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PREFACE

One of the principal themes of the Task on Environmental
Quality Control and Management in IIASA's Resources and
Environment Area is a case study of eutrophication management
for Lake Balaton, Hungary. The case study is a collaborative
project involving a number of scientists from several Hungarian
institutions and IIASA (for details, see WP-80-187 and WP-81-108).

This paper, originally prepared for the Third Task Force
Meeting on Lake Balaton Modeling (Veszprem, Hungary, August 1981),
is a further contribution to the Lake Balaton case study. The
report describes a mathematical model BALSECT (Balaton Sector
Model) of the phosphorus transformations in the lake. The
model is one of three models that have been developed for the
analysis of data characterizing recent variations of water
quality within the Lake. The report gives further details on
the simulation of the phosphorus transformation processes and
phytoplankton growth in Lake Balaton (see also WP-80-88 and
WP-80-149). The results reported make possible a comparison
of the performance of the model with the observations recorded
for 1976-1978.
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ABSTRACT

The Balaton Sector Model was developed at IIASA. It includes
the interaction between five phosphorus fractions (dissolved
organic P, dissolved inorganic P, nonliving particulate P, phyto-
plankton-P, and bacterial-P) and takes into account the wind-
and temperature-regulated phosphorus exchange between sediment
and water as well as the horizontal transport of phosphorus
fractions from basin to basin by wind induced and advective water
flow. This model was applied to a real set of field observations
on the state of the environment, such as temperature, radiation,
wind, water balance, and phosphorus loading, in order to examine
the feasibility of the model to represent the phosphorus dynamics
in different parts of Lake Balaton for the environmental conditions
from 1976-1978. The model adequacy in describing phosphorus
measurements is analyzed by statistical methods which show that
the simulated phosphorus dynamics agree sufficiently with the
available phosphorus measurements for Lake Balaton. The results
of sensitivity analysis to determine the relative importance of
measurements (temperature, radiation, and phosphorus loading)
or the quality of input data determining the conditions of simu-
lated phosphorus transformation are discussed in terms of changes
in phosphorus concentrations, averaged on a monthly and annual
basis. Some preliminary information on the phosphorus exchange
in the sediment-water layer, extracted from the simulation results,
is presented for discussion in this report. Furthermore, the
analysis of phosphorus fluxes, external as well as internal, and
the conditions of phosphorus cycling in 1976-1978 were conducted
in order to clarify the specificity of phosphorus transformation
within the Lake Balaton ecosystem.
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APPLYING THE BALATON SECTOR MODEL FOR ANALYSIS
OF PHOSPHORUS DYNAMICS IN LAKE BALATON, 1976-1978

A.V. Leocnov

INTRODUCTION

The study of eutrophication in any water body by modeling
techniques presupposes the understanding of the overall trends
in nutrient cycling and of the transformation of the major
system compounds within the water body, organic as well as inor-
ganic. This is considered to be a necessary, quantitative base
in assessing the current status of water quality and in identi-
fying the possible direction of the trophic changes in the given
water body, at different nutrient loads. It is possible to for-
mulate some recommendations for a general solution to the eutro-
phication problem which would help to prevent the development
of eutrophication (brought about by excessive nutrient loading)

or to retain the current water quality.

In preliminary testing it became apparent that the model
of phosphorus transformation, BALSECT (Balaton Sector Model),
which was developed for studying the phosphorus transformation
and eutrophication in Lake Balaton, had to be complemented by
the sediment-water phosphorus interactions and wind-induced
interbasin phosphorus transfer (Leonov 1980). These processes,

in combination with biochemical ones, are of major interest in
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the analysis of the present status of water gquality and for the
prediction of future eutrophication trends in Lake Balaton. The
basic ideas and the theoretical background in modeling the
sediment-water phosphorus exchange as well as the phosphorus
interbasin transfer by wind-induced water flow were recently

formulated by van Straten and Somlyody (1980).

This report deals with an improved version of BALSECT and
describes the results of simulation of the phosphorus dynamics
for the environmental conditions of 1976-1978. By using the
modeling results in combination with the data analysis, further
steps in the ecological modeling were examined: (i) the assess-
ment of model adequacy through statistics; (ii) sensitivity anal-
ysis; (iii) the role of sediment in the phosphorus dynamics and

(iv) phosphorus cycling within the Lake Balaton ecosystem.

THE MODEL

The model equations are constructed on the basis of mass
conservation principles for phosphorus compartments--nonliving
particulate organic phosphorus (PD), dissolved organic phosphorus
(DOP) , bacterial phosphorus (B), dissolved inorganic phosphorus
(DIP) and phytoplankton phosphorus (F)--and it is given by a set
of coupled ordinary differential equations. The general form
of the model equations in the improved version of BALSECT is:

a b
dCij (Qinj + Qwinj) (Qoutj + Qwoutj)
= + . P -
& "R, %Y v Ci,5-1 v ¢
a b
(Qwout.) (Qwinj) (Qpr.)
— —L - - - . C- . + ’_L . C + . . 1
Vj CLj Vj i, j+1 Vj r; Sl,j (1)

where i1 is equal to 1, 2, 3, 4 and 5 for P DOP, B, DIP and F

DI
respectively;

j is the number of basins considered and the hypothesis on four-
basin segmentations used in the simulation study;

C. . ) .
ll]' Cirj—1 and Cll]+1

compounds in the basins under examination (in mgP/?%);

are concentrations of particular phosphorus
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out . and Qpr. are input, output flow rates and precipita-

j ]
tion rate respectively (all m3/day);

a b . . .

Qwin. and Qwinj are input rates of wind-induced flows through

°

left and right interbasin cross section areas respectively
(both m>/day);

a b . .
Qwoutj and Qwout. are output rates of wind-induced flows through

left and right interbasin cross section areas respectively
(both m3/day);

C is phosphorus concentrations in rain water and it is taken

into account for DOP(i=2) and DIP(i=4) (mgP/);

R. . is the sum of reaction rates of biochemical processes taken
into account in the model (mgP/2-day);

CZi jis the direct phosphorus loading rates from the watershed
(mgP/2=~day) and it is taken into acount for PD(i=1) and
for DIP(i=4);

SLj is the direct phosphorus loading rates due to sediment-water
interactions (mgP/%-day) and it is taken into account for
P_(i=1) and DIP(i=4);

D
Vj is volume (m3) of the basin considered.

Thus in the spatial mass transport modeled, two basic
mechanisms are taken into consideration. These are: the net

hydrological transport based on the water balance data (weekly

data for the River Zala and monthly data for interbasin exchange)

and the wind-induced exchange flows through interbasin cross-

sections. The net hydrological transport was already modeled
previously (Leonov 1980) while the wind-induced exchange between
basins has now been included in the improved version of BALSECT.
The latter should simulate the longitudinal transport of phos-
phorus as a consequence of wind action, important for the regu-
lation of phosphorus levels in different parts of Lake Balaton.
Eight measurements for wind regime per day, which include wind
speed and wind direction, were used for the calculation of rates
of wind-induced flows through interbasin cross sections as

shown below:

Q, = abs|k « W . Ay - cos(a - 30) | (2)



.

where Qw is the rate of wind-induced flow (m3/day);

k is the proportionality coefficient, equal to 0.0018 (unitless);

W is wind speed (m/sec);

Aj is the igterbasin areas (m2) equal to 8125 m2, 12500 m2 and
7500 m~ for I-II, II-III and III-IV respectively;

o is wind direction;

30 is the angle of deviation of Lake Balaton's longitudinal axis

from the space coordinate axis.

Another improvement was made to the model so it could take
into account the sediment-water interactions. The sediments in
water bodies act as a potential nutrient source and the rate of
nutrient exchange through the sediment-water interface is regu-
lated by environmental factors. Among different mechanisms of
phosphorus exchange reactions in the sediment-water interface,
the most interesting (from the point of view of importance) are
the sedimentation and resuspension of particulate phosphorus and
the release of mineral phosphorus. They are modeled on the basis
of the approaches suggested by Somlyody (1980) who studied the
influence of wind action on the exchange processes in the sediment-
water interface in the central part of Lake Balaton, the Szemes
Basin, with a mean depth of about 4.3 m. Thus in this study, it
has been assumed that additional quantities of phosphorus increase
the levels of nonliving particulate phosphorus and dissolved

mineral phosphorus, as a result of the sediment-water interactions.

The rate of the nonliving particulate phosphorus load, SPD in

mgP/%~-day, due to the combined effect of resuspension and Isedi-

mentation, is given by

s, =P - (8.3/d)% - WY - k__. - (4.3/d,) - P (3)
PDj Dres * J sed ' j Dj

where Ksed is the rate constant of PD sedimentation, which is
assumed to be equal to 0.25 day_1;

dj is the depth of the basins: d.=2.28 m; d,..=2.87 m; d =3.22 m;
dIV=3.68 m;

W is wind speed in m/sec;

U is the empirical coefficient which is assumed to be equal to 1;



PDres is time-averaged flux of particulate-P from the sediment
which is assumed to be similar for all the basins (mgP/%-day);

4.3 is the depth of the Szemes Basin (m).
The flux of mineral phosphorus from the sediment is given as

] = DIPr « exp(K, _*T) * W ()

DIP.

. tr
J J

where Ktr is the rate constant of phosphorus transformaE?on in
sediment which is assumed to be equal to 0.125 day ;
T is water temperature in °C;
DIPr_ is the time-average flux of DIP from the sediment (mgP/%-day).
J
Among the biochemical processes which are important in the
phosphorus transformations, this model takes into account:

(i) phytoplankton production and nutrient uptake which are

characterized by a function of temperature, light and
DIP content;
(ii) bacterial production which is temperature-dependent and

is an important step of DOP transformation and DIP
regeneration;
(iii) metabolic excretion of DOP and DIP by phytoplankton and

bacteria respectively;
(iv) nonpredatorial mortality of bacteria and phytoplankton

which are essential factors in phosphorus cycling;

(v) decomposition of nonliving particulate phosphorus,

because this is an important stage in phosphorus trans-
formation in the release of chemical energy stored in

detritus.

Mathematical equations describing these biochemical phos-
phorus transformations are given in Appendix A (Leonov 1980).
Together with equations (1)-(4) they give a complete set of
equations for the slightly modified version of BALSECT.

DATA BASE

This report gives only a brief description of the data used for

the simulation of the phosphorus dynamics in Lake Balaton, for
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the period of 1976-1978. All existing data on the lake at IIASA
used in the simulation runs may be subdivided into three aroups:
(i) physical, meteorological and hydrological data;
(ii) tributary stream influence and watershed nutrient loading
data;

(iii) phosphorus, nitrogen and phytoplankton data in open water.

The first group of data contains the measurements of water
temperature, solar radiation, wind and water balance character-
istics. The dynamics of daily mean values of water temperature
and solar radiation for 1976-1978 are presented in Figures 1 and
2 respectively. The fluctuations in wind speeds measured every
three hours during 1976-1978 is shown in Figure 3. The water
balance data includes the weekly measurements of the River Zala
discharge flow rates and monthly average input-output rate and
precipitation rates for all the basins. Figures 4 and 5 show
the fluctuations of input and output flow rates respectively.
Monthly mean precipitation rates are presented for 1976-1978 in
Table 1. All the data from the first group is used in the simu-
lation of the phosphorus dynamics as environmental factors regu-

lating the rates of phosphorus transformations.

The second group of data contains information on the phos-
phorus load. Sources of phosphorus load are River Zala discharge
water, watershed runoff, rainfall, sewage and sediments. The
fluctuations in the concentrations of nonliving particulate
phosphorus are obtained by the difference between weekly measure-
ments of total phosphorus fractions and dissolved inorganic phos-
phorus and phytoplankton phosphorus in the River Zala discharge
water for 1976-1978, and all of these are presented in Fiqgure 6.
The concentrations of the bacterial-P in the River Zala discharge
4 mgP/ %
while the DOP concentrations, because the information is absent, are
assumed to be negligibly low (Leonov 1980). The DIP and DOP

water are assumed to be constant and equal to 4+10°

contents in the rainfall were assumed to be constant for the dif-
ferent years and equal to 0.1 and 0.06 mgP/% respectively. To-
gether with the water balance data presented above, these phos-

phorus loads allowed inclusion of the direct influence of the
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Figure 1. Dynamics of daily average water temperature in Lake
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Table 1. Water balance data: monthly average precipitation rates (]06 m3/day) for 1976-1978.

B as ins

Months I I1 III Vv

1976 1977 1978 1976 1977 1978 1976 1977 1978 1976 1977 1978
Jan 0.576 0.650 0.135( 2.183 2.462 0.511| 2.820 3.180 0.660| 3.457 3.898 0.809
Feb 0.131 0.760 0.421| 0.496 2.880 1.594)| 0.641 3.720 2.059| 0.786 4.560 2.524
Mar 0.429 0.601 0.319| 1.626 2.276 1.208)| 2,100 2.940 1.560| 2.574 3.604 1.912
Apr 0.697 0.583 0.608| 2.640 2.208 2.304| 3.410 2.852 2,976 4.180 3.496 3.648
May 0.417 0.319 0.993| 1.579 1.208 3.763| 2.040 1.560 4.860)| 2.501 1.912 5.957
June 0.545 0.975 1.165| 2,064 3.696 4.416| 2.667 4.774 5,704 3.268 5.852 6,992
July 0.723 0.613 1.226)| 2.741 2.323 4.645| 3.540 3.000 6.000| 4.339 3.677 7.355
Aug 0.613 0.797 0.355] 2.323 3.019 1.347| 3.000 3.900 1.740]| 3.677 4.781 2,133
Sept 0.912 0.557 0.304| 3.456 2.112 1,152 | 4.464 2,728 1.488 | 5.472 3.344 1.824
oct 0.563 0.233 0.404| 2.137 0.883 1.532| 2,760 1.140 1.980| 3.380 1.397 2.427
Nov 0.659 0.899 0.165| 2,496 3.408 0.624 | 3,224 4,402 0.806| 3.952 5,396 0.988
Dec 1.213 0.429 0.404| 4.599 1.626 1.532| 5.940 2.100 1.980)| 7.281 2,574 2.427

_ZL_
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River Zala discharge and precipitation on the phosphorus dynamics
in Lake Balaton for 1976-1978.

The influence of sediment as the DIP source is taken into
5 5.2.107%, 4.2.1076
mgP/4-day for Basins I through IV respectively.

account as being equal to 1.45+10° and

3.3.107°

averaged flux of particulate-P from the sediment to water was
4

Time-
assumed to be equal to 710 ' mgP/2-day for all the basins
during 1976-1978.

Table 2 gives the rates of DIP load used in the simulation
runs from other nutrient sources, primarily from sewage. These
rates were evaluated on the basis of the hypotheses of the four-
basin extrapolation from the River Zala DIP load distribution

(van Straten and Somlyody 1980).

Additional entrance of nonliving particulate-P from the watershed
was also taken into account in the simulation runs, using the hypoth-

esis on the longitudinal distribution of non-point sources over

Table 2. Time distribution of sewage DIP load rates (in mgP/%-day)

used in simulation runs.

B as in s !

Months ; I II III IV |
' Jan | .0002I  .000IO  .00007  .00009

Feb .0002I  .000I0  .00007  .00009
. Mar .0002I  .000IO  .00007  .00009
% Apr .0002I  .000I0  .00007  .00009
| May .0002I  .000IO0  .00007  .00009
. June .0002I  .000IO0  .00007  .00009
% July .00042  .00020  .000I4  .00O0IS8
% Aug .00042  .00020  .000I4  .0OOIS
. Sept .0002I  .000IO  .00007  .00009
| oct .0002I  .000IO0  .00007  .00009
. Nov .0002I  .000I0  .00007  .00009
. Dec .0002I  .000IO0  .00007  .00009
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the four basins (from Keszthely Bay to Siofok) discussed by wvan
Straten and Somlyody (1980). The basis of this approach is the
River Zala load for nonliving particulate-P (or River Zala run-
off) evaluated on the data of the River Zala PD concentration
fluctuations and River Zala discharge flow rates. Figure 7
presents the time series of the River Zala runoff according to
data used. Particulate phosphorus load for Basins II-IV is cal-
culated using the formula:

Runoff = £ ¢ Runoff

(II-1IV) )y " Vo ViI-1v) (5)

where € is the proportionality coefficient equal to 1, 0.45 and
0.3 for Basins II-IV respectively;
\Y are the volumes of the basin considered which are
(I-IV) g 3 6 3 6 3 6 3
8210 m~, 41310 m~, 60010  m~ and 80210 m~ for basins
I-IV respectively;

RunoffI is the River Zala runoff, mgP/f-day.

The third group of data contains the phosphorus concentra-
tions in different parts of the lake. Directly measured phos-
phorus compounds are dissolved inorganic phosphorus or ortho-
phosphate phosphorus (POM)’ total dissolved phosphorus (TDP),
particulate inorganic phosphorus (PIP)* and total phosphorus
(TP). The concentrations of other phosphorus fractions were
calculated from those directly measured:

(i) dissolved organic phosphorus, DOP = TDP - POM
(ii) particulate phosphorus, PP = TP - TDP
(iii) particulate organic phosphorus, POP = PP - PIP.

On account of varying the number of sampling stations, the
average concentrations of phosphorus fractions and chlorophyll
"a" were calculated for each basin considered (van Straten et al.
1979). All the data from the third group was used for a com-
parison with the modeling results for different basins in 1976-
1978.

*This phosphorus fraction is not taken into account in the
given model.
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SIMULATION

The ordinary nonlinear differential equations of this model
were coded in FORTRAN and run on IIASA's computer. The equations
were solved numerically, using the Runge-Kutta-4 algorithm. The

time step used was 0.1 day for all the differential equations.

The initial concentrations of phosphorus fractions selected,
which correspond to the environmental conditions of January 1,
1976, are given in Appendix B. All the model coefficients used
were determined earlier during model application for the simula-
tion of the phosphorus dynamics in Lake Balaton, for the environ-
mental conditions of 1977 (Leonov 1980). 1In this study, the same
model coefficients were used for the simulation of the phos-
phorus transformations for the three year period 1976-1978. All

model coefficients used are given in Appendix B.

