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[1] Oxygen isotope ratios (d18O) of deep-lake ostracod valves can provide excellent
estimates of the oxygen isotopic composition of past atmospheric precipitation (d18OP). One
of the major steps of such a d18OP reconstruction is the calculation of the d18O of the lake
water (d18OL) from the valve d18O, which includes an appropriate estimate of the past water
temperature during valve formation. In order to simulate changes in lake vertical
temperature profile and specifically the bottom water temperature during ostracod valve
formation, we have redeveloped a one-dimensional eddy diffusion thermal lake model
including a lake ice model and refined it by including a seasonal light extinction model. This
model was tested for two different sites, Lac d’Annecy and Ammersee. Sensitivity studies
show that the ostracod calcification temperature is approaching constant 3.7�C for colder,
but may significantly vary for warmer than present conditions. In Lac d’Annecy, such
temperature effects can lead to a significant underestimation of positive d18OP excursions. In
Ammersee the underestimation is smaller because the hypolimnic temperatures are less
sensitive to surface temperature changes. Our model can be used to better constrain such
temperature effects and such further increase the quality of the d18OL and d18OP

reconstruction. INDEX TERMS: 1845 Hydrology: Limnology; 1878 Hydrology: Water/energy

interactions; 3344Meteorology andAtmospheric Dynamics: Paleoclimatology; 4870Oceanography: Biological

and Chemical: Stable isotopes; KEYWORDS: lake thermal model, paleoclimate, benthic ostracode

Citation: Danis, P.-A., U. von Grafenstein, and V. Masson-Delmotte, Sensitivity of deep lake temperature to past and future

climatic changes: A modeling study for Lac d’Annecy, France, and Ammersee, Germany, J. Geophys. Res., 108(D19), 4609,

doi:10.1029/2003JD003595, 2003.

1. Introduction

[2] Quantitative paleoclimate reconstruction is an impor-
tant task within the international effort aiming to understand
the global climate system. It provides valuable information
on long-term, centennial climate variability for periods not
covered by instrumental observation. Climate change can be
derived from floral and faunal changes as documented in
various natural archives. The oxygen-isotopic composition
of past precipitation (d18OP) probably offers a more direct,
physical link to paleoclimate, especially in mid to high
latitudes, where it is positively correlated to surface air
temperature [Dansgaard, 1964; Rozanski et al., 1993]. Ice
cores from polar regions, for example from the center of the
Greenland ice sheet, represent almost ideal archives for
d18OP [Jouzel et al., 1997] and have provided quantitative
insights on north Atlantic climate dynamics [Johnsen et al.,
1992]. In Europe, alternate isotopic archives are needed

because climatic conditions prohibit the preservation of old
ice. Recently, d18OP records have been obtained using the
isotopic composition of calcite formed by deep-lake benthic
ostracods in Ammersee [von Grafenstein et al., 1996,
1999a]. The reconstruction of d18OP includes two major
steps: (1) the calculation of d18O of the lake water (d18OL)
from the d18O of the ostracod calcite by considering
physiological effects and the temperature-dependent isoto-
pic fractionation between calcite and water [Friedman and
O’Neil, 1977]; (2) the estimation of d18OP from d18OL,
accounting for possible catchment effects [Gat and Lister,
1995] and the evaporative enrichment of the lake water
[Gonfiantini, 1986]. The quality of the d18OP record there-
fore depends on how precisely those major steps of the
signal transfer can be described.
[3] The physiological effects of valve d18O of major

taxonomical groups of the European fresh water ostracods
are well constrained [von Grafenstein et al., 1999b]. The
quantitative reconstruction of d18OL therefore only depends
on the quantification of the water temperature during the
formation of the ostracods valves. For the special case of the
deep-lake ostracod-based isotope record from Ammersee,
water temperature during calcite precipitation most proba-
bly was close to 4�C, and catchment effects and lake effects
in the past can be considered similar to those observed in
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the modern system [von Grafenstein, 2002]. The maximal
bias introduced by this simplification can be assessed from a
basic water balance calculations assuming extreme ‘‘worst
case’’ climatic conditions. These uncertainties (±0.4% in
the case of the Ammersee record) are small compared to the
d18OP signal of strong events such as, for example, the late
glacial rapid changes and some major Holocene perturba-
tions and trends. However, for large intervals during the
Holocene, variations of d18OP are small, leading to an
overall unfavorable signal-to-noise ratio. In addition such
an error estimation does not consider the dynamics of the
coupled basin-lake system because it is based on steady
state considerations, which is not appropriate when the
amplitudes and frequencies of Holocene climate variability
are analyzed. The ‘‘worst case’’ approach does not fully
exploit the environmental information usually available
from a whole range of proxies studied from the sediment
cores. Moreover, the error estimation is site-specific and not
easily transposable to lakes differing from Ammersee with
respect to the geomorphologic, climatic, and hydrologic
setting.
[4] In order to better address the bias for a given period,

for strong transient changes, and for high-frequency vari-
ability, we are presently developing a fully coupled model
of the basin-lake system including isotope diagnostics and
the principal water and energy budgets. In its final state, the
model will be used for extensive sensitivity studies, but also
for the ‘‘forward’’ modeling of d18O of the ostracod calcite
from AGCM output-fields to facilitate model-data compar-
ison, and, after inversion of the model, for an improved
d18OP reconstruction from different isotopic archives. That
is to say the model will be adapted to simulate the d18OP

from the d18O of the ostracod calcite and of others archives
of the d18O of the lake water.
[5] Here we focus on the lake thermal structure which is

one fundamental part of such an integrated model. The
mainly temperature-controlled density profile influences the

import of the d18OP signal into the lake, is important for its
distribution in the lake itself, has a strong impact on
evaporation and the related isotopic fractionation at the
lake’s surface, and last but not least, is the main control
of temperature-dependent fractionation during the signal
preservation.
[6] We have developed a numerical lake model able to

simulate observed temperature profiles, and tested this
model for two different sites: the monomictic Lac d’Annecy
(6�070E, 45�540N) and the dimictic Ammersee (11�100E,
48�N) (Figure 1). Realistic control simulations have been
obtained by scaling the micrometeorological observations,
which are not available for the middle of the lakes, and by
taking into account seasonal changes in the light extinction
coefficient. Special attention was given to the validation
of the simulated vertical water temperature profiles by
forcing, alternatively, with daily meteorological observa-
tions, with monthly averaged data, and with multiyear
monthly means.
[7] We have then used this model to quantify possible

changes of the lakes’ mixing behavior and of the bottom
lake temperature in response to various climatic scenarios
with warmer or colder than modern conditions. As a result,
we can constrain the part of the benthic ostracod calcite
isotopic composition related to changes in calcification
temperature and, by correcting for it, further increase the
quality of the d18OL and d18OP reconstruction.

