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Abstract
Lake Baikal is the oldest, deepest, and most voluminous freshwater lake on Earth. Despite its
enormous depth, episodically (almost twice a year) large amounts of surface, cold, and
oxygenated water sink until the bottom of the lake due to thermobaric instability, with
consequent effects on the ecology of the whole lake. A minimal one-dimensional model is
used to investigate how changes in the main external forcing (i.e., wind and lake surface
temperature) may affect this deep ventilation mechanism. The effect of climate change is
evaluated considering the IPCC RCP8.5 and some idealized scenarios and is quantified by (i)
estimating the mean annual downwelling volume and temperature and (ii) analyzing vertical
temperature and dissolved oxygen profiles. The results suggest that the strongest impact is
produced by alterations of wind forcing, while deep ventilation is resistant to rising lake
surface temperature. In fact, the seasons when deep ventilation can occur can be shifted in time
by lake warming, but not dramatically modified in their duration. Overall, the results show that
Lake Baikal is sensible to climate change, to an extent that the ecosystem and water quality of
this unique lacustrine system may undergo profound disturbances.

1 Introduction

Lake Baikal is the lake of records: it is the oldest (25 million years), deepest (max depth 1′
642 m), and most voluminous (23′615 km3) freshwater lake on Earth (Fig. 1). It contains an
outstanding variety of endemic species that adapted to singular conditions (e.g., large depth,
several months of ice cover, high water clarity, low nutrient concentrations) during thousands
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of years (Bondarenko et al. 2006; Moore et al. 2009). This exceptional endemism earned the
lake to be declared as a World Heritage site by UNESCO in 1996.

Lake Baikal is also a large freshwater system hosting a broad range of fascinating physical
phenomena, which captures the attention of the scientific community. Owing to its large depth
and climatic conditions, it is a fine example of thermobarically stratified lake (e.g., Boehrer and
Schultze 2008), whereby thermobaricity is the combined dependence of water density (ρ) on
temperature (T) and pressure (P) (e.g., McDougall 1987). The thermobaric effect causes the
temperature of maximum density Tρmax (about 4 °C at atmospheric pressure) to decrease with
depth, and the temperature profiles crossing the Tρmax line to have a maximum at this
intersection (Eklund 1963, 1965). Accordingly, in Lake Baikal a weak (10−4–10−5 °C/m)
direct stratification, with temperatures warmer than Tρmax and ranging from ~ 3.50 °C to ~
3.35 °C, is permanently present below ~ 250 m, while the upper layers are either directly
stratified (with surface water warmer than Tρmax) or inversely stratified (surface water colder
than Tρmax, or ice cover), depending on the season.

Previous studies (Vereshchagin 1936; Weiss et al. 1991; Shimaraev et al. 1993) demon-
strated that the mixing regime of the lake is intimately related with thermobaricity. Lake
Baikal, in fact, is renowned for the occurrence of periodic large-scale recirculation triggered by
thermobaric instability, causing renewal of hypolimnetic water by mixing and replacement
with surface water. During inverse stratification, unstable conditions occur when relatively
cold surface water (T < Tρmax) is moved beneath a threshold depth called compensation depth
(hc, i.e., the depth where the sinking water and the local water have the same density). Then,
the sinking water is heavier than local water and sinks towards the bottom of the lake, stopping
where its density equals that of local water (Fig. 2b) or when it reaches the bottom of the lake
(Fig. 2c). Conversely, if the surface water is displaced to a depth shallower than hc, it rises back
to the surface due to buoyancy forces because it is lighter than local water (Fig. 2a).

Recent studies suggested (Wüest et al. 2005; Boehrer and Schultze 2008) and successively
demonstrated (Schmid et al. 2008; Tsimitri et al. 2015) that the primary cause of thermobaric
instability in Lake Baikal is coastal downwelling due to Ekman transport. The phenomenon
can take place twice a year: in late spring (June, after the melting of the ice cover) and early

Fig. 1 Bathymetric map of Lake Baikal and location of the lake on the Earth (inset). The South Basin of the lake
is also indicated
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winter (December/January, before the surface freezes). In these periods, the lake is stably but
weakly inversely stratified in its upper part (Fig. 2b, c), and sufficiently strong winds may
overcome buoyancy forces, triggering thermobaric instability. Wind forcing and lake stratifi-
cation are therefore the key controls of the phenomenon, while the steep shores and elongated
shape of the lake promote the occurrence of coastal downwelling (see also Toffolon (2013) for
a theoretical analysis).

Since deep recirculation determines the replacement and mixing of deep water with surface
water rich in dissolved gasses, some authors refer to this phenomenon as deep ventilation (e.g.,
Shimaraev et al. 1993; Moore et al. 2009), a term typically used by oceanographers (e.g.,
Khatiwala et al. 2012). Relevant ecological implications result from deep ventilation, among
which the most evident is the high oxygen content (up to the 80% of saturation, Weiss et al.
1991) along the entire water column, which allows for the existence of aquatic fauna down to
huge depths (Chapelle and Peck 1999). Deep mixing influences the recycling of carbon and
nutrients, playing a key role in lakes’ biological productivity (e.g., Dokulil 2014). Therefore,
any changes in the current environmental conditions able to affect deep ventilation are likely to
have significant implications on the equilibrium of the lake, possibly threatening its unique
ecosystem.