The modeling results were compared to the phosphorus con-
centrations after the averages were obtained for the direct
measurements taken in the four basins. A comparison of the model
calculations and 1976-1978 data are presented in Figures 8-12
(for particulate organic phosphorus, DIP, DOP, total soluble
phosphorus and total phosphorus respectively).

All the phosphorus observation data are plotted in Figures
8~12 as points, each point being an arithmetic mean of the range
of minimum and maximum observations.* All the curves in the
figures are the result of model calculations and they show the
phosphorus dynamics in the different basins of the lake for the

three year period, 1976-1978, starting from January 1, 1976.

A preliminary analysis of Figures 8-12 allows one to con-
clude that the model quantitatively describes the major tendencies
in the phosphorus concentration changes in the various basins

during 1976-1978 and the modeled phosphorus concentrations are

*A possible error in phosphorus measurements may be expected
in the range of *10%. Because in the Basin I there was only one
sampling station, this range is indicated in Figures 8-12 for
phosphorus concentrations in Basin I.
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close to those in the observations. To obtain the criteria for
showing how the simulation results correspond to the observations
available and are used for comparison, statistical methods should
be applied. This is discussed in the following section of this

paper.

MODEL ADEQUACY

It is clear that the method for the quantitative assessment
of model adequacy should be very flexible, and it must take into
account, to a certain extent, the uncertainties which exist in
the initial set of data (in this case in observations) used for

the comparison with the modeling results.

The preliminary analysis of raw measurements generalized by
van Straten et al. (1979) shows that phosphorus observations in
Lake Balaton may be characterized by the following features:

(i) the observations do not provide a similar degree of infor-
mation for each year studied because:

(a) they were performed erratically and obviously in
accordance with weather conditions, so that some
important extremes in the phosphorus compound con-
centrations may have been omitted and

(b) the date on which the first observations were made
each year as well as the interim period between
observations differ somewhat, therefore it is reason-
able to assume that the time interval (or time sterp)
between observations is inaccurately related with
the course of the phenomena (the phosphorus trans-
formation) under examination;

(ii) the observations are not similarly informative for the
individual basins (i.e., in a space scale) because the
number of the sampling stations per unit area is varied
for each basin, so that "the density coefficient of
observation" is 1.9, 1.6 and 2 times lower for Basins
II-IV respectively than for Basin I;

(iii) when analyzing raw measurements for 1976-1978, there are

significant fluctuations in the values of relative
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deviations of the individual phosphorus observations from

their mean, in the different basins (Table 3).

Taking into account the features of the original data, we
have to ensure the appropriateness of applying some of the
statistical criteria to the observations. They acquire a spe-
cific meaning when the process under study is described by some

of the statistical rules.

The set of observations used for the comparison with modeling
results includes the averages from the measured concentrations of
the phosphorus fractions in different parts of the lake selected
at random from the spring—autumn period in 1976-1978. Thus we
have a random sample of time-variable measurements from the general
population of points that illustrate the properties of individual
phosphorus fractions and the phosphorus system as a whole. The
next sample of data is the results of modeling which includes
the phosphorus compound concentrations from the other general
population of points, described by the continuous curves and
showing the temporary changes in the concentrations of all phos-
phorus fractions. However for the comparison with observations,
only a limited number of phosphorus concentrations from modeling
results, with correspondence in the time of measurement, is used.
Therefore, we should examine how the data on two samples, obser-
vations and modeling results, correspond with each other.

First of all, we must estimate the quality of data in obser-
vations* to know how the sample of individual observations is
representative of the general population, as it may be character-
ized by extensive files of data; however only a small sample of
measurements are used which are representative of a certain moment
of time. One should ensure that decreasing the observations
series or the removal of a few samples will have little effect

on the distribution of the remaining group of points (observations).

For the given random sample of observations, we can calculate

*Average values from measured phosphorus concentrations at
a certain time for each basin.



-25-~

Table 3. Possible ranges of relative deviations in individual
phosphorus measurements from mean values (in %%) *
for Basins II-IV**,
Relative deviations (%%)
Phosphorus .
. Basin — T
fraction minimum average maximum
Total P I1 2.3 18.0 50.0
11T 7.1 35.3 64.3
v 2.2 29.4 105.0
Total dis- II1 4.8 22.8 52.4
solved P IIX 5.3 35.8 72.2
Iv 5.6 33.0 90.9
Particulate IX 4.0 27.2 8l.1
organic P ITI 4.0 80.3 171.4
Iv 18.7 93.1 237.5
Dissolved II 6.7 43.0 133.3
organic P III 10.0 67.2 130.0
v 6.7 50.0 162.58
Dissolved II 11.1 36.6 88.9
inorganic P| III 16.7 60.5 142.9
Iv le.7 59.4 150.0
Note : x)Calculations were made by the formula:
t t
Pmax - Fmin
Rel.dev, = s *100%
P
t t t m
where P , P, and P are maximum, minimum and
max min m
mean concentrations in time t in raw set of
measurements;
nx)

In Basin I there was only one measurement station.
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the sample mean value and its variance (or standard deviation).

The result of these calculations are given in Table 4. Analysis

of Table 4 shows that:

(i) mean values of the phosphorus fractions in an observation
series in the different basins of the lake may change
from 2 to 5 times during the three-year period of study
(1976-1978) ;

(ii) within basins, the mean values of phosphorus fractions
are changed in a relatively narrow range for the individual
year considered;

(iii) the values of standard deviations may differ from 1.5 to
2.5 times in a comparison of their values for the indi-
vidual basins and years of study; however, they are
slightly lower than the mean value;

(iv) wvalues of mean and standard deviations computed for the

whole lake are close to those computed for each year.

Thus the general conclusion is that the observations for
the individual basins may be generalized in one set of data for
the entire period of study (1976-1978) and the statistical
characteristics of this generalized observation series may be
considered as representative for the process of phosphorus trans-

formation that is under study.

The statistics for the time-based observation series that
characterize the behavior of individual phosphorus fractions in
each of the lake's basins are given in Table 5. Using the data
from Table 5, we can arrive at an understanding of the gradient
of changes in the concentrations of all phosphorus fractions and
the possible order of their fluctuations according to the obser-

vations available.

Now it is possible to estimate how the mean sample for the
individual phosphorus fractions in observations may correspond
to the unknown mean for the general population. If the obser-
vations in the general population and in a random sample have a
normal distribution, i.e., concentrations within both series

have a particular kind of standard mathematical shape, then using
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Table 5. Summary statistics for the time series of phosphorus
observations generalized for three years, 1976-1978.

phosphorus basin| mean stenderd minimum | maximum
fraction deviation

Total I |0.0785| 0.0162 0.039 0.102
phosphorus II 0.0524 0.0139 0.020 0.078
III | 0.0360| 0.0104 0.015 0.060
Iv [0.0299] 0.0136 0.011 0.082
'?:i: 0.0492| 0.0232 0.011 0.102
Particulate I |o0.0403| o0.0134 0.012 0.066
organic P II 0.0250 0.0119 0.007 0.048
IIT |0.0144| o0.0081 0.005 0.037
Iv | 0.0097| 0.0098 0.002 0.045
"?:i: 0.0223| 0.0160 0.002 0.066
Total I |0.0285| o0.0140 0.010 0.063
dissolved P IT [0.0201| 0.0092 0.008 0.049
III |0.0156| 0.0057 0.008 0.034
Iv [0.0143| o0.0049 0.006 0.023
"?:i: 0.0196| 0.0106 0.006 0.063
Dissolved or- I 0.0218 0.0135 0.005 0.057
ganic P ITI |0.0141| 0.0091 0.002 0.042
III |0.0104| 0.0056 0.002 0.027
IV |0.0098| 0.0046 0.002 0.017
"?gi: 0.0140| 0.0200 0.002 0.057
Dissolved in- I |0.0067| o0.0031 0.002 0.012
organic P IT |0.0062| 0.0023 0.002 0.011
11T [0.0052| o0.0015 0.002 0.008
Iv |0.0045| o0.0019 0.002 0.009
wholel, q0s6| 0.0024 0.002 0.012

lake
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the formal statistical method we can find the confidence inter-
val for unknown expectations of the general population on the
known mean in a sample considered (Cowden 1957). Thus we must
now estimate how the observations are distributed in samples

characterizing the individual phosphorus fractions.

In order to do this, we will operate by values of the mean
and the standard deviation, for each of the phosphorus fractions
that were calculated for the individual basins. These character-
istics are called the parameters of the distributions (Allard
1977). The results of these estimates are presented in Table 6.
It shows that the concentrations of all phosphorus fractions in
observations lie in the range +3 o. Thus on the basis of formal
statistics we have received evidence that the mean values of all
phosphorus fractions from a random sample of observations are
representative and characterize the process of phosphorus trans-

formation in Lake Balaton's ecosystem.

A similar test for modeling results also presented in
Table 6 shows that the distribution of the phosphorus concentra-
tions, calculated by the model, is very close to a normal distri-
bution. Thus we can say with certainty that the given model
describes the process of phosphorus transformation in accordance
with available observations. Therefore, this test illustrates
that two independent sets of data, drawn at random from the ob-
servations and modeling results, have a similar (or close to
similar) distribution, which is normal. Each phosphorus fraction
in these samples of data have a specific value of mean, u, and
a variance 02 and also a standard error of mean o. These sta-

tistical criteria are calculated using the formulae:

n
pn=J) P;/n (6)
i=
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Table 6., Test on normality of distribution of phosphorus
concentrations in observations and model output data
generalized for 1976-1978.

Observations Model output data
Phosphorus Rumber of points (%) Number of points(s)
fraction Basin in range in range
2110 ] 320 336 Y10 | a0 30
Total phosphorus 1 72.0 92.0 100.0 20.0 80.0 100.0
II 72.0 96 .0 100.0 24.0 80.0 100.0
III 65.4 92.3 100.0 65.4 84.6 96,2
Iv 80.0 96 .0 96.0 76.0 96.0 100.0
whole | .5 3| 4.1 99.0 | 46.5 | 85.1 99.1
lake
Particulate orga- 1 72.0 96.0 100.0 80.0 96.0 100.0
nic phosphorus II 56.0 (100.0 - 80.0 | 100.0 -
III 73.1 96.1 100.0 69.2 88.5 96,2
Iv 88.0 96.0 96.0 60.0 92.0 96.0
whole | ., 3 | o7.0 99.0 | 72.3 | 94.0 98.0
lake
Total dissolved 1 72.0 92.0 100.0 76.0 | 100.0 -
II 72.0 96.0 100.0 44.0 100.0 -
phosphorus
III 77.8 96.3 100.0 63.0 92.6 100.0
IV 68.0 |100.0 - 52.0 92.0 100.0
whole | 55 5 | 96.0 | 100.0 | 58.8 | 96.0 | 100.0
lake
Dissolved organic I 68.0 92.0 100.0 68.0 100.0 -
phosphorus II 76.0 96.0 100.0 64.0 | 100.0 -
III 80.0 96.1 100.0 61.5 |100.0 -
Iv 60.0 |100.0 - 36.0 {100.0 -
whole | 5 3 | 96.0 | 100.0 | 57.4 |100.0 -
lake
Dissolved inorga- 1 56.0 96.0 100.0 76.0 96.0 100.0
nic phosphorus II1 68.0 96.0 100.0 20.0 [ 100.0 -
III 70.4 96.3 100.0 81.5 96.3 96.3
Iv 68.0 96.0 100.0 76.0 92.0 96.0
whole | oo 2 | 96.1 | 100.0 | 65.7 | 95.1 98.1
lake
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where Pi is the concentrations of phosphorus compound in obser-
vations or modeling results and n is the total number of

components in the series considered.

With these statistics, it is possible to calculate the
variance of mean, u, for observations and modeling results with
a 95% confidence interval using a simple statistical expression
p t 1.96 o (Allard 1977). The results of these calculations,
given in Table 7, show that 95% confidence intervals of mean
values for all phosphorus fractions are in reasonable agreement
for two samples, excluding the data for Basin II, where phos-
phorous loading seems to be lower than expected, according to
observed phosphorus levels. Thus it allows one to conclude that
mean values for phosphorus fractions estimated on the basis of
modeling results in the same degree as observations correspond
to their general population and therefore the process of phos-
phorus transformation is similarly explained by two independent

sets of data--observed and simulated phosphorus concentrations.

As the model gives detailed information on the continuous
temporary changes of phosphorus concentrations (for the three-
vear period, in the different basins) it is possible to define
more exactly the mean values of the phosphorus fractions and
their variations for an individual year and for various basins
within the lake. 1In order to be able to compare these new and
more precisely evaluated statistical values with those obtained
on the limited observations available, only the phosphorus con-
centrations modeled, which cover the spring-autumn period, i.e.,

when the observations were actually made, will be analyzed.

The results of calculations of mean and variances from the
modeling results on the basis of data for each five-day period
within the spring—-autumn months or between day 90 and 320, are
presented in Table 8. These values differ slightly from those
estimated previously (Table 7). The analysis of the data in
Table 8 shows that
(i) for the environmental conditions of 1976, the mean values

of phosphorus fractions as well as their standard deviations
are higher by about 1.5-2 times than those for 1977 and 1978;
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Table 7. Summary statistics of phosphorus data. -
958 Confidence
Year Basin Phosphorus Data B o i Interval on Mean
fraction set Lower limit Upper limit
1976 whole Total phosphorus Observed 0.0458 | 0.0222 | 0.0039 0.0381 0.0535
Simulated 0.0466 0.0205 0.0036 0.0385 0,.05137
lake Particulate orga- |Observed 0.0166 | 0.0124 | 0.0022| 0.0123 0.0209
nic phosphorus Simulated 0.0302 | 0.0131 | 0.0023 0.0257 0.0347
Total dissolved Observed 0.0263 | 0.0157 | 0.0028 0.0209 0.0317
___phosphorus Simulated 0.0181 | 0.0095 | 0.0017 0.0148 0.0214
Dissoived organic Observed 0.0171 | 0.0125 | 0.0022 0.0128 0.0214
phosphorus Simulated 0.0101 | 0.0079 | 0.0014 0.0074 0,0128
Dissolved inorga- Observed 0.0062 | 0.0028 | 0.000S5 0.0052 0.0072
nic phosphorus Simulated 0.0059 ( 0.0021 | 0.0004 0.0052 0.0066
1977 whole Total phosphorus Obgserved 0.0552 | 0.0211 | 0.0035 0.0484 0.0620
Simulated 0.0356 | 0.0157 | 0.0026 0.0305 00,0407
lake Particulate orga- Observed 0.0293 | 0.0153 | 0.0025 0.0244 0.0342
nic phosphorus Simulated 0.0221 | 0.0098 | 0.0016 0.0189 00,0253
Total dissolved Observed 0.0175 | 0.0075 | 0.0012 00,0151 0.0199
phosphorus Simulated 0.0136 | 0.0067 | 0.0011 0,0115 0.0157
Dissolved organic Observed 0.0134 | 0.0072 | 0.0012 0.0111 0.0157
phosphorus Simulated 0.0085 | 0.0057 | 0.0009 0.0067 0.0103
Dissolved inorga- Observed 0.0043 ) 0,0014 | ©0.0002 0.0039 0.0047
nic phosphorus Simulated 0.0050 | 0.0026 | 0.0004 00,0042 0,0058
1978 whole Total phosphorus Observed 0.0452 | 0.0255 ( 0.0045S 0.0364 0.0540
Simulated 0.0331 [ 0.0164 | 0.0029 0.0274 0,0388
lake Particulate orga-~- Observed 0,0198 | 0.0173 | 0,0031 0.0136 0.0258
nic phosphorus Simulated 0.0218 | 0.0109 | 0.0019 0.0180 0.0258
Total dissolved Observed 0.0182 | 0.0102 | 0.0018 0.0150 0.0214
phosphorus Simulated 0.,0113 | 0.0068 [ 0.0012 0.0089 0.0137 .
Dissolved organic Observed 0.0116 | 0.0094 ! 0.0017 0.0083 0.0149
__phosphorus Simulated 0.0067 | 0.0053 | 0.0009 0.0049 0.0085
Dissolved inorga- Observed 0.0066 | 0.0023 | 0.0004 0.0058 0.0074
nic phosphorus Simulated 0.0051 | 0.0029 | 0.0005 0.0041 0.0061
1976~8 1 Total phosphorus Observed 0.0785 | 0.0162 | 0.0032 0.0722 0.0908
Simulated 0.0582 [ 0.0168| 0.0034 0.0515 0.0649
Particulate orga- Observed 0.0403 | 0.0134 | 0.0027 0.0352 0.0455
nic phosphorus Simulated 0.0364 | 0.0116 | 0.0023 0.0319 00,0409
Total dissolved Observed 0.0285 | 0.0140} 0.0028 0.0230 0.0340
phosphorus Simulated 0.0216 | 0.0078 | 0.0016 0.0185 0.0247
Dissolved organic Observed 0.0218 | 0.0135 | 0.0027 0.0165 0.0271
phosphorus Simulated |- 0.0144 ( 0,0076 | 0.0015 0.0114 0.0174
Dissolved inorga- Observed 0.0067 | 0.0031| 0.0006 0.0055 0.0079
nic phosphorus Simulated 0.0071 | 0.0033| 0.0007 0.0058 00,0084
11 Total phosphorus Observed 0.0524 | 0.0139 | 0.0028 0.0469 0.0579
Simulated 0.0344 | 0,.0154 | 0.0031 0.0283 0.0405
Particulated orga- | Obaserved 0.0250 | 0.0119] 0.0024 0.0203 0.0297
nic phosphorus Simulated 0.0241 | 0.0099 | 0.0020 0.0202 0,.0280
Total dissolved Observed ¢.0201} 0,0092( 0.0018 0.0165 0.0237
phosphorus Simulated 0.0106 | 0.0067 | 0.0013 0.0080 0,0132
Dissolved organic Observed 0.0141 | 0.0091 | 0.0018 00,0105 0.0177
phosphorus Simulated 0.0085 | 0.0059 | 0.0012 0.0062 0.0108
Dissolved inorga- Observed 0.0062 | 0.0023] 0.000S5 0.0053 0.0071
nic ‘phosphorus Simulated 0.0032 | 0.0009]| 0.0002 0.0028 0,0036
I1I1 Total phosphorus Observed 0.0360 | 0.0104 | 0.0020 0.0321 0.0399
: Simulated | 0.0315 | 0.0132| 0.0026 0.0264 0.0366
Particulate orga- Observed 0.0144 | 0,0081 | 0.0008 0.0128 0.0160
nic phosphorus Simulated 0.0197 | 0.0085| 0.0008 0,0181 0.0213
Total dissolved Observed 0.0156 | 0.0057 | 0.0011 0.0134 0.0178
phosphorus Simulated 0.0115 | 0.0053 | 0.0010 0.0095 0.0135
Dissolved organic Observed 0.0104 | 0.0056 | 0.0011 0.0082 0.0126
_phosphorus Simulated 00,0060 | 0.0036| 0.0007 0.0046 0.0074
Dissolved inorga- Observed .0.0052 ( 0.0015| 0.0003 0.0046 00,0058
nic phosphorus Simulated 0.0056 | 0.0017| 0.0003 0.0050 - 0.0062
v Total phosphorus Observed 0.0299 1 0.0136 | 0.0027 0.0246 0.0352
Simulated 0.0294 | 0.0117 | 0.0023 0,0249 0.0339
Particulate orga- Observed 0.0097 | 0.0098 | 0.0020 0.0058 0.0136
nic phosphorus Simulated 0.0182 | 0.0079 | 0.0016 0.0150 0.0214
Total dissolved Observed 0.0143 | 0.0049 | 0.0010 0.0124 0.0162
__phosphorus Simulated 0.0109 | 0.0049 | 0.0010 0.0090 0.0128
pissolved organic Observed 0.0098 | 0.0046 | 0.0009 0.0080 0.0116
phosphorus Simulated 0.0046 | 0.0032 | 0.0006 0.,0033 0.0059
Dissolved inorga- Observed 0.0045 | 0.0015 | 0.0004 0.0038 0.0052
nic phosphorus Simulated 0.0055 | 0.0022 | 0.0004 00,0046 0.0064
whole Total phosphorus Observed 0.0491 (| 0.0232( 0.0023 0,0446 0.0536
Simulated 0.0383 | 0.0183 | 0.0018 0.0347 0.0419
lake Particulate orga- Observed 0.0223 | 0.0160 | 0.0016 0.0192 0.0254
nic phosphorus Simulated 0.0246 | 0.0118 | 0.0012 0.0222 0.0270
Total dissolved Observed 0.0196 | 0.0106 | 0.0011 0.0175 0.0217
phosphorus Simulated 0.0136 | 0.0077 | 0.0008 0.0121 0.0151
Digssolved organic Observed 0.0140 | 0.0100 | 0.0010 0.0120 0.0160
phosphorus Simulated 0.0084 | 0.0065 | 0.0006 0.0071 0.0097
Dissolved inorga- Observed 0.0056 | 0.0024 ( 0.0002 00,0051 0.0061
nic phosphorus Simulated 0.0053 | 0.0026 | 0.0003 0,0048 0.0058
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(ii) for 1977 and 1978 the mean values of phosphorus fractions
as well as the variances are close to each other;

