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SUMMARY.

The PULSE mocdel is a runoff model which c¢an also be used for
simulation of hydrochemistry developed by SMHI, Norrkdping,
Sweden.

The name 'PULSE’ model was chosen because the input to the
model is saved in a 'pulse' while for hydrochemistry residence
time is of great importance. This is counted for by
recalculating the hydrochemistry for each pulse for each day so
to imply the effect of the period between the time of
precipitation and the time of drainage to the chemical
composition of the water.

The model is using rather simple formulations. This choice was
made because using more complex formulations often increase the
computing time to a greater extent than they improve the results.

Within the model several subroutines are used to finally
calculate the discharge. The first step 1is formed by a snow
routine which is calculating sSnow melt, refreezing and
interception. After this the evaporation is counted for and the
water is divided between supply to the soil moisture storage and
contribution to the discharge in the soil routine. The amount of
water that is to be drained is led through the response function
which is generating the discharge. This generated discharge is
guided through a transformation function in order to get the
proper shape of the hydrograph.

To find out whether this model could be used in Holland the
model was applied to the Dutch catchment area the 'Hupselse
Beek'.

Sensitivity analysis was executed for the main parameters of
the model. This led to . the <c¢onclusion that several parameters
show a dependency to other parameters, which is influencing the
fitting procedure and consequently the results.

After simulation the water balance was checked by comparing
the observed precipitation and discharge to the evaporation as
estimated by the model. This led to an increase of the soil
moisture storage in the period April '83 till March '84, which
had an extremely wet winter period. Over the two other periods a
negligible change of the storage occurred, which is assumed to be
the normal situation.

The results of the simulation were 1relatively good. The main
problem was the too slow reaction resulting in too low
simulation of peaks and too slow recession. This is probably
caused by the time of reaction which is only a couple of hours
for the Hupselse Beek area while within the model the minimum
value is one day.

An optimization procedure instead of manual optimization could
improve the results though the dependency between some of the
parameters could cause serious problems.



1 INTRODUCTION.

1.1 Purpose.

Since 1968 the Department of Hydraulics and Catchment Hydrology
at the Agricultural University, Wageningen, Holland, has been
measuring hydrological and climatological variables in a
catchment area in the eastern part of Holland. Main purpose for
these measurements was to try and develop a runoff model based on
the hydrological processes occurring in a catchment area. In the
past vyears the Wageningen-mcdel was developed, which is still
subject to efforts to improve the results or to describe the
processes with more accuracy.

Comparison with runoff models developed by other institutes
could add new ideas about how to describe a catchment area in
general.

Recently the department obtained a model developed by the
hydrological research group of the Swedish Meteorological and
Hydrological Institute. This 'PULSE’ model is a combination of a
hydrological and a hydrochemical model.

The purpose of this research was to apply the hydrolegical
part of the PULSE model to the Dutch research-area to find out
whether this model could be of use in Holland.

1.2 Description of the catchment.

The catchment is called the Hupselse Beek catchment. The
catchment covers an area of 6.5 km? and is situated in the
eastern part of Gelderland, Holland (see fig.1.1).

The stream can be divided into a main stream (length 4 km)
and 7 tributary streams each with a length varying between 300
and 1500 meters (see fig.1.2).

The altitude of the area is slightly changing £from 24 meters
above New Amsterdam Level in the western part to 32 in the
eastern part.

1.2.1 Geology.

The catchment area is situated in a landscape merely
consisting of ground moraines. On a depth varying between 0.4
and 8.0 meters below the surface an impermeable layer of Miocene
clay is found. On top of this layer moderate to medium coarse
sand and some fine to coarse gravel was deposited. Also some
disturbing layers of loam occur. The surface layer consists of
fine sandy deposits.
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Fig.1l.1l: Situation of Hupselse Beek catchment in Holland.
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Fig.1l.2: The Hupselse Beek catchment.

1.2.2 Land use.

The main activity in the Hupselse Beek area is agriculture.
About 65 per cent of the area is in use as pasture, 20 per cent
as arable 1land which is merely put under corn. Furthermore about
9 per cent of the area is covered with forest.

The 6 per cent left-over consists of built-up area and a
camping site. The built-up area is formed by scattered farms and
houses, No towns are situated in the area.



1.2.3 Hydrology.

The hydrological situation has been changed by human
activities. About 50 per cent of the area 1is drained by pipes
and the stream has been canalized and regulated.

The groundwater table is wusually low in summer time (lower
than 120 cm below surface) and above 80 cm during wintertime.

The hydrological base is formed by the Miocene clay layer.
Hardly any groundwater nor surface water supply occurs from the
surrocunding area. Water leaves the area through one point of
outlet at weir 10A (see fig.1l.2).

Though the area has clear bounds there are still circumstances
complicating the hydrological situation, such as the changing
thickness of the aqgquifer, the disturbing 1loam layers and
differences in altitude on short distance.



2 DATA AND WATER BALANCE.

2.1 Introducticen.

In this chapter a short description of the determination and
acquisition of precipitation, temperature, evapotranspiration
and runoff data is given.

In order to understand more of the hydrological situation in
the catchment and to be able to estimate the values of the
parameters in the start situation as needed for the simulation
calculation of the water balance is needed.

Also to be able to judge the gquality of the data used it is
wise to calculate a water balance. This calculation has been
described in the last section of this chapter.

