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ABSTRACT

The residence time is among the most important factors that determine the water quality of lakes and reservoirs. Models are
useful tools to reveal the relationship between the residence time and the water quality. Three case studies are presented to illustrate
the application of models to determine the importance of the residence time for the water quality. It was found that manipulation of
the residence time, i.e. ecohydrology, may be a very useful environmental management tool.
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1. INTRODUCTION

The residence time is together with the concentra-
tions of various chemical compounds in the inflowing
water among the most important factors that determine
the water quality in lakes and reservoirs. Today we have
experience with application of a wide spectrum of lake
and reservoir models in environmental management. It
is therefore naturally to apply the developed models to
ask the very relevant questions in environmental man-
agement: "What is the role of the residence time in de-
termination of the water quality? Would it be possible to
manipulate the residence time to improve the water
quality?"

This paper attempts to answer these two pertinent
questions in three concrete cases by the use of eutrophi-
cation models:

1) Lake Fure situated between 13 and 19 km from the
center of Copenhagen was in the sixties and early
seventies exposed to an increasing eutrophication.
The lake has in many years received mechanical-
biological treated waste water. It was therefore de-
cided in 1972 to solve the problems by i) deviation
of the wastewater from about 50,000 inhabitants to
the sea (Qresund), ii) treating the waste water from
another 20,000 inhabitants by a chemical precipita-
tion before the primary settling tank using iron(III)
chloride and after the secondary settling using alu-
minium sulfate, yielding a total phosphorus removal
efficiency of more than 98%. By the deviation of the
waste water was the hydraulic residence time in-
creased from about 16-17 years to about 21-22
years.

2) The wastewater previously discharged to Lake Glum
situated about 80 km south of Copenhagen was in
1982 deviated to down-streams the lake. The lake
has an area of about 500,000 m® and the mean depth

is 1.8 m. It was after the deviation of the waste water
considered to recover the lake faster by pumping
ground water to the lake to reduce the residence time
from 6 months to 4 months.

3) It was found in a Polish drinking water reservoir that
it was possible to reduce the eutrophication by re-
ducing the hydraulic residence time during the
months from 1st of April to 1st of August (Jergensen
2001).

2. THE APPLIED MODELS

The conceptual diagram for the model applied for
the cases 1 and 2 described above is shown in figure 1.
The figure shows the nitrogen cycle of the model, but
similar nutrient cycles are applied for carbon and phos-
phorus with the difference that these two nutrients only
exist in one inorganic form respectively hydrogen car-
bonate and hydrogen phosphate. Figure 2 shows the ex-
change processes between sediment of water that in-
cluded in the model. The model has as seen a detailed
description of these exchange processes. The nutrient
content of the settled phytoplankton and detritus is di-
vided in exchangeable nutrients and non-exchangeable
nutrient. The exchangeable nutrient is mineralized and
form inorganic nutrient in the pore water of the sedi-
ment. The nutrients in the pore water is transferred to
the lake water by diffusion. The model is rather com-
plex with independent cycles of the three nutrient car-
bon, nitrogen and phosphorus in addition to the detailed
sediment water exchange submodel. A detailed descrip-
tion of the model is given in Jergensen & Bendoricchio
(2001) and in Jergensen et al. (1978).

Figure 3 shows the model applied for the Polish res-
ervoir. The STELLA diagram is shown and the equa-
tions on the STELLA-form are summarized in Appen-
dix 1. Only the phosphorus cycle is included in the
model, as phosphorus is the limiting nutrient. The model
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Fig. 1. The conceptual diagram for the model applied in cases 1 and 2. The nitrogen cycle is shown and a similar description is
applied for the phosphorus and carbon cycle. The model is based on independent cycling of the three elements with the possibilities
of phytoplankton to contain 5-12% nitrogen, 40-60% carbon and 0.4-2.5% phosphorus.
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Fig. 2. The description of the sediment water exchange is shown. The settled nitrogen and phosphorus may either be non-
exchangeable or exchangeable. The exchangeable part mineralizes and dissolves in the pore water. The nutrients in the pore water

are transferred to the lake water by diffusion.

