q

30.4

23.1

5 J , O

37-.1

,u. t
4 l  .9
24 .O

cc._t

I  5 .4

I
Gauges

I Sanpl es

Gauge
Nos.

3  ,4 ,6 . 3 , t0 ,13 .4,  10,r  3 .

I
2
3

5
6
7
8
9

10
l l
12'13

I
I
I
I
I

16,2

29 .4
69 .5

61  .4

60 .1
5:o

7 6-.2

us.:

20.6

I
t
I
I
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GRENDON CATCHI'IENT
I
I

Gauges t4 l0 Isarnpl es 3 4

Gauge
N O S .

1 t 1 E  1 r ? q

6,7 ,9 ,11,  6 ,7 ,9 ,11,
12,14,17,  17 ,20,21 .
20 ,21 ,23 ,

I ,2 ,3 ,6 ,  I ,3 ,s ,6 ,
7  ,11 ,12,  7  ,9 ,12,
14,21 ,  I4 ,17,
23,  20,23.

t a o  t  r ? <

1 ,12,14,  6 ,9 ,12,
7  ,20,21 ,  r  4 ,17 ,

23,  21 ,23.

T
I
2
3
5
6
7

'11

12
l4
17
20
21
23

38
80
1

20
147
86

266
2

319
328
154
48

l l3

3B
69
7

29' t4 l

86
539
9-3

s53
208

42
70
7

209
I  l6

349
490
330

44
187

57

47
35

156
78

283

282
304
351
156

107

40
7_4

189

io
50

281
318
317
156
17

105

63
72
7

29
166

274
372
333

45
t86

t
I
t

IGauges 8

Sampl es 4 I
Gauge
Nos.

6 ,7  ,9  ,11 ,  2 ,3 ,5 ,7  ,' t2 ,14,17,  l l , r4 ,
23.  20,23.

I  ,2 ,3 ,5 ,  t  ,2 ,5 ,9 ,
6 ,17 ,20,  17 ,?0,21 ,

21.  23. II
z
3
5
6
7
9

l l
12
l4
17
?0

143
l6

l '
697

6
o1o

187

,+u

9B
l l
66

304

roo
883

tuo

24s

88
80
5

129
4l l

, ]85

82

47

.

686

238
98

281'10

281
372
, :9

217

I
I
I
I

836
218
89

541
164
45

106

I
I



GRENDON CATCHI4ENT ICONT)

G auges

t
I
I
t
I
I
I
t
t
I
I
I
I
I
I
I

90

't60

82
oo]

501
ur!

281

: ,

'10

417
r] t

348

282

: ,

t0
r2a
807

246

:

,2t

44

-
431

464
' : '

75
l1

" :

797
oo:

200

Samples  1 3 4

Gauge 2 ,6 ,7 ,  I ,2 ,11,  1 ,2 , t1 ,  1 ,5 ,9 ,  2 ,3 ,6 ,
Nos.  9 ,14,17 12,14,23 12,14,20 14,17,20 14,17,23

I
2
3
5
6
7
9

l l
12
t4
17
20
?1
23

Gauges 2 3

Sampl es 1 2 4

Gauge 1 ,2  1 ,2  6 ,7 ,9  12,21,23 14,17,23 5 ,6 ,12
Nos.  21

I
2
3
5
6
7
9

1 l
12't4

17
20
21
?3

uu:

127i

178? 742
74

::zio
94

1522

4t8

206
I
I

- t040 - 248
-  4r8

I
I
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I