2.2 Precipitation.

The precipitation data have been measured at 'Assink', the
meteorological station situated in the Hupselse Beek area. At
this station different kinds of rain-gauges are used. The data
used have been obtained by a recover—rain-gauge which is
recording every 15 minutes. For this research the 24~hours total
values were used, measured from 0.00 h to 0.00 h.

2.3 Temperature.

The temperature data also have been measured at 'Assink' and
are daily mean values.

2.4 Evapotranspiration.

The potential evapotranspiration data have been recalculated
from monthly mean data for evaporation of a water surface as
determined by the Royal Dutch Meteorological Institute (KNMI) by
using formula 2.1.

potential = 0.75 * evaporation of (2.1)
evapotranspiration open water

2.5 Runoff.

The runcff of the catchment is measured at the outlet of the
area (weir 10A, see fig.1.2). The flume that 1is used is an H=-
flume, Every 15 minutes the height of the water level is
recorded with an accuracy of 1.0 mm. These heights are
calculated into discharge per 15 minutes by a known relation-
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ship, between both wvariables. The assumption is made that the
momentary height measured is representative for the last period
of 15 minutes. These values are recalculated into 24 hours
discharges.

2.6 Water balance.
2.6.1 Introduction.

The water balance is calculated according to formula 2.2.

EP = IQ0 + ZIE + AS (2.2)
where:
P = total precipitation [mm]
£IQ = total runoff [mm]
IE = total actual evapotranspiration [mm]
AS = increase of storage in soil [mm]

Re—arranging of formula 2.2 leads to formula 2.3.
AS = P - IQ - EIE (2.3)

While IP, IQ and IE are availableA S can be calculated.

The Hupselse Beek area has no water supply from or loss to the
surroundings, so usually an occurring increase or decrease of the
water storage in the so0il 1is caused by errors in the data.
Assuming that the change o¢f the storage is nil and that the
precipitation and runoff dJdata are correct because of the
adequate method of measuring, usually the actual
evapotranspiration is assumed to be the erronecus part in the
calculation.

Within the model the water balance is checked daily as well as
each month.

A daily check of the balance for the soil is executed within
the s0il routine (see 3.2.2 and app.A). In this check the change
in s0il moisture between two successive days is checked with the
difference between the effective precipitation and the amount of
water available for discharge. If certain limits for this
difference are exceeded the program run will be terminated. This
is merely a check of computing errors.

Each month the water balance is checked up on for the
(sub)basin. This check is executed by comparing the amount of
precipitation minus evaporation minus discharge to the
difference of the amount of water that is stored in snow,
interception and lake at between the last day of the former
month and the last day of the present month as described in
formula 2.5. The limit above which the program run is terminated
is also given.



DIFF (= IP - ZE - EQ + (IN - OUT) (2.5)

where:

DIFF = difference in water balance. If DIFF is [(mm]

. positive water is disappearing. Limit=0.05;
P = precipitation summed over one month; [mm]
ZE = e@vaporation summed over one month; [mm]
Q = computed discharge summed over one month; [mm]
IN = gtorage of water in snow, interception [mm]

or in lake on last day of the month before;
OUT = storage of water in snow, interception [mm]

or in lake on last day of the present month.

2.6.2 Results.

In table 2.1 the water balance is given as follows from the
model runs. Alsc the observed discharge and the change of the
s0il moisture storage over each period and over the entire
period of three years are given,

Table 2.1: Results of the water balance.

Period P LEcom IQcom Sconm IQobs SObs

830401~ 845.5 451.1 436.6 -42.2 375.6 +18.8
840331

840401~ 724.8 387.1 339.6 -1.9 340.9 -3.2
850331
850401~ 761.7 443.3 322.5 -4.1 318.1 +0.3
860331

830401~ ]2332.0 1281.5 1098.7 -48.2 1034.6 +15.9
860331

Some remarks can be made while looking at table 2.1.

Before discussing the results for each single periocd a remark
should be made about the origin of the results. The evaporation
data are the values as calculated by the f£inal simulation run of
each period. They are assumed to be a reascnable approximation of
the actual evaporation. The observed discharge is compared with
this actual evaporation to estimate the change of the soil
moisture storage. To compare the results and to be able to verify
the assumption that the calculated evaporation wvolume egual the
actual evaporation these computed discharge volumes are also
presented in table 2.1. These computed values can be erroneous.

The period 83/84 was very wet: a yearly precipitation of over
850 mm while this normally is approximately 750 mm. Looking at
the precipitation data especially the winter period turned out to
have more precipitation than wusual. This c¢could lead to an
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increase of soil moisture over the year because during winter
time hardly any evaporation is diminishing this storage. As shown
in table. 2.1 the storage indeed is increasing. The simulation of
the first period resulted in too 1large a volume of discharge.
According to this the evaporation volume probably is too low. If
this volume was larger the increase of the storage would be
smaller which would be more likely than the increase of 3 per
cent of the precipitation input as is the present result.

Comparing the computed tc¢ the observed discharge the observed
volume is over-estimated by nearly 15 per cent which points to a
bad simulation. Therefore the decrease of the storage as
resulting from the calculation is not discussed further.

The period 84/85 was a bit dryer than normal and showed a
lower volume of evaporation. Over this period the soil moisture
- storage decreased by less than half a per cent of the
precipitation which is negligible.

