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   PREFACE   

The Research for the Management of the Fisheries on Lake
Tanganyika project (Lake Tanganyika Research) became fully
operational in January 1992. It is executed by the Food and
Agriculture Organization of the United Nations (FAO) and funded
by the Finnish International Development Agency (FINNIDA) and
the Arab Gulf Programme for United Nations Development
Organizations (AGFUND).

This project aims at the determination of the biological
basis for fish production on Lake Tanganyika, in order to permit
the formulation of a coherent lake—wide fisheries management
policy for the four riparian States (Burundi, Tanzania, Zaïre
and Zambia).

Particular attention will be also given to the
reinforcement of the skills and physical facilities of the
fisheries research units in all four beneficiary countries as
well as to the buildup of effective coordination mechanisms to
ensure full collaboration between the Governments concerned.

Prof. O.V. LINDQVIST                Dr. George HANEK
Project Scientific Coordinator          Project Coordinator

LAKE TANGANYIKA RESEARCH
FAO

B.P. 1250
BUJUMBURA
BURUNDI

Telex: FOODAGRI BDI 5092                 Tel.: (257) 229760

                                         Fax.: (257) 229761
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* Series of technical documents (GCP/RAF/271/FIN-TD)
related to meetings, missions and research organized by the
project.

* Series of field guides and manuals (GCP/RAF/271/FIN-FM)
related to training and field work activity conducted in the
framework of the project.

For both series, reference is further made to the document
number (01), and the language in which the document is issued:
English (En) and/or French (Fr).

   For       bibliographic       purposes       this       document
   should       be       cited       as       follows:

Kotilainen, P., T. Huttula and A. Peltonen
1995 Results of the period of March 1993-December 1994 in

hydrodynamics on Lake Tanganyika
GCP/RAF/271/FIN-TD/43 (En): 97p.

Mr. P. Kotilainen is working as an APO in Lake Tanganyika
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1. INTRODUCTION

The abiotic environment of Lake Tanganyika has been studied
since the beginning of this century. Cunnington (1920) measured
surface temperatures in 1904-05 and almost 10 years later
Stappers and Jakobs made a bathymetric survey and found the
deepest parts of the lake (Stappers, 1914) . In 1938, Beauchamp
(1939) studied temperature and oxygen stratification and the
major nutrients off Kigoma and to the south of Kigoma, in the
southern part of the lake. He recorded the vertical
stratification during the wet season and noticed that upwelling
took place during the dry season in the south. Furthermore, he
noticed, that the water in deeper layers was deoxygenated. The
Belgian ‘Exploration Hydrobiologique’ in 1946-47 proved the
presence of internal waves in the thermocline (Servais, 1957)
and the stratification of the lake was measured more accurately
than before (Capart, 1952) . The same expedition also produced
the first bathymetric chart of the lake (Capart 1949) . During
the late 1950s, Dubois (1958) made the first depth—time—series
of temperature and oxygen data. In early 1960s, Coulter (1967)
continued studying hydrodynamics in the south and later, 1973-
75, with Ferro (1975), in the northern part of the lake.
Although a lot of hydrological and limnological studies have
been conducted on Lake Tanganyika, its hydrodynamic
characteristics are poorly understood. Coulter (1991) indicated
some reasons for this. For example, previous studies have tended
to be localised rather than lake wide. The lake is large and to
conduct a lake wide study requires a lot of resources and
effort. Past data collection has been uneven spatially and
temporally and sampling has been carried out mainly around a few
major ports of the lake. Up to the present study no accurate
automatic recording devices have been used on Lake Tanganyika.