2. Lake Model Development and Tuning
Methodology

2.1. Lake Model

[8] The bottom water temperature of a lake is mainly a
result of climatically controlled seasonal changes of the
lake’s vertical temperature-dependent density distribution.
During spring and summer, the gradual superficial warm-
ing induces the formation of a warm and light surface
layer (epilimnion) isolated from a denser and colder
bottom layer (hypolimnion) by a transition zone with a
more or less steep temperature gradient (thermocline).
Wind stress and relative temperature decreases facilitate
the mixing of the epilimnion, and thus control the depth
and the sharpness of the transition to the hypolimnion.
Starting in the fall and continuing into the winter, surface
cooling leads to increasingly deeper convection and
increasing density of the epilimnion, cumulating in a com-
plete overturn, when the hypolimnetic temperature and
density is reached. In dimictic freshwater lakes, the full
mixing period occurs when the surface and deep lake
temperature is close to 4�C, the maximum density of
freshwater, separated by a phase of stabilization with a
colder epilimnion. In warmer and/or monomictic lakes, the
full-mixing temperature can be higher than 4�C and climatic
changes will induce fluctuations in mixing and hypolimnetic
temperature.
[9] Here it is our goal to develop a thermal lake model

which can be easily adapted to different lakes, and which
allows numerous runs for sensitivity studies. However, it
should still be able to capture the main characteristics of the
vertical structure of the lakes, i.e., surface and bottom water
temperatures, thermocline depth, and onset and duration of
the winter mixing. We therefore have opted for a one-

Figure 1. Location map of Lac d’Annecy (6�070E,
45�540N), France, and Ammersee (11�100E, 48�N), Germany.
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dimensional description of the vertical transfer of heat
simulated by eddy diffusion and convective mixing. Our
model has been redeveloped from mathematical equations
based on Hostetler and Bartlein [1990] and following the
pioneering work of Orlob and Selna [1970] and Henderson-
Sellers [1985, 1986]. We ignore the small thermal effects of
incoming river waters and of the lake borders [Hostetler and
Bartlein, 1990; Carmack and Farmer, 1982]. Previous
studies have already demonstrated that such simple models
can be used to simulate the vertical thermal structure,
surface water temperature, evaporation rates, and lake level
fluctuations of a variety of lakes and climatic situations
[Hostetler and Bartlein, 1990; Vassiljev et al., 1994;
Liston and Hall, 1995; Peeters et al., 2002; Benson and
Paillet, 2002]. They have also been used in paleoclimate
applications [Hostetler and Benson, 1990; Hostetler,
1991; Vassiljev et al., 1995; Vassiljev, 1998; Vassiljev and
Harrison, 1998], in d18O isotopic studies [Hostetler and
Benson, 1994] and in climate change assessments [Hostetler
and Giorgi, 1995].

[10] In our case, Lac d’Annecy and Ammersee have
been extensively monitored during the past decade. The
resulting database of intra-annual to interannual vertical
temperature profiles will be exploited to calibrate the
model both for high (intramonthly) and low (seasonal)
frequencies.
[11] Our one-dimensional model (Figure 2) is composed

of three major submodels: (1) a surface-energy balance
submodel [Henderson-Sellers, 1984, 1986] to determine
the surface temperature and energy available to heat the
water column; this submodel is forced by the basic mete-
orological parameters (surface air temperature, humidity,
wind speed, cloud cover, solar radiation). (2) an eddy
diffusion model [Henderson-Sellers, 1985] describing the
evolution of water temperature and stratification; this sub-
model is forced by the bathymetry of the lake and by a light
extinction coefficient (h). The heat diffusion equation is
numerically solved using the Cranck-Nicholson technique
requesting a restriction on the time step �t [Hostetler and
Bartlein, 1990] calculated each day depending on the
maximum eddy diffusion coefficient with a depth step fixed
to 1 m. The temperature-density relationship [Heggen,
1983; Hostetler and Bartlein, 1990] ignores the pressure
dependency of freshwater density; the associate bottom
temperature bias is smaller than 0.2�C [Farmer and
Carmack, 1982] for the relatively shallow two lakes con-
sidered here. (3) an ice and snow accumulation submodel
[Patterson and Hamblin, 1988] to account for the specific
energy and mass fluxes during ice and snow cover which
will be significant for extreme years in the validation period
and especially for the simulation in cold climates; we do not
consider a fractional ice cover and assume that the full area
of the lakes freezes simultaneously.
[12] Simulations are initialized with observed homoge-

nized thermal profiles. The full model is forced by the
bathymetry of the lake, the basic meteorological parameters,
and the light extinction coefficient in the water (h). The
scaling needed for the meteorological parameters, which are
not available in the middle of each lake, and the implemen-
tation of a light extinction coefficient model are discussed
below.

2.2. Seasonal Light Extinction Model

[13] The light extinction coefficient controls the decreas-
ing penetration of short-wave radiation below the lake
surface and therefore the absorption of heat in deeper parts
of the lake. Visual measurements (Secchi-disk disappearing
depth) [Pourriot and Meybeck, 1995] show large spatial and
temporal variations of h due to the amount of suspended
matter and algal productivity. Although such seasonal
variations are explicitly mentioned, mean values are used
in all modeling studies known to us [see, e.g., Vassiljev et
al., 1994; Peeters et al., 2002]. The amount of suspended
matter depends on the river input and its location in the
water column can vary with the density/temperature profile
of the lake. Owing to its relationship with abrupt precipi-
tation events, this factor should play a dominant role for the
high-frequency, intramonthly variations of h [van Duin et
al., 2001]. Algal productivity is a function of energy and
nutrient availability in the epilimnion; it controls mainly the
low-frequency, seasonal variations of h [van Duin et al.,
2001].