has 11 state varaibles: the volume, inorganic phospho-
rus, PS, phosphorus in form of phytoplankton, PA,
phosphorus in form of zooplankton, PZ, phosphorus in
form of planktivorous fish, PPF, phosphorus in form of
carnivorous fish, PCF, detritus phosphorus, PD, phos-
phorus in the sediment, PSED, phosphorus in the pore
water, PPW, phosphorus in the planktivorous fish eggs,
PEPF, and phosphorus in the carnivorous fish eggs,
PETP. The two last state variables are included to ac-
count for an observed effect of the water level on the ef-
ficiency of spawning for the two fish groups. When the

water level is low the most attractive, the sandy spawn-
ing areas close to the shorelines preferred by the fish are
not any longer under water which inevitably reduces the
spawning efficiency. A shorter retention time in the pe-
riod April to August has therefore two effects, that the
model tries to capture: 1) faster wash out of the nutrients
reducing the eutrophication 2) the number of particu-
larly planktivorous fish is reduced, which implies re-
duced predation on zooplankton. The model is therefore
developed to quantify the result of this ecohydrological
measure.



18

S.E. Jorgensen

PEPFOUT

Table 1

INWAT )
O OUTWAT

&5

Fig. 3. A STELLA diagram of the model applied in case study three. The boxes are the state variables, the fat arrows are processes
and the thin arrows indicate the controls. The model has 11 state varaibels: the volume, inorganic phosphorus, PS, phosphorus in
form of phytoplankton, PA, phosphorus in form of zooplankton, PZ, phosphorus in form of planktivorous fish, PPF, phosphorus in
form of carnivorous fish, PCF, detritus phosphorus, PD, phosphorus in the sediment, PSED, phosphorus in the pore water, PPW,
phosphorus in the planktivorous fish eggs, PEPF, and phosphorus in the carnivorous fish eggs, PETP.

3. RESULTS

The described model was applied for Lake Fure
when the decision to deviate a part of the wastewater
and treat very effectively another part of the wastewater
was taken in 1972. The model version has two layer co-
oresponding to formation of a thermocline from May-
October. It was very clear that a shorter retention time
would influence the restoration rate of the water quality.
The transparency would according to the model in-
creases from about 1.2 m in 1972 to about 2.0 m in 1995
when it was minimum during the spring and summer
bloom provided that all the wastewater would be treated
very effectively, while a deviation of the wastewater for
50,000 inhabitants would imply that the minimum
transparency in the mid nineties would be 1.8 m only.
The minimum transparency was measured to be 1.85 m
in May 95. The model explains why the recovery is go-
ing very slowly. The internal loading in the mid nineties
was calculated to be about 12 tons of phosphorus while
the external loading that year only was about 2.5 t. The
main external source was storm-water overflows. It is
under discussion to restore the lake by aeration of the
hypolimnion which would reduce the internal loading as

the hypolimnion during the summer still is anaerobic.
Aerobic conditions in hypolimnion would ensure that
iron was in form of iron(Ill) ions which has a high
binding capacity for phosphate as the very insoluble
iron(IlT) phosphate. A reduction of the phosphorus
loading from the storm-water by chemical precipation
has also been discussed.

The same model but of course without thermocline
has been applied to assess that a reduction of the resi-
dence time for Lake Glum from 6 months to 4 months
would result in an about 25% reduction of the primary
production three years later. The minimum transparency
would according to the model increases from 18 cm to
70 cm against a transparency of 50 cm when the normal
residence time of 6 months applies. Unfortunately, the
faster recovery by the use of ground water was never re-
alized. The observed minimum transparency was close
to 50 cm the third year which could be considered a
clear confirmation of the model results.

