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ARTICLE INFO ABSTRACT

Communicated by: Anthony Vodacek Characterizing the processes which cause upwelling in the East African Great Lakes enables prediction of the
spatial-temporal variability of phytoplankton blooms and increases in fish abundance or incidence of fish kills.
The influence of the southeast trade winds on the limnology of Lake Tanganyika is well known. Upwelling occurs
to the south and downwelling to the north from May to September and subsequent upwelling and blooms at the
northern end of the lake. However, the influence of the shifts in wind speed and direction after the SE trade
winds, including the Northeast trade winds, and any further internal wave driven upwelling requires investi-
gation. Here we use images from remote-sensing during a 12 year period (2003-2014) to illustrate intense
phytoplankton blooms at the southeast of Lake Tanganyika in April-May, a period characterized by relaxation of
the Northeast trade winds. Phytoplankton blooms progressed around the lake after a massive cyanobacteria
bloom at the northern end in September 2018; recent and historical observations and local knowledge show
similar patterns. Lake Tanganyika limnological cycle is revised to include four main periods: two trade winds
seasons and two inter-monsoon seasons (April-May and September-October) with lake-wide up and downwelling
of the thermocline associated with the monsoons, and upwelling associated with subsequent internal waves in
the inter-monsoon period which are linked with increased phytoplankton blooms and sometimes also fish kills.
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1. Introduction

Amongst the African Great lakes (AGL), Lake Tanganyika fishery is
the second largest after Lake Victoria with an estimated yearly fishery
catch of 165,000-200,000 tons (Molsa et al., 1999). High fisheries
production is supported by new production, that is, increases in primary
and secondary production enabled by fluxes of nutrients from deeper in
the water column or from incoming river water. For Lake Tanganyika,
inflows from river water are modest in comparison to the volume of lake
water, and the upwelling associated with the southeast trade winds have
been known to lead to increased fish production (Coulter, 1991). The
high winds of the southeast monsoon cause upwelling to occur in other
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of the AGL which leads to increased nutrient fluxes and high produc-
tivity at that time (MacIntyre, 2013; MaclIntyre et al., 2014, 2002; Tal-
ling, 1966, 1965). The annual cycle of monsoon (or trade) winds is a
main driver of the seasonality and hydrodynamics of Lake Tanganyika
(Spigel and Coulter, 1996) with early evidence linking the changing
hydrodynamics to fisheries production (Cohen et al., 2016; Coulter,
1991, 1966a, 1966b, 1963; Plisnier, 1998). However, the dominant
upwelling occurs only once each year, hence other mechanisms are
required to sustain the fisheries over the year.

Increases in new production can occur when winds cause internal
waves to upwell and/or break, causing mixing, or when heat losses are
substantial and cause water from deeper depths to be entrained
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(Reynolds, 2006; MacIntyre et al., 1999). The set up for the changing
dynamics within L. Tanganyika depends largely on the trade winds. The
patterns are as follows. Changes in trade winds result from the move-
ments of the Inter-tropical convergence zone (ITCZ) (Nicholson, 2000).
From April/May to September/October, the ITCZ moves to the north of
the Lake Tanganyika basin and southerly winds prevail over the lake
(Coulter and Spigel, 1991). From November to April/May, the ITCZ
moves southward and becomes situated to the south of the Lake Tan-
ganyika basin; northerly winds prevail during part of this period. In
May-August, the SE trade winds tilt the thermocline downwards to the
north while upwelling followed by considerable mixing is observed at
the south of the lake. In the north, the upper mixed layer deepens and
the thermocline is compressed (Coulter and Spigel, 1991). When the SE
winds relax or stop, a secondary upwelling takes place in the north
followed by an internal seiche (Coulter, 1963; Coulter and Spigel, 1991;
Mortimer, 1952; 1974; Plisnier, 1996; Plisnier et al., 1999, 1996). In
fact, on cessation of the SE trades, the thermocline compresses to the
south and expands to the north, as indicative of a second vertical mode
wave across the basin with first vertical mode internal waves thereafter
until the SE trades once again begin (Huttula, 1997). Thus, the SE trade
winds not only cause the thermocline to tilt across L. Tanganyika, on
their cessation a variety of other internal waves are generated which
persist over the annual cycle (Huttula, 1997).

The likelihood of increased primary production in coastal regions of
the lake would be enhanced if the internal waves induced as the SE trade
winds relax are rotational, e.g., Kelvin waves, such that upwelling
occurred in coastal areas, or if they became non-linear which enhances
mixing (Maclntyre et al., 1999; Horn et al., 2001). Coulter and Spigel
(1991) addressed some of these questions. Assuming a two layered
density structure, the periodicity of the first vertical mode waves are
between 25 and 30 days (Coulter and Spigel, 1991). The calculated
lifetime for these to decay is in excess of a year (Coulter and Spigel,
1991), thus they can be acted upon by subsequent wind events which
can then cause either increases or decreases in amplitude. Antenucci
(2005) provides arguments that whether internal waves are influenced
by rotation can be determined by the Burger number, S = c¢/Lf, where ¢
is the wave celerity, L is the width of the basin, and f is the Coriolis
parameter. For L. Tanganyika and using the value of ¢ = 0.55 calculated
by Coulter and Spigel (1991), the mean width of the basin, 50 km, and
the Coriolis parameter for the north and south of the lake, gives S = 1.4
to the north and 0.48 to the south. Antenucci (2005) reports that internal
waves have been found to be influenced by rotation for Burger numbers
up to 2. Hence, in the north basin the tilted thermocline would occur
across the width of the basin whereas it would be accentuated in coastal
regions in the south basin. In other words, coastal upwellings are ex-
pected in this lake due to the influence of the Earth’s rotation. At this
time, time series temperature data from inshore and coastal regions of L.
Tanganyika are lacking; however, this analysis indicates that Kelvin
waves are likely within the lake. Biological and remotely sensed data can
be used to further decipher the nature of the internal waves in L.
Tanganyika.

Coulter and Spigel (1991) also addressed whether the internal waves
induced in response to the SE trades become non-linear and break to
induce mixing. The extent of thermocline tilting and the likelihood of
mixing during and immediately after the monsoons can be predicted
from the Wedderburn number (W) which is a ratio of the buoyancy
forcing, (i.e., the stratification) resisting thermocline tilting by wind and
the wind energy applied. It also takes basin morphometry into account
(Imberger and Patterson, 1989). Values of W less than 1 indicate
considerable thermocline tilting. and the likelihood that the ensuing
internal waves would be non-linear and would break and induce vertical
mixing. When values are less than ~ 0.5, internal bores are predicted to
occur (Horn et al., 2001). These can traverse a lake and induce consid-
erable mixing along the thermocline. Based on the density stratification
within Lake Tanganyika and range of wind speeds in the southeast
monsoon, Coulter and Spigel (1991) calculated that the Wedderburn
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number would range from 0.08 to 0.5. Spigel and Coulter (1996)
calculated that W would have values close to 0.2. Consequently, the low
values predict that the internal waves which form after the initial
thermocline tilting will be non-linear and induce considerable mixing.
Thus, depending on the extent to which nutrients increase with depth,
these waves could lead to the increased nutrient fluxes that would
support new production after the stronger winds of the monsoons abate.

Considerable effort has been expended to address the impact of the
southeast (SE) trade winds in hydrodynamic studies of Lake Tanganyika
(Delandmeter et al., 2018; Gourgue et al., 2011, 2007; Huttula, 1997,
Naithani and Deleersnijder, 2004; Naithani et al., 2007, 2003; Pod-
setchine et al., 1999). The upwelling to the south is evident by the
spreading of isotherms and ultimately mixing to ~ 150 m and the
downwelling of the epilimnion to the north by SE winds is evident by its
deepening and the sharp thermocline below it (Coulter and Spigel, 1991;
Huttula, 1997). When the SE trade winds decrease and the thermocline
upwells to the north, nutrient fluxes are expected to increase in this lake
in which internal loading of phosphorus and silica dominates (Hecky
et al., 1991). The massive increase in abundance of phytoplankton and
protozoa to the north at the end of the SE monsoon would be one
manifestation of this large flux (Hecky and Kling, 1981).

Lakes are sentinels for climate change (Adrian et al., 2009; Wil-
liamson et al., 2008). Lake Tanganyika, the longest (673 km) and second
deepest (1470 m) freshwater lake in the world and with the trade winds
directed along its length, is a prime example of a lake sensitive to
changes in climate (O’Reilly et al., 2003; Tierney et al., 2010; Verburg
et al., 2003). With nutrients increasing strongly with depth, variable
depths of upwelling associated with the SE and NE trade winds mainly
will moderate nutrient supply and may similarly affect the amplitude of
the internal wave field which subsequently develops. Given the need for
greater understanding of these linkages, the aim of this paper is an
improved understanding of the main hydrodynamics events of Lake
Tanganyika and their recurrence over the annual cycle. We establish
these linkages using a variety of observations including phytoplanktonic
blooms and fish kills considered proxies of upwelling and mixing. A
multidisciplinary approach has been used by including observations
from local knowledge, from the literature spanning the last 119 years,
from high frequency temperature data, and from remote sensing. Special
attention was given to the timing and location of events possibly linked
to the first, second, and third vertical mode waves which are predicted
after cessation of the stronger winds, their potential to rotate around the
basin (Kelvin waves), and any associated mixing. The results are then
synthesized in a sequence of events updating a previous hypothesis on
the annual limnological cycle (Plisnier et al., 1999). The long-term
objective is to provide information to improve modeling of the lake’s
hydrodynamics as a necessary step toward applied forecasting models
(fisheries, hydrology, health,etc.) for the benefit of the population and
the sustainable use of the lake’s ecosystem services.