Figure 2. Algorithm of the one-dimensional eddy diffu-
sion model. The simulation is initialized by an observed
vertical lake water temperature profile (vertical profile). The
estimation of the vertical profile of the following day needs
(1) the calculation of the eddy diffusion coefficient along
the water column depending on the vertical water density
profile of the previous day ( j) and on the wind speed above
the lake surface of the following day ( j + 1); (2) the
calculation of the surface energetic budget mainly depend-
ing on the meteorological data of the following day (J + 1);
(3) after the warming and/or the cooling of each lake water
layer of 1 m thick, the model controls the density stability of
the new vertical profile ( j + 1/3) and does the required
stabilization; and (4) if the surface lake water temperature of
the j + 2/3 profile decreases below the freezing point of
freshwater, the model induces lake ice formation and fixes
the surface lake water temperature of the new profile ( j + 1)
at the temperature of this freezing point.
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[14] As our model is mainly designed to correctly simu-
late seasonal fluctuations of the bottom water temperature,
we only consider seasonal h variations. Moreover, spring
interfloods and overfloods induce temporarily high h
values, which are balanced by lower h levels during
midsummer time. Sensitivity studies have been performed
with different seasonal h models, and compared with the
observed Lac d’Annecy seasonal hypolimnetic temperature
fluctuations. Simulations with a weak and constant h are
compatible with observed mean hypolimnetic temperature
but fail to represent the seasonality of the bottom water
temperature, particularly for Lac d’Annecy. The best simu-
lations are obtained when a seasonal model is implemented
with a sinusoidal function between spring and fall, and
constant values during winter (equations (1) and (2)). This
enables us to predict ‘‘as observed’’ heat accumulation in
the deeper part of the water column in winter, which may
play an important role in the winter mixing of the lake
during relatively mild winters. In this case not only the
surface temperature cooling, but also the subdued warming
of the hypolimnion, helps to start convection.

If 90 � J < 333

h0 ¼ hþ h
� h

sin

 
2p

J � 151

244

!
ð1Þ

If J < 90 or J � 333

h0 ¼ h� h
� h

; ð2Þ

where h0 is the daily light extinction coefficient, h is the
yearly light extinction coefficient, �h is the correction of
the seasonal amplitude of h, and J is the Julian day.

2.3. Scaling of Meteorological Forcing

[15] Meteorological observations are available from
sites near the two lakes chosen for our study, but not
from the lake surfaces. The observations thus may be
biased and should be corrected for micrometeorological
effects. To account for micrometeorological effects several
factors should be considered. First, vertical gradients to
account for different elevations between the lake surface
and the meteorological station. The two well-known
vertical gradients are those of the air temperature T
(�0.6�C/100 m) and of the atmospheric pressure P
(�1000 Pa/100 m). Both gradients are included in the
factors �T (equation (3)) and �P (equation (4)). Second,
lateral effects to account for the influence of the lake
itself and of the surrounding topography, respectively,
such as mentioned by Liston and Hall [1995]. The effect
of the water body on the air mass temperature is taken
into account by a sinusoidal function and a correction
factor of the seasonal amplitude (�amplT , equation (4)).
[16] In addition to the scaling parameters of the air tem-

perature and the atmospheric pressure, the vertical and lateral
variations of wind speed w, cloud cover CC, and relative
humidity RH are taking into account by �w (equation (5)),
�CC (equation (6)), and �RH (equation (7)), respectively.

[17] The corrected values are written as:

T 0 ¼ T þ�T þ�ampl T

2
sin

 
2p

J � 103

366

!
ð3Þ

P0 ¼ P þ�P ð4Þ

w0 ¼ w	�w ð5Þ

CC0 ¼ CC 	�CC ð6Þ

RH 0 ¼ RH 	�RH ; ð7Þ

where J is the Julian day.
[18] Consequently, the external and scaling parameters

used here are meteorological parameters, mainly because
the meteorological station is not situated on the middle of
the lake and the lakes themselves cause local micrometeoro-
logical variations and parameters of the light extinction
coefficient model (h and �h) because water observations
are discrete measurements in time and in space. The scaling
was constrained by local meteorological studies using a
second nearby station and by running the lake model under
climatological forcing, i.e., with the multiyear average of
the monthly observations (see section 3.3).

3. Results and Discussion

[19] The model was applied to two lakes located in mid-
Europe (Figure 1), Lac d’Annecy (France) and Ammersee
(Germany) for which a wealth of meteorological and lake
instrumental observations are available for the past decade.
Both lakes are suitable for the reconstruction of past d18OP

because their hydrological balance is dominated by surface
water input and their depth prevents large fluctuations of the
hypolimnetic water temperatures. However, due to their
slightly different geographical positions and their different
climatic settings and topographies, they can also serve as a
test for the model’s reliability and adaptability.
[20] After briefly presenting the two lakes and the avail-

able observations, we discuss the model calibration and
compare the simulations obtained with climatological,
monthly and daily forcing. We then test the ability of the
model to simulate estimated mean hypolimnetic temperature
and the interannual variations of the calcification tempera-
ture of Candonidae, the taxonomic group of ostracods
preferentially used for the isotopic studies. Last, steady
state sensitivity studies of past and future climatic states
enable us to evaluate the response of the ostracod calcifi-
cation temperature to various forcings.

3.1. Characteristics of Lac d’Annecy and Available
Instrumental Observations

[21] Lac d’Annecy (6�070E, 45�540N; surface area
27.5 km2; length 13 km; width 2.2 km; maximum depth
65 m) is oriented north-south and divided in two main
basins: the northern Grand Lac with a maximal depth of
65 m and the southern Petit Lac with a maximum depth of
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55 m which are separated by a sill at 45 m water depth.
We use a surface-depth distribution in 1-m depth steps
derived from a digital elevation model obtained from
an echo sounding survey done in 1993. The calculated
water residence time is approximately 3.8 years [Benedetti-
Crouzet, 1972].
[22] Vertical lake temperature profiles have been mea-

sured at 1 m intervals once per month from 1990 to 1999 in
the middle of the two main basins (data provided by the
Syndicat Intercommunal du Lac d’Annecy, SILA). The
multiparameter probe measures temperature corrected for
the adiabatic effect within ±0.01�C. The observed difference
in near-surface temperatures between Grand Lac and Petit
Lac probably is in part due to the time lag between the
measurements and exhibits the local differences from wind
stress and internal waves. Lateral temperature gradients are
typically 
2�C and the depth of the thermocline can vary up
to 3 m. Figure 3a shows successive instantaneous surface
and bottom water temperatures from the Grand Lac which
capture well the various stages of the seasonal cycle:
stratification period, stratification breakdown, isothermal
overturning. After the winter homogenized period, stratifi-
cation takes place and bottom temperature increases slowly

until midsummer. For model calibration, we have consid-
ered only temperature profiles from the largest basin (Grand
Lac).
[23] Bimonthly proxy observations of light extinction

