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Abstract

Using water balance computations, the behavior of different kinds of lakesis discussed. Simple analytical expres-
sionsrelating water level to hydrological conditions and |ake bathymetry are given. The importance of knowing the
river basin area when analyzing lake levelsis stressed. A conceptua rainfall-runoff model including lake routing
is used to simulate runoff and lake levels and to compute quasi-steady state conditions and long-term transient
situations. It is suggested that models can be used to construct curves relating lake levels to precipitation and lake
evaporation. By comparing with paleo-lake levels, the annual precipitation related to these levels can be found,
provided information is available about the seasonal distribution of the precipitation.

Introduction

Paleolimnological studies can give information about
previous lake levels, the productivity and the temper-
ature of the lakes. The conclusions to be drawn from
such information about previous hydrological and cli-
matic conditions are not obvious. Changed lake levels
may be due to changed precipitation and/or changed
evaporation, to changed conditionsat the lake outlet or
downstream of the lake, or due to changed conditions
in the upstream river basin. Reconstructed lake levels
have been used to infer changes in the hydrological
balance, e.g. Street and Grave (1976), and also to infer
paleoclimatic changes at large scale (Street-Perrott &
Harrisson, 1985). As pointed out by Harrisson (1988)
much more information about hydrological conditions
is obtained from closed basin lake levels than from
lakes which overflow, since the open lake can not rise
very high because of related high outflows. A lake may
change status to go from an open lake to a closed lake
when the climate becomes dry, and then back again.
L akeMendota, Wisconsinissuch an exampleas shown

* Thispaper isoneinaseriesof papersto be publishedinthe Jour-
nal of Paleolimnology that resulted from a European Science Foun-
dation Workshop, convened by Dr S. Harrison and Prof. B. Frenzel
entitled ‘Palaeohydrology as Reflected in Lake Level Changes as
Climatic Evidence for Holocene Times'.

by Winkler (1985) cited by Harrisson (1988). Often,
reasons for lake level changes can be given from sim-
ple hydrological considerations, e.g. Belyaev (1991).
Also, the prerequisites for lake level changesto occur
in different types of lakes can be found from rather
simple considerations. However, since the basin runoff
response to precipitation is highly non-linear, mathe-
matical rainfall-runoff modelsand lake routing models
must beused in order to quantify thelakelevel response
to different climatological conditions.

In this paper, after a short review of different types
of lakes has been given, it is shown how lakes of dif-
ferent character generally and in principle respond to
variationsin precipitation and evaporation, in a short-
and long-term perspective. It isdiscussed during which
conditions different types of lakes can exist and how
long timeis required for the lakes to adjust to new cli-
matological conditions. A rainfall-runoff model which
includes a detailed lake routing procedure is used to
compute lake level variations in detail. It is thought
that by comparing computed and reconstructed levels,
conclusions can be drawn about previous precipitation
and evaporation.
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Different types of lakes

Most lakes are open lakes, i.e. they flow over a sill
into an outflowing downstream river. The inflow isfor
most lakes streams and rivers. There may be periods
of ceasing inflow. The water level may then drop to
near, or even below, the outlet threshold, but within a
couple of months the lake again flows over. When the
inflow is large, the lake level rises, which results in
high outflow. Sincein thisway high inflow is compen-
sated for by high outflow, the lake level remains at a
moderate level not very much above the sill level. In
lakes with river inflow, the groundwater contribution
isusually very minor. A lake situated in alarge aquifer
may be groundwater spring-fed. The spring occupies
arestricted area in the deep part of the lake, and the
inflow is usually large relative the lake area. In eskers
or in areas of limestone, the groundwater effluent seep-
age may be diffuse around the shores of the lake. In
Scandinavia, where there are only few groundwater
effluent lakes, these lakes are situated just downstream
eskers and constitute themselves a significant part of
their river basins.

In semi-arid climate, lakes may be terminus lakes,
withinflow but no outflow. If such closed lakesare situ-
ated abovethe sealevel, there may be some seepage so
that the lake at times looses minor amounts of water to
groundwater. Net groundwater outflow has for exam-
ple been reported by Richardson & Richardson (1972)
for Lake Naivashain Africa

L akes situated very high up in ariver basin, at or
close to the water divide, are mainly controlled by
atmospheric exchange of water. Anderson & Munter
(1981) introduced the concept of recharge lakes and
closed lakes for lakes having no input except precip-
itation. A closed lake is cut off from the groundwa-
ter and closed from connections with other surface
waters. With this definition aclosed lake can only exist
if there is a perfect balance between precipitation and
lake evaporation. A rechargelake also receives precip-
itation as the only input, but has according to the def-
inition by Anderson and Munter groundwater outflow.
It can exist only if the precipitation exceeds the lake
evaporation. With a more general definition, recharge
lakes include all lakes without surface or groundwa-
ter inflow and thus many high raised bog-pond-small
lake systems, which are so common in Scandinavia
and northern Canada.

In a water balance classification system worked
out by Szestay (1974) and further developed by Street
(1980) and Street-Perrott and Harrison (1985), the con-

cept of atmosphere-controlled lakes was introduced.
These are lakes for which the precipitation on the lake
considerably exceedstheriver inflow andthelake evap-
oration exceeds the outflow. These lakes are in prin-
ciple recharge lakes although they may have a small
upstream river basin.