2. Site description and methods
2.1. Lake Tanganyika

Lake Tanganyika is a tropical lake occupying a deep and narrow
trough of the western branch of the East African Rift Valley between
3°30'-8°50' S and 29°05-31°15' E with an approximate surface area of
32,600 km?. Lake Tanganyika is stratified and meromictic (Beauchamp,
1939; Coulter and Spigel, 1991; Kufferath, 1952). Its stratification is
largely dependent on the density gradient from changes in temperature.
Throughout most of the lake, a persistent epilimnion varies in depth
between 0 and 100 m covering a metalimnion varying in thickness but
occasionally extending up to 250 m depth. Waters are anoxic below
about 70 m at the north and 240 m at the south (Coulter and Spigel,
1991). There is evidence for a persistent shorebound current moving
clockwise around the lake (Caljon, 1991; Coulter and Spigel, 1991).

In Lake Tanganyika, periodicity of internal waves is between 23 and
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33 days (Coulter, 1968, 1963; Naithani et al., 2003; Plisnier et al., 1999;
Podsetchine and Huttula, 1996). This periodicity is in quasi-resonance
with the wind oscillations and is largely dominated by a one node in
the neighborhood of the middle of the lake (Naithani et al., 2002). The
amplitude of thermocline oscillations, 15 to 45 m for Lake Tanganyika,
and periodicity depend on wind stress, stratification and thermocline
depth. In addition to the main oscillations, spectral analysis of temper-
ature data indicated the existence of peaks around 3, 6 and 12 days
(Naithani et al., 2002).

Lake Tanganyika is oligotrophic. Its primary production is closely
linked to the availability of nutrients in the euphotic zone. Nitrate
concentration starts to increase around 44 m and phosphate around 34
m at the stations of Kigoma and Kipili (Edmond et al., 1993). Ammo-
nium increases below about 100 m, where the water column is often
anoxic. The increased concentrations are likely a result of reminerali-
zation as pH begins to decline by 50 m. Deep waters are thus rich in
silicate, phosphorus and nitrogen (Edmond et al., 1993; Hecky et al.,
1991; Plisnier et al., 1996). The average nutrient concentration in-
creases between the surface and 300 m depth by 8 times for POy, 14
times for NHZ and 15 times for SiO (Plisnier, 1996) (Fig. 1). Pulses of
higher nutrient concentration have been observed in the epilimnion in
relation to internal waves (Plisnier and Coenen, 2001; Plisnier et al.,
1999). A main southern upwelling during the southeast monsoon ex-
tends to 100 m and deeper (Huttula et al., 1997). The extent to which
probable Kelvin waves would transport water from deeper depths is
unknown. Phytoplankton in Lake Tanganyika are currently represented
by a cyanobacteria-chlorophytes-diatoms community (Cocquyt and
Vyverman, 2005). Interannual changes in phytoplankton biomass vary
with the monsoons, and the succession of species begins even as the
wind speed begin to increase (Hecky and Kling, 1981). The pelagic
mesozooplankton community of Lake Tanganyika is simple being
dominated by one calanoid species and three cyclopoid species (Coulter,
1991; Kurki et al., 1999).

Lake Tanganyika is threatened by climatic change and anthropo-
genic activities including pollution and overfishing (Plisnier et al.,
2018). The warming of the lake could induce an increased thermic
stability with less mixing and a decreased primary production (O’Reilly
etal., 2003; Verburg et al., 2003). Overfishing could be present although
fisheries data are rare or missing (Sarvala et al., 2006). An increased
sedimentation along the shores could threaten various organisms and
fish particularly (Cohen et al., 1993). Pollution from various sources,
including petroleum exploitation, remain a major risk for Lake Tanga-
nyika as for all other African Great Lakes (Abila et al., 2016). The resi-
dence and flushing time of Lake Tanganyika are respectively 440 and

Temperature (°C) Dissolved Oxygen (mg I)

PO, (mg )
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7000 years which makes the lake and it’s high biodiversity very sensitive
to pollution risks (Coulter, 1992). This lake is a biodiversity hotspot
sheltering more than 840 aquatic plant and 1318 aquatic animal species
(LTBP, 2000). This increases the importance of an improved under-
standing of the lake’s hydrodynamics which could help managers in
various ways including simulating spreading of pollutants.

2.2. Observations of phytoplankton blooms and fish kills

Although there is no consensus in the literature on the quantitative
definition of a bloom (Hopkins et al., 2021; Kutser, 2009), we define one
as the rapid growth of one or more phytoplankton species leading to an
increase in its biomass (Richardson, 1997). This definition was applied
to the few historical blooms or “peaks” that have been described in Lake
Tanganyika since the earliest observations (Van Meel, 1954). Plankton
biomass at Lake Tanganyika increases rapidly during blooms by a factor
of 2 or 3 (Bailey-Watts, 2000; Chale, 2004; Narita et al., 1986) and
sometimes 4 or 5 folds (Ferro and Coulter, 1974; Hecky and Kling,
1981).

Three types of field observations related to plankton blooms and
other events considered as proxies of upwelling, here also called hy-
drodynamic mixing, are reported in this paper:

- Observations based on local knowledge of surface waves, plankton
blooms and fish kills were collected at various occasions between
1994 and 2022 from about 40 fishermen from Zambia (Mpulungu
area) and Tanzania (Kigoma area) in addition to some observations
from inhabitants, visitors or researchers. Mainly older fishermen,
having a greater experience, were interviewed. Only observations
that all or most of the fishermen agree on are reported here.

- Soon after a Dolichospermum flosaquae (Cyanobacteria) bloom,
observed at Uvira on September 7, 2018 (Cocquyt et al., 2021),
different bloom events and a fish kill were reported at various sites
around the lake.

- Published observations as well as unpublished reports (from annual
reports by Fisheries Departments or from various research projects)
were consulted, particularly regarding the occurrence of plankton
blooms and fish kills. Other events that can also be considered as
indicators of upwelling were gathered such as limnological obser-
vations (physico-chemical characteristics in upper layers normally
observed deeper), unusual fish abundance or floodings along the lake
shores. The documents that were consulted spanned over the period
1904-2023. The information gathered in this paper include thus
various limnological monitoring periods lasting several years with
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Fig. 1. Vertical profiles (0 to 300 m) of Lake Tanganyika measured from three sites regions (Bujumbura, Kigoma and Mpulungu). Average and standard deviation of
temperature, dissolved oxygen, phosphates, ammonia and silica measurements in 1993-94. Note, these profiles are lake-wide averages. Nutrient concentrations
begin to increase and anoxia develops below about 60 m in the north and deeper in the south. Profiles for different locations are presented in Plisnier et al. (1999).
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systematic weekly, bi-weekly or monthly sampling. The reported
events linked to mixing during inter-monsoon periods can be
considered as representative of the seasonal upwelling variability
over all months of the year.

2.3. Lake water temperature measurements in the north of the lake in
2005-2006

Two Tidbit © thermistors were installed at 1 m and 40 m depth in the
north of Lake Tanganyika at 03°23.129'S, 29°19.139'E at the distance of
about 3.5 km from the shore on a cable of the REGIDESO (Régie de
production et de distribution d’eau et d’électricité, Burundi). Hourly
data were recorded. The thermistor installed at 1 m depth was opera-
tional from March 9 to December 31, 2005. The thermistor installed at
40 m depth recorded temperature from March 9, 2005 to December 27,
2006. The accuracy was 0.2 °C and resolution was 0.02 °C.

2.4. Measurement of chorophyll a

Chlorophyll a (chl a) was measured using standard methods with a
fluorometer (Turner Designs T7-1A 03/95) in Kigoma and a spectro-
photometer in Mpulungu after acetone extraction. Samples from both
stations were also analysed for chl a using HPLC analysis (Descy et al.,
2006; Plisnier et al., 2015). Pigment data processing used the CHEMTAX
software (Mackey et al., 1996). Details of the processing method are
given in Descy et al. (2005). Those data were used to assess the per-
formance of methods to estimate satellite chl a.

2.5. Remote sensing observations

Moderate Resolution Imaging Spectroradiometer (MODIS) data were
processed to generate raster Time Series (TS) of Lake Tanganyika surface
chl a concentration (chl a) for the period from July 2002 to December
2014 in the context of a past project (CHOLTIC) (Plisnier et al., 2015).

MODIS Level 1A data (Reprocessing 5) covering the area of Lake
Tanganyika were downloaded (http://oceancolor.gsfc.nasa.gov/) and
cropped to this area (last accessed on December 2014). Only MODIS
Aqua (crossing the equator in ascending node at 13:30 Local Time) was
used as the NASA Ocean Biology Processing Group does not encourage
the use of MODIS Terra for Ocean Color (OC) processing due to cali-
bration problems (Franz et al., 2007).

Level 1A was chosen to reduce the parallax effect on the geometric
consistency due to altitude and high value of satellite zenith angle near
the margins of the field of view. SeaDAS 7.1 software was used to extract
geolocation and compute calibrated radiance and biogeophysical vari-
ables. Terrain height correction was enabled to compute geolocation
files and Rayleigh radiance. Default stray light and cloud masking were
disabled at this stage.

Level 2 products were computed. They include biogeophysical pa-
rameters such as remote sensing reflectance in all visible wavelengths,
chl a sensor and solar zenith angles and other useful ancillary infor-
mation (e.g. flags). Pixel value was evaluated based on sensor and solar
zenith angles geometry to exclude specular reflection and observation
incidence angle higher than 40°. MODIS Atmosphere cloudmask (35_L2
from MODIS-Atmosphere group) was applied to keep only ‘clear’ or
‘probably clear’ sky pixels. Five aerosol models for the atmospheric
correction are indicated in the Electronic Supplementary Material (ESM)
(Appendix S1). The seven most relevant bio-optical algorithms to esti-
mate satellite chl a are indicated in ESM Appendix S2. Those were tested
in combination.

