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SUMMARY,

A conceptual runoff model is studied in this work. FEspecially
the residuals of the model (the differences between the compu-
ted hydrograph and the recorded one) are examined, The density
funetion and the autocorrelation function of the residuals are

estimated and tested.

The model must be calibrated for each new catchment, to which
it is applied. Therefore a criterion of the goodness of fit
between the computed and the recorded hydrograph 1s required.
Some criteria of fit have been examined concerning their sensi-

tivity to changes in the model parameter setting.

Conclusions of the work are: The residuals of the model are
neither stationary nor independent and normally distributed. A
claggification based on the different physical processes, which
govern the discharge, makes the residuals of each class more
stationary and in some sense more normally distributed tian the
residuals of the material without any classification. Further-
more a criterion of goodness of fit, based on the ¢lassifica-
tion above resecmbles the subjectively judged fit more than the
simple sum of sguares criterion, which has become practice in

applications of runoff models.



1. INTRODUCTION

The purposes of the development of hydrological catchment models
are mainly (Clarke, 1973):

1. Forecasting
a) Operational forecast: Estimating streamflow when rain-
falls, losses, streamflows etc.

are given up to the present time.

b) Design forecast: Estimating the flood hydrograph
caused by a hypothetical heavy

storm (or snowmelt).

2. Extending the discharge redord, where we have got long cli-

matological record but short discharge record.

3, Prediction of the possible effects of proposed physical
changes to the catchment.

Before the model can be taken into operafion, its free parameters
have to be accurately estimated by means of a calibration proce-
dure. This means that the parameters are adjusted until a good
fit is obtained between the computed hydrograph and the observed
one, The procedure can be either a subjective one, relying upon
the hydrologist when deciding which parameters are to be adjusted,

or an automatic one, based on an optimization algorithm.

One major problem concerning the automatic procedure has been the
finding of a matching index, a criterion of fit, This is very im-
portant, because every automatic parameter optimization routine

has to rely upon a numerical value of the goodness of fit between

two curves.

The statistical properties of the residuals could be a key to a
better understanding of this problem. The lack of such studies was
pointed out by Clarke (1973).



Clazle {1777) alsce stated chat if estlumated -cafidsucs ieg oos

N

Tor the poarameters are weguired, assnapiions wust bz nwde a2l ux
the prohability distributicn of the model residuals. However,

one further posgibility 1= to do 2z number of parsmuelfer es
tions hased on independent data and froem the results of tnese
estimations get an apprehension of the si=me oI the ~onfidence

regiong of the wmodel parsmeters.

The aim of this work iz to sgtudy the statistical properties of
the residuals in order to find a wors appropriate criterion of
fit between the computed and the recorded hydrograph. This orob-

lem was approached in two steps.

1. The calibration pericd was divided into "subperiods" in
order to obtain stationary subsets of residuals. Some

statistical properties of these residuals were examined.

2. The responss surfaces of different criteria of fit wers

studied when altering the parameter values,

The EBV runoff model was used for the study. This model is deve-
loped at the SMHI (Swedish Metecrological and Hydrological Insti-
tute} by Bergstrim (1976). It is in operational use in some

catzhments in Sweden and Norway.

This study was financed by the SMHI and it was carried out in
co~=onergtion with the Department of Mathematics at the Lin-

kfping Tniversity,
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#ig. 2.71. Test catchments for the applications of the study of
the HBV model.



2, TEST CATCHMENTS

Two catchments were used in the study: the Kultsjon catchment,

below referred to as Kultsjon, and the Stadarforsen catchment,

below referred to as Stadarforsen (fig. 2.1). Both catchments

are below timberline dominated by coniferous forest, and the

soil is mostly moraine ar of a pervious type.

The catchments are representative for large areas in Scandi-

navia,
Table 2.1 Test catchments.

Areg Altitude Lakes
Catchment River (km?)  range (m) %
Stadarforsen  Visterdaldlven 4 136 835 2,4
Kultsjsn Aingermandlven 1 109 1 040 6

The analysed runoff record of Stadarforsen began 1961-10-01
and ended 1976~03-31. In Kultsjon the analysed record began

1961-10-01 and ended 1976-05-18.



3, THE HBV-MODEL AND ITS FREE PARAMETERS

The simulation of discharge by the HBV-model is made in three
stepe (fig. 3.1).

1. Snow accumulation and ablation,

2. Soil moisture accounting.
3. Generation of runoff and transformation of the hydrograph.

PRECIPITATION

—> | SNOW ROUTINE

RAIN, SNOWMELT,
T T EVAPORATION

| SOIL MOISTURE
| zonE

PPPER’ZONE, Q =KiS5 L)

L uz” T

| ‘uz 1; 17uz
‘ _!_ TRANSF,

Fig. 3.1 Schematic representation of the HBV-model,

'LOWER ZONE, S, FUNCTION [
o= KySi b -

Q



Table 3.7
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Parameters of the HEV-model,

Corrections on input variables

1l

corr

lapse

= g H
!

lapse

+3
Il

correction factor on rainfall

= precipitation—elevation correction

temperature—elevation correction

general temperature correction

Parameters of the snowroutine

sf
0
wh
b

Q[ 2 2 0
il

rfr

snow fall correction factor
degree-day melt factor

water holding capacity
hottom storage under snowpack

refreezing coefficient

Parameters of the soil moisture routine

Fe

L
1Y

P

Il

maximum s0il moisture storage
limit for potential evaporation

empirical coefficient

Parameters of the response function

® =
0]

Kl =

K2 =
L =
nZ
C =
perc

W

route

storage discharge constant of the upper zone

4] i " 1 n " it

Tt I " 1 b 10Wer tr

limit for slow drainage of the upper zone
percolation capacity into the lower zone

part of the lower zone representing lakes
and other wet areas

maximum base in the transformation function

parameter relating the base in the transfor-
mation function to the generated flow
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The model parameters are shown in table 3.1. Pcorr’ Plapse’ Tlapse
and Pw are set from information outside the calibration procedure

(maps, experience etc.). The others are calibrated to optimum fit.

3.1 Snow routine

Whenever the air temperature (T) is below a threshold value (TO), all

precipitation is regarded as snow and is accumulated in the snowpack.

A1l effects of evaporation and lacking representativeness of the
gauge are put together in one empirical coefficient, the snow fall correc~
tion factor (Csf).

Thus, if T < To then

S =C_.°*P,

s sf
where S_ = actual snow accumulation (mm),
CSf = snow fall correction factor,
P = precipitation (mm),
T = surface air temperature (°C).

Snowmelt is taken care of by the degree-day method:
IfT > To’ then

M

c, (T- TO),

where M = snowmelt (mm/day),
C = degree-day factor (mm/(°C day)).

The water retention in the snowpack is described by two parameters.

waterholding capacity of the snow (% of the snowpack),

2]
Il

bottom storage under the snow (mm).