The last period 85/86 had a normal amount of precipitation.
Together with the observed discharge a negligible increase of
less than 0.1 per cent is resulting.

While these last two periods had a 'normal' amount of
precipitation the change of the scil moisture storage should be
nearly nil, which means the water balances over these two
periods are correct.

Summed together the three pericds lead to a change of the
storage for observed discharge of approximately 15 mm which is
less than 1 per cent of the amount of precipitation over the
entire period.. This is negligible especially when the wet
winter period of 83/84 is taken into account.



3 THE PULSE MODEL.

3.1 Introduction.

The PULSE model as developed by the Swedish Meteorological and
Hydrological Institute is a combination of a hydrological and a
hydrochemical model.

Main reason for the development of this combined model was to
model the impact of acid rain to the hydrological system.
Several attempts have been made to model this impact. Though the
hydrological processes are influencing hydrochemistry a lot,
usually choice is made to use a complex hydrochemical model in
combination to a simplified hydrolcgical model.

The PULSE model however 1is the reverse of this approach. By
using an advanced hydrological model and a semi-empirical,
simplified hydrochemical model, the importance of for instance
the residence time is worked in into the model.

The name 'PULSE' model is chosen because of the approcach used
in the model: each day the amount of precipitation available for
discharge is memorized in a 'pulse'. The reason for using this
approach was to be able to implicate the influence of the
residence time to the chemical c¢omposition of water by using
pulses for each day and re-calculating the chemistry of each
pulse every day.

The main routines of the hydrological model are described in
the next section. Though the hydrochemical part has not been
used in this research, a short description of this part is given
in section 3.3. In the last section the optimization routine is
described.

3.2 The hydrological model.

The hydrological model is a conceptual runoff model. While an
increasing complexity of a model does not implicate as much
extra information as it implicates extra computing time, choice
was made to use simple formulations to describe the hydrological
processes,

Before modelling can start, parameters describing the area
such as the size of the area, altitude, size of forested and
non-forested area, are needed. Also a description of the
physical situation is needed, by £for instance recession
coefflcients, maximum soil moisture and several threshcld values
for processes to start. Furthermore some parameters concerning
the measuring stations for precipitation and temperature are
needed.

Also a description of the state of the area at the first date
is needed, for instance the soil moisture storage and the snow
pack at that date.

The input variables of the model are daily precipitation and
discharge, daily mean temperature in c¢ase the snow routine is
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used and monthly mean values of potential evapotranspiration.
Both precipitation and temperature can be measured at several
stations.

Output of the model consists of daily wvalues for several
variables such as computed discharge, actual evapotranspiration,
80il moisture, interception (rain and snow), snow pack and snow
melt.

The output is calculated on a day-to-day-basis: For each day
the model is run through completely. The state of the variables
at the end of the day is saved for the calculation of the next
day.

In £fig.3.1 the basic structure of the model is represented.
The hydrological processss are modelled in subroutines as
described in the following sections.

PRECIPITATION

AIR
TEXPERATURE

~

SKOWROUTINE

EVAPOTRANSPRATION anmu ARD SNOWMELT

SOILHOISTURE

POTENTIAL ; ACCDUNTING
EVAPDTRANSPIRATION

! RECHARGE

AQUIFER WITH VARABLE
POROSITY AND DRAIRAGE

DISCHARGE

Fig.3.1: Basic structure of the hydrological model.
Source: ref.2,

3.2.1 The snow routine.

To simulate the process of snow melt numbers of models have
been developed varying between c¢omplex and simple (ref.3). as
mentioned before choice was made to use formulations as simple
as possible.

The formulation used for snow melt is based on a degree-day
approach. This means that the amount of snow melt 1is
proportional to the difference between the daily mean air
temperature and the temperature above which snow melt will
occur. In formula 3.1 this is formulated.




M = Co (T~ To ) (3.1)
where:

M = snow melt [mm]
(Lf T < To then M = 0);

Co = degree-day melt factor; [mm/° C]

T = surface air temperature; [*C]

Toe = threshold value of the air [°C]
temperature.

Because this approach is a simplified description of the snow
melt process, it has been combined with several options so that
- the description is more physical.

One of these options is using the 1liquid water holding
capacity of the snow, which delays runoff from melting snow
until the snow is saturated up to 10 per cent. Another option is
the differentiation o¢f the area into forested and non-forested
land and water, to account for differences such as in
interception and the temperature above which snow melt will
occur. Furthermore the option of using the elevation zone in
conmbination with temperature and precipitation changes according
to the height is used. The measured dJata are recalculated
according to the elevation of the area and the meteorological
station.

3.2.2 The soil moisture routine.

The generated recharge is mainly controlled by this routine.
The soil moisture routine is run through twice for each day: for
forested and non-forested land.

In the soil moisture routine the pulse of water contributing.
to this routine is distributed into a contribution tc the soil
moisture storage and a contribution to the response function.
The contribution t¢ the response function 1is supposed to be
proportional to the quotient of the computed and the maximum
soil moisture storage raised to a certain power. In figure 3.2
this is represented. In formula 3.2 this is formulated.

BLTA
AOMP'(':T") EA/EP
10 10
|1
[
[
I
0 | S 0 ——t -
0 FC SH b LPFC S
Fig.3.2: The soil moisture Fig.3.3: The evaporation
routine. function.
Source: ref.5. Source: ref.5.

