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Summary: In this study we implemented groundwater inflow to the one-dimensional hydrodynamic simulation of lake wa-
ter temperatures to improve the reproduction of the real water temperatures by the simulation results for Lake Ammersee,
Southern Germany. As the hydro-geological conditions at Lake Ammersee have not yet been finally clarified, we created sim-
ulation scenarios for the hydrodynamic modeling with various characteristics of sub-terrestrial inflow. The scenarios were
based on a review of the state of available information regarding the geology of the Ammersee basin. Analysis of the simu-
lation results for each scenario revealed obvious alterations in the reproduction of real-temperature in compatison to those
produced without accounting for subsurface inflows. For some inflow characteristics the implementation of groundwater
inflow induced more accurate approximations of simulation results to real conditions for almost all depths and seasons. This
implies that the hydrodynamic simulation of water temperatures at Lake Ammersee, including subsurface inflow, provides
reliable results. Additionally it was possible to estimate roughly the potential conditions of groundwater inflow into the lake.

Zusammenfassung: In dieser Studie wurden Grundwasserzustréme bei der Modellierung der Wassertemperaturen des
Ammersees (Suddeutschland) unter Verwendung eines eindimensionalen Wirmehaushaltsmodells berticksichtigt, um die
Abbildung der realen Wassertemperaturen durch die Simulation zu verbessern. Da die hydrogeologischen Begebenheiten
um den Ammersee noch nicht abschlieBend erforscht sind, wurden Szenarien mit verschiedenen Eigenschaften der unter-
irdischen Zuflisse fir die hydrodynamische Modellierung erstellt. Diese Szenarien basierten auf der Auswertung zu den
verfiigharen Informationen tber die Geologie des Ammerseebeckens. Im Vergleich zu den Simulationsergebnissen, welche
nur oberirdische Zuflisse berticksichtigten, ergaben sich fiir jedes Szenario deutliche Verinderungen in der Abbildung
der realen Wassertemperaturverhiltnisse. Die Studie zeigt, welche Ausprigungen der Grundwasserzustrome eine bessere
Anniherung der Simulationsergebnisse an die realen Verhaltnisse bewirkt. Daraus lasst sich folgern, dass die Wirmehaush-
altsmodellierung am Ammersee durch die Berticksichtigung von unterirdischen Zuflissen belastbare Ergebnisse erzielt und
gleichzeitig eine grobe Abschitzung der potentiellen Verhiltnisse der Grundwasserzustrome erfolgen kann.
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1 Introduction applications of DYRESM on natural lakes elsewhere,

e. g. GAL et al. (2003), TANENTZAP et al. (2007), RINKE

As lakes can be considered to be sentinels of cli-
mate change (ADRIAN et al. 2009; WILLIAMSON et al.
2009), the simulation of future water temperatures
using hydrodynamic models enables the evaluation of
impact of changing climatic conditions on lakes. In or-
der to carry out such simulations at L.ake Ammersee,
Southern Germany, the one-dimensional hydrody-
namic lake model DYRESM (Dynamic Reservoir
Simulation Model) was successfully calibrated for the
site (ButEcHE and VETTER 2014). As applied in previous
modeling studies of Lake Ammersee, e. g. by JOEHNK
and UMLAUF (2001) or DaNIS et al. (2003), as well as in
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etal. (2010) or Baver et al. (2013), only surface inflows
were considered. Lake-groundwater interactions have
already been included in other hydrological studies,
such as the simulation of catchment and lake water
balances (LEGESSE et al. 2004; NIEDDA and PIRASTRU
2013) and the investigation of lake-stream networks
(Woo and MitELko 2007). The conditions of the sub-
surface inflow to the lakes were either measured or
assumed by previous studies (groundwater level, sa-
linity, or inflow amount), but were not implemented
in a hydrodynamic lake model, such as DYRESM, to
simulate the influence on the water temperatures.
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It is to be assumed that the inclusion of ground-
water inflow in DYRESM would have an impact on
the simulation of the lake’s water temperatures and
heat budget. In order to achieve an improvement in
the reproduction of real water temperature condi-
tions compared to the simulation without ground-
water inflows, in this study we implement subsurface
inflow(s) to the input data of the lake model. So this
is the first study simulating the heat budget of Lake
Ammersee in consideration of potential subsurface
inflows.

