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DEVELOPMENT OF A CONCEPTUAL

DETERMINISTIC RAINFALL-RUNOFF MODEL

STEN BERGSTRÖM and ARNE FORSMAN

Swedish Meteorological and Hydrological Institute,
Stockholm

This progress report outlines the main principles for the development of
a simple conceptual rainfall-runoff model at the Swedish Meteorological
and Hydrological Institute.
The HBV-2 Model is based on lumped-parameter approximations to the
physical laws governing infiltration, percolation and runoff formation.
The time interval is one day. The model structure includes a soil moisture
storage, an upper zone storage and a lower zone storage. A procedure for
evaluating the parameter values is described.
Examples of applications to several test catchments in various hydrologie
settings arc included.

THE NEEDS FOR RAINFALL RUNOFF MODELS

Conceptual models of the land phase of the hydrological cycle are needed for

various purposes, including the following:

Simulation of long streamflow records for design purposes

Operational simulation of streamflow for management of water resources facili-

ties (streamflow forecasting)

Quality control of computer processed streamflow data

147



01997INIST CNRS. Tous droits de propriété intellectuelle réservés.Rcproduction. reprísentation et diffusion interdites. Loi du 1er Juillet 1992

Sten Bergström and Arne Forsman

Estimation of streamflow statistics in ungaged streams

Simulation of actual evaporation records

Simulation of records of soil moisture conditions for estimation of flood hazards
and drought persistence

Assessment of the influence of man's activities on the hydrological processes

Research on the hydrological processes, including runoff, actual evaporation,
infiltration, percolation, snowmelt, groundwater recharge, and soil moisture
changes.

OBJECTIVES OF MODEL DEVELOPMENT

The ultimate goal is to develop a simple digital runoff model which could be
used for most of the above purposes.

The model algorithm should be logical and physically relevant, and the
model should simulate as accurately as possible the streamflow hydrograph. It
could also give useful information on the rate of actual evaporation and on
soil moisture changes.

The model should be as simple as possible and contain the minimum number
of parameters required for adequate representation of the runoff. The values of
the parameters should preferably be measurable or be significantly correlated
to easily measurable catchment characteristics.

The input data should include only those basic data which are generally
available, such as precipitation and air temperature, or data which could easily
be derived from generally available data, such as potential evaporation accord-
ing to Penman's formula.

THE SMHI PROGRAM FOR DIGITAL MODEL DEVELOPMENT

At the Swedish Meteorological and Hydrological Institute (SMHI) work began
in early 1972 on the development of a simple conceptual digital model of the
land phase of the hydrological cycle. The present article is a progress report
on the results obtained so far, up to January 1973.

The program adopted to meet the requirements stated in the preceding section
is as follows:
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1. Development of a simple lumped-parameter model of general applicability

a. First a model for the snow free part of the year, then the introduction of a
snowmelt sub-routine

b. First the application to small catchments, then to larger streams

2. Special applications such as to

a. urban runoff.

b. streamflow forecasting.

It was decided to begin with a very simple lumped-parameter model, partly
because it was felt that the quality of the input data available did not warrant
any high level of complexity.

The model would first be developed for the snow free part of the year, and
not until it has been proved that the model structure adequately describes the
rainfall-runoff relationship will a special snowmelt sub-routine be developed.
Possible changes in parameter values and also in the model structure because of
frozen ground and because of the influence of the snowcover on the runoff
formation will be considered.

From the beginning, the model development was geared to small catchments,
where the response is quite rapid and a large number of events occur every
year.

At the present time the model is being developed and tested in a number of
small catchments with short but comparatively high quality data records in dif-
ferent physiographic settings.

These test basins are the following (main physiographic features within
brackets): Lilla Tivsjön (moraine, coniferous forest), Nolsjon (moraine, coni-
ferous forest), Stabby (moraine and exposed bedrock, coniferous forest), Stor-
myra (exposed bedrock, coniferous forest), Solmyrcn (swamp, coniferous forest),
and Sundbromark (clay, arable land). See Table 1. Additional test basins will
also be used.

