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Abstract 

The extreme flood of Lake Constance in 1999 focused attention on the variability of annual 
lake levels. The year 1999 not only brought one of the highest floods of the last 180 years but 
also one of the earliest in the season. The 1999 extreme event was caused by heavy rainfall in 
the alpine and pre-alpine regions. The influence of precipitation in the two distinct regional 
catchments on lake level variations can be quantified by correlation analysis. The long-term 
variations in lake level and precipitation show similar patterns. This is seen through the use 
of spectral analysis, which gives similar bands of spectral densities for precipitation and lake 
level time series. It can be concluded from the comparison of these results with the analysis 
of climate change patterns in northern Europe, i.e. the index of the North Atlantic Oscilla- 
tion, that the regional effects on lake level variations are more pronounced than those of 
global climate change. 
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Introduction 

Lake Constance has a surface area of 529 km 2 and is 
max. 253 m deep, making it the largest northern pre- 
alpine lake (OSTENDORP et al. 2003). It receives the 
largest part of its water from its alpine catchment area 
(62.4% by area, 79.7 % by water volume) and from the 
pre-alpine catchment area (13.3 % resp. 8.6%) (Luvr et 
al. 1990). The seasonal course of the lake level is main- 
ly determined by the alpine climate. The lake level de- 
clines in winter, reaching its minimum at the end of 
February, when precipitation in the catchment is to a 
large extent stored as snow. It reaches its maximum 
level in June/July due to increased precipitation and 
snowmelt in spring. Lake Constance, aside from Lake 

Walensee, Switzerland, is the only large, unregulated 
lake of the alpine region, and variations in lake level 
are to a large extent the result of regional climate con- 
ditions. Changes in precipitation and therefore run-off 
in the catchment area of Lake Constance directly influ- 
ence extreme values and the main trend of the water 
level. Regular daily water gauge records started in 
1816 covering till now a time series of more than 185 
years, making it one of the longest, continuously 
recorded hydrological time series. The severe flood of 
1999, which not only caused economic damage but 
also a decline in reed stands (ScI4MmDER et al. 2002; 
DmNST et al. 2004), led to the question to what extent 
is the lake level driven by regional or global climate 
fluctuations. 
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The water level time series of the years 1817-2000 
are based on the readings at Konstanz corresponding to a 
zero level of 391.89 m above sea level. The data provid- 
ed were corrected for reading errors occurring between 
1817 and 1825 (Hydrographisches Zentralbureau - HZ 
1913). As a result of the correction, the extreme lake lev- 
els of 1817 and 1821 were changed from 636 cm to 623 
cm (HZ 1913), and from 591 cm to 568 cm (HZ 1913) 
respectively. This implies that in the analysis of extreme 
values, the year 1821 does not rank second, as in, for ex- 
ample, PETRASCHECK & HEGG (2000), but third. 

The extreme flood of 1999 

The flood of 1999 was the result of three low-pressure 
systems that caused heavy precipitation in front of the 
alpine main divide between May 11-14, May 19-21 and 
June 2-3. As a consequence of the precipitation the 
water level of Lake Constance (Fig. 1) rose approxi- 
mately 5 cm/d until May 11 increasing thereafter by 
20 cm/d, so that on May 15 a level of 492 cm was 
reached. Immediately after May 21 the level increased 
by another 39 cm/d and reached the highest water level 
of 564 cm on May 24. After an intermediate drop, the 
level of Lake Constance responded to heavy rain be- 
tween June 2-3 with an increase up to 562 cm on June 5, 
and after heavy precipitation on June 10 rose to 564 cm, 
the highest level in June. The water level decreased 
quickly by 4-5 cm/d in the period of low rain that £ol- 
lowed. By the end of June the level of Lake Constance 
had decreased to 495 cm, which was only approximately 
61 cm above the long-term average for this date. 
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Fig. 1. Daily lake levels at Konstanz for the years 1998 and 1999, 
mean daily values and standard deviation (grey band) for the period 
1817-2002. The va]ues shown are not corrected with respect to 
break points and trends. 