(Secchi disc disappearance depth) are available for two
specific years, 1990 and 1998 (SILA). The mean light
extinction coefficient computed from these observations is
0.24 m�1, with extremes of 0.15 to 0.43 m�1, respectively.
[24] The closest meteorological station (Meythet, Météo-

France) is located 3 km northward of the lake, upstream
from the main wind direction, and 11 m above the lake
level; daily data are available from 1993 to 1999. At Lac
d’Annecy, Benedetti-Crouzet [1972] used a second meteoro-
logical station and pointed significantly different seasonal
air temperature amplitude on opposite sides of the lake
(�4�C in the main wind direction). This difference is most
probably due to the lake’s thermal inertia and gives the range
of credible variations of �amplT (Table 1).

3.2. Characteristics of Ammersee and Available
Instrumental Observations

[25] Ammersee, a single basin lake, is significantly larger
and deeper than Lac d’Annecy (11�100E, 48�N; surface area,

Figure 3. Best monthly and daily meteorological simulations. (a) Monthly (large gray lines) and daily
(fine black lines) simulations of surface and bottom water temperature. (b) Zoom on the bottom water
temperature. (c) Typical monthly (solid lines) and daily (dotted lines) simulated vertical profiles. Circles
(surface water temperature in Figures 3a and 3b), diamonds (bottom water temperature in Figures 3a
and 3b) and large gray lines (vertical temperature profiles in Figure 3c) are observational data from Grand
Lac d’Annecy.
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46.5 km2; length, 15 km; mean width 3.5 km; maximum
depth 81 m). Its annual residence time is about 2.7 years.
The lake topography is estimated from a bathymetric map at
8 depths between the surface and the maximum depth 81 m
(Alpen-Verlag, München) and interpolated to a 1 m depth
interval, similar to that of Lac d’Annecy.
[26] Monthly temperature profiles are available from

1993 to 2000. Temperature measurements were performed
every 2 or 3 m between the surface to 16 m depth and each
10 m from 20 m depth to 80 m depth (Wasserwirtschaftsamt
Weilheim, Oberbayern, WW). These observations have
been done by sampling of water from a specific depth and
thus can be biased by thermal exchange between sampled
water and the surrounding water column, specially for

bottom samples. Comparison with 28 simultaneous probe
measurements (WW, not shown here) suggests large
uncertainties on the observed hypolimnetic temperatures
(typically 0.5�C) used for model calibration. Time series
plots of instantaneous surface and bottom temperatures of
Ammersee (Figure 4a) show the separate stages of the
seasonal cycle: stratification period, stratification break-
down and two isothermal overturnings separated by an
inverse stratification. The mean light extinction coefficient
computed from observations as was done for Lac d’Annecy
(1993–1994) is equal to 0.32 m�1, with extreme values
ranging from 0.2 m�1 to 0.94 m�1.
[27] The closest meteorological station is located 24 km

southward of the lake and 443 m above the lake level

Table 1. Values of the Scaling Parameters

Lac d’Annecy Ammersee

Rangea Calibrationb Rangea Calibrationb

�T , �C �1.5 
 0 �0.9 0.5 
 2.5 1.4
�amplT , �Cc �4 
 0 �1.6/�2.6/�3.4 �5 
 0.8 �2.4/�2.4/�3.4
h, m�1 0.15 
 0.43 0.21 0.2 
 0.94 0.24
�h 1.5 
 4.5 1.6 1.5 
 4.5 1.6
E, mm/yearc 540 
 665 581/612/577 480 
 586 540/538/550

aRanges of variation for the scaling parameters.
bResults of the model calibration.
cResults for climatological forcing, monthly forcing and daily forcing.

Figure 4. Best monthly and daily meteorological simulations. (a) Monthly (large gray lines) and daily
(fine black lines) simulations of surface and bottom water temperature. (b) Zoom on the bottom water
temperature. (c) Typical monthly (solid lines) and daily (dotted lines) simulated vertical profiles.
Circles (surface water temperature in Figures 4a and 4b), diamonds (bottom water temperature in
Figures 4a and 4b) and large gray lines (vertical temperature profiles in Figure 4c) are observational
data from Ammersee.
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(Hohenpeißenberg, Deutscher Wetterdienst, DWD). Data are
available continuously from 1993 to 2000 simultaneously
with water temperature observations. Clearly, these meteoro-
logical data need to be scaled to be representative of the
climatic situation above the lake surface. We use a second,
nearby station, Attenkam (DWD, 672 m asl), to estimate
the lateral and vertical variability of each meteorological
parameter (Table 2).

3.3. Climatological Simulations and Model Tuning

[28] The climatological forcing was obtained from
monthly averages of the daily meteorological observations
between 1993 and 1999 (2000 at Ammersee). The monthly
values of parameters are centered on the fifteenth of each

month and linearly interpolated for reconstructing daily
values used by the lake model. Consequently, the model
will not be able to simulate intramonthly water temperature
fluctuations.
[29] The climatological lake temperature profiles were

obtained by averaging interannual observations for each
month between 1993 and 1999 (2000 at Ammersee). The
uncertainty of these mean profiles depends on the number of
instantaneous measurements involved and their intra-
monthly repartition (horizontal and vertical error bars
displayed on Figure 5).
[30] Forcing the model by climatological observations,

we adjusted the scaling factors to fit the lake water temper-
ature with the calculated climatological lake temperature

Table 2. Local Variations of Meteorological Parameters Observed Near Ammersee

Observed Vertical Gradient
(Hohen-Attenkam)/100 m R2

Number of
Monthly Values

Estimated Correction
(Hohen-Ammersee)

T , �C �0.33 >0.99 348 +1.46
amplT , �Ca �0.24 0.89 17 �1.1
w, m s�1 +0.07 0.92 348 �10%
RH, % �0.5 0.63 353 +3%
CCb <0.01 0.97 14 ’0

aEstimation with yearly values between 1984 and 2000.
bEstimation with values between 2000 and 2001.

