























Simulating thermal dynamics of the largest lake in the Caucasus region: The mountain Lake Sevan

the simulated and the observed water level at the end of
the simulation was only 0.2 m corresponding to an av-
erage bias of 2 cm per year (Fig. 3b). Between the years
2011 and 2015, the model showed a slight underestima-
tion of the water level, but identical trends, seasonality,
and peaks. The simulated surface water temperatures
using the averaged meteorological data showed a seca-
sonal pattern that was in good agreement with observa-
tions (points in Fig. 3a). However, the model slightly
underestimated the surface water temperature during the
second half of winter and overestimated it during the au-
tumn. But still, compared to the simulations driven by
individual meteorological stations, the averaged setting
performed far better. We concluded that the averaged
meteorological conditions provide the best descriptor of
the meteorological conditions at Lake Sevan and, there-
fore, we further used averaged meteorological condi-
tions in the simulations.

Model performance of the reference simulation
from 2008 until 2017

The modeled water temperatures were in good agree-
ment with the measured temperatures in all depths as in-
dicated by R? values of 0.89 in Big Sevan and 0.91 in
Small Sevan (Fig. 4). The corresponding RMS
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amounted to 1.56°C for Small Sevan and 1.85°C for Big
Sevan for the total duration of the simulation (RMSE for
the calibration period was 1.48°C and for the validation
period 1.73°C for Small Sevan). Nevertheless, the same
pattern of underestimation of temperatures during winter
is noticed in (Fig. 4), as well as the overestimation in au-
tumn, especially in the deeper part of the lake. When av-
eraged over time and depth, the model showed only a
minor positive bias, which accounted to only 0.05°C for
Small Sevan (mean simulated temperature: 8.53°C, ob-
served mean temperature: 8.48°C) and 0.46°C for Big
Sevan (mean simulated temperature: 9.68°C, observed
mean temperature: 9.23°C). Note, that observed temper-
atures in Big Sevan are on average 0.8 K warmer than in
Small Sevan due to the difference in depth and the fact
that deeper layers (i.A les at Small Sevan) do not ex-
perience high rates i

Comparing g ted and observed vertical temper-
ature profiles o erent dates showed that the dynam-
ics in stra

tion were also well reproduced by the
model % . Although deviations between modelled
and

d temperatures were a bit higher in the met-
compared to surface and bottom layers (Fig.

m
@\he thermocline, the temperature gradients, and the

&

i
asonal development were in good agreement with the
observations.

Fig. 4. Comparison between simulated and measured water temperatures for all depths. Left in Big Sevan and right for Small Sevan.
a,b) Simulations driven by averaged meteorology. ¢,d) Simulations driven by EWEMBI meteorological data and excluding the water

mass fluxes and flows.
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Multi-decadal simulations using the EWEMBI-data
as meteorological input

When using the EWEMBI data as meteorological inputs
for the period from 2008 until 2016 (EWEMBI data end by
2016 and are therefore not available for 2017 and the tem-
poral overlap in water temperature data between simulation
and observation is in this case only 9 years), the model still
satisfactorily captured water temperatures in the lake (Fig.
4). The model outputs for the EWEMBI-driven simulation
were comparable to the simulations using the averaged
measured meteorological data (2008-2017). Also the bias in

water temperatures between simulation and observation re-
mained in the same range as in the simulation using aver-
aged measured meteorology which accounted to 0.27°C for
Small Sevan (mean simulated temperature: 8.75°C, ob-
served mean temperature: 8.48°C) and 0.77°C for Big Sevan
(mean simulated temperature: 10°C, observed mean tem-
perature: 9.23°C). For Big Sevan, the RMSE between ob-
served and simulated temperature was 2.08°C and R? was
0.88, while for Small Sevan the agreement was better with
a R? of 0.89 and RMSE of 1.83°C. The time series of the
water temperature of the EWEMBI-driven simulation
showed a very good agreement between the dynamics and
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Fig. 5. Exemplary selection of simulated and observed temperature profile in Big and Small Sevan for the period from January 2014
until April 2015. Note that observations from both, Small and Big Sevan, are included in the graph. The respective observation date is