To measure the performance of those combinations, in situ chl a data
were matched up with satellite estimates applying the following criteria:
maximum time difference of 6 h, minimum coastal distance of 1 km and
maximum spatial distance of 4 km between the in situ observation and
the associated pixel in case of masked value. In situ values have been
associated either directly with the matched pixel value or the median
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extracted in a 5-by-5-pixel window around the pixel to eliminate the
effect of noisy values. Only observations matching up for all the com-
binations tested were retained. Performance metrics were computed
using the protocol described by Campbell and O’Reilly (2006).

Some main methodological limitations of the determination of sur-
face chl a by remote sensing, need to be mentioned:

1) Empirical OC algorithms have been developed for open ocean clear
water case and are sensor specific. Lake Tanganyika water seems to
be comparable to this case (Horion et al., 2010; Loiselle et al., 2009).
Lake Tanganyika presents generally clear waters with Secchi disks
values generally between 8.7 and 12.8 m (Plisnier et al., 1996).
Moreover, regarding sensor specificity, SeaDAS software was origi-
nally implemented to process SeaWIFS products. However, NASA has
been updating the software for existing ocean color sensors such as
MODIS with powerful atmospheric correction functionalities.
Some configurations of sun illumination and sensor view angles
induce water surface effects like sun glint and whitecaps for partic-
ular wind conditions or specular reflection that prevent any mea-
surement of bio-optical properties of water column. The performance
of masking procedures is linked to the combinations of aerosol
models and bio-optical algorithms.
3) Observation zenith angle threshold has been set to a large value
which is less adapted to capture water column bio-optical properties.
Multi-path light from mountainous slopes can affect water color near
the coast with this setting.
Sediments from river water could disturb the measurement of chl a
using remote sensing techniques. Although colder river rapidly sinks
below the surface, satellite data obtained near the coasts must be
interpreted with caution. However, no large river inflows occur near
the major blooms observed in April-May. Also, the density of human
population in the SE of the lake is very low and the agriculture is
mainly traditional. Consequently, this area of the lake does not have
appreciable erosion and concomitant perturbation by sediments as in
the north.
5) The contribution of atmosphere to the satellite signal recorded in
short visible wavelengths of light is very much higher than contri-
butions coming from water inducing uncertainties (De Vis et al.,
2022; Ruddick et al., 2000). At Lake Tanganyika, atmospheric
properties are more spatio-temporally variable than in open ocean.
Seasonal variability of aerosol optical depth is high (https://eartho
bservatory.nasa.gov/global-maps/MODAL2_M_AER_OD). During
the wet season, temporal variability is high in daily periods with
possible clear sky. Also, the contribution of the surface of the water
to the satellite signal linked to wind speed (waves, glint, whitecaps)
varies greatly in space and time which is poorly represented by
meteo-reanalysis used.

High cloudiness, especially in the northern basin and during the wet

season (Horion et al., 2010), produces very incomplete and noisy

satellite chl a estimates. Even using a specific cloud mask, this
problem impacts the quality of the satellite products with observable
border effects.

7) Satellite chl a estimates systematically show a better correlation with
fluorometer/spectrophotometer field measurement than with HPLC,
the standard in OC science, although the number of simultaneous
observations was limited.

8) Satellite observation times do not necessarily correspond to the

response of maximum phytoplankton concentration since deep

maxima are also observed (Descy et al., 2010).

MODIS 1 km resolution (at nadir) is large with respect to the small

and ephemeral bloom patches. In the margins of the field of view

(higher satellite zenith angle) resolution is degraded. The use of finer

spatial resolution sensors should surely be a better solution to detect

such blooms. But the use of those sensors doesn’t allow frequent
observations with similar angle of observation (no oblique orienta-
tion of the sensor using forward-backward camera and right and left
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tilting of the platform) because of narrow field of view and orbit
geometry. This solution is also not compatible with the ephemeral
nature of those blooms. Furthermore, medium (decametric) and high
(metric) spatial resolution sensors are characterized by lower spec-
tral resolution and smaller signal to noise ratio that are not
compatible with OC parameters computation.

The values of satellite chl-a TS were extracted computing the median
in a 5x5 window around the pixel corresponding to the in situ sampling
position. This method obviously smooths the TS with regard to a nearest
neighbour approach and probably also reduces the temporal variance
with regard to in situ values TS that has not the same spatial significa-
tion. But this is not systematically observed with all aerosol model/bio-
optical algorithm combinations.

Future field observations in some lake regions, such as in the SE of
the lake in April-May, could re-enforce the interpretation of the chl a
estimates from remote sensing observations. Those in situ measurements
could include bio-optical components of lake water (dissolved organic
matter, mineral suspended matter) to confirm water case 1. The satellite
products TS should be completed and possibly produced with more
adapted OC algorithms and atmospheric correction (models and ancil-
lary data).

3. RESULTS
3.1. Local knowledge related to hydrodynamic events

The main winds known by all fishermen are the trade winds. In the
south of the lake, two additional important events are identified during
inter-monsoon periods by specific names: Those are the surface waves
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“Chimbanfula” and “Yalafula”. Winds are said to cause waves of varying
intensity and strength and therefore are called by the same names. Those
events and local information are presented as they occur sequentially
during an annual cycle:

(1) S/SE WINDS in May-June to August-September (“Kapata” in
Zambia, “Kusi” in Tanzania).

The SE trade winds are described by all fishermen who were inter-
viewed as “very strong” in Zambia while in the Kigoma area (Tanzania)
they are perceived as less strong than the NE (Kaskazi) winds. Fishermen
in Zambia indicate a relation between years of heavy rains and stronger
SE (Kapata) winds. Those winds generally blow there for 2 to 4 days and
about 3 times a month. In the 1970’s, it was reported that they could
blow continuously up to 7 days.

(2) “CHIMBANFULA” WAVES (Zambia) from September to
November/December (Fig. 2).

“Chimbanfula” means “the waves that bring the rains” and seems
specific to the south of the lake. Coming from the north, they are
observed during an inter-monsoon period soon after the SE trade winds
cease and before the first rains accompanying the NE winds season. They
are described as “very strong” surface waves. Differently from “Yalafula”
waves (below), some fishermen indicate that the Chimbanfula waves
can happen two to four times per month and can be observed during
several months some years. Fishermen indicated that, as for the winds
and various events in the lake (blooms, fish Kills, etc.), those waves used
to be much stronger before the 1980’s. A fisherman indicated that those
waves were then able to destroy fields and carry heavy stones out of the
lake. Today, fishermen still remove their boats from the lake when those
waves start. At the south of the lake, the direction of the waves is
indicated by some fishermen as rather from the east than from the north.

(3) N/NE WINDS from November to March/April (“Kaskazi” in

B. Local knowledge

o

BLOOMS
April & September

BLOOMS
Ex: 09-11-2013

[ )
April/May “Yalafula”
September to November “Chimbanfula”
WAVES (FISH KILLS & BLOOMS)

Fig. 2. (A) Plankton blooms observed around the lake in September 2018, an inter-monsoon period . The probable Kelvin waves propagation is indicated with blue
dashed arrows. (B) Local names related to surface waves or planktonic blooms around Lake Tanganyika. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Zambia and Tanzania,”Kasikazi” in Burundi, also “Muhozi” in Zambia).

Fishermen don’t have a unique perception of the strength of these
trade winds that are described by some as “strong” but “weak” by others.
It could indicate a marked intraseasonal and/or interannual variability
(possibly also spatial variability). In Kigoma, those winds/waves are
called “Kifunda” when they are extra strong which is not observed every
year (Wekesa, 2001). In the same area fishermen noted that those winds
generally last about 2 to 3 days. One fisherman indicated that it can
cause fish kills about once in five years and that it kills fish in shallow
sites. Phytoplankton blooms and good fish catches are noted about 2 to
3 days after those winds. Near Kigoma, a fisherman indicated that in
1978 this wind caused shipwrecks of 3 big passenger boats and 10 small
boats. There was one oral report that, in 1995, it caused the big pas-
senger boat "Mwongozo’ to capsize while enroute to Burundi. Fishermen
in Burundi noted that those winds start to blow after the dry season with
the start of the rainy season. Their speed gradually decreases from
January to March. At the end of this period, in April, the lake is indicated
as “almost calm” in Burundi (Nahimana et al., 2008; Petit, 1995).

(4) “YALAFULA” WAVES (in Zambia) from April to May (Fig. 2).

The waves called “Yalafula,” mean “the waves that end the rains”.
They come from the north during an inter-monsoon period. This cor-
responds to the end of the NE trade winds before, and possibly simul-
taneously, with the starting of the SE trade winds. Fishermen describe
them as very strong surface waves during a complete day (some years 2
or 3 days) and indicate that those waves are observed only once during
the year.

In Zambia, fishermen indicate that SE winds (“Kapata™) or NE winds
(“Kazikazi”) in addition to “Chimbanfula” and “Yalafula” waves may all
be tied with plankton blooms. As soon as the winds blow, the water turns
green. When “Kapata” and “Chimbanfula” events are strong, fish kills
may be observed. Those take place very close to the shore up to a dis-
tance of about maximum 50 m. Fish kills are not observed everywhere.
For example, along the Tanzanian coast, at Kipili (7°26°29” S, 30°35’59”
E), those are not observed contrarily to the nearby Kirando (Fishermen
and Mupape, pers. com.). Fish collected from fish kills are not toxic and
may be consumed. This suggests that the cause of the death is probably
upwelling of anoxic waters. Fishing is good after the winds have been
blowing, especially Kapata and fairly Kazkazi. When Kapata wind is
blowing heavily, many fish swim against the current coming to the
shore. Calm days and good fishing follow the Kapata wind, especially for
Stolothrissa tanganicae and Limnothrissa miodon (clupeids) but also for
Lates spp. Plankton blooms or “green events” have another name in
Kalemie (D.R. Congo), where they are called “Bilembwe-bilembwe”
(Deladerriere, pers.com). In Burundi, “green events” are called “Umu-
kombe”. Those are generaly observed in April and September and are
followed by good fishing (fishermen, pers. com.). Many other local
winds are known by fishermen around the lake but are not reported
here.