(iii) gradients of phosphorus concentrations changes similar to
those in observations for 1976-1978, have been obtained

by simulation.

A comparison of mean values and variances for observations
(Tables 4-5) and modeling results (Table 8) shows that there is
some difference in these characteristics. Since we received
these data independently of each other, it is interesting to
check how statistically significant the differences obtained by
the so-called variance ratio of F-test are. It is defined as
the ratio of larger to smaller, of the two variance estimates

for two small data sets, o? and 03:

2,2
F = 01/01 (9)

Calculated values of the F-ratio presented in Table 9 should
be compared with the statistical variance ratio taken from tables
of the F-distribution (Bailey 1959). These values for the 5%
level of significance and known degrees of freedom are also
shown in Table 9. The comparison of F values shows that computed
F-ratios are, as a rule, smaller than statistical F-distribution.
Therefore, the general conclusion of the analysis is that the
variances of means in two group of data, observations and modeling
results, are homogenous so far as we can tell by comparing data
sets with a different number of components. Further:

(i) differences obtained for DIP and DOP variances in obser-
vations and simulation results for Basin II are statisti-
cally significant while for other basins it may be con-
sidered quite reasonable; DIP dynamics are simulated better
for 1976-1977 than for 1978, while DOP dynamics are better
simulated for 1976 and 1978 than for 1977; the mean values
of DIP and DOP as shown by the modeling results are smaller
than in observations;

(ii) differences obtained for total dissolved phosphorus in all
cases are in acceptable agreement with the statistical
point of view as a whole, excluding the results for Basin
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Table 9. Comparison of variances in the phosphorus concentrations.
2 asins
Phosphozus Data
Year 1 Iz It v
fraction sat 3 I s 5 T r . e - = .
ratio distr. ratio distzr. ratio (diser. g ratio|discz.
Total P Observed [0.0197 0.0117 0.0100 0.0080
1976 o nulaced|0.0254 | T-66| 3:33 |glgarr| 3+23| 3.33 |5 01m6| 2043 233 |5 0162 *-TO| 2.33
Observed (0.0080 0.0087 0.0082 0.0178
1977 |cimulated |0.0r36| 2-89| 3-93 | 57009z | 32| 3:03 | 5T00aq | 1-95| 2.82 |5 g0 2:63) 2.16
Observed [0.0204 0.0139 0.0104 0.0114
1978 | n  veed |0 0140| 2-T2| 2:23 |5 g09s | 2-T4| 2.23 | T oqq,| 1-82] 2.23 | Tonee| 2-98) 2.23
1976- |Observed [0.0162 0.0139 0.0104 0.0136
1978 |staulaced|0.0202| 2°55| T-78 |oloree| T-48| 178 | glorsy| 2-TT| 1.75 /g 030 1-09) I-60
Observed [0.0I20 0.0070 0.0045 0.0037
Particulate | I976 | 2oV R0 | 0t teo| T-78| 3433 | torag| 3477 3433 | glorrs| €-53| 2433 | 5lor02 7.59| 3.33
organic P
Observed |0.0IOI 0.0070 0.0084 0.0129
1977 |ginulated |0.0084 | 1°%5| 218 | 5 g0ea | 1-290 2.16 | 5Tgogy | 2051 2.10 | gTg04g | 7022| 2-16
Observed [0.0ISS 0.0109 0.0067 0.0068
1978 |g nc lated |0 000z | 2:99| 223 |0 00ea | 2-99| 2.23 | glgoer| 1473 2.23 | JToo.g| 2-28] 2.23
1976- |Observed |0.0134 0.0II9 0.0081 0.0098
1978 (Simulated | 0.0127 I.1r| .60 0.0110 1.17) I.60 0.0092 1.29) 1.75 0.0082 I.43) 1.60
Observed |0.0I86 0.0II3 0.0072 0.0048
Total 1976 g m lacad |0 0110| 2-%%| 2:23 |gTo0ay | I-85| 2.23 | Jtooe3| T.33| 3.33 | 0" 000 2-12) 3.33
dissolved
Observed |0.0082 0.0061 0.0043 0.0042
P 1977 g mtlared 0. 0070 | I-37] 2.16 10 000c ! 1-84) 2.16 | o003l T.22| 2.10 | gToq35] 1429 2.16
[
Observed |(0.0I36 0.0I0S 0.0054 0.0049
1978 | o ared |0 0070 | 2-98| 2:23 | 3T00ae | S-2T( 223 | 5To034| 2-52| 2.23 | 7500y 2.49\| 2.23
1976~ |Obsaxrved {0.0I40 0.0092 0.0057 0.0049 ;
1978 |Simulated|0.0097 | 2:08| I-60 | 3 gneq | I-83| 1.60 | 575066 | 1934 175 | 5l505e | 1-301 I-77
Observed [0.0I89 0.0I1S 0.0064 |o.oosa :
Dissolved | I976 g 2o 00 | orrz| 2-85| 2-23 | J"ooce| 2.35| 2.23 | goge| 1435 3.33 | 010047 1.531 3.33
organic P i
Observaed |0.0075 0.0065 0.0046 0.0040
1977 | malated|0.0067 | 1+25| 2-16 | o 00az | 2-39] 2.16 | ("0030| 2-35| 230 | " oine| 237 2.16
Observed |0.0I26 0.0099 0.0053 5 0.0052
1978 | g o ated |0 0083 | 2730 2.23 | Jto do | 4.84f 2.23 | 0t 00| 3.34 | 2.23 | " iooe| 3-85. 2.23
1976~ |Observed |0.0I3S 0.0097 0.0056 0.0046
1978 |Simulated |0.0093 | 2-IT| T-60 | g o0gy | 2-23| 1460 | 5 g04q| T:62| 1-59 145 037 | 1-5¢ .60
g ;
Observed |[0.0033 0.0024 0.00I9 {1 0.0024
Dissolved 1976 | Cimulated|0.0025 | 174 2:23 | g gor2 | 4-99| 2:23 ) 5 g033| 3-02| 3.32 jo0.0029 1.46 3.33
inorganic P | i
Observed |0.0021 0.001I 0.0009 | 0.0007
1977 g nelaced |0 0026 | 72| 2:16 | g o00s | 4-84| 2.16 | J"iog) 2.77 | 2.82 | 0-0017 5.90 3.03
Observed |0.0030 0.0025 0.0008 0.0020
1978 | o T ated 0.0032 | T-T4| 3:33 | 07 000a | 39°T| 2:23 | 5lgorr | 1-89[3:33 | glgor3| 2-37; 2-23
1976- |Observed |0.0031 0.0023 0.0015 0.0019 |
1978 |$imulated 0.0026 | 1°42| I1+69 | g o009 | 6-53| 1.680 | 5 5027 | 3-234 | 1-75 | 5 0025 | 1:731 D77
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II, 1978; the dynamics of this phosphorus fraction are
described with approximately similar accuracy for all
years studied;

(iii) differences obtained for particulate organic phosphorus
in two samples are statistically significant for Basin II,
1976 and Basin III-IV, 1976-1977, and as a whole the
dynamics of this phosphorus fraction are described better
for 1977-1978 than for 1976;

(iv) differences obtained for total phosphorus variances are
statistically significant for Basin IV; the dynamics of
total phosphorus are better described for 1976 and 1978
than for 1977.

In the next statistical test, all . the phosphorus data avail-
able for individual phosphorus fractions were combined and the
variances calculated for both samples, observations and modeling
results, were compared. As a result of this test, a model error

(E) is calculated by

8 = (oi/oé) . 100% (10)

where Oq and oq are standard deviations for modelling results and
observations, respectively and these are

n

2 _ 2
og = 1 (AP = u )"/ (n-1) (11)
i=1
n
2 _ _ o 2 _ .
93 —i£1 (Pobs Pobs) /(n=1) (12)
P and P_._ are the observed and simulated concentrations of
obs sim

phosphorus fractions;

AP is the difference between observed and simulated values of
phosphorus fractions;

Pgbs is the mean phosphorus concentration in observation;

Mo is the mean difference in phosphorus concentrations in the
observed and simulated time series and it is equal to

=1 (P - P_. )/n (13)

Criteria R allows one to estimate how the model describes the
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dynamic changes of phosphorus concentrations as a whole in both
samples and to determine how fluctuations in phosphorus fractions
in both samples correspond with each other. A reasonable agree-
ment of modeling results to observations may be assumed for the
cases when the model errors calculated by formulas (10)-(13) are
between 25-75% (Beck 1978). Results of calculations of this model
error presented in Table 10 show that evaluated errors lie in the
range 20.4-73.2% excluding two cases with 115.5% and 139.2% for
Basins III-IV, 1976. Table 10 also shows that a better model
description of observed phosphorus concentrations is obtained

for 1978 than for 1976-1977 and for the entire period covering
1976-1978, the phosphorus dynamics for Basins I-IV is simulated
with an accuracy evaluated to be equal to 34.7-77.9% (with the

mean error for the whole lake being 41.6%).

In order to seek a quantitative relationship between phos-
phorus concentrations in the observed and simulated time series,
the method of regression analysis was also used. The simplest
form of the relationship is presented by the simple regression
equation

P =a + b+P (14)

obs sim
where a and b are regression coefficients, intercept and slope

respectively.

Taking into account the features of the original phosphorus
data in observations mentioned above, the following assumptions
were formulated as important for the regression analysis:

(i) each phosphorus observation should have an individual
weight in keeping with the peculiarities in raw measure-
ments;

(ii) the weight of an observation with a large variance should
be lower than for one with a small variance;

(iii) the weight of an observation in the basin where there are
a larger number of sampling stations per unit area (i.e.,
when a value of "density coefficient of observation" is
higher) should be higher than for one in a basin with a
lower density of observations;

(iv) the weight of an observation with a high mean value should

be higher than for one with a low mean value.
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Table 10. Review of model errors calculated on equations (10-13)
for samples with all the phosphorus data.

Year Basin Sample u g Uz/dé
e
mgP/yQ ngP/) LA
1 Observed | 0.0353 0.0268 61.9
Simulated| 0.0300 0.0211 °
2 Observed 0.0219 0.0162 73.2
Simulated| 0.0207 0.0138 *
1976
3 Observed 0.0161 0.0116 115.5
Simulated| 0.0191 0.0125 *
Observed 0.0139 0.0100
4 | simulated! 0.0171 | o.o118 | 1392
hole Observed 0.0218 0.0192
lake Simulated| 0.0218 0.0155 65.4
1 Observed 0.0354 0.0276 24.3
Simulated! 0.0270 0.0136 *
2 Observed 0.0276 0.0218 18.8
Simulated| 0.0146 0.0136 *
1977
3 Observed 0.0177 0.0143 38.3
Simulated| 0.0135 0.0088 *
4 Observed 0.0154 0.0147 57.1
Simulated| 0.0128 0.0111 *
whole Observed 0.0238 0,0215 33.3
lake Simulated| 0.0169 0.0124 ¢
1 Observed 0.0347 0.0285 20.4
Simulated | 0.0255 0.0129 ¢
2 Obsgerved 0.0207 0.0168 34.4
Simulated| 0.0133 .0.0099 ¢
1978
3 Observed 0.0144 0.0108 36.0
Simulated| 0.0122 0.0065 *
4 Observed 0.0114 0.0096 54.4
Simulated | 0.0115 0.0071 °
whole Observed 0.0203 0.0200 25.2
lake Simulated | 0.0156 0.0101 *
Observed 0.0352 0.0274 34.7
1 Simulated | 0.0276 0.0162 .
2 Observed 0.0235 0.0187 51.5
Simulated | 0.0162 0.0134 *
1976-8 .
3 Observed 0.0162 0.0125 63.1
Simulated | 0.0148 0.0099 *
4 Observed 0.0136 0.0118 77.9
simulated | 0.0138 0.0104 *
whole Observed 0.0221 0.0203 41.6
lake Simulated| 0.0180 0.0131 * |
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The application of weight is generally accepted in the re-
gression analysis when the observations include some measurement
errors or when state variables do not gquite correspond to the
one specified in the model (Allard 1977). According to the
assumptions formulated above, the equation for the computation
of the weight, WG, of individual phosphorus observations may be

written as

WG = (N/S) - (15)

where N is the number of sampling stations in the basin considered;

S is a square of the basin considered;
Pt y Pt.
min

t . ..
max and Pm are maximum, minimum and mean phosphorus con-
centrations at time t in raw sets of measurementse,

The uncertainties in the observations (or the measurement

errors in the original data) will increase the dispersion of the
in

P .
obs sim
the regression relationship. The standard linear regression

values around their expected value at each value of P

statistics correlated for the weight of the individual observa-
tions were computed with equation (15). The adequacy of the
model as a whole may be evaluated on the statistical values of
mean, standard deviation, minimal and maximal concentrations of
phosphorus fractions in two sets of independent data, as well as
on the values 0f r-squared, b and standard error of estimate for

the regression relationship between both data series.

The results of this analysis for the time series joined for
all phosphorus compounds and for the whole lake in 1976-1978 are
summarized in Tables 11 and 12. The following conclusions may
be extracted from an analysis of the statistics in Tables 11 and
12:

(1) the given model reasonably describes the range of the
fluctuations of all phosphorus fractions observed in the
measurements;

(ii) the weighting increases the level of mean values of all
phosphorus fractions and slightly changes the values of
standard deviations in the time series of phosphorus obser-

vations;
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Table 11. Statistics from regression analysis (calculated from
recression of "Observation" on "Simulation") of entire
phosphorus data.

