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Abstract. Lake Tanganyika is the second oldest (oldest basin of the lake is 9 — 12 million years old), second deepest (1470 m)
lake in the world. It holds 16% of the world’s liquid freshwater. Approximately 100.000 people are directly involved in the
fisheries operating from almost 800 sites along its shores. Despite the vital importance of Lake Tanganyika and-other-African
inland-waters-for local communities, very little is known about the impacts of future climate change on the functioning of these
lacustrine systems. This is remarkable, as projected future changes in climate and associated weather conditions are likely to
influence the hydrodynami.c Cf African water bodies, with impacts cascading into ecosystem functioning, fish availability and
water quality. Here we project the future changes in the hydrodynamics of Lake Tanganyika under a high-end emission
scenario using the 3D version of the Second-generation Louvain-la-Neuve Ice-ocean Model (SLIM 3D) forced by a high-
resolution regional climate model. We first show the added value of 3D simulations compared to previously obtained 1D model
results. The simulated interseasonal variability of the lake with this 3D model explains how the current mixing system works.
A short-term present-day simulation (10 years) shows that the 75 m deep thermocline moves upward in the south of the lake
until the lower layer reaches the lake surface during August and September. Two 30-year simulations have been performed
(one with present day and one with future conditions), such that a comparison can be made between the current situation and
the situation at the end of the 21% century. The results show that the surface water temperature increases on average by 3 + 0.5
K. The latter influences the hydrodynamics in the top 150 m of the lake, namely the bottom of the thermocline does not longer

surface. This temperature-induced stratification fully shuts down the earlier explained mixing mechanism.
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1 Introduction

In recent decades, climate change has caused impacts on ecosystems and societies on all continents and across the oceans,
highlighting their sensitivity to a changing climate. Besides-large-scale-consequences, climate change will also impact the
functioning of smaller-scale features, such as inland water bodies. In this paper, we will focus on the impact of climate change
on the hydrodynamics of Lake Tanganyika, which is a meromictic lake (meromixis denotes the resistance to natural thermal
intermixing due to the presence of a strong thermocline; see 2.4 Mixing dynamics), located between Burundi, DR Congo,
Tanzania and Zambia (Fig. 1). As the countries surrounding Lake Tanganyika are mainly developing ones, people are still
strongly dependent on local sources for their basic needs, such as food, water and electricity. The lake fulfils an essential role
in this supply, mainly because of the many fishery activities (Sarvala et al., 1999). There are around 100,000 people directly
involved in the fisheries operating from almost 800 sites, and by estimation, 25 to 40% of the protein diet of approximately
1,000,000 people living around the lake comes from these fisheries (O’Reilly et al., 2003). Moreover, around 10,000,000
people are thought to be dependent on the lake because of its various uses (mainly fisheries and drinking water supply). The
main fishery is on pelagic clupeids (sardines), but there are many other species present in the lake and their nutrient supply is
strongly dependent on the mixing of the different layers. Sardines strongly depend on the high algal productivity and an
efficient carbon transfer from the algae to the fish (Tierney et al., 2010; Yvon-Durocher et al., 2012). The stratification of the
water column reduces mixing between the nutrient-poor epilimnion (surface layer of a thermally stratified lake) and the
nutrient-enriched hypolimnion (bottom layer of a thermally stratified lake) (De Wever et al., 2005; Paerl et al., 1975).
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Fig. 1: Location of Lake Tanganyika

Past climate change has already influenced the functioning of Lake Tanganyika. This is visible through a rise water level, in
surface-water temperature and an increased stability of the water column, which in turn decreases the mixing of the layers
(Kraemer et al., 2019). Historical records already suggest a 30% decrease in fish production due to climate change and its
effects (O’Reilly et al., 2003). Future climate change may affect the lake system in various ways. First, atmospheric warming
may potentially induce a change of the mixed layer depth and the mixing properties, which will enhance this stratification,
leading to significant changes in terms of nutrient supply to the epilimnion (Kraemer et al., 2015). Stratification also affects
the properties of the hypolimnion, since this layer will become more anoxic, which means the organisms that require oxygen
will be threatened. Besides atmospheric temperatures, mixing is also influenced by the wind velocity, with a decrease in wind
velocity resulting in a reduction of the mixing (Naithani et al., 2011). A third influence comes from near-surface atmospheric
humidity, which is inversely linked to the mixing (Wim Thiery et al., 2014; Tierney etal., 2010). A dryer atmospheric boundary
layer favours evaporation from the surface water, and since this is an endothermic reaction, the water surface temperature
decreases, which allows warmer water from below to rotate upwards, increasing the mixing.

However, to date very little is known about how Lake Tanganyika will respond to projected future climate change. As the
atmospheric temperature is in close interaction with the lake, the atmosphere will first influence the lake temperature, which
is, together with the wind driving the hydrodynamics. The extent of the feedback from the lake changes to the atmosphere is
also not known. In the lake itself, the influence of hydrodynamic evolution has not been assessed regarding the chemical and

biological consequences, the input parameters for the latter research can be based uii :he outcome of this paper.
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In this study, we therefore aim to assess the present-day variability and potential future changes in the hydrodynamics of Lake
Tanganyika. Specifically, this work aims to (i) assess the added value of a 3D hydrodynamic lake model compared to a 1D
lake model, (ii) uncover the impact of seasonal atmospheric variability on the lake hydrodynamics by running a short-term
simulation, and (iii) uncover climate change effects on the lake hydrodynamics by running two long-term simulations, in
present-day and future climate conditions. To this end we use high-resolution dynamical downscalings of a reanalysis product
and a global climate model (GCM) as input for the 3D version of the Second-generation Louvain-la-Neuve Ice-ocean Model
(SLIM 3D, https://www.slim-ocean.be/).

This paper is organised as follows: in Section 2 we introduce the background information regarding the Lake and the current
dynamics; in Section 3, the different tools and datasets are discussed; in Section 4, the methods, including an overview with
the different runs are given; in Section 5, we show all results; in Section 6, these results are discussed; in Section 7, we
formulate the final conclusions.