The oldest written record of local knowledge at Lake Tanganyika is
noted by the explorer Henry Morton Stanley during his circumnaviga-
tion in 1876 to search for inlets and outlets. On July 4, 1876, he asked at
the south of the lake (currently Mpulungu in Zambia): “Where does the
water of the lake go to?”. He was answered “It goes north, then it seems
to come back upon us stronger than ever” (Stanley, 1889). This could be
interpreted as the first report of relaxation of tilted layers toward the
north of the lake by the SE trade winds inducing a “returning” surface
wave in the south at the end of the SE trade winds season.

A main result from local knowledge is thus the identification of 4
periods during an annual cycle: two periods related to the trade winds
alternate with two inter-monsoon periods characterized by important
mixing related events (waves, blooms, fish kills...).

3.2. Local observation in September 2018

In September 2018, a major phytoplankton bloom was observed at
the north of the lake (Cocquyt et al., 2021). This bloom was mainly
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caused by the cyanobacteria Dolichospermum flosaquae, the current
accepted name for Anabaea flos-aquae. It was observed in surface waters
of Uvira from September 7 until September 13. The green coloration of
the lake water was particularly well observed along the shores (Fig. 3a).
During this phenomenon, juveniles of Stolothrissa tanganicae and Lates
stappersii became about three times more abundant in the local markets.
An increase of shrimps abundance was also noted. One day after this
northern massive bloom, a fish kill took place at Jakobsen Beach near
Kigoma, Tanzania. Many small dead fish were observed in the afternoon
(between 2 and 6 pm) on September 8, at 5 to 10 m from the shore
(Denayer, pers. com.) (Fig. 2a). Two days later, on September 10, strong
waves known as “Chimbanfula” were observed at the southern end of
the lake (Mpulungu in Zambia). It was accompanied by a “green bloom”
the same day and a “red bloom” on September 11. Four days later, on
September 14, the crew of the Maman Benita boat observed in the
northern area of the lake between Kalemie (D.R. Congo) and Kigoma
(Tanzania) a huge bloom on their way (Akilimali, pers. com). Later, in
the South of the lake (Mutondwe Island near Mpulungu), two jelly fish
Limnocnida tanganyicae blooms were observed, on September 17 and
again on September 26th (Bose et al., 2019) (Fig. 2a).

3.3. Historical occurrence of mixing events

We now investigate the monthly occurrence of events linked to
mixing in publications and data from previous projects and earlier
research to identify when they occur during the annual cycle. Any
identified patterns will then be compared with the seasonality of the
trade winds. It is known so far that the SE trade winds are indeed strong
drivers of mixing (Coulter, 1991; Plisnier et al., 1999).

Upwelling and related hydrodynamics events are expected to induce:
phytoplanktonic blooms, fish kills, exceptional abundance of organisms
or peaks in their reproduction stage, surges, flooding events along the
lake shores, and mixing observed from limnological measurements. In
addition, a sharp change of wind direction or speed is likely to be linked
with such events. Each of those type of events is detailed below:

3.3.1. Phytoplankton blooms

Since observations have been recorded in Lake Tanganyika, five
phytoplankton blooms were reported in April/May (Table 1) and
twenty-three in September/November (Table 2). Two peaks of increased
primary production are well observed in the south of the lake during the
two inter-monsoon periods (Bergamino et al., 2010).

Abundant phytoplankton were noted in the large bays with marked
periodicity (Van Meel, 1954). Currents associated with thermocline
movements bring very deep water close to the shore which then grad-
ually expands offshore (Coulter, 1977, 1963; CLIMFISH project, un-
published data). During the September 2018 massive bloom in the north
of the lake, which lasted for 7 days, the relative abundance of Dolicho-
spermum flosaquae was much more important near the shore compared
to the pelagic area (Cocquyt et al., 2021) . It was noted that a jelly fish
bloom in September 1995 was about 10 times denser near the coast than
at 15 km offshore (Salonen et al., 2012). Wind-driven upwelling events
occur at several locations along the eastern and western coasts (Huttula
et al., 1997). Some intense phytoplankton blooms may appear suddenly
and may be observed for less than 24 h (Fig. 3 b).

Out of 27 reported plankton bloom events, taxonomical information
was provided for 20 blooms including 17 filamentous cyanobacteria
blooms (16 Dolichospermum and 1 Anabaenopsis). A higher reporting
frequency for Cyanobacteria probably resulted from their visibility at
the lake surface. Up to now, toxicity has not been reported during cya-
nobacteria blooms at Lake Tanganyika.

The duration of blooms may vary. A period of 7 days has been
observed several times (Cocquyt et al., 2021; own obs.). However, short
blooms also take place (Horion et al., 2010). Those are sometimes
recurrent. Two or three pulses were observed with a periodicity of about
3 weeks (Beauchamp, 1939; Hecky and Kling, 1981; Symoens, 1956,
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Table 1

Overview of events as proxies of type 1 mixing at inter-monsoon in April-May-June in Lake Tanganyika (B = phytoplankton bloom, FK = fish kill, L = limnology, F = fish, Z = zooplankton, FL = flooding, DO = dissolved
oxygen, BI = Burundi, DRC = Democratic Republic of the Congo, TZ = Tanzania, ZB = Zambia, LTR = Lake Tanganyika Research project/FAO-FINNIDA, MS = Muderhwa Nshombo, LM = Lawrence Makasa).

Year Month Date/site Type Observations References
1946-1947 4 Not specified B Second maximum of phytoplankton abundance observed in April (much less important than at the ~ Van Meel, 1954
end of the dry season).
1961 5 Mpulungu (ZB) L Breakdown of stratification inshore observed from temperature and DO isopleths. Coulter, 1963
1973 4 Kigoma (TZ) L Mixing events observed from DO, temperature and conductivity measurements. Ferro and Coulter, 1974
1990 4or5 Rumonge (BI) FK Fish kills of Lates stappersii along the beaches. Petit (pers. com.)
1993-1996 4/5 Kigoma (TZ) z Clear reproduction peak of Cyclopoids. Kurki et al., 1995
1994 3to5 Bujumbura (BI) L Turbidity “layer” near the thermocline. Plisnier et al., 1996
1994 4or5 Minago (BI) FK Fish Kkills of Lates stappersii. Petit (pers. com.)
1996 5&6 05-28-1996 FK Fish kill of Lates stappersii. LTR sampling
06-18-1996 Mpulungu
(zB)
1996 5&6 Bujumbura (BI) B Deep chl a peaks (60 to 100 m). Langenberg et al., 2002
1997 4 Not specified L Internal wave propagating along the main axis of the lake (surge). Huttula, 1997
1998 6 Mpulungu (ZB) B Blooms of Cyanobacteria (Dolichospermum flosaquae as Anabaena flos-aquae). Bailey-Watts, 2000
1999 5 Kigoma (TZ) B Peak of chl a (2.5 pg.1™Y). Chale, 2004
2002-2005 4/5 Southern Lake L Increase in phytoplankton production. Bergamino et al., 2010
Tanganyika
2004 4/5 Mpulungu (ZB) z Mesozooplankton peak. Descy et al., 2006
2005 5 Bujumbura (BI) FL Flooding of shorelines. Tack (pers. com.)
2005-2006 5 Mpulungu (ZB) B, F Stolothrissa tanganicae appearing simultaneously in the catches as coastal plankton blooms Plisnier et al., 2009
developed both years.
2017 5 05-19-2017 North- FL Flooding of the beaches threatening the Imbo plains. Iwacu, 2016
Burundi
2020 4 04-04-2020 Mpulungu FL “Yalafula” waves (one day) - damages to the market and shops. Own observation (LM)
(ZB)
2020 4 04-17-2020 FL Flooding before heavy rains. Increase of lake level by about 1 m; destructions resulting in > 20 Own observation (MS)
Uvira (DRC) deaths and 400 destroyed houses.
2020 4 04-17-2020 Gatumba FL Flooding at the northern end. “The lake throws up” https://imazpress.com/france-monde/le-lac-tanganyika-vomit-leau-monte
(BD -et-deplace-les-populations
2020 6 06-01-2020 Ubwari FK Fish kills and injured fish, particularly Tilapia spp. Actualite.cd, 2020
(DRC)
2021 5 05-11-2021 FL Flooding from big waves of the lake and from the Ruzizi (May 11) OCHA, 2021; Radio Okapi, 2021

05-24-2021 Uvira
(DRC)

Flooding up to 50 m from the shores by lake waves. No rains were noted those days (May 24).
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Table 2

Overview of events as proxies of type 2 mixing at inter-monsoon following the SE trade winds season mainly in September, October and November in Lake Tanganyika (B = phytoplankton bloom, FK = fish kill, L =
limnology, F = fish, Z = zooplankton, FL = flooding, WD = wind direction, DO = dissolved oxygen, BI = Burundi, DRC = Democratic Republic of the Congo, TZ = Tanzania, ZB = Zambia, LTR = Lake Tanganyika Research
project/FAO-FINNIDA, GN = Gaspard Ntakimazi, LM = Lawrence Makasa, PDP = Pierre-Denis Plisnier).

