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Consequences of a heat, Have for lakes 817 
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Fig. 1. Standardized summer means (01 J une-31 August) of the 
daily minimum (T.,), daily maximum (T,J, and daily mean (T..J air 
temperatures measured at the Zurich meteorological station. The 
variables were standardized by removing the long-te1m summer 
mean (µ, 1956-2002) and dividing by the long-te1m standard de-
viation (u, 1956-2002). Data from the year 2003 are shown as open 
circles. The Gaussian distribution is depicted. In 2003, all variables 
illustrated exceeded their respective long-term means by at least 2u. 
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The relevant simulation models taken from the literatw·e 
are deteiministic, one-dimensional topographic lake models 
that use subdaily weathei· data to simulate profiles of tem-
pei·atw·e (Hondzo and Stefan 1993; Stefan et al. 1998; Pee-
tei·s et al. 2002) and oxygen (Stefan et al. 1996; Fang and 
Stefan 1997) in lakes of the tempei·ate zone. The model pre-
dictions chosen are for avei·age wintei· conditions followed 
by the 2003 extreme summei· heat wave. 

Results and discussion 

As would be expected from Schiir et al. (2004), the mean 
summer air temperature at the local meteorological station 
in 2003 considei·ably exceeded that in all othei· years from 
1956 to 2002, both dw·ing the day (mean daily maximum) 
and dw·ing the night (mean daily minimum), with the ovei·all 
mean summei· air tempei·atw·e being 5.4u ( +4.4°C) highei· 
than the long-teim mean (Fig. 1). In the nearby lakes, the 
mean water temperature of the epi/metalimnion (T..J reflect-
ed this situation. Mean summei· values of T.m in 2003 wei·e 
the highest evei· recorded, exceeding the long-tetm mean by 
2. 7 u ( + 2°C) in Lake Zurich and 2.8u ( + 1. 5°C) in Gt·eifen-
see (Fig. 2). These values agree Vet)' well with the results 
of model simulations, which predict that a 4°C increase in 
ambient air tempei·ature will result in an increase of 1-3°C 
in T.m (Hondzo and Stefan 1993; Stefan et al. 1998; Peetet·s 
et al. 2002). 
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Fig. 2. Impact of the extremely hot summer of 2003 on selected physical characteristics of Lake Zurich and Greifensee. Shown are 
standardized values of the summer mean epi/metalimnetic temperature (:T...J, the summer mean hypolimnetic temperature (TJ, their differ-
ence (T.m - TJ, the summer mean Sclunidt stability (S), the summer mean hypolimnetic oxygen concentration, and the hypolimnetic 
oxygen depletion from June to September (HOD) in the two lakes. The variables (all means from 01 June-31 August except HOD) were 
standardized by removing the long-te1m summer mean (µ, 1956-2002) and dividing by the long-te1m standard deviation (u, 1956-2002). 
Data from the year 2003 are shown as open circles. In 2003, all variables illustrated exceeded their respective long-term means by at least 
2u, except Th (in both lakes) and HOD (in eutrophic Greifensee). 
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sununer 2003, however, were lower than the equivalent long-
te1m means (Fig. 2). The high temperatures in the epi/me-
talimnion, coupled with the relatively low hypolinmetic tem-
peratures, resulted in extreme vertical temperature gradients, 
and consequently in an unusually high the1mal stability in 
the water column, suppressing the downward turbulent mix-
ing of wa1mer epi/metalimnetic water into the deep water. 
In sununer 2003 in Lake Zurich, the mean temperature dif-
ference between epi/metalimnion and hypolimnion (T.,,. -
TJ exceeded its long-term mean by 3.4u ( +2.2°C), and the 
mean Schmidt stability S exceeded its long-te1m mean by 
3.6u (Fig. 2). In Greifensee the situation was similar, the 
equivalent figures being 3.6u ( +2.1°C) for (T.,,. - TJ and 
4.7u for S. Relevant simulation models do indeed predict 
that an increase in air temperature will result in stronger 
stratification (e.g., De Stasio et al 1994; Stefan et al. 1998; 
Peeters et al. 2002), witl1 an increase in (T.,,, - TJ of l.5-
30C being predicted for situations like the one that occull'ed 
in 2003 (Stefan et al. 1998; Peeters et al. 2002). 