Figure 5. Best climatological simulations and monthly observations of surface water temperature
(circles in Figures 5a and 5c), of bottom water temperature (diamonds in Figures 5a and 5c) and of three
monthly profiles at (b) Lac d’Annecy and at (d) Ammersee. (a and c) The time uncertainties (horizontal
error bars) are estimated by subtracting a standard deviation of the profile days from the number of the
centered day in the month (15). The vertical error bars show one standard deviation of the observed water
temperature. (b and d) The climatological observations of lake temperature profiles (large gray lines)
were obtained by averaging interannual observations for each month between 1993 and 1999 (2000 at
Ammersee). And the three simulated (fine lines) profiles are monthly averages of daily simulated profiles.
Theses profiles illustrate the stratification of the water column during the summer time and the
homogenization period during the winter time.

DANIS ET AL.: SENSITIVITY OF DEEP LAKE TEMPERATURE ACL 7 - 7



profiles. A purely mathematical inversion minimizing a cost
function calculated for each simulation and each parameter
combination is difficult for our nonlinear model which can
create local minima. We have therefore developed an
empirical scaling methodology to select the forcing param-
eters for which the scaling seems to be very sensitive (�T ,
�amplT , h,�h and�w) compared to parameters for which
the scaling is easily obtained (�RH, �CC and �P).
Consequently, for the two sites, �P was corrected by the
observed altitudinal gradient. �RH and �CC were fixed to
1 because observed local variations are negligible.
[31] For Lac d’Annecy, we neglected lateral variations of

wind speed between the meteorological station and the lake
surface because the meteorological station is sufficiently
close to the lake (�w = 1). Subsequently, we simultaneously
adjusted �T , �amplT to roughly fit the simulated surface
water temperature to the observations. After that, we tuned h
and � h to simulate the observed fluctuations of the
temperature of the bottom water. And finally, we readjusted
�T and �amplT . The resulting values of the scaling
parameters are summarize in Table 1.
[32] For Ammersee, we first fixed the h based on the

mean difference between both lakes’ observations and
conserved the �h which was tuned for Lac d’Annecy. After
that, we calculated �T considering the observed local
altitudinal gradient (Table 2). We third adjusted the wind
speed (with �w) to obtain evaporation rates close to
estimation based on stable isotopes [von Grafenstein,
2002]. And, finally, we adjusted �amplT and readjusted
�T . The resulting values of the scaling parameters are
summarize in Table 1.
[33] For the meteorological adjusting factors which have

not been tuned (�RH, �CC and �P), we have performed
sensitivity studies confirming a small impact of their ob-
served spatial variations on the bottom water temperature
(Table 3). The final climatic situations on lakes’ surface
after micrometeorological scaling are summarized in the
Table 4.
[34] The Figure 3 for Lac d’Annecy and the Figure 4 for

Ammersee show modeled and observed surface and bottom
water temperatures as well as four representative monthly
vertical profiles (Figures 3c and 4c). The light extinction
parameterization and the scaling of the meteorological
observations based on micrometeorological considerations
result in good agreement between the simulations and the
modern observations. The model not only reproduces the
seasonal cycle of the surface lake temperature but also
captures the much smaller seasonality of the hypolimnetic
water temperature and the monthly thermocline depth which
are key points with respect to the bottom water temperatures
during the period of valve formation of candonidae, the
group of ostracods used for the d18O record in Ammersee
and Lac d’Annecy. For Lac d’Annecy, the simulated evap-

oration (Table 1) is in good agreement with previous
estimate [Benedetti-Crouzet, 1972] which is an indirect
check of the model performance. For Ammersee, the lake
evaporation was used to scale the wind speed forcing, which
was necessary due to the larger vertical and horizontal
distances between the meteorological stations and the lake.

3.4. Interannual Simulations With Daily and
Monthly Forcing

[35] Our thermal lake model enables a correct climato-
logical simulation which is necessary for climatic sensitiv-
ity studies. However, high frequency meteorological
variations such as persistent weekly warm or cold condi-
tions, and strong winds can have large impacts on instan-
taneous lake temperature profiles. We therefore have also
tested the model response to forcing by both daily obser-
vations and monthly observations. These tests not only
provide an additional control of the model performance,
but also are necessary if the model is used to study the
potential impact of high frequency variability under different
climatic conditions.
[36] For monthly and daily meteorological forcings only,

the seasonality of air temperature (�amplT ) had to be
adjusted to obtain a reasonable fit to the observed temper-
ature profiles. This scaling parameter always ranges within
the lateral fluctuations observed, and the resulting evapora-
tion rates are also consistent with local estimates (Table 1).
[37] For both lakes, the surface temperatures calculated

with monthly and daily forcing show no drift and no
systematic bias over the 7-years long simulation period
(Figures 3a and 4a). The model also captures observed
interannual lake surface temperature fluctuations which are
common to the two sites, as, for example, the warmest and
coldest summer surface temperature in 1994 and 1996,
respectively, and the two coldest winters (1998–1999 and
1999–2000). When the daily forcing is used, the model is
also able to simulate intramonthly surface temperature
fluctuations in response to the high frequency meteorolog-
ical variability. For instance, a rapid cooling (4�C) observed
in both lakes during summer 1996 is well simulated by our
model and is due to an episode of extraordinary cold air
temperatures at the beginning of the summer at both sites.
These results confirm that Lac d’Annecy and Ammersee,
which are about 450 km apart, undergo similar interannual
climatic fluctuations, providing support for the use of
similar forcing at both sites for sensitivity studies.
[38] For deep lake water temperatures, the daily forcing

has little impact and gives the same results as the monthly
forcing due to the thermal inertia of such deep lakes. For
Lac d’Annecy, the model, with both forcings, is able to