Observed lakelevels

Many of the Swedish data series of daily lake level
observations go back to the early decades of this cen-
tury (Lindkvist & Danielsson, 1987). There are even
some series starting inthe early 1800s. Somelakelevel
seriesareshownin Figure 1. It is seen that the seasonal
lake level fluctuations are much larger than the differ-
ences of theannual mean level between different years.
In Lake Siljan the maximum mean annual water level
for theperiodis 1.7 m abovetheoutlet sill and the min-
imum 1.1 m, which isarange of only 0.6 m, while the
range between maximum and minimum daily water
levels is amost 4 m. Historical floodmarks (Harlin,
1989) show that the lake rose to about 6.5 m above the
outlet sill in 1659 and in 1764. Such occasions may
be due to combinations of intense melt and rainfall,
but may also be caused by blocking of the outlet for
example by ice jamming, in which case the high level
isvery temporary.

Lake Siljan is 354 km? and the | ake areaconstitutes
3% of theriver basin. Themuch smaller Lake M dckeln,
45 km?, congtitutes 4.5% of its river basin area. The
outlet is narrow, so the water level is quite high above
the outlet sill. The mean annual water level, for the
period shown in the figure, varies between 1.6 and
2.1 m. The seasonal water level fluctuations in Lake
Mockeln are of the order 1 m, with a maximum range
of 1.6 m. Thereasonfor thelarger seasonal fluctuations
in Lake Siljan compared to Lake Mockeln is because
of the much larger amounts of snow accumulated in
the river basin upstream Lake Siljan.

In the large, 1900 km?, Lake Vttern with such a
large ratio lake area to river basin area as 0.30, which
meansthat thelakeis not far from being an atmospher-
ic controlled lake, the maximum seasonal rangeduring
the period shown in Figure 1 is 0.35 m, and the differ-
ence between maximum and minimum annua mean
lake level is 0.2 m. From 80 years of data before the
lake was regulated, it can be found that the maximum
recorded lake level is 0.5 m and the minimum 0.05 m
above the outlet sill. Generaly, the larger the lake is
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Figure 1. Observed water levelsin Swedish lakes, 1921-1932.

relative to its river basin, the smaller the lake level
fluctuations are.

Intuitively there is a relation between precipita-
tion and lake level. However, since river inflow to a
lake is dependent also on evaporation and there is a
delay between precipitation and river flow, the rela-
tion is indirect. Still, when the mean lake level in
Lake Mockeln is compared with the annual precipi-
tation (Nov—Nov to avoid the direct influence of snow
precipitation and snow-melt) asis donein Figure 2, it
is seen that there is a close relation. This shows that
lake levels adjust fast to changing climatic conditions,
when the lake level is above the outlet threshold.

Lake levels depend on the lake level-outflow con-
ditions. However, whatever the outlet conditions are,
highwater level sare counterbal anced by high outflows.
To see the effect of the outlet conditions, lake levels
were computed from lake level-outflow relations for
Lake Siljan and Lake Mackeln for different hypothet-
ical outlet conditions being given the water balances
of the lakes. It was assumed that the outlets of the
two lakes were widened to twice their present width
and also reduced to half their present width. When
widening the outlet of Lake Siljan, the mean lake level
should drop from 1.4 to 0.9 m abovethesill, and when
reducing the outlet width riseto 2.2 m. The mean level
of Lake Mockeln, today aimost 2 m above the outlet
threshold, would change 0.4 m up or down if the out-
let width were to be reduced by 50% or increased by
100%. Thus, even rather drastic changes of lake outlet

conditionsdo hardly influence lake levelsto the extent
that it can be quantified by paleolimnol ogical methods.

Some basic and rather intuitive conclusions about
overflowing lakes were drawn from the above section
about observed levels in three Swedish lakes. First,
seasonal lakelevel variationsexceed by far interannual
lake level variations. Second, the larger the lake is
relativetoitsriver basin, themore stablethelakelevels
are. Third, when the annual precipitation changes, the
lake level adjustsfast to the climatological conditions.
Fourth, major changes of lake outlet conditions only
marginally influence mean lake levels.

Water balance of overflowing lakes

Thewater level of alake dependson abalance between
inflows and outflows. The inflows are precipitation on
the lake, river inflow, groundwater inflow and diffuse
overland flow. The outflows are river outflow over an
outlet sill, groundwater flow and evaporation from the
lake. The groundwater exchange is in most situations
into the lake, and is, except in carstic areas or if the
lake is spring-fed, almost always negligible compared
to the other flows. Overland flow is minor. The water
balance of alakeis

Qin — Qo + (p — pe) A = AOh/ 0t @)

wherein- and outflows are denoted Qjn, Qout @and canin
principle be surface flow as well as groundwater flow,
p and pe are the atmospheric mass exchange with the
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Figure 2. Mean annual Lake Mockeln water levels (1 Nov—1 Nov) versus the precipitation of the same periods.

lake, i.e. precipitation and lake evaporation, h is lake
water level, t is time and A is the lake surface area,
which depends on the lake level. The lake evaporation
is assumed to correspond to the potential evaporation.

If the lake is not affected by damming from down-
stream, there is a unique relation between outflow
and lake level. Knowing this stage-discharge relation
Qout(h), which if the groundwater outflow is negligible
can approximately be put in the form

Qout = b(h — hsi)™ 2

wherehy istheoutlet sill level, and b and m are coeffi-
cientswhich depend on theriver outlet conditions, and
knowing the bathymetry of the lake A(h), daily lake
level variationsand long-term quasi steady state levels
can be determined.