Relatively intense deep-mixing activity in Lake Baikal was observed and monitored
especially in the South Basin (Wüest et al. 2005; Schmid et al. 2008; Tsimitri et al. 2015),
where the downwelling volume was estimated ranging between 10 and 100 km3 per year
(Wüest et al. 2005; Schmid et al. 2008; Shimaraev et al. 2011; Piccolroaz and Toffolon
2013). For this reason and since the South Basin (maximum depth of 1461 m, volume of
6360 km3) is the region where most data are available, here we focused on the response of
deep ventilation to climate change in this portion of the lake. To this aim, we used a
simplified, one-dimensional model (Piccolroaz and Toffolon 2013) and considered some

Fig. 2 Downwelling driven by thermobaric instability: a when the external forcing is not sufficient to move the
surface volume down to the compensation depth thermobaric instability does not occur, otherwise the sinking
water can either b sink until the bottom of the lake or c stop where it encounters local water at the same
temperature. Modified after Piccolroaz and Toffolon (2013)
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scenarios constructed changing the surface boundary conditions, namely wind energy and
lake surface temperature. Results obtained under these scenarios are compared to current
conditions to investigate the role played by the main external forcing on deep ventilation
and to quantify the impact that climate change is likely to have on deep-water
oxygenation.

Although the analysis is specific for Lake Baikal, it contributes to the general understanding
of how deep thermobaric convection in lakes can be affected by climate change. In fact,
thermobaric stratification is a trait common to several deep temperate lakes (Boehrer and
Schultze 2008) among which the most famous example is Crater Lake (USA, McManus et al.
1993; Crawford and Collier 1997, 2007; Wood et al. 2016), although other lakes can be found
in Japan (Boehrer et al. 2008), Norway (Strøm 1945; Boehrer et al. 2013), and Canada
(Johnson 1964; Laval et al. 2012).

2 Methods

2.1 Description of the model

The study is carried out using the minimal one-dimensional numerical model presented in
Piccolroaz and Toffolon (2013) and specifically developed to investigate deep thermobaric
convection in Lake Baikal, but applicable to other deep lakes. The use of a more complex
three-dimensional model would be unfeasible due to data scarcity for model validation and
high computational cost to run long-term climate change simulations. An exhaustive presen-
tation of the model is provided in the Supplementary Material (we also refer the interested
reader to Piccolroaz and Toffolon (2013) for all technical details about model implementation
and calibration); while here, we summarize the main features. The model solves the following
reaction-diffusion equation for the generic tracer C (here dissolved oxygen, DO) in addition to
the temperature T:

∂C
∂t

¼ 1

S
∂
∂z

S Dz
∂C
∂z

� �
þ R ð1Þ

where t is the time, z is the vertical direction (positive downward), S is the horizontal surface at
a fixed depth, R is the source/sink term, and Dz is vertical diffusivity.

Vertical transport is simulated using two Lagrangian-based algorithms, which are at the
core of the model: one for simulating wind-driven convective transport (based on wind
speed W and duration Δtwind, see Eqs. (2) and (3) below) and the other for simulating
buoyancy-driven stabilization of unstable regions of the water column. Consistent with
this Lagrangian approach, the water column is discretized dividing the domain into n sub-
volumes having the same individual volume, which allows for an efficient and easy
handling of vertical mixing. In fact, in both Lagrangian-based algorithms, the water
column is simply resorted by exchanging the position of the sub-volumes affected either
by wind or by buoyancy forces. While reordering the water column, mixing between each
pair of exchanged volumes is accounted for through a mixing coefficient. The implemen-
tation of a similar Lagrangian algorithm proved to be successful also in different types of
problem, such as the formation of double-diffusive small-scale structures in lakes
(Toffolon et al. 2015).
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The algorithm for wind-driven convective transport is based on the following key quanti-
ties:

ew ¼ ξC0:5
D W ð2Þ

Vdown ¼ ηCDW2Δtwind ð3Þ
where ew is the energy per unit volume provided by the wind, Vdown is the surface volume of
water moved by the wind forcing, CD is the wind drag coefficient, and ξ and η are the main
calibration parameters of the model. Equations (2) and (3) rely on wind speed W and duration
Δtwind data only. The specific energy provided by the wind is compared to the amount of
energy needed to move Vdown downwards against the buoyancy forces, thus assessing whether
the energy input is sufficient to move Vdown below the compensation depth hc and trigger
thermobaric instability (see Fig. 2 for a schematic). In all cases, the arrival depth of the sinking
volume Vdown is determined by progressively moving it down until the energy provided by the
wind is sufficient to balance the change of potential energy resulting from the consecutive
switch of positions between sub-volumes.

Equations (2) and (3) are derived from physical principles with reference to the Ekman
transport produced by along-shore winds in elongated lakes, coherently with the primary cause
of deep thermobaric convection in Lake Baikal (Schmid et al. 2008; Tsimitri et al. 2015).
However, their validity can be extended to the most general case, in that the energy flux from
the wind to the lake (Ew = ew Vdown) is proportional to the third power of the wind speed,
according to basic laws of physics (e.g., Imboden and Wüest 1995). All the other phenome-
nological details are implicitly accounted for by the calibration coefficients ξ and η.

The same model was successfully applied also to Crater Lake (Wood et al. 2016), where
mechanisms other than Ekman transport drive deep thermobaric convection due to the
different shape, dimension, and climate characteristics (Crawford and Collier 1997, 2007).
In their work, Wood et al. (2016) compared the performance of the proposed model to that of
the well-documented one-dimensional lake model DYRESM (Imerito 2014). The inadequacy
of the latter model to properly simulate deep ventilation clearly showed the need to explicitly
account for thermobaricity in one-dimensional models of these types of lakes. Based on these
considerations and on the previous results obtained by Piccolroaz and Toffolon (2013), the
proposed model is a suitable one-dimensional option for Lake Baikal.

In the present study, the domain was discretized into 159 sub-volumes having a volume of
40 km3 and thickness ranging from 5 to 66 m, i.e., the same setup used in Piccolroaz and
Toffolon (2013), and the model parameters were the same as in this previous study.

2.2 External forcing and boundary conditions

In order to address the lack of measurements available for Lake Baikal, the model was
designed to require few input variables: wind speed as external forcing and lake surface
temperature (Tsurf) as upper boundary condition. This feature makes the model particularly
parsimonious, thus attractive for cases where data are scarce and the use of more complex
(e.g., three-dimensional) models not possible or questionable due to the lack of information to
validate the results.