Analysis of lake level time series 

Trend analysis 
Both the height of the water level and the timing of the 
flood of 1999 may be regarded as extraordinary events. 
Hence, the flood of 1999 should be viewed in the context 
of the available long-term time series of the levels of 
Lake Constance, which allows a detailed analysis of 
water levels for time-scales from weeks to many decades. 

Beside the natural variations in water flow into the 
lake determined by precipitation and storage in the form 
of snow and ice, anthropogenic changes play a role, 
especially the building of power station reservoirs in the 
alpine Rhine catchment area and the changing of 
hydraulic discharge conditions at Stein am Rhein. The 
extension of power station reservoirs took place primari- 
ly in the time from approximately 1950 to 1970 (LuFT & 
V~ESE~ 1990; LUFT et al. 1990), but detailed figures of 
stored or released water volumes are not available. As a 
result of these technical measures a small increase in the 
low water inflows and a small decrease in the high water 
inflows have been observed since the 1960's, which 
accordingly affected the water levels of Lake Constance. 

Seasonal trend decomposition based on Loess 
(CLEVELAND et al. 1990; Insightful Corp. 2001) applied 
to the daily time series yields local trends and seasonal 
variations (Fig. 2). A decrease in seasonal variation ap- 
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Fig. 2. Decomposition of the lake level time-series into seasonal 
component and trend. 
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pears from 1940 onwards. The decrease in seasonal vari- 
ation from approximately 175 cm at the beginning of the 
19 th century to approximately 140 cm at the end of the 
20 th century can only partially be explained by the con- 
struction of the power station reservoirs, as this took 
place in the 50s and 60s of the last century. 

Along with the seasonal components, the trend in the 
actual level of Lake Constance also shows significant 
change. A general decline, interrupted by a plateau from 
1860 to 1895, followed by a short-term increase in the 
years up to 1925 is detected. Thereafter, a strong de- 
crease in water level was established. The trend over the 
last two decades shows a decrease of 0.13 cm/year and 
seems to weaken nowadays. While the strong changes 
around 1940 had been already discussed many times 
(Luvr & VmSER 1990; Ltn~r et al. 1990; DmNST 1994), it 
appears that the phase of temporary increase in the aver- 
age water level from 1895 to 1925 went largely unno- 
ticed. In fact, it was pointed out, that "the water levels 
during the time from 1817 to 1900 did not show any 
spectacular trends or inhomogeneities" (Lust & VIESER 
1990). This must be objected to, if one looks at the com- 
puted trend in Fig. 2. Up until now, no clear explanation 
for the break point of the time series around 1940 could 
be given (LuFT & VIESER 1990; LUFT et al. 1990). To 
what extent these tendencies have been caused by the 
changes in the hydraulic discharge conditions can only 
be speculated upon since no detailed hydraulic model 
simulations are available. A climatic influence on the 
lake level of Lake Constance must also be considered. 

Extreme value distribution 

The analysis of extreme values taking into account the 
local trends provide a more detailed picture of the ap- 
pearance of high and low water levels and their changes 
over the last centuries. In Table 1 the five largest flood 
events on Lake Constance are shown, according to the 
data used here. 

The extreme flood of 1999 is distinguished not only 
by the water level that was reached, but also by its very 
early occurrence of the maximum level in the year. Usu- 
ally the maximum level is reached during early July, 
however, the flood peak of 1999 occurred in May. Ex- 
cept for the years 1818 and 1964, in which the maximum 
water level (although far below the high water mark) 
was reached eight and two days earlier, respectively, it 
was the earliest day of maximum flood level since begin 
of the recordings. 
In order to quantify the significance of the 1999 flood 
under the trend of the water level during the last two 
centuries, the distribution of the annual highest daily 
levels of the corrected water levels and the trend-elimi- 
nated time series were fitted using general extreme value 
distributions, 

Gr,~,o(x) = exp l + g  (x // 

with average/~, standard deviation o and shape parame- 
ter 7 (GUMBEL 1958; REISS & THOMAS 2001). The distri- 
bution function for the trend-eliminated time series is 
shown in Fig. 3. The fitted standard deviations for origi- 
nal and trend-eliminated time series differ only slightly 
(43.4 cm and 43.0 cm, respectively) as did the shape pa- 
rameters (-0.184 and -0.199, respectively). However, 
the differences in recurrence periods are obvious 
(Table 2). Analysis of the original time series shows that 
a flood like the one in 1999 has a probability of occur- 
ring once in every 44 years. However, when one takes 
into consideration a non-linear trend, it has an average 
return-period of 96 years. A trend-elimination results in 
an increase in the water levels of approximately 9 cm for 
a return period of 100 years. 