The acronyms used through the document are listed in Table 1:

Acronym Description

SLIM Second-generation Louvain-la-Neuve Ice-ocean Model
CORDEX Coordinated Regional Climate Downscaling Experiment

RCP Representative Concentration Pathway

CMIP5 Coupled Model Intercomparison Project

ITCZ Intertropical Convergence Zone

ENSO El Nifio-Southern Oscillation

CLM Community Land Model

NCAR LSM National Center for Atmospheric Research Land Surface Model
PFT Plant Functional Type

MPI-ESM-LR Max-Planck-Institut fir Meteorologie Earth System Model running on low resolution grid
GCM General circulation model

ARC Along track scanning radiometers Reprocessing for Climate
EVAL Evaluation simulation

HIS Historical simulation

FUT Future simulation

IQR Interquartile range

Table 1: List of acronyms (in o of appearance)
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2 Background
2.1 Lake Tanganyika

The name “Tanganyika” stands for “plain-spread lake” or “lake spreading like plain” (Stanley, 1878), and has a surface area
of 32,900 km2. The maximum length and width are 673 km and 72 km, respectively, while the average depth is 570 m with a
maximum at 1470 m. The catchment covers an area of 231,000 km?, which means it drains an area equivalent to almost the
entire United Kingdom. It is the second oldest lake in the world (after Lake Baikal, Russia), where its three basins were formed
over different time periods. The oldest (central) basin, began to form 9-12 million years ago, shortly followed by the northern
basin (7 — 8 million years ago), and more recently the southern basin (2-4 million years ago). It is the second deepest (1470 m)
lake in the world and holds the second largest anoxic volume of water (18,900 km? or 16% of the world’s freshwater) in the
world after the Black Sea. The lake is located in a deep narrow trough of the western branch of the Rift Valley of East Africa
between Burundi, DR Congo, Tanzania and Zambia, and it stretches from 3°20' to 8°48' S and 29°5' to 31°15' E (Fig. 1). The
lake is composed of three basins, namely Kigoma (1310 m deep), Kungwe (885 m deep) and Kipili (1470 m deep) (Fig. 2),
with an average width of 50 km (maximum 72 km). The shoreline has an approximate length of 1828 km at an altitude of 773

m and is mainly surrounded by steep mountains.
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Fig. 2: Cross section Lake Tanganyika with basins A: Kigoma, B: Kungwe, C: Kipili (Delandmeter et al., 2018)

The location of the lake ensures — thanks to the low latitude, high temperatures and abundant light availability year-round —
favourable conditions for the lake’s fish productivity. The planning, management and development of the local fisheries is
challenged by the fluctuations in fish catches and changes in species composition of each catch due to this unique ecosystem
(Plisnier et al., 1999).

Early biological research concluded that high water transparency, low nutrient concentrations in the epilimnion and low
phytoplankton densities led to oligotrophic pelagic environment, which means the water body offers very little to sustain life
(Beauchamp, 1939). Lake Tanganyika has been classified as pseudo-eutrophic (i.e. holding both eutrophic and oligotrophic
characteristics) due to the local productivity of the lake by dense phytoplankton blooms and diurnal vertical movements of
zooplankton and fish. Being a eutrophic lake implies high levels of biological productivity, supported by the rich nutrient
constitution {Man-Meel & Kufferath,-1987), A modelling study showed that the lake is not eutrophicated (Naithani et al., 2007).
In relation to climate change, air temperature measurements from around Lake Tanganyika show that the warming follows the
global trend. A rise of 0.5°C to 0.7°C in air temperature has been measured between the end of the 1960’s and 2019 for Lake
Tanganyika, where the global evolution exhibits a rise of 0.6°C during the same period. The major increases start around the

late 1970s and coincide with the timing of regional precipitation and temperature changes (O’Reilly et al., 2003).
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The Coordinated Regional Climate Downscaling Experiment (CORDEX; Giorgi et al., 2009) provides regional climate
projections for Africa under various future Representative Concentration Pathways (RCPs). The results are obtained by
downscaling information from Global Climate Models participating in phase 5 of the Coupled Model Intercomparison Project
(CMIP5; Taylor et al., 2012). Under RCP8.5 (which is the “husiness as usual” scenario, where the 8.5 stands for a radiative
forcing of 8.5 W/m?), the CORDEX ensemble projects an ir.cicdse in precipitation towards the coast, whereas more inland, the
climate evolves to dryer conditions. Over Lake Tanganyika, which is approximately 1000 km inland, the ensemble projects a
decrease in the precipitation (Souverijns et al., 2016). The latter effect might enable stronger evaporation-driven cooling, which
is not included in the present study simulations.

Finally, due to climate change, a southward shift in the Intertropical Convergence Zone (ITCZ) is observed, if this were to
extend even more, the southern wind intensity in the lake’s area would reduce, leading directly to reduced mixing (Tierney,
2010).

Not only climate change influences the external parameters that affect the ecosystem, also climate variability should be
considered. The latter is characterized by a shorter time period (annual to multi-decadal), but has strong variations during its

cycles.

2.2 Orography and climate

As most of the lake is surrounded by mountainous areas, the orography holds a strong role in the local climate conditions.
Orographic effects include both dynamic, in which mountains disturb or distort the large-scale wind field, and thermodynamic,
in which heating or cooling of mountain-slope surfaces generates flow. These orographic winds are the origin of the Féhn
Effect.

Wind speed and direction over Lake Tanganyika are mainly determined by the surrounding orography. In the centre of the
lake, a major speed-up occurs, which can be explained by a channelling effect along the mountain valleys. The Froude number

represents the ratio of inertia forces to gravity forces, which leads to Fr = where u = flow velocity, g =

v
Tt
gravitational acceleration, and L = characteristic length. In the south and north of the lake, the Froude number is
mainly < 1, which implies orographic blocking, while the central parts of the lake allow overflow of the near-surface
(south)easterlies (Docquier et al., 2016).

In terms of meteorological behaviour, the African Great Lakes are part of one of the most complex sectors of the African
continent. While the seasonal migration of the intertropical convergence zone determines precipitation seasonality, regional
factors like lakes, vegetation and topography often modulate this large-scale pattern, which makes the climatic patterns and
vegetation processes complex and often very local (Docquier et al., 2016; Hawinkel et al., 2016; Wim Thiery et al., 2015).
The majority of Lake Tanganyika experiences a single rainfall season, whereby the amount and timing of the precipitation
may slightly vary across the lake sectors. In the northern part of the lake, intense rains occur (120 mm to 170 mm per month)

from December to May. Around Tabora (central part), the intensity varies the most (60 mm to 220 mm per month). In the
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southern part of Lake Tanganyika, the wet season runs from December to April with an average precipitation of 200mm to
150 mm per month, whereas from June to October the area can be considered dry (Griffiths, 1958; Savijarvi & Jarvenoja,
2000).