Observational probabilistic distributions of wind speed were built based on the wind atlas
contained in Rzheplinsky and Sorokina (1977), which collected wind data from fixed stations
at the coast, on islands, and from ships along 10 years during the ice-free season (May–
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December, from 1959 to 1968). This dataset is more representative of the conditions at the lake
surface than data recorded at weather stations installed around the lake. In fact, the thermal
inertia of the massive water volume of Lake Baikal leads to the onset of local atmospheric
pressure gradients able to generate winds that are substantially different in intensity and
direction compared to the surrounding region (Shimaraev et al. 1994). Owing to the strong
seasonality of the wind forcing over the lake, two distinct cumulative frequency functions of
wind speed were derived (Fig. 3a): one for the warm season (May–September) and the other
for the cold season (October–December).

A probabilistic distribution of Tsurf was extracted from a dataset of vertical temperature
profiles covering the period 2000–2008 (courtesy of Prof. Wüest, Eawag, Switzerland),
collected at a mooring station in the South Basin (see Schmid et al. (2008) for details). The
9-year series of Tsurf was constructed based on the data of the uppermost thermistor, whose
position changed slightly from year to year: mean, minimum, and maximum depth being 17 m,
9 m, and 30 m, respectively. The annual evolution of Tsurf averaged over the 9-year measure-
ment period is shown in Fig. 3b, and the corresponding standard deviation is shown in Fig. 3c.

In order to provide a robust description of deep ventilation statistics, we ran long-term
simulations covering a 1000-year period with stationary climate conditions. We used a
stochastic approach to determine the sequence of wind and Tsurf conditions to impose as
boundary conditions, combining the use of the probabilistic distributions described above and
of the ECMWF ERA-40 reanalysis dataset. The ECMWF ERA-40 reanalysis dataset contains
wind speed and air temperature for the period 1957–2002 with a temporal resolution of 6 h and
provides a realistic chronological sequence of meteorological events (otherwise difficult to
reconstruct), although not fully representative of the actual meteorological conditions at the
lake due to its coarse resolution (~ 125 km). These data were statistically downscaled to local
scale using the quantile-mapping approach (Panofsky and Brier 1968) and the in situ,
observational statistical distribution of W and Tsurf discussed above (see Piccolroaz and

Fig. 3 a Probabilistic curves of wind speed W in the warm (May–September) and cold (October–December)
seasons. b Mean annual evolution of lake surface temperature Tsurf: current condition (control) and global
warming scenarios (GW and GW*). c Standard deviation of measured Tsurf relative to the 9-year measurement
period 2000–2008. d Increase in Tsurf for the GW and GW* scenarios and increase in air temperature (thin line)
projected by the CMIP5 multi-model mean under the RCP8.5 scenario used to construct the GW scenario
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Toffolon (2013) for details). Note that in the case of Tsurf, the downscaling procedure used air
temperature as predictor, which is reasonable due to the strong air–water temperature corre-
lation (see, e.g., Piccolroaz et al. 2013; Toffolon et al. 2014a). In this way, a 1000-year long
simulation was generated by randomly extracting a sequence of 1000 years from the ECMWF
ERA-40 dataset.

2.3 Synthetic climate change scenarios

We prepared a suite of synthetic climate change scenarios varying the probabilistic distribu-
tions ofW and Tsurf. The scenarios were kept simple to easily assess the effects that changes in
one or both variables are expected to have on deep ventilation. This choice was also motivated
by the lack of future climate studies in the Lake Baikal region. This is particularly true for wind
speed, for which ad hoc future projections do not exist. We therefore introduced two idealized
yet reasonable scenarios by simply assuming that either the May–September or the October–
December probabilistic distribution of wind speed (Fig. 3a) holds for the entire year, thus
defining a calm wind (CW) and a strong wind (SW) scenario, respectively.

We used the CMIP5 multi-model mean projections under the IPCC AR5 RCP8.5 high
emission scenario for the grid cells covering the South Basin of Lake Baikal to predict the
corresponding increase in Tsurf in the period 2041–2050, through the air2water model
(Piccolroaz et al. 2013; Piccolroaz 2016). The air2watermodel is a simple but mechanistically
based tool to predict lake surface temperature based on air temperature only, which was shown
to be effective for use in climate change studies (Piccolroaz et al. 2018). The model can be
classified as a hybrid model (Toffolon and Piccolroaz 2015) combining a physically based
equation with a stochastic calibration of model parameters. The details of the model and of its
application are provided in the Supplementary Material. Based on the air2water results, we
defined the global warming (GW) scenario for Tsurf shown in Fig. 3b, where the curves depict
the mean annual cycle. The standard deviation of Tsurf is assumed to be the same for all
scenarios and kept equal to that of measurements (Fig. 3c).

The increase in Tsurf expected in 2041–2050 and relative to current (2000–2008) conditions
is shown in Fig. 3d (scenario GW). The largest warming of Tsurf is expected in the warm season
(August–October), with mean and maximum increase of ~ 1.9 °C and ~ 4 °C, respectively.
This is coherent with observations covering the last century, which registered the strongest
warming of water temperature (measured at 25 m depth) in fall (Hampton et al. 2008).
Moreover, the warm season is the one characterized by the highest variability (see the largest
standard deviation of Tsurf measurements in Fig. 3c), thus the most responsive to changes in the
external forcing. The amplified warming of Tsurf in this period compared to that of air
temperature (~ 1.4 °C on average during the year, Fig. 3d) is essentially due to anticipation
of strong thermal stratification, according to what reported for other deep lakes on Earth (see,
e.g., Piccolroaz et al. 2015; Woolway and Merchant 2017). Conversely, due to the huge heat
capacity of the lake’s surface-mixed layer when thermal stratification is weak, Tsurf is expected
to undergo minor changes during the rest of the year, including the period favorable for deep
ventilation, i.e., when the lake is weakly inversely stratified and Tsurf is close to Tρmax (see
Fig. 2). Wind (CW and SW) and global warming (GW) scenarios were combined together to
produce the scenarios GW-CW and GW-SW.