Using q to denote specific runoff, the river input to
alakeis Qin=q (A, —A) where A, denotes the river
basin area of alake including the lake itself. Substitut-
ing Qin in the water balance Eq.(1) by the expression
above and Qqut by Eq.(2), a steady-state lake level is
found as

_ e . I/m

It is seen that if the lake constitutes only a small
fraction of the total river basin and if more than very
little runoff is produced, the precipitation on the lake
and the lake evaporation are of littleimportancefor the
lake level.

The coefficients of the stage-discharge equation
depend on the river outlet conditions, i.e. the out-
let river cross section, and the bottom slope and the

Table 1. Mean annua water level abovethe outlet sill in an over-
flowing lake for different meteorologica (potential evaporation
minus annual precipitation, pe-p), hydrological (annua specif-
ic runoff, q) and physiographical conditions (lake area fraction
of the river basin including the lake itself, A / A). The out-
flowing river is assumed to have bottom slope 10~2, aManning
roughness 0.05 and to have atriangular cross-section with shores
sloping 15°.

Lake area fraction 0.001 0.01 0.10
pep(mm) q(mm) leve (m) leved (m) level (M)
0 200 17 17 17
500 200 17 17 15
0 100 13 13 13
500 100 13 13 0.9

bottom roughness of the outflowing river. As already
shown, lake level variations depend on the outlet con-
ditions only in the range of half a meter or so. To
illustrate al so the effect of changing hydrological con-
ditions, i.e. different annual precipitation, evaporation
and runoff, in a lake with river outflow, lake levels
were computed from Eq. (3) for different p, pe, g and
different ratios lake area to river basin area. Rather
arbitrary, the outflowing river was assumed to have
a bottom slope of S=10~3, a Manning roughness of
n=0.05, whichisrepresentative of asmall stream with
graveled bottom, and a triangular section with shores
doping mildly at a =15 °. When the river flow is
uniform with depth h, so that the Manning formula
(Qout = SY?In A,%/3 P,?/3) can be applied, the out-
flow coefficientsare b= 1.5 and m=8/3, since the wet-
ted area is A, =h,?/tana. and the wetted perimeter,
i.e. the bottom part of the cross section along which
there is friction, is P, =2h,/sina and therefore b is



(cosw)/(2%/3sine). The results of the computations are
shown in Table 1. It is seen that even drastic climatic
changes only have minor effects on lake levelsaslong
asthelakesoverflow, whichisdueto the dependenceof
lake level on river outflow. The lake must constitute at
least 10% of theriver basin for the net atmosphere-lake
mass exchange, pe-p, to influencethe lake level, since
otherwise the river basin runoff completely dominates
the atmosphere-lake mass exchange. Further, thismass
exchange must be aloss to the atmosphere, i.e. pe>p.
It is only when the climate is drastically changed, for
example (pe-p) increased by 500 mm yr—! and the
annual runoff decreased by 100 mm, that the annual
mean lake level is considerably changed, in the exam-
ple reduced from 1.7 m to 0.7 m above the sill, and
then, as seen from Table 1, only for alake which con-
gtitutes a rather large fraction of a river basin, in the
example 10%.

Water balance of lakes with no outflow

When the specific runoff is very low and the evapo-
ration loss from the lake is high, the water level may
drop below the sill, first only temporally and then for
the whole year. It is easy to see from water balance
calculations, Eq.(1), and, for steady-state conditions,
in principle the nominator inside the parenthesis of
Eq.(3), that for alake not to overflow, the lake area at
sill level must be larger than the upstream river basin
areatimesq/(pe-p). For quasi steady state conditionsto
prevail, the lake surface areamust be a certain fraction
of the wholeriver basin area,

q
AJAy = ——— 4
/4 q+pe—p @

In some paleolimnological literature, the ratio lake
area to upstream river basin area excluding the lake
itself is used and called z-value (Mifflin & Wheat,
1979; Bowler, 1981). However, there is an advantage
in using the ratio lake area to whole river basin area,
sincethisratio isrestricted to values between zero and
unity, whereasthe z-ratio can approachinfinity. Mifflin
and Wheat give z-values for lakes in the Great Basin
in SW USA. In the more humid parts near the western
mountains the z-values corresponds to ratios of A/A,
in the range 0.4-0.6, and in the desert area in the east
to 0.04-0.3, which manifests that the lake area must
congtitute alarge part of itsriver basin not to spill over,
unlessthe climate is extremely dry.
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Obvioudly, for a lake not to have any outflow, the
lake evaporation must exceed the precipitation on the
lake, but also the specific runoff must be quite low.
Some required combinations of net atmospheric water
loss (pe-p), specific runoff and lake areato river basin
arearatiosfor alake not to have any outflow are shown
in Figure 3. In a climate where the annual lake evap-
oration is not very much larger than the annual pre-
cipitation and the runoff not very small as for exam-
ple in southern Sweden, p=600 mm, pe=700 mm,
g=200 mm, the lake must constitute at |east 2/3 of the
total river basin for the lake not to spill-over. In adry
hot climate, p=200 mm, pe=1200 mm, g=20 mm, it
is enough if the lake areais 2% of theriver basin, but
even that is a lake percentage higher than observed in
most river basins.