Thus accounting for the non-linear trend, the flood of 
1999 has to be described as a centennial flood. If in addi- 
tion the effect of the reservoirs is taken into considera- 

1.00 

Table 1. Rank of the five largest flood levels during the period 
"7 0.75 

1817-2000 for the original and detrended time series. The values are 
based on the corrected lake levels for the years 1817-1826 (HZ 
1913). Uncorrected values are given in brackets. The second figure in '7, 0.50 
each column gives the rank of the event. 

o. 0.25 

Year Flood level / rank Flood level/rank detrended 
[cm] [cm] 

1817 623(636) /1 623/1 
1890 576 / 2 587 / 3 
1 8 2 1  568(591) /3 570/5 
1999 565 /4 589/2 
1876 561 /5 573/4 
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Fig. 3. Sample distribution of detrended annual maximum lake lev- 
els and fit with a generalized extreme value (GEV) distribution, where 
p is the probability and T the return period. 
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Table 2. Return periods (T) of some flood levels for original (HW) 
and detrended (HW-trend)lake levels. 

Year HW T HW-trend T-trend 
[cm] [years] [cm] [years] 

1999 565 44 589 96 
1890 576 75 587 86 
1821 561 37 573 41 

527 10 538 10 
581 100 590 100 
616 1000 621 1000 

tion, increased values are obtained. In the time period 
May 10-24, 1999, approximately 82 x 106 m 3 of water 
was withheld in reservoirs (PETRASCHECK & HEGG 
2000), corresponding to a water level difference of ap- 
proximately 15 cm in Lake Constance. The trend of de- 
creasing water levels and the retention of water in the 
reservoirs has clearly decreased the probability of dam- 
age with regard to floods. 

Time series analysis and climatic influence 

The very long time series of the water levels, with ap- 
proximately 68000 daily measurements spanning 187 
years, allows very precise analysis of the contained peri- 
odical cycles. Correlations with climatic processes can 
be identified by comparison with the spectra of other 
time series. 

European climate variability has been shown to be 
strongly linked to the North Atlantic Oscillation (NAO), 
which has a distinctive impact on winter temperatures 
and precipitation over much of Europe (Htn~P~LL 1995). 
Its intensity is usually expressed by the NAO index 
(NAOI), defined as the anomaly in air pressure differ- 
ence between the Azores High and the Icelandic Low 
(HuaRELL 1995). Winterly air temperatures in the Lake 
Constance region are strongly correlated with the NAOI 
and have a strong impact on freshwater ecosystems 
(ST~AmE et al. 2003a, 2003b). As there is a strong asso- 
ciation between the NAOI and precipitation we expect 
to see also a link between the NAO and the water levels 
of Lake Constance. 

By comparing with two long precipitation time series 
from the Global Historical Climate Network (PETERSON 
& VOSE 1997) the expected correlations can be high- 
lighted. We used data from weather stations on S/intis, 
Switzerland (mountain station, height 2496 m, approxi- 
mately 20 km south of Lake Constance, monthly precip- 
itation data 1883 to 2000) and data from the station 
Friedrichshafen (station in immediate proximity to Lake 
Constance, monthly precipitation data 1834 to 1980). 
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Fig. 4. Lomb periodograms for time-series of Lake Constance lake 
levels, precipitation at stations S~intis and Friedrichshafen, and NAO 
index. 