The first model, HBV-1, was developed for the Lilla Tivsjön Catchment
(Bergström 1972a), and the second improved version, HBV-2, was developed
and has so far been tested in the catchments of Nolsjön, Stabby and Stormyra
(Bergström 1972b).

An attempt will be made to relate model parameters to physiographic features
of the catchments.

Even in these small catchments (drainage area between 4 and 20 km2) the
time interval used is one day, because the precipitation data arc generally
available as daily totals only.

After the model for small catchments has been developed, it will be applied
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to larger streams, and possible additions and changes will be considered and
tested.

After a general model for small and large streams has been developed and
tested, it will be adjusted for applications in various fields such as urban hydro-
logy and streamflow forecasting. For certain applications entirely new model
structures may have to be developed.

A salient feature of the HBV-2 Model is that all rainfall is assumed to in-
filtrate. Also important is that only some years of a data record are used for
parameter calibration. The remaining years are used for testing the model on
independent data material.

Work is now being done on (1) adjustments of the model structure, (2) the
estimation routine for potential evaporation, (3) the development of a snowmclt
routine, and (4) an automatic parameter optimization program.

DATA REQUIREMENTS

In particular, the development of a suitable model structure and of a method
for parameter evaluation, as well as the necessary testing of the model require
high quality data records of some length. The actual application of the model
can, of course, be done with less accurate data input.

The measurement of the most important data input, the precipitation, is
regularly biased on the low side.

It is desirable, of course, to have the precipitation stations within the catch-
ment, but this is not always possible.

The spatial variability of rainfall, particularly when there are local rain
showers, introduces an additional uncertainty, which at times could be sub-
stantial.

The potential evaporation is generally computed by Penman's formula, using
values of total radiation, air temperature, air humidity, wind run and duration
of sunshine. The albedo of the catchment surface has to be estimated, which
introduces an uncertainty.

The application of Penman's formula poses a special problem, but this will
not be dealt with here.

Evaporimcter data could also be used if available.
The streamflow records may be in error by 5 per cent or more, even if the

station is rated as very good.
All hydrologie data used are more or less in error and this has a bearing on

the suitable level of sophistication of the model structure.
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THE STRUCTURE OF THE HBV-2 MODEL

The main components of the model are a soil moisture zone and two reservoirs,
as shown in Fig. 1. The upper zone storage is fed with water from the soil
moisture zone. When available, water percolates from the upper to the lower
zone storage at a constant rate PERC. Meanwhile, runoff takes place from
these two storages in proportion to their contents. The lower zone is also af-
fected directly by precipitation, and by potential evaporation on a part of it
that represents lakes, rivers and outflow areas. This procedure means that
during a wet period when the upper zone storage is not empty, recharge of the
lower zone can be expressed as:

PRECIPITATION

l EVAPORATION IN ACCORDANCE WITH
I ACTUAL SOU MOISTURE CONTENT

SOIL MOISTURE
ST0RA6E

SEPARATION BETWEEN UPPER ZONE
ANO SOIL MOISTURE ST0RA6E

UPPER ZONE

STORACE, UZ 0, ••(,.«

PRECIPITATION

EVAPORATION AT POTEM-A
TIAL RWE FROM RIVERS,]
LAKES ANO OUTFLOW I .
AREAS

¿LZ.PERC
(CONSTANT)

LOWER ZONE (GROUND
WATER) ST0RA6E / LZ

AREA

SIMPLIFICO
TIME-AREA
TRANSFORMATION

Fig. 1.
The structure of the HBV-2 model.
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P E R C - K 2 - L Z (1)

where:

NR = net recharge of the lower zone
PERC = percolation
K» = storage-discharge constant for the lower zone

LZ = lower zone storage

The effect of this assumption on the lower zone is shown in Fig. 2. During a

wet period, LZ will increase and asymptotically approach its upper limit, which

is PERC/Ks. At this point LZ has reached its equilibrium where inflow is

balanced by outflow. Even though this theory is disturbed by the part of the

lower zone at potential evaporation (Fig. 1), it has been found useful for the

estimation of PERC.