If the lake level permanently is below the outlet
threshold, thelakelevel, or rather thelake area, adjusts
itself so that the net evaporation |oss to the atmosphere
balancestheriver inflow. The bathymetry of alake can
be expressed as a function of the lake level, A =f(h).
For a lake with uniformly sloping shores the surface
lake areais related to the lake depth as

A= ah? (5)
which, when A is substituted in Eq.(4) gives the lake

depth
By, [ 1 (©)
a q+pe—p

The ratio between equilibrium depth for different
climatic and thus different hydrological conditionsis
g2 +pe2 — p2 @)

h _ o
h2 G2 q1+ pe1 —p1

where index 1 denotes a certain condition and index 2
another. When the lake areais a general function of the
water depth, A =f(h), the square root of Eq.(6) should
be replaced by the inverse functionh =

f=1[- Ay o/(a+ pe-p)].

For example, if a dry hot climate, p=200 mm,
pe=1200 mm and q=20 mm per year changesinto a
less dry climate, p=500, pe=1000 and q=100 mm,
the new water depth in a lake with uniformly sloping
shoresis almost 3 times the old water depth. Clearly,
becausethereisno outflow, thelevel of aterminuslake
is much more sensitive to hydrological changesthan a
lake which overflows.

In acircular lake with shores doping 1:s, the coef-
ficient ain Eq.(5) isII s°. This meansthat if the river
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Figure3. Minimumratio lake surface areaat sill level tototal river basin area(A/A;) for alake not to have any outflow for different climatological
conditions (potential evaporation minus annual precipitation, pe-p) and different hydrological conditions (annual runoff, g).

basin area is 100 km? and the lake shores are slop-
ing 1:50, the lake depth of the dry hot climate condi-
tions should be 15 m and of the less hot climate 45 m.
Also, the lake area increases very much from, 2 km?
to 17 km?. For a lake not to overflow when the cli-
mate is not extremely dry and yet not to dry out when
the climate is very dry, the lake must be deep. Indeed,
Street-Perrott and Harrison (1985) referring to Smith
(1979) show that the Searles Lake today has a size of
only 100 km? but once covered an area of 1000 km?
and had a depth of 200 m.

The world’s largest lake or inland sea the Caspian
Sea is chosen to illustrate the use of the steady-state
closed lake equation (4). Vali-Khodjeini (1991) gives
estimates of river inflow, lake evaporation and precip-
itation on the lake. The precipitation over the lake is
highly spatially variable in the range 100-1700 mm
per year. The annual lake value seems to have varied
intherange 180240 mmin this century. Also thelake
evaporation varies. From a Russian literature review
by Belyaev (1991) it seems that the annual value is
995 mm. The highest and lowest estimated annual val-
ues do not deviate more than 10% from this value.
The mean inflow in the early part of the century corre-
sponded to a specific runoff of 90 mm per year. Using
a high precipitation value and a low annual evapora-
tion, the lake areais using Eq(4) computed to be 11%
of the total river basin. The lake area in 1930 was
about 405000 km?, which is 10% of the river basin.
The inflow in the period 1937-1977 corresponded to
an annua runoff of 73 mm. Using low precipitation
and high evaporation as input in Eq.(4), the lake area

for quas steady-state conditions should be 8%. The
lake area constituted in 1977 about 9% of the riv-
er basin. Thus, a steady state condition was not yet
reached. Instead, the Caspian Seahasrisen as an effect
of increased precipitation in the river basin and conse-
guent increased runoff.

Seasonal and interannual lake levels

When observed levels in overflowing Swedish lakes
were discussed, it was found that the mean levels do
not change much from year to year, but the seasonal
variations could be a couple of meters. From the dis-
cussions on water balance it was found that the mean
water levelsin lakes with outflow do not change very
much when the climate is changed, but that the water
level of lakes without outflow drops and rises consid-
erably if the climate becomes dryer or wetter.

To see the lake level variations over longer time
periods, the runoff from a hypothetical but typical
southern Swedish river basin and the water level in
a small downstream lake were simulated using a con-
ceptual runoff model, whichisbriefly described bel ow,
with meteorological data from Lund, latitude N56 °,
over the period 1753-1990 as input. The annual pre-
cipitation, about 600 mm, for the period are shown in
Figure 4. The computed annual mean and maximum
water levels are shown in Figure 5. The typical sea-
sonal lake level variations are shown for the year 1800
in Figure 6. The lake areais 1 km? and the river basin
including the lake is 10 km?. The outlet from the lake



is assumed to be a river rapid with a 90 ° triangular
crosssection, i.e. theoutlet constitutesahydraulic con-
trol section. This means that Qo =1.1 (h-hy;;)%° in
Sl-units with (h-hy;;) as the lake level above the lake
outlet threshold. The potential evaporation is calcu-
lated from the air temperature using the Thornthwaite
(1948) formula. The annual potential evaporation is
about 700 mm. The precipitation varies in the range
300-800 mm yr~%, but the computed annual mean
lake level only between 15 and 40 cm above the outlet
threshold. The computed water level did never on any
single day exceed 1 m above the sill. It is seen from
a close examination of the curvesthat there is arather
close relation between precipitation and annual mean
water level, which was aso found from the study of
Lake Mockeln. The simulations showed that the very
[ow 300 mm precipitationin 1868 with acomputed | ake
level of 15 cm above the outlet threshold followed by
ayear of 650 mm precipitation, resulted in an adjust-
ment of the lake level to 30 cm above the sill aready
the same year.