The extreme the1mal stability of the water column in sum-
mer 2003 had considerable consequences for the oxygen 
conditions in the hypolimnion. Altl1ough the mean hypolim-
netic oxygen concentration in sununer 2003 did not differ 
significantly from the long-term sununer mean in either lake 
(Fig. 2), this was not tme of the HOD, defined here as the 
decrease in the monthly mean hypolimnetic oxygen concen-
tration from June to September. In Lake Zurich, the mean 
HOD in 2003 exceeded the long-term mean by 7.2u (Fig. 
2), and oxygen depletion at almost all depths within tl1e hy-
polimnion was much greater tl1an at any time since tl1e be-
ginning of tl1e record (Fig. 3). Remarkably, this includes 
even tl1e period of maximum eutrophication of the lake at 
the end of the 1970s and beginning of the 1980s. In contrast 
to tlus, no significant difference in sununer HOD was found 
in eutrophic Greifensee, because a large propo1tion of the 
hypolimnion was afready anoxic in most sununers anyway. 
This pattern coll'esponds exactly to the predictions of rele-
vant lake oxygen models. Oxygen consumption in sununer 
is forecast to increase in deep, stratified lakes (Stefan et al. 
1996; Fang and Stefan 1997). In mesotropluc and weakly 
eutrophic lakes with only slight anoxic tendencies (such as 
Lake Zurich now), HOD is predicted to increase more 
strongly in response to climate change than in higltly eutro-
phic lakes (such as Greifensee), in which the hypolimnion 
is afready largely anoxic (Stefan et al. 1996). The increase 
in HOD, wluch will be exacerbated by a longer period of 
stratification during sununer, may result in extensive anoxia 
in tl1e hypolimnion (Stefan et al. 1996; Fang and Stefan 
1997), a situation more conunonly associated witl1 antl1ro-
pogenic eutrophication (Wetzel 2001). This emphasizes the 
impo1tance of deeply penetrative ventilative mixing during 
the cold season for hypolimnetic oxygen conditions. How-
ever, climate models indicate that air temperatures will also 
increase in winter and spring. This is likely to cause a re-
duction in the frequency and intensity of deep-water nlixing 
(Peeters et al. 2002), resulting in unintem.1pted deep-water 
oxygen depletion throughout the entire seasonal cycle (Liv-
ingstone 1997), the negative ecological consequences of 
wluch are well known (e.g., phosphorus dissolution from the 
sediments leading to internal loading, algal blooms, and fish 
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Fig. 3. Prnfile of oxygen depletion in Lake Zm·ich from Jnne 
to September 2003 (open circles) compared with the mean June-
September oxygen depletion prnfile from 1956 to 2002 (mean 
~ Ia). Calculation of the volume-weighted hypolimnetic oxygen de-
pletion (HOD) in summer was based on the illustrnted values below 
20m. 

kills; Carpenter et al. 1998). However, on a time scale of 
several years, winter wa1ming may also result in a gradual 
increase in hypolimnetic temperature (Livingstone 1993, 
1997) because of heat call'y-over in the hypolimnion from 
one year to the next (Peeters et al. 2002). Neve1theless, even 
in tlus model scenario, climate waiming is predicted to result 
in increased the1mal stability (Peeters et al. 2002). 

The results described above are based on a comparison of 
sununer 2003 with the 47-yr baseline period 195~2002, for 
wluch temperature and oxygen data are available from both 
Lake Zurich and Greifensee. However, tl1e temperature and 
oxygen data sets from Lake Zurich alone actually extend 
back unintem.1ptedly to 1945 (extended 58-yr baseline pe-
riod). The analysis described above was repeated for Lake 
Zurich using the extended baseline period and yielded the 
same results: in 2003, tl1e tl1e1mal stability and the HOD 
were still the lughest ever recorded. 

The "natural experiment" described here has shown tl1at 
sununer climate conditions equivalent to tl1ose expected to 
prevail near tl1e end of the present century have an extreme 
physical impact on temperate lakes, resulting in an unprec-
edented intensification of the1mal stratification with a con-
conlitant increase in HOD. It provides quantitative confir-
mation of the predictions made by relevant physical 