In the LTR hydrodynamic component several hydrological
sampling stations have been established around and on the lake
and data have been collected since March 1993. One of the
objectives of the hydrological studies of LTR is to develop a
hydrodynamic model for Lake Tanganyika and the data presented
here will be used for this modelling work. This document
presents the results of initial data analysis in hydrodynamics
up to the end of 1994.
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2. RECORDING EQUIPMENT AND SAMPLING METHODS

2.1 Automatic recorders

Since March 1993, LTR has equipped three stations and two
substations around the lake and two other offshore stations with
automatic meteorological and hydrodynamical data recording
instruments (Figure 1)

At Bujumbura, Burundi, are located a weather station and a
water level recorder. At Kigoma, Tanzania, a wind station and a
water level recorder and at Mpulungu, Zambia, a water level
recorder, a wind station and a manual anemometer have been
installed. At the two LTR sub—stations, Kalemie in Zaïre, and
Kipili in Tanzania are located a wind station and a manual
anemometer, respectively. LTR’s offshore stations, two lake
meteo buoys, are outside Kigoma in the northern main basin and
40 km to the north of Mpulungu. The installed recorders,
collecting data continuously all around the lake, ensure a
comprehensive coverage, more complete than previous studies.

The first recorders were installed in March 1993 and the
last in August 1994. Some of the instruments have collected data
for more than two years. A list of collected data up to the end
of 1994 is presented in Appendix 1.

In addition to these recorders, data on water currents with
flow cylinders are collected regularly off Bujumbura, Kigoma and
Mpulungu.

2.1.1 Weather station at Bujumbura

The Bujumbura weather station was installed in Bujumbura
port, on a pier, in March 1993. The station has a recording unit
in a housing and 9 sensors at two different heights, at 4 and 13
m above the lake surface. A total of 11 parameters is recorded
at an interval of 10 mm. The sensors at 4 m are for wind speed,
air temperature and relative humidity, and at 13 m for wind
speed and wind gust, wind direction, air temperature, relative
humidity, air pressure, solar radiation and rainfall. The
parameters are mainly recorded as momentary values or as total
sums within an interval. The structure of the weather station
and technical specifications have been described in detail by
Huttula, Peltonen and Nieminen (1993)

2.1.2 Wind stations at Kigoma, Mpulungu and Kalemie

The Kigoma wind station was installed on a cliff south of
Kigoma port in July 1993. It has a scanning unit and two
sensors. The measured parameters are wind speed, wind gust and
wind direction. The recording interval has been set to 10 mm and
the parameters are recorded as momentary values.

The same type of wind stations have been installed at
Mpulungu and Kalemie. The one at Mpulungu was installed in April
1994 and the other, sent to Kalemie in March 1994, was installed
in May 1994, but no data are yet available from it.
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2.1.3 Lake meteo stations off Kigoma and Mpulungu

The lake meteorological (meteo) station off Mpulungu was
installed in the lake during the first hydrodynamic cruise in
March 1993 (Figure 1) . It consists of a scanning unit, wind
speed, wind direction and air temperature sensors, a sub—surface
temperature sensor chain and a memory unit. The thermistor chain
has eleven temperature sensors in depths from 1 to 300 m. Data
recording interval has been set to 60 mm and observations are
stored in the memory unit as momentary values from each depth.
The depths are 1, 5, 30, 50, 70, 90, 110, 150, 200, 250 and 300
m. The measured parameters are water temperatures at different
depths, wind speed, wind gust, wind direction and air
temperature. The structure of the station has been described in
detail by Huttula, Peltonen and Nieminen (1993)

A similar type of lake meteo station is located off Kigoma
(Figure 1) . It was installed in March 1994. The depths of the
sensors differ slightly from the station off Mpulungu and they
are 1, 5, 15, 30, 50, 70, 90, 110, 150, 200 and 300 m. The
sensors above the surface are similar to the ones outside
Mpulungu. The recording interval of the lake meteo station off
Kigoma has been set to 30 mm.