Investigations about the hydro-geological dy-
namics at Lake Ammersee which would enable the
derivation of the subsurface inflow characteristics do
not exist and measurement data are very rare for the
entire wider lake environment and therefore are not
representative. Hence scenarios of the characteristics
of subsurface inflow are created based on a review of
the available information regarding the hydro-geol-
ogy of the Lake Ammersee basin and then adapted
iteratively to improve the simulation results. Using
scenarios instead of conduct field measurements en-
ables an expeditious execution of this investigation.
As a result of this modeling approach, the subsurface
scenario characteristics, which induce the best ap-
proximation of the simulated to the real water tem-
peratures, will help to receive a more detailed idea of
the local hydro-geological conditions.

In sum, in the present study we want: (i) to show,
that DYRESM provides reliable simulation results
for the water temperatures of Lake Ammersee by
the implementation of groundwater inflow, and (ii)
to improve the reproduction of the real lake water
temperature conditions in contrast to the simula-
tions considering only surface inflows. In addition,
this modeling approach allows a rough estimation
of the characteristics of the inflows entering the lake
sub-terrestrially.

2 Study site

Located 35 km south-west of Munich, in
Southern Germany (47°59°N, 11°7’E) (see Fig. 1),
the Lake Ammersee basin is glacial-morphological in
origin and is considered to be typical of most pre-al-
pine lakes both locally and across the eastern part
of the northern Alpine Foothills (DANIS et al. 2004;
VETTER and Sousa 2012). With a volume of 1.8 x 10°
km?, a surface area of 46.6 km?, a maximum depth of
83.7 m, and an average depth of 38.6 m the lake can
be characterized as medium-sized. Lake Ammersee
currently has a dimictic mixing regime. The occur-

rence of complete ice cover during winter is rare, last
occurring in 2006 (BUECHE and VETTER in revision).
Under natural conditions the lake is potentially oli-
gotrophic (KuckLeNTZ 2001). After a period of cu-
trophism, especially before 1980, a process of reoli-
gotrophication has set in as a result of water manage-
ment activities which have led to an improvement in
the lake’s current trophic condition (LENHART 1987;
VETTER and Sousa 2012).

The residence time of the lake water is estimat-
ed to be around 2.7 years (LENHART 1987; DOKULIL
et al. 20006), with the total catchment area covering
993 km? (ScHAUMBURG 1996). The lake is drained by
the Amper River in the north (long-term mean dis-
charge: 21.1 ms™), the main tributary is the Ammer
River entering from the south, which contributes
about 80% of total annual lake runoff (long-term
mean discharge: 16.6 ms™).

The whole tongue-shaped basin of Lake
Ammersee was shaped into Tertiary and Quaternary
sediments by the lobe of the Isar-Loisach-glacier
(ALEFs et al. 1996), which left the Alps to in the
north during the Pleistocene. The resulting Tertiary
surface has been investigated particularly, with the
south mapped by Jerz (1993) and the eastern basin
by Krausk (2001) (see Fig. 2). After WoLF (20006), the
pre-quaternary underground of the Ammer water-
shed can be considered as an aquiclude of sub-sur-
face waters; however, the isohypses of the tertiary
sediments indicate that the deepest point of the lake
(449.3 m as.l) lies above the tertiary rocks. The
edges of the basin to the sides and to the north are
built by late moraines (Wirm) characterized by poor
water permeability (WoLr 2006). In contrast, the
southern part of the basin has been filled since the
end of the last glacial by Holocene material includ-
ing lake beds, alluvial and floodplain sediments of
the Ammer River (Czymzik et al. 2010), and turf.
The above-described hydro-geological conditions
suggest that groundwater inflow largely enters Lake
Ammersee from the south, with minor input from
the cast.