Amount cca Regression coefficients
Year Baein °£1:°'. Data Mean |devi- ((in eimple ragression in weighted regreesion
tion
1 a
samples a b !2 a b !2
1976 1 40 Obeerved 0.0359/0.0269| 0.0307) 0.589 | 0.328 0.0145| 0.727 | 0.433
Simulated| 0,0305|0.0242 (4.2) {(5.2)
2 40 Obeerved 0.0222|0.0162|| 0.0246| 0.633 | 0.552 0.0132| 0.674 | 0.544
Simulated| 0.0212|0.0187 (6.7) (6.6)
3 40 Observed 0.0163(0.0116(| 0.0115| 0.488 | 0.499 0.0066 | 0.545 (0,560
Simulated| 0.0194|0.0162 (6.0) (6.8)
. 40 Observed 0.0141(0.0100|| 0.0111| 0.425 | 0.499 0.0094 | 0.413 | 0.554
S8imulated| 0.0173|0.0150 (6.0) (6.7)
wvhole 160 Observed 0.0225(0.0197( 0.0203| 0.667 (0.378 0.0114 | 0.690 |0.428
lake Simulated| 0.0222|0.0191 (9.7) (10.8)
1977 1 45 Observed 0.0362/0.0274| 0.0112| 1.124 | 0,732 0.0028 | 1.230 |0.771
Simulated| 0.0274(0.0196 - (10.6) (11.8)
2 4s Observed 0.0281|0.0217)| 0.0156( 1.296 | 0.574 0.0065| 1.491 |0.680
Simulated| 0.0149|0.0117 (7.4) (9.3)
a $2 Observed 0.0180/0.0143|| 0.0089| 1.039 | 0.538 0.0004 | 1.328 |(0.702
Simulated| 0.0136|0.0098 (7.%) (10.6)
4 e Observed 0.0156/0.0148)| 0,0064 ) 1.225 | 0.332 0.0076 | 0.704 |0.415%
Simulated| 0.0129|0.0096 (4.5) (S.4)
whole 187 Observed 0.0239(0.0215( 0.0116| 1.133 | 0.692 0.0047 | 1.242 |0.70S
lake Simulated| 0.0169(0.0143 (20.3) (20.9)
1978 1 40 Obaerved 0.0353(0.0287| 0.0047{ 1.327 | 0.838 0.0002 | 1.376 |(0.861
Simulated| 0.0259|0.0193 (13.6) (14.9)
2 40 Obaerved 0.0210(0.0170|| 0.0093| 1.181 | 0.700 0.0075 | 1.142 | 0.578
Simulated| 0.0136|0.0120 (9.2) (7.0)
a 40 Obaarved 0.0146| 0.Q109|] 0.0046| 0.994 | 0.743 0.0055| 0.819 | 0.754
Simulated| 0.0123/0.0099 (10.2) (10.5)
4 40 Obaerved 0.0195|0.0122{| 0.0044| 0.884 | 0.626 0.0033| 0.974 | 0.640
Simulated| 0.0170 0.0109 (7.8) (8.0)
whole 160 Observed 0.0203/0.0201|| 0.0029| 1.341 | 0.85% 0.0025| 1.235 | 0.780
lake Simulated | 0.0156/ 0.0143 (30.4) (23.5)
1976-8 1 125 Obeerved 0.0353|/0.027S)| 0.0183| 0.939 (0.576 0.0071 | 1.046 | 0.644
Simulated | 0.0276|0.0209 (12.8) (14.8)
2 125 Obaerved 0.0237(0.0186| 0.0184 | 0.823 | 0.432 0.0117 | 0.953 [ 0.526
Simulated | 0.0163]0.0146 (9.6) (11.6)
3 132 Obasrved 0.0163(0.012S5|[ 0.0117| 0.672 | 0.446 0.0062 | 0.795 |0.548
Simulated | 0.0148(0.0123 (10.1) (12.5)
. 125 Obsarved 0.0137/0.0119| 0.0106( 0.676 | 0.277 0.0076 | 0.657 |0.484
Simulated | 0.0138(0,011% (6.8) (10.7)
whole 507 Observed 0.0221| 0.0203( 0.0047| 0.964 | 0.58% 0,0072 | 0.988 | 0.608
lake Simulated| 0.0180|0.0161 (26.6) (28.0)
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Table 12. Weighted regression analysis for phosphorus concen-
trations in observed and simulated phosphorus con-
centrations combined for the three-year period (1976-
1978) and for the entire lake.
Phosphorus Weighted regression r2 Standard erroxy
fraction equation .of regression
Total phosphorus p = 0.0192 + 0.827-P . 0.441 0.0174
obs sim
(8.7)
Particulate orga- P = 0.0172 + 0.464-P ., 0.135 0.0142
obs sim
nic phosphorus (3.9)
Total dissolved P _ = 0.0103 + 0.747-P__ 0.269 0.0105 |
obs sim ‘
prhosphorus (6.0) f
Dissolved organic P = 0.0105 + 0.722-P_. 0.224 0.01l101
obs sim
phosphorus (5.3)
Dissolved inorga- P = 0.0049 + 0.261-P . 0.100 0.0024
obs sim
nic phosphorua (3.1)

Note: T-statistics is shown in brackets

(iii)

(iv)

the satisfactory correlation between phosphorus concentra-
tions in observed and simulated time series were evaluated
with a tendency for regression coefficient a to be slightly
larger than zero* and the relationship between phosphorus
fractions in both series may be considered as distinctly
positive, with b changing from 0.261 (for DIP) to 0.827
(for total phosphorus) and significant T-statistics (3.1-
8.7);

the values of r-squared, show that the given model also
acceptably described the trend in the temporary changes

in concentrations of the individual phosphorus fractions,
such as total phosphorus, dissolved phosphorus and dis-
solved organic phosphorus; this trend is described by the
model with less accuracy for particulate organic phosphorus

and dissolved inorganic phosphorus.

*Order of a 1s comparable with a standard error of regression.
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Finally, in an examination of model adequacy, Theil's

inequality coefficient (Theil 1971) was calculated by

n
‘/I/nZ(P -p . )?

. o
i=1 bs sim

p (16)

n n
}4)n ) (Pobs)2 + Vé/n Y o(P_. X

i=1 i=q S

This coefficient is the index which measures the degree to which
a simulation model describes the observation. This index varies
between 0 and 1 and if p = 0, the model description of the ob-
servations is perfect. The values of this coefficient, p, com-
puted for individual phosphorus fractions, individual basins and
for each year studied, as well as for combined phosphorus data
and the total period of study covering 1976-1978, are presented
in Table 13. Summarizing the results in Table 13, it is possible
to conclude that:

(1) the range of errors in the simulation of the dynamics of
individual phosphorus fractions are 0.154-0.221 (mean 0.2)
for total P, 0.214-0.291 (mean 0.251) for DIP; 0.243-0.353
(mean 0.283) for particulate organic P; 0.269-0.325 (mean
0.296) for total dissolved P and 0.303-0.405 (mean 0.369)
for DOP;

(ii) the range of errors in the simulation of phosphorus dynamics
in Basin I is 0.203-0.261 (mean 0.225) while for Basins
IT-IV it is equal to 0.250-0.347 (0.295), 0.204-0.284
(0.252) and 0.237-0.307 (0.290) respectively;

(iii) the error in the simulation of phosphorus dynamics is
estimated to be equal to 0.267 for 1976, 0.262 for 1977,
0.223 for 1978 and 0.253 for the three-year period of
study, 1976-1978.

Thus the various statistical methods applied in this study
allow one to conclude that as a whole, the simulation results
may be considered as representing the phenomena of phosphorus
transformation, so far as we can tell from relatively sparse
phosphorus measurements available for each of the years in the
period 1976-1978.
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Table 13. Model assessment by Theil's inequality coefficient.

Year | Basin TP | PPART| PSoOL| DIP DOP All P-
fractions
1976 1 0.197| 0.249|0.377|{0.135|0.449|| 0.261
2 0.200]/0.360{0.302]0.319|0.309|| o0.250
3 0.267| 0.496|0.209|0.222|0.345|] o0.284
4 0.292|/0.581|0.255/0.197]0.407|| o0.307
whole | , 551/ 0.353{0.325|0.214|0.405|| o0.267
lake
1977 1 0.157(0.198/0.233|0.322|0.281|| 0.203
2 0.302|0.306|0.373|0.281|0.400( o0.347
3 0.187|0.248(0.249/0.181)0.360(| 0.248
4 0.181/0.359|0.273|0.361|0.395| 0.304
whole | , 546l 0.255|0.272|0.291]0.333(| o0.262
lake
1978 1 0.142|0.200|0.194|0.233|0.303|| o0.205
2 0.176[0.250|0.428|0.456|0.374|| 0.276
3 0.135|0.304(0.277|0.149|0.353|| 0.204
4 0.185/0.443(0.226/0.194|0.418|| 0.237
whole | , 15,400.243]0.269]0.258|0.336|| 0.223
lake
1976-8 1 0.168(0.214[0.295/0.233|0.373|| 0.225
2 0.239]/0.305|0.356|0.362|0.353(| 0.295
3 0.229/0.352(0.238|0.187|0.351|| 0.252
4 0.231/0.438|0.254|0.253|0.406|| 0.290
whole | , 550l0.283]0.296|0.251|0.369{ o0.253
lake
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SENSITIVITY ANALYSIS

In providing additional insight on the model's behavior,
20 sensitivity analysis model runs were conducted, using all
the available data for 1977. The primary purpose of these runs
is to understand how the quality of input data used in the model
for calculating the rates of phosphorus transformation may change
the model output. Among all the data used, most attention in
these runs was given to considering the role of factors defining
the state of the environment. They may be subdivided into non-
controllable factors such as temperature and radiation, as well
as controllable ones such as nutrient loading. In sensitivity
analysis runs, different degrees of time averaging were done for
the raw measurements of temperature, radiation and phosphorus
loading, which were used as input data. The observations avail-
able included the daily average measurements of temperature and
radiation and weekly measurements of phosphorus loading from the
River Zala for 1977. The dynamics of these characteristics for
this year are shown in Figures 1, 2 and 3. During simulation
of the annual phosphorus dynamics given above, the interpolated
values of phosphorus concentrations in River Zala discharge water
for each day is used so that the time scale of averaging all

variables defining the state of the environment is a day.

In sensitivity analysis runs a different time scale of
averaging was used, corresponding to day, week, month and season,
of the values of the characteristics mentioned. Appendixes C,

D and E show the values of temperature, radiation and phosphorus
concentrations in River Zala discharge water, averaging for week,
month and season, starting from January 1, 1977. These values

were used in sensitivity model runs.

Tables 14-15 present some of the results for Basin I, ob-
tained in various sensitivity runs where different combinations
of averaged characteristics were used. Under the column
"Averaging data" in Tables 14-15 capital letters T, R, and L
refer to the temperature, radiation and loading respectively
and the indexes 4, w, m, and s mean the time scale of averaging,

that is day, month or season, respectively.
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Table 14, Monthly and annual mean values of phosphorus concen-
trations evaluated at the examination of model sen-
sitivy to changes of input data on temperature,
radiation and River Zala phosphorus load (Basin I, 1977).

Averag9ging|Phosphorus M o a t h oo Annual

data fractions Jan Peb Mar ApT May June Juoly Aug Sept Oct Novw Dec mean

TdeLd DIP 0.,0189(0,0219(0.013710.0071|0.0036|0.0053(0.0063/0,0049 (0.0048 (0,0046 (0.0091 |0.0197/0.0100

DOP 0.0057]0.0080(0.0136 /0.0168|0.0212(0.0210(0.019910.0139(0.0102 (0.0043 |0.0045|0.0052((0.0121
PPART 0.0271|0.0323(0.0326(0.0361/0.0289|0.0405(0.0487 |0,0423(0.0387 (0.0273(0.0257|0,0203|0.0334
PSOL 0.0246(0.0300(0.0273(0.0239/0.0249(0.0263!0.0262 (0.0188 |0.0088 (0.0150(0.0136 0.0249(0.0221
Total P 0.0517(0.0623|0.0599(0.0600|0.0538|0.0668 0.0749 |0.0611 (0,0538 (0.0362 |0.0194 |0.0452((0,055S
Chl.*a™ 13.8 20.2 27.7 23.2 27.4 37.7 45.0 37.6 33.5 24.0 20.0 14.5 27.1
T'R'L' pIp 0.0186|0.0214(0.0138(0.0069|0.0036/0.0052 |(0.0062|0.0048|0.0047 (0.0044 0.0089 (0,0190((0.0098
DOP 0.0058(0.0081(0.0135|0.0168|0.0207(0.0205|0.0190/0.0135|0.0099 0.0042 |0.0045|0.0054((0.0119
PPART 0.0272(0.0322(0.0324 |0.0361(0.0287|0.0401 (0.0486 |0.0418 |0.013B5 (0.0272 |0.0257 (0.0203]0.0333
PSOL 0.0244)10:02950.0272 0.0237/0.0242]0.0257|0.0261 |(0.0183 (0.0146 0.0086 |0.0134 (0.0244(0.0217
Total P 0.051770.0618 |0,0597 (0.0599(0.0529(0.0658 (0.0747 [0.0601 (0.0531 |[0.0358|0,0392 (0.0448(0.0550
Chl."a" 4.0 20.1 27.5 23.6 27.0 37.4 45.0 37.2 33,2 23.8 20.0 14.6 27.0
T-R-L- DIP 0.0182|0.0208|0.0140/0.0075(0.0035]|0.0053(0.0059|0.0048 0.0041 (0.0043 [0,.0092(0,0187[0.0097
DoOP 0.0059|0.0083|0.0137|0.0164(0,0221|0,0218(0,0175|0.0137(0.0076 |0.004% [0,.0046|(0.0065[0.0119
PPART 0.0271]0.0316 |0.032410.0361(0.0288(0.0413(0.0461 |0.0422|0,0363 (0.0276 |0.0251(0.0214(0.0330
PSOL 0.0240(0.0291|/0,0277(0.0239(0.0256(0.0271(0.0234/0.0185(0.0118 (0,0088 |0.0138|0.0252//0.0216
Total P 0.0511 |0.0607|0.0601 0.0600(0.0544|0.0684 |0.0695 (0.0607 |0.0481 (0.0364 |[0.0389|0.0466(0.0546
Chl."a" 14.0 20.1 27.2 24.0 27.2 38.5 42.8 37.4 31.6 23.8 19,7 15.8 26.9
TdeL. DIP 0.0207|0.0238(0.0127 |[0.0158|0.0042|0.0049/0.0058 |0.0050 |0.0049 |0,0039(0.0092(0,0270}0,0115
DOP 0,0059(0.0085,0.0137 |0.0193|0.0275(/0.0226(0.0184|0.0139 |0.0104 0.0039(0,0040|0.0055({0.0128
PPART 0.0273(0.0302|0.0332(0.0379(0.0313/0,0409(0.0468 |0.0421 |0.0391 (0.0262|0.0244 (0.0216(0.03135
PSOL 0.0266(0.0323(0,0264 0.0351|0.0317)0.0274|0.0242|0.0189 |0.0153 0.0078(0.0133|0.0325[0.0243
Total P 0.0539/0.0625|0.0597 |0.0730|0.0630(0,.0683 |0.0710(0.0610|0.0544 |0.0340(0.0376|0.0542(0.0578
Chl.™a" 15.1 21.3 25.8 31.8 30.4 36.7 42.5 38.0 33.9 22,0 19.2 16.4 27.8
TdR.Ld DIP 0.0170!0.0199(0.0129(0.0073/0.0036/0.0050(0.0059 |0.0048(0.0049 (0.0046 [0,.00850.0165[0.0092
bop 0.0062|0.0086,0.0138|0.0168 0.0212(0.0210(0.0200(0.0139|0.0102 |(0.0043 |0,0046 |0.0060H0.0122
PPART 0.0277)|0.0323/0.0323|0.0360(0.0289|0,0401 (0.0482 (0.0422|0.0388 |0.0273(0.0258|0.0212(0.0334
PSOL 0,0232(0.0284|0.0267 |0.0240 0.0249 |0.0260(0.0259(0.0187({0.0151 (0.0089 [0.0131(0.0225(0.0215
Total P 0,.,0509(0.0607|0,0590 |0,0601 0.0538 |0.0662|0.0741 (0.0609|0.0538 0,0362 0.0390(0.0437(0.05%549
Chl,"a" 14.8 20.1 27.0 23.1 27.5 6.8 43.9 37.4 33.7 23.8 20.0 15.9 27.1
T.Rde DIP 0.0175(0.0199|0.0185 |0.0049(0.0041 |0.0040 |0,0049 (0.0044 (0.0047 0,0079 (0,.0110]0.0127)0.0095
bop 0.0062 |0.0087(0.0120/0.0223|0,0166 |0.0062(0.0121|0,0118 (0,0103 |0.0070(0.0071|0.0089[0.0108
PPART 0.0280|0.0325(0.0299 (0.0399|0,0337|0.0333|0.0367|0.0384|0.0375 0.0259 [0,0254|0.0241(0.0321
PSOL 0.0238 |0.0286(0.0305/0.0272(0.0207 |0.0103/0.0170/|0.0162|0.0149 |[0.0150(0,.0181 (0.0216{0.02013
Total P 0.0518(0,0610(0.0603 |0.0670(0.0545|0.0436[0.0537|(0.0546 |0.0525 |0.,0408 |0.0435(0.0457]0.0525
Chl."a" 15.5 20.2 23.1 30.1 28.8 28.2 37.2 35.0 34.0 21.0 20.6 20.8 26.3
T.Rsl.s DIP 0.0171(0.0193|0.0159(0.0083(0.0043/0.0031(0.0042(0.0045(0.0048 |0.0067 |0.0100(0.0132(0.0093
DOP 0.0070(0.0098(0.0125 (0.0255(0.0209 |0.0064 (0.0106 (0.0117(0.0104 (0.0066 0,.0065(0.0108{0.0116
PPART 0.0289(0.0302(0.0307(0.0428(0,.0359|0.0331(0,0337 (0.0381(0,0380 (0,0249 [0.0242|0.0270(0.0324
PSOL 0.0240(0.0291(0.0284 (0.0338/0.0253(0.0095(0.0148 (0.0162(0,0152(0.0133 0.0165|0.0240 0.0209
Total P 0.0529|0.0593|0.0592|0.0766 |0.0612|0.0426|0.0485|0.0543|0,0532 0,0382 |0,0407(0,0510§0.0532
- Chl.," "a*" 17.8 21.0 21.4 40.2 31.0 26.0 33.1 35,2 4.7 19.0 19.9 24.7 27.1
T'R L. DIP 0.0205(0.0233/0.0128 |0.0154(0.0040(0.0048|0.0057 [C.0049{0.0047 |0,0037|0.0090/0.0260(0,0212
DOP 0.0059(0.0086|0.0136 |0.0194(0.0268(0.0220/0.01685(0.0135|0.0101 (0,0038(0.0041|0,0057(0,0127
PPART 0.0274|0.0302(0.0331 |0.0380(0.0311|0.0405|0,.0468 |0.0417|0.0389|0.0261|0,0244 |0.021840.0334
PSOL 0,0264|0.0319|0.0264 0.0348(0,0308(0,0268 0.0242(0.0184 (0.0148 (0.0076|0.0131(0.0318}0,0239
Total P 0.0538|0.0620|0.0596 (0.0728|0,0618|0.0673(0.0709(0.0601|0.0537 (|0,0336(0.0375|0.05350,0573
chl.*a* 15.3 21,2 25.7 32.3 30.0 36.3 42.5 37.6 33.6 21.7 19.2 16.6 27.7
T'R.L' DIP 0.0170(0.0199/0.0133(0.0073/0.0035(0.0049{0.0059 ([0.0047|0.0048 (0,0046 |0,.0085(0.0167(0.0092
DOP 0.0062|0.0085/0.0136(0.01680.0207 (0.0206(0,0200(0.0135{0.0099 |0.0042|0,0046|0.0060|0.0121
PPART 0.0277|0.0322/0,0321 (0.0361 |0.0288|0.0397 0.0481(0.0417(0.0386 (0.0272(0.0258(0.0211{0.031323
PSOL 0.0232|0,0284|0.0269 (0.0240|0.0242/0,.0255(0.0259(0.0182|0.0147 |0.0088(0.0131|0.0226/(0.0213
Total P 0.0509|0.0606|0.0590 0.0601|0.0530(0.0652|0.0740(0.0600|0.0533 |0.0361 |0.0389|0.0438|0.0546
Chl,"a" 14.8 19.9 26.8 23.7 27.1 36.4 43.8 37.1 33.5 23.9 19.9 15.8 27.0
T.R'L' DIP 0.0173/0.0192/0,0180(0.0047/0.0041[{0.0040{0.0049(0.0044|0.0046 (0.0077(0.0107(0.0120((0.0053
DOP 0.0063|0.0088|0.0121 |0,0223(0.0167/0.0063|0,0121(0.0117|0.0103|0,0070(0.0071|0.0091((0.0108
PPART 0.0281|0.0325/0,0299(0.0397|0.0337|0.0333/0.,0366|0.0384(0.0375(0.0258(0.0254|0.0241(0.0321
PSOL 0.0236(0.028170.0301 /0.0270(0.0207 |0.0102(0,0169(0.01610.0149 |0.0147|0.0178|0.0211(/0.0201
Total P 0.0516|0.0605|0.0600 [0.0667(0.0544 |0.0436|0,0536(0.0545|/0.0523 |[0.0405(0.0432|0.0452|0.0522
Cchl."a" 15.7 20.3 23.2 30.0 28.8 28.2 37.2 34.9 34.0 20.9 20.6 20.8 26.3
?-R“L. DIP 0.0202(0.0224|/0.0126 (0.0158|0.0039(0.0048(0.0055({0.0049(0.0042(0.0037(0.0091|0.0235//0.0109
DOP 0.0060|0.0088|0.0137(0.0190(0.0282(0.0230|0.0167|0.0136|0.0078 |0.0042 |0.0043|/0.0068((0.0127
PPART 0.0274(0.0302|/0.0329(0.0379|0.0312(0.0411|0.0449(0.0420(/0.0367 (0.0267 |0.0242|0.0223((0.0332
PSOL 0.0262|0,0313|/0.0262|0.0348|0.0321(0.0278/0.0222|0.0185|0,0120 |0,0079|0.0135(0.0302/(0.0236
Total P 0.0536]0.0615|/0.0591 |0.0727|0.0633|0,0689(0.0671|0.0606|0.0487 |0.0346 |0.0376(0.0526|(0.0568
Chl.,"a"” 15.4 21.1 20.6 32.2 30.2 36.7 41.0 37.7 , 32.0 22.1 19.3 17.1 27.6
T-R.L' DIP 0.0169[0.0196(/0.0134 |0,0079(0.0035/0.0050(0.0056(|0.00480,0043 [0.0046(0.0089(0.0162/((0.0092
DOP 0.0062|0.0086(0.0139(0.0164|0,0221(0.0220(0.0176(0.0137,0.0076|0.0045|0.0047/0.0071(/0.0121
PPART 0.0275/0.0315/0.03217/0.0360|0,0289(0.0409|0.0458 |0.0420(0.0364 (0.0277|0.0253(0.0220/0.0330
PSOL 0,0231/0.0282|0.0273|0.0243/0.0256(0.0269(0.0232|0.0184|0,01190,0091(0.0136(0.0234|(0.0213
Total P 0.0506 0.0597|/0.0594 |0.0603|0.0545(0.0679/0,0689|0.0605|0.0483 |0.0367|0.0389(0.0453/(0.0543
Chl."a" 14.7 19.9 26.5 24.1 27.3 37.5 41.9 37.3 31.9 24.0 19.8 16.7 26.9
T.R-L- DIP 0.0168|0.0191|0.0185/0.0047(0.0041[0.0040|/0.0048|0.0044{0.0045(0.0074(0,0105(0,0130(/0.0093
bop 0.0064|0.0089|0.0123|0,0223|0.0167|0,0065(0.0114|0.0118|0,0103|0.0070(0,0070(0,0095/(0.0108
PPART 0.0280(0.0318|0.0303(0,0395|0.0336 |0,0340(0,0356|0.0383/0,0374|0,0256(0.0250(0.0251/{0.0321
PSOL 0.0232|0.0280|/ 0.0308(0.0269|0,0207|0.0105({0.0162/0,0162|0.0148 (0,0143|0.0175(0,.0224/{0.0202
Total P 0,0511|0.0598| 0.0610(0.0665|0.0544 |0.0445|0.0518|0.0545|0,0522 (0.0400|0.0425(0,0475|[0.0822
Chl."a" 15.7 20,3 23.6 30.1 28.7 29,1 5.8 3s.0 33.9 20.5 20.3 22.2 26,3
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Table 15. Seasonal values of phosphorus concentrations evaluated
at the examination of model sensitivity to changes of
input data on temperature, radiation and River Zala
phosphorus load (Basin I, 1977).