We defined an additional warming scenario (GW*), which is not realistic but useful to
evaluate the effect that a possible shortening of the deep ventilation season due to Tsurf
warming would have on the renewal of deep layers. To this end, we described the warming
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through a trapezoidal-shape function, with steep sides in correspondence of the deep ventila-
tion season. To allow for a comparison with the more realistic scenario GW, the GW* scenario
was constructed having the same mean annual Tsurf warming (i.e., 0.70 °C, about 50% of the
mean air temperature warming).

3 Results

A set of 1000 years long-term simulations was run under the different climate scenarios listed
in Table 1, including the current condition (control) scenario. In all simulations, the first
100 years were used as warm-up period, during which the initial (current) conditions ofW and
Tsurf were gradually modified to match those prescribed by the different scenarios.

Figure 4a shows the comparison between temperature profiles on February 15 obtained for
the different scenarios (all profiles are averaged over the entire simulation, excluding the first
100-year period used as warm-up). Observed profiles (period 2000–2008) are also shown for
comparison. The figure clearly shows that changes in the wind dynamics have strong impacts:
the deep-mixing activity is markedly enhanced under the SW scenario causing a progressive
cooling of hypolimnetic waters. The opposite (warming of deep waters) occurs for the CW
scenario due to reduced downwelling volumes. On the contrary, the increase of Tsurf expected
in scenario GW taken alone or in combination with the wind scenarios (GW-CWand GW-SW)
does not have a relevant effect on the vertical water temperature profile, which undergoes only
a slight warming compared to the counterparts control scenario, CW and SW.

The same conclusions emerge from the analysis of the downwelling parameters listed in
Table 1, where a robust statistical estimate was possible, thanks to the availability of long-term
simulation results. In particular, the mean annual downwelling temperature Tdown and
downwelling volume Vdown, both evaluated for downwelling events deeper than 1300 m depth,
were taken as significant quantities characterizing deep ventilation in the lake. The different
contribution of warming Tsurf and changing wind forcing is evident: relative to the control
scenario, GW does not alter Vdown while it decreases by 26% and increases by 16% under the
CW and SW scenarios, respectively. Additionally, Tdown does not undergo significant changes
under the GW scenario, while it is expected to increase by 4% and decrease by 7% under the

Table 1 Climate change scenarios and their effect on deep ventilation. Mean downwelling temperature Tdown,
mean annual downwelling volume Vdown, and mean DO concentration of downwelling water DOdown for
downwelling events deeper than 1300 m depth. Statistics are evaluated excluding the first 100-year period used
as warm-up. The downwelling periods are also listed. All variables are presented as mean ± standard deviation

Scenario Description Tdown [°C] Vdown [km3] DOdown [mg/l] Downwelling period

Spring Winter

Control Current condition* 3.28 ± 0.06 88 ± 71 11.56 ± 0.50 3 Jun ± 5 20 Dec ± 6
CW Calm wind 3.42 ± 0.07 65 ± 44 11.23 ± 0.58 5 Jun ± 5 17 Dec ± 6
SW Strong wind 3.06 ± 0.06 102 ± 82 11.82 ± 0.43 30 May ± 4 24 Dec ± 5
GW Global warming 3.30 ± 0.06 87 ± 70 11.52 ± 0.48 31 May ± 4 24 Dec ± 6
GW-CW Global warming + calm wind 3.41 ± 0.07 61 ± 43 11.19 ± 0.57 1 Jun ± 5 23 Dec ± 7
GW-SW Global warming + strong wind 3.05 ± 0.07 100 ± 81 11.81 ± 0.44 27 May ± 4 28 Dec ± 7
GW* Global warming (synthetic) 3.52 ± 0.07 67 ± 56 11.28 ± 0.47 30 May ± 3 24 Dec ± 3

*The slight difference between Tdown and Vdown presented here and reported in Piccolroaz and Toffolon (2013) is
due to the different randomly generated 1000-year simulation, while all calibration parameters are kept unaltered
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CW and SW scenarios, respectively. We notice that such a relatively small difference in Tdown
is actually significant considering the small temperature gradients in the hypolimnion of Lake
Baikal. The differences between the statistics of GW-CW and GW-SW compared to their
counterparts CWand SWare not significant, confirming the minor impact of the GW scenario.

The influence of climate change on deep ventilation is also visible looking at the deep oxygen
concentration, which eventually affects the peculiar ecosystem of Lake Baikal. DO profiles
simulated under the different scenarios are shown in Fig. 4b, in comparison with available DO
measurements and the simulated profile under the control scenario. Unlike temperature, the
change in DO in the hypolimnion results from the combination of two effects: the change in
Vdown according to the results summarized in Table 1 and the dependence of DO saturation
conditions (i.e., the upper boundary condition for DO) on Tsurf. The latter factor influences deep
oxygenation altering both the diffusive flux of DO from the atmosphere to the lake throughout
the year, and the DO concentration of the downwelling water according to its temperature (i.e.,
Tdown, see Table 1). According to Fig. 4a, CWand SW scenarios show a stronger effect than GW
alone (compared to the control scenario, mean DO concentration below 1300 m depth is −
0.6 mg/l and + 0.5 mg/l in the first two case and − 0.1 mg/l in the last case).