Table 3. Effect of the Negligible Parameters on the Ostracod

Temperature, TO

Lac d’Annecy Ammersee

±, % TO ±, �C ±, % TO ±, �C

�RH 5 0.12 3 0.05
�CC 5 0.10 5 0.01
�P 10 0.00 10 0.00

Table 4. Recent Climatic Situations Resulting From Climatolo-

gical Calibration

Lac d’Annecya Ammerseeb

T , �C 10.0 (2.3 
 18.4) 9.1 (2.5 
 16.6)
amplT , �C 16.1 14.1
w, m s�1 2.0 (1.7 
 2.4) 2.5 (1.9 
 3.3)
CC 0.53 (0.40 
 0.72) 0.61 (0.52 
 0.73)
RH, % 76.0 (69.0 
 84.3) 76.6 (72.3 
 83.0)
P, hPa 963 (959 
 965) 949 (945 
 952.)

aFrom data of Meythet (Météo France).
bFrom data of Hohenpeibenberg (DWD).
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capture some of the observed interannual variability for
instance, the warmest temperatures in 1998 and coldest
temperatures in 1999. However, the model fails to simulate
two observed homogenizations in 1995 and 1998, possibly
due to a scaling problem for two extreme meteorological
situations. In 1995, the model is too sensitive to low winter
mean wind speeds, the lowest of the 1993–2000 time
period, which reduces the surface cooling and inhibits full
mixing. In 1998, the deep lake temperatures are particularly
cold from summer to winter, within the meteorological
context of a cool winter. As a result, the model maintains
stratification all year round but with a very small temper-
ature difference between the surface and bottom of the lake.
Two factors may explain this failure: first, the model
probably underestimates the eddy diffusion during early
spring stratification (spring 1997) with particularly high
wind speeds smoothed by the multiyear scaling method
which induces deep temperatures to be too cold from spring
1997 to winter 1997–1998. Second, it is possible that a
particularly low yearly light extinction coefficient has
favored the observed warming of deep lake temperature
and enabled the homogenization in the real lake.
[39] For Ammersee, the model is less realistic than for

Lac d’Annecy in terms of interannual changes of deep lake
temperature. Nonlinear lake density fluctuations occur eas-
ily here because the lake bottom water temperature is near
the temperature of maximum density for water (4�C),
inducing a larger sensitivity to high frequency surface
meteorological variations. When forced by daily meteoro-
logical data, the model is able to represent fairly well a
particular situation observed in 1995 when an exceptional
secondary homogenization occurs because the spring
surface temperature cools down close to the bottom tem-
perature (Figure 4b).
[40] The model’s difficulty in simulating some particular

intra-annual phenomena (observed on individual water tem-
perature profiles) may be due to the multiyear scaling of the
meteorological parameters or to the use of daily measure-
ments (which can smooth out extreme wind gusts for
instance). In spite of that, the correlation coefficients
between simulated and observed temperature for surface
water and bottom water are always greater than 0.95 in both
lakes considering not only daily forcing but also monthly
forcing and climatologically forcing. Moreover, after the
tuning, we also obtained good correlation coefficient between
simulated and observed profiles for the three forcings which
allowed us to appreciate the goodness of the fit.
[41] Nevertheless, the model, although developed for

climatological purposes, is still able to represent some high
frequency changes in the vertical temperature profiles due to
daily or weekly changes in meteorological parameters.
These extreme temporary modifications of the lake thermal
structure do not appear in the annual mean and will be
neglected in sensitivity studies of large steady state mean
climatic fluctuations, for which the model is particularly
suited.

3.5. Ostracod Calcification Temperature (TO):
Observations and Simulations

[42] Ostracods are small crustaceans protecting them-
selves within a calcitic carapace. During their life cycle
they undergo eight moults, after each a new pair of valves,

adopted to the new larger size, is produced. Each individual
therefore can produce up to 9 pairs of valves, which, in their
d18O, record a snapshot of ambient water temperature and
water isotopic composition (d18OL). A typical sample from
which the isotopic record in Ammersee and Lac d’Annecy
are produced, consists of a collection of up to 25 individual
valves from the last five stages including adults of three
species from the candona group. Population dynamics of
these species have been derived from sediment surface
samples in the hypolimnion of both lakes and indicate that
these last five stages are passed preferentially in winter,
starting with the onset of holomixis. Adults are mainly
found during late winter and early spring, thus narrowing
down the calcification period of those valves to roughly two
months following the onset of turnover. In the following,
the mean temperature for this period will be simply referred
to as ‘‘ostracod temperature’’ (TO), although it is strictly the
calcification temperature of the five last development stages
of this special group and not of benthic deep-lake ostracods
in general.
[43] Hypolimnetic lake temperature measurements are

discontinuous; in general once or twice per month. As a
result, the onset of homogenization cannot be precisely
defined for each year. This leads to an uncertainty in the
estimation of the modern ostracod temperature. For the
modeling results we define the ostracod temperature for
each year as a two-month average of the lake bottom
temperature starting with the first homogenous profile.
The error bars give the maximum and minimum observed
temperatures during this time period. The climatological
ostracod temperature (Figures 6a and 6c) is obtained by
calculating the average of the yearly estimates (Figures 6b
and 6d).
[44] The ability of the model to simulate the lake hypo-

limnetic temperatures and of the timing of the homogeni-
zation period enforces its capacity of estimating the
climatological ostracod temperature (as shown on Figures
6a and 6c). Consequently, the model is accurate enough to
perform sensitivity studies of the ostracod temperature
under different climatic situations. The correct simulation
of the lake hypolimnetic temperatures and of the timing of
the homogenization period described in the previous sec-
tions warrant a correct simulation of the climatological
ostracod temperature (Figures 6a and 6c) confirming that
the model is able to perform sensitivity studies for this
parameter used in paleoclimatic reconstructions.
[45] Interannual simulations performed with daily and

monthly forcing enable us to evaluate the ability of the
model to capture observed interannual fluctuations. For
Lac d’Annecy, these simulations lead to realistic TO values
and interannual trends (Figure 6b). For Ammersee, despite
the uncertainties on the meteorological forcing discussed
before and the difficulty of simulating correctly interannual
fluctuations, the model captures some of the interannual
changes and is correct for the climatological average
(Figure 6d).