Table 1 shows the results of the model figure 3. The
model has been applied to compare the four trophic
levels phytoplankton, zooplankton, planktivorous fish
and carnivorous fish, when the outflow in the months
April, May, June and July was twice the outflow in the
remaining 8 months and when the outflow was constant
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Tab. 1. Quantification of ecohydrological effect on biological components.

P in-flow Spring and summer peaks (mg P I'")

Component (mg 1) Constant out-flow rate High out-flow rate 1/4-1/8 Difference
Phytoplankton 1.0 0.98 1.02 0.67 0.77 down 28%
Phytoplankton 0.5 0.76 0.70 0.40 0.42 down 44%
Phytoplankton 0.2 0.44 0.42 0.32 0.40 down 44%
Phytoplankton 0.05 0.32 0.32 0.16 0.16 down 50%
Zooplankton 1.0 0.02 0.54 0.17 0.19 up 29%
Zooplankton 0.5 0.02 0.38 0.21 0.23 up 10%
Zooplnakton 0.2 0.02 0.30 0.04 0.18 down 31%
Zooplankton 0.05 0.02 0.28 0.04 0.16 down 33%
Planktivorous fish 1.0 2.50 1.90 1.10 1.60 down 39%
Planktivorous fish 0.5 2.30 1.50 1.01 1.19 down 42%
Planktivorous fish 0.2 1.15 1.01 0.50 0.72 down 44%
Planktivorous fish 0.05 0.70 0.70 0.33 0.48 down 42%
Carnivorous fish 1.0 0.62 0.53 down 15%
Carnivorous fish 0.5 0.60 0.52 down 13%
Carnivorous fish 0.2 0.58 0.50 down 14%
Carnivorous fish 0.05 0.56 0.49 down 12.5%

over the year. The total annual outflow was of course
the same in the two cases. The ecutrophication was
clearly reduced by the application of the higher outflow
in the months when the phytoplankton bloom and fish
spawning should be expected. These results are consis-
tent with observations from the Polish reservoir
(Zalewski & Wagner 2000).

4. CONCLUSIONS

Models have been applied in this study to assess the
role of the residence time for determination of the water
quality. It is possible to conclude from the presented
three case studies that a model is a very useful instru-
ment for determination of the role of the residence time
in environmental management. It has been demonstrated
that the residence time is an important forcing function
that in many cases will have a great influence on the re-
sulting water quality of a lake and reservoir.

The second question raised in the introduction:
Would it be possible to manipulate the residence time to

improve the water quality? Can be answered by "yes",
as a significant reduction in the eutrophication level was
obtained according to the model results that were con-
firmed by observations. As the model is very general
and the effects are causal, it seems possible to conclude
that the here obtained results should be expected also
for many other lake and reservoir studies. It can there-
fore be recommended to apply models to estimate the
results of the proposed ecohydrological method: to ma-
nipulate the residence time to obtain an improved water
quality.
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Appendix 1

EQUATIONS

PA(t) = PA(t - dt) + (PUP - PGR - PAS - PAOUT) * dt
INIT PA =0.018

PUP = PA*PS*3*1.12(20-temp)/(PS+0.08)

PGR = PZ*0.9%1.12~(20-temp)*(PA-0.001)/(PA+0.1)
PAS =PA*0.08

PAOUT = PA*qvout

PCF(t) = PCF(t - dt) + (PTP + spa2 - PCFMF) * dt
INIT PCF =0.22

PTP = 0.007*PCF*1.1"(20-temp)*(PPF-0.01)/(PPF+0.01)
spa2 = PETP*0.035

PCFMF = 0.03*PCF+0.33*PTP

PD(t) = PD(t - dt) + (PZMF + PPFMF + PCFMF - PDS - PDMI - PDOUT) * dt

INIT PD = 0.07

PZMF = PZ*0.0024*1.07°(25-temp)+0.33*PGR
PPFMF = 0.012*PPF*1.1(20-temp)+PPR*0.33
PCFMF = 0.03*PCF+0.33*PTP
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PDS =0.1*PD