Sb has rarely been used and was therefore omitted in this work.
Refreezing of liquid water in the snowpack:

If T< T and if there is liquid water present in the snowpack, then

Mo =0t G (T - To)’
where -M refreezing rate (mm/day),

Crfr

refreezing coefficient.
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The area~elevation distribution of the snowroutine in the HBV-
model is described by Bergstrém (1976). It contains no free
parameters and is therefore not very interesting for the calib-

ration of the model.

3.2 So0il moisture routine

The behaviour of the soil moisture zone is illustrated in fig.

3e2

E
1.0
N
A%m/AP
0 —>
0 Fc  Sem

Fig. 3.2 The contributions from rainfall or snowmelt, P, to
the soil moisture zone, Ssm’ and the upper zone,

S .
uz

Mathematically, this can be described by the following

equations:
A uz Ssm B
AP T \Fe
A Ssm o1 - |==m B
AP T Fe
where P = precipitation or snowmelt (mm),
8,, = storage in the upper zone (mm),
oy = computed soil moisture storage (mm),
Fe = maximum soil moisture storage in the model (mm),
f = empirical coefficient,
A SuZ = amount that passes through the soil moisture zone

(mm),
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amount that is stored in the soil moisture zone (mm),

]

AS
sm
A p

precipitation or snowmelt fed into the zone mm by mm.

Potential evaporation is reduced to actual values by the function

in fig. 3.3.

Ea/ Ep
AN
1.0
b
by
| |
i I
| I
I |
0 —

Fig. 3.3 Reduction of potential evaporation, Ep’ to actual, Ea'

Mathematically described by:

E if S5 _ >1

D sm — P
E =
a .5
By "B 5p g <1,
L sm P
D
where E_ = potential evaporation,
E_ = actual evaporation,
a
Lp = limit for potential evaporation.

3.3 Response function

Having passed the soil moisture routine the excess water passes
through some reservoirs, where the runoff Qg is easily calculated

in the manner illustrated in fig. 3.4.
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Fig. 3.4 The response function of the HBV-model.

perc

NN EH Q

= AN

uz

O 1o
=

QD&?IAD O

1z

n wn

>
0 N

uz

= percolation capacity,

potential evaporation,
storage discharge parameter of the upper zone,

slow drainage storage discharge parameter of the
upper zone,

storage discharge parameter of the lower zone,
limit for slow drainage of the upper zone,
precipitation,
part of the lower zone, representing wet areas,
total generated runoff,
runoff generated from the upper zone,
slow drainage runoff generated from the upper zone,
runoff generated from the lower zone
total computed runoff,
storage in the lower zone of the model,

" " " upper " "ren "

inflow in the upper zone.

The transforming function multiplies Qg with a weight differing

in time. Qg is transformed into Qb according to fig. 3.5.
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WEIGH:
/\Qg /N AQc
N\ N . N
V4 0 o 7 7
TIME L B, 4 TIME TIME
. Il Al /‘

Fig. 3.5 The effect of the transformation function on the generated hydrograph.

This can be expressed as:

B -C
B = max route
EE

Q W W

nroute

O

Time

. Qg if (Bmax -

if (B - C
max

Croute

route

'Qg)i1

‘Qg)<1

base of the triangular function (days),

maximum base (days),

= free parameter (days/(ma/s)),

generated runoff from the reservoirs (m3/s),

0: the day on which Qg is generated (days).
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4. STATISTICAL ANATLYSIS OF THE RESIDUALS OF THE HEV-MODEL

A.1 Mechanism separation critericn (MSC)

A study of the hydrographs showed that differeunt physical pro-
cesses produced different discharge patierns. Subsequently a
study of the residuals showed a similar mixture of different

curve types with different statistical properties.

Chiefly three different processes were assumed.

1. Snowmelt

2., Rainfall or recession succeding rainfall or snowmelt
(referred to as vy-flow)

3, Dry summer— or winter-recession (referred to as low

flow).

Yiie problem was to find a good criterion to separate the days
in order to obtain classes of days with approximately station-
ary residuals., One method is to divide the calibration period
by visual inspection. The drawbacks of this method are its sub-
jective character and the fact that it does not take the dif-

ferent model mechanisms into account.

The method was therefore abandoned and the following mechaism

separation criterion (MSC) was used.

1. M >0 : snowmelt
2. M <0 and (AS._ >0 orS_ > 0): y-flow

uz uz
3. M < 0 and (Asur = 0and S = 0): low flow,

L

where M = snowmelt (mm),
S,, = Storage in the upper zone of the model (mm),
48, = inflow in the upper zone of the model (mm) .

This MSC has two major drawbacks:

1. It will give different partitions of the calibration

period at different parameter settings. This will

disturb the behaviotvyr of the properties studied.
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2. It may be difficult to apply to other models.

The main advantage of the chosen MSC is that it is easy to extract

from the model. An example of the use of the MSC is shown in fig. 4.1.

In Kultsjon the transforming function causes a time lag, which has a
route = 0-00103, chapter 3.3).

This small influence is neglected in the mechanism separation.

maximum length of one day (Bmax =2, C

In Stadarforsen the time lag is much greater (Bmax = 6, Croute =0,

chapter 3.3). Here the main part of the generated runoff is delayed
by three days. In consequense of +this the MSC was displaced three
days.

Fig. 4.1 (See next page.) Residuals (1/s) and MSC of Stadarforsen
65.10,01 = 69.09.30.
1. Snowmelt
2. Rain or recession succeeding rain or
snowmelt.
3, Dry summer- or winter-recession.
The upper curves show the MSC, the

lower curves show the residuals.,
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4.2 Estimation of the density function

Mean and standard deviation of the residuals were estimated by:

n

-1 e @0 @)

2_1_ % . I
T n-1 i=o [ér (1) - Qc(l) - X]
where X = mean value of the chosen residuals (m3/s),
n = number of the chosen residuals,
Qr(i) = observed discharge (m3/s),
Qc( ) = computed discharge (m3/s),
S

= standard deviation of the chosen residuals (m3/s).

A symmetrical interval, four standard deviations long, was

placed around the mean value. The interval (X - 28, X + 25) was
divided into 40 equally long classes, and the number of residuals
in each class was plotted in a histogram. For comparison a Normal
probability distribution function with X mean and S standard devi-

ation was plotted in the same diagram.

As the interval of four standard deviations is too short to
contain all the residuals, the number of exceeding residuals (NER)
is printed together with each histogram. An example of a histogram
can be seen in fig, 4.2.