Avera- ? Winter (Jan—Mar) Spring(Apr=June) Summer (July-Sept) Autumn(Oct=Dec)
ging |. : Minimum M x imum Minimum Maximum Minimum Max imum Minimum Maximum
data raction date |value Mean dateivalue [[datejvalue Mean dace value || date|value Mean date [value [[date]vatue Hean date|value
lede oIp 29 M|(.0063|.0I8I|IO F|.0276 (| I7 M |.0027(.0054(28 J .0092 4 A[.0035]/.0053]| T J|.0085]| 27 0|.0032).0114(25 D|.0241
DopP 8 J|.0054|.0092/28 M|.0I8T || 19 A|.0I65|.0197(28 J |.0248 || 30 S| .00S5T).0147| 2 J |.0244 2 N[.0033|.0121 |31 D|.0062
PPART 8 J(.0190|.0306|30 M|.0516 | 10 J|.0230(.035I|27 J|.0540 | 30 S|.0313(.0433]|23 J|.0565||21 D|.0146(.0247/27 N|.0387
PSOL 12 J|.0230(.0272 |10 F|.0348 || II J|.0209|.0250(28 J|.0332 || 30 S|.0089(.020I| 2 J|.0322 (|31 0|.0072|.0161|31 D|.0297
Total P| 8 J|.0432(,0578 (30 M| .0754 4 M|.0461(.0601|28 J|.0862 | 30 S| .0403].0634| T J|.0868 |[3I 0|.0250].0407|27 N!.0571
Chl."a" | 8 J|I12.1 [20.6 |25 M|40.I 29 A|19.9 129.4 |30 J|52.8 30 S125.0 138.8 2 J|52.6 12 D|I2,5 [19.6 |16 0]27.7
TR L DIP 31 M[.0065|.0178 1T F|.0264 || I7 M[.0026(.0052]|28 3 !.0087 4 Al .0034[.0052) 2 J[.0085](]27 0[.0033].0T1v |27 D[.0237
vww DoP 6 J|.0054(.0092|28 M|.0I76 | I0 A |.0I65|.0193(30 J|.0241 | 30 S|.0050[.0145( 2 J .0247 2 N|.0033| .0048|3I D|.0064
PPART 8 J|.0I93|.0306|30 M|.0505 |[I8 M|.0228.0349|27 J (.0535( 30 S|.0312|.0430(23 J|.0562 || 21 D|.0I49|.0246|27 N|.0389
PSOL 12 J|.0228|.0270|1I1 F|.0338 || I0 J|.0206|.0245|30 J (.0316 ] 30 S|.0086).0197| 2 J|.0326 I N|.0071|.0158(3I D|.0293
Total P| 8 J|.0431|.0576|30 M|.0746 4 M|.0467|.0595|28 J[.0837 130 S|.0398|.0628| I J|.0857 (|31 O|.0248(.0404(27 N|.0570-
Chl."a" | 6 J|I2.3 [20.5 |25 M[37.I 29 A[20.6 129.3 |30 J|S51.6 30 S[2%.9 !38.5 2 J[52.6 12 D|13.5 |19.6 [I4 0]26.5
Tulm"m DIP 31 M|.0087|.0I75|18 F|.0225 | I7 M|.0027|.0054[I5 A [.0094 | 30 S|.0034[.0049(23 J[.0081([30 0[.0033[.01I0(30 D|.0224
DOP 3 J].0055|.0093|28 M| .0I65 I A|.0I56|.020I|16 M |.0240 | 24 S|.0062|.0130( 2 J|.0204 5 N|.0033| .0053|31 D|.0072
PPART | 8 J|.0202|.0303|30 M|.0481 || 18 M|.0232|.0353|27 J |.0524 | 23 S|.0319(.0416(23 J|.0536 (|31 D|.0158|.0249|27 N|.0430
PSOL 12 J|.0221|.0269|18 F|.0314 |30 A|.0216|.0255| S J|.0291 | 30 $|.0099(.0179| 2 J|.0273||/30 0|.007T|.0162|31 D|.0295
Total P| 8 J|.0431|.0572|30 M|.0732 | 30 A|.0471|.0609|30 J|.0781 | 23 S|.0425(.0595| I J|.0777 (|31 0|.0256|..0412|27 N|.062I
Chl."a" | I J[I2.6 |20.5 |25 M|30.5 30 A|I9.9 [29.9 |30 J |44.9 30 §({27.9 !37.3 5 J]47.4 12 D(14.5 [19.9 I 0/28.1
TdeLs DIP 28 M|.005T|.0I89|10 F[.0267 |[17 M|.0027|.0082|15 A [.0232] 4 A[.0035(.0052|26 J[.0077 [[27 O[.0030].0137[25 D|.0335
oor 6 J).0054.0094]|28 M|.0172 2 A[.0159|.0232|23 M|.030I| 30 S|.005I|.0143 2 J|.0228 2 N(.0029|.0045|31 D|.0071
PPART 8 J].0I98|.0302|30 M|.0504 || I8 M|.0240|.0366|16 A [.05I8 | 30 S|.0317|.0427(23 J|.0546 || 21 D|.0165|.0243(27 N|.0392
PSOL 31 M|.0217|.0283|18 F|.0349 I A[.021I9(.0314|I9 A[.0426 | 30 S|.0090|.0I95| 2 J|.0293||31 O|.0064|.0182|25 D|.0394
Total P| 8 J|.0442|.0585(30 M| .0723 |[I8 M|.0552|.0680|16 A!.0927 | 30 S|.0408|.0622| I J|.0805| 31 0].0229|.042626 D|.0639
Chl."a"| I J|12.6 |20.7 |25 M|34.1 2 A|19.3 |33.0 [28 J|4b.5 30 §/25.3 [38.2 6 J147.4 I2 D(I4.0 [I9.4 10/26.0
TdRsLd DIP 30 M| .0061I|.0165|10 F|.0248 [ IT J|.0028|.0033|28 J|.0089% 4 A[.0035|.0052( 2 J|.008I [|31 O[.0033|.0I0T[2I D|.0I89
DOP 2 J|.0055(.0096(|28 M| .0I83 | I7 A|.0164.0197(28 J|.0248 | 30 S|.0050|.0147|1I2 J|.0245 2 N|.0034|.0050|31 D|.0070
PPART | 8 J|.0200|.0307|30 M|.051I0 || I8 M|.0230|.0350|27 J|.0534 | 30 S|.0316].0431|23 J|.0562 (| 21 D|.0162|.0250(27 N|.0389
PSOL 13 J|.0216|.026I|1I0 F|.0327 | II J|.0205|.0250|28 J(.0330| 30 S|.0089|.0199| 2 J|.0321 I N|.007I|.0I5I|25 D|.0255
Total P| 8 J|.0430|.0567|30 M|.0747 4 M|.0463).0599(28 J|.0854 ] 30 5|.0407|.063L| I J|.0861 | 31 0|.025I|.0401|27 N|.0565
chl."a"| I J|I2.5 |20.6 |25 M|39.1 29 A|20.0 |29.1 [29 J|S1.6 30 5/25.6 |38.4 2 J[51.8 12 D|14.0 [20.I |17 0!27.3
I’Rde DIP 31 M|.0IS4[.0186(10 F| .0246 [[ 13 J[.0025(.0043] I A[.0IS8 4 A[.0032|.0047 (26 1|.0070 I 0(.0046| .01I07 (22 D|.0I47
DOP I J|.0055(.0090(28 M|.0I42 || T6 J|.0050|.0I5I|2I A |.0257 1 J|.0070(.0IT4|27 J|.0148 2 N|.0062(.0078| I 0].0103
PPART | 8 J|.0T198|.0300(30 M|.0470 || 4 M|.0284|.0356(16 A(.0558 | I0 J|.0319/.0375|23 J|.0465 |31 O|.0164|.0254 |27 N|.0409
PSOL 12 J|.0223|.0276(25 M|.0356 || I5 J|.0078|.0194|1I9 A |.0295 I J[.0I26|.0161|26 J|.0208 2 N|.0I34|.0I85|25 D|.0241
Total P| 8 J|.0435|.0576(30 M|.0770 || 14 J|.0372|.0550|16 A |.0843 | 10 J|.0473|.0536|23 J|.0653 | 15 D|.0299|.0438|27 N|.0612
Chl."a" | I J|12.8 |19.6 |25 M|27.5 I A[22.4 |129.0 | 4 A 38.6 30 S/3TI.I 135.4 |27 J|42.9 7 NI17.6 [2I.0 I0/29.9
TsRsLs DIP 31 M|.0I17[.01I74| 1 J|.021I3 | I3 J].0023]|.0052| I A[.0I21 9 J[.0030(.0045]23 J[.0063 1 0[.0047[.010I| 3 D|.0L52
DOP I J|.0055|.0098|28 M|.0I4T || 28 J|.0051|.0I76/23 A|.0319 I J(.0052/.0109|27 J|.0140 2 N1.0054|.0081 |30 D|.0134
PPART 8 J|.021I7(.0299|30 M|.0465 ] 25 J|.0279|.0372(16 A [.0594 4 J|.0274|.0366(23 J|.0442 |31 O|.0IST|.0257/27 N|.0421
PSOL 12 J|.0216|.0271|18 F|.0313 |26 J|.0078|.0229{19 A |.0391 1 J|.0085(.0154(27 J|.0I91 I N|.0II6|.0182|21 D|.0264
Total P| 8 J|.0443|.057T|30 M| .0724 |25 J|.0362|.0602 17 A|.0970| 4 J|.0391|.0520|26 J|.0617 ||31 0|.0269|.0439| 4 D|.0648
Chl."a" | I J|12.9 |20.0 |25 M 23.8 I A(I9.2 [32.4 |I4 A([SL.4 I J)24.2 |34.3 |27 J|40.0 5 N|I6.6 |21.5 10[30.8
TvaLs DIP 31 M| .0054(.0IB7|I0 F|.0258 | 17 M|.0026].0080(|15 A |.0226 4 A|.0033[.0051I(23 J|.0075 7 0(.0030(.0132[|27 D|.0321
DOP 6 J|.0054|.0094|28 M|.0168 I A|.0160(.0228|24 M{.0282 ] 30 S|.0050|.0140( 2 J|.0231 2 N[.0029|.0046 |31 D|.0073
PPART | 8 J|.0200|.0302|30 M|.0495 | I8 M|.0238(.0365|16 A|.0525 ] 30 S|.0316|.0425|23 J|.0545|[ 31 0|.0I64|.0243 (27 N|.0394
PSOL 3I M|.0215(.0281|18 F|.0345 I A|.0217(.0308|1I5 A|.0416 ) 30 S|.0087|.0I92| 2 J|.0298 |31 0|.0063|.0179 (30 D|.0388
Total P| 8 J|.0442|.0583|30 M|.0715 { I8 M|.0546].0673|16 A |.0927 | 30 $|.0403|.0617| I J|.0796 (|31 0|.0227|.0422|26 D|.0629
Chl."a" | I J|12.6 |20.7 |24 M|31.9 I3 M[2I.7 [32.8 |30 J43.4 30 S$[25.2 |37.9 6 J|47.4 12 D|I5.2 [19.3 I 0/26.0
‘IVR’L" DIP 31 M|.0066|.0166)I1 F|.0244 | 17 M[.0027|.0052|14 A[.0090 4 A|.00341.0052| 1 J|.0082 [ 31 0[.0034].0I0L|2I D[.0I%0
boP 2 J|.0055|.0095|28 M |.0T177 || 17 A|.0164|.0193(30 J[.0242 ) 30 S|.0049|.0145| 2 J|.0249 2 N|.0034|.0050 |31 D|.0076
PPART | 8 J|.020I(.0306(30 M|.050I | I8 M (.0227|.0348(27 J|.0531 | 30 S|.03I5(.0428(23 J|.0562 | 2T D|.0162|.0249 (27 N [.0389
PSOL 12 J|.0215).0261|I1 F|.0323 } 10 J|.0204|.0246(30 J|.0314 | 30 5/.0087|.0197| 2 J|.0323 |31 0|.0071|.0I51|27 D|.0257
Tocal P| 8 J|.04291.0567 (30 M|.0742 4 M|.0470(.0594|28 J|.0831 | 30 S|.0404].0625| I J|.085T || 31 0|.0251|.0401 |27 N |.0567
Chl."a"| I J|I2.6 |20.5 |25 M|36.0 29 A|20.8 [29.1 |30 J/50.6 30 S[25.6 [38.2 2 J|51.6 II D|I4.2 [20.I |I5 0[26.8
T.R"L" DIP 31 M|.0I49|.0I8I|II F|.0234 { IT J|.0025[.0042] I A{.0I52 4 A[.003I|.0046(23 J|.0069 I 0[.0045].0102(24 D|.0139
DOP 2 J|.0055(.0091|28 M|.0T142 || I7 J|.0050 | .0I5I|2I A |.0256 I J|.0069).0114|27 J|.0148 5 N|.0062|.0079 |31 D|.0102
PPART 8 J|.0202|.030T(30 M|.0471 4 M(.0285|.0355(/16 A|.0537 | 10 J|.0319|.0375|23 J|.0462 |31 0|.0163|.0254 (27 N|[.04I5
PSOL 12 J|.0221|.0272(25 M|.0352 || I5 J|.0078|.0193|18 A |.0294 I J[.0I27|.0160(27 J|.0205 I N|.0[32|.0I81(25 D|.0234
Total P| 8 J|.0435|.0573(30 M|.0767 | 14 J|.0372(.0549|16 A|.0822 | 10 J|.0473|.0535(23 J|.0650 || 31 0|.0297|.0435(27 N|.0613
Chl."a"| ¥ J|12.8 [I9.7 |27 M|27.6 I A|22.5 [29.0 | 4 A[39.0 30 §[30.9 |35.3 |27 J[42.1 5 N|17.4 |21.0 10[29.7
T.REL. DIP 31 M|.0075(.0183( 7 F|.0241 [ 17 M|.0028|.0081|15 A [.0228 | 30 S|.0034(.0049(23 J|.0077 |[[30 0[.0028].0124 [3T 0 |.030L
DOP 3 J|.0055(.0095|28 M |.0I59 I A|.0I50|.0234[16 M|.0302 || 24 S|.0063|.0127| 2 J|.0I95 2 N1.0029(.0052 |31 D |.0078
PPART | 8 J|.0203(.0302|30 M|.0478 | I8 M |.0241|.0367|16 A|.0528 | 23 S|.0323|.0413|23 J|.0523 || 12 N|(.0I67|.0246 |27 N [.0422
PSoL 31 M|.0225|.0278(18 F|.0331 I A|[.0227|.0316|15 A|.0415{ 30 S|.0100|.0176| 2 J|.0256 || 30 0{.0060|.0176 (31 D .0379
Total P| 8 J|.0442]|.0580|30 M|.0709 3 A|.0557|.0683|16 A|.0927 || 30 S|.0430|.0589| I J|.0748 | 31 0|.0230|.0422| &4 D|.062L
Chl."a"[ I J|12.6 [20.6 [10 M|[28.0 I A2I.0 [33.0 |30 J[41.9 30 5/28.2 [37.0 |27 J|45.5 5 N|[14.8 |19.7 I 0]|28.2
T-R'Ln DIP 3I M|.00871.0165[18 F [.02I5 17 M[.0027.0054|1I5 A[.0099 4 A[.00359(.0049(23 J[.0078 || 30 0[.0035].0101 |21 D [.OLR7
boP 2 J|.0055(.0096 (28 M|.0L66 I A|.0I56(.0202(16 M |.0240 || 24 S|.0062|.0T30( 2 J|.0205 3 N|[.0034(.0055 |31 D |.0082
PPART 8 J|.0206(.0303|30 M|.0478 || 18 M(.0231|.0352|27 J|.05I9 (| 23 S|.0321|.0414(23 J|.0534 |[31 D|.0165|.0252(27 N |.0431
PSOL 12 J|.0212|.0261|18 F |.0307 || 30 A[.0218|.0256| 5 J|.0289| 30 S|.0IOI|.0179| 2 J|.0271| 31 0|.0073|.0156 |27 D|.0265
Total P| 8 J|.0429[.0565|30 M|.0729 | 30 A[.0476|.0608|27 J|.0774 | 23 5|.0428.0593| T J|.0770 /| 3L 0 |.0259|.0408 127 D |.0618
Chl."a"| I J|I2.6 |20.4 (25 M[29.6 30 AJ20.3 [29.6 |26.7[43.7 30 §(28.6 [37.1 |27 J|46.7 12 D[[5.2 [20.4 I 0]28.5
'!.R-LI oip 3T M[{.0I39(.0I8L I J[.0213[29 A|.0024[.0042| I A[.0142] 4 A[.0031]|.0045(|23 J).0070 I 0[.0045].0104 [30 N[.0LS6
DOP 1 J|.0055/.0092|28 M |.0144 || 17 J|.0096(.0152|23 A|.0258 I J|.0061|.0112|27 J|.0145 S5 N|.0061|.0079 (30 D (.0109
PPART | 8 J|.0210(.0300 |30 M |.0469 4 M|[.0275|.0357|16 A|.0535| 4 J[.0302|.037!(23 J|.0457 {31 O|.0062(.0255 |27 N |.0428
PSOL 12 J|.0213|.0273|25 M|.0337 || [5 J!.0089(|.0194(19 A [.0296 I J|.0105|.0157|27 J|.0204 2 N|.0I31|.0183| 3 D|.0241
Total P 8 J|.04341.0572|30 M|.0756 | 25 J|.0402].0552| 17 A|.0822( 4 J|.0436]|.0528|26 J|.0645 || 31 0(.0297|.0439 [27 N |.0645
Chl."a"| I J]12.8 [I9.8 (25 MJ27.3 1 A121.8 ]29.3 4 A|37.1 1.J]28.6 |34.9 |27 J[42.2 S N|17.5 |2I.2 I 0(29.9
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The results in Tables 14-15 of the time scale averaging of