10




SM

AQ /AP = (——) *x BETA {3.2)
FC
where:
AQ = contribution to the response [mm]
function;
AP = amount of precipitation; [mm]
sM = computed s0il moisture storage; fmm]
FC = maximum soil moisture storage [rmm]
(field capacity);
BETA = empirical coefficient; [-]

From formula 3.2 can be deduced. that in case of a dry soil
(low soil moisture storage) a smaller part of the precipitation
will contribute to runcoff than in case of a wetter soil with a
higher soil moisture storage.

The amount of evapotranspiration influencing the soil moisture
storage is estimated by a 1linear decrease of the potential
evaporation below a certain storage level. If the storage has a
value in between this level and the storage at field capacity,
the actual evapotranspiration is supposed to be equal to the
potential evapotranspiration. This means a decreasing soil
moisture storage will lead to a decreasing actual
evapotranspiration. Schematically this is represented in figure
3.3.

Capillary rise is supposed to be related toc both the guotient
of the scil moisture storage and field capacity and the amount of
water contributing to the response function divided by the
minimum amount. This is calculated for each pulse according to
formula 3.3a and b.

CFLUX1l = CFLCAP * (1 -5SM/ FC) {3.3a)
CFLUX = CFLUX1 * ( 1 - LZ / LZMIN) (3.3b)
where:

CFLUX1 = Amount of cap.rise [mm/4}
according to SM/FC;

CFLCAP = Maximum cap.rise; [mm/d}

SM = Soil moisture storage; [mm]

FC = Maximum soil moisture [mm]}
storage;

CFLUX = Final amount of cap.rise; [mm/d]

LZ = Amount of water in pulse; [mm]

LZMIN = Minimum amount of water [mm]
in pulse.

This amount in addition to the calculated soil moisture
storage leads to the ultimate value for the storage, The final
contribution to the response function is reduced by this amount
of capillary rise. :

11



3.2.3 The response function.

The response function generates the contribution to this
function into runoff, The function is based on a subdivision of
the so0il into 1layers with variable hydraulic properties
concerning porosity and drainage capacity as represented in
figure 3.4. Each layer has a threshold value above which the
layer is draining, and a recession coefficient determining the
amount of discharge through that layer.

kO
. Ql
uzl kil
Qz
1z1 k2 Qgen
L3
dzl k3
Q‘ ——r
uzl = upper zone level; [mm]
1zl = Jlower zone level; (mm]
dzl = deep zone level [mm]
(groundwater) ;
k0,kl1,k2,k3 = recession coefficient; [1/1000*x3]
Q01.,Q02,03,04 = discharge per layer; [mm]
Qgen = runoff generated by [mm]

response function;

Fig.3.4 Subdivision in response function.

The water contributing to the response function is subdivided
into pulses. After summing these pulses until the sum exceeds the
lower threshold value of a layer, the water remaining is
calculated into runoff by formula 3.4.

Q(pulse) = S(pulse} * k(level)/1000 {3.4)
where:

pulse = number of the pulse, (-]
(between 1 and maximum);

Q{pulse) = discharge of the pulse; [mm]

S(pulse) = contribution of the pulse tc [mm]
the response function:

level = number of the layer [mm]
({between 1 to 4};

k{level) = recession coefficient of

the layer. [1/1000*a]

Generated runoff is formed by the sum of these discharges as
calculated for each pulse and for each laver.

12



If a large open water body is situated in the catchment runoff
as an effect of precipitation directly on the water and the
evaporation of this water is calculated. This is added to the
generated runoff.

3.2.4 The transformation function.

The generated runoff is routed through a function in order to
get a proper shape of the hydrograph. This transformation
function is a simple filter technique with a distribution of the
weights as shown in fig.3.5.

WEIGHT
/“\Qg /N /\Q
= 5 > >
TIME - maxsas 4 TIME TIME
Kk A

Fig.3.5 The transformation function.
Source: ref.4.

This transformation finally leads to the computed discharge.

3.2.5 Subbasins.

In the model the possibility of dividing a catchment into
several subbasins is included. Subbasinwise modelling can be
useful for instance in case of different elevation zones or soil
characteristics in the catchment area.

For each subbasin the model parameters are needed. Also the
direction of the flow through the subbasins is necessary (see
fig.3.6}).

In case of subbasinwise simulation discharge is calculated per
subbasin after which the outflow is added to the inflow to the
next basin.

The results can be given per subbasin as well as for the
entire catchment.

13




Fig.3.6 Catchment subdivided into subbasins.
Source: ref.2.

3.3 The hydrochemical model.

As mentioned in section 3.1 the main reason for the
development of the PULSE model was to model the impact of acid
rain to the hydrological system. For this reason mainly
alkalinity and pH-values are simulated, though it also is
possible to simulate for instance nitrate or chloride.

Acidity of precipitation is not taken into account except in
case the precipitation is directly to water surfaces. Instead,
assumptions were made that the water composition is adjusted by
cation exchange in the humic layer and that water exchange
occurs while the water is passing through the unsaturated zone.
These assumptions are leveling out the effect of variations in
the acidity of the precipitation and dry deposition.

In the model an average, fixed pH-value is used for the water
passing through the organic zone. Percolating further through the
soil the water will be subdued to cation exchange and weathering
processes which will increase the pH-value of the water. This
neutralizing effect is assumed to decrease with increasing pH-
value. In the model this is taken into account by a decreasing
neutralization rate with increasing residence time which is
implying an increasing pH-value.