given within each subplot.
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seasonality of the simulated and observed surface and bot-
tom water temperatures (Fig. 6). We therefore conclude that
the EWEMBI data are representative for the local meteoro-
logical conditions at the lake and provide a reliable data
basis for characterizing stratification phenology in Lake
Sevan. Most notably, such gridded data products like
EWEMBI can be almost as good as locally measured me-
teorological data when it comes to driving lake models.
Long-term simulations from 1979 to 2016, i.e., when using
the full time period covered by EWEMBI, reflect the inter-
annual variability of seasonal water temperature dynamics
in Lake Sevan. Maximum surface water temperatures in this
period were between 20°C and 23°C and the lake displayed
winter inversed stratification in every year (Fig. 6).

We detected a statistically significant positive trend
for surface temperature across the 38 years of simulation
using the EWEMBI-data (p<0.001, Mann-Kendall, Sen’s
slope = 0.12 K decade™), which corresponds to a gross

increase in surface temperature by 0.47 K between the be-
ginning and the end of the simulation. Although the
Mann-Kendall test also showed a significant increase in
bottom temperature (p<0.001), Sen’s slope value was in
turn very low (0.003 K decade™!) which indicates a very
minor increase in bottom temperature of only 0.01 K from
1979 to 2016. The air temperature in EWEMBI exhibited
an increasing trend, as well, where Sen’s slope= 0.33 K
decade™! which resulted in an overall increase of 1.28 K
from 1979 to 2016 indicating that warming is more pro-
nounced in air temperature than in water temperature.

Stratification phenology

The simulated annual cycle of water temperatures
characterized Lake Sevan as a classical dimictic lake with
strong stratification during summer and a pronounced in-
verse stratification in winter (Fig. 7). Field observations
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Fig. 6. a) Simulated surface and bottom (77 m) water temperatures (red and blue lines) for the period 1979 to 2016 with meteorological
input data provided by EWEMBI. b) The simulated surface and bottom temperature between 2008 to 2016 including observed water
temperatures added as red (surface) and blue (bottom; 77 m) circles.
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indicate that Lake Sevan is not completely ice-covered in m asl altitude in the Caucasus. We are lacking, however,
every winter but at least some parts of the lake freeze in a detailed record of ice dynamics and therefore cannot
every winter given the cold winter temperatures in 1900 evaluate the outputs of the ice model.
30
(a) Averaged Meteorology
2000
| 20 2 e
($] o w -
@ c b= =
El g = =
© S £ =
2 5 s 2
5 5] =]
@ o ) =
= 10 1000 =
7]
4t -- e R --
0 W TR 0
=0 (b) EWEMBI
B 2000 «
20 3 B £
) o P -
o S 2 =
S ® 3
3 g 3 3
8 ® % ®
E et .‘9
810 2] 1000 -
=
[&]
7]
4 PR . TRy o o o o o oo e, A S——
0 0
1 50 100 150 200 250 300 365
Day of the year
Schmidt Stability - Temperature 0Om — Temperature 30 m Temperature 77 m

Fig. 7. The simulated annual cycle of stratification phenology of Lake Sevan as characterized by water temperatures at 0, 30, and 77 m
depth and Schmidt stability. a) Simulation results using the averaged observed meteorology (2008-2017). b) Simulation results for using
the multi-decadal EWEMBI data (1979-2016) as meteorological input. The lines represent the means and the shaded areas represents
the standard deviation of the variables.
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Summer thermal stratification started around the end
of April or beginning of May (i.e., approximately at the
day of the year 119+10 days), and terminated around the
end of October or beginning of November (i.e., around
day of the year 30745 days). Schmidt stability reflected
these dynamics and reached very high numbers in sum-
mer (>2475 J m2) which prevents any substantial warm-
ing in deep waters (i.e., >30 m depth) during the summer
season. By comparison, Schmidt stability was far lower
during winter (Fig. 7) reflecting the typical situation in
dimictic lakes that the stability of the winter inversed
stratification was not as high (35 J m) as during summer
stratification. According to the simulation results, winter
inverse stratification in Lake Sevan is initiated approxi-
mately at day of the year 10+£6 days and ceases at day of
the year 90+12 days. However, this stratification is often
ephemeral and can only persist if cold temperature pre-
vails over longer periods while any warming event is
rather quickly destroying inverse stratification leading to
intermittent mixing. The average duration of uninter-
rupted inverse stratification is about 3 weeks, starting
from day of the year 28+16 until day of the year 50+21.
The model output showed the formation of ice cover in
two years; 2008 with a maximum thickness of 16.3 cm
for a duration of 46 days between day of the year 24 until
70, and in 2017 with a maximum thickness of 11.5 cm for
a duration of 42 days between day of the year 42 until 84.