3.6. Sensitivity Studies

[46] In order to evaluate the bias on reconstructed d18OP

due to changes in ostracod calcification temperature, we
have used the thermal lake model for the two sites to
perform sensitivity studies on changes in three climatic
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parameters: the yearly air temperature (Ta), the air temper-
ature seasonality and the yearly wind speed. For each lake,
these studies have been done centered on the modern
conditions (Table 4) and centered on the Younger Dryas
conditions following Renssen et al. [2001] (Table 5). This
allows us to bracket the probable extremes of the climatic
development of the period recorded in the sediments of the
two sites (roughly the last 15,000 years). We also plotted
individually the climatic situations of the Last Glacial
Maximum (LGM) [Masson et al., 1998], the mid-Holocene
climatic optimum (MH) [Masson et al., 1999], and a
prediction of the climate for the next century base on an
IPCC prediction [Douville et al., 2002] (Figure 7). Here we
considered the lake model runs on scenarios described by
the climatological output field of atmospheric general
circulation model runs (AGCM) for these periods, because
we can thus use estimates of all the forcing parameters used
by the lake model (Table 5). Even if neither of these AGCM
runs can be considered to correctly represent the regional
climate for these periods, we probably cover a sufficient
range of climate to give an idea of the possible bias of
ostracod calcification temperatures in the both lakes.
[47] We show the results for both lakes of two sets of 135

individual lake model runs (Figure 7). Within each of these
sets we additionally vary the mean annual air temperature
by ±1.5 and ±3�C, the temperature seasonality by ±1, ±2,
±3, and ±4�C, and the mean wind speed by ±10% with
respect to the AGCM outputs. All other parameters (cloud
cover, relative humidity, sea level-pressure) are kept con-
stant either to their modern or YD levels. For this first-order
study, we have ignored changes in the light extinction
coefficient, lake level, the declination of the Earth and
variations in the lake bathymetry. All sensitivity lake model
result are obtained with steady state runs.

[48] The minimum simulated TO value is estimated to
3.7�C for the two sites; the thermal bias on ostracod based
isotopic reconstructions will be measured by the deviation
between the simulated TO and this minimum stable/step
value. The existence of this minimum stable value, shown
by Figure 7, is due to the water density-temperature rela-
tionship. The sensitivity of density to small temperature
variations is at a minimum around 4�C and increases above
and below this maximum density temperature. Consequently,
during a cooling, the temperature averaged during the
homogenized period of the water column can stay below
4�C before the formation of the inverse thermal stratification
in a dimictic lake. After the onset of this stratification, the
hypolimnetic water temperature remains constant to the last
homogenized temperature before inversion and thus below
4�C. Consequently, the minimum simulated TO (here 3.7�C)
is lower than the temperature of maximum density (4�C) in a
large range of climatic situations.

Figure 6. Observed (circles) and simulated (crosses, squares, and diamonds) ostracod temperature
(mean temperature for the calcification period of candonidae at the maximum depth, TO) in (a and b) Lac
d’Annecy and in (c and d) Ammersee. Numbers in parenthesis indicate how many instantaneous
observed profiles were used for the calculation of the observed TO. Crosses illustrate results of steady
state climatological simulations (Figures 6a and 6c). Circles (observational data), squares (monthly
simulations) and diamonds (daily simulations) simulated TO illustrate decadal averages in Figures 6a and
6c and annual values in Figures 6b and 6d. The error bars show the maximum and the minimum of the
observed or simulated bottom water temperature used to calculate TO.

Table 5. AGCM Climatological Situations Resultsa

LGMb

YDc

MHd IPCCeLac d’Annecy Ammersee

�T, �C �5.3 �2.4 �4.8 0.6 2.5
�amplT , �C 6.0 3.9 5.6 3.2 0.8
�w, m s�1 1.1 1.36 1.32 1.1 1.0
�CC 1.0 1.0 1.0 1.0 1.0
�RH, % 0.9 – – 1.0 1.0

a Values of the correction parameters relative to the recent climatic
situations in Table 4.

bFrom Masson et al. [1998].
cFrom Renssen et al. [2001].
dFrom Masson et al. [1999].
eFrom Douville et al. [2002].

ACL 7 - 10 DANIS ET AL.: SENSITIVITY OF DEEP LAKE TEMPERATURE



[49] Despite currently different lakes’ characteristics be-
tween the two lakes, their simulated TO show similar trends
when the same forcing is applied, because the same physical
thermal mechanisms are simulated (Figures 7a and 7b). The
modern climate near Lac d’Annecy, the local light extinction
coefficient and the topography lead to a modern monomictic
situation and an ostracod temperature higher than 3.7�C
(Figure 7a); in contrast, Ammersee is purely dimictic and
the ostracod temperature nowadays is the minimum value
(Figure 7b).
[50] Steady state simulations around colder climatic con-

ditions give similar minimal ostracod temperatures for the
two lakes which are then both dimictic (Figures 7c and 7d).
Starting from these conditions, reasonable changes in mean
air temperature (typically ±3�C), seasonal amplitude (typi-
cally ±20%) and wind speed (±10%) have no impact on the
ostracod temperature. In this case, no thermal-induced bias

is simulated and the fluctuations in calcite isotopic compo-
sition should reflect directly the fluctuations in deep lake
water isotopic composition during the calcification period,
which, due to the preceding and/or continuing holomixis, is
also an excellent mean for the entire water column.
[51] Steady state simulations around the modern climatic

conditions lead to a more complex picture (Figures 7a
and 7b). For Lac d’Annecy, we show that the ostracod
temperature increases (1) when the annual mean surface air
temperature increases, (2) when the seasonal amplitude of
the surface air temperature decreases, and (3) when the
mean wind speed decreases. The ostracod temperature
decrease is limited by the change in lake thermal behavior:
when the lake becomes dimictic, the ostracod temperature
reaches the minimum value. Ammersee is already a dimictic
lake; starting from modern conditions, the ostracod temper-
ature will not be sensitive to a decrease of the surface air