At Lake Tanganyika, the lonz-=2ins generally occur every year around the boreal spring (March-May), where the secondary
rainfall event contains shorter rains in autumn (September-December) as those are the seasons when the ITCZ travels over the
region. The interannual variability of those events are linked to atmospheric variations, including the surface temperature,
monsoons, trade winds, (anti)cyclones, ... The short rains are more affected by this variability and are strongly associated with
the El Nifio-Southern Oscillation (ENSO) (Rasmusson & Wallace, 1983). The Southern Oscillation is the driving force behind
fluctuations in the atmospheric pressure and monsoon rainfall. The warm ENSO events are usually linked to a higher amount
of precipitation, where the colder ENSO events tend to result in a below average rainfall (Mutai & Ward, 2000). However,
studies have shown that the ENSO impact depends on the region. For a warm ENSO, the area west of Lake Tanganyika shows

poor vegetation conditions (Plisnier et al., 2000).

2.3 Lake-atmosphere interactions

Besides external meteorological conditions driving the lake hydrodynamics, the presence of lakes also influences the local
climate in several ways. Due to the high heat capacity of water, lake rich regions experience — like coastal regions — a more
moderate climate since the lakes will act as a buffer in transitioning between warmer and colder periods. The winter
temperatures will experience an increase, whereas the summer temperatures will decrease. The magnitude of this effect is
depending on the isolation of the system, the size of the lakes and the initial temperature oscillations (Hostetler et al., 1994a;
Huziy & Sushama, 2017). When the lake is part of a mountain system, like Lake Tanganyika, it will also significantly
contribute to the precipitation in its vicinity (Gao et al., 2018; Hostetler et al., 1994b). The third meteorological parameter that
is influenced by the lake is wind, influenced by orography, the presence of the ITCZ and the lake’s thermal effect, where
orographic winds hold the biggest share (Savijérvi, 1997). Simulations have shown that the lake’s influence on the wind speed
is stronger early in the morning, and that the (daytime) lake and (night-time) land breezes, induced by the presence of the lake,
are enhanced by south-easterly trade winds (Wim Thiery et al., 2015; Verburg & Hecky, 2003). However, Docquier et al.
(2016) also show that the influence of orography on wind speed’s spatial variability has a bigger impact than the lake-land
breeze system.

The final process that should be considered is the surface energy balance, as this is the driving force of the lake-atmosphere
interactions. This balance contains parameters that can be compared with the COSMO-CLM? data and will determine the
stability of the atmospheric boundary layer above the lake surface and the resulting lake-atmosphere interactions. It also
determines (to a large extend) the lake’s heat budget by setting the upper boundary conditions, which affects the metabolism,
physiology, and behaviour of aquatic organisms, since it defines the thermal structure of the lake (Saur & Anderson, 1954;
Wetzel & Likens, 2000).
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2.4 Hydrodynamics

Tanganyika is a meromictic lake with an anoxic monimolimnion, whereby meromixis denotes the resistance to natural thermal
intermixing due to the presence of a strong thermocline. The thermocline dynamics mainly behave as an internal wave,
governed by the topography and the atmospheric pressure and wind stress (Docquier et al., 2016; Verburg et al., 2011). During
the dry season, southerly winds push the surface water northwards. Together with the increase in evapotransipration, this
results in a decrease in the temperature gradient along the depth in the southern parts of the lake, where the thermocline is thus
very shallow or even outcrops to the surface (Delandmeter et al., 2017). The wind events follow a periodic dynamics, with a
period of 3 to 4 weeks, which are close to the first free mode of oscillation of the lake, resulting in a quasi-resonance of the
internal wave (Gourgue et al., 2011; Naithani et al., 2002; Naithani & Deleersnijder, 2003).

3 Tools and Data
3.1SLIM

The 3D component of the Second-generation Louvain-la-Neuve Ice-Ocean Model (SLIM 3D, www.slim-ocean.be) is a

baroclinic model that solves the hydrostatic flow equations under the Boussinesq approximation by means of a discontinuous
Galerkin finite element method on an unstructured grid (Blaise et al., 2010; Kérné et al., 2013; White et al., 2008). It has been
applied to coastal waters such as the Burdekin plume in the Great Barrier Reef (Delandmeter et al., 2015), the Columbia River
region of freshwater influence (Vallaeys et al., 2018), the Congo estuary (Vallaeys et al., 2020 (submitted)) and Lake
Tanganyika (Delandmeter et al., 2017). In this study, SLIM 3D is applied to Lake Tanganyika in the same setup as that of
Delandmeter et al. (2017).

The most recent version of SLIM 3D runs with an estimated surface heat flux for which a relaxation term in the upper layer of
the lake is use as defined in Delandmeter et al. (2017). With this relaxation term, the simulated heat will be held in the lake for
a certain period, after which it is released back into the air.

Input data for this model comes from COSMO-CLM?2 (see 3.2 COSMO-CLM?) and will provide the required temperature and

wind speed forcing.

3.2 COSMO-CLM?

COSMO-CLM? is a comprehensive and frequently updated regional climate model. The first building blocks of the model
were a joint effort of the Consortium for Small-scale Modelling (COSMO) and the Climate Limited-area Modelling
Community (clm-community), resulting in a 3D, non-hydrostatic regional climate model COSMO-CLM (Rockel et al., 2008).
In COSMO-CLM? (Davin et al., 2011) the default land surface parameterisation module in COSMO-CLM, TERRA-ML, has
been replaced by the Community Land Model v. 3.5 (CLM3.5; Oleson et al., 2004).
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The community land model CLM is a merging between a community-developed land model focusing on biogeophysics and
an expansion of the NCAR Land Surface Model (NCAR LSM) to include the carbon cycle, vegetation dynamics, and river
routing. To represent land heterogeneity in CLM, a subgrid hierarchy has been established, where each cell gets a certain land
unit assigned, which can be glacier, wetland, vegetated, lake or urban. In the land unit sublevel, the soil properties are defined,
including colour, texture, depth and thermal conductivity. To every land unit, a second sub-grid level is assigned, called the
column, which captures the variability of the soil and snow state variables. The third sub-grid level is called the plant functional
type (PFT) and can assign up to 4 out of the 15 possible types to a certain column.