(days)
300 +
L
200 +
i ]
11 —
100} i il
TR (standard
05 - L = p > deviations)
o - o - o

Fig. 4.2 Histogram of the low flow residuals of Kultsjén 62.10.01 -
- 76.05.18, Meanvalue = 0.725 (m°/s)s Stendard deviation-=
- 7.07 (a’/s). NER = 145
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A1l histogramg are presented in Appendix A,

A preliminary test was made vo swudy 11 che wzee. vedoe O
each clase of rcesiduals (X) difvered Jigrniiscantly foom z-vc
The simple t-test was used ror this purpose. Sone appaira:ivly

gignificant results were found.

However, the t-test is based on the assumption of independenc
and N(u,o)-distributed variables. The assumption of normalifby

is not very critical, but the assumption of independence has

. to be fullfilled.

As will be shown later, the residuals are not independent. The

test was carried out with regard paid to the interdependence,

n .
o was inter—

according to Hamsen (1971). Thus the quantity 5
preted as the equivalent number of independent * observe-

tions.

Where n_ is defined by:

n =
X

R(7)

O a8

R(1) dt

autocorrelation function of the chosen residuals.

Using the t-test in this way showed no significant deviation

from zero on the 5 % level.
However, each class of residuals consists of a number of inde-
pendent continuous time periods. Regarding this, one could

construct a more powerful test.

4.3 Test of normality and independence

Very often in statistical applications the assumptions of mutbu-

ally independent and normally distributed variables are made.

To test these assumptions on the residuals of different model
mechanisms the Xg—test was used.,

2
k (Yi_ npi)

U="?
i=1 np.
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where U = test variable,
k = number of test classes,
n = total number of recorded days,
P, = probability for a normally distributed, stochastic variable

to assume a value within class i,

Y. = observed number of days in class 1i.

If the assumptions hold, then U is approximately xz-distributed with the

number of test classes minus three degrees of freedom.

Whenever np, <5, the test class,i,was merged with a neighbouring
test class, until the probability to fall within test class limits

was greater than 5/n. This validity limit is taken from Rudemo, Rade

(1970).

Let: X(t) = Q. (t) - (%),
where Qr(t) = observed discharge at day t,
Qb(t) = computed " nowoon,

Table 4.1 x2—test made on the residuals. The hypothesis H_ (the X(t):s
are mutually uncorrelated with llormal probability distribution function)

is tested versus its logical opposite.
0.1 % level

Number of Degrees of Test vari-  significance

Catchment MSC observations freedom able (U) limit of U
Kultsjon - 4977 38 2210 73
" snowmelt 1185 " 322 "
" y-flow 914 " 166 "
" low flow 2876 " 99 "
Stadarforsen - 5273 " 4459 "
" snowmelt 1156 " 403 "
. y-flow 2008 " 420 "

" low flow 2097 " 354 "

'The hypothesis (HO) that the residuals (X(t):s) are mutually independent with
Normal probability distribution function was tested by means of the xz—test
(tab. 4.1).
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 The hypochesis had to be rejected on the 0.1 % level.

Although the material was divided into different classes, the
hypothesis Ho still did not hold. However, the xg—variable (U)
was made less by the separation of the different mechanisms.

A visual inspection alsc shows that the residuals are more
close to normality in each subclass after the separation.
Therefore Ho is, in some sense, more valid after the mechanism

separation of the material than before.

Furthermore, the Xz-test is very sensitive when used on a mate-
rial built upon many observations. The data may be sufficient
in number to show their inconsistency with almost any hypothe~

sis suggested. (Hamon and Hannan, 1963).

The Xz—test is unfortunately not able to separate the questions
of distribution and autocorrelation. As will be shown later,

a clearly significant autocorrelation exists in this case,
Moreover, mostly the assumption of normally distributed resi-
duals is not very ciritical. Every result below, obtained by
relying upon Normal distributions may be considered as an

approximation.

4.4 Estimation of the autocorrelation

To estimate the autocorrelation a method described by Jenkins

and Watts (1969) was used.

At first the autocovariance was estimated for each continuous

period j, when one mechanism was working (see chapter 4.1).

X Nj—T+tj—1
HOE J (x (4+1) - X) (x(v) - D),
j t=tj

where Rj(T) = estimated autocovariance of residuals separated

by 1 days,
X(t) = Q(t) - _(t) = residual at time 1 (m’/s),
Nj = duration of period j (days),
tj = the time at which period j started (days from

the beginning of the discharge record).
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In order to get an overall estimate of the autocovariance the estimates
from the different periods with the same wmechanism working were brought

'together as follows.

n N. -1 .
R(t) == (‘%“" Rj(T))

ail T
the
periods J
where R(T) = overall estimate of the autocovariance,
i = (M., - 1) = the total number of observations of R{t) (days).

T J

J

Finally the autocorrelation was estimated by dividing the estimates of

the autocovariance by the estimate of the variance,

When there is less than about 400 observations, one should not rely too
much upon the autocorrelation curves, because of the extremely skew

probability distribution of the autocovariance.

Kendall and Stuart (1967) actually warned for the use of a correlation
coefficient estimate, based on less than 500 observaltilions. However,
here we have got autocorrelation estimates at surrounding time inter-
vals too, which gives an indication of the roughness of the estimation
procedure. Furthermore the coefficients were estimated from a number of

geries differing in time.

During series of days with rapidly changing MSC the discharge pro-

duced by different physical mechanisms strongly interacts. This may
disturb the estimation of the autocorrelation function. {See fig. 4.3,
where the estimated autocorrelation exceeds 1.) To avoid this phenomenon a
minimum period duration of 5 days was defined. It had to be exceeded
without any change in the M3C, if the period was to be used in the

autocorrelation estimation procedure,. (See fig. 4.4.)
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Fig. 4.3 Estimate of the autocorrelation of the model residu-
als at snowmelt in Stadarforsen 61.10.01 - 76.03.31.
Variance of the residuals = 1.72 - 103 (mB/s)z.
95 % confidence limits: = i
> 400 observations to the left of the line: !
Minimum period duration = 1 day. ‘
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Fig. 4.4 Estimate of the autocorrelation of the model residu-
als at snowmelt in Stadarforsen 61.10,01 = 76.03.31.
Variance of the residuals = 2.3%5 - 1O3 (m3/8)2.
95 % confidence limits: «x i
> 400 observations to the left of the line: |
I

Minimum period duration = 5 days.
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4.5 Significance of the autocorrelation

It was considered an important task to determine confidence intervals
around the autocorrelation function and especially to tell when it

significantly differed from zero.

One method to approach this problem is a significance test developed

by Anderson (1941).

The hypothesis that the series is a so called circular series built
upon N purely random observations of a normally distributed stochas-
tic variable, is tested. This method was not used because of the
difficulty of merging the different significance limits from separate

time series, differing in length into an overall significance limit,

Assuming that the residuals are normally distributed and that the
estimated mean value is correct, we will obtain:
N.-t-1

Var [ﬁj(T)] - %. Y [R?(v) + Rj(V+T) Rj(v-T)] (1 - EiLZL)

j v= —Nj+T+1 Nj

1l

where Rj(T) estimate of the autocovariance function of period J,

N.
J

duration of period jJ (days).