Causal correlations between the periodicities may be 
assessed comparing power spectra of the water level, 
precipitation, and NAOI time series. In Fig. 4 the Lomb 
periodograms (PREss et al. 1992) are plotted. Spectral 
bands - discussed here in terms of periods - are identi- 
fied around peaks of 4.3, 7.1, 12.7 and 22.3 years. The 
periodicity of 4.3 years is clearly an effect of precipita- 
tion appearing also in the regional precipitation time se- 
ries. Especially the data of the S~intis weather station, 
representative of the alpine region catchment area, con- 
tain a strong spectral component of approximately the 
same periodicity in a band between 4 and 5 years. In 
contrast, the appropriate spectral band in the pre-alpine 
precipitation time series from Friedrichshafen is less 
pronounced. The spectral band of periodicities of around 
7 years in water level data points to a correlation with 
the NAOI, which has a strong periodicity between 7 and 
8 years. The periodicity bands around 12.7 and 22.3 
years coincide with bands in the NAOI and the precipita- 
tion data, respectively. Equivalent bands of periodicity 
can also be found in analyses of climatic time series like 
the Central England temperatures since 1659 (PLAUT et. 
al. 1995) or the NAOI (MANN & PARK 1994) using dif- 
ferent analysis methods. 

Advanced studies using wavelet analysis techniques 
which show shifts in periodicities, point to a weak direct 
correlation between the NAOI climate index and the 
water level fluctuations, whereas the influence of pre- 
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Fig. 5. Correlations between mean monthly precipitation values at 
S~intis and Friedrichshafen and lake levels of Lake Constance. The 
hatched region denotes areas with non-causal relations. 

cipitation and its variation on scales up to decades is 
much more clearly correlated with water level variations 
especially in the above mentioned period band of 4-5 
years (JOHNK et al., in prep.). 

The relation between precipitation and lake level 
within short time scale is quantified using correlation 
analysis. The correlations between the monthly mean 
lake level and the monthly precipitation data with differ- 
ent time lags for the stations S~intis and Friedrichshafen 
are shown in Fig. 5. Here water level data for a specific 
month were correlated with precipitation data of the 
same or previous months. Precipitation in the S~intis re- 
gion in December and precipitation in Friedrichshafen 
from December until February show strong correlations 
with the water level of Lake Constance in the corre- 
sponding subsequent month. This is the low water peri- 
od of Lake Constance. The lake levels during the annual 
phase of lake level increase in the months April and May 
exhibit stronger correlations with precipitation in the 
S~intis area (precipitation during March and April) than 
with those in the area around Friedrichshafen. No defini- 
tive results can be derived solely on basis of the two sta- 
tions mentioned above. However, from the findings, it 
appears likely that variations in the low water level de- 
pend on the precipitation regime in the pre-alpine area. 
Precipitation in the alpine area during winter is largely 
stored in form of snow and ice. The situation reverses 
later in spring when lake levels are more strongly corre- 
lated with precipitation in the alpine region. Thus, fluc- 

tuations in the increase of the lake level may be ex- 
plained by fluctuations in precipitation in the alpine 
catchment area. Precipitation on S~intis back to Decem- 
ber of the previous year influences lake levels up until 
July through the storing and melting effect of snow. 

Discussion 

The centennial flood of 1999 on Lake Constance has 
highlighted the urgent need for an enhanced analysis of 
water levels and climatic parameters using modern 
mathematical methods and the development of scenarios 
for anthropogenic influences as well as climatic changes 
in the hydrological regime for this region. Such a proce- 
dure is especially promising for the unregulated Lake 
Constance with its lake level records back until the year 
1816. 