The added value of COSMO-CLM? compared to the default COSMO-CLM configuration regarding the representation of the
near-surface climate has been established for several domains including Europe (Davin et al., 2011, 2016) and Sub-Saharan
Africa (Akkermans et al., 2014; Wim Thiery et al., 2015).

Here we use three high-resolution simulations with COSMO-CLM2 conducted by Thiery et al. (2015; 2016) over the African
Great Lakes region to force SLIM 3D. The first regional climate simulation, termed EVAL, consists of a reanalysis
downscaling and is available for a 13-year period (1996-2008). Results from the EVAL simulation represent the ‘best guess’
of the regional climate and may be employed for model evaluation purposes and analysis of present-day spatio-temporal
patterns.

The second COSMO-CLM?2 simulation represents a 33-year integration (1981-2010) using information from the MPI-ESM-
LR GCM as global boundary conditions. Finally, the COSMO-CLM?2 simulation called FUT was obtained by downscaling
MPI-ESM-LR for the 33-year period 2068-2011 under Representative Concentration Pathway (RCP) 8.5. Comparison of the
HIS and FUT simulations enables assessment of the projected future changes in climate under a high emission scenario without
mitigation.

Each COSMO-CLM2 simulation was conducted at a horizontal resolution of ~7 km (0.625°) and is nested within a COSMO-
CLM simulations run at ~50 km (0.44°) resolution in the framework of the Coordinated Regional Climate Downscaling
Experiment (CORDEX; Panitz et al., 2014). As such, COSMO-CLM?2 is used to downscale global-scale information from a
reanalysis or GCM to the African Great lakes region via a continental-scale intermediate nesting step. The final nesting step
has been tailored to the region by (i) applying COSMO-CLM in its tropical configuration (Panitz et al., 2014), (ii)
implementing a high horizontal resolution providing pioneering representation of the local topography and (iii) using a 1D

lake model to represent tropical lake surface water temperatures (Wim Thiery et al., 2015).

3.3 FLake

The 1D model that will be used to evaluate the benefits of a 3D model over a 1D model is FLake. FLake is a one-dimensional
model, which is interactively coupled to COSMO-CLM2. The input of the model is similar to that of SLIM, since it demands
meteorological data, however, this time, the integral energy budget is computed by the model. To represent the water

circulation, the model considers two layers, being a surface mixed layer, and a thermocline just below. For the mixed layer,
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the temperature is assumed to be uniform, where the thermocline does contain a certain temperature gradient over the depth
(Thiery et al., 2015).

FLake has been proven to be comparable to other 1D lake models for different lake types and climatic conditions (Perroud et
al., 2009). Besides this, there have been offline tests for several African Great Lakes, concluding that FLake shows a strong

performance for calculating lake surface temperatures (Thiery et al., 2014a,b).

3.4 ARC Lake

ARC stands for Along track scanning radiometers Reprocessing for Climate (Thiery et al., 2015). The radiometers are sensors
which are part of the European Space Agency’s Earth Observing missions. The aim of the ARC Lake is to derive observations
of lake surface water temperatures and lake ice covers of major lakes for 1991 until 2010
(http://www.laketemp.net/home_ARCLake/).

4. Methods

SLIM-3D, Three runs were performed (as shown in Table 2), namely EVAL, HIS and FUT. The evaluation simulation (EVAL)

was run over a 10-year period to validate the model and investigate the effects of interseasonal meteorological variations on

the lake’s hydrodynamics. The historical simulation (HIS) was run over a 30-year period, where the results were used both to
evaluate the difference between the ERA-interim and GCM downscaling, and as a reference for the future simulation (FUT).

The latter was also run of a 30-year period, but with a simulation start date, which is 90 years after that of HIS.

SLIM simulation name EVAL HIS FUT

Global-scale forcing for COSMO-CLM? ERA-interim GCM downscaling GCM downscaling
Simulation period start 01/01/1999 01/01/1980 01/01/2070
Simulation period end 31/12/2008 31/12/2009 31/12/2099

Model spin-up (to be counted before the start of the | 2 years 12 years 12 years
simulation period)

Meteorological spin-up (to be counted before the model | 1 year 1 year 1 year

spin-up)

Table 2: Technical specifications of the three simulations performed in SLIM 3D
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5 Results
5.1 Model validation — evaluation simulation

For the first part of this work, the 3D model (SLIM 3D) has been compared with a 1D model (FLake). For both models, the
bias in surface water temperature with data from ARC Lake as reference has been calculated and plotted. In Fig. 3 (a, b, ¢),
the average bias on the 1D model is shown for periods of three months, grouped per season: February-March-April (FMA),
June-July-August (JJA), and October I.c vember-December (OND). The most remarkable deviations are during the dry season
(Jun-Aug), when there is a strong underestimatior Ui the temperature in the central and southern part of the lake. During the
first wet season (Feb-Apr), temperatures are slightly overestimated, reaching a maximum at the northern and southern ends.
Finally, during the second wet season (Oct-Dec), the warm bias shows again, but mainly in the northern regions.
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Fig. 3: Seasonal surface water temperature bias in the Flake (a-c) and EVAL (d-f) against the ARC Lake reference product

bias in the EVAL simulation compared to the Flake simulation.
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In Fig. 3 (d, e, f), the bias on SLIM 3D is shown, indicating that there are still some deviations compared to the ARC Lake
data, but those are consistently smaller than they were for FLake. The cold bias in the south and centre during dry season are
all gone. The small warm bias in the southern tip during the first wet season became smaller and even the yearlong warm bias
in the north has been reduced (although still present).

For the specific case of the centre of the lake, the 3D model considers the water velocities, and since this is a very windy area,
this might explain the cold bias of the 1D model. After the validation of the 1D model, done by Thiery et al. (2015), the authors
hypothesized that the system reacts too fast on seasonal meteorological changes, which means that it overshoots at every
seasonal transition. Their explanation for this was the lack of heat storage, since the 1D model underestimated the thermocline
depth. In the 3D model, it is clear that there is a certain buffer, resulting in a slight delay on the heating effects, but the cooling
effects are still strongly represented. It can thus be hypothesised that the breakdown of the stratification is better simulated by
SLIM than its reconstruction. Another hypothesis can be the use of the relaxation function to represent the surface heat flux
(Delandmeter et al., 2017), which includes a delay compared to changes in meteorological variables. In general, it can be
concluded that SLIM 3D adds value compared to FLake (1D) for simulating the lake surface water temperature, which
highlights the importance of accounting for better 3D hydrodynamics Fig. 3 (g, h, i). The effect of a better 3D circulation in
SLIM is clearly of higher importance than a better simulated surface heat flux in FLake. Further research should be done to
assess the added value of a better heat flux representation in SLIM, since this would hypothetically further improve the quality

of the model.