Although the simulated water temperatures using
EWEMBI resembled the temperatures in the averaged
measured meteorology simulation, the simulated duration
of summer stratification in the EWEMBI-driven simula-
tion was about 10% longer, which could be attributed to
the underestimation of wind speed (Tab. 2). The general
pattern in stratification phenology was, nevertheless,
nearly the same (Fig. 7). When comparing EWEMBI-
based simulation outputs with those obtained from local
meteorology it appeared that EWEMBI works quite well
during the warmer season but has some problems during
the cold season, which is also reflected by the slight shifts
in stratification onset/offset in Fig. 7.

Climate sensitivity scenarios

The gradual increase of air temperature by 1 to 5 K
translated into an increase in the summer surface water
temperature (Figs. 8 and 9) in a linear manner. Per 1 K
warmer air temperature the surface water temperature
warmed by approximately 0.8 K (Fig. 9). While warming
in the epilimnion was closely connected to air tempera-
ture, the reaction of the hypolimnetic temperatures was
weaker (Fig. 8). Following the changes in surface water
temperature, the onset of stratification was advanced
under warming and the stratification end was delayed re-
sulting in markedly extended stratification durations. For
example, the stratification started 21 days earlier and

ended 8 days later in the +5K scenario compared to the
current climate, resulting in 29 days, i.e., almost one
month, of extended stratification duration. This corre-
sponds to an almost 15% increase (Fig. 9). This result in-
dicated that the stratification onset reacted more
sensitively to warming than the end of the stratification,
i.e., effects from global warming were stronger in spring
than in late autumn. Moreover, not only the stratification
duration increased (compared to an average of 188 days
under current climate settings), but also the stratification
became stronger as indicated by increasing Schmidt sta-
bility during the summer season from 1900 J m2 (average
from June to August) under the current climate to 3000 J
m~2 for the +5K scenario. The mixing layer depth, how-
ever, appeared to be rather stable over all warming sce-
narios and remained between 7 and 8 m (Fig. 9).

The stratification also reacted sensitively to changing
wind speed. Higher wind speeds increase surface mixing
and intensify non-radiative heat fluxes, leading to de-
creased surface water temperatures and deeper mixing
depth during summer stratification (Figs. 8 and 9). This
cooling effect of wind was mostly driven by intensifying
latent heat loss due to evaporation with increasing wind
while sensible heat fluxes can be positive (during hot
days) or negative (during cold nights). Nevertheless, la-
tent heat fluxes are almost always higher in absolute value
as sensible heat fluxes as reflected by calculated Bowen
ratios (i.e., ratio of sensible over latent heat flux) remain-
ing between -1 and +1. So, even in winter times the evap-
orative cooling effect is larger than the heat loss by
sensible heat and intensifying wind is intensifying this
heat loss. The impacts of these scenarios on stratification
could be noticed by decreasing stratification length by 37
days when the wind factors increased from 0.8 to 1.2, cor-
responding to a 21% decrease. While stratification onset
was delayed by 20 days, the stratification end was shifted
17 days earlier. Schmidt stability demonstrated compara-
tively small changes despite the decrease of surface tem-
perature because of deepening of the mixing layer by
about 5 m when wind factor increases from 0.8 to 1.2. We
conclude that Lake Sevan reacts quite sensitively to rela-
tively moderate changes in wind speed of +20%.