In the HBV-1 model the upper zone was excluded, meaning that the catch-

ment reacts to excess water from the soil moisture zone more or less like a single

linear reservoir.

Finally discharges from the two reservoirs are added and a simple time-area

transformation is applied. This transformation is a triangular function adjusted

for correct timing of peakflows (one parameter). This procedure was not in-

cluded in the HBV-1 model where a simple time-lag procedure between rain-

fall and runoff was adopted.

THE SOIL MOISTURE ZONE

In the soil moisture routine, precipitation is split up into two parts. One remains
in the soil moisture storage and eventually leaves the system as evaporation.
The other passes through the soil moisture zone and enters the upper zone,
thereby contributing to runoff or evaporation from the lower zone storage
(Fig. 1).

The determination of the part entering the upper zone, JUZ, is made in
accordance with actual soil moisture content as shown in Fig. 3. In Fig. 4 is
shown the estimation of actual evaporation from potential. Beta is a numerical
parameter governing the disposal of rainfall. LP is a parameter representing the
soil moisture value below which actual evaporation is impeded. FC is analogous
to the difference between field capacity and wilting point. After a long dry
spell, when the soil moisture content (SM) is low, rainfall will consequently add
very little to runoff, while after a wet period the situation is the opposite.
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LZ

L
LZ

max

UZ > 0 UZ=O TIME
IN OAYS

Fig. 2.
Net recharge and drainage of the lower zone. UZ = Upper zone, LZ = Lower zone.

• This method has the advantage of being very flexible, as no assumption of

homogeneity over the catchment area is made. The optimum value of BETA in

/ SM iBETA

the expression I (F'£- 3) describes the overall response of the entire

•VJZ

- 1.0

FC SM

Fig. 3.
Estimation of the part of the precipitation which enters the upper zone. AUZ = con-
tribution to upper zone. P = precipitation. SM «* soil moisture content. FC = max. soil
moisture content, corresponding to field capacity minus wilting point. BETA = nu-

merical parameter governing the disposal of rainfall.
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. 1.0

0 LP FC SM
Fig. 4.

Relation between actual and potential evaporation. E •» actual evaporation. EP •=
potential evaporation. SM = soil moisture content. LP = limit below which actual
evaporation is impeded. FC =• max. soil moisture content, corresponding to field

capacity minus wilting point.

basin. The model has also been tested in highly inhomogcnous areas with en-
couraging results.

To allow for changes in the soil moisture content during rainfall, precipita-
tion is fed into the soil moisture routine millimeter by millimeter. This leads to
an increase, during the rainfall, of the part contributing to runoff, a more
feasible way than letting the initial soil moisture content govern the separation
of rainfall throughout the day.

FITTING THE MODEL

As an index of agreement between observed and computed discharges, Nash &
Sutcliffe (1970) suggested the following sum of squares criterion:

P = 2 (qob.-qcomp)2

where qOb, = observed discharge

Çcomp — computed discharge

If we define an initial variance Fo
2 by:

F02 = 2 (qOb.-qob.)2
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where q,,i., = mean of the observed discharge, the proportion of the initial
variance accounted for by the model can be expressed as:

R2 = ±j4- (4)

This is what Nash Se Sutcliffe (1970) call the efficiency of the model.
In this investigation F : has been used for optimization of parameters. R2-

values have also been computed, but it was found that this criterion must be
interpreted with great caution, especially when applied to single years. Some
of the years were extremely dry, and due to the low initial variance of the
actual discharges, small differences between computed and observed discharges
produced low values of R3.

In addition to this, visual inspection and the accumulated differences between
observed and computed hydrographs have been studied concurrently.

PARAMETER EVALUATION

The model includes 8 parameters to evaluate as follows (Figs. 1, 3 and 4):

Three parameters in the soil moisture-evaporation routine, FC, BETA and LP.

Two storage-discharge constants Ki and K?.

One percolation constant, PERC.

One timing parameter, T, describing the simplified time-area diagram.

The part of the area at potential evaporation represented by a constant P.