The secondary importance of Tsurf warming on deep temperature and DO profiles is attrib-
utable to the fact that only a small temporal shift in the deep ventilation period is expected for
GW compared to the control scenario, while its duration does not undergo significant changes
(Table 1). In fact, Tsurf warming is likely to affect deep ventilation only if the periods when Tsurf is

Fig. 4 a Mean temperature profiles on February 15 and b mean annual dissolved oxygen profiles obtained for
current conditions (control) and the climate scenarios listed in Table 1. Profiles are obtained excluding the first
100 years of warm-up
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close to Tρmax are significantly shortened or extended. It is therefore interesting to analyze also
the synthetic (and unrealistic) GW* scenario, specifically constructed to evaluate this effect.
Results suggest that in response to almost halving of the downwelling period (Table 1) due to a
marked steepening of Tsurf (Fig. 3b, d), the warming effect would become relevant and clearly
visible in the temperature and, due to the combination of effects discussed above, even more in
theDO profiles. Relative to the control scenario, Vdown decreases by 24%, Tdown increases by 7%,
and mean DO concentration below 1300 m depth decreases by 0.6 mg/l.

4 Discussion

The analysis of deep-water renewal described in the previous sections indicates a complex but
predictable response of Lake Baikal. The results show that the main mechanisms affecting deep
ventilation under a changing climate are well identifiable and that the role played by the main
external variables can be assessed and quantified. Overall, changes in the wind forcing have
been shown to alter deep ventilation significantly more than rising lake surface water temper-
ature, the latter factor playing a secondary role also when considering a severe climate change
scenario (the GW scenario has been constructed based on the most severe IPCC AR5 emission
scenario, i.e., the RCP8.5). In fact, it is not just the intensity of Tsurf warming that dictates the
impact on deep ventilation, but more importantly its timing. This clearly emerged by comparing
the response of the lake under two different Tsurf scenarios characterized by the same mean
annual warming, but with two different warming distribution during the year (Fig. 3d): realistic
in one case (GW) and artificial in the other case (GW*). In the first case (GW), the main Tsurf
warming occurs far from the downwelling periods, and the duration of the periods favorable to
downwelling occurrence is not significantly altered, thus determining a negligible impact on
deep ventilation. Contrarily, in the second case, the warming scenario was deliberately shaped
to shorten the favorable periods, thus obtaining a marked reduction of thermobaric-driven deep
ventilation. Such a completely unrealistic scenario (GW*) can be seen as an artificial experi-
ment to demonstrate the importance of the duration of the ventilation periods.

The high resistance of deep thermobaric convection to global warming is an important
result for Lake Baikal, but can be reasonably extended to other deep thermobarically stratified
lakes. This complements the conclusions of Boehrer et al. (2008, 2013) that deep-water
temperature in thermobarically stratified lakes is much less susceptible to changes in surface
temperature than in lakes where deep-water temperature is chiefly controlled by winter thermal
conditions at the surface. Recent studies have shown that global warming is expected to inhibit
the intensity and duration of deep mixing in many of these lakes, with consequent deep-water
warming and deoxygenation. Some examples are lakes Tahoe (USA, Sahoo et al. 2013), Iseo
(Italy, Valerio et al. 2015), Geneva (Switzerland/France, Schwefel et al. 2016), and Garda
(Italy, Salmaso et al. 2017). Another evocative example is Crater Lake, for which Wood et al.
(2016) showed that, under the RCP8.5 scenario, the lake will undergo a thermal regime shift
progressively transitioning from dimictic to warm monomictic or to oligomictic, decreasing
the frequency of episodic deep downwelling events. This is not likely to occur in Lake Baikal,
for which projected air temperature in winter will still remain well below 0 °C even under the
RCP8.5 scenario, at least in the near future.

A catastrophic shift occurred in Lake Tanganyika, the second deepest lake in the world,
where the warming of lake surface temperature combined with the weakening of winds
progressively reduced the mixing depth, causing a significant decline in oxygen concentrations
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and in primary productivity rates (O’Reilly et al. 2003). Despite the inherent differences
between the two lakes (Lake Tanganyika is a tropical, meromictic lake), we can speculate
that a scenario GW-CW would likely affect the primary productivity also in Lake Baikal,
where the internal recycling of nutrients from deep to shallow depths was evaluated of the
same order of magnitude as all external inputs (Müller et al. 2005; Moore et al. 2009).

We remark that the present analysis was based on idealized (yet realistic) scenarios of wind
forcing. Possibly, a more complex behavior could be expected if, besides the seasonal distribution
of the wind speed, also the time distribution of wind events will be affected by climate change.
However, the definition of reliable wind speed scenarios is typically associated to large uncer-
tainties (Chen et al. 2012; Carvalho et al. 2017) and is likely hampered in Lake Baikal, where local
pressure gradients and strong lake-atmosphere interactions may challenge the use of climate
models. Contrasting scenarios have been formulated for the lake area: Shimaraev et al. (1994)
suggested that it is likely that warming will generate greater wind activity, while Potemkina et al.
(2018) observed that winds are weakening in the last decades. Further efforts are therefore
required in this direction, provided the importance of winds in controlling stratification and
mixing dynamics in deep lakes, as clearly demonstrated in some recent works (e.g., Austin and
Allen 2011; Butcher et al. 2015; Valerio et al. 2015; Wood et al. 2016), including the present one.

Despite results certainly depend on the choice of the climate change scenario, here we
propose a meaningful description of the fundamental response of Lake Baikal to changing
external forcing. These results respond to a major research need raised by Moore et al. (2009),
concerning the importance of understanding how deep ventilation and mixing processes are
likely to change in the future, due to their major effect on the oxygenation of deep layers and
transport of nutrients from deep to shallow depths. In fact, previous climate change studies on
Lake Baikal were mainly aimed at assessing the consequences on the lake ecosystem through
the use of multivariate relationships between biotic and abiotic (e.g., physical, chemical,
climatic) variables, but without the support of any hydrodynamic model of the lake (see,
e.g., Mackay et al. 2006; Hampton et al. 2008).