All the simulations in this paper are performed
using a rainfall-runoff conceptual model called HBR
(Bengtsson et al., 1995), which aso includes the lake
routing procedure used when lake levels and lake out-
flow are computed. The HBR-model is a conventional
conceptual model of which there are at least 50 simi-
lar ones around the world. The hydrological part of the
model israther conventional with solid snow and liquid
in snow storage, soil water storage, groundwater and
separate deep groundwater storage. Runoff can occur
as overland flow, interflow, quick groundwater flow,
slow groundwater flow and deep groundwater flow. As
inall conceptual models, for each storage box, continu-
ity and outflow-storage relations are used to compute
the outflows and the state of each storage at each time
step. HBR wasrunwith daily precipitationand air tem-
perature asinput, but with much shorter computational
time step. In the applicationsin this paper, the runoff
was dominated by slow and quick groundwater flow.
The model can be distributed into many sub-basins
connected by rivers, and each sub-basin can be divided
into many zones mainly to distinguish between dif-
ferent land use and soil conditions. However, for the
simulations in this paper no division into sub-basins
was done. The hydraulic part of the model is lake and
river routing of water through alargeriver basin. Inthe
present study the lake routing procedure was applied
to a lake downstream a river basin. The lake routing
is based on the lake water balance Eq.(1) and rela
tions between outflow and lake level, as for example
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Eq.(2) although more complex relations can be used,
and between lake surface area and lake level, as for
example Eq.(4) although again much more complex
relations are commonly used.

There are some 30 parameters in the model, but
since lakes even out river flows, only 2—3 parameters
significantly influencethelakelevel computations. The
annua river basin runoff, and thus also the outflow
from alake, is, disregarding some minor interannual
storage, simply the difference between annual precipi-
tation and basin evaporation. Thus, if the annual basin
evaporationismodeled correctly, also the outflow from
a downstream lake is modeled correctly and, because
of the relation between outflow and lake level, aso the
lake level is modeled correctly. In the model smula-
tions, parameterstypical for forested areas in southern
Sweden were used. For computing seasonal runoff the
model is quiterobust giving accurate output even when
the model parameters are not chosen with great care.
For computing lake levels the model is even less sen-
sitive to the choice of model parameters.

After having simulated lakelevelsinan existing cli-
mate, a250 year period, the HBR rainfall-runoff model
simulations were repeated for changed climatic input.
The new meteorological input data were the previous
observations from Lund manipulated to give differ-
ent annual precipitation and potential evaporation, still
keeping the relative seasona precipitation, potential
evaporation and temperaturedistributions, and al so not
changing the daily precipitation and temperature dis-
tributions within a month, unless stated otherwise in
the paper. Thismeansthat observed daily precipitation
were multiplied with given factors, and observed air
temperature changed by a given value.

The computed specific runoff for different scenar-
iosof combinationsof precipitationand potential evap-
oration not changing the seasonal distribution of today
isgiven in Figure 7. The runoff decreases to very low
values when the annual precipitation falls below 250-
300 mm. Since basin evaporation can not take place at
thepotential rate during summer, variationsin potential
evaporation have less influence on runoff than precip-
itation variations have.

In the existing climate of southern Sweden with
lake evaporation barely exceeding the annual precipi-
tation, closed lakes without outflow can exist only, if
the upstream river basin excluding the lake is smaller
thanthelakeitself. However, if theannual precipitation
prevails below 250-300 mm, the previously discussed
hypothetical lake, the lake level of which was simu-
lated for the period 1753—-1990 and which constitutes
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when the |ake stage —outflow relation is 1.1 Q%3, as determined from rainfall-runoff modeling and lake routing, using meteorological datafrom

Lund.

10% of ariver basin, ceasesto spill over. Then, thelake
level is sensitive to annual variations of precipitation.
Conceptual runoff simulations followed by lake rout-
ing, which in this case, since the water level is below
the sill, are smple water balance computations, show
that, if the [ake has steep shores, the water level would
drop by 60 cm a year when the precipitation is only
50 mm, and increase by ailmost 1 m, unless there is
outflow, in ayear when the precipitation is 500 mm.

The seasonal distribution of precipitation influ-
ences the river basin runoff and thus the water level
in a downstream lake. The annua runoff is higher
when the rain falls in the cold period of the year, or
when there is snowmelt, as compared to when most
of the rain falls in periods of high potential evapora-
tion. To show the influence of the seasonal distribution
of the annual precipitation on the annual basin runoff
and thus on mean lake levels, simulations were done
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for constant annual precipitation, 550 mm, and con-
stant annual potential evaporation, 730 mm, but with
different seasonal precipitation distributions. The pre-
cipitation was distributed as snow and rain, no snow
but rain in summer as well as in winter, summer rain
only, and winter rain only. The computed runoff and
lakelevelsareshownin Table 2. Lakelevelswerecom-
puted for alakewith an areaof 0.3km?. Thebasin area
is 100 km?, which means that the lake is 0.3% of the
river basin. The outflow-lake stage relation isthe same

one as before assuming the outlet being a river rapid,
Q=11n%5

Thewinter rainsresultin much higher annual runoff
than a precipitation distribution dominated by summer
rains, 310 mm as compared to 110 mm. However,
although the runoff is very dependent on the precipi-
tation distribution, the lake level does not, in spite of
the lake area being such a small fraction of the riv-
er basin, change much, the mean level remaining at
about 0.25 m above the sill in both scenarios. It can
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Table 2. Annua specific basin runoff (mm) and lake level
above outlet threshold (m) (triangular shaped outlet to ariver
rapid), computed for different seasonal distributions of snow
and rain. Annua precipitation 550 mm. Potential evaporation
730 mm. Lakeareaat sill level 0.3% of river basin area. When
precipitation was simulated to occur in winter as well asin
summer (the three first scenarios), the seasonal precipitation
distribution of the South-Swedish climate of today was used

Runoff Max lake Minlake

level level
Astoday, moderate snow melt 160  0.41 0.13
Astoday, intense snow melt 190  0.61 0.11
Astoday, nosnow - only rain 150  0.37 0.16
Only rainand only inwinter 310  0.62 —0.09
Only precipitation insummer 110  0.39 0.09

be noted that if all the rain fallsin the winter, the lake
level drops below the sill in the summer, athough the
annual runoff is the highest for this precipitation dis-
tribution. This example shows that there is no smple
relation between annual precipitation and lake level in
lakeswith outflow. Thus, to be able to estimate annual
precipitation from lake levels, it is necessary to have
some information or make some assumption about the
seasonal distribution of the precipitation.