This method is described by Hjorth (1976). Assuming the RJ.(T) of

different periods j with the same mechanism working as independent,

we get
. N. - 2 A
Var [R(T)J = o\—] - var [R.(T)]
N J
all* "'t
periods J

Confidence intervals were computed, assuming the R(T):s to have
normal probability distributions. Then the 95 % confidence interval

was given in the form:
ﬁ(r) 1.9 *Y Var [ﬁ(T)]

When plotted in the autocorrelation graphs all confidence limits
had to be divided by R(o) in order to get the correct scale. The
prodedure led to a slight paradox, the upper confidence limit

might exceed one, This is of course impossible, but the autocor-



relation graph ghould be inberpret=d @g & stardawillazd Ao
covsriance graph, The coniidence limite were sywmaetrically

placed on both sides of the autocorrelaiion estimslc.

2.6 Analysis of the autocorrelation

Juring the begimming of the statistical study the -utccorrela-~
tion coefficients were believed to contain valuable informa-

tion.

The kiné of intermittent processes described here sre not
Imown to be fitted with any standard estimation methods. An
aim of this work has been to get unbilased estimations. With
increasing number cf obgervations the obgerved quantity
turns more and more normal, and then an unbiased estimation

is preferable.

The three MSC are:

1. M > O (snowmelt),

2, M < O and (suZ or asuz) » 0 (v=flow),
2, M < Oand 8. =43 =0 (low flow).
uz nz

I = snowmelt (mm),

Suz = storage in the upper zone of the model (mm),

AS. = inflow in the " mooomoon n no,
ug

Tmring snowmelt we have got a clearly significent autoccrrela-
tion (see fig. 4.5 and 4,6}, This shows ug that a large resi-
dual during one day will give rise to large residuals during
the following days. If, for instance, bad representativencss
of the temperature measurementé causes false snowmelt one day,
the reservoirs of the model are filled up to an improper level.

This affects the residuals during the following days.
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Fig. 4.5 FEstimate of the autocorrelation of the residuals of
Stadarforsen (snowmelt) 61.10.01 - 76.03.31.

2
Variance of the residuals = 2.35 °* 107 (mB/s) .

Fig. 4.6

95

% confidence limits: *

> 400 observations to the left of the line:

d
-0. 10g

-0.30

-0.50

Estimate of the autocorrelation of the residuals of Kult-
sjon (snowmelt) 62.10.01 - 76.05.18,
Variance of the residuals = 1.13 ° 10 (mB/s)z.

95 % confidence limits: x

> 400 observations to the left of the line:
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. 4. f BEstimate of the avtocorrelation of the residuals

Stadarforsen (v-Tlow) 61.10.01 - 76.03.3%1
Variance of the residuals = 3%C (mB/sﬁd
S5 % confidence limits: «

> 400 observationsz to the left of the line:

I 7he discharge record



- 26 -~

0.90
0.70

0.50

(days)

20.0-
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Fig. 4.8 Estimate of the autocorrelation of the residuals of Kult-
sjon (y-flow) 62.10.01 - 76.05.18.
Variance of the residuals = 258 ° (ma/s)2
95 % confidence limits: x '
> 400 observations to the left of the line::
Note that due to the small number of observ;tions the maxi-

mum argument above is just 19 days.

When the MSC shows y-flow (fig. 4.7 and 4.8), we have also got a sig-
nificant autocorrelation. However, it is less than in the former case.
A reasonable explanation to this is that the reservoirs may still be-
come filled up to an improper level but not up to the same high level
as during snowmelt. This makes the residuals, separated by a shorter

time period, independent of each other.
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95 % confidence limits: x
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Fig, 4.10 Estimate of the autocorrelation of the residuals

Kultsjsn (low flow) 62,170,071 - 76.05.18.
Variance of the residuals = 47.1 = (1315/5)2
95 9% confidence limits: x

» AOD observations everywhere.
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At low flow there are great differences between Stadarforsen and

Kultsjon (fig. 4.9 and 4.10).

The noise of the hydrograph of Kultsjon leads to the assumption
that any autocorrelation in Kultsjon during low flow 1s masked by

the noise on top of the recorded hydrograph.

In Stadarforsen this is not the case. A nice smooth recession curve

gives us large autocorrelation estimations.

If the reservoirs of the model are filled up to an improper level
during or before the winter recession, this will cause a very

persistant series of residuals.



5. A STUDY OF RESPONSE SURFACES OF CRITERIA OF FIT

5.7 Criteria of fit

Nash ard Suteliffe (1970) defined the Rd—criterion of fit as
the efficiency of the mcdel.

Lo (8) - @07 -T (e (t) - q ()7
22 _ % t _
 (q,(t) - Q)

where Qr(t) observed discharge at time t (ms/s),
a, (%)

o

Computed It " " " 1" .

arithnetic mean of Qr(t).

11

The Rz—criterion of fit iz widely spred and it has a relative
character, which makes it attractive when c¢cmparing the fit cf
different mcdels, different time pericds or different catch-

ments.

These compariscns should not be made between hydrographs that
differ too much, because of the phencmenon illustrated in fig,
5.1 and 5.2, wnich could be due tc cne or both of the follow-

ing explanations.

1. Imevitable errors of roughly constant size cause the
Rg*criterion te give high values when applied to hydro-

graphs with high initial variance and vice versa.

2. The calibration of the model and the model itself
favour fit during periods with high initial wvariance,
and so the relative fit is bound to be worse during

periods with low initial variance.
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Fig. 5.1. Lew Rg—value as 2 result ¢f low initial variance {Stabby, 1
(From Bergstrdm, 1976.)
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Tig. 5.2. High F -velue as a result of high initial var:iance (L. Mivelin,

1968). (From Bergstrdm, 1976.)

The initial variance from a sample of n observaticns is defined by:
n
1 =32
Fo == ! (Qr(t) - Qr) '
t=1
The R2—criterion was computed for each class and also for the mate-
rial as a whole, The obtalned criteria are called:
R, during snowmelt,
during rain or recession succeeding rain or snowmelt (y-flow),
R§ during dry summer or winter recession (low flow),
R2 for the material as a whole,
2 2 2

Rsum = R1 + R2 + RB'

Up t111 today the Ri—criterion has been used as a help during the

calibration by visual inspection of the hydrograph.
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) o

Let us assume that the Rz—criteria of driferent povsical Dro-
cesses do give a more accurate measure of the goodness oi fit
between the computed and the recorded nyaruvgzaph, Then the
problem of merging the three criteriz invo one arises. One
possibility of doing this is simply to add up <hs three criteria,

thus achieving the R ~criterion.
; sum

5.2 Basic assumptions and observations

The M3C gives different classifications of the material at
different parameter settings. This sometimes made the R2—
criteria vary unexpectedly (especially the R?—criterion). If
a couple of days are moved to the low flow class from the
other classes, this will probably make the initial variance
(Fi) of the low flow class greater, but it might possibly not
influence the sum i (Qr(t) - Qb(t)) to the same extent. Thus,
the Rg-criterion will grow perhaps without any visible change

in the hydrograph, a phenomenon similar to the one illustrated

in fig. 5.1 and 5.2.