5.2 Interseasonal variation — evaluation simulation

As a next step, one can look at the annual variation of the temperatures. Fig. 4 and Fig. 5 show the water temperature over the
first 150 m depth, which is the result of the EVAL simulation. The range of 150 m has been selected, as below this level, there
are no seasonal effects on the temperature (Verburg & Hecky, 2009). In cross-sections like those shown in Fig. 4 and Fig. 5,
some instabilities have occurred (in this case for January and November). These are strictly numerical and do not interfere
with the global understanding of the processed, nor the assessment of the model quality.

The variations are expected to be varying with latitude, which can also be seen in our results (Kraemer et al., 2015). The
northern part of Lake Tanganyika is surrounded by mountains, -+ sulting in lower wind speeds. When combining this with the
high average atmospheric temperature due to its equatorial location, it explains why the highest surface water temperatures
along the lake can be found here.

The southern part of the lake has deeper mixing due to the bigger contrast between the dry and wet seasons. This means that

although the total average temperature of the water column is not that different, the surface water temperature will be lower.
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The same reasoning goes for the centre of the lake, which is the most turbulent part due to the internal water transport, combined
with the presence of strong winds due to the flat landscape. The combination of the latter will also result in deeper mixing,
reducing the average surface water temperature. In Fig. 4 and Fig. 5, it is also shown that the middle of the lake has weaker
stratification due to this.

In general, according to Naithani et al. (2002, 2003), the external temperature has little to no influence below 100m depth.
This corresponds to the thermocline, never being below 75m (Fig. 4 and Fig. 5). Also, on average, the dry months have stronger
lake evaporation, resulting in a higher position of the thermocline, although this is not simulated by SLIM. The same period is

also colder, which reduces the surface water temperature.

5.3 Model validation — 30-year simulation

The second part of this work consists of longer simulations, again forced with meteorological data, but from the GCM
downscaling without reanalysis. The major difference is that for the evaluation simulation, the data originates from a
downscaling of the reanalysis ERA interim. This is a GCM downscaling, where every six hours, the quality has been improved
by corrections on the output, based on all available measurements. Another difference is the runtime of the simulation, as it
has never been tested if one or two years of spin-up are enough to obtain equilibrium in the model. Fig. 6 shows the difference
in average surface water temperature between the EVAL and HIS simulations (for their entire periods), where almost no

difference can be observed.
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Fig. 6: Seasonal relative surface water temperature plots.
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In Fig. 7, Fig. 8, Fig. 9 and Fig. 10, the interquartile range (IQR) of both the HIS and FUT simulations are shown, based on
both temporal and spatial variations. Fig. 7 shows the monthly mean temperatures for both simulations, where the IQR on the
spatial variation in indicated. This tells us that at any point in time, the coldest zones of the FUT simulation are still warmer
than the hottest ones of the HIS simulation. Not only the spatial variation can be represented, Fig. 8, Fig. 9 and Fig. 10 show
the temporal IQR at different locations, based on the variation of the monthly mean temperatures over the 30 years. Only in
Mpulungu, which is located at the southern tip of the lake, the IQR is +/- 1 K, which is double the value of Bujumbara and
Kigoma. However, in this area, the interseasonal temperature variation is also twice as much as in the rest of the lake, as this

is the area where the thermocline climbs up first.
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335 5.4 Climate change simulation — 30-year simulation
The comparison between the FUT (Fig. 12) and HIS (Fig. 11) simulations immediately shows a clear message: uniform
warming (Fig. 13). The su fac> water temperature increases over the entire lake, over the entire year by 3 £ 0.5 K. A small

wave of increased heat can be observed, travelling from south to north before the dry season, but since the average temperature
difference is at the minimal scale, this might be within the margin of error as well.
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A second important observation is the conservation of the stratification during dry season, as shown in Fig. 16 and Fig. 17.
Where in the current situation (Fig. 14 and Fig. 15), during ¢\ season, the thermocline moved all the way up from the south
to the centre of the lake, this appears not to be the case anymore, resulting in all year long stratification.

Finally, Fig. 18 and Fig. 19 show the difference in average temperature between the HIS and FUT simulations, plotted over
the depth. It is clearly visible that the gradient overall increases, with a maximum at the surface level, resulting in a much
stronger stratification of the lake. In addition, the external heating in FUT influences the water temperature approximately 75
m (dry season) to 100 m (wet season) deeper than it was the case for HIS. This effect is probably the most important of all,
since it links back to the first part of the study, where the water quality and the provision of the nutrients were linked to the
strength of the stratification. This increased stratification results in a severe reduction of the mixing, and thus potentially to a
strong decrease in nutrient supply to the ecosystem and eventually to the fish population.

It should be considered that the humidity is not included in this model. This might result in lower or higher water temperatures,
depending on the season. If the seasonal cycle would become more pronounced, the dry season becomes dryer, resulting in
more evaporation, decreasing the surface water temperature, where the wet season becomes more humid, which means the
surface water temperature can increase even more. Further research should include a better representation of the surface heat

flux in SLIM, which could take this effect into account.
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6 Discussion

Our results suggest that unabated climate change will induce important changes in the lake’s mixing regime, with potentially
severe implications for its ecosystem. This is because the input of nutrients in the upper layer is likely to be drastically reduced,
thereby impacting phytoplankton blooms and, hence, the whole food web. However, there are papers that have shown no
strong support to the hypothesised reduced phytoplankton due to warming (Kraemer et al., 2017). Clearly, the impacts of future
climate change on the whole ecosystem most be further investigated.