all data corresponding to one day, i.e. TdeLd, may be considered

a control run because exactly the same time scale was used for

the averaging in the simulation of phosphorus dynamics for the

three~-year period, 1976-1978, discussed above. The analysis of
data in Tables 14-15 shows that:

(1)

(i1)

(iii)

(iv)

weekly averaging of the characteristics mentioned above in
the input model data hardly change the model output according
to monthly, seasonal and annual mean concentrations of
phosphorus fractions; this procedure may just slightly
shift the dates of extreme concentrations with + 2 days

in the winter and spring months;

monthly averaging of the same input data gives slightly
lower values for monthly and seasonal mean concentrations
of phosphorus fractions in the winter and summer months

and slightly higher levels of these mean values for the
spring and autumn months; however, the mean annual con-
centrations of phosphorus fractions are practically the
same as in the control run;

the procedure of averaging the same input data for a season
have a significant effect on the model output for the summer
months (especially for July and August) so that monthly
mean concentrations of DIP, DOP, particulate organic-P,
total soluble P and total P are smaller by 31.3-45%, 46.7-
69%, 18.3-31%, 44-64% and 35-36% respectively than in the
control run; the essential change of model output may also
be observed by the date of minimum and maximum phosphorus
concentrations during the spring and summer months, as

well as in mean phosphorus concentrations for these seasons;
from three input data characteristics studied, i.e., tem~
perature, radiation and phosphorus loading, the temperature
and phosphorus loading have an express influence on the
model output, unlike radiation; however, the influence of
averaging both these input data (temperafure and phosphorus
loading) affect the model output to different degrees; for
example, in comparison with the control run, the seasonal
average of temperature may change mean concentrations of
total phosphorus by 0.5%, 8.5%, 15.4% and 7.6% for winter,
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spring, summer and autumn respectively, while the seasonal
average of phosphorus loading data changes the mean total
phosphorus by 1.2%, 13.1%, 1.9% and 4.7% respectively, for
the same seasons; the influence of averaging the input
radiation data is that it decreases the mean total phosphorus
concentration for winter by 1.9%, for the spring-summer
period by 0.4~0.5% and for autumn by 1.5%;

(v) interesting results are also obtained by the comparison of
the dates on which minimum and maximum phosphorus concentra-
tions occur during the different seasons, as a result of
averaging the input data discussed; for example, seasonal
averaging of phosphorus loading data has a significant in-
fluence on the change of these dates for the winter-spring
months, while the same time scale of averaging the tempera-
ture data influences the dates of extreme phosphorus con-
centrations during the spring, summer and autumn months;
the seasonal averaging of data on the radiation counted only
for the dates of minimum phosphorus concentrations during

the winter and autumn months.

It is apparent that the results of sensitivity analysis runs
presented here have a rather preliminary character. For a com-
plete picture of the model behavior, the effect of the same time
scale averaging of other input data, such as wind and water
balance data, should also be evaluated. This is considered to
be important for applying the model in the management framework,
as well as for the solution of the problem of how the model and
input data used could be simplified, but without any significant

disturbance in the accuracy of the model output.

PHOSPHORUS EXCHANGE PROCESSES IN THE SEDIMENT-WATER LAYER

Among the phosphorus transformation processes developed in
the water bodies, the phosphorus interactions between sediments
and water, as well as their quantitative relationships have not
vet been studied sufficiently well. It is known that the sedi-
ments play a significant role in the nutrient cycling and their

importance as a potential nutrient source in the development of
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water body eutrophication has been generally recognized. However,
the quantitative measurements of the sediment effect on the nu-
trient balance within the water body is a difficult task because
of the complexity of the analytical technigques used. Neverthe-
less, an attempt has been made to simulate the contributions of
phosphorus from the Lake Balaton sediments to the water's bio-
chemical and dynamic cycle as a variable factor defined by
physical and chemical environmental characteristics. It follows
that the model gives one the possibility of quantitatively esti-
mating the influence of sediment on the phosphorus dynamics in
Lake Balaton. Furthermore, it is interesting to note how the
simulation results obtained for 1976-1978 may explain the in-
fluence of the environment on the phosphorus exchange through
the sediment-water interface, in accordance with the model

hypothesis and the measurements used.

An analysis of the simulation results obtained may be made
to elucidate the dynamics of the phosphorus exchange in the
sediment-water layer, as well as to clarify the role of the
sediment-water phosphorus fluxes in a total phosphorus balance
within the given lake. The first question which arose in the
analysis of the simulation results concerning the sediment-
water phosphorus exchange was on the interaction between the
processes regulating the phosphorus exchange in the sediment-
water interface. 1In accordance with the hypothesis used during
model construction, these processes are the resuspension and
sedimentation of particulate phosphorus, as well as the sediment
release of the dissolved inorganic phosphorus. The development
of these processes depends on the wind and temperature, as well
as on the physical-chemical-biological reactions within the

sediment-water layer.

According to the data used and the assumptions made, the
simulated time patterns of the nonliving particulate phosphorus
transport through sediment-water interface for the environmental
conditions of 1976-1978 are shown in Figures 13-16, for Basins
I-1IV respectively. These pictures explain quantitatively, how

much phosphorus in the particulate form may enter from the



*JUSWTIPSS 03 SISSOT J-aj3elnoriaed DUTATTUOU 3BU °¢
{uoT3EjuUSWIPSS J-ajernoriaed BuTraATTuOU °gZ
{uorsuadsnsax g-o3eTnorixed burATTUOU *|
¢ 12pow Aq poajelInoIed
Se I uTseg UT S0BJIS3UT I93PM-JUBWIPOS UT J-93eTnorjaed butaTTuou Jo sbueyoxyg °*¢| aanbrg
8.61

L6l 9.61

v r r w v W 4 r
r — T 7 I T—1 T 1 1 _ T 1 T T T T | | _ T N | I T 1 1 oo

800~

90°0—

00—

00—

Jo0
3/d Bw
200

10—

00

L ¥/d Bw




-51-

Se II urseg UT 90BJIDJUT JI93BM-JUSWUIPSS UT J-93eTndorided HBuraTiuou JoO obueyoxd

*JUDWTIPOS 03 S9SSOT d-o3ernoriaed HUTATTUOU 3BU *¢
{uoTrjejuswIpas d-o3eTnoriied burtarTuou °g
{uotsuadsnsax g-o93eTnoTr3iaed HuTATTuouU *|

:1opow Aq pajelnored

"nl 2anbta

¥0'0—
00—
000

3/d b
z0'0

00

(M)

¥/ d bw



‘JUSWTPSS 03 SOSSOT Jd-93eInorjaied DBUTATTUOU 3IBU °¢
{UOT3e3USWIPOS d-o3e[notixed buraTTuOU °*g
{uotrsuadsnsax g-o3enorijaed burTaATTUOU °|
:Iopow AQ pa3jeInoOTERO
Sse III uTsed UT 90PFIS3UT I93BM-JUSWIPOS UT d-93e[norilaed butarfuou Jo abueyodxd °g| sanbtg

v0'0—

00—

000

200
3/d bw

L1'0—

00

3/d bw




*JUDWTPOS O3 SISSOT d-93eTnorixed burarTuou 3=au °¢
{uoT3jejzudWTpPas d-o3eInoriaed buraTIucu °Z

{uorsuadsnsax g-o3eTnotriaed burarTuou °|

t19pow Aq pajeInoIed

se AI urseg UT 90vJISJUT ID9IEM-JUDUWIPSS UT J-o3eTnorTiaed BurATTuou Jo sbueyoxyg

‘9| @anbrg

¢00—

000
5/d bw
00

10—

00

L0

1 3/d bw



-54-

sediments and settle into the sediment and what the net phos-
phorus losses to sediment are for every 10 day interval during
1976-1978. They also allow one to estimate the order of the
rates in the phosphorus exchange processes in the sediment-water

layer for the period of time mentioned.

Further conclusions may be obtained on the basis of the
analysis of simulation results representing the exchange of
particulate phosphorus through the sediment-water interface:

(i) the total amount of phosphorus which settled into the sedi-
ments was larger than that resuspended in 1976-1978. The
Figures 13-16 show that only during relatively small time
intervals, when wind speed was higher than 12-15 m/sec,
phosphorus entered water by resuspension and in these cases,
this phosphorus flux could have been higher than phosphorus
losses determined by sedimentation. These cases were ob-
served during the spring and autumn of 1976 as well as
during the winter of 1978;

(ii) for the environmental conditions of 1976, the exchange of
particulate phosphorus through the sediment-water interface
was more active than in 1977-1978 as a result of more fre-
quent winds, with speeds higher than 10-12 m/sec. There-
fore, the annual particulate phosphorus fluxes to and out
of the sediment were higher for 1976 by 1.5 and 1.3 times
for sedimentation than for 1977 and 1978 respectively and
they were also higher by 1.7 and 1.4 times for resuspension
in 1976 in comparison with 1977 and 1978 respectively.
Evaluated values of annual mean phosphorus sedimentation
rates for Basin I were 10.1-10_3, 7.4-10_3, and 8.6-107°
mgP/-day for 1976-1978 respectively. The corresponding
values of rates for the same years were 6.0-10_3, 3.9:10°
and 4.6-10"3 mgP/%-day for Basin II, 4.6-10"3, 2.8-1073
3.4.1073 mgP/%-day for Basin III and 3.5-10'3, 2.2-1073
2.7-1073
particulate phosphorus resuspension calculated on the basis
of simulation results were equal to 8.5°10_3, 14.9-10—3
6.3:1073

For the other basins and the same years, these rates were

3

and
and

mgP/f~-day for Basin IV. The annual mean rates of

and

mgP/2-day for Basin I in 1976-1978 respectively.
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equal to 5.4-1073, 3.1-10”

II); 4.3+10°3, 2.5-107°

3 3

and 3.0-10 ~ mgP/%-day (Basin
and 3.1.1073 mgP/%-day (Basin III);
and 3.3-1073, 1.9-1073 and 2.4+10"> mgp/2-day (Basin IV).
The comparison of net losses of particulate phosphorus for
the three year period, 1976-1978, shows that it was lowest
in 1976 as a result of active resuspension of particulate
phosphorus brought about by unusually strong winds.
evaluating the seasonal rates of the particulate phosphorus
exchange shows that in 1976, phosphorus losses by sedimen-
tation were highest in the spring-summer months. Calculated
rates of phosphorus sedimentation for these seasons in 1976
were equal to (10.9-11.7) *10™3 mgP/%-day for Basin I,
(6.3-7.3) +10™ > mgP/2-day for Basin II, (4.7-5.6)+10">
mgP/%-day for Basin III and (3.6-4.4) 1073
Basin IV. The order of rates of phosphorus sedimentation

3 mgP/2-day
3

mgP/2-day for

for the winter and autumn 1976 were (9.1-9.2) 10
(Basin I), (5.3—5.7)-10-3 mgP/%-day (Basin II), (4-04,3) <10
mgP/%-day (Basin III) and (3.1-3.3) 10> mgP/2-day (Basin IV).
In 1977 and 1978, the seasonal phosphorus losses by sedi-
mentation were estimated to be highest in the winter-spring
months. In 1977, for these months, the rates of phosphorus
sedimentation evaluated were equal to (8-9.6)-10_3 (Basin I),
(4.1-4.6) =10"° (Basin II), (3-3.2)+10"> (Basin III) and
(2.3-—2.LL)-10-3 (Basin IV (all mgP/2-day), while for 1978,

for the same periods, they were (9.8-10.9) +10™> ( Basin I),
(5.4-5.9) +10™> (Basin II), (3.9-4.4)+10"°> (Basin III) and
(3-3.4) +10"> (Basin IV). The intensity of the phosphorus
sedimentation in the summer and autumn months were estimated
to be similar in 1977-1978 with the following rates

(6.2-7.8) +107>, (3.4-4.1)+10"3, (2.5-3)+10"> and (2-2.4)+10"

mgP/%-day for Basins I-IV respectively.

3

the seasonal changes of phosphorus resuspension rates were
similar to changes of sedimentation rates for the three
vear period of study. For 1976, resuspension rates were
highest in the spring-summer months and they were estimated
to be equal to (9.2-9.6)+10"> (Basin I), (5.8-6.1)+10 >
(Basin II), (4.6-4.8)+10 > (Basin III) and (3.5-3.7)-10"

(Basin IV), while in the winter-autumn months the range of

3
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resuspension rates were evaluated to be equal to (7.2—8.6)°10-3,
(4.6=5.4)+10"3, (3.6-4.3)-10"> and (2.8-3.3)-10"2 mgP/%-day
for Basins I-IV respectively. The intensity of resuspension
in 1977-1978 was estimated to be higher in the winter-spring
months than in the summer-autumn months. For 1977 it was
lower than in 1978, so that for the winter-spring months,
the resuspension rates calculated were equal to (5.3—5.7)-10_3,
(3.4-3.6) -10">, (2.6-2.9)+10"> and (2.1-2.2) -10"° mgPp/2-day
for Basins I-IV respectively. 1In 1978, for the winter-spring
months, the resuspension rates constituted (7.1-8.7)-10-3,
(u.5-5.5)-10'3, (3.5-4.3)-10_3 and (2.7-3.4)-10-3 mgP/¢-day
for Basins I-IV respectively. For the summer and autumn
months in 1977-1978, the order of resuspension rates evaluated
were similar, so that they were (u.2-4.9)-10'3, (2.6-3.1)-10_3,
(2.1-2.4) 1073 and (1.6-1.9)-1073

respectively.

mgP/%-day for Basins I-IV

It is also possible to evaluate the intensity of DIP releases
by sediment. Figure 17 shows the dynamics of sediment DIP release
rate for Basin I in 1976-1978. According to modeling results,
the annual mean values of sediment DIP release in this basin were
estimated to be equal to 6.24~10_u, 3.38°10-q and 3.05~10_q mgP/2-day
for 1976-1978 respectively. For Basins II-IV these rates were

3.5, 4.9 and 7.2 times smaller than in Basin I.