Figure 7. Sensitivity studies of the ostracod temperature for variations of the yearly air temperature
(Ta), of the air temperature seasonality and of the yearly wind speed centered on the modern
conditions ((a) Lac d’Annecy; (b) Ammersee) and centered on the Younger Dryas conditions ((c) Lac
d’Annecy; (d) Ammersee). We considered Ta varying by ±1.5 and ±3�C (filled symbols), the air
temperature seasonality varying by ±1, ±2, ±3, and ±4�C (horizontal axis) and the yearly wind speed
varying by ±10% (upper dashed lines: �10% and lower dashed lines: +10%), in order to bracket the
probable extremes of the climatic development of the period recorded in the sediments of the two
lakes. Opaque symbols point on the present situations (triangles left), the mid-Holocene climatic
optimum situations (circles), a prediction of the climate for the end of the next century (squares), the
Younger Dryas situations (triangles right) and the Last Glacial Maximum situations (diamonds).
Climatic situations outputs result of PMIP (Paleoclimate Modeling Inter-comparison Project) boundary
conditions [Masson et al., 1999] for mid-Holocene (6000 BP) time periods, of ECHAM4/T42-REMO
runs [Renssen et al., 2001] for the Younger Dryas in Europe, of LMCELMD5 runs [Masson et al.,
1998] for the Last Glacial Maximum (21,000 years BP) and of the coupled atmosphere-ocean Climate
Model of the Centre National de Recherches Météorologiques using the SRES-B2 IPCC scenario
[Douville et al., 2002] for the end of the next century.
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temperature, to an increase of the seasonal air temperature
amplitude, or to an increase of the wind speed. Note that the
sensitivity to wind speed changes is larger for Annecy than
for Ammersee because Lac d’Annecy is shallower than
Ammersee.
[52] We have therefore shown that small climatic fluctua-

tions in warmer climatic conditions may induce a thermal
bias in the isotopic signal recorded in benthic ostracod
calcite, due to changes in deep lake water temperature.
We can quantify roughly the error on paleoclimatic recon-
structions for which changes in lake temperature are
ignored. Let us consider a small warming such as the so-
called medieval optimum. If only the mean surface air
temperature is modified by 1�C, the isotopic composition
of the precipitation should increase by about 0.6% due to
the modern spatial isotope-temperature gradient (typically
0.6%/�C) [Rozanski et al., 1992; von Grafenstein et al.,
1996]. Assuming no change in the hydrology of the
catchment and the lake, the change in the lake water
isotopic composition should be about the same (+0.6%).
Our thermal lake model simulates a warming of the deep
lake temperature by about 0.84�C for Lac d’Annecy, induc-
ing a thermal bias on the calcite isotopic composition of
�0.21% or �0.19 %, deduced from Friedman and O’Neil
[1977] or Kim and O’Neil [1997], respectively. The actual
calcite isotopic composition should vary by 0.60–0.21 =
+0.39%. Without considering the thermal bias, a paleocli-
matic reconstruction from this calcite would lead us to
interpret this amplitude as purely driven by lake water
isotopic composition and suggest a past temperature change
of 0.39/0.6 = 0.65�C instead of the 1�C considered here.
This simplified calculation ignoring compensation effects
between various climate parameters and changes in lake and
catchment hydrology suggests that deep lake thermal effects
could lead to an underestimation of past higher-than-today
temperature changes by roughly 35%. Ammersee ostracod
temperature being less sensitive to surface temperature
changes, the underestimation would be smaller (
17%).
[53] For the mid-Holocene (slightly warmer in mean

annual air temperature), the GCM results enable us to also
estimate the changes in wind speed and temperature sea-
sonal amplitude. In this case, the ostracod temperature is
slightly colder than nowadays at Lac d’Annecy (�0.8�C)
mainly due to the increase in seasonal temperature ampli-
tude (in response to insulation). In this particular case,
ignoring the thermal bias will lead to an overestimation of
the past temperature change. However, for Ammersee, the
ostracod temperature is not modified and no thermal bias
should be observed.

4. Conclusion and Perspectives

[54] Here we have used a classical one-dimensional eddy
diffusion lake thermal model including lake ice and refined
it by including a seasonal light extinction coefficient model,
in order to simulate changes in lake vertical temperature
profile and specifically lake bottom temperature. We have
also adapted the available meteorological observations to
construct the most realistic meteorological forcing of the
lake considering micrometeorological variations. We have
tested our model for two different European lakes (Lac
d’Annecy in France and Ammersee in Germany) chosen for

benthic ostracod-based paleoclimatic reconstructions. The
comparison between simulations and observations available
for these two lakes (surface and deep lake temperature,
thermocline depth, onset and duration of the mixing period)
gives confidence in the ability of this model to capture the
physical mechanisms responsible for the mean surface and
deep lake temperature values, but also for their seasonal and
interannual variabilities.
[55] Paleoclimatic reconstructions based on benthic

ostracod calcite isotopic composition classically assume
that the deep lake temperatures are constant. We performed
climatic sensitivity studies with our thermal model for the
two lakes and show that while the calcification temperature
is constant during glacial conditions, it may vary signifi-
cantly during interglacial conditions.
[56] In this paper, we have discussed only steady state

simulations. In future studies, we plan to evaluate the
transient lake response to recent long-term meteorological
fluctuations available through homogenized data sets and
historical records (e.g., the presence of lake ice). As
century-long meteorological data sets are not available for
all necessary forcing parameters, we need to evaluate which
change and what frequency of changes control the intra-
annual and interannual water temperature fluctuations. Ide-
ally, paleoenvironmental studies in addition to stable isotope
records can provide qualitative or quantitative information,
which will at least allow us to give some limited estimates
of climatic parameters. For example, continuous ostracod
countings available from deep lake sediments at Ammersee
indicate that ventilation has occurred each year from 15,000
to 5000 years BP. We can use this information to run
various transient deglaciation simulations with various cli-
mate change rates to quantify the maximum possible rates
compatible with ostracod survival. Other possible proxies
could include pollen and/or chironomid based temperature
and precipitation estimates, or water temperature estimates
based on the comparison of shallow water and deep-lake
ostracod oxygen isotope records [von Grafenstein, 2002].
[57] Transient lake simulations will also be performed for

future climatic changes predicted by climate models. In-
deed, future warming may inhibit winter mixing and have
large impacts on biological activity in the lake and therefore
impact the local economy (e.g., fishing and tourism).
[58] This model will be improved by the incorporation of

the water stable isotopes in the lake and catchment, which
will enable us to quantify the isotopic connection between
the atmospheric precipitation and the deep lake. The thermal
model itself could be extended to other lakes provided that
seasonal variations of light extinction coefficient can be
estimated. Past changes in this parameter may have also had
a significant impact of the lake heat budget as suggested
from the comparison between observed and simulated
winter mixing periods. Empirical relationships between
algal productivity, catchment erosion and local climatic
conditions could help to develop a parameterization for past
and future changes of the light extinction coefficient and
take this effect into account for sensitivity studies.
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