Year Month Date/site Type Observations References
1904 10 Not specified B Bloom of Cyanobacteria (Dolichospermum flosaquae as Anabaena flos-aquae). West, 1907
1938 9 09-14-1938 Kigoma B, L, Z Bloom of Cyanobacteria during a period without wind followed by a zooplankton peak. Wind changes from SE to NE. Beauchamp, 1939
(TZ) WD Two pulses of nutrient-rich hypolimnion water toward the surface (3 weeks period). “Submarine wave” (surge).
1947 10 Uvira (DRC) B, L Bloom of Cyanobacteria (Dolichospermum flosaquae as Anabaena flos-aquae). Van Meel, 1954
DO deficit of 70 %.
1955 9 Uvira (DRC) B, Z Bloom of Dolichospermum flosaquae (as Anabaena flos-aquae). Three pulses from September to November (period of about 3 weeks). Symoens, 1955, 1956; Dubois,
Abundance of copepods, shrimps and jellyfish. 1958a
1956 9 09-21-1956 Uvira B Bloom of Dolichospermum flosaquae (as Anabaena flos-aquae). Dubois, 1958a
(DRC)
1960 11 11-21-1960 B Dense phytoplankton bloom close inshore and gradually extending offshore Coulter, 1963
Mpulungu (ZB)
1961 08 08-22-1961 L No oxygen below 80 m. Migration of fish above the anoxic zone Coulter, 1963
Mpulungu (ZB)
1961 11 21-11-1961 B, L Rising of isotherms. Release of nutrients close to the shore. Dense bloom inshore gradually extending offshore. Coulter, 1963
Mpulungu (ZB)
1972 9 Burundi F High catches of Stolothrissa followed by damping. Bazigos, 1973
1973 9 Bujumbura (BI) L Rapid rise of thermocline. Ferro and Coulter, 1974
1974 10 Lake cruise L Internal wave surge derived from temperature and DO measurements. Chapman et al., 1974
1975 9/10 Bujumbura (BI) B Phytoplankton blooms. First pulse: diatoms (especially Nitzchia), green algae and protozooplankton. Second pulse: Cyanobacteria (mainly Hecky and Kling, 1981
Central lake Dolichospermum flosaquae as Anabaena flos-aquae) that also was prominent in the phytoplankton of the central lake area.
1975 10 10-10-1975 Kigoma B Bloom of Cyanobacteria (Dolichospermum flosaquae as Anabaena flos-aquae). Hecky and Kling, 1981; Ferro
(TZ) and Coulter, 1974
1981 9/10 09-21-1981 B,Z Blooms of Cyanobacteria (Dolichospermum flosaquae as Anabaena flos-aquae). Abundance of shrimps. High reproduction of Diaptomus, shrimps ~ Narita et al., 1986
10-2-1981 Mahale and possibly cyclopoids.
(T2)
1981 9/10 Uvira (DRC) Z High reproduction of Diaptomus, shrimps and possibly cyclopoids. Narita et al., 1986
1990-1994 9to1ll  Burundi F Abundance of juveniles clupeids. Petit, 1995
1993 9 Mpulungu (ZB) FK Fish kill of Boulengerochromis sp. Plisnier et al., 1996
1993 9to11  Bujumbura (BI) F,L Pulse catches of clupeids and perch. Plisnier & Coenen, 2001Plisnier
High values pulsing toward the surface (temperature, conductivity...). et al., 1999
1993-1996 10/11 Kigoma (TZ) z Clear reproduction peak of Cyclopoids Kurki et al., 1995
Mpulungu (ZB)
Bujumbura (BI)
1994 9 Bujumbura (BI) L High values pulsing toward the surface (pH, temperature, nutrients). Plisnier et al., 1999
1995 9 Mpulungu (ZB) Z Bloom of jellyfish. Medusa density was roughly 3,000 ind./m > near the coast, but an order of magnitude lower at 15 km offshore. Salonen et al., 2012
1995 10 10-17-1995 B Bloom of dinophytes. Own observations (PDP)
Mpulungu (ZB)
1995 10 South B Massive blooms of Cyanobacteria Salonen et al., 1999 Langenberg
(Dolichospermum flosaquae as Anabaena flos-aquae). et al., 2002
1996 11 Central lake area B Massive blooms of Cyanobacteria (Dolichospermum flosaquae as Anabaena flos-aquae) occurring kilometers long and approx. 50 m wide. Salonen et al., 1999
1998 10 Kigoma (TZ) B Peak of chl a (5 pg.1™1). Chale, 2004; Bailey-Watts, 2000
2002 9 Kigoma (TZ) B Peak of chl a. Descy et al., 2005
2002-2005 8/9 Northern Lake L Increase in primary productivity. Bergamino et al., 2010
Tanganyika
2002 9 09-13-2002 L “Chimbanfula” waves. CLIMLAKE project, own obs.
09-23-2002
Mpulungu (ZB)
2003 9 Kigoma (TZ) B Peak of chl a and Anabaenopsis tanganyikae. Descy et al., 2005; Cocquyt
et al., 2005
2004 9 Mpulungu (ZB) B Phytoplankton bloom (1 day). CLIMFISH project, own obs.
2004 10 Kasenga (TZ) F Deep-dwelling fish near the surface at the coast. Nielsen, pers. com.
2004 11 11-26-2004 FK, B Phytoplankton bloom (coast and pelagic 3 days later, observation of Lates spp.). CLIMFISH project, own obs.
Mpulungu (ZB)

(continued on next page)
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Mpulungu (ZB)
09-25-2012

Allafrica.com, 2021

“Chimbanfula” waves.

L

9

2012

Nsumbu (ZB)

Deladerriere -MSF, pers. com.

Cocquyt et al., 2021

Coastal bloom (turbidity AM: 600 NTU; PM: 5 NTU). Phenomenon locally called “Bilembwe-Bilembwe”.

Bloom of Cyanobacteria Dolichospermum flosaquae (7 days).

Kalemie (DRC)

09-07-2018

9
9

2013

B

2018

Uvira (DRC)

Denayer, pers. com.

Fish kill along the shore at Jacobson Beach.

FK

09-08-2018 Kigoma
(T2)

9

2018

Lake Tanganyika Research Unit,

pers. com.

“Chimbanfula” waves (3 days). Phytoplankton bloom (green on 09-10, red on 09-11).

B

09-10-2018

9

2018

Mpulungu (ZB)
09-17-2018

Bose et al., 2019

Blooms of jellyfish (near Mutondwe Island).

Z

9

2018

09-26-2018

Mpulungu (ZB)
10-23-2020

Own observations (LM)

“Chimbanfula” waves (3 days).

L

10

2020

Mpulungu (ZB)

Fishermen and own

Bloom known as “Umukombe”.

B

Bujumbura (BI)

2022

observations (GN)
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1955). The blooms observed by Hecky and Kling (1981) appear, from
their Fig. 3, to have lasted less than 7 days with a biomass increase of
about 4 times in that period. Five pulses of phytoplankton blooms have
been reported lasting between one and two weeks and lessening in in-
tensity in relation to the previous one (JFRO, 1962) corresponding to a
pulse and damping hypothesis (Plisnier and Coenen, 2001). It is prob-
able that various limnological and meteorological conditions simulated
using a hydrodynamic model could clarify the bloom pattern and its
variability.

3.3.2. Fish kills

For the period 1960-2020, 4 fish kills were reported in the months of
April/May (Table 1) and 3 fish kills in the months of September/
November (Table 2). All types of fish species have been observed during
these fish kills. In April-May 1990, exhausted large Lates stappersii were
dying along the beaches of Burundi. Children were collecting more fish
on the beaches than fishermen on the lake. This phenomenon was
observed along long distances (possibly > 10 km) of beaches (Petit, pers.
com). The migration of fish above the anoxic zone suggests that the fish
kills were caused by anoxia (Coulter, 1963).

3.3.3. Abundance/reproduction of organisms

We note in published observations some exceptional abundances and
reproduction peaks of various organisms (zooplankton, fish) during
inter-monsoons: in April/May (Table 1) and in September/November
(Table 2). Phytoplankton blooms induce a greater abundance of co-
pepods, shrimps and jellyfish (Symoens, 1956, 1955) and also a higher
reproduction rate of copepods of the genus Diaptomus, shrimps and
possibly cyclopoid copepods (Narita et al., 1986). A clear seasonal peak
of cyclopoids was observed during the inter-monsoon periods of April-
May and October-November between 1993 and 1996 (Kurki et al.,
1999). The abundance of juvenile clupeids was noted at the north of the
lake between September and November (Petit, 1995). An increase of
Stolothrissa tanganicae clupeid catches, at the onset of the dry season in
May/June, has been noted at the same time as plankton blooms (Plisnier
etal., 2009). Peaks of abundance or mature Stolothrissa activity occurred
in May-June and September-December (Coulter, 1970; Matthes, 1967).

3.3.4. Surge

A surge (progressive wave) has been reported three times in Lake
Tanganyika from limnological measurements, each time during inter-
monsoon periods (Tables 1 and 2). Once the trade winds decrease or
stop, the thermocline upwells at the north end of the lake and downwells
to the south initiating internal waves. As reported below, these waves
have features indicative of being non-linear, some of which take the
form called surges (Horn et al., 2001; Mortimer, 1974). Additionally, the
low Wedderburn numbers computed for the lake indicate that such
waves are expected on relaxation of the wind. As the internal waves
progress along the lake, localized mixing can occur. In September 1938,
Beauchamp (1939) observed, at the inter-monsoon period when SE
winds shifted to NE winds, a reversal of the current in the epilimnion, a
fast thermocline depth change and a considerable mixing that could only
be explained by the development of a subsurface wave since completely
calm conditions prevailed. Coulter and Spigel (1991) indicated that the
density redistribution following relaxation of the south wind probably
gives rise initially to a surge moving back and forth along the longitu-
dinal axis that could cause “local severe mixing”. A surge could also be
deduced from temperature and dissolved oxygen (DO) distributions
(Fig. 4) as observed during a research cruise in October 1974 (Chapman
et al., 1974). This surge induced flow of anoxic water from 100 m to
nearly 50 m depth, and with the considerable shear associated with
these waves, considerable mixing would be expected (Dorostkar and
Boegman, 2013). In April 1997, during another inter-monsoon period,
an internal wave propagating along the main axis was also observed
(Huttula, 1997).
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Fig. 3. (A) Photo of a major Cyanobacteria bloom observed during 7 days in September 2018 in the north of Lake Tanganyika (Cocquyt et al., 2021). (B) Photo of a
water sample from a short (<24 h) but intense phytoplankton bloom at Kalemie (D.R. Congo) on September 9, 2013. In the morning, the water turbidity reached 600
NTU. A few hours later, at the beginning of the afternoon, the bloom (locally called “bilembwe-bilembwe™) was no longer observable and the turbidity went back to
previous values of 5 NTU (H. Deladerriére, pers. com.). Both phytoplankton blooms happened at the end of the SE trade winds season just before the rainfalls. Strong
mixing is expected during inter-monsoon periods along the coasts particularly as expected from probable Kelvin waves impacts supported by a clockwise sequence of
events observed in September 2018 (cf. Fig. 2 A). (Photos: (A) W. Akilimali, (B) H. Deladerriere).