The conclusions of this paper are based on numerical simulations, for which input data and calibration are based on other
models or remote sensing. A comprehensive evaluation of the model system with in-situ measurements was already performed
by Delandmeter et al. (2017), and our additional validation confirms that the model can be used for climate change projections.
However, SLIM 3D still has some opportunities for improvements, such as the implementation of the surface heat flux to
include the relative humidity. The input data is also obtained from one regional climate simulation, as this was linked to SL 1M
3D. Other climate simulations are likely to generate different outcomes. However, the extent of these variations is not known.
Moreover, this study considered only one climate change scenario (the high-emission scenario RCP 8.5), implying that we do
not sample the range of potential greenhouse gas concentration scenarios that our planet may follow.

Based on the above, together with the tests, simulations and improvements that need to be done, the major effort should be to

test the sensitivity of our results against a range of representative concentration pathways and GCM/RCM combinations.

7 Conclusions

The hydrodynamics of Lake Tanganyika is driven by the interaction between the lake and climate. External forcing from
mainly wind, temperature and humidity induce variations in the water temperature and circulation patterns. The lake has been
modelled before, but there has never been an in-depth analysis of the effects and consequences of climate change on the lake
hydrodynamics.

The main goal of the first part of this work has been to compare SLIM 3D to the 1D model, which is interactively coupled to
COSMO-CLM? (FLake) and to assess the accuracy of the output by comparing it to satellite data (ARC Lake). To this end,
SLIM was forced by a reanalysis downscaling with the regional climate model COSMO-CLM? for the period 1980-1999. The
results of the comparison with FLake are unambiguous and show that the overall performance of SLIM 3D is better than
FLake. The comparison with ARC Lake confirms this statement but indicates that the reconstruction of the thermocline can
still be improved. From those results, it can be concluded that a 3D circulation model brings major improvements compared
to a 1D water column model. Future work on this includes the implementation of a better surface heat flux in SLIM 3D, as this
might improve the quality of a correct and faster reconstruction of the thermocline. However, studies have shown that the heat
flux will only be properly represented, when local values of air density, kinematic air viscosity and latent heat of vaporization
(Verburg & Antenucci, 2010).

28



405

410

415

420

425

430

https://doi.org/10.5194/esd-2020-36 Earth System
Preprint. Discussion started: 8 July 2020 Dynamics
(© Author(s) 2020. CC BY 4.0 License.

Discussions

The second part of the study comprises the analysis of the results of the simulation executed by SLIM 3D. This 10-year
simulation shows strong reactions to seasonal activity in the lake, especially in the southern part. As the centre of the lake is
not located in a montane area, winds speeds are increasing, leading to a reduction of the depth of the thermocline and improving
the mixing. The north of the lake stays the hottest part, which is mainly caused by a reduced wind speed and higher average
atmospheric temperatures.

For the final part of this paper, a new atmospheric forcing dataset is used to force onto SLIM 3D, which has been obtained by
downscaling a global climate model (GCM) with COSMO-CLMz2. Before any conclusions could be drawn, the consistency of
the SLIM simulation output forced by the reanalysis and GCM downscaling had to be tested. This comparison showed almost
no difference, which means that moving from reanalysis to GCM forcing has a limited impact on the simulated climatology in
this area.

The final projection has been done for 30 years in the future under a high-emission scenario (RCP 8.5), starting in 2070, and
has been compared to a historical reference, starting in 1980. The main conclusion of this analysis is the overall warming of
the surface water, both temporal (so not season dependant) and spatial (over the entire lake). It is also clear that the breakdown
of the thermocline during dry season is no longer happening, which means a permanent stratification is projected for Lake
Tanganyika. This conservation of the thermocline has two causes. First of all, the depth of the thermocline overall increases,
which makes it harder to move the lower layer all the way to the surface. Second, the temperature gradient in the top layer and
thermocline increases, which results in not only a deeper thermocline, but also a more thermal stable one. However, the model
does not include the atmospheric humidity, which could result in higher evaporation during dry seasons, leading to better
mixing and lower surface water temperatures. Regardless of the latter is the increased stability of the thermocline the major
hydrodynamic conclusion of this research, which concludes that, based on this model, mixing, and thereby the entire ecosystem

of the lake, might come to collapse.

8 Acknowledgements

The computational resources were provided by the universities that are part of the “Fédération Wallonie-Bruxelles” (Federation
Wallonia-Brussels), under the consortium called CECI, which stands for “Consortium des Equipements de Calcul Intensif”

(Consortium of intensive calculation equipment). The authors like to thank Jean-Pierre Descy for his insight on the topic.

9 References

Akkermans, T., Thiery, W., & Van Lipzig, N. P. M. (2014). The regional climate impact of a realistic future deforestation
scenario in the congo basin. Journal of Climate, 27(7), 2714-2734. https://doi.org/10.1175/JCL1-D-13-00361.1
Blaise, S., Comblen, R., Legat, V., & Deleersnijder, J. R. E. (2010). A discontinuous finite element baroclinic marine model

on unstructured prismatic meshes Part 1: space discretization. Ocean Dynamics, 60, 1371-1393.

29



435

440

445

450

455

460

465

https://doi.org/10.5194/esd-2020-36 Earth System
Preprint. Discussion started: 8 July 2020 Dynamics
(© Author(s) 2020. CC BY 4.0 License.

Discussions

https://doi.org/10.1007/s10236-010-0358-3

Davin, E. L., Maisonnave, E., & Seneviratne, S. I. (2016). Is land surface processes representation a possible weak link in
current Regional Climate Models? Environmental Research Letters, 11(7). https://doi.org/10.1088/1748-
9326/11/7/074027

Davin, E. L., Stockli, R., Jaeger, E. B., Levis, S., & Seneviratne, S. I. (2011). COSMO-CLM 2 : a new version of the COSMO-
CLM model coupled to the Community Land Model. Climate Dynamics, 37, 1889-1907.
https://doi.org/10.1007/s00382-011-1019-z

De Wever, A., Muylaert, K., Van Der Gucht, K., Pirlot, S., Cocquyt, C., Descy, J. P., Plisnier, P. D., & Vyverman, W. (2005).
Bacterial community composition in Lake Tanganyika: Vertical and horizontal heterogeneity. Applied and
Environmental Microbiology, 71(9), 5029-5037. https://doi.org/10.1128/AEM.71.9.5029-5037.2005

Delandmeter, P., Lambrechts, J., Legat, V., Vallaeys, V., Naithani, J., Thiery, W., Remacle, J.-F., & Deleersnijder, E. (2017).
A fully consistent and conservative 3D discontinuous Galerkin finite element model using a vertically adaptive mesh,
with an application to the oscillations of the thermocline of a deep, elongated lake.