While carbon dioxide in the soil atmosphere is influencing the
acidity by the possible dissolution in the s0il water and is
varying d4during the year, also a seasonal variation in the
neutralization is used.

The pH-value is related to alkalinity. In formula 3.5 the
definition of alkalinity is described.

Alkalinity = [HCOs-] + 2 [COs2-] + [OH-] - [H*] (3.5)

Because calculation of alkalinity is easier while it is not
influenced by for instance the carbon dioxide pressure, the
model simulates alkalinity which is recalculated into pH as a
final step in the model.

(ref.2).
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3.4 Optimization.

To fit the results to the measured data the set of model
parameters should be optimised. Because the chemical modelling
is based on the discharge modelling, a bad discharge simulation
will cause erronecus results in the chemistry simulation. To
avoid this one should optimize the discharge simulation before
modelling chemistry.

In the next section optimization of the hydrological part is
described. This optimization is executed by a manual trial-and-
error procedure.

Within the model several optimization criteria are estimated
to value the results of the optimization. In table 11 a summary
of these criteria is given. All these criteria can be used for
hydrological as well as for chemical variables.

In section 3.4.2 the main criteria to £it the model are
described.

3.4.1 Optimization of parameter values.

The parameter file of the PULSE model is containing over 60
parameters. A part of these parameters should not be changed
while another part is open for optimization. The main parameters
which can be optimised are summarized in table 3.1.

A summary and a description of all parameters is given in
table 3a and b.

Optimization of the model parameters should be executed step
wise. Changing too many parameters at a time will Jlead to an
indistinct change of the results: which change of parameter is
causing which effect to the simulation will not be clear to see.
The proper order of optimising is described in the following part
together with an approximation of the value of the parameter and
the effect to the simulation when the value is changed. If
necessary this sequence should be repeated until the result is
satisfactory.

The first step 1is to optimize the parameters in the snow
routine (see 3.2.1). While this is of minor importance in the
Dutch situation the influences of these parameters will be
little.

Next step is optimization of the parameters in the secil
moisture routine (see 3.2.2). If the catchment has been studied
before and field capacity has been estimated this wvalue should be
chosen not to change. Field capacity is a soil property which is
not likely to change in time. In case field capacity is unknown a
value should be chosen between 100 and 300 mm. An increase of
this value will usually lead to a decrease of the computed
discharge volume.

The value of BETA should lie between 2 and 3. If the discharge
peaks are too low in dry pericds or too high in wet periods, an
increase of BETA could improve the simulation.

A decrease of the 1limit above which potential evaporation is
not reduced is smoothing the peaks in the computed discharge (a
higher amount of evaporation leads to a lower amount of water
available for discharge which causes lower peaks). The value of
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ip/fc should lie between 0.6 and 0.9.

By optimising these three parameters {or two in case field
capacity is known) the amount o¢f computed discharge should be
regulated. The following step, optimization of the parameters of
the response function, merely influences the shape of the
hydrograph.

Table 3.1 Summary of main parameters for optimization.

Routine Nanme in Name in Description Unit
chapter 3|PAR.DAT :

SNOW csf snow precipitation (-1
routine correction factor
Co cmelt degree—-day factor [mm/° C}
Ts ttmelt |threshold value above [*C]
which snow melt will
occur
soil FC fc field capacity (mm]
moisture BETA beta empirical coefficient (-1
routine lp/fc lp = limit above which [~]

potential evaporation
is not reduced.

CFLCAP cflcap |maximum capillary rise (mm/day]
response KO ko receas.coeff. layer O [1/1000%4]
function K1l k1 recess.coeff. layer 1 [1/1000*4]

K2 - k2 recess.coeff. layer 2 [1/1000*4]

K3 k3 recess.coeff. layer 3 [1/1000*4]

UZL uzil upper zone limit [mm]

LZL izl lower zone limit [mm]

DZL dzl deep zone limit ' [mm]
transform. | MAXBAS maxbas |(time scale for distri- {day]
function bution of discharge in

time

The recession coefficient KO effects the magnitude and
recession of the peaks, K2 the recession of the base flow.
Values of these coefficients can be roughly estimated as the
negative slopes of the recession in a logarithmic plot of flow
versus a 1linear time scale (see £ig.3.7) if the basin has a
short concentration time.

The lowest layer (with recession coefficient K3 and limited
by DZL) has no really physical meaning and can be excluded by
choosing both parameters nil if desired.
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Fig.3.7 Estimation of recession ccefficients.
Source: ref.4.

The last parameter to be optimised 1is MAXBAS in the
transformation function (see 3.2.4). The parameter is stated in
entire days and varies between 1 and 10 days. An increasing
value will lead to a more inert reaction of discharge to
precipitation. If the basin has a short concentration time
MAXBAS should be chosen low.

3.4.2 Optimization criteria.

To value the results several criteria are used. The main
criteria to fit the model are:

— visual inspection of the observed and computed hydrographs;

- a continuous plot of the accumulated difference between
observed and computed discharge;

— the explained variance:

n
z [(Xcom{t) — Xons {t)]2
t=1
n ——
z [XOba (t) - xobllz
t=1
where:
R2 = explained variance [-]
Xobs (t) = observed variable on time t *
Xcom (t) = computed variable on time t *
Xobs = mean value of variable *
t = time [day]
n = number of time-steps [-]

* unit depends on which variable was chosen to be simulated.