3 Methodology
3.1 Model description

In the present study, the one-dimensional hy-
drodynamic model DYRESM (v4.0.0-b2) was used
to simulate the vertical distribution of lake water
temperatures. The numerical model was devel-
oped by the Centre of Water Research (CWR) at
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Fig. 1: Catchment area and elevation of Lake Ammersee (Source: Elevation data from ASTER GDEM, a product of METI
and NASA)

the University of Western Australia (IMBERGER et
al. 1978; IMBERGER and PATTERSON 1981). The mod-
el uses the Lagrangian approach of splitting and
merging horizontal layers of uniform properties
(temperature, salinity and density) (ImERITO 2007).
The limits of layer thicknesses are user-defined.
The model output is the vertical distribution of lake
water temperatures in the water column at the deep-
est point of the lake (83.7 m). The model requires
meteorological (air temperature, precipitation, solar
radiation, vapor pressure, cloud cover, and wind
speed) and hydrological input data (see below) in
daily resolution and information about the bathym-
etry. The model outputs are simulated water tem-
perature profiles in a spatial resolution of <1 m and
temporally in daily resolution, too. Further details
regarding the model in general, the process scheme

and the input files can be found in our previous pa-
pers: WEINBERGER and VETTER (2012), BUECHE and
VETTER (2014), BuECcHE and VETTER (in revision),
and WEINBERGER and VETTER (2014). ANTENUCCI
and IMERITO (2003) provide a precise description of
the variable model parameters stored in the input
files, as well as the equations used for the model
calculations.

In this investigation, only additional subsut-
face inflows were implemented; all other hydro-
logical and meteorological input data as well as the
simulation period (2002—2007) were not modified
from the final settings of the model calibration.
Hydrological inflow characteristics are described in
DYRESM in terms of discharge (volume), tempera-
ture, and salinity; inflows can also be further de-
fined either as surface inflow, which always enters
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Fig. 2: Geology of the study area showing the major surface inflows to Lake Ammersee and the contour lines of the Tertiary
surface (Source geo-data: Bavarian Surveying Authority/Bavarian Soil Information System)
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the lake at the varying level of the surface height, or
as sub-terrestrial inflow at a fixed height above the
lake bottom.

Following limitations have to be considered
when simulating lake water temperatures with
DYRESM. The use of a constant light-extinction
coefficient for the entire simulation period can
result in an inaccurate projection of metalimnion
temperatures (GAL et al. 2003; BAYER et al. 2013).
This may induce an error in the simulation of hy-
polimnetic temperatures, especially during the
summer stratification period (BUECHE and VETTER
2014). Furthermore, shortages of the model are
the limited capabilities of data post-processing and
visualization.

3.2 Simulation scenarios

The present investigation was conducted as-
suming that the final settings resulting from the
model calibration process deliver the optimal re-
production of real water temperatures when con-
sidering only surface inflow. A decrease in the error
between the simulated and the real conditions in
comparison to the results derived from calibration
implementing various subsurface inflows could in-
dicate an approximation to the real characteristics
of all inflows. Scenarios were therefore created for
the characteristics of the sub-terrestrial inflows and
the settings improved iteratively. In total, 36 simu-
lation runs were conducted in 6 succeeding groups
and analyzed.

Groundwater temperature is roughly equivalent
to annual average air temperature (BOEHRER and
ScHurrze 2008). In this investigation we assumed
a constant water temperature for all sub-terrestri-
al inflow, which is not subject to change. Hence,
all simulation runs were forced by the same water
temperature for all subsurface inflows derived from
the long-term average air temperature. To this end,

Tab. 1: Selection of groundwater inflow scenarios

the analysis of data series recorded at a meteorolog-
ical station within the catchment area (1986-2010)
and two stations (2002—-2010) near the lake shore
revealed a value of 8.65 °C.