Seasonal changes of sediment DIP release rates for the three
year period show that the range of these rates in the winter months
for Basin I was (1.01-1.54) 1073
During the spring and summer months the rates of DIP release by

mgP/%~day as evaluated for Basin I.

sediment could significantly differ from year to year as a result
of the prevailing environmental conditions, primarily wind and
temperature. The simulation results show that the rate of DIP
release from the sediment in Basin I during the spring was equal
to 8.37-10"%, 4.99-10"% and 4.44-10"" mgp/0-day for 1976-1978
respectively. In the summer months these rates were 13.56-10—u,
5.99-10"% and 5.28-10""

autumn months the rate of sediment DIP release was smaller than

mgP/%-day for the same years. During the

in the summer months and it was estimated to be equal to 2.36-10_u,
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4 4

1.49+10° 7, 1.1010 ' mgP/f%-day in 1976-1978. . The total amount of
DIP released by sediment per year, according to simulation, was
estimated to be equal to 0.2278, 0.1227 and 0.1112 mgP/% for 1976-
1978 respectively in Basin I, 0.0643, 0.0349 and 0.0317 mgP/2 for
Basin II, 0.0467, 0.0252 and 0.0228 mgP/% for Basin III and 0.0321,
0.0173 and 0.0157 mgP/% for Basin IV.

Taking into account the simulation results presented in
Figures 13-17, it is possible to give a total assessment of sedi-
ment influence on the phosphorus cycling in Lake Balaton. Table
16 summarizes by season for 1976-1978 the data obtained by the
model on the phosphorus exchange in the sediment-water layer for
each basin studied. The comments below follow from the analysis
of the data in Table 16:

(i) in 1976, the amount of phosphorus resuspended was higher
than in 1977-1978; this may be explained by the more signi-
ficant influence of wind action as the wind speeds were
much stronger in 1976 than in 1977-1978;

(ii) particulate phosphorus resuspension was higher in the winter-
spring months than in the summer-autumn months;

(iii) phosphorus sedimentation was higher in the spring=-summer
months than in the winter and autumn months;

(iv) net particulate phosphorus losses to sediment due to the
interaction between resuspension and sedimentation were
higher in the spring-summer months (as with sedimentation)
when the rate of ecological phosphorus transformation was
rapid and the amount of particulate phosphorus formed by
biochemical processes was significant; the strong winds
such as occurred in 1976, could decrease the general par-
ticulate phosphorus losses by increasing the intensity of
its resuspension;

(v) the amount of DIP released by sediment was highest during
the spring-summer months, as a result of favorable conditions
in phosphorus transformation in the sediment, primarily de-
fined by temperature; during the winter-autumn months the
amount of the sediment DIP release was smaller by 5-10 times
than in the spring-summer months;

(vi) the amount of DIP released by sediment was not sufficient



-59-

Table 16. Phosphorus exchange flows through sediment-water inter-
face as shown by model calculation.
Fp Te~ | Pp sedi- Net Py |prp rele- | Net phosphorus

Basi s ¥ suspen- menta- losses to |ase from 1losses to sedi-
asin eason ear sion, -tion, sediment, | sediment, ment.,

" mgP/%- mgP/ - mgP/% - mgp /%~ mgP/%— xqp/da

3 months | 3 months 3 months | 3 months 3 months g Y

1 winter |1976 | 77189 .83215 .06026 | .009I3 .05II3 | 46.6

(Jan-maz) 11977 .51694 | .86532 .34838 | .0I1033 .33805 |308.0

1978 | .78269| .88066 | .09797 .0I1383 .08414 | 76.7

Spripg |1976 | -82540| .98435 | .15895 | .07536 .08359 | 76.2

o omuney| 1977 | .47708| .72328 | .24620 | .04492 | .20128 |183.4

P 1978 | .63778| .97834 .34056 | .03998 .30058 |273.9

sumper  |1976 | -86I371.05344 .I9I07 | .12207 .06900 | 62.9

uly-sept)| 1977 .37952| .56854 .18902 | .05395 .I13507 |123.1

¥=2€PY) 1998 | .43936| .70623 .26687 | .04752 .21935 | 199.8

autamn | 1976 .65226 | .82179 | .16953 | .02127 .14826 |135.1

(oct-pec) | 1977 .42066 | .53807 .IT741 | .0I346 .10395 | 94.7

1978 | .42280| .56043 .13763 | .00991 .I2772 |116.4

II Winter I976 .48949 .5I41I0 .02461 .00260 .02201 I0I.O

(Jan-maz) |I977 | -32782] .41807 | .09025 | .00294 | .0873I |400.7

1978 | .49634| .52826 | .03192 | .00394 .02798 |128.4

Sprin 1976 | .52343| .56706 | .04363 | .02147 .02216 |101.7

(Apr_mee) 1977 .30254 | .36922 .06668 | .0I280 .05388 |247.2

P 1978 .40445 | .48965 .08520 .0II39 .0738T |338.7

cummer | 1976 .54623 | .65493 .10870 | .03478 .07392 (339.2

| rotyosept)| 1977 .24066 | .31808 | .07742 | .01537 .06205 |284.7

¥~>€Ptli1978 | .27862| .36855 | .08993 | .0I354 | .07639 [350.5

autemn 1976 | -41363 | 47417 .06054 | .00606 .05448 |250.0

(o‘;t_Dec) 1977 .26676 | .30674 .03998 | .00383 .0361I5 |165.9

1978 | .268II| .30626 | .038I5 | .00282 .03533 |162.1

ITT | .o .. |I976 | .38594| .39202 | .00608 | .00I87 .0042I | 28.1

(Tanar) |1977 .25847 | .28785 .02938 | .002I2 .02726 (18I.7

1978 .39135 | .39874 .00739 | .00284 .00455 | 30.3

Sorin 1976 | .4I270| .4255% .0I28I | .0I546 |-.00265 |-17.7

or-gune)|T977 | .23854 | .26895 | .03041 | .0092I | .02I20 |I4I.3

P 1978 .31888 | .35436 .03548 | .00820 .02728 [18I.9

cumer | 1976 .43069 | .50079 .070I0 | .02504 .04506 (300.4

Toly-septy 1977 .I8976 | .24258 | .05282 | .orz07 .04275 |278.3

¥Y=2€PY 1998 | .21968 | .27423 .05455 | .00974 .04481 |298.7

autumn  |1976 | -32613| .35968 | .03355 | .00436 | .02919 |194.6

(octopec) 1977 .21033 | .23514 .0248I | .00276 .02205 |147.0

1978 .2II41I .23149 .02008 .00203 .0I805 I20.3

v winter 11976 .29732 | .29888 .00156 .00129 .00027 2.4

(anoar) 1977 .I9912 | .21477 .0I565 | .00I46 .0I4T9 |126.4

1978 | .30148| .30526 | .00378 | .00I95 .00I83 | 16.3

Sprin I976 .31793 .32664 00871 .0I062 -.00I91 -I17.0

(rorgune)| 1977 | -I9096| .20956 | .0I860 | .00633 | .0I227 |109.3

13 1978 .24566 | .27213 .02652 | .00564 .02088 [186.1

s 1976 .33179| .39232 | .06053 | .01722 .04331 |385.9

Tosepty| 1977 | -I46I9| .19415 | .04796 | .0076I | .04035 |359.6

(July-Sept)i 1995 | .16923| .21660 | .04737 | .00670 | .04067 |362.4

Aut 1976 | .25I23| .27933 .028I0 | .00299 .025IT |223.8

(o‘ét‘j‘;:c) 1977 .16202 | .18449 .02247 .00I90 .02057 | 183.3

1978 | .16285| .17977 .0I692 | .00I39 .0I553 |138.4
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to compensate for the phosphorus losses due to sedimentation
of particulate phosphorus and only during the spring-summer
months was the contribution of sediment DIP release to the
total phosphorus balance considered important from the gquan-
titative point of view;

(vii) there is a general tendency toward phosphorus accumulation
in the sediment throughout all the seasons and it may be
disturbed in periods with strong winds which occurred, for
example, in the winter-spring months of 1976 when the fluxes
of particulate phosphorus by resuspension and sedimentation

were almost in balance.

Table 16 includes the rates of net phosphorus losses to
sediment in kgP/day, which allow one to compare the general phos-
phorus removals from water to sediments in the different parts
of the lake during the various seasons within the individual years
studied. Thus the simulation results make it possible to receive
a quantitative explanation of the phosphorus exchange processes
in the sediment-water interface on the basis of assumptions used

and data available for Lake Balaton.

PHOSPHORUS CYCLING WITHIN LAKE BALATON

In this study phosphorus transformation was considered from
the point of view of the functioning of the phosphorus system in
Lake Balaton. The principal goal of the study was to understand
how the conversion of phosphorus forms developed in this water
body, in order to obtain the quantitative information of the
phosphorus dynamics and phosphorus cycling as a whole. These
aspects of the study are important for an understanding of the
relative importance of the natural phosphorus cycle in aquatic
ecosystem behavior and in water body eutrophication in particular,
defined by surplus phosphorus entering the water body from the

watershed area.

The mathematical model of phosphorus transformation used in
this study and composed from phosphorus compartments such as DIP,

DOP, nonliving particulate-P, phyto- and bacterial-P, allow one
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to evaluate the quantities of phosphorus in the individual phos-
phorus compartments (or phosphorus pools) and the phosphorus re-
cycling from one phosphorus form to another. Furthermore, on the
basis of the data used, the model also estimates the wvarious
fluxes of phosphorus during each year studied. Considering the
following phosphorus fluxes is interesting for the analysis of
the phosphorus system:

(i) external input-output phosphorus fluxes (EFi—OFi) which

take into account the total transport of phosphorus through
the Lake Balaton basins;

(ii) system phosphorus flux (SPF) which takes into account the

external phosphorus input and total amount of phosphorus
transported by advective and wind-induced water flows;

(iii) compartment fluxes of phosphorus (CPi) which take into ac-

count the amount of phosphorus transferred through the
given compartment by internal transformation mechanisms
and input from all external sources;

(iv) total phosphorus flux (CF ) which is the sum of flows

tot.P
for all phosphorus compartments.

Information on the external input-output phosphorus fluxes
based on the tentative estimates of present phosphorus loading of
Lake Balaton as well as on the direct phosphorus measurements in
the River Zala in 1976-1978 is summarized in Table 17. According
to the data used, the external input fluxes, considered in Table
17, include:

(i) DIP with River Zala discharge water, watershed runoff
(sewage load), rainfall load as well as sediment load;
(ii) DOP with rainfall;
(iii) PD with River Zala discharge water, watershed runoff and
from sediment;

(iv) phyto- and bacterial-P with River Zala discharge water.

It should be noted that the role of the external sources
mentioned in the phosphorus loading is quite different. For
example, it is possible to evaluate the role of sediment as a
potential phosphorus source. In 1976, the sediment in Basins I-
IV contributed 31.9%, 50.5%, 49.1% and 36.7% respectively from
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the overall DIP load: for 1977 these estimates for the same basins
were 19.4%, 35.5%, 34.3% and 23.9% and for 1978 they were equal to
16.5%, 34.3%, 33.2% and 22.9% for Basins I-IV respectively. 1In
the total balance of nonliving particulate-P in 1976 the sediments
provided 90.6%, 96.8%, 98.7% and 99.3% of particulate-P for Basins
I-IV respectively; in 1977 these number were 76.1%, 91.1%, 96.2%
and 97.8% for the same Basins and in 1978 they were estimated to
be equal to 81.6%, 93.4%, 97.3% and 98.4% for Basins I-IV respec-
tively.

In a comparison of the external input-output fluxes of phos-
phorus, presented in Table 17, we can see that phosphorus is re-
moved from the water in Basins I-IV by sedimentation and in Basin
IV also by advective water flow. Thus the estimated values of
total balance in the external input-output fluxes of phosphorus
show that it is stably positive for Basin I; for Basins II-IV it
may be positive as well as negative, in accordance with the data
and hypothesis used for the phosphorus load.

It is interesting to note that in Basin I the total external
input of phosphorus is larger by 1.12-1.13 times than the output
for 1976-1978. Estimated values of the total phosphorus balance
for the whole lake show that in 1976 the external input flux was
higher than the output flux and this difference is estimated to
be equal to 74.7 kgP/d; in 1977 the output flux was higher by
65.9 kgP/d than the input phosphorus flux and in 1978, both fluxes
were almost in balance and the difference is only 0.6 kgP/d. The
data in Table 17 allows one to assume that the external input of
phosphorus should be revised, especially for Basin II. This is
considered to be important for obtaining a correct picture of the
phosphorus interactions in the lake and using the model for the
prediction of the future phosphorus levels (as a result of the

changeable phosphorus loads).

On the basis of the simulation results obtained, the condi-
tions of the phosphorus cycling may be estimated for 1976-1978
as a result of all the interactions considered in the model.

The phosphorus flux through the system depends on the total flux
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through all the phosphorus compartments and coupling between the
compartments. Table 18 shows the results of the comparison of
the phosphorus fluxes taken into account in the model. Ratios
between compartment fluxes to external fluxes presented in Table
18, demonstrate the role of the internal transformation processes

in the phosphorus cycling. This ratio for DIP, CF was

DIP/EFDIP
rather constant for 1976-1978 and equal to 1.3-1.4 in Basin I
where the role of external sources in the DIP load was considered
to be much more important than in the other Basins. For the
Basins II-IV the ratio, CF /E

DIP FDIP
for 1976-1977 and from 2 to 2.4 for 1978. For DOP, the role of

was changed from 2.4 to 3

internal cycling was assumed to be quite significant in comparison
to the external load because only a single external source, pre-
cipitation, was used and the corresponding range of the ratio
CFDOP/EFDOP was 14-42 for Basins I-IV during 1976-1978. The ratio
CFPD/EFPD was quite stable for all the basins considered in 1976~
1978 and it was equal to 1.2-1.3. For total phosphorus,
this ratio was more or less constant in 1976-1977 and equal to

1.8=2.0 while in 1978 it decreased to 1.6.

The ratio CFTotal p

by chemical-biological transformation in contrast to phosphorus

/SPF shows the role of phosphorus cycling

loading from external sources and as a result of hydrodynamical
transport. This ratio was changed within the range 1.6-1.9, 1.7-
2.0 and 1.5-1.6 for 1976-1978 respectively.

Finally the ratio SPF/EF shows the role of hydro-

Total P
dynamical transport of phosphorus fractions in the phosphorus
load in the individual basins for 1976-1978. This ratio, being
changeable in a small range, was taken as 1.06-1.14 for Basins

I-IIT and 1.03-1.04 for Basin IV during the three years studied.

A better understanding of phosphorus recycling in the system
may be obtained through an analysis of turnover time of total
phosphorus as well as its individual fractions (Pomeroy 1970).

As Watson and Loucks (1979) indicated, the turnover time of the
system may be considered as a function of the turnover time of
its parts and the nature of the coupling between compartments.

It is defined as the time required for the amount of the substance
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transferred into or out of a compartment to be equal to the amount

present in the compartment (Robertson 1957).

The mean annual turnover time of all phosphorus compartments
were calculated for each basin and for individual years studied
by dividing the phosphorus pool sizes averaged for the year con-
sidered, by the rate of phosphorus fluxes through the pools, for
the same period of time. Flux rate in this case was defined as
the average of the input and output rates of the pools. The
results of calculating the turnover time of the phosphorus com-
partments and total phosphorus obtained with the aid of the model

are summarized in Table 19.

The analysis of the turnover time of the individual phosphorus
compartments may help to explain the role of these compartments in
phosphorus cycling. It is recognized that compartments may act as
a holder or a mover of nutrients inside a system (Pomeroy 1974).
The analysis of the data in Table 19 shows that the fastest turn-
over within the phosphorus compartments in the lake as estimated by
by the model, concern only the bacterial-P and nonliving parti-
culate-P (or detritus) formed as a result of the action of micro-
organisms. The turnover time of bacterial-P is estimated to be
changeable in a relatively small range, 3.2-6.7 days (mean 5.5
day for the whole lake during 1976-1978). The turnover time of
nonliving particulate-P is also estimated as being a characteristic
with a small variance for the different basins, so that the pos-
sible range of the turnover time is 2.1-3.4 days (mean 2.7 days
for the whole lake during 1976-1978). The turnover time for dis-
solved inorganic phosphorus and phytoplankton-P are estimated to
be similar, so that the ranges in estimates of the turnover time
are 3.7-13.1 days (mean 8.0 days) for DIP and 5.1-9.7 days (mean
8.0 days) for phytoplankton-P. The assessment of the turnover
time for DIP obtained for the Lake Balaton ecosystem by the given
model is in accordance with the measured turnover time of 5-10
days for the phosphates in other lakes (Golterman 1975). The
range of the turnover time for DOP is 8.1-12.1 days {(mean 9.8
days) and as follows from the analysis, this phosphorus compart-
ment may be considered the one with the slowest turnover among

all the compounds taken into account in the model. The turnover



Table 19, Annual turnover times (in days) for phosphorus fractions in Basins I-IV as

evaluated by the model.