To test the results of the optimization an independent set of
data should be used.
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3.5 Sensitivity analysis.

The PULSE model is using several parameters which should be
optimised as described in section 3.4.1. To find out how the
optimization criteria react to a change of the parameter value
a sensitivity analysis can be carried out.

Within the mnodel the sensitivity of a parameter can be
tested. This analysis is executed by increasing the parameter
value step-wise and re-run the program with the new wvalue so to
find the effect of this change to the results.

Another possibility of the sensitivity analysis is a test for
dependency between two or three parameters. If a dependency
exists between parameters this c¢an cause problems while
optimising the simulation results. In fig.3.8 two examples of
dependency are given. The 1left picture shows a 100 per cent
dependency between two parameters, the one to the right a lower
but still clear dependency.

- o N \ -
s \\\Q)

(b))

Fig.3.8 Examples of dependency:
a 100 per cent dependency:
b a frequent occurring dependency.
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4 RESULTS AND DISCUSSION.
4.1 Introduction.

In this chapter the results of the application of the PULSE
model to the Hupselse Beek catchment are presented and
discussed.

In section 4.2 results of a sensitivity analysis (see 3.5)
and a dependency test of the main parameters (see 3.4.1) are
presented and discussed.

In section 4.3.1 the final results ¢f the simulation are
presented together with a description and discussion of the
optimum parameter values. In section 4.3.2 the simulation
results are discussed.

4.2 Results of the sensitivity analysis.
Before testing the dependency between the main parameters the

sensitivity of each parameter was tested. In fig.4.1 the
results are presented of analysis for each period.

06 | et ——t——_q 0.6 |
h Pt ——t
B e o =
] |4 ) L 1 a 85/86 0 1 t 3 1 1
90 112 134 156 178 200 0.0 2.4 48 7.2 96 120
KO LZL
' osl 0.6 ]
.- ] e m
gos gos
0_4 T Yy 0_4 3 S .
) 1 I ) 1 ) i ] ¥ L
20 36 52 68 84 100 20 22 24 26 28 3.0
K1 : BETA
06) o o . : 0.6 | .
Sos T _ gos g ® )
0.4 — 0.4 e
T 1 1 L] 1 I ¥ |} ] L
0 10 20 30 40 S0 0.60 0.66 0.72 0.78 0.84 0.90
K2 ‘ LP/FC
06 ] _
gos]
0.4 b——.

T Y T T 1
50 82 114146 17.8 21.0
UZL

Fig.4.1 Graphical presentation of sensitivity analysis of
some parameters per period of simulation:

kO ,kl,k2 = recession coefficients layer 0,1,2;

uzl = yupper zone limit (between laver 0 and 1};
1zl = lower zone limit (between layer 1 and 2);
beta = empirical ccefficient;

1p/fc = 1limit above which the potent1a1

evaporation is not reduced.
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For most of the parameters the explained variance is reacting
in a similar way for the three periods, though the optimum
variance is often reached at different values.

Remarkable is the effect of BETA to the variance: for all
three periods the maximum is reached at a value of BETA = 2.
This could point to a relation between this parameter and the
hydrological situation of the catchment te¢ which the model is
applied and only 1little influence of the meteorclogical
situation.

LP/FC reacts differently for the period 83/84. This could be
caused by the fact that this period was extremely wet compared
to the other periods: a low vwvalue for LP/FC leads toc a high
evaporation rate which c¢can only occur if enough water is
available for evaporation.

In fig.7 of the appendices the results of the dependency test
are presented.

Most of the parameters have a certain dependency on some of
the other parameters. A clear example of this is given in
fig.4.2 a: the dependency between the recession coefficients of
the upper two layers for the period 84/85. Fig.4.2 b and c¢
respectively show the dependency between the recession
coefficient of the upper 1layer and the 1limit for potential
evaporation (LP/FC) and between this coefficient and the limit
of the upper zone, both for the period 85/86. These figures
show a relatively 1low dependency between this parameters.
Especially £ig.4.2 ¢ shows that the value of K0 is more or less
independent to the limit of the upper zone.

kg
bp 2004
125 | o {
2§ e T
100 'm' ‘-“"o-h\.‘——-"’"’
‘\‘ a‘_‘j
?’ 7 ’\ % \_"-QU —
or 122 Wo sbe 130 ket . Vb obr 93 op of ,, S |.| wal
(ar) (b) (c)

Fig.4.2 Examples of the results of the dependency test:
a KO and K1, period 84/85;
b KO0 and LP/FC, period 85/86;
¢ KO0 and UZL, period 85/86.

While there is a dependency between most of the main

parameters it is hard to find the optimum combination of
parameters. This effects the results of the simulation.
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d.3 Results and discussion of the simulation.

4.3.1 Simulation results.

In fig.l1,

simulation for each period
the

next to

of the
are

and 3
computed

and the

observed and computed discharge.

In table 4.1 a
used for
each period. Alsc a summary is

parameters as

criteria.

summary is

given of

appendices the results of the
figure shows
some other
soil moisture storage,
accumulated difference

presented.
and observed discharge
variables: precipitation, temperature,
evapotranspiration

Each

the values

values

of the main
the final result of the simulation for
given of the

Table 4.1 Optimum parameter sets and optimization results.