For the other three variables the scenarios were
created, a selection of which can be seen in table 1.
The first digit in the scenario numbering system
represents the group of simulation runs; the sec-
ond number after the decimal point serves only to
differentiate the scenarios within each group. The
shown scenarios cover the variety of the inflow
characteristics. The heights of the groundwater in-
flows are expressed in terms of depth (m) under the
surface height of the initial profile (83.7 m), while
salinity input data were cither assumed to be equal
to the observed surface inflow values or were set
as constant values for the whole simulation peri-
od. The maximum volume of groundwater inflow
was defined in advance by the execution of a water
balance analysis in our previous calibration study
(BukcHE and VETTER 2014). The missing amount of
total runoff was identified by subtracting all water
influxes to the lake (the known inflow and precipi-
tation) from all water effluxes (outflow and evapora-
tion). During this analysis, ca. 257,000 m? of unac-
counted daily runoff for the lake outflow was iden-
tified to ensure a stable water balance. This amount
represents both unknown smaller tributaries on the
surface inflows and the total sub-terrestrial inflow.
Hence, we assumed the volume of daily groundwa-
ter inflow to be a percentage of this amount and to
be constant during the simulation period.

3.3 Statistical analysis

In-situ measurements of water temperatures in
the vertical lake profile at the deepest point were
available for the depths of 0—10 m in 2-m steps,
for 10-20 m in 3-m steps, and for 20—80 in 10-m
steps (in total 15 depths). The temporal resolution

Scenario 21 34 3.5 4.5 47 48 49 5.2 6.1 62 6.3
Depth (m) 5 5 5/20 3 7 4/6  6/30 6 6 6
Volume (%) 50 50  50/20 70 70 35/35  70/5 70 65 75
Salinity c c c/c c c c/c c/c surf c c
[value] (PSU) 200 0250 0233 0233 0233 0233 0233 0233  var 0233 0.233

¢ = constant; surf = similar to surface inflow; var = variable
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of the field data is biweekly or monthly. For each
date of the simulation period and depth the dis-
crepancy between model-predicted and observed
water temperatures — also known as bias error (BE)
after WiLLmorT and Matsuura (2005) — could be
calculated. It can be assumed that the reproduc-
tion of real conditions via the model simulation is
improved, when the magnitude of BE decreases.
In order to quantify the alterations made between
the simulation results of the final calibration run
and those of the scenario runs, the difference in
BE magnitude was calculated and summarized for
each depth (Sum of magnitude differences of BE;
SMD). Negative SMD values therefore represent
an improvement in the reproduction of real con-
ditions in relation to the results of the final cali-
bration run. In addition the non-negative statistic
root mean square error (RMSE) was calculated for
cach simulation run; larger RMSE values indicate a
higher variability of the distribution of error mag-
nitudes (LEGATES and McCaBE 1999; WiLLmoTT and
Matsuura 2005).

4 Results

In comparison to the simulations produced af-
ter the final calibration without subsurface inflow
data (hereafter: calibration), the greatest decrease in
error when simulating lake water temperatures was
attained by the application of scenario 4.7, which in-
volves one groundwater inflow at a depth of 6 m,
with a constant salinity of 0.233, and a volume rep-
resenting 70% of total unknown lake inflow. SMD
and RMSE values, as well as the differences in RMSE
values with respect to the calibration for 15 depths
and the volume weighted total for the entire water
column, are shown in figure 3. The same scenarios
are specified as in table 1. In order to simplify the
interpretation of the statistics, negative SMD wval-
ues indicating an improvement in the reproduction
of real conditions are colored green, with positive
SMD values indicating the opposite displayed in
red. Differences in RMSE values are colored in a

similar way; the more intense the shade, the great-
er is the deviation in the simulation results. As

Scenario | Cal
SMD (K)
om
2m
4m
6m
8m
s 10m
£ 13m
£ 16m
@ 20m
o
30m
40m
50m
60m
70m
80m
total
RMSE (K)[RMSERMSE A |RMSE A |RMSE A RMSE A |RMSE A
Oom [1.14[1.19 0.05]|1.22 0.08(1.18 0.04|1.16 0.02| 1.13 117 0.03|1.15 0.01|1.14 0.00
2m | 1.00 [ 1.05 0.05 | 1.09 1.06 0.07 [ 1.04 0.04 097 1.02 0.03|1.02 0.02|1.04 0.04
4m | 0.89(0.94 0.05]0.97 0.90 ).86 0.92 0.03 | 0.89 0.00
6m |1.07 [ 1.01 -0.05 0.95 -0.09( 1.02 -0.05| 1.01 -0.05
8m | 1.53 [ 1.34 1.24 1.32 1.36
__10m | 1.40 | 1.24 1.35 1.18 1.23
E 13m|1.79]|1.78 1.66 0.01]1.72 -0.06(1.80 0.01
£ 16m(1.42]1.34 119 -0.04( 1.41 -0.01 1.28 [5014]
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Fig. 3: SMD, RMSE and differences in RMSE values for simulation results of a selection of scenarios for the groundwater
inflow characteristic (specified in Tab. 1). The statistics are given for 15 depths and the volume weighted mean of the total