5 Conclusions

In the present work, we presented the first detailed sensitivity analysis of the response of Lake
Baikal to climate change, showing that this lake is sensible to climate change to an extent that its
ecosystem and water quality may undergo profound disturbances. We showed that deep
ventilation is sensitive to changes in wind speed, but resistant to changes in lake surface water
temperature. This suggests that improving the definition of future wind scenarios is a main
research need and that more attention should be paid to properly include these scenarios in
climate change studies of deep lakes, an aspect that is often overlooked. The self-resistance of
thermobaric instability to global warming is inherent in the system as it is ensured by the large
thermal inertia of the lake during the downwelling periods (when the lake is nearly
homothermal) which mitigates changes in lake surface water temperature in these periods of
the year. This is a trait that can be reasonably extended also to other deep thermobarically
stratified lakes, and introduces an interesting difference relative to monomictic or oligomictic
lakes in warmer climates which, on the contrary, are particularly sensitive to a warming climate.
Further research is needed to assess how changes in climate drivers are expected to affect the
lake ecosystem, directly and through their influence on lake’s physical processes. To this aim,
we believe that additional efforts should be put in a deeper collaboration between physicists and
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biologists, trying to overcome the actual fragmentation of the limnological community into
expert, specialized fields with limited interaction among each other (Lewis 1995; Salmaso and
Mosello 2010; Toffolon et al. 2014b).

Acknowledgments The authors are grateful to Alfred Wüest and his research group at Eawag (Switzerland) for
providing the temperature data and for fruitful discussion during the initial stage of this research. The authors
thank two anonymous reviewers and Mathew Wells for their comments and suggestions, which helped to
improve the manuscript.

The IPCC AR5 RCP8.5 projections of air temperature and historical observations at the Irkutsk meteorolog-
ical station were downloaded from http://climexp.knmi.nl and the ECMWF ERA-40 reanalysis data set from the
ECMWF data server (http://data-portal.ecmwf.int, thanks to Samuel Somot and Clotilde Dubois, CNRM-Météo
France for technical support). The air2water model is available at https://github.com/spiccolroaz/.

Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made.

References

Austin JA, Allen J (2011) Sensitivity of summer Lake Superior thermal structure to meteorological forcing.
Limnol Oceanogr 56:1141–1154. https://doi.org/10.4319/lo.2011.56.3.1141

Boehrer B, Schultze M (2008) Stratification of lakes. Rev Geophys 46:RG2005. https://doi.org/10.1029/2006
RG000210

Boehrer B, Fukuyama R, Chikita K (2008) Stratification of very deep, thermally stratified lakes. Geophys Res
Lett 35:L16405. https://doi.org/10.1029/2008GL034519

Boehrer B, Golmen L, Løvik JE et al (2013) Thermobaric stratification in very deep Norwegian freshwater lakes.
J Great Lakes Res 39:690–695. https://doi.org/10.1016/j.jglr.2013.08.003

Bondarenko NA, Tuji A, Nakanishi M (2006) A comparison of phytoplankton communities between the ancient
lakes Biwa and Baikal. Hydrobiologia 568:25–29

Butcher JB, Nover D, Johnson TE, Clark CM (2015) Sensitivity of lake thermal and mixing dynamics to climate
change. Clim Chang 129:295–305. https://doi.org/10.1007/s10584-015-1326-1

Carvalho D et al (2017) Potential impacts of climate change on European wind energy resource under the CMIP5
future climate projections. Renew Energy 101:29–40. https://doi.org/10.1016/j.renene.2016.08.036

Chapelle G, Peck LS (1999) Polar gigantism dictated by oxygen availability. Nature 399:114–115. https://doi.
org/10.1038/20099

Chen L, Pryor SC, Li D (2012) Assessing the performance of intergovernmental panel on climate change AR5
climate models in simulating and projecting wind speeds over China. 117:D24102. https://doi.org/10.1029
/2012JD017533

Crawford GB, Collier RW (1997) Observations of a deep-mixing event in Crater Lake, Oregon. Limnol
Oceanogr 42:299–306. https://doi.org/10.4319/lo.1997.42.2.0299

Crawford GB, Collier RW (2007) Long-term observations of deepwater renewal in Crater Lake, Oregon.
Hydrobiologia 574:47. https://doi.org/10.1007/s10750-006-0345-3

Dokulil MT (2014) Impact of climate warming on European inland waters. Inland Waters 4:27–40. https://doi.
org/10.5268/IW-4.1.705

Eklund H (1963) Fresh water: temperature of maximum density calculated from compressibility. Science 142:
1457–1458. https://doi.org/10.1126/science.142.3598.1457

Eklund H (1965) Stability of lakes near the temperature of maximum density. Science 149:632–633. https://doi.
org/10.1126/science.149.3684.632

Hampton SE, Izmest’eva LR, Moore MVet al (2008) Sixty years of environmental change in the world’s largest
freshwater Lake - Lake Baikal, Siberia. Glob Chang Biol 14:1947–1958. https://doi.org/10.1111/j.1365-
2486.2008.01616.x

Imboden DM, Wüest A (1995) Mixing mechanisms in lakes. In: Lerman A, Imboden DM, Gat JR (eds) Physics
and chemistry of lakes. Springer, Berlin, pp 83–138

Imerito A (2014) Dynamic reservoir simulation model DYRESM v4—v4.0 science manual. University of
Western Australia, Centre for Water Research, Perth 42 p