Set 1 Set 2 Set 3
Parameter 830401—- {840401- }850401i-

8406331 850331 860331
FC (mm} | Field capacity 150 150 150
BETA [-] ]| Empirical cceff. 2.0 2.0 2.0
LP/FC {-]1 Limit pot.evap. 0.6 0.6 0.6
CFLCAP [mm/d]| Max.cap. rise 1.5 0.4 1.5
KO [1/1000*d] | Recess.coeff, 0 170 180 110
Kl " " " i 20 30 20
K2,K3 " " " 2,3 0 1] 0
UZL {mm] | Upper zone limit 5 11 5
LZL,DZL {[mm]} Lower and deeper 0 0 0

zone limit

MAXBAS {d)| Time base 1 1 1
Results per period:
Qcom [mm/d] | Comp.disch. {mean) 1.19 0.93 0.88
Qobs [mm/d} | Obs.disch. (mean) 1.03 0.93 0.88
Qcom/Qobs [-]1]| Comp./obs.disch. 1.14 1.00 1.00
acdiff [mm] | Accumulated 4Aiff.| +59.00 -1.28 +4.50
R2 i—-]| Bxplained var. 0.68 0.65 0.49
Results for the entire period:
Qcom [mm/d}| Comp.disch. {mean) 0.89 1.09 0.93
Qobs [mm/d]| Obs.disch. (rean) 0.94 0.94 0.94
Qcom/Qobs {-]| Comp./obs.disch. 0.93 1.15 0.98
acdiff {mm] | Accumulated Aiff -63.11 {+160.80 -16.49
R2 [~]] Bxplained wvar. 0.59 0.60 0.60
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It is interesting to find out whether these sets of
parameters are related to the period for which the set was
optimised or that the sets can be used for other years too. The
results of a simulation for the entire period of 83-04-01 until
86-03-31 are graphically presented in fig.4, 5 and 6 of the
appendices, while some of the criteria are summarized in table
4.1.

About the final parameter sets some remarks can be made.
- The choice of the wvalues of the parameters was among others
based on the results of the sensitivity analysis. Also the
effects of a change of a parameter value to the simulation of
the hydrograph were studied.
- The parameters of the so0il routine have the same value for
each period. As mentioned in section 23.4.1 choice of a known
value for field capacity is preferable. In this case field
capacity was estimated before on 150 mm, The values of the
other soil parameters were chosen to be of the same value for
each period while they are assumed to be characteristic for a
catchment area. As can be seen in the results of the
sensitivity analysis in fig.7 the final values lead to an
ocptimum of the explained variance for the first two periods and
is near the optimum for the last period.
- Remarkable is the different value for the capillary rise in
the second period. This could be influenced by the fact that
this period was dryer than is normal in the Dutch situation,
though there is only a small difference of 25 mm less than
normal. The effect of this low maximum capillary rise is
discussed in the next section.
- For this simulation it was chosen only to use the upper two
. layers because this agrees with the hydrological situation in
the catchment: a fast reacting upper layer and a slow reacting,
rather constant base-flow.
- The recession coefficient for the upper layer for the last
periocd is smaller than for both other periods. This is also
clear while. studying the results of the dependency test. A
reason for this is hard to find.
- The recession coefficients for the slow reacting layer are of
the same order for all three periods.
- The 1limit between the two =zones is chosen higher for the
period 84/85 than it is for the other periods. Though the
sensitivity analysis showed an optimum at a low value, the
simulation results improved while increasing this value.
- The time base for the transformation function cannot be
chosen smaller than one day. While the catchment has a very
small time of reaction this time base was set on the lowest
poessible value.

4.3.2 Discussion.

While looking at the results for each period several remarks
can be made.

- The simulation of the period 83/84 (fig.l) resulted in the
highest value for the explained variance of all three periods.
This even though the volume of computed discharge was nearly 15
per cent over-estimating the observed volume. As mentioned in
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section 2.6.2 this period was extremely wet. This could be the
cause of this over-estimation.

While loocking at the accunmulated difference it is c¢lear to
see that the strongest increase occurs in December '83 and
January '84. During these months the c¢omputed discharge reacts
too slow: the peaks are too low and the decrease afterward is
too slow. This is a consequence of the transformation function
(see section 3.2.4): the reaction time is one day. The Hupselse
Beek catchment 1is characterized by a very fast reaction
especially in wet circumstances. In these periods the reaction
time can be only a couple of hours with high peaks and a fast
recession afterwards.

The over—-estimation in this winter period 1is very high
because the discharge peaks are occurring in a fast sequence.
Between the peaks the computed discharge is decreasing too slow
and is not reaching the low value of the base-flow before the
next peak starts as it does after the peak in February '84.
Therefore the total amount of computed discharge is much bigger
than the observed amcunt in these months.

- The result of the simulation of the period of 84/85 was an
explained variance of 0.65 while the computed discharge volume
was equal to the observed.

While looking at fig.2 it should be noticed that the peaks
are often too low but the recession afterwards resembles the
observed very good. Looking at the accumulated difference the
main increase is in September '84. Probably the soil moisture
storage increased tooc fast which too early caused an increasing
reaction to precipitation.