3.3.5. Flooding

Flooding of coastal areas was reported several times in April-May,
during the inter-monsoon period (Table 1). On April 4, 2020 the lake
invaded the beach market at the southern end of the lake (Mpulungu)
and a few days later (April 17), it invaded the northern end of the lake as
reported in Gatumba (Rusizi plain, Burundi). The local press indicated
that the lake was “throwing up”. The same day, flooding was observed in
the nearby Uvira at the north of the lake. The lake level increased by
about 1 m and this took place before heavy rainfalls. Waves (possibly
surface seiches) appeared to have induced those flooding which are

more pronounced when the lake level is high during its annual cycle and
particularly some years in relation to the atmospheric circulation (Ber-
gonzini et al., 2004). Rains are mainly observed from November to April.
Specific meteorological conditions could probably also reinforce surface
waves and the amplitude of basin scale waves including any Kelvin
waves at other moments of the year.

3.3.6. Mixing observed from limnological measurements
Limnological observations (N = 17) indicated probable upwelling
during inter-monsoon periods in April/May (Table 1) and September/
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Fig. 4. Dissolved oxygen distribution in Lake Tanganyika up to 175 m depth along a north-south transect at 8 km from the Tanzanian shore. The transect extended
about 425 km southward starting from the border with Burundi. Measurements on the southern trip were made at daily intervals through the period 6-16 October

1974 (Chapman et al., 1974).
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Fig. 5. (A) Ammonium and (B) conductivity of upper layers (0 to 100 m) in the north of the lake near Bujumbura (Burundi) showing deep water upwelling during the
inter-monsoon period of October 1993. X indicate sampling dates at each 20 m depth from 0 to 100 m (data from FAO/FINNIDA in Plisnier et al., 1996).

November (Table 2). Those include a rapid rise of deep waters toward
the surface (observed from 24 h cycle with observations every 6 h)
characterized by colder water temperature, lower DO concentration,
higher conductivity and lower pH in the upper lake layer, all charac-
teristics of deep waters. Increased nutrient concentrations are rarely
observed near the surface as they are rapidly taken up for primary
production. Elevated values of ammonia and specific conductivity have
been observed in near-surface water as well as between 60 and 100 m as
in October 1993 and January 1994 at Bujumbura (Burundi) in the north
of the lake (Fig. 5). The higher specific conductivity, characteristic of
deeper waters, in October corresponds to the inter-monsoon period
following SE trade winds. Various blooms have been observed in the
same period in the north of the lake (Cocquyt et al., 2021) which
probably result from a secondary upwelling (Plisnier et al., 1999). In
January, when a small dry and colder period is known in the north of the
Lake, a decreased water stability then could have allowed internal waves
to have a stronger impact in upper waters at this moment which, re-
quires more investigations.

3.3.7. Wind changes

A sudden mixing event was reported in September 1938 (near
Kigoma) when the winds shifted from SE to NE (Beauchamp, 1939). The
first appearance of the north winds then may be taken as marking the
end of the cool dry season and the onset of the warmer rainy season,
although there may be no rains for several weeks. In early May 1961, a
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brief breakdown of the stratification occurred when there was little wind
stress (Coulter, 1963). A change of wind speed/direction (i.e. wind
decrease/relaxation) can drive oscillations along density surfaces (Ta-
bles 1 and 2). An abrupt frequency change of oscillation of the ther-
mocline was also detected in August- September at the end of dry season
that was interpreted as a possible result from the abrupt change in wind
speed and direction (Naithani et al., 2002). It is thus noted that the few
observations of abrupt wind changes occurred only at the end of a trade
wind season inducing enhanced internal wave amplitudes.

The observations above are considered proxies of mixing. Those are
presented in a graph showing their accumulated occurrence in relation
with the month of their observation (Fig. 6). In this graph, a bimodal
curve is well observed indicating that the monthly occurrence of events
related to mixing in Lake Tanganyika is higher during the two inter-
monsoon periods: (1) around April/May and (2) from September to
November. The details of each event are presented in Tables 1 and 2.

It is noted that an additional period of mixing is identified with
phytoplankton blooms and fish kills sometimes but rarely (N < 10) re-
ported around July-August in the main southern upwelling area
(Table 3). Those events likely corresponded to the apex of an internal
wave reaching the surface during the upwelling as identified in
1993-1994 (Plisnier and Coenen, 2001).
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observed during IM periods are indicative of increased hydrodynamic mixing.

3.4. High frequency temperature data in 2005-2006

Hourly temperature records at 1 m and 40 m in the north of the lake
in 2005-2006 shows 4 periods during the year (Fig. 7). The NE trade
winds season is followed by an inter-monsoonal period (A) which shows
high fluctuations in water temperature at each depth. The SE trade
winds season follows with cooling and fewer short-term variations in
water temperature at 1 m and 40 m. This season is followed by a second
inter-monsoon period (B) characterized again by increased variability in
temperature resulting from oscillations of water layers. It is noted that in
2005 oscillations in temperature were stronger at inter-monsoon A
period while in 2006 the oscillations had a higher amplitude during the
inter-monsoon B period. Inter-annual change is expected in relation to

meteorological conditions such as relative strength of NE and SE trade
winds.

We note that the stronger oscillations of those temperature mea-
surements in 2005-2006 are observed during the same inter-monsoon
periods identified from local knowledge (Fig. 2B) and from increased
occurrence of reported events as proxies of mixing (phytoplankton
blooms, fish kills, etc.). (Fig. 6).

3.5. Remote sensing

Fig. 8 shows some quality metrics computed on the satellite estimate
of chl a. The relative bias (Fig. 8B) and relative error dispersion (Fig. 8C)
based on HPLC in situ reference show the imperfection of the tested
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Overview of events as proxies of type 3 mixing in July/August during the main southern upwelling in Lake Tanganyika. (L = limnology, FK = fish kill, B = phyto-

plankton bloom).

Year Month Site Type Observations References

1960 7 Mpulungu (ZB) L,FK, Upwelling of anoxic water near the shore. Coulter, 1963; Game and Fisheries Dept.

B Fish kill close to shore (<30 m depth). ,1965
Phytoplankton bloom.

1961 7 Mpulungu (ZB) L,FK, Upwelling of anoxic water near the shore. Coulter, 1963; Game and Fisheries Dept.
B Fish kill close to shore (<30 m depth).Phytoplankton bloom. ,1965

1962 7 Mpulungu (ZB) FK Fish kill. Game and Fisheries Dept. ,1965

1963 7 Mpulungu (ZB) FK Fish kill. Game and Fisheries Dept. ,1965

1993 7/8 Mpulungu (ZB) L The 23.75—24.00° C isopleth rises nearly to the surface. Plisnier and Coenen, 2001

2002-2005 8 Southern Lake L Increase in net phytoplankton coincident with max. amplitude of Bergamino et al., 2010

Tanganyika internal waves.
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combinations of aerosol models and bio-optical algorithms. Only images
showing physically realistic structures were used. For each illustrated
case (year-season), the structures are visible on several images over a
period of a few days.

Many phytoplankton blooms were well marked on the sides of the
lake (largely over 1 km from the coasts) although pelagic blooms were
also observed (Fig. 9A and 9B). Those often resulted from the drifting of
an initial coastal bloom.

-September-October coastal blooms

Coastal blooms in September-October were observed during this
inter-monsoon period ending the SE trade winds in 2002, 2004, 2005,
2006, 2007, 2008 and 2013 (Fig. 9B). For the other years included in this
study, cloudiness was too high to allow observations.

-April-May coastal blooms

Coastal blooms were prevalent mostly around the April-May inter-
monsoon period (Fig. 9A) during the whole period of observation
(2002-2014). This included a major coastal bloom mainly along the SE
coast that was observed every year in this period excepted for 2008
when observation was made in June with clearer skies. This delayed
event could result from a second oscillation after a first occurrence that
was not visible earlier.