Delandmeter, P., Lewis, S. E., & Lambrechts, J. (2015). The transport and fate of riverine fine sediment exported to a semi-
open system Estuarine , Coastal and Shelf Science The transport and fate of riverine fi ne sediment exported to a semi-
open system. Estuarine, Coastal and Shelf Science, 167(October), 336-346. https://doi.org/10.1016/j.ecss.2015.10.011

Docquier, D., Thiery, W., Lhermitte, S., & Lipzig, N. (2016). Multi-year wind dynamics around Lake Tanganyika Multi - year
wind dynamics around Lake Tanganyika. Climate Dynamics, February. https://doi.org/10.1007/s00382-016-3020-z

Gao, Q., Chen, S., Kimirei, I. A, Zhang, L., Mgana, H., Mziray, P., Wang, Z., Yu, C., & Shen, Q. (2018). Wet deposition of
atmospheric nitrogen contributes to nitrogen loading in the surface waters of Lake Tanganyika, East Africa: a case study
of the Kigoma region. Environmental Science and Pollution Research, 1-15.

Giorgi, F., Jones, C., & Asrar, G. (2009). Addressing climate information needs at the regional level: the CORDEX framework.
... Organization (WMO) Bulletin, 58(July), 175-183. http://www.euro-cordex.net/uploads/media/Download _01.pdf

Gourgue, O., Deleersnijder, E., Legat, V., Marchal, E., & White, L. (2011). Free and forced thermocline oscillations in Lake
Tanganyika (pp. 146-162). https://doi.org/10.1017/CB09780511921414.011

Hawinkel, P., Thiery, W., Lhermitte, S., Swinnen, E., Verbist, B., Van Orshoven, J., & Muys, B. (2016). Vegetation response
to precipitation variability in East Africa controlled by biogeographical factors. Journal of Geophysical Research:
Biogeosciences, 121(9), 2422-2444. https://doi.org/10.1002/2016JG003436

Hostetler, S. W., Giorgi, F., Bates, G. T., & Bartlein, P. J. (1994a). Lake-Atmosphere Feedbacks Associated with Paleolakes
Bonneville and Lahontan. Science. https://doi.org/10.1126/science.263.5147.665

Hostetler, S. W., Giorgi, F., Bates, G. T., & Bartlein, P. J. (1994b). Lake-Atmosphere Feedbacks Associated with Paleolakes
Bonneville and Lahontan. Science, 263, 665-668.

Huziy, O., & Sushama, L. (2017). Lake-river and lake—atmosphere interactions in a changing climate over Northeast Canada.
Climate Dynamics, 48(9-10), 3227-3246. https://doi.org/10.1007/s00382-016-3260-y

30



470

475

480

485

490

495

500

https://doi.org/10.5194/esd-2020-36 Earth System

Preprint. Discussion started: 8 July 2020 Dynamics

(© Author(s) 2020. CC BY 4.0 License. oI -
IScussions

Karng, T., Legat, V., & Deleersnijder, E. (2013). A baroclinic discontinuous Galerkin finite element model for coastal flows.
Ocean Modelling, 61, 1-20. https://doi.org/10.1016/j.ocemod.2012.09.009

Kraemer, B. M., Hook, S., Huttula, T., Kotilainen, P., O’Reilly, C. M., Peltonen, A., Plisnier, P.-D., Sarvala, J., Tamatamah,
R., Vadeboncoeur, Y., Wehrli, B., & B., M. P. (2015). Century-Long Warming Trends in the Upper Water Column of
Lake Tanganyika. PLoS ONE, 10(7).

Kraemer, B. M., Mehner, T., & Adrian, R. (2017). Reconciling the opposing effects of warming on phytoplankton biomass in
188 large lakes. Scientific Reports, 7(1), 1-7. https://doi.org/10.1038/s41598-017-11167-3

Kraemer, B. M., Seimon, A., Adrian, R., & Mclntyre, P. B. (2019). Worldwide lake level trends and responses to background
climate variation. Hydrology and Earth System Sciences Discussions, September, 1-29. https://doi.org/10.5194/hess-
2019-470

Naithani, J., & Deleersnijder, E. (2003). Analysis of Wind-Induced Thermocline Oscillations of Lake Tanganyika.
Environmental Fluid Mechanics, 3, 23-39.

Naithani, J., Deleersnijder, E., & Plisnier, P. (2002). Origin of intraseasonal variability in Lake Tanganyika. Geophysical
Research Letters, 29(23), 2-5. https://doi.org/10.1029/2002GL 015843

Naithani, J., Descy, J., & Wolanski, E. (2007). Study of the nutrient and plankton dynamics in Lake Tanganyika using a
reduced-gravity model. Ecological Modelling, 200, 225-233. https://doi.org/10.1016/j.ecolmodel.2006.07.035

Naithani, J., Plisnier, P.-D., & Deleersnijder, E. (2011). Possible effects of global climate change on the ecosystem of Lake
Tanganyika. Hydrobiologia. https://doi.org/10.1007/s10750-011-0713-5

O’Reilly, C. M., Alin, S. R., Piisnier, P. D., Cohen, A. S., & McKee, B. A. (2003). Climate change decreases aquatic ecosystem
productivity of Lake Tanganyika, Africa. Nature. https://doi.org/10.1038/nature01833

Oleson, K. W., Dai, Y., Bonan, G., Bosilovich, M., Dickinson, R., Dirmeyer, P., Hoffman, F., Houser, P., Levis, S., Niu, G.-
Y., Thornton, P., Vertenstein, M., Yang, Z.-L., & Zeng, X. (2004). Technical Description of the Community Land Model
(CLM).

Paerl, H. W., Richards, R. C., Leonard, R. L., & Goldman, C. R. (1975). Seasonal nitrate cycling as evidence for complete
vertical mixing in Lake Tahoe, California-Nevada. Limnology and Oceanography, 20(1), 1-8.
https://doi.org/10.4319/10.1975.20.1.0001

Panitz, H.-J., Dosio, A., Buchner, M., Lithi, D., & Keuler, K. (2014). COSMO-CLM (CCLM) climate simulations over
CORDEX-Africa domain: analysis of the ERA-Interim driven simulations at 0.44° and 0.22° resolution. Climate
Dynamics, 42(11-12), 3015-3038.