PDMI = PD*0.1*1.1*(20-temp)

PDOUT = PD*qvout

PEPF(t) = PEPF(t - dt) + (SP1 - PEPFOUT - spal) * dt

INIT PEPF =0

SP1 = IF(TIME<180)THEN(0.075*PPF)ELSE(0)

PEPFOUT = PEPF*(qvout+0.28*1000000/'VOLUME)

spal = PEPF*0.12

PETP(t) = PETP(t - dt) + (SP2 - PETPOUT - spa2) * dt

INIT PETP=0

SP2 = IF(120<TIME<240)THEN(0.035*PCF)ELSE(0)

PETPOUT = PETP*(qvout+0.01*1000000/'VOLUME)

spa2 = PETP*0.035

PPF(t) = PPF(t - dt) + (PPR + spal - PTP - PPFMF) * dt

INIT PPF =0.11

PPR = PPF*0.04*1.12"(20-temp)*(PZ-0.01)/(PZ+0.02)

spal = PEPF*0.12

PTP = 0.007*PCF*1.1"(20-temp)*(PPF-0.01)/(PPF+0.01)

PPFMF = 0.012*¥PPF*1.1~(20-temp)+PPR*0.33

PPW(t) = PPW(t - dt) + (PSM - PPWD) * dt

INIT PPW = 0.04

PSM = PSED*0.08*1.1"(20-temp)

PPWD =PPW*0.09*1.06"(20-temp)

PS(t) = PS(t - dt) + (PIN + PDMI + PPWD - PUP - POUT) * dt

INIT PS =0.04

PIN = PIQ*QV

PDMI = PD*0.1*1.1"(20-temp)

PPWD =PPW*0.09*1.06"(20-temp)

PUP = PA*PS*3*1.12"(20-temp)/(PS+0.08)

POUT = PS*qvout

PSED(t) = PSED(t - dt) + (PDS + PAS - NEXP - PSM) * dt

INIT PSED = 0.04

PDS =0.1*PD

PAS =PA*0.08

NEXP = (PAS+PDS)*0.25

PSM = PSED*0.08*1.1"(20-temp)

PZ(t) = PZ(t - dt) + (PGR - PPR - PZMF) * dt

INITPZ=0.2

PGR = PZ*0.9%1.12"(20-temp)*(PA-0.001)/(PA+0.1)

PPR = PPF*0.04*1.12"(20-temp)*(PZ-0.01)/(PZ+0.02)

PZMF =PZ*0.0024*1.07"(25-temp)+0.33*PGR

VOLUME(t) = VOLUME(t - dt) + (INWAT - OUTWAT) * dt

INIT VOLUME = 1000000

INWAT = 1000000*QV

OUTWAT = 1000000*qvout

PIQ=0.5

QV = GRAPH(TIME)

(0.00, 0.00), (15.9, 0.032), (31.7, 0.03), (47.6, 0.035), (63.5, 0.03), (79.3, 0.028), (95.2, 0.02), (111, 0.015), (127, 0.015), (143,
0.008), (159, 0.008), (175, 0.00), (190, 0.01), (206, 0.01), (222, 0.01), (238, 0.01), (254, 0.01), (270, 0.015), (286, 0.02), (302, 0.025),
(317, 0.025), (333, 0.02), (349, 0.025), (365, 0.03)

qvout = GRAPH(TIME)

(0.00, 0.00), (36.5, 0.032), (73.0, 0.03), (110, 0.032), (146, 0.02), (182, 0.015), (219, 0.00), (256, 0.00), (292, 0.015), (328,
0.025), (365, 0.025)

temp = GRAPH(TIME)

(0.00, 0.00), (30.4, 0.00), (60.8, 2.20), (91.2, 5.80), (122, 12.7), (152, 16.5), (182, 19.8), (213, 22.4), (243, 18.7), (274, 15.2),
(304, 9.80), (335, 5.40), (365, 1.00)