In this paper, however, six of the eight parameters arc found through studies
of the observed hydrograph and the catchment, rather than by optimization.
This method, though admittedly not automatic, has the advantage that be-
cause fewer parameters remain to be optimized, problems of multiple maxima
and dependence between the parameters are greatly reduced.

Investigations showed that the objective function is extremely flat around
the optimum FC-value and strongly interacts with LP. A substantial change in
FC was easily absorbed by a change in LP. Therefore a rough estimate of FC,
after considerations of the soil conditions in each catchment, is sufficient.

The two storage-discharge constants are estimated from recession analysis of
the observed hydrograph, Q.

If log nat Q is plotted against time during a recession period, a pronounced
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knee is often detected, indicating that the upper zone is empty. This knee can
occur at different levels depending on the rate of outflow from the lower zone.
Its highest level during the calibration period is taken as the equilibrium point
for LZ (Fig. 2) and is used for the estimation of PERC. The method is very
rough but probably accurate enough as the model has proved to be only slightly
sensitive to changes in PERC.

The timing parameter, T, corresponds to the time of concentration and is ob-
tained from inspections of rainfall and runoff records. If T = 2 a proportion
of Vs and */a is used between the first and the second day. Otherwise a trian-
gular function is used as shown in Fig. 1.

The part of the basin at potential evaporation is taken from the map. Finally
the two remaining parameters, LP and BETA, arc easily found from the con-
tours of the objective function, F2.

In addition to these parameter values, the model also requires initial values
in the different storages at the beginning of the season: soil moisture (SM),
upper zone (UZ) and lower zone storage (LZ). SM is given the value of FC
while UZ and LZ arc adjusted to suit the observed discharge on the first day.

APPLICATION OF THE MODEL TO TEST BASINS

The HBV-1 model was applied to the Lilla Tivsjön Catchment, and the HBV-2
has so far been applied to the Nolsjön, Stabby and Stormyra Catchments.

These four catchments are quite small and they are gaged by high quality
stream-gaging stations equipped with weir structures and with water level
recorders.

The vegation is predominantly coniferous forest and the bedrock is igneous
rock (granite or gneis) overlain by a thin - less than 20 meter thick - soil layer.
It should also be pointed out that the groundwater level is quite close to the
ground surface.

The general catchment characteristics are shown in Table 1. The figures in
the Table are only approximate.

The Lilla Tivsjön Catchment is a sub-basin within the IHD Representative
Basin Kassjôân. It is situated in central Sweden in the counties of Jämtland and
Medelpad, and the strcamflow drains through the River Ljungan to the Baltic
Sea.

The stream-gaging station is located at the outlet of the Lake Lilla Tivsjön
with a lake area of 0.32 km2, which tends to damp rapid streamflow fluctua-
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Table 1.

Catchment characteristics

Catchments

Lilla
Tivsjön Nolsjön Stabby Stormyra

Drainage area, km-
Lake, per cent
Coniferous forest, per cent
Swamp, per cent
Arable land, per cent
Exposed bedrock, per cent
Moraine, per cent
Coarse material, per cent
Silt and clay, per cent
Altitude range, meters
Difference between mean and

minimum elevation, meters
Average depth to groundwater

table, meters
Ratio, mean annual

maximum to mean annual flow
Mean annual flow, 1/s
Mean annual flow, 1/s-km-
Mean annual precipitation, mm
Mean annual evaporation, mm

12.7
2.7

88
S
0.5
1

96
1
0

200

65

1-2

9.7
117

9.2
600
300

13.2
1.5

78
14.2
3.7
o

95
1
0

55

21

1

10.5
171

9.4
700
400

6.4
0.0

79
2.3

11
22
56
0

18
37

17

1-2

14
49

7.6
640
400

4.0
0.0

80
1.6
5.9

73
3
9

10
67

32

1

16
36

9
600
380

tions. The precipitation station is at the southern end of the catchment close to
the stream-gaging station.

In this early attempt the potential evaporation was taken as the long term
mean monthly Penman values somewhat adjusted for the current air tem-
perature (Wallen 1966).

Moraine soil dominates. Large areas of the forest have been clear cut. The
relief ¡s quite high with an altitude range of 200 meters.