DISCUSSION

In this study, the 1D hydrodynamic model GLM was
applied to study Lake Sevan’s thermal dynamics. Based
on a simulation over one decade (from 2008-2017) in
which measurements of water temperature at distinct
depths were available, we were able to systemically assess
the performance of the model. The results showed that our
model reproduced all stratification and mixing patterns
with high accuracy. With an overall average RMSE of
1.56°C and average bias of 0.05°C these measures of fit
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were in a range that was also obtained in comparable stud-
ies (Fenocchi et al., 2017; Weber et al., 2017; Bruce et
al., 2018). This provides the first model-based analysis of
hydrodynamics and stratification in this large mountain
lake and highly relevant freshwater resource.
Nonetheless, the results of the simulations are associ-
ated with uncertainties induced by multiple sources. The
meteorological input data have to be mentioned here in the
first line as the meteorological conditions around the lake
are heterogeneous and the landscape morphology is com-
plex. The large surface area of the lake makes it unlikely

that meteorological conditions are really uniform over the
entire lake, we rather have to expect that local weather phe-
nomena (e.g., sea-land-breeze) and orographic effects to
play a significant role (compare Gevorgyan, 2018). The ap-
plication of one spatially uniform meteorological input data
set, as usual for 1D lake models, is therefore a major sim-
plification and should lead to some compromises in model
accuracy. The same argument holds true for the spatial het-
erogeneities within this large water body as illustrated in
Fig. 5, i.e., the differences between water temperatures
measured at the same depth and date in the two sub-basins
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Fig. 8. Results of simulations analysing the sensitivity of Lake Sevan water temperatures against warming and changing wind speed.
The plot only shows the years 2015-2016 and the 20, 10 and 5°C isotherm lines. The respective scenarios are shown above the plot: a)
reference simulation; b,c) warming scenarios; d,e) wind scenarios.
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Small and Big Sevan. Another factor influencing the ther-
mal dynamics and the biological process may be water
transparency (Rinke ef al., 2010; Shatwell et al., 2016),
which was assigned to a constant value during the simula-
tion period. This value, however, is changing over time and
is different between the two sub-basins (Gevorgyan et al.,
2020) implying another source of uncertainty. Taken to-

gether, we expected some level of residual variability be-
tween model and observation and having this in mind the
achieved RMSE and very low bias indicate that GLM per-
forms reasonably well for Lake Sevan. This not only con-
firms the transferability of the model but also supports the
usage of GLM as a modelling tool in climate change studies
or lake management applications.
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It is possible to overcome the limitations mentioned
above by using a lake model with a higher spatial resolu-
tion, i.e., a 3D lake model that can account for the com-
plex morphometry of Lake Sevan and the complex wind
field. Applications of 3D models in large lakes and reser-
voirs clearly documented their abilities to capture spatial
heterogeneities as well as the complex hydrodynamic pat-
terns and processes that arise from 3D effects (Baracchini
et al.,2020; Bocaniov et al., 2020, 2014). A better under-
standing of the two basins’ exchange mechanisms, for ex-
ample, would be an important aspect of such a 3D model
application because most inflows and the major pollution
sources enter the sub-basin of Big Sevan while the outlet
is leaving the lake at the northern end of Small Sevan. A
3D model would then be useful to study the transport and
distribution of pollutants within the lake. If coupled with
an ecological lake model, such a 3D lake model could
even provide predictions for the fate of nutrients, biogeo-
chemical processing with major elemental cycles or the
occurrence of eutrophication effects.

Our study also enabled a detailed analysis of the sen-
sitivity of Lake Sevan’s stratification phenology against
climatic conditions. We applied the calibrated model in
order to analyse the response of thermal dynamics to cli-
mate warming and changing wind conditions. Although
climate change will ultimately affect all meteorological
variables, air temperature and wind speed were shown to
be of primary influence for lake physics (Dong ef al.,
2020; Woolway et al., 2019; Woolway and Merchant,
2019). It is therefore reasonable to focus an initial assess-
ment of climate impact on lakes on these variables. More-
over, the fact that the physical structure of Lake Sevan
reacted with distinct changes in response to changing
wind and air temperature conditions, e.g., with respect to
stratification onset and end or mixing depth, supported
our approach. The changes in stratification phenology pre-
dicted for warming scenarios are in line with other studies
that show that stratification onset advances faster than
stratification end is delayed (Magee and Wu, 2017; Wool-
way and Merchant, 2018). Moreover, the water tempera-
ture trend of 80% of the warming trend in air temperature
agrees to other modelling studies in temperate lakes
(Shatwell et al., 2019).