Thewater level in closed lakesis as seen for exam-
ple from Eq.(6) related to the annual runoff. Since in
turn the annual runoff is strongly related to the sea
sonal precipitation distribution, the seasonal precipi-
tation distribution strongly influences the lake level in
lakes without outflow. For alake of uniformly sloping
shores, Eq.(7) gives, when the runoff from Table 2 and
the precipitation and potential evaporation used when
computing this runoff are inserted, the ratio between
lake levels in a climate with only winter rain and in
a climate with only summer rain as 2.2. Thus, for the
same lake, the water level in a climate with rain in the
winter only and no rain in the summer would be 20 m,
when in a climate with summer rains only the mean
lakelevel is9m.

Transition to quas steady-state condition

When the climateis changed but alake still isan open
lake with outflow, the lake level adjusts fast, within
a year, to the new conditions, as shown in previous
sections. In alake without outflow the adjustment takes
much longer time. The transient condition of a lake
without outflow approaching an equilibrium steady-

state condition can be described by the water balance
Eq.(1). The climatic conditions are changed to new
pe, p and g, from which values the equilibrium lake
area, A, is given by Eq.(4). When dimensionless
area, x=A/A,, and dimensionless depth, y=h/h,,,
h., being the equilibrium depth corresponding to the
lake area A, isintroduced, recalling that there is no
outflow and using Eq.(4), Eq.(1) is after division by
Ao

_ he Oy
(pe +q—p) ot

Also a dimensionless time, 7= t/T4.q, Can be
introduced if a time scale, Tscqe, iS defined. From
dimension analysis it is clear that the time scale has
to be the lake depth divided by either evaporation,
precipitation or runoff, or some combination of the
three. It is seen from Eq.(8) above that a time scale
related to the transient processis

1—-z= (8

hinft
Tscale = e f Y (9)
q+pe—p
The dimensionless transient terminus lake equa-
tion, derived from the water balance equation, is now

dy oz
de" ot
where the dimensionless area is a function of the
dimensionlessdepth, x =f(y). For alakewith uniform-
ly loping shores, x=y? and dy/dx =0.5 x~°°, which
givesthe transient lake equation

(10)

l-z=

1—2= 0.5\/5‘;—’” (11)
T

An implicit solution of Eq.(11) giving dimension-
less time as function of dimensionless area can be
found as

1 [1+zl- &
T(x)_éln[ml—i—\/x_o] +zo — Vz (12)

where index O refersto initial conditionsat time O.
Theoretically, when the climatic parameter
a/(g+pe—p) is constant, a new equilibrium lake con-
ditionisreached only asymptotically. However, in real
life the whether and the runoff variesfrom year to year,
some years are wetter than an average year and some
dryer. When the lake level hasincreased or decreased
to a level near the equilibrium one for the new cli-
matic condition, small variations of evaporation, river



inflow and precipitation cause the lake level to fluctu-
ate around an equilibrium level. Here the time when
thedimensionlesslake area, x, hasreached avalueless
than 10%, i.e. x=0.9 or x=1.1, from the equilibrium
value unity, is considered to be the time to reach equi-
librium, t.,, or in dimensionless form, 7.,. The time
to reach equilibrium as afunction of initial conditions,
Teq =T(Xo), as determined from Eq.(12) is shown in
Figure 8. The lake area is doubled, x increases from
0.45t0 0.9, which is for example a lake area increase
from 10 to 20 km?, after adimensionlesstime of about
0.7. About the same time is required for the lake area
to be reduced by 50%, which could be a lake area
reduction from 30 to 20 km?. To go from x=10 to
close to unity, lake area 200 to 20 km?, takes 4 time
units. A dimensionless time of about unity is required
for obtaining a 10 times increased equilibrium lake
area, for example the lake areaisincreased from 2 to
20 km?. Thus, the time to reach a new equilibrium
condition correspondsto or is in extreme cases a few
times the lake responsetime scale.

For alake of depth 50 m situated in a river basin
in a semi-arid region, where the precipitation deficit,
pe-p, is 450 mm yr—! and the annual runoff is 50 mm,
thelakeresponsetime scaleis 100 year. Thetimescale
issmaller for a shallower lake and when the climateis
drier. For example, the time scale is 1 year when the
lake depth is 1 m, the mean annual runoff is small and
the annual precipitation deficit is 1000 mm. In such a
climate there is no runoff at al in some years. A very
shallow lake is probably dry for part of the year, if
lakes exist at all. It is not relevant to discuss the lake
responsetime scalefor so extremely dry conditions. As
for the semi-arid lake example above, also in Sweden,
where the lakes are shallow and the climate is humid,
the lake response time scale is 25-100 years, which
means that the time to reach a new equilibrium condi-
tion should be of the same order. Therefore, it is not
possible from known lake levelsto draw any quantita-
tive conclusions about precipitation for periods shorter
than 50-100 years.