Each year, this major coastal bloom in April-May was particularly
strong (>5 ug 171, possibly reaching values >30,/40 pg 171) along the SE
coast at about 100 km north of the southern lake end (Fig. 10). Some
years, however, this major phytoplankton bloom seemed to be initiated
in a more southern location (e.g., 2009). Those events took place during
the inter-monsoon periods that followed the NE winds. An overview of
the periods of blooms observed during clear sky days between 2003 and
2014 is provided in Table 4. The average observable bloom duration was
6 days (minimum of 2 days and maximum of 10 days). Often a second
observation of those blooms could be made shortly afterwards (Table 4).
In 2014, however this repeated event reached a duration of about 30

13

days and a strong bloom was also observed along the west coast before
extending into the pelagic area. The longer period could be linked to an
increased visibility that year that allowed to better observe the bloom
duration. It could also result from higher solar radiation and lower
winds which are known conditions favouring cyanobacteria blooms
(Medrano et al., 2013; Paerl and Huisman, 2008). However local
meteorological data were not available to check this hypothesis. This
recurrent SE bloom event around April-May could be interpreted as
resulting from the relaxation of tilted water layers (secondary upwell-
ing) by previous NE trade winds toward the south soon followed by the
onset of southerly winds. The Coriolis force inducing a stronger up-
welling on its left side in the southern hemisphere could explain this
location. The upwelling of nutrient-rich deeper water induces an
increased primary production at the surface there. A repetition of this
event is observed after a few weeks, as indicated in Table 4. Early eastern
winds (data not available) might also have facilitated the upwelling
there. Those blooms sometimes expanded into the pelagic area after-
ward. Those events should not be confused with the main southern
upwelling happening later and often in a more southern location. The
generally windy period from the end of June to August is less favorable
to cyanobacteria blooms.

Alternatively, if the southerly winds begin in March or April, as they
did in 1996 when continuous records were available (Huttula et al.,
1997), the thermocline will begin to upwell in the southern portion of
the basin. Due to the Coriolis force, larger upwelling could be expected
to the southeast. Any wind event lasting one to three days could cause a
local upwelling and downwelling of the now upwelling thermocline
further impacting the flux of nutrients. This mechanism would also
support many of the blooms as described above. It is probable that those
SE coastal blooms of April-May result from the mixing of the “Yalafula
waves” that are observed every year by fishermen in the south of the lake
during this period (see above).
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Table 4
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Duration (days) of phytoplankton blooms (chl a >5 pg 17!) observed during cloudless periods from MODIS image processing (2003 to 2014) at the SE of Lake Tan-
ganyika during the inter-monsoon period (April-May). * The second period of bloom observations in 2014 was exceptionally long (30 days) and not included for the

average.
Southern plankton blooms starting during the April-May intermonsoon
First observation Second observation
Year Start End Days Start End Days
2003 05-24-03 05-26-03 3 Clouds
2004 05-03-04 05-07-04 5 05-29-04 05-30-04 2
2005 05-21-05 05-26-05 6 07-02-05 07-04-05 3
2006 05-03-06 05-07-06 5 06-08-06 06-14-06 7
2007 05-07-07 05-16-07 10 06-20-07 06-29-07 10
2008 05-23-08 05-25-08 3 06-14-08 06-17-08 4
2009 04-19-09 04-26-09 7 05-16-09 05-17-09 2
2010 05-20-10 05-27-10 8 06-07-10 06-08-10 2
2011 05-06-11 05-11-11 6 Clouds
2012 04-30-12 05-02-12 3 Clouds
2013 05-05-13 05-14-13 10 06-23-13 06-27-13 5
2014 04-22-14 04-24-14 3 (05-13-2014)* (06-11-2014)* (30)*
Average 6 4
Range 3to 10 2to 10

4. Discussion
4.1. Annual limnological cycle

Observations presented above from recent observations (Fig. 2a),
local knowledge (Fig. 2b), historical observations (Figs. 4, 5 and 6), time
series of temperature (Fig. 7) and remote sensing images (Figs. 9 and 10)
enable an updated summary of the Lake Tanganyika limnological cycle
(Fig. 11) from that developed in Plisnier et al. (1999). It now includes
the impact of both trade winds and support for the hypothesis of the
occurrence of clockwise Kelvin waves moving along the shores of Lake
Tanganyika. The following sequence is identified:

A. May to September: SE TRADE WINDS (Fig. 11; step 1).

The strong SE trade winds induce considerable upwelling to the
south and downwelling of epilimnetic waters toward the north. In
consequence, the thermocline tilts toward the north. During this period,
coastal upwelling is observed, particularly in the southern half of the
lake (Plisnier et al., 2015). Calculations of the Wedderburn number
indicate that it drops to less than 0.5 to 0.08 for winds of 5.6 to 11 m.s ™!
as the southeast trade winds begin to increase. These values indicate full
upwelling will occur and that the upwelled water will extend some
distance from south to north (Coulter and Spigel, 1991).

B. September-October: Inter-monsoon (Fig. 11; steps 2a and 2b
alternating).

The end or just a decrease (particularly if abrupt) of the SE winds
allows the gravitational relaxation of the tilted epilimnion. At the
northern end, the upwelling of deep nutrient-rich waters (secondary
upwelling) induces a subsurface plankton bloom near the thermocline.
Some years, however, after a windy season, this bloom may develop at
the surface such as in September 2018 (Cocquyt et al., 2021). At the
same time, water from the now upwelling upper mixed layer flows to-
wards the south and, based on the timing of the observations of surges,
these non-linear waves flow toward the south along the thermocline. We
hypothesize that this progressive wave is impacted by the rotation of the
earth (Coriolis effect) resulting in it progressing clockwise along the
shoreline although it may also propagate across the full width of the
lake. It causes upwelling of sub-surface waters with higher nutrient
concentrations, but poorly oxygenated or anoxic water. Mixing is likely
to be severe (Horn et al., 2001). We infer that the fluxes from this type of
internal wave can induce plankton blooms and fish kills along the coasts
(Table 2). Oscillations between the lake ends dampen but may remain
strong until November/December as observed from recurrent “Chim-
banfula” waves in the south. It is also possible that “Chimbanfula” waves
are associated with large amplitude internal waves, which if influenced
by rotation would be Kelvin waves. Further investigations are needed to
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confirm that Kelvin waves occur. Such evidence requires deployment of
thermistor arrays in both inshore and offshore waters. This period cor-
responds to the north to south migration of the ITCZ over Lake
Tanganyika.

C. October/November to April: NE TRADE WINDS (Fig. 11; step
3).

The cumulative impact of NE trade winds induces a downward tilting
of the epilimnion toward the south in some years although it might
remain more level in others (Coulter and Spigel, 1991; Huttula, 1997;
Kufferath, 1952; Van Meel, 1954). This tilting is difficult to identify
because of seasonal heating and a more diffuse thermocline. Coastal
upwellings are frequently observed in the northern half of the lake
during this period (Plisnier et al., 2015). With lower average wind
speeds than in the SE monsoon, the Wedderburn number, when calcu-
lated using temperatures and mixed layer depths as in Huttula (1997)
and wind speeds of 5 m.s™}, drops to values of 0.5. The thermocline and
nutricline in the north are now closer to the surface, (Plisnier et al.,
2015, 1996).

D. April-May: Inter-monsoon (Fig. 11; steps 4a and 4b).

The end or decrease of the NE winds is linked to a gravitational
relaxation of the southward tilted epilimnion water. A strong coastal
bloom is observed in the SE end of the lake (Fig. 10) possibly corre-
sponding to a secondary upwelling resulting from relaxation of the tilted
waters layers toward the south. The basin scale modes generated by
these and earlier winds cause up and downwelling within the rising
thermocline, and if, influenced by rotation, the expected Kelvin waves
would progress clockwise along the coasts. In the south, their first strong
occurrence could correspond to the “Yalafula” waves . Strong coastal
upwelling during the inter-monsoon period of April-May is deduced
from plankton blooms and sometimes also observations of fish kills
(Table 1). This period corresponds to the south to north migration of the
ITCZ over Lake Tanganyika.

This hypothesized limnological cycle of Lake Tanganyika will
certainly need to be improved and completed in the future as more
advanced technology is used on the lake and when continuous obser-
vations from long-term monitoring will be available. However, the
proposed sequence of events is coherent with the multidisciplinary ob-
servations presented above. It could enable modelling to include pro-
cesses during both trade winds for example as they appear to be
important drivers in the limnological cycle of Lake Tanganyika.

Why are trade winds so important for the hydrodynamics of Lake
Tanganyika compared to local winds? Although trade winds are esti-
mated to represent only 25 % of winds stress at Lake Tanganyika
compared to orographic and lake/land thermal winds (Docquier et al.,
2016; Savijarvi, 1997), they appear to have a main impact on the
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Fig. 11. Schematic profile of hydrodynamic events during an annual cycle at Lake Tanganyika. Four periods are identified: (1) SE trade winds (2) Inter-monsoon (3)
NE trade winds (4) Inter-monsoon. During inter-monsoons, strong oscillations of water layers are driven by gravity between the lake ends. Probable Kelvin waves are
indicated. Those would progress clockwise around the lake, inducing plankton blooms, possibly fish kills and other events considered as proxies of strong hydro-
dynamic mixing. The indicated months may vary by + 1 month interannually. Figures are shown as a cut profile near the southern end to represent transversal tilting.
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limnological cycle of Lake Tanganyika. Their quasi-unidirectional stress
during several months has a cumulative impact on water layers tilting
and the piling up of epilimnetic water at the lee end of the lake. Addi-
tionally, velocities stay elevated throughout the day with periods of
increased activities. The persistent basin scale modes (Naithani et al.,
2002) indicates that once these waves are generated, they do not readily
decay. Hence, they modulate the amplitude of the seasonal thermocline
even as it is rising or falling in periods with more sustained winds.
Inversely, orographic and lake/land breezes revert direction on a daily
basis and are generally opposed to similar winds on the other side of the
lake. That said, Naithani et al.’s (2002) analysis indicates winds with
periodicities shorter than that of the basin scale modes computed by
Coulter and Spigel (1991) and often with duration of 4 to 8 days. If these
winds are offshore and occur when the basin scale modes are upwelling,
the results would be to cause tilting of the basin scale wave such that
upwelling occurred nearshore. Thus, while this linkage between wind
and upwelling has not yet documented for L. Tanganyika, the persistent
local winds may contribute to the upwellings and blooms described in
this paper.