The HBV-model has always been calibrated by visual inspection
of the computed and recorded hydrographs. This means that a
considerable skill in parameter setting has been obtained
during the years. For example, recently on the first try when
calibrating the HBV-model for a new catchment the Rifvalue of

the four year calibration period was greater than 0.8.

This implies that a fairly good parameter setting could be
obtained by a qualified guess based on experience from other
applications. It is likely that an automatic parameter optimi-

zation routine would accomplish this too.

This assumption made the work easier, while only the region
around the optimum parameter setting had to be examined. The
subjectively found optimum (tab. 5.1) was used as the actual

one, and the parameters were varied around this central point.
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Table 5.1 Criginal settings of the free parameters of the HBV-model.
Parameter Kultsjon Stadarforsen
Poorr 1.330 1.136
i Q.ﬂ
T ) 0.5 0.0
C_e 1.23 0.90
c, (mm/(C 2.2 2.0
wh 0.05 0.05
5, (mm) 0.0 0.0
Copy 1.0 1.0
e (mm) 150 150
L (mm ) 150 150
8 3.0 1.5
K (1/(s - 0 12500
K, (1/(s * mm)) 4000 3500
X, (1/(s - 300 350
LuZ (mm) b 15
— (mm/day ) 1.3 1.0
Bmax (days) 2.0 6.0
Croute (day - 0.00103 0.00000
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Note that KO in KultsJoén is zero. That version of the TGV~
model iz older than the one used in Stadarforsen. It is ccea-
gionally used when the catchment behaviour is determined to be
sufficiently simple. Because there wereno initial wvalues of

Ko and Luz’ a variaticn of these parameters in Xultsjin was

avolded.

Iuring the original subjective celibraticn S2-year pericds were
used, but due to the limited capacity of the computer cnly
d=year periods were used in the study of the response of the
Rg—criteria. This 1imits the value of the comparisons between
the model behaviour of the criginal parameter setting snd the
test settings of this study. The periods studied are in
Stadarforsen 1965-10.01--1969-09-30 and in Kultsj&n 1962-10-01
--1966-09-30, ‘

Two, sometimes three, parameters were varied simultanecusly,
and the Rz—criteria were computed at the different parameter
settings. This resulted in tables and "three-dimensionszl"
diagrams of iso-—R2 graphs. The Rz—curves were only drawn around

the optimum point.

If there was a substantial difference between the Rz—values at
the optimum and at the criginal parameter setting, '
the computed hydrograph corresponding to the

optimum values of the parameters was plotted. These hydro-

graphs were later judged by the model calibraters in order to

estimate the goodness of fit at the new parameter settings.
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5.3 The mesponse surraces o criteris of 1t and test plottings

dor fhne rnzerpretation or the model paramcters sece chapter & and lor

the iritial wvalues of the nzranetsrs see tab. 5.1,

5.3.7 The response of tas K -criteria to K, and ¢
2 perc

The variaticn of eazch F-~critericn was computed when altering K2 and

. Bince ftness varameters have thelr greatest influence on Low

<2

re -
7. the Bzucriterion wgs considered most important, In fig, 5.3 the

b
Mg
Qo

=

—criterioh indicates that © and K_. should be ircreased. The
perc 2

regular shape of the Ro-response surface is due to the variable
2
lassification oy the MSC (chapter 5.0,

N

(]

i

[ad

[

in increase in Cperc will have zhe effect of Increasing the overall
flow during low flow. It will slso cause a shorter duration cf the

peax flows. An increase ‘rn X, will accelerate the low flow recesslon.

& test »nlectiing was made at:

wnich iz the optimum point during low flow.

The new hydrograph was considered to be zomewhat vefter than the

old one.

2 , .
5.5.2 The response of the R —criteria to K, , B and C
N o - _ o max route

-y

The R;—criterion in fig. 5.4 obwvicusly points towards a decrease in

Kj and C . A decrease in KT wlll make the hydrograph morc damped

route
and will algo causge a congliderable number of days to move from the

low flow cilass to the Y—flow class. The latter is ths rezson

2 . .
why we get such odd informsztion Zrom the B%ncrlterlon here,

-

C .y too, affects the variance cf ths hydrogravh. 4 low C
route route

value will damp the discharge peaks, “hile a aigh value 111 nmake

the hydrogrsph vary in a more rapid way.
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Fiz. 5.4 The response ot the RT—criteria to K1 (1,(s am) ),

A
Y (days) and Cooute (day * s/m”) at Kultsjon,

(oo chapter 5.3: 5.3.2)
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g - 3000 Lfs ¢ i,
| -
) v
g = 0,007 day/{(m"/s)
I'Cfute :Y/l\ / ]
T = 2 days.
nax Y

izre the nodel demonstrates a unability To move rapidly between
nigh and medium flows by consistently underestimating high flows.
Thig underestimation was considered serious and caused the calibra-

verg to Judge the plotting to be not as good as the original one.

The lack of a Ko parameter is likely to be the cause of this
damped bzhaviour of the model, since one further storage discharge

paramster wowuld inecrease the slope of the recession.

w5
-
N

.5 The response of the Rd—criteria to Fec, Lp/Fc and B

The parsneters varied ir fig. 5.5 affect the evaporation. They also

affect the level of the flow peaks succeeding dry periods.

3
The optirurn of the R;—cirterion seens to be:

o
4]
Il

T 200 mm,
L /Te = 0.6 ==L = 120 mm,
F

i 2 or 4.

wo test plottings are made, one at 7 = 2 and one at g = 4. They do
not differ much from each cther, but they differ from the criginal
plotting. The decrease in the LD/Fc ratio causes an increase in the
evaporation. This lesads to an underestimation of the high flow
veaks of summer. Thus, the +test plottings were Inferior to the
origiral cne, The medium and low summer flows are perhaps a bit
better on the test plottings thar on the original one. Again the

laclk of a third storage discharge parameter (KO) is obvicus.

Tig 5.% (See next page).

3

The response of the R -criteria to TFe, Lp/Fc and 3 at Kultsjon.
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£ and Cof both afrect the losses betwesn preciplitation and runoff.

The differences vetwsen the optima of these response surfaces and
2 .l o s

the B -values of the original parameter setting was small and no

test plotting was made.
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Fig. 5.6 The response of the R —criteria to Cof and B at Kunlts;jon.
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5.%2.5 The response of the szcriteria to To and Co

To affects the starts of the melt pexicds, while CC affects the

/ 7

overall meit ratio (fig. 5.7..