The catchment could be considered very homogeneous.
The Nolsjön Catchment is a sub-basin within the Velen IHD Representative

Basin. It is situated in the southern half of Sweden in the county of Vastcrgöt-
land. The streamflow drains to the large Lake Vättern.

The streamgaging station is at the outlet of Lake Nolsjön (lake area 0.07
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km;) which seems to be too small to affect the streamflow fluctuations appre-
ciably.

For most of the test period precipitation has been taken from one gage. Nord-
torp, centrally located in the catchment. But for some years Thicssen polygon
values from a number of stations outside the catchment were used.

The same method as for Lilla Tivsjön has been used for the estimation of
the potential evaporation.

Coniferous forest on moraine dominates, but 14 % is swamps. The altitude
range is much less than in the Kassjöan Catchment.

The whole catchment is fairly homogeneous.
The Stabby Catchment is situated close to Uppsala, which is 70 km north of

Stockholm in central Sweden.
Coniferous forest on moraine soil dominates this catchment too, but a sub-

stantial part is "exposed" bedrock with partly a thin moraine cover less than
0.5 m thick.

The altitude range is less than 37 m.
This catchment is not very homogeneous. It is described in detail by Bcrgqvist

(1971).
The precipitation data are taken from a station 4 km away from the catch-

ment, and long term monthly means of Penman values were used as potential
evaporation input (Wallen 1966).

The Stormyra Catchment is situated only a couple of km southeast of Stock-
holm.

This catchment is also dominated by coniferous forest, part of which has
been clear cut, but as much as 73 °/o is exposed bedrock with a soil cover of
coarse material less than 0.5 m thick. Forty-eight per cent has a soil cover less
than 1 decimeter. The altitude range is 67 m. Ten per cent is covered by clay
soil. The streamflow response to rainfall is very rapid. The catchment is quite
inhomogeneous. Precipitation stations at some distance from the catchment
were used together with long-term monthly means of Penman values of
potential evaporation (Wallen 1966).

RESULTS

For all catchments a calibration period of 1-3 years has been used for para-
meter evaluation. The optimum parameter values thus obtained are presented
in Table 2 and the agreement between the observed and computed hydrographs
expressed as Revalues (4) is given in Table 3. In Figs. 5-12 hydrographs of
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Table 2.
Optimum parameter values for the different catchments.

FC
(mm)

LP
(mm)

BETA i
(dar1)

K2

(dar1)
PERC

mm/day
T

(days)

Lilla Tivsjön

Nolsjön

Stabby

Stormyra

100

200

100

50

70

160

100

40

3.4

8.0

7.0

4.0

-

0.194

0.360

0.422

0.079

0.071

0.137

0.126

-

0.5

0.9

0.8

2*

4

2

2

4.6

2.0

0.5

3.0

* A time lag of one day is used between rainfall and runoff for the HBV-1 model in
Lilla Tivsjön.

Table 3.
Results from the different catchments.

Lilla Tivsjön

Nolsjön

Stabby

Stormyra

1969
1968
1967

1971
1970
1969
1968
1967

1959
1960
1961
1962
1963
1964
1965
1966
1967

1963

used for optimization
simulated
simulated

used for optimization
used for optimization
simulated
simulated
simulated

used for optimization
used for optimization
used for optimization
simulated
simulated
simulated
simulated
simulated
simulated

used for optimization

R2
0.98
0.84
0.97

0.81
0.91
0.97
0.90
0.88

-0.64
0.93
0.80
0.76

-O.90
0.84
0.93
0.64
0.62

0.87
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Fig. 5.
Fitted year in the Lilla Tivsjön catchment.

selected years are shown together with precipitation and the accumulated dif-
ference between the computed and observed discharges. From the Stormyra
catchment only one year is included, but work is going on with further test
runs.

The weakness of R2 as a criterion of fit is evident for some of these tests.
During 1959 in Stabby, for example, the negative value indicates an impos-
sible model, while it can be seen from the plotting that this is an effect of the
extremely dry season with very low initial variance. Conversely the high
springflood recession in certain years gives a high initial variance and very
high values of R2 (L. Tivsjön 1967). The R2 criterion seems to be less reliable in
small catchments with little damping, where correct timing is more important
than in larger catchments.