Phosphorus I 1 Tt v
fractions Range Mean
1976 1977 1978 1976 1977 1978 1976 1977 1978 1976 1977 1978 (
fo)}
DIP 4.3 3.9 4.3 3.7 4,8 5.0 9.2 11.4 12,1 11.0 12.8 13.1 3.7-13,1 8.0 T
DOP 8.6 9.2 11.6 9.2 9.7 11.0 8.8 9.0 11.6 8.1 8.8 12,1 8.1-12,1 9.8
PD 2.1 2,2 2.1 2.5 3.2 3.3 2.2 3.1 3.4 2.4 3.2 3.2 2,1- 3.4 2.7
F 5.1 5.4 5.8 7.2 8.8 9.7 8,0 9.6 9.7 8.6 8.4 9.4 5.1- 9.7 8.0
B 3.2 4.9 5.0 5.0 o7 6.0 5.4 6.1 6.4 5.8 6.4 6.7 3.2- 6,7 5.5
Total P 5.4 6.0 5.6 6.7 7.6 6.4 7.8 9.3 7.2 9.6 11.9 9.1 5.4-11.9 7.7
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time of the total phosphorus is comparable with the turnover time
for DIP and its range equal to 5.4-11.9 days (mean 7.7 days for
the whole lake during 1976-1978).

Thus the estimated values of turnover time for the individual
phosphorus compartments show that the phosphorus cycling is
developed slightly faster in Basins I-II than in Basins III-IV.
For the environmental conditions of 1976-1978 the phosphorus
system shows similar properties in annual phosphorus cycling
which indicates the stability of the way in which Lake Balaton's
ecosystem functions. Undoubtedly, some differences in the phos-
phorus cycling may be expected from year to year for the individual
seasons within the year, as a result of the combined influence of
the weather conditions and the nutrient loads. Therefore further
insight into the functioning of Lake Balaton's ecosystem can be
gained by considering the seasonal turnover time of the phosphorus
compartments, as well as by analyzing the behavior of the indi-

vidual phosphorus compartments in the phosphorus transformation.
CONCLUSIONS .

1. The emphasis in the given report is on the examination of the
improved version of the Balaton Sector Model (BALSECT), which in-
cludes the five phosphorus compartments (dissolved inorganic-P,
dissolved organic-P, nonliving particulate organic-P, phytoplankton-P
and bacterial-P) and takes into account the biochemical inter-
actions between these phosphorus compartments as well as phos-

phorus exchange through the sediment-water interface and the
horizontal interbasin transport of phosphorus by advective and

wind-induced water flow.

2. The given model was applied to a real set of original field
observations for temperature, wind, radiation, water balance and
phosphorus loading to examine the model's ability to describe
the phosphorus dynamics in the different parts of Lake Balaton
in 1976-1978.

3. The model adequacy in representing the phosphorus dynamics

observed in Lake Balaton basins in 1976~1978 was evaluated by
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applying statistical methods. The adequacy of the simulation
results to the observations was shown by the comparison of mean
values of phosphorus compartments as well as their variances.

It was found that phosphorus concentrations, observed and simulated,
have a distribution close to normal and the fluctuations of both
sets of data lie in the range *3¢g for all phosphorus compartments
studied. Estimated values of 95% confidence intervals of mean
phosphorus concentrations in observed and simulated phosphorus
data are in reasonable agreement, excluding data for Basin II,
where phosphorus loading seems to be lower than may be expected

by observed phosphorus levels. The comparison of mean phosphorus
concentrations evaluated on the different amount of data in samples,
observations and simulation results, by the F-test shows that the
variances of means in two group of data may be considered as a
homogenous whole. According to data on the F-test, the DIP dynamics
were simulated better in 1976-1977 than in 1978, while the DOP
dynamics were better modeled for 1976 and 1978 than for 1977;
however, the mean values of DIP and DOP evaluated on the simulated
results, are lower than those estimated on scarce observations
covering the spring-autumn periods within 1976-1978. The dynamics
of nonliving particulate organic~P is better simulated for 1977-
1978 than for 1976 and the total P is modeled better for 1976 and
1978 than for 1977. When a comparison was made between modeling
results and observations for combined sets of data on all phos-
phorus fractions there was reasonable agreement. The ratio of
variances in simulated phosphorus data to that observed is esti-
mated to be equal and changeable in the range 34.7-77.9%

(mean 41.9%) in Basins I through IV for 1976-1978. The quanti-
tative relationship between phosphorus concentrations in the
observed and simulated time series of phosphorus concentrations
was also analyzed by regression analysis, simple as well as
weighted. Finally, Theil's inequality coefficients were calcu-
lated for each phosphorus compartment on the basis of observations
available, and simulation results were obtained. This coefficient
illustrates that the range of errors in the simulation of the
dynamics of individual phosphorus fractions is 0.154-0.221 (mean
0.2) for total P, 0.214-0.291 (mean 0.251) for DIP, 0.243-0.353
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(mean 0.283) for nonliving particulate organic-P, 0.269-0.325
(mean 0.296) for total dissolved P and 0.303-0.405 (mean 0.369)
for DOP. The range of errors in the simulation of the phosphorus
dynamics is estimated to be 0.203-0.261 (mean 0.225) for Basin I,
0.250-0.347 (mean 0.295) for Basin II, 0.204-0.284 {(mean 0.252)
for Basin III and 0.237-0.307 (mean 0.290) for Basin IV. The
errors in the simulation of the phosphorus dynamics are estimated
as 0.267, 0.262 and 0.223 for 1976-1978 respectively and 0.253
for the total three year period, 1976-1978.

4. A series of sensitivity runs on the basis of data available

for 1977 were conducted to understand how the quality of input data
on the temperature, radiation and phosphorus loading may change

a model output for Basin I. In these runs for the values of input
data, a different degree of time scale averaging, corresponding

to day, week, month and season was used. The results of the
sensitivity analysis compared with a control run where the original
set of observations was used, show that: (a) weekly averaging

of the mentioned input data do not practically change the model
output; (b) monthly averaging of the same input data gives slightly
lower values of mean monthly and seasonal mean phosphorus concen-
trations for the winter and summer periods and slightly higher

ones for the spring and autumn periods; (c) seasonal averaging
significantly changes the model output for the summer months, so
that mean monthly concentrations of DIP, DOP, particulate
organic-P, total soluble P and total P are lower by 31.3-45%,
U6.1-62%, 18.3-31%, UU-64% and 35-36% respectively than in a
control run; this procedure also essentially alters the dates

of extreme phosphorus concentrations for the spring and summer
months; (d) the averaging of temperature and phosphorus loading
data have an express influence on the model output in contrast to
averaging of the radiation data; for example, the seasonal averaging
of the temperature data may change the mean seasonal concentrations
of total P to 0.5%, 8.5%, 15.4% and 7.6% for the winter, spring,
summer and autumn respectively; the same averaging of the phos-
phorus loading data gives the change of the mean total P concen-
trations on 1.2%, 13.1%, 1.9% and 4.7% for similar seasons, while

the averaging of the radiation data change the model output only
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by 1.9% for winter, by 0.4-0.5% for the spring-summer months and

by 1.5% for the autumn months; (e) seasonal averaging of the phos-
phorus loading data has a significant influence on the dates of

the minimum and maximum phosphorus concentrations during the
winter-spring months while the same time scale of averaging of

the temperature data has an influence on the dates of extreme
phosphorus concentrations during the spring, summer and autumn
months; the seasonal averaging of radiation data show the influence
only on the dates of the minimum phosphorus concentrations during

the winter and autumn months.

5. The role of the sediments as a potential phosphorus source

was evaluated in the given report. 1In 1976, the sediments provided
31.9%, 50.5%, 49.1% and 36.7% of DIP from all DIP sources in

Basin I through IV respectively; for 1977 the same estimates were
19.4%, 35.5%, 34.3% and 23.9% and for 1978 they were 16.5%, 34.3%,
33.2% and 22.9% for Basins I-IV respectively. As for nonliving
particulate-P, the model estimates the sediment contribution in
1976 as 90.6%, 96.8%, 98.7% and 99.3% for Basins I-IV respectively.
For 1977, these estimates were 76.1%, 91.1%, 96.2% and 97.8% and
for 1978 81.6%, 93.4%, 97.3% and 98.4% for Basins I-IV respectively.
According to the simulation results, the general tendency of the
phosphorus to accumulate in the sediment was expressed for all the
seasons within 1976-1978 and it was disturbed just in the periods
with strong winds, such as occurred in the winter-spring months

of 1976. The net particulate-P losses to sediment due to the
interaction between resuspension and sedimentation were estimated
to be higher in the spring-summer months when the rate of the
ecological phosphorus transformation is highest and the total
amount of particulate-P biochemically formed is significant. The
amount of DIP released by the sediment is considered as having an
influence only during the spring-summer months, but this process
may only slightly compensate the total phosphorus losses due to
sedimentation, even during that period.

6. The conditions of phosphorus cycling in Lake Balaton were
estimated by considering phosphorus fluxes such as external input-
output (EFi—OFi) phosphorus fluxes, system phosphorus flux (SPF),
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compartment phosphorus fluxes (CFi) and total phosphorus flux

(CF
tot.P
the role of the internal phosphorus transformation in providing

). In the given analysis, the ratio CFi/EFi demonstrates

the nutrients as opposed to that of the external loading. This ratio
for DIP looks quite stable (1.3-1.4) for 1976-1978 in Basin I, where
the role of external loading is significantly higher than in

Basins II-IV. For the latter basins the ratio CFDIP/EFDIP is

2.,4-3 for 1976-1977 and 2-2.4 for 1978. For DOP the role of the
internal transformation is considered much more important than

EF is estimated to be

DOP/ DOP
equal to 14-42 for Basins I-IV during 1976~1978. For nonliving

external loading and the ratio CF

particulate~P this ratio appears to be constant and equal to
1.2-1.3 for Basins I-IV for 1976-1978, which testifies to the
definite balance between all the processes providing external
and internal input of particulate-P. The ratio CFtot.P/SPF
showing the role of phosphorus biochemical cycling in contrast
to the loading by external input and hydrodynamical transport,
is estimated to be in the range 1.6-1.9, 1.7-2 and 1.5-1.6 for
1976-1978 respectively. The role of hydrodynamical transport
in phosphorus loading may be evaluated by the ratio SPF/EFtot.P
and the range of this ratio is relatively small, 1.06-1.14 for

Basins I-III and 1.03-1.04 for Basin IV during 1976-1978.

7. The properties of the lake's ecosystem as well as the role

of the phosphorus compartments in the phosphorus cycling were
investigated through the analysis of the simulated phosphorus
dynamics and phosphorus fluxes. Flux rates, pool sizes and
turnover times were computed for the individual phosphorus frac-
tions. The analysis of turnover time indicates that the
bacterial-P and nonliving particulate organic-P are the fastest
phosphorus compartments within Lake Balaton's ecosystem and their
annual mean turnover time was estimated to be equal to 5.5 day

and 2.7 days respectively. The turnover time of DIP is comparable
with those for the phytoplankton-P and it is equal, for both of
these fractions, to 8.0 days. The turnover time of DOP is esti-
mated to be slightly higher than for DIP and is equal to 9.8 days.
The turnover time of the total P is close to DIP and phytoplankton-P

turnover time and it is estimated to be 7.7 days. The turnover
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of total P occurs in 5.4-7.6 days within Basins I-II and in 7.2-
11.9 days within Basins III-IV. On an annual basis the values of
turnover time of the individual phosphorus compartments indicate
stability and also show that similar conditions existed in the

phosphorus cycling in the period 1976-1978.
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Model equations of biochemical phosphorus transformation.

RDIP_= LB"Bj - UP F]
J ] J
= . + F, - B
RDOP K3 PD Lo 5 up :
J J J J
= . + B, -
RPD MF Fj My 3 K3 P
] J ] J
RB = (UPB - LB. - MB ) BJ
J J 3 J
= - - M F
RF (UPF LF' P ) 3
J 3 J ]

l.Microorganism growth (or substance uptake):

Kl RTF RIF

- for phytoplankton UPF =
3 1+ Fj/(Y'DIPj)

Ky is maximum uptake rate (day-l);
vy 1s coefficient of substrate conversion per

unit biomass (unitless);

Rip is light reduction factor (unitless)
RIF =(e/Ke-h)[exp(—rx) - exp(-rlq
h = 0.5 m;
2
r, = I/Iopt' Iopt = 350 cal/cm”-day
r =r '[ex (-K ‘hﬂ
b4 1 p e J

Ke is light extinction coefficient (m_l):

K= K_ + Kb‘( ugChl/4)

I is daily course of light intensity

(cal/cmz—day):

29q.(t -t )
I =1I -h-[l + cos now peak }
max
£

t is current time of day in hours;
now

t is I2 o'clock when light intensity
peak

is maximum;
f is photoperiod in hours;

I is maximum light intensity
max
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(cal/cmz—day):

I = 2-1_ /f
max av
IaV is mean daily light intensity
(cal/cmz—day).
RTF is temperature reduction factor(unitless)

.21 -
0.022(e° % T q)

=0.2 +
Rpp=0-2 0.21-T

1 + 0.028e

. X o
T is water temperature in C.

- for bacteria

K,*R
UPB _ 2 "TB
j 1 + B, /DOP,
] J/ ]
K2 is maximum uptake rate (day_l);
RTB is temperature reduction factor
(unitless) :
2 = 0.3 3.68°10 7 (e2-403°T _
TB 1+ 5.25.10-3(&0.403-’1'

2.Microorganism's metabolical excretion:

- for phytoplankton LF. = rF..UPF
J J J
rF is the coefficient representing the
J fraction of excretion over uptake:
( .
,al/az) UPFj
r_ = + (1L - a_/a,)
F. 1" 2
+
3j (l/a2) UPF.
-~ for bacteria LB, = rB.'UP .
J J J
L is the coefficient representing the
J fraction of excretion over uptake:
(a3/a4)'UPBj
ry = + (1 - a3/a4)

j +
J (l/a4) UPBj
ai are coefficients with dimensions(day) .
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3.Microorganism mortality

- for phytoplankton MF,= (Vl'Fj)/UPF_

] ]

-1 -
vy is constant (mg P/%) - (day)

- for bacteria M. = v, + (v 'Bj)/UP

v2 and v3 are constants with dimensions

day—l and (mg P/E)-l-(day)_2 respecti-

vely.

4.Temperature~-dependent rate of detritus decomposition:

1.2-107 %0331 T _
1 + 3.0-10°2.0-3°1°T

K3=

. . o
T is water temperature in C.
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Appendix C. Weekly average temperature,radiation and phosphorus

concentrations in River Zala discharge water (data for I977

Weeak Temperature Radiation Orthophosphate-P Total P
starting
from lst ° 2
of January c cal/cm -day mgP/ & mgP/ g
1 0.01 58.43 0.0675 0.2261
2 0.01 68.57 0.0523 0.2658
3 0.01 91.86 0.0614 0.2694
4 0.05 70.43 0.0398 0.2806
5 0.47 110.43 0.0700 0.3749
6 0.70 24.0 0.0943 0.3790
7 2.01 157.86 0.0399 0.3926
8 5.34 182.29 0.0729 0.2154
9 3.87 210.29 0.0788 0.2373
10 4.71 301.86 0.0737 0.2129
11 6.51 315.14 0.0909 0.2584
12 9.30 353.86 0.1104 0.2732
13 9.49 272.43 0.0944 0.2327
14 6.97 256.57 0.0956 0.3037
15 7.54 285,29 0.0663 0.5649
16 7.46 414.71 0.0653 0.2928
17 8.37 324.00 0.0845 0.4979
18 13.77 449,14 0.1484 0.4189
19 15.77 465.29 0.2026 0.3701
20 17.64 328.29 0.2112 0.3701
21 18.76 465.57 0.2139 0.3672
22 18.27 538.14 0.1824 0.4334
23 18.69 515.43 0.1673 0.4076
24 22.51 534.86 0.2279 0.4688
25 22.76 488.00 0.4553 0.4898
26 22.33 499.29 0.5921 0.5980
27 22,21 533.29 0.4862 0.5440
28 22.37 501.14 0.4522 0.5984
29 21.37 403.43 0.4941 0.5668
30 20.70 451.14 0.4500 0.4990
31 19.74 367.00 0.3991 0.4382
32 21.44 459.57 0.3932 0.4194
33 22.03 378.43 0.3427 0.4985
34 21.13 353.00 0.3520 0.5579
35 20.01 401.00 0.3300 0.4674
36 22.26 401.43 0.3658 0.4896
37 19.70 304.86 0.4383 0.4642
38 15.13 173.86 0.4202 0.4710
39 13.89 274.57 0.3859 0.4014
40 13.66 268.71 0.3181 0.3242
41 14.09 187.86 0.3757 0.4431
42 13.67 215.29 0.3716 0.4484
43 12.86 134.00 0.2633 0.5032
44 12.26 93.00 0.2772 0.4038
45 11.60 76.86 0.2979 0.4437
46 9.74 98.43 0.2975 0.6803
47 6.13 111.29 0.1796 0.3218
49 0.01 71.86 0.1668 0.2670
50 1.66 62.43 0.1537 0.2423
51 2.49 36.14 0.1730 0.2382

52 3.61 58.63 0.1836 0.3093
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Appendix D. Monthly average temperature, radiation and phosphorus

concentrations in River Zala discharge water (data for I977)

Month Temperature Radiation Orthophosphate-P Total P
°c cal/cmz-day mgP/ 2 mgP/ 2
Jan 0.06 76.87 0.0556 0.2698
Feb 2,77 138.79 0.0716 0.3270
Mar 6.91 304.90 0.0904 0.2440
Apr 7.49 324.70 0.0798 0.4111
May 16.97 438,06 0.1958 0.3851
June 21.26 519.70 0.3353 0.4824
July 21.61 466.61 0.4698 0.5469
Aug 20.87 385.74 0.3625 0.4790
Sept 17.94 297,57 0.3977 0.4563
Oct 13.45 189.68 0.3260 0.4292
Nov 8.55 95.77 0.2454 0.4279
Dec 1.92 58.74 0.1698 0.2642
Appendix E. Seasonally average temperature, radiation and phosphorus
concentrations in River Zala discharge water (data for I%977)
Temperature Radiation Orthophosphate-P Total P
Season ° 2
of cal/cm” -day mgP/ mgP/g
Winter
3.27 175.96 0.0728 0.2783
(Jan - Mar)
Sprin
pring 15.45 428.04 0.2087 0.4295
(Apr - June)
Summer
20.15 384.82 0.4084 0.4935
(July - sept)
Autumn
7.97 114.93 0.2471 0.3732

(0ct -~ Dec)
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