Plisnier, P. D., Chitamwebwa, D., Mwape, L. M., Tshibangu, K., Langenberg, V. T., & Coenen, E. (1999). Limnological
annual cycle inferred from physicochemical fluctuations at three stations of Lake Tanganyika. Hydrobiologia, 407, 45—
58.

Plisnier, P. D., Serneels, S., & Lambin, E. F. (2000). Impact of ENSO on East African ecosystems: A multivariate analysis
based on climate and remote sensing data. Global Ecology and Biogeography, 9(6), 481-497.

31



505

510

515

520

525

530

535

https://doi.org/10.5194/esd-2020-36 Earth System
Preprint. Discussion started: 8 July 2020 Dynamics
(© Author(s) 2020. CC BY 4.0 License.

Discussions

https://doi.org/10.1046/j.1365-2699.2000.00208.x

Rockel, B., Will, A., & Hense, A. (2008). The Regional Climate Model COSMO-CLM ( CCLM ). Meteorologische Zeitschrift,
17(4), 347-348. https://doi.org/10.1127/0941-2948/2008/0309

Sarvala, J., Salonen, K., Jarvinen, M., Aro, E., Huttula, T., Kotilainen, P., Kurki, H., Langenberg, V., Mannini, P., Peltonen,
A., Plisnier, P. D., Vuorinen, 1., Mélsg, H., & Lindgvist, O. V. (1999). Trophic structure of Lake Tanganyika: Carbon
flows in the pelagic food web. Hydrobiologia, 407, 149-173. https://doi.org/10.1023/A:1003753918055

Saur, J. F. T., & Anderson, E. R. (1954). The Heat Budget of a Body of Water of Varying Volume. 247-251.

Savijérvi, H. (1997). Diurnal winds around Lake Tanganyika. Quarterly Journal of The Royal Meteorological Society,
123(540), 901-918.

Souverijns, N., Thiery, W., Demuzere, M., & Lipzig, N. P. M. Van. (2016). Drivers of future changes in East African
precipitation Drivers of future changes in East African precipitation. Environmental Research Letters, 11.

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview of CMIP5 and the experiment design. Bulletin of the
American Meteorological Society, 93(4), 485-498. https://doi.org/10.1175/BAMS-D-11-00094.1

Thiery, W., Martynov, A., Darchambeau, F., Descy, J. P., Plisnier, P. D., Sushama, L., & Van Lipzig, N. P. M. (2014).
Understanding the performance of the FLake model over two African Great Lakes. Geoscientific Model Development.
https://doi.org/10.5194/gmd-7-317-2014

Thiery, Wim, Davin, E. L., Panitz, H.-J., Demuzere, M., Lhermitte, S., & van Lipzig, N. (2015). The Impact of the African
Great Lakes on the Regional Climate. Journal of Climate. https://doi.org/10.1175/JCLI-D-14-00565.1

Thiery, Wim, Stepanenko, V. M., Fang, X., Jéhnk, K. D., Li, Z., Martynov, A., Perroud, M., Subin, Z. M., Darchambeau, F.,
Mironov, D., & Van Lipzig, N. P. M. (2014). LakeMIP Kivu: Evaluating the representation of a large, deep tropical lake
by a set of one-dimensional lake models. Tellus, Series A: Dynamic Meteorology and Oceanography.
https://doi.org/10.3402/tellusa.v66.21390

Tierney, J. E., Mayes, M. T., Meyer, N., Johnson, C., Swarzenski, P. W., Cohen, A. S., & Russell, J. M. (2010). Late-twentieth-
century warming in Lake Tanganyika unprecedented since AD 500. Nature Geoscience, 3(6), 422-425.
https://doi.org/10.1038/nge0865

Vallaeys, V., Kdrnd, T., Delandmeter, P., Lambrechts, J., Baptista, A. M., Deleersnijder, E., & Hanert, E. (2018).
Discontinuous Galerkin modeling of the Columbia River’s coupled estuary-plume dynamics. Ocean Modelling,
124(April), 111-124.

Van Meel, L. I. J., & Kufferath, J. (1987). Contribution a la limnologie de quatre grands lacs du Zaire oriental: Tanganika,
Kivu, Mobutu Sese Seko (ex Albert), Idi Amin Dada (ex Edouard). Les Parametres Chimiques, Fascicule B: Le Lac
Tanganika.

Verburg, P., & Antenucci, J. P. (2010). Persistent unstable atmospheric boundary layer enhances sensible and latent heat loss
in a tropical great lake: Lake Tanganyika. Journal of Geophysical Research Atmospheres, 115(11), 1-13.
https://doi.org/10.1029/2009JD012839

32



540

545

550

https://doi.org/10.5194/esd-2020-36 Earth System
Preprint. Discussion started: 8 July 2020 Dynamics
(© Author(s) 2020. CC BY 4.0 License.

Discussions

Verburg, P., Antenucci, J. P., & Hecky, R. E. (2011). Differential cooling drives large-scale convective circulation in Lake
Tanganyika. Limnology and Oceanography, 56(3), 910-926. https://doi.org/10.4319/10.2011.56.3.0910

Verburg, P., & Hecky, R. E. (2003). Wind Patterns, Evaporation, and Related Physical Variables in Lake Tanganyika, East
Africa. Journal of Great Lakes Research, 29(2), 48-61.

Verburg, P., & Hecky, R. E. (2009). The physics of the warming of Lake Tanganyika by climate change. Limnology and
Oceanography, 54(6 PART 2), 2418-2430. https://doi.org/10.4319/10.2009.54.6_part_2.2418

Wetzel, R. G., & Likens, G. E. (2000). The Heat Budget of Lakes. Limnological Analyses, 45-56.

White, L., Deleersnijder, E., & Legat, V. (2008). A three-dimensional unstructured mesh finite element shallow-water model
, with application to the flows around an island and in a wind-driven , elongated basin *. Ocean Modelling, 22, 26-47.

Yvon-Durocher, G., Caffrey, J. M., Cescatti, A., Dossena, M., del Giorgio, P., Gasol, J. M., Montoya, J. M., Pumpanen, J.,
Staehr, P. A., Trimmer, M., Woodward, G., & Allen, A. P. (2012). Reconciling the temperature dependence of respiration

across timescales and ecosystem types. Nature, 487, 472-476.

33