When relating parameter values to catchment characteristics, the parameter
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Fig. 6.
Simulated year in the Lilla Tivsjön catchment.

stability must be taken into consideration. Therefore it is felt to be premature to
draw any conclusions concerning BETA and LP. Ki and K2 seem to be more or
less related to the size of the catchment, and this of course is an effect of the
heavy damping in larger basins. PERC could be related to the permeability in
the catchment, but one must bear in mind that a lake near the outlet can damp
out the effect of the two runoff components. This is the situation in the Lilla
Tivsjön catchment and can be the explanation of why the HBV-1 model worked
well there.
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Table 4.
Optimum values of LP and BETA obtained from objective function contours over

different periods in the Stabby catchment.

1959-1961
1962-1964
1965-1967

1959-1967

BETA

100
60
60

80

LP

7.0
3.0
3.0

5.0

ACC. DI FF. (l A)
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2000

1000
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Fig. 7.
Fitted year in the Nolsjon catchment.
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Fig. 8.
Simulated year in the Nolsjon catchment.

STUDIES OF PARAMETERS

In the Stabby catchment a special investigation was carried out to see if the
length of the calibration period was enough to get stable values of LP and
BETA. Objective function contours for the three years 1959-1961 were com-
pared with the corresponding contours for 1962-1964, 1965-1967 and for all
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9 years. The results are shown in Figs. 13-16, and the optimum values obtained
are presented in Table 4.

The results indicate that a three-year period is not enough to get stable
values of LP and BETA in Stabby. This is probably a combined effect of sim-
plifications in the model and insufficient data. One source of error is certainly
the use of standard values of potential evaporation for all years. An under-
estimation of potential evaporation one year can easily be corrected by a
decrease in LP which will, of course, affect the stability of this parameter. The
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Fig. 13.
Objective function (F- • 10-») response to BETA and LP in Stabby 1959-1961.
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interaction between LP and BETA is stronger than can be seen from Figs. 13-
16. For high values of BETA the difference between two consecutive curves in
Fig. 3 is very small and this gives a false impression of independence between
LP and BETA. The high sensitivity of the objective function for the first
period is caused by some extremely successful years 1960-1961. Years with
more error cause a flatter topography of the objective function (Figs. 14, 15).

The sensitivity of the objective function F2 to changes in other parameters
has also been investigated in Stabby. The year 1960 was used as the best of the
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Objective function (F- • 1(H) response to BETA and LP in Stabby 1965-1967.
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fitted years. In Figs. 17-19 a few examples from this investigation arc shown.
It is interesting to note the high interaction between LP and FC (Fig. 17),
indicating that one parameter might be expressed as a function of the other. In
his case the elimination of LP would simplify the model. A test of sensitivity
along the axis of LP or FC could erroneously be interpreted as high sensitivity
to both these parameters independently.

It is evident from Fig. 18 that quite large errors in the estimation of PERC
can be accepted, but also that this parameter significantly improves the model.
This is favourable as the estimation of PERC is felt to be one of the weakest
points in the evaluation procedure. Fig. 19 shows a plateau on which Ki and K2
can vary considerably before any dramatic deterioration of the agreement
occurs. This means that an acceptable value of these parameters can be found
after a very short calibration period, perhaps only one recession event.

60

25*

1*5̂ :

103.

168.

222.

273.

320.

351*.

379-

SO

V 7 3 .

61 >

107.

152.

190.

225.

256.

*

1C0

131.

. 9U.

98.
13U.

165.

120

179.

1"*5.

112.

S69.

58N
8¡*.

11*0

233.

197-

161.

125.

85-

\17\

I6o

213.

175.

138.

102.

S 6 7 .

FC
LP

20

1*0

60

80

100

120

11*0

160

180

200

220

21*0

Fig. 17.
Objective function (F* • 1(H) response to FC and LP in Stabby 1960.
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Objective function (F^ • 1(H) response to Kt and K2 in Stabby 1960.
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