water column
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the figure shows, scenario (sc.) 4.7 yields negative
SMD values for the entire lake profile with the ex-
ception of a small positive value for a depth of 20
m. Moreover, this simulation setting resulted in a
reduction in the RMSE at all depths. The simula-
tion results for all other scenarios exhibit at least for
some depths, either positive SMD or higher RMSE
values, or even both.

The constant salinity value of 0.233 represents
the average for the observed surface inflow during
the simulation period. Varying salinity input values
equal to those of observed surface inflow (e. g. sc.
6.1) induced no better reproduction, as demonstrat-
ed by the mainly positive SMD values in the water
column. For water temperatures simulated using a
higher constant salinity value of 0.25 (sc. 3.1), al-
though the highest RMSE values at depths of 8—16
m were reduced, very high positive SMD values
occurred at the epilimnion and for the total value.
Smaller constant salinity values (e.g. sc. 2.1: 0.20)
resulted in mostly negative SMD values, but high
positive values at depths of 0—4 m indicate no im-
provement in the reproduction by the simulation.

The statistics calculated for deep inflows at over
10 m depth (data not shown) revealed degradation
in reproduction quality. For shallower depths of
groundwater inflow (< 10 m), the use of a depth of
6 m, which is equivalent to a height of 77 m above
the lake bottom, resulted in the best improvement
(compare to sc. 4.5 and 4.8). Scenarios involving
two different inflow depths (sc. 3.5, 5.2), one shal-
low and one under the thermocline (deeper than
20 m (BukcHE and VETTER in revision)) respective-
ly, also led to a particularly significant degradation
of the simulation results. This is especially true at
depths of 0—6 m, represented by high positive SMD
values. Scenario 4.9, whose two subsurface inflows
at shallow depths (4 m and 6 m) are supposed to
represent the fact that such flows probably enter the
water body across a whole layer and not at single
one point, is associated with a noticeable improve-
ment in reproduction accuracy within the depth
range of 6—16 m (layer which nearly falls entirely
within the metalimnion), with SMD values small-
er than -3.20 K and a decrease in RMSE values by
more than 0.1 K. However, relative to that of sce-
nario 4.7 the quality of reproduction at the lake sur-
face is degraded.

The scenarios simulating less (sc. 6.2: 65%) or
more (sc. 6.3: 75%) than 70% of the unknown in-
flow amount resulted in distinct decreases in the
accuracy of water temperature reproduction, with
positive SMD values observed down almost the

entire water profile. The same result was the case
when an even lower (< 65%) or greater (> 75%) in-
flow volume was simulated (not shown).

The degree of alteration of the three varied in-
flow variables (volume, depth, and salinity) can hard-
ly be quantified due to their different value ranges
and units. Hence, no separate sensitivity analysis is
performed for the simulation of water temperatures.
Nevertheless, the simulation results attest a high sen-
sitivity for all three parameters. As discussed above
on the scenarios 6.2 and 6.3, a modified groundwa-
ter inflow of 5% induces significant deviations in the
simulation results. The same applies to the salinity
of the inflow (compare sc. 2.1 and 3.1) and the depth
(e.g. sc 4.7 and 4.8).