Finally, our study enabled a multi-decadal simulation
of Lake Sevan (from 1979-2016) by using a freely avail-
able global meteorological data product (EWEMBI, see
Lange, 2019). These gridded data require spatial interpo-
lation before application but do not need to be bias-cor-
rected because they amalgamate reanalysis with
observational data. A comparison of the EWEMBI-data
with local observations in the period 2008-2016 demon-
strated that both were in good agreement with each other
(Tab. 2), in particular with respect to the major thermal
energy-delivering variables air temperature and solar ra-

diation. Poorer agreement was achieved for such vari-
ables as cloud cover, precipitation and wind speed that
are more strongly influenced by local features (e.g., orog-
raphy, land-water-interactions, etc.) although their bias
was still low and therefore, we believe they are still well
suited for being input into lake models. The simulation
of these almost four decades provided important infor-
mation on the natural variability in climatic conditions
and the corresponding physical structure of the lake.
Such data are required for a sound assessment of climate
impacts because any change in climatic conditions has to
be interpreted against the background of climate variabil-
ity at a given site. Moreover, this multi-decadal simula-
tion showed that Lake Sevan is warming more slowly
than many temperate lakes. For referencing, O’Reilly et
al., (2015) estimated median warming values for temper-
ate lakes of 0.48°C decade™! for ice-covered and for
warm-winter 0.25°C decade™!. For detailed analysis of
the meteorological trends and seasonality in the region
see (Gevorgyan, 2014).

Climate change impacts on Lake Sevan
and its ecosystem

Our results provided evidence that under future climate
conditions Lake Sevan will experience prolonged stratifi-
cation periods and more stable stratification. With the pro-
gression of climate warming, winter inverse stratification
will become weaker, until it disappears in the +4 and +5K
scenarios. This means Lake Sevan will shift from a dim-
ictic to a monomicitic mixing type. The impacts from
changing thermal conditions will affect the ecosystem dy-
namics and water quality of this outstanding mountain
freshwater ecosystem, as well. In the forefront, we expect
increasing risks of oxygen depletion in the hypolimnion,
as documented by other studies (Schwefel ef al., 2016).
The sediment-water contact zone currently experiences hy-
poxia at the end of the stratification period (unpublished
measurements in Oct 2018), but the hypolimnion as a
whole is still well oxygenated. A loss of deep water oxygen
would have severe consequences for Lake Sevan: i) loss
of current hypolimnetic benthic and planktonic communi-
ties with negative effects on biodiversity, ii) reduced phos-
phorus retention by sediments and higher phosphorus
release at the sediment-water-interface (Hupfer and
Lewandowski, 2008), and iii) lower mineralization capac-
ity of organic matter and accumulation of reduced sub-
stances in the sediments (Steinsberger et al., 2021).

Negative effects of climate change are in many ways
similar to the effects from eutrophication, as stated in a
seminal paper from Moss ef al., (2011), e.g. dominance
of cyanobacteria, declining biodiversity, rising nutrient
levels, and productivity as well as hypolimnetic anoxia.
It is therefore hazardous when warming and eutrophica-
tion act in parallel on a given lake ecosystem. Unfortu-
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nately, Lake Sevan already shows clear signs of eutroph-
ication (Gevorgyan et al., 2020). This calls for immediate
intervention by the management boards and a long-term
strategy is required to restrict nutrient input to the lake to
remain within acceptable limits in order to maintain the
services provided by the lake (i.e., water supply, tourism,
fishing and growing livestock, biodiversity, nutrient re-
tention, etc.).

Further research based on the established Lake Sevan
model

The achieved state of lake modelling in Lake Sevan
provides new options for sustaining and understanding
Lake Sevan, which is currently seen as an ecosystem at
risk. Though this list is not exhaustive, we basically want
to emphasize three lines of future research: i) including
water quality and biogeochemical processing into the
model, ii) providing more advanced climate projections
including uncertainties and different carbon emission
pathways, and iii) linking the lake model to a hydrological
catchment model.