A test plotting was made at:

T = 0.0 “c,

c, = 2.6 mm/ (0 * day).

The test plotting showed out to he Inferior to the original plot-
ting. There seems to be noc way to make the model fit the recorded
hydrograph on both peak flow and medium flow. Cne further degree

of freedom ig needed.

o N " opi ters
5.3.6 The response of the R —criteria to th and Crfr

The parameters C and Cr influence the behaviour of the model,

wh fr
when a melt period is restarted after a short interruption by tco

low temperatures. The use of the C " parameter started during

rf
this study of the HBV-model, and the wvalue ¢f having such a para-

meter was questioned,

As the response surfaces (fig, 5.2) show, Crfr does not affect the

2 . . ,
R ~criteria very much, so the Crfr parameter seems to be of no use

here.

The optimum value of C ig obviously 0.05, No test plotting was

wh
made, since the optimum values of C ana CrFr do not deviate from

wh
the original ones.
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5.4 The response surfaces of criteria of fit and test »nlot-

tings of Stadarforsen

In Stadarforsen runcff deta of better quality than in Kultsjon
were available. For the interpretation of the model parameters
see chapter 3 and for the initial values of the parameters see

tab., 5.7,

5.4.17 The response of the Rg—criteria to K, and C

There is no difference between the optimum parameter setting
here {(fig. 5.9) and the original one, and so no test plotting

was made.

There has been difficulties in finding the optimum setting of
K2 and Cperc' Fut note that there is a clearly ocbservable cpti-
mum irn the dry summer and winter recession class here.

2 . .
5ede? The response of the R —criteria to Kj, route max

The criginal parameter setting is within the limits of accept-
ance in fig. 5,10, The Rircriterion deoes net vary much when
Bmax is varied in a region arcund the original parameter set-

ting. Te study this azpparent independence z test plotting was

made at:
K, =% 500 1/s « mm,
_ /(m”
_'route = 0 day/{n"/s},
max 5 days,

where there is a small improvement of the Ri—criterion but the
new plotting had approximately the same fit as the original cone,

as judged by the calibrators.
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Fig. 5.10 The response of the R -criteria to K (1/(s * mm)), C
1 ‘ route

(day ° s/mE) and 2 (days) at Stadarforsen. (See chapter

5.4; 5.4.2)
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5.4.3 The response of the Rz—criteria to Ko and Luz

KO affects the top flow recession rate and Luz the level, at which
this recession rate is activated. A great improvement of the RZ—
criteria can be seen here., It is only the Rz—criterion that is not

improved when increasing KO and Luz' (Fig. 5.11).

A test plotting was made at:

K 22 500 1/s * mm,

e}

L
uz

1l

25 mm.,

The plotting corresponds to the information available through the
Rz—criteria. The result is a better overall fit, especially at

high flows but perhaps there is some deterioration at low flow.

5.4.4 The response of the Rz-criteria to Ko and K

In fig. 5.12 we have got an example of how the snowmelt (Rf) class
practically governs the Ri—criterion. A test plotting was made at

the optimum of the Ri—criterion.

K
o

=

16 500 1/s * mm,
3 500 1/s * mm.

1l

It showed out to be somewhat inferior to the original plotting. The

difference, however, was considered to be of minor importance.

Fig. 5.12 The response of the Rz—criteria to Ko (1/(s * mm)) and K1
(1/(s » mm)) at Stadarforsen. (See next page)
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Fig. 5.13 The response of the Rz—criteria to Fc (mm), Lp/Fc

and B at Stadarforsen. (See chapter 5.4; 5.4.9)
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5.4.5 The response of the Rz—criteria to Fe, LP/FC ana

The danger of letting the Ri—criterion define the parameler cptimum is
accentuated in fig. 5.13. 4 test plotting was made at:

3

Fe = 150 mm:
L = 150 mm
D P
5 =4

This is the Hi—optimum. The model now underestimates y-flow. From the
2

-
this modification of the parameters, This gives zn unacceptable error

response surface it 1s clear that the 8_-criterion was detericrated by

in the accumulated flow after the four calibration years.

The Rsum—criterion (chapter 5.1), however, has its optimum at:

Fc = 150 mm,

L = 150 mn,

B = 2,

il

which is very close to the criginal setting.

5.4.6 The response of the Rz—criteria to C and g
s

x

The um—oriterion (chapter 5.1) shows optimum_(compare fig. 5.14) at:

B = 2.0,

Csf = 0.9,

No test plotting was made, because the criginal parameter valués
are close to this optimum. and further more the test plotting of

chapter 5.4.5 showed no improvement of the nydrograph.

5.4.7 The response of.the Rg—criteria to TO and CO

fAccording to fig. 5.15 CO seemed to be a bit too small, and a
teat plotting was made at:

o “c,

2.3 mn/(°C * day).

T
0

C
o

N

Il

It shows a small improvement.
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FLd.3 o he wesponse of the HU-laliewss o o .
LA
Yo petitings of © and e WiTe AL vlyalonl-
rfr Wi
Iy oimpossible and of only the.retics OTerssTt. an Intioum
i

setiting then seemed to be (fig. S.10 -

C = OO

Cofp o.05,
G = 0,085,
wh 0

4 plotting was made at this woint. The test »lotting managed
to center the spring floods better tnan the criginal vlotting
end was therefore considered o be better than the coriginal

one.

5.5 Hesuts of the study

It ie obvicus that the Riecriterion iz not a good critericn of
it for cur purpcses. The snowmelt pericd governmsz the behavi-
our of the Rircriterion toe much, For example, the Z-parameter
of Stadarforsen {and to some extent the cne of Fultsisn tco)
is badly optimized by the Hircriterion.

irother disadvantage of the gtudied criteria is tae R

oD

criterion. It is disturbed by the fact that differcnt parame-

{
ter settings give 77 " :rent classifications of data. Both the
initial varisnce and the sum of the sgquared residuzals may be
greatly changed by this vhenomencn. Thig coculd Sead to a
change in Rg, not from a changs I 727, but 7 .4 a rearrange-—
ment of the/data availaeble,

-

In order to develcp an acceptablce criterion of fit the sum of

S 2 . . .
vie R,, the R, and the H;—crlterla was alsc studied. The weak-—

~

' 2 - . . - o
ness of B, cescribed above, however does i1nfluence this

Z
-

criterion too.

To overcome this drawback it is suggested theti the clasgifica-~
tlon of data should not be changed during comparison of diffe-

rent parameter settings.