192 Climatic Change (2018) 150:181–194

http://climexp.knmi.nl
http://data-portal.ecmwf.int
https://github.com/spiccolroaz/
https://doi.org/10.4319/lo.2011.56.3.1141
https://doi.org/10.1029/2006RG000210
https://doi.org/10.1029/2006RG000210
https://doi.org/10.1029/2008GL034519
https://doi.org/10.1016/j.jglr.2013.08.003
https://doi.org/10.1007/s10584-015-1326-1
https://doi.org/10.1016/j.renene.2016.08.036
https://doi.org/10.1038/20099
https://doi.org/10.1038/20099
https://doi.org/10.1029/2012JD017533
https://doi.org/10.1029/2012JD017533
https://doi.org/10.4319/lo.1997.42.2.0299
https://doi.org/10.1007/s10750-006-0345-3
https://doi.org/10.5268/IW-4.1.705
https://doi.org/10.5268/IW-4.1.705
https://doi.org/10.1126/science.142.3598.1457
https://doi.org/10.1126/science.149.3684.632
https://doi.org/10.1126/science.149.3684.632
https://doi.org/10.1111/j.1365-2486.2008.01616.x
https://doi.org/10.1111/j.1365-2486.2008.01616.x


Johnson L (1964) Temperature regime of deep lakes. Science 144(3624):1336–1337. https://doi.org/10.1126
/science.144.3624.1336

Khatiwala S, Primeau F, Holzer M (2012) Ventilation of the deep ocean constrained with tracer observations and
implications for radiocarbon estimates of ideal mean age. Earth Planet Sci Lett 325-326:116–125. https://doi.
org/10.1016/j.epsl.2012.01.038

Laval BE, Vagle S, Potts D et al (2012) The joint effects of riverine, thermal, and wind forcing on a temperate
fjord lake: Quesnel Lake, Canada. J Great Lakes Res 38:540–549. https://doi.org/10.1016/j.jglr.2012.06.007

Lewis WM (1995) Limnology, as seen by limnologists. J Contemp Water Res Educ 98:4–8
Mackay AW, Ryves DB, Morely DWet al (2006) Assessing the vulnerability of endemic diatom species in Lake

Baikal to predicted future climate change: a multivariate approach. Glob Chang Biol 12:2297–2315.
https://doi.org/10.1111/j.1365-2486.2006.01270.x

McDougall TJ (1987) Thermobaricity, cabbeling, and water-mass conversion. J Geophys Res 93:5448–5464.
https://doi.org/10.1029/JC092iC05p05448

McManus J, Collier RW, Dymond J (1993) Mixing processes in Crater Lake, Oregon. J Geophys Res 98(C10):
18295–18307. https://doi.org/10.1029/93JC01603

Moore MV, Hampton SE, Izmest’eva LR et al (2009) Climate change and the world’s Bsacred sea^ - Lake Baikal,
Siberia. BioScience 59:405–417. https://doi.org/10.1525/bio.2009.59.5.8

Müller B, Maerki M, Schmid M et al (2005) Internal carbon and nutrient cycling in Lake Baikal: sedimentation,
upwelling, and early diagenesis. Glob Planet Chang 46:101–124. https://doi.org/10.1016/j.
gloplacha.2004.11.008

O’Reilly CM, Alin SR, Plisnier PD et al (2003) Climate change decreases aquatic ecosystem productivity of
Lake Tanganyika, Africa. Nature 424:766–768. https://doi.org/10.1038/nature01833

Panofsky HA, Brier GW (1968) Some applications of statistics to meteorology. University Park Penn, State
University, College of Earth and Mineral Sciences

Piccolroaz S (2016) Prediction of lake surface temperature using the air2water model: guidelines, challenges, and
future perspectives. Adv Oceanogr Limnol 7:36–50. https://doi.org/10.4081/aiol.2016.5791

Piccolroaz S, Toffolon M (2013) Deep water renewal in Lake Baikal: a model for long-term analyses. J Geophys
Res 118:6717–6733. https://doi.org/10.1002/2013JC009029

Piccolroaz S, ToffolonM, Majone B (2013) A simple lumped model to convert air temperature into surface water
temperature in lakes. Hydrol Earth Syst Sci 7:3323–3338. https://doi.org/10.5194/hess-17-3323-2013

Piccolroaz S, ToffolonM,Majone B (2015) The role of stratification on lakes’ thermal response: the case of Lake
Superior. Water Resour Res 51:7878–7894. https://doi.org/10.1002/2014WR016555

Piccolroaz S, Healey NC, Lenters JD et al (2018) On the predictability of lake surface temperature using air
temperature in a changing climate: a case study for Lake Tahoe (USA). Limnol Oceanogr 63:243–261.
https://doi.org/10.1002/lno.10626

Potemkina TG, Potemkin VL, Fedotov AL (2018) Climatic factors as risks of recent ecological changes in the
shallow zone of Lake Baikal. Russ Geol Geophys 59:556–565. https://doi.org/10.1016/j.rgg.2018.04.008

Rzheplinsky G, Sorokina A (1977) Atlas of wave and wind action in Lake Baikal. Gidrometeoizdat [in Russian]
Sahoo GB, Schladow SG, Reuter JE et al (2013) The response of Lake Tahoe to climate change. Clim Chang

116:71–95. https://doi.org/10.1007/s10584-012-0600-8
Salmaso N, Mosello R (2010) Limnological research in the deep southern subalpine lakes: synthesis, directions

and perspectives. Adv Oceanogr Limnol 1:29–66. https://doi.org/10.4081/aiol.2010.5294
Salmaso N, Boscaini A, Capelli C, Cerasino L (2017) Ongoing ecological shifts in a large lake are driven by

climate change and eutrophication: evidences from a three decade study in Lake Garda. Hydrobiol.
https://doi.org/10.1007/s10750-017-3402-1

Schmid M, Budnev NM, Granin NG et al (2008) Lake Baikal deepwater renewal mystery solved. Geophys Res
Lett 35:1–5. https://doi.org/10.1029/2008GL033223

Schwefel R, Gaudard A, Wüest A, Bouffard D (2016) Effects of climate change on deepwater oxygen and winter
mixing in a deep lake (Lake Geneva): comparing observational findings and modeling. Water Resour Res
52:8811–8826. https://doi.org/10.1002/2016WR019194

Shimaraev MN, Granin NG, Zhdanov AA (1993) Deep ventilation of Lake Baikal waters due to spring thermal
bars. Limnol Oceanogr 38:1068–1072. https://doi.org/10.4319/lo.1993.38.5.1068