Detailed differences between the simulated wa-
ter temperatures produced by the calibration runs
and scenario 4.7 and those derived from in-situ mea-
surement are displayed in figure 4 for each date of
observation during the simulation period. Regarding
surface (0 m) temperatures, only slight deviations
(improved and decreased accuracy) from the two
simulations were induced by the application of sc.
4.7., although higher divergences (> 0.5 K) are al-
ways associated with a reduction in bias, e.g. for the
summers of 2006 and 2007. At a depth of 8 m, peak
differences in the simulated water temperatures,
which occur during the summer months, were dis-
tinctively reduced, with a maximum deviation de-
crease of around 2 K (2004). The highest RMSE
value for the entire water column was calculated for
the calibration at 13 m depth. After applying scenar-
io 4.7, although the maximum RMSE was again ob-
served at 13 m, the graph of temperature differences
reveals only moderate deviations from in-situ mea-
surements, both increasing and decreasing almost in
balance. Regarding hypolimnion temperatures, rep-
resented by the 40 m line in figure 4, only slight de-
viations were induced by implementing groundwater
inflow, with a constant error reduction observed for
the period 2005-2007.

The spatial pattern of water body temperature
alterations after the implementation of sc. 4.7 is
presented in figure 5. Figure 5a illustrates the dis-
crepancy (i.e. error) between calibration and in-situ
data. An analysis of this figure reveals an overesti-
mation of upper water body temperatures (0—20 m)
for the months June-October, with a maximum in
September. For the rest of the year and within the
hypolimnion (20 m to bottom) in general, this sim-
ulation yields an underestimation. Figures 5a and b,
the latter of which displays the differences between
simulated and calibration water temperatures, to-
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Fig. 5: (a) Monthly deviation averages of simulated (calibration) water temperatures and (b) the alterations induced by

scenatrio 4.7

gether indicate that the reduction in deviations ob-
served after the simulation of water temperatures is
not only considerable (up to 1 K), but that it also
occurs in a converse spatial pattern, i.e. a reduction
in overestimated periods and layers, and an increase
in underestimated water temperatures.

5 Discussion and conclusion

The inclusion of subsurface inflow in the
one-dimensional hydrodynamic simulation of
Lake Ammersee (see also Fig. 1) led to a consider-
ably improvement in the reproduction of observed
water temperatures in comparison to the simula-

tion considering only surface inflows. This shows
that DYRESM provides reliable simulation results
considering groundwater inflows. Furthermore,
the diverging modeling results for the applied
scenarios attest a sensitivity of the model to vary-
ing groundwater inflow characteristics (Fig. 3).
The best error reduction in the reproduction
of the water temperatures was identified in the
simulation results for the groundwater inflow
characteristics of scenario 4.7. Applying this sce-
nario, a reduction in simulation deviation for
almost all depths was achieved, represented by
negative SMD values (with the exception of 20 m
depth), a decrease in RSME values for the whole
simulation period at all depths (Fig. 3), as well
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as alterations in the monthly averaged deviations
as depicted in figure 5. The high degree of this
improvement is reaffirmed by the reduction in er-
ror within the metalimnion during the summer
stratification period. According to PERROUD et al.
(2009), this particular error can be ascribed to the
fact that DYRESM tends to simulate the vertical
position of the thermocline at too great depth,
especially for the late season. Such an effect could
have been reduced by the input of colder water
during summer via subsurface inflow, resulting
in a shallower thermocline. In comparison to the
decrease in error for this depth and season, the
slight increase in temperature overestimation for
near-surface layers in May and June and the in-
tensified underestimation for a depth of around
10 m during May is slight and not significant.
Regarding the general error reduction, the in-
duced decrease in the underestimation of water
temperatures in the hypolimnion and throughout
the entire water column during winter is not neg-
ligible. As a result of the almost constant winter
water temperature of around 4 °C, these latter al-
terations, albeit slight, can be considered a con-
siderable improvement in simulation, especially
as this improvement is almost consistent for the
mentioned depths/months.

The total SMD value of 4.8 is even smaller
than that of 4.7. However, the statistics show two
positive values (2 m, 80 m), one more and both
higher than SMD values for sc. 4.7. The simula-
tion results produced using the settings of sc. 4.7
providing a better reproduction of observed wa-
ter temperatures.

The achieved notable improvement is not
only represented by the averages of error values,
but especially by the spatial and temporal pattern
in the annual cycle of errors in the simulated wa-
ter temperatures (Fig. 5). The implementation of
groundwater inflow (sc. 4.7) induced a smooth-
ing of the deviations of the calibration with only
very rare and slight exceptions. Although yielding
also a high reduction in SMD values, the results
of scenario 4.9 show exceptions of smoothing for
more data and depths (monthly resolution, data
not shown), e.g. an increase of error at the sur-
face, a weaker improvement in the hypolimnion
layers and an enhanced underestimation of met-
alimnion temperatures.