Although NE wind velocities are generally lower than SE winds with
more intermittent and calm spells (Coulter, 1991), their cumulative
impact appears to be significant. Occasional violent storms occur during
the NE trade wind season (winds speed > 25 m.s’l) and a strong
waterspout may progress across the main axis (Capart, 1952).

The observations in this paper could explain the two large blooms in
September and October 1975 in the north of Lake Tanganyika (Hecky
and Kling, 1981). One was the result of the secondary upwelling in
response to the end of the southeast monsoon and the other would have
been a result of the abrupt upwelling and Kelvin waves that subse-
quently formed.

4.2. Kelvin waves

Kelvin waves inferred on the basis of the calculated Burger numbers
are supported by the lines of evidence below:

- Local knowledge (3.1) (Fig. 2b)

- Phytoplanktonic blooms and fish kill propagating in a clockwise di-
rection in coastal sites around the lake in September 2018 (Fig. 2a)

- Coastal mixing events during inter-monsoon periods using proxies as
phytoplankton blooms and fish kills or in situ measurements re-
ported in publications or observed during past projects (Fig. 6; Ta-
bles 1 and 2).

- Coastal phytoplankton blooms during inter-monsoons periods
observed from remote sensing images (Figs. 9 and 10)

- It is also noted that a cross-lake transect at the southern end of the
lake in April 1997 showed downwelling to the west and a slight
upwelling to the east (Huttula et al., 1997, Fig. 2.4 2/3).

A latitudinal pattern in phytoplankton productivity of Lake Tanga-
nyika was identified by Bergamino et al. (2010). Thirteen sub-regions
based on co-varying chl a concentration are identified in their Fig. 1.
Wide subregions including eastern and western sides are observed in the
north while in the south, subregions are smaller with a marked east/west
separation. It is suggested that this latitudinal difference could be
related to a stronger Coriolis impact in the south than in the north of the
lake. A better understanding of probable Kelvin waves at Lake Tanga-
nyika is important to understand their impacts on the coastal ecosystem
in general and to possibly anticipate some events such as coastal
flooding.

The high chl a concentration observed from remote sensing indicates
punctual eutrophic and even hyper-eutrophic short and local events
(>40 pg 1Y) in the coastal area at Lake Tanganyika, possibly mainly
induced by Kelvin waves. Previously, values of 30 pg 1! were indicated
by Bergamino et al. (2010). A recent remote sensing study found a few
chl a values between 20 and 70 pg 11 (Vinel, 2022). Intense
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phytoplankton blooms seem more frequent along some shores (fisher-
men, pers. com.) which could depend on site characteristics and
bathymetry.

The regular occurrence of anoxic waters along the shores of Lake
Tanganyika could explain the absence of deepwater (>100 m) fish
species in this lake as suggested by Eccles (1986). The fluctuating
environmental conditions induced by Kelvin waves could induce
specialization/segregation between local abundance of fish species such
as observed in the pelagic area between Stolothrissa tanganicae and Lates
stappersii (Plisnier et al., 2009).

Another possible consequence of the hypothesized Kelvin waves is
their probable impact on the precipitation of carbonates along the shores
(whiting events). A wide variety of carbonate facies, dominated by high-
magnesian calcite, occurs along the littoral and shallow sublittoral zones
(<50 m) of Lake Tanganyika (Cohen and Thouin, 1987; Coulter, 1991).
The precipitation process is often linked to phytoplankton activity and
increased pH (Dittrich and Obst, 2004). In Lake Kivu, the sudden onset
of carbonates is believed to have been induced by higher primary pro-
ductivity (Pasche et al., 2010).

Could the episodic algal bloom events occur due to nutrient loading
from other external sources such as from the rivers and precipitations? The
volumes of inflowing rivers during a year (18 km®) and precipitation (35
km3) are negligible compared to the lake total volume (18,000 km3)
(Spigel and Coulter, 1996) or even to the average mixolimnion volume
(1,500 km?). The main rivers are not situated near the sites where we do
observe major phytoplankton blooms and those are also not observed
during the rainy season. The additional nutrient input of rivers is also not
significant with respect to the nutrient storage in the monimolimnion. A
putative nutrient loading to the mixolimnion of Lake Tanganyika indicated
percentage input by rivers of only 0.1 % for N, 1 % for P and 0.16 % for Si
compared to an estimated 97.4 % for N (mainly from fixation), 90.9 % and
97.6 % for P and Si respectively from internal loading (Hecky et al., 1991).
The river waters are generally colder than the lake and their elevated
density causes the incoming water to rapidly sink below the thermocline
(Capart, 1952; Dubois, 1958b; Kufferath, 1952). The exceptional accu-
mulation of nutrients in the deep water of Lake Tanganyika results from its
old age (>10 million years) and its huge size. The hydrodynamics allow
from time to time the access of those deep waters toward the surface of the
lake. Hecky and Kling (1981) observed that planktonic peaks can develop
rapidly at Lake Tanganyika. In the course of a single day (October 10,
1975), the biomass rose and fell dramatically owing to a rapid increase in
Dolichospermum (previously named Anabaena). Hecky and Kling (1981)
had observed a greater relative range in maximum and minimum chl a
concentration, 20x, at Lake Tanganyika than at any of the Laurentian
Great Lakes. Upwelling and mixing of nutrient rich deep water within the
lake is without doubt the main source of nutrients explaining the major
phytoplankton blooms observed at Lake Tanganyika. It is observed that
these events take places mainly after the relaxation of both trade winds
seasons during inter-monsoon periods.

5. Conclusions

We identify four periods in the limnological cycle of Lake Tanga-
nyika using observations from remote sensing, in situ measurements,
local knowledge, historical observations and published data. These
include two seasons with trade winds when momentum from the trade
winds induces tilting of the upper water layers and two inter-monsoons
periods when this energy is released and internal waves form causing
periodic up and downwelling around the lake. An annual sequence is
proposed that completes a previous hypothesis (Plisnier et al., 1999). SE
winds from May to August/September (phase 1) are followed by relax-
ation of downwelled epilimnetic water in the north and basin scale in-
ternal waves, likely influenced by rotation (hence, Kelvin waves). If so,
these waves would cause coastal upwellings which rotate in a clockwise
direction around the lake between September and October/November
(phase 2) allowing deeper nutrient rich water, sometimes anoxic to
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reach the photic layers inducing phytoplankton blooms and possible fish
kills These internal waves and resulting phytoplankton blooms lead to
changes in abundance and reproduction peaks of various upper food
web organisms (zooplankton, jellyfish, shrimp, fish). NE trade winds
start in October/November and persist until March/April (phase 3).
Their influence appears to be more muted than that of the SE trade
winds with epilimetic water moving southward . The basin scale modes
energized by the SE monsoon persist through to the following SE
monsoon (Huttula 1997, Fig. 2.4.1/13, 2.4.1/14), hence the NE trades
may serve to moderate their frequency or amplitude. Those winds
generally relax around April-May to the north (phase 4) before winds
from the south and southeast increase at the south of the lake. In fact, in
some years winds from the south begin in February. The cessation of NE
trade winds followed by a calm period before the onset of SE trade
winds, causes the relaxation and the seasonal thermocline to upwell
with the basin scale waves still maintained (Huttula, 1997). Periods of
enhanced winds for several days at a time could further enhance up-
welling leading to phytoplankton blooms and fish kills.

Here we show the influence of the hydrodynamics of Lake Tanga-
nyika in other periods than during the SE trade winds. The mainly
unidirectional trade winds pile up lighter upper water layers at the lake
ends for several months. The strong thermocline deflection at Lake
Tanganyika is clearly evident as a result of its north/south orientation
being close to the trade winds direction. The potential energy accumu-
lated, particularly during the higher winds of the SE monsoon, is
released during calmer inter-monsoon periods. A strong inter-annual
variability in upwelling and any associated mixing is expected particu-
larly in relation to fluctuating trade winds intensities and probably also
their ending (gradual or abrupt).

Although Lake Tanganyika is situated relatively close to the equator
and is relatively narrow, the earth’s rotation’s effect is not negligible and
has an impact on the water circulation in this lake. The existence of
Kelvin waves had been deduced from hydrodynamic models (Deland-
meter et al.,, 2018; Naithani and Deleersnijder, 2004). The coastal
location, timing and propagation of mixing events that are presented in
this paper support a clockwise coastal wave circulation as expected for
Kelvin waves in the southern hemisphere although detailed analysis is
needed to confirm their existence unequivocally.

Episodic upwelling of water from 70 m and below leads to diverse
ecosystem consequences and maintenance of Lake Tanganyika’s pro-
ductive fishery. Upwelling may explain the precipitation of carbonates
observed along the shores of Lake Tanganyika (Cohen and Thouin,
1987). Upwelling of anoxic waters induces temporary fish kills. Most
importantly, upwelling of nutrient-rich water leads to plankton blooms
which sometimes reach for a short period a eutrophic or hyper-eutrophic
level. These upwelling events, over the annual cycle, are critical drivers
of the abundance and reproduction of many organisms (phyto- and
zooplankton, fish) and support the productive fishery on which so many
lives depend.

In Lake Tanganyika, many assumptions about the ecosystem func-
tioning are based on inadequate temporal and spatial coverage (Coulter,
1991). Here we have illustrated the value of combining local knowledge,
historical observations, in situ sampling and remote sensing. However,
long-term monitoring at various sites around the lake is needed to
further illustrate the hydrodynamics as a key driver of Lake Tanganyi-
ka’s ecosystem and variability in fish stocks (Plisnier et al., 2023). For
Lake Tanganyika and other lakes, in addition to instrument monitoring
and satellite observation, systematically recording events such as
phytoplankton blooms and fish kills provides useful proxies of hydro-
dynamic events. This combination enables improved description of
limnological cycles and ecosystem functioning to better address local
ecosystem threats but also to better understand the lake’s response to
global scale climate drivers.
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