STADARFORSEN

a
Parameter Original Rf—optimum R§~optimum Rg—optimum RS —optimum R;—optimum
setting ©
{Kz (1/(s + ym)) 350 300 500 350 350 350
cperc {(mm/day) 1.0 1.0 1.5 1,0 1.0 1.0
K, (1/(s * mm)) %500 1500 3500 2500 2500 3500
Coroute (days/mi) 0.0000 0.0000 0.0005 0.0010 0. 0000 0.0000
G (ays) & 5 7 5 5 5
L (1/(s = mm)) 12500 25000 25000 7500 22500 22500
Luz {mm ) 15 20 25 5 25 25
X, (1/(s + mm)) 12500 16500 8500 8500 14500 16500
K, (1/(s « mn)) 3500 2500 2500 4500 4500 3500
Fe (mm) 150 150 150 150 150 150
LP/FC 1.0 1.0 1.0 1.0 1.0 1.
R 1.5 8.0 _ 2.0 1.0 2.0 4.
B 1.5 8.0 2.0 1,0 2.0 4.0
Cog 0.90 0.85 0.95 0.85 0.90 0. 55
fo, (o) 0.0 0.0 0.5 - 0.5 0.0 0.0
¢, (nun/(°C « gay)) 2.0 2.3 2.6 1.7 2.3 2.3
C.in 0.05 0.05 0.10 0.05 0.10 .05
_Crfr 1.0 0.05 0.05 1.0 0.05 0.05

Table 5.2 The optimum parameter settings of Stadarforsen as judged by the different criteria of fit.

Wor comparison the original parameter setting (the optimum of an 8 year period as judged hy the

calibraters) is also rrinted in this table.

L\
T
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KULTSION

Original 32 opti- 32 opti- 32 opti- R opti- 32 opti-
g 1 °F 2 3 sum W
Paraneter setting mum mum num mum i
by (0 (s om)) 200 600 200 600 450 450
N CEOEE)) 1.3 5.0 2. 2.7 2.4 2.6
L i
K, (L/(s * mm)) 4000 3000 3000 6000 3000 3000
- {1ay s/mj) 0.0010% 00,0005 0.001 O 0.007 (,0005
! oute
T s 2 2 2
g?max (days) 2 2 3 2
(Te () 150 200 200 100 200 200
P
‘Ib/Fc 1.0 0.6 0.6 0.6 0.6 0.6
\? 3.0 1.0 A0 2.0 4.0 2.0
(8 3.0 1.0 4.0 2.0 4.0 2.0
\
Gsf 1.2% 1.2 1.1 1.0 1.1 1.1
{TO (°c) 0.5 - 0.5 0.5 0.0 0.0 0.0
C, (um/(°C + day)) 3,2 2.0 3.5 3.8 2.9 2.6
{th 0.05 0,05 0.05 .05 0.05 0.05
gf?fr 1.0 1.0 0.05 0.0% 0.4 1.0

Tatle 5.3 The optimum parameter settings of Kultsjon as judged by the different criteria of fit,
For comparison the original parameter setting (the optimum of an 8 year period as judged

by the calibrators) is also printed in this table.
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The optimum parameter settings, as described by the different Rzr
criteria and the Rsum—criterion, may be studied ir tan. 5.2 and
5.3, where they are compared with results fron calibraticons vy
visual inspection. Note that the HBV-model is usually calibraed
during 8-year periods, but due to the computer capacity oaly
d-year periods were used in the study of the response surfacesz cf
the Rz—oriteria. We see that the Rsum-criterion ig mostly closer

to the original setting than the Ri—oriterion (tab. 5.4).

In Kultsjon, however, any studied parameter optimum suggestec Ly

any of the criteria did not give better hydrographs than the original-
ly pictted one. Possible explanations o this are the bad quality

of both the runcoff data and the climate data and the incompleteness

of the model type used (the lack of a Ko—parameter).

In Stadarforsen the Bsum—criterion agrees with the visual inspection
surprisingly well. If some sort of fixed classification manages to
make the Hg-criterion more relisble, it is cbvicus that the HBV-

3

model could be automztically calihratec in 5tadarforsen.

Whethar the model can be automatica ly calibrzted for any catchment,
ig a much harder guestion. This study covers only two catchments and

furthermore only four years of sach one,

The impression of the anthor is t?at the Rsum—criterion 0T some
other linear combination of the K -criteria might be the basis cof a
useful critsrion of fit., Other guantities, such as the sum of the
residuzles and the ratioc of over- or underestimations of the hydro-
graph, may perhaps take part in a criterion of fit too, since

thesge two quantitlies are olten used during the subjective calibra-

tion.
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6. CONCLUSIONS

The residuals of +the HIV-model are neither independent nor suaticna-
Ty distributed during the year. Yet this has been assumed by nany
calibrators of hydrological models. A way to get closer to these
agsumptions is to hase a classificaticn of the calibraticn data on
the different processes governing the discharge and to consider

each ¢lass to be a separate sct of residuals. By doing this we do
not get rid of the autocorrelation, but the residuals become mare
stationary distributed. In fact it 1s impossible to get rid of the
autocorrelaticn of the model residuals, since one single climate
measurement error affects the level of the model storage and thereby

the discharge during a series of days.

Knowing that a classification helvs in making the residuals more
stationary, the Ri—criterion of fit (chapter 5.1) was computed for
each class., The sum of these Rifcriteria (the Rsum—criterion} showed
out to be a better criterion of fit than the formerly used Ri—
criterion. Concerning the possibility of automatic calibration of

the dBV-model at any catchment, data of good guality must be demanded.
There must also be a sufficient number of degrees of freedom in the
model, It might otherwise compensate an unability to felilow the
observed hydrograph by producing a toc damped hydrograph, cveresti-

mating low flows and underestimating high ones.

I7 these demands are fullfilled, the Rsum—criterian gives a better
representation of the goodness of fit than the Hi—criterion. The
response surfaces had mostly a regular elliptic shape. Therefore it
seems plausible that an optimization algorithm such as Rosebrock's
(1960} method or Powell's (1964) method with slight modifications

may perform acceptably.

The demand above of many degrees of freedom contains a dilemma. If a
model is equipped with a sufficient number of degrees of freedom, 1t
will be able to reconstruct almost any discharge record from any

¢limate record. But the headpoint in making a model is nct to make



it complex in order to fit the calibtration pericd cnly, (since

this iz no guarantee lor i1 during other per-.ocs), but to make
h the calibration vericd and the inde-

it simple and yvet fit both

pendent periods.






APPHND X A

The distributions of the residuals (differences between the
computed and the recorded hydrographs) are shown below. Histo-
grams showing the residuals both separated and not separated

by the MSC (chapter 4.1) are plotted.