As mentioned in section 2 and as shown in
figure 2, the sediments found along the path-
ways designated for groundwater inflow to the
south and east of the lake, including in the region

around the Lake Pilsensee draining tributary, are
Holocene floodplain sediments and lacustrine
clays, which are generally considered as aqui-
cludes due to the very small pore space (KRAUSE
2001). Close to the lake shore, these sediments are
mainly covered by turf and moorland, confirming
their impermeability. The identified inflow depth
of 6 m thus correlates with such hydro-geological
conditions in which inflow at higher depths can
be seen as negligible. The sc. 4.9 and 4.8 differ
to sc. 4.7 only in the depth of inflow (see Tab. 1)
varying in a moderate range around 6 m (+1 m for
sc. 4.8, -2 m for the half of the inflow amount for
sc. 4.9). The only slight improvement of the cor-
responding simulation results validates an inflow
depth of about 6 m.

The best improvement in simulation results
was achieved using a constant salinity value
throughout the entire simulation period. One ex-
planation for this could be that the time-variable
parameter of nutrient input (here represented by
salinity) can be projected only via the salinity of
surface runoff. The salinity of subsurface inflows
is buffered to the long-term average due to the
longer retention period of water in the ground, as
represented in the simulation input value used in
scenario 4.7. However, the precision (three deci-
mals) of the identified salinity value of 0.233 (sc.
4.7) results from averaging the surface inflow data
and can only be considered as an approximation.

The result of using a discharge of 70% of un-
known runoff during the simulation period cannot
be verified by other references in the context of
the present investigation. But the remaining 30%
of unknown runoff for smaller surface inflows
seems to be a realistic assumption. Furthermore
it can be assumed that the input of a daily con-
stant discharge is highly applicable to subsurface
inflows. Long term variations are not projected
in this approach, but intense fluctuations of sub-
surface discharge are hardly expected in the hu-
mid climate of the study area (KUNSTMANN et al.
2005).

The one-dimensionality of DYRESM is a sim-
plified approach of processes in a lake, but it is
very appropriate for the simulation of the vertical
distribution of lake water temperatures (JOEHNK
and Umraur 2001), especially for lakes with a
simple bathymetry such as Lake Ammersee. The
preparation of semi-automatic output data pro-
cessing and visualizing tools enabled a rapid and
expedient analysis of the simulation results for
this study.
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The inclusion of groundwater inflow in the
simulation of water temperatures using DYRESM
represents a simplified reproduction of real condi-
tions. The identified characteristics of subsurface
inflow are therefore only a preliminary approx-
imation and cannot replace detailed hydro-geo-
logical investigation. Nevertheless, the results
can provide a reliable basic idea of site conditions
which have not previously been described in the
literature. This simulation approach enables an
economical and expeditiously investigation with-
out any measurement campaign of groundwater
data. Moreover, such a method is adequate for use
in 1-D simulations, as the direction from which
subsurface inflows enter the lake is not relevant
to this type of modeling approach.

In the present study, an improvement in the
reproduction of real-temperature conditions was
obtained via the inclusion of subsurface inflow in
hydrodynamic modeling using DYRESM. These
results thus demonstrate that the latter model can
be employed to simulate lake water temperatures
when considering groundwater inflow.

It was also possible to roughly estimate the
characteristics of groundwater inflows into Lake
Ammersee by identifying the most accurate sim-
ulation results of those produced by different
sub-terrestrial inflow scenarios. In combination
with a review of currently available information
regarding the geology of the Ammersee basin, ob-
taining an idea of actual subsurface inflow into
the lake should provide a sound basis for further
detailed investigation. The next step should be
the validation of the characteristics of groundwa-
ter fluxes, which were obtained by this simulation
approach, with field measurements to involve
then the results to a simulation of the chemo-dy-
namics of Lake Ammersee, e.g. by applying the
General Lake Model — Framework for Aquatic
Biochemical Models (GLM-FABM).
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