The recent water quality deteriorations (Gevorgyan et
al., 2020) in Lake Sevan call for management interven-
tions and nutrient control. Such management strategies
require a scientific basis and quantitative information
about management targets. Such information cannot be
provided by a physical lake model but require an ecolog-
ical lake model. The applied model in this study, GLM,
can be coupled to an ecological lake model (AED —
Aquatic Ecosystem Dynamics) and simulate phytoplank-
ton dynamics, nutrient cycling and oxygen dynamics (e.g.,
see Snortheim et al., 2017). Such a model system could
then, for example, provide estimates for critical nutrient
loading thresholds that prevent algal blooms or hypolim-
netic anoxia and by that would automatically bridge to
lake management strategies and ecosystem services. A
major benefit of such an approach would be that the re-
sponse of the water quality variables (e.g., oxygen, nutri-
ents, and algae groups) to global warming trends can be
fully integrated into the setting (Snortheim et al., 2017).

Although our study already provided concrete insights
into the reaction of Lake Sevan to climate warming, the
applied approach was simple. Future work should account
for uncertainties and be based on projections from Global
Circulation Models (GCMs) and Regional Climate Mod-
els (RCMs). This is the case because they can account for
seasonality, geographical effects and include specific as-
sumptions on carbon emission pathways. Employing mul-
tiple GCMs will enable ensemble simulations and, by that,
provide model-based uncertainty estimates, while the sim-
ulation of different climate scenarios (Representative
Concentration Pathways: RCP 2.6, 4.5, and 8.5, see IPCC,
2014) can account for uncertainties in future climate
change mitigation policies. Such ensemble data sets for

different climate scenarios are available at the global
scale, e.g., by repositories provided by ISIMIP (Warsza-
wski et al., 2014) or regionally like CORDEX (Gutowski
Jr. et al., 2016) . The multi-decadal simulations in our
study driven by the gridded EWEMBI data, which is a
product that merges reanalysis and meteorological forc-
ing, could be of use for such an approach, e.g., for bench-
marking and, if needed, bias correction.

Lake Sevan is located in an arid climate resulting in
high evaporative losses from the water surface. In addi-
tion, Lake Sevan has a catchment area of 4712 km?, and
the ratio of catchment area to lake surface area computes
to approximately 3.7. This is a rather small value com-
pared to many other lakes of this size, illustrating that the
water delivery into the lake is small. These facts are also
mirrored by the very long residence time as outlined in
the study site description above. Induced by climate
warming, increasing evaporative losses from both the
lake’s surface and the catchment area, will most likely
prolong residence times in Lake Sevan even more within
this century. We recommend detailed projections for dis-
charge development and catchment hydrology and hence
recommend establishing a hydrological model for the
Lake Sevan catchment and use the outputs from this
model as hydrological inputs into the lake model. This
knowledge is important for lake management, not only
because it informs future water availability but also be-
cause new risks may arise from these developments.
These risks include, for example, salinization, increasing
susceptibility against pollution, and longer response times
to water quality improvements in the inflows resulting
from lower flushing. Reduction of water withdrawals
from the lake will be a primary consequence, which will
affect hydropower gains and water availability in the fer-
tile lands downstream.

Last but not least, we want to stress the importance of
lake monitoring of this sensitive large mountain lake. Re-
liable lake management plans require knowledge and this
can only be extracted if the appropriate data have been
collected. The monitoring data were also a decisive aspect
of this modeling study and will become even more im-
portant if GLM is expanded in order to include also water
quality and ecosystem dynamics. Moreover, a long-term
monitoring perspective is also important for lake man-
agers to assess the effects of certain measures taken in the
lake or its catchment. Finally, the monitoring would fa-
cilitate establishing a real-time modeling system including
a lake model and real-time weather monitoring/forecast
that would provide managers and decision makers with
important operational information. We therefore conclude
our article with a devoted plea to maintain and expand the
current monitoring activities on Lake Sevan and to pro-
vide a long-term management strategy that keeps this
unique ecosystem in good health.
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