The time series analysis demonstrates how the risk of 
flooding and also the risk of extremely low water levels 
may be assessed. The trend analysis shows a steady de- 
crease in water levels, which weakened, however, near 
the end of the 20 th century. It is unclear how long-term 
climate change will affect precipitation distributions, 
along with the hydrological regime of Lake Constance. 
A long-term decrease in water levels is beneficial for the 
protection against floods, as the occurrence of extreme 
flood events will probably be decreased on a long-term 
scale. This can be recognized from the values for the re- 
turn periods for the 1999 flood (see Table 2). In the ab- 
sence of a decreasing trend, a 100 year flood would ex- 
ceed a calculated level of 590 cm. However, in relation 
to the extreme value distribution used here, this event 
would actually 'only' amount to 581 cm. The 9 cm dif- 
ference means a reduction in the risk to flood-prone 
areas. On the other hand the water level is dependent on 
the inflow from the alpine Rhine, as well as that from the 
pre-alpine catchment area. This crude subdivision of the 
precipitation regimes brings in an additional time factor. 
Correlations of the precipitation time series with the 
water levels show that the water level during the first 
months of the year is influenced by precipitation in the 
pre-alpine area while the inflows from the alpine area 
are more dominant later on. The 1999 flood shows that a 
change in precipitation events in the Lake Constance 
catchment area may have grave consequences; especial- 
ly when heavy precipitation in the pre-alpine area coin- 
cides with an early snowmelt. An earlier occurrence of 
the snowmelt in the Alps caused by global warming may 
increase the risk of floods, especially in late spring. The 
importance of incorporating reservoir effects into such 
analyses and into flood management becomes apparent 
if one considers the ability of the reservoirs to hold back 
as much as 15 cm in lake level in 1999 (PETRASCHECK & 
HEGG 2000). 
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On first impression no strong correlation appears be- 
tween the increase in global temperatures, as expressed 
in long-term changes in NAOI, and Lake Constance 
water levels. Fundamentally, long-term lake level varia- 
tions are correlated to equivalent changes in precipita- 
tion. This direct coupling is also evident in the correla- 
tion between time series reflecting the short-term behav- 
ior of the Lake Constance system. A more in-depth anal- 
ysis of hydro-meteorological time series (precipitation, 
temperature, lake level) in the Lake Constance catch- 
ment area is in preparation (JOHNK et al., in prep.). 

Although the risk of extreme flood level peaks is alle- 
viated to a certain extent by a decreasing trend in water 
levels, future variations in the precipitation regime in the 
alpine region suggest a shift of the annual rise in water 
level into the early months of the year. Such a shift of the 
lake level rise period will result from an increase in air 
temperature and an earlier snowmelt (BENISTON & 
JUNGO 2002). Furthermore, an increased probability of 
precipitation has been predicted for the northern part of 
the alpine regions (QUADRELLI et al. 2003). 

The large amplitude in water levels on a seasonal 
basis but also the large interannual variability will have a 
direct influence on the biota, especially reed popula- 
tions. Floods early in the year cause considerable dam- 
age to reed populations and may lead to large-scale loss- 
es, e.g., in Lake Constance as a result of the June flood 
1965 with a maximum water level of 540 cm, and the 
flood of 1999 (OSTENDORP 1990, 1991; SCHMIEDER et al. 
2002; DmNST et al. 2004). Also, due to the importance of 
reed populations at Lake Constance, this will cause sig- 
nificant changes in the lakeshore biocoenosis. Such in- 
fluences may be quantified using the information from 
time series analysis to build prognostic lake level mod- 
els (e.g., JOHNK 2003). 

Summary 

An overview was given on the extreme flood of 1999 at 
Lake Constance, its causes from precipitation in alpine 
and pre-alpine regions, and its possible connection to 
climate change. Trend analysis shows that the mean 
water level of Lake Constance only has been decreasing 
in the last decades since around 1925. This period was 
preceded by a stand still and a slight increase during the 
periods from 1860 to 1895 and 1895 to 1925, respective- 
ly, in contrast to previous findings, which used linear 
trend analysis to find decreasing lake levels since 1887. 
Using the non-linear trend curve, extreme value analysis 
shows that the return periods of floods are increased, and 
the level for the centennial flood 1999 for example in- 
creases from 581 cm to 590 cm, when compared to the 
results for the original time series. Future climate sce- 
narios used to predict the extreme value distributions of 

the lake level must take into account such trends as it 
was shown here. The causes of long-term lake level vari- 
ations were derived using spectral analysis techniques. 
Comparing the periodograms of lake level, precipitation 
in the alpine and pre-alpine region, and the index of the 
North Atlantic Oscillation shows that the pronounced 
low period bands in the range of 4 to 5 years can be at- 
tributed to regional variations in precipitation, whereas 
the longer period structures are more likely caused by 
global climatic variations. Due to climate change studies 
precipitation on the northern side of the Alps is increas- 
ing and in the same time temperature rises and therefore 
snowmelt is shifted to earlier periods. Both effects in 
combination lead to the assumption, that the occurrence 
of extreme flood peaks will be earlier in future. Al- 
though the mean lake level is decreasing, this shift in oc- 
currence time of flood peaks might cause problems for 
reed growth and it is associated with a shift in lakeshore 
biocoenosis. 
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