Changed river basin conditions

The basin runoff depends not only on meteorological
conditions but also on the physiography of the basin
and on the activitieswithin the basin. The runoff, espe-
cialy thetimedistribution of the runoff, isdifferent for
a mountainous basin compared to a flat basin, and it
is different for a forested basin compared to an agri-

245

Table 3. Simulated mean annual water levels (m above sill) of a
0.3 km? large lake situated downstream river basins of different
area for different annual precipitation. Stage-discharge relation
Q = 1.1 h?5, (V-shaped outlet to ariver rapid).

Precipitaion mm Basnarea Basinarea Basinarea
50 km? 100 km? 200 km?
200 0.13 0.22 0.33
300 0.28 0.38 0.50
400 0.37 0.50 0.66
600 0.54 0.71 0.94
780 0.67 0.89 117
960 0.76 101 133

cultural basin with clayey soils. However, for the land
use to influence the annual runoff and not only the
runoff distribution in time, the actual basin evapora-
tion must change due to the land use. Irrigation is
a way of increasing evaporation and thus decreasing
annual runoff. Therefore, rainfall-runoff simulations
were performed assuming that irrigation took place in
the summer. For the present South-Swedish conditions,
the annual runoff was computed to decrease by only
30 mm compared to when the land was not irrigated,
although the simulated irrigation was assumed to be as
extensive as possible without lowering the groundwa-
ter inalong-time perspective. Thissmall change of the
annual runoff is because the river flow is already very
low in the summer as is the groundwater level. The
effect of irrigation on lakes with outflow may be that
their water levels during summer drop below the outlet
thresholds, but the effect on their mean water levelsis
minor. Since the precipitation on a lake and the lake
evaporation are the same regardless of whether irriga-
tion takes place or not, the area of alake without any
outflow at all changes linearly with minor changes of
the basin runoff, cf. Eq.(4). The 30 mm runoff reduc-
tion, although small, correspondsto alake surface area
reduction of about 10% in the present South-Swedish
climate. Thus, the annual mean water level of aclosed
lake are influenced by water use within theriver basin.

Very drastic changes seem to berequiredto consid-
erably changethewater levelsinlakeswhich overflow.
The most drastic change one can think of would be a
change of thewater divide so that theriver basin areais
changed. It should be possible that erosionin alimited
upstream part of a basin may have the consequence
that two river basins join into one. If the basin area
is doubled, the annual river inflow to a downstream
lake is also doubled, and if the basin is increased four
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Figure 8. Dimensionless time to obtain equilibrium lake level (defined as 10% deviation from the asymptotic steady-state lake area, which is
5% from the asymptotic lake level) in alake with uniformly sloping shores as a function of initial lake area relative equilibrium lake area, i.e.

Eq.(12).

times, the inflow increases four times. Simulations of
lake level variations were done for a lake of 0.3 km?
area at outlet threshold level when the river basin area
was 50, 100 and 200 km?, respectively. The mean lake
levelsfor different annual precipitation and a potential
evaporation of 730 mm per year are shown in Table 3.
In the present South-Swedish climate the water level
would be 0.4 m higher (0.94 comparedto 0.54 m) ina
lake downstream the largest basin than in alake down-
stream the smallest basin. This difference decreases
in adry climate and increases dightly in a very wet
climate. In a closed lake, however, there is arelation,
Eq.(4), between lake area and river basin area. In the
same climate the lake areais doubled, if theriver basin
areais doubled.

A basin which is partly glaciated has a different
character than a non-glaciated basin. Still, when the
glacier neither advance nor retreat, runoff is produced
and the runoff does not exceed the precipitation. Thus,
the influence of a glacier can not exceed the influence
of changing basin area. It was just shown that not even
increasing the basin area four times affected the water
level in an over-flowing lake very much. Thus, mean
annual levels of lakes with outflow are not sensitive
even to major changes of conditionsin theriver basin,
whether being due to human impact or natural courses,
not evenif thewater divide of theriver basin of thelake
is changed. However, human activities within a river
basin influence the levels of lakes without outflow.

Estimates of precipitation from reconstructed lake
levels

In the previous sections the water balance of overflow-
ing lakes and closed lakes has been discussed in detail.
It has been shown that thereis arelation between lake
levels and annual precipitation but that the relation
depends on the seasonal distribution of the rainfall.
However, the mean annual water level in lakes with
outflow vary in arange of only ameter or less. If there
is no river outflow, the lake levels vary much more
with varying annual precipitation. Still, thelakelevel is
very much controlled by theriver inflow, whichin turn
depends on the upstream river basin conditionsand on
the seasonal precipitation distribution. The basin runoff
can be determined from rainfall-runoff simulations. By
first performing such simulations for different annual
rainfalls of given distribution over the year to obtain
the river inflow to a lake, and then performing lake
routing using theriver inflow, the precipitation and the
potential evaporation, the mean annual level inthelake
can be given as a function of the precipitation.
Toillustrate how curvesrelating lake level sto annu-
al precipitation can look like, two hypothetical lake
examplesare given. Thetwo lakes, of exactly the same
form and dimension, are assumed to constitute 0.3%
and 30% of their river basins. The lake shores slope
uniformly at 1:50. The outlet is triangular shaped and
isariver rapid constituting a hydraulic control section.
The basin runoff congtituting the inflow to the lakes
is the runoff given as function of precipitation in Fig-
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Figure9. Annual mean lake levels asfunction of annual precipitation and two different annua potential evaporation values (730 and 1000 mm)
for the same 3 km? large lake (3 km? area at outlet threshold level, triangular shaped river rapid section as outlet, lake shores sloping at 1:50)
situated within asmall basin of area 10 km? and within alarge basin of area 1000 km?, respectively.

ure 7. The computed lake levels for the two lakes as
function of annual precipitation are shownin Figure9.