A description of the method used when constructing these
histograms can be found in chapter 4.2. The prescribed minimum

period duraticn is explained in chapter 4.4,

[ (days) r}
600 =
—
400 -
i '—!
200 [ f=d
(standard
0 devia—
S = o © ~, tions)
o 0 = - o

Fig. A.1 Iistogram showing the residuals of Stadarforsen
61,710,071 = 76.0%.%1.,
Prescrited minimum period duration: 1 day.
Mean = -589 1/s,
Standard deviation = 22 503 1/s.
Number of residuals = 5 273,

Number of exceeding residuals (NER) = 337.
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Fig. A.2 Histogram showing the snowmelt residuals of Stadarforsen,
61.10.01 - 76.03.31.
Prescribed minimum period duration: 1 day.
Mean = 1 385 1/s.
Standard deviation = 41 431 1/s.

Number of residuals = 1 156.

NER = T76.
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Fig. A.3 Histogram showing the snowmelt residuals of Stadarforsen,
61.10.01 - 76.03.31.
Prescribed minimum period duration: 5 days.
Mean = -4 645 1/s.
Standard deviation = 48 485 1/s.
Number of residuals = 794.

NER=49.
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Fig. A.4 Histogram showing the y -flow residuals of Stadar-
forsen 61.10.01 - 76.03.31,
Prescribed minimm period duration: 1 day
Mean = 16 1/s.
Standard deviation = 17 553 1/s.
Number of residusls = 2 008,
NER = 116.
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Fig, A.5 Histogram showing the y -flow residuals of Stadar-
forgen 61.10.01 - 76.03,31.
Prescribed minimum period duration: 5 days.
Mean = -590 1/s.
Standard deviation = 18 185 1/s,
Number of residuals = 1 650,

NER=94.
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Fig. A.6 Histogram showing the low flow residuals of Stadar-
forsen 61.10.01 - 76.03.31.
Prescribed minimum period duration: 1 day.
Mean = =743 1/s.
Standard deviation = 5 629 1/s.
Yumber of residuals = 2 Q97.
NER = 102.
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Tig, A.,7 Histogram showing the low flow residuals of Stadar-
m forsen 61.10.01 - 76.0%,31,

Prescribed minimum periced duratiorn: 5 days.

Mean = 1 186 1/s.

Standard deviation = 4 393 1/s.

Number of residuals = 1 7&0.

NER = 114.
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Fig. A.8 Histogram showing the low flow residuals of Stadar-
forsen €1.10.01 - 76.03.31.
Frescrited minimum period duration: 20 days
Mean = -1 578 1/s.
Standard deviation = % 890 1/s.

Number of residuals = 1 260,

NER = €9,
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Fig. A9 IHistogram showing the residuals of Kultsjon
62.10.,01 - 76.05,18.
Prezeribed minimum period duration: 1 day.
Mean = 374 1/s.
Standard devieation = 16 $05 1/s.
Number of residuals = 4 977.

NER = 274.
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Fig. A.10 Histogram showing the snowmelt residuals of Kultsjdn
£2.10.,01 = 76.05.18.
Prescribed minimum pericd duration: 1 day
Mean = -545 1/s.
Standard deviation = 30 198 1/s.

Number of residuals = 1 185.
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Fig. A.11 Tistogram showing the snowmelt residuals of Kultsjon
62.10.01 ~ 76,05.18.
Prescribed mimimum period duratlion: 5 days.
Mean = -2 400 1/s.
Standard deviation = 3% 605 1/s.
Wumber of residuals = B84.

NER = 50.
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Fig. A.12 Iistogram showing the y-flow residuals of Kultsjtn
62.10.01 - 76.05.18,
Prescribed minimum period duration: 1 day.
Mean = 411 1/s.
Standard deviation = 14 652 1/s.
Humber of residuals = 914.
WER = 47.
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Fig. A,13 Histogram showing the v—flow residuzls of EKultsjon
£2.10.01 - 76.05.18.
Prescribed minimum period duration: 5 days.
Mean = 1 178 1/s.
Standard deviation = 16 067 1/s.
Number of residuals = 607,

NER = 36.
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Fig. A.14 FEistogram shcwing the low flow residuals of Kultsitn
62.10.01 -~ 76,05.18.
Prescribed minimum period duration: 1 day.
Mean = 725 1/s.
Standard deviation = 77 048 1/s.
Humher of residuals = 2 876,
NER = 145,
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Fig. A.15 Histogram showing the low flow residuals of Kultsicn

62.10.01 - 76,05.15,

Presceribed minimum period duration: & days.
Mean = 530 1/s.

Standard deviation = 6 86% 1/s.

Number of residuals = 2 545.

HNER = 123,
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Tig. A.16 Histogram showing the low flow residuals of Kultsjdn

62.10.01 = 76,05.18.

Prescribed minimum period duration: 20 days.
Mean = 370 1/s.

Standard deviation = 6 637 1/s.

Number of residuals = 2 117.

NER = 100.






Appendix B

LIST OF SYMBOLS

maximum base in the transformation function

max
Bq actual base in the transformation function
Co degree-day melt factor
perc percolation capacity
C refreezing coefficient
rfr
C parameter in the transformation function
route
Csf snowfall correction factor
th water holding capacity of snow
Ea actual evaporation
Ep potential evaporation
Fe maximum soil moisture capacity in the model
F02 initial variance
KO storage discharge parameter of the upper zone
K1 slow drainage storage discharge parameter of the
upper zone
K2 storage discharge - cameter of the lower zone
Lp limit for potential evaporation
Luz limit for slow drainage of the upper zone
M snowmelt
MsC mechanism separation criterion
n tntal number of observations in a class
N number of observations in a continous period in a
class
NER number of residuals not contained in the histo-
gram of the estimated density funcition
NT total number of observations of R(rt)
Nj duration of period jJ
n sum of autocorrelation coefficients



2

P precipitation
P rainfall corrsc _ovr factoy
corr
area elevation correctzon ¢ . precipltatimm
lapse
1 probability
Pw part of the lower zoae representing wet areas
QO runoff generated from the upper zone
Q1 slow drainage runoff generated from the upper zone
Q2 runoff generated from the lower zone
Qc computed runoff
Qg total generated runoff

recorded runoff

mean of recorded runoff

o1

R2 criterion of fit
. . . 2 2 2
Rom criterion of fit (31 + B, + RB>
Ri " " " (the material as a whole)
R? " " " (snowmelt)
2 1" 1" 1"
32 (Y flow
R§ " mon (low flow)
R(1) autocovariance with time step
R(t) estimation of the autocovariance
ﬁ.(r) estimated autocovariance of residuals separated by r
J days for the j:th continuous period
S standard deviation
S.lH ottom storage under the snowpack
S1Z storage in the lower zone of the model
SS storage of snow in the catchment
- soil moisture storage in the model
SuZ storage in the upper zone of the model
T temperature
T general temperature correction



Tlapse

area elevation correction of temperature
time

starting time for the j:th period

test variable

variance of the stochastic variable X

a residual regarded as a stochastic variable
mean value of the residuals

parameter of the soil moisture zone

indicates rain or recession succeeding rain
or snowmelt

mean value
standard deviation

time step

[Gs}
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