In the second half of January '85 the accumulated difference
decreases strongly because the occurring peaks are hardly
simulated at all. These high peaks have been measured in a
short pericd of thaw after a long period of frost. They could
be caused by melting of ice or snow accumulated above or cliose
to the outletx

~ The pericd 85/86 was simulated rather poorly. The explained
variance was only 0.49 though the observed and computed volume
fit exactly. While 1looking at £fig.3 there are two periods
during which the accumulated difference changes very fast: in
June '85 and in January '86.

June '85 was a rather wet month after two dry months. The
discharge peaks in June are hardly simulated. This could for
instance be caused by too high an evaporation rate during the
dry months which leads to a low amount of water available for
soil moisture supply of discharge. Probably the so0il moisture
storage is decreasing too fast during these months which leads
to a lower discharge when the wet period starts.

In January '86 as well as in December '85 the peaks are
simulated too low and the decrease afterwards too slowly. This
is the same problem as described while discussing the
simulation of 83/84 and is probably caused by the reaction time
of the model which is too high for a wet situation in the
Hupselse Beek catchment.
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While studying the results of application of the optimum
parameter set to the entire pericd some remarks can be made.

- The explained variance is for all three sets nearly the sane,
circa 0.60. Looking at the results points out rather clear
differences in the simulation.

- Using parameter set 1 (see table 4.1) to the entire period
leads to an under-estimation of the total volume of discharge
of 7 per cent, while the volume of the period 83/84 was over-
estimated by 15 per cent.

This could be caused by the value for the maximum capillary
rise, CFLCAP. In comparison to the second parameter set,of
which application resulted in an over-estimation of 15 per cent
of the volume for the entire period, the main difference is the
value of CFLCAP. Though in the third parameter set CFLCAP has
the same value as in the first set and in that case only leads
to a small undervaluation of the volume, the assumption can be
made that the correct value lies in between the fixed values of
0.4 and 1.5 mm per day.

Another cause could be the value o¢f the limit between the
zones because a higher 1limit leads to a retarded reaction of
the discharge and a smaller amount of discharge. This influence
to the over—all volume however is relatively small {1 or 2 per
cent) and could not result in the differences in the volumes as
found in this simulation.

The value of the recession coefficient of the slowly reacting
component is, though in the same order, 50 per cent higher in
parameter set 2 than it is in the other sets. This leads to a
higher amount of base-flow, but while the limit is higher too
the contribution of the fast component will be smaller. For
this reason the effect to the total volume will be small.

. — While looking at the simulation results it is obvious that
all parameter sets lead t¢o an over-estimation of the winter
period of '83. This points out the extraordinary character of
this very wet and warm winter time.

- All parameter sets lead to a similar under-estimation of
especially the high peaks. The recession part of the peaks is
sometimes over-estimated, especially while using parameter set
1 and 3 and correct when applying parameter set 2.

= Using parameter sets 1 and 3 1leads to a comparable under-
estimation of the second period between April '84 and March
'85. This could be caused by the difference in the value of the
maximum amount of capillary rise between this year and the
first and the last period.

- The over-estimation of the winter period of '83 is extremely
high while using parameter set 2. While looking at the
accumulated difference this over-estimation is the main cause
of the error in the over-all volume of discharge. During the
rest of the simulation the difference stays on the same level
with only 1little increases and decreases. The amount of
capillary rise seems to be sufficient for these last periods.
The wet character of 83/84 clearly needs a higher amount of
capillary rise to decrease the volume of discharge.

«~ The former two points support the assumption that the
capillary rise should be smaller than the value in parameter
set 1 and 3.
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5 CONCLUSIONS AND RECOMMENDATIONS.
5.1 Conclusions.
Summarized the following conclusions can be drawn.

- The parameters in the PULSE model show a certain dependency.
This crosses attempts to find an optimum set of parameters.

-~ The results of the manually optimised simulations are
relatively good though the wvalues of the optimization criteria
are rather low.

- The parameters field capacity and the empirical coefficient
BETA as used in the soil routine seem to be characteristic for
the catchment area and only 1little influenced by the
meteorological situation of the period simulated. TIf the
meteorological character of a period is extraordinary the limit
for potential evaporation could be influenced a lot.

- The value chosen for the maximum amount of capillary rise is
influencing the computed volume of discharge to a great extent.

- The influence of the wvalues of the recession ccefficients
merely consists of an effect to the form of the peaks and only
little effect to the total amount of discharge.

- Application of optimum parameter sets to other periods leads
to a result comparable toc the results of the simulation of the
.period for which the set was optimised.

~ The minimum time base of one day as can be used in the PULSE
model is too large for the Hupselse Beek catchment especially
in wet periods as often oc¢curring in winter time.

~ The final conclusion to be drawn from this research is that
the PULSE model can be applied in Holland with tolerable
results though the model should be adjusted a 1little to the
Duteh situation.

5.2 Recommendations.

Some recommendations can be made to improve the results of
the Hupselse Beek simulation:

- Using an optimization routine instead of a manual
optimization.

- Choosing another type of transformation function. For
instance a different time base or a different form with a fast
increase towards the peak and a slow decrease afterwards.

- Check of the course of the evaporation and the soil moisture
storage.
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Suggestions for further research are:

- Application of the hydrochemistry part of the PULSE model to
simulate the chemical composition of the discharge. Especially
the measurement series for the Hupselse Beek which are
available could be simulated.

~ Application of the PULSE model to other catchment areas.
Probably areas with a high time of reaction could lead to good
results.

— Subbasinwise simulation of an extended and differentiated
area.
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