It is found from the simulations and shown in Fig-
ure 9 that the lake in the large river basin should have
outflow, when the potential evaporationis 730 mm and
the annual precipitation exceeds 100 mm. When the
precipitation increasesto 1000 mm yr—1, thelake level
isabout 1 m abovethe outlet sill. For alake not to spill
over at al when the basin runoff is not very minor,
the lake must constitute a large part of itsriver basin.
The lake in the small river basin, which constitutes
30% of the basin, has no outflow for annual precipi-
tation less than 450 mm, when the lake evaporation is
730 mm. When the precipitation is lower than 450—
500 mm, thelakelevel is highly sensitive to the annual
precipitation, asisseen from Figure 9. Thelakelevel is
reduced to half the depth when the annual precipitation
is decreased from 450 to 250 mm.

Simulations were also done for different values of
the potential evaporation, which was assumed to cor-
respond to the lake evaporation. As long as the lake
remains a closed lake, the lake evaporation influences
the lake level. For an annual precipitation of 450 mm,
the level of the lake in the small basin was computed
tobeat sill level when the annual potential evaporation
is 730 mm, but 1 m below when it is 1000 mm. For
the lake in the large basin changing the annual poten-
tial evaporation only affects the computed lake levels,
when the annual precipitation is less than 200 mm.
The influence of changed potential evaporation rela-

tive the influence of changed precipitation is greater
the drier the climate is. However, when the upstream
basin runoff isnot very small, precipitationisgenerally
more important for lake levels than evaporation. This
is because evaporation from the vegetation on land can
not take place at the potentia rate unless much soil
water is available, which it is not during dry warm
periods.

The time to reach equilibrium conditionsin a lake
without outflow is directly related to the lake response
time scale. For a lake with lake area 3 km? at sill
level, the response time scale of the lake in the large
basin, basin area 1000 km?, is 30 years, when the
annual precipitation is 100 mmand the annual potential
evaporationis 730 mm. For thesamelakeinthesmaller
basin, basin area 10 km?, the |ake response time scale
is 4 years for the same climatological conditions, but
about 60 years when the conditions are such that the
lake level is near the outlet sill, which correspondsto
an annual precipitation of about 500 mm.

Thecurvesof Figure9 aretheresult of model simu-
lations. From known lake bathymetry, outlet geometry
conditionsand river basin area, and using known daily
precipitation, temperature and potential evaporation as
input, the runoff was computed and thenthelakelevels
and the related lake outflows. From paleolimnologi-
cal studiesit is possible to know the air temperature,
from which the potential evaporation can be estimated
using the Thorntwaite formula, or by comparing with
present day relations solar radiation — temperature —
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potential evaporation. Knowing the potential evapo-
ration and thus the lake evaporation, basin area, lake
configurationandlakelevel, theprecipitationinput into
conceptual model simulations can be manipulated to
match the reconstructed paleolimnological |ake level.
Itispossibleto construct curvesastheonesin Figure9
and from them determine which annual precipitation
that correspondsto acertainlakelevel. However, when
computing the annual basin runoff required for com-
puting the lake levels, information about the season-
al precipitation distribution must be at hand or some
assumption must be made, since the seasonal precipi-
tation distribution strongly affects the basin runoff. It
isonly for lake level — climate equilibrium conditions
that curvesasthe onesin Figure 9 relating lake level to
annual precipitation are valid. The method suggested
here for evaluating precipitation from lake levels can
only be used when the climate has been stable for a
period approximately aslong asthe lake responsetime
scale.

Conclusions

Lake levels by themselves give rather little informa-
tion about local and regional hydrological conditions
unless they are related to lake area and river basin
area. The annual mean water level in a lake with out-
flow is not much above the outlet threshold and does
not change much, even if the conditions within the
upstream river basin change much and the annual pre-
Cipitation increases or decreases very much. Seasonal
fluctuations exceed by far mean annual variations. Lit-
tle conclusions except that the climate has been quite
humid can be drawn from observations of water lev-
els in overflowing lakes. For a lake not to have any
outflow, it requires that the inflow to the lake is very
small, which meansthat the lake itself must congtitute
a significant part of the river basin or that the climate
isvery dry. In alake with no outflow, the water level
is very sensitive to long-term variations of the climate
and also to human activities upstream the lake.

From paleolimnological studies it is possible to
reconstruct lake levels and to get information about
previous air temperature. From the temperature and
the solar radiation the potential evaporation can be
determined. Being given information on theriver basin
and the lake bathymetry, lake levels can be computed
for different precipitation conditions using conceptu-
al rainfall-runoff modelsincluding lake routing. Thus,
it can be found which annual precipitation that corre-

sponds to a certain lake level. This technique can be
used for al lakes, but the resolution is high only for
lakes which do not have any outflow. The approach
requires knowledge of the seasonal precipitation dis-
tribution. Unless the lake is small, the method can be
used only when the climatic conditions are the same
for periods of about 100 years.
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