Shimaraev MN, Verbolov VI, Granin NG, Sherstyankin PP (1994) Physical limnology of Lake Baikal: a review.
Baikal International Center for Ecological Research, Irkutsk-Okayam

Shimaraev MN, Gnatovskii RY, Blinov VV, Ivanov VG (2011) Renewal of deep waters of Lake Baikal revisited.
Dokl Earth Sci 438:652–655. https://doi.org/10.1134/S1028334X11050096

Strøm KM (1945) The temperature of maximum density in fresh waters. Geofys Piublikasjoner Norske
Videnskaps-Akad. Oslo 16(8):3–14

Toffolon M (2013) Ekman circulation and downwelling in narrow lakes. Adv Water Resour 53:76–86.
https://doi.org/10.1016/j.advwatres.2012.10.003

Climatic Change (2018) 150:181–194 193

https://doi.org/10.1126/science.144.3624.1336
https://doi.org/10.1126/science.144.3624.1336
https://doi.org/10.1016/j.epsl.2012.01.038
https://doi.org/10.1016/j.epsl.2012.01.038
https://doi.org/10.1016/j.jglr.2012.06.007
https://doi.org/10.1111/j.1365-2486.2006.01270.x
https://doi.org/10.1029/JC092iC05p05448
https://doi.org/10.1029/93JC01603
https://doi.org/10.1525/bio.2009.59.5.8
https://doi.org/10.1016/j.gloplacha.2004.11.008
https://doi.org/10.1016/j.gloplacha.2004.11.008
https://doi.org/10.1038/nature01833
https://doi.org/10.4081/aiol.2016.5791
https://doi.org/10.1002/2013JC009029
https://doi.org/10.5194/hess-17-3323-2013
https://doi.org/10.1002/2014WR016555
https://doi.org/10.1002/lno.10626
https://doi.org/10.1016/j.rgg.2018.04.008
https://doi.org/10.1007/s10584-012-0600-8
https://doi.org/10.4081/aiol.2010.5294
https://doi.org/10.1007/s10750-017-3402-1
https://doi.org/10.1029/2008GL033223
https://doi.org/10.1002/2016WR019194
https://doi.org/10.4319/lo.1993.38.5.1068
https://doi.org/10.1134/S1028334X11050096
https://doi.org/10.1016/j.advwatres.2012.10.003


Toffolon M, Piccolroaz S (2015) A hybrid model for river water temperature as a function of air temperature and
discharge. Environ Res Lett 10:114011. https://doi.org/10.1088/1748-9326/10/11/114011

Toffolon M, Piccolroaz S, Majone B et al (2014a) Prediction of surface temperature in lakes with different
morphology using air temperature. Limnol Oceanogr 59:2182–2202. https://doi.org/10.4319
/lo.2014.59.6.2185

Toffolon M, Piccolroaz S, Bouffard D (2014b) Crossing the boundaries of physical limnology. Eos 95:403.
https://doi.org/10.1002/2014EO440009

Toffolon M, Wüest A, Sommer T (2015) Minimal model for double diffusion and its application to Kivu, Nyos
and Powell Lake. J Geophys Res 120:6202–6224. https://doi.org/10.1002/2015JC010970

Tsimitri C, Rockel B, Wüest A et al (2015) Drivers of deep-water renewal events observed over 13 years in the
South Basin of Lake Baikal. J Geophys Res 120:1508–1526. https://doi.org/10.1002/2014JC010449

Valerio G, Pilotti M, Barontini S, Leoni B (2015) Sensitivity of the multiannual thermal dynamics of a deep pre-
alpine lake to climatic change. Hydrol Process 29:767–779. https://doi.org/10.1002/hyp.10183

Vereshchagin YuG (1936) In the Jubilee volume for semi-centenary of academician V.I. Vernadskii’s scientific
and educational work. Akad. Nauk SSSR, Moscow, Part 2, pp 1207–1230 [in Russian]

Weiss RF, Carmack EC, Koropalov VM (1991) Deep-water renewal and biological production in Lake Baikal.
Nature 349:665–669. https://doi.org/10.1038/349665a0

Wood TM, Wherry SA, Piccolroaz S, Girdner SF (2016) Simulation of deep ventilation in Crater Lake, Oregon,
1951–2099. U.S. Geological Survey Scientific Investigations Report 2016–5046, 43 p. https://doi.
org/10.3133/sir20165046

Woolway RI, Merchant CJ (2017) Amplified surface temperature response of cold, deep lakes to inter-annual air
temperature variability. Sci Rep 7:4130. https://doi.org/10.1038/s41598-017-04058-0

Wüest A, Ravens T, Granin N et al (2005) Cold intrusions in Lake Baikal: direct observational evidence for deep-
water renewal. Limnol Oceanogr 50:184–196. https://doi.org/10.4319/lo.2005.50.1.0184

194 Climatic Change (2018) 150:181–194

https://doi.org/10.1088/1748-9326/10/11/114011
https://doi.org/10.4319/lo.2014.59.6.2185
https://doi.org/10.4319/lo.2014.59.6.2185
https://doi.org/10.1002/2014EO440009
https://doi.org/10.1002/2015JC010970
https://doi.org/10.1002/2014JC010449
https://doi.org/10.1002/hyp.10183
https://doi.org/10.1038/349665a0
https://doi.org/10.3133/sir20165046
https://doi.org/10.3133/sir20165046
https://doi.org/10.1038/s41598-017-04058-0
https://doi.org/10.4319/lo.2005.50.1.0184

	The fate of Lake Baikal: how climate change may alter deep ventilation in the largest lake on Earth
	Abstract
	Introduction
	Methods
	Description of the model
	External forcing and boundary conditions
	Synthetic climate change scenarios

	Results
	Discussion
	Conclusions
	References