2.1.4 Water level recorders

Each water level recorder located at Bujumbura, Kigoma and
Mpulungu, three in total, has a data recording unit and a
pressure sensor. It registers momentary values of water pressure
and thus the depth of the sensor every 2 s. This means that the
observations are not fixed to any absolute value and only the
periodicity and the amplitude of oscillation can be obtained.
The range of the sensor is 0—0.7 m. Prevailing air pressure is
accounted for in the recordings. Recordings are saved as one
hour averages. The water pressure recorders were all installed
in March 1993. The pressure sensor, connected to the recording
unit, is inside a polyvinyl tube which is fixed to a pier in
order to avoid biased recordings caused by waves. More
information about the structure of the water level recorder is
provided by Huttula, Peltonen and Nieminen (1993)

2.2 Manual recorders

2.2.1 Anemometers

The manual anemometers (Lambrecht, KG Göttingen, type 1440)
are situated at Kipili and Mpulungu. They have a standard
rotator and a counter. Recordings of the counter and the
cardinal wind directions are registered three times a day. In
Kipili the recording times are 0800, 1400 and 2000h and in
Mpulungu 0800, 1400 and 1900h (Burundi time) . The Kipili and
Mpulungu anemometers were installed in June 1993 and in March
1993 respectively.
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2.3 Flow cylinders

Flow cylinders are used for measuring current speed and
direction. They are of standard size, 60 x 100 cm. During use
they are attached with a rope to a buoy. The depth of a
measurement is determined with the length of the rope. The usual
depths are 2, 5, 10, 20 and 40 m, the most common depth is 2 m.
Normally 5 to 6 cylinders are used on one measurement line. When
the cylinders are put in the water the position and the time of
installation of each cylinder are recorded. The Global
Positioning System (GPS) is used to determine the position of
the cylinders. One measurement lasts 1-2 h.  When they are
lifted the position and the lifting time of each cylinder are
recorded. The average drifting speed and direction of each
cylinder between the two points (start and end) can be
calculated. Before and after each measurement, wind speed and
direction are measured. The execution of the measurements is
given in more detail by Huttula, Peltonen, Nieminen (1993) and
Kotilainen (1994) . Current flow measurements are conducted once
a week in three areas, off Bujumbura, Kigoma and Mpulungu, each
having 4 to 5 measurement lines. The locations of the lines are
presented in Figures 2-4.

3. DATA UNLOADING AND PROCESSING

3.1 Automatic recorders

Every automatic recorder has a memory unit where recordings
are stored. The memories have a limited capacity which depends
on preset recording intervals and the number of recorded
parameters. Therefore, the capacity of a memory varies from 1 to
9 months. Recording intervals and the memory capacity of each
station are presented in Table 1. Recorders need frequent
checking and maintenance so, in practice, their full capacity is
hardly ever used.

The weather, lake and wind stations are unloaded using
Aanderaa Instruments P3059 software and water level recorders
with Telog Inc. software. The procedures are given by Huttula,
Peltonen, Nieminen (1993) and Kotilainen (1994) . Further data
processing has mainly been done using Aanderaa software and MS-
DOS EXCEL.

3.1.1 Weather station at Bujumbura

Most of the data from the Bujumbura weather station, wind
speed, wind gust, air temperature, relative humidity, air
pressure and solar radiation, are compiled as weekly and monthly
averages. Standard deviations and minimum and maximum values
have been calculated over the data collection period, March 1993
to December 1994. Rainfall data have been summed on a weekly
basis. The data are presented in Appendix 2. Wind directions
have been divided into 16 main directions and percentages of
each direction are obtained on a monthly basis.
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Table 1. Automatic recording stations, recording intervals,
number of channels and capacity of memories.

STATION Recording
interval

Number of
channels

Capacity of
the memory in

days
Weather station
at Bujumbura

10 mm 12 37 days

Wind station
at Kigoma

10 mm 3 150 days

Wind station
at Mpulungu

10 mm 3 150 days

Lake meteo
station off
Kigoma

30 mm 16 85 days

Lake meteo
station off
Mpulungu

60 mm 16 170 days

Water level
stations

60 mm 1 270 days

3.1.2 Wind stations of Kigoma and Mpulungu

Daily averages, standard deviations and minimum and maximum
values of wind speed and gust on a monthly basis have been
calculated both from Kigoma and Mpulungu wind station data. The
data of Kigoma from July 1993 to September 1994 are presented in
Appendix 3 and the data of Mpulungu from April to December 1994
in Appendix 4. The wind direction data have been treated as for
Bujumbura (section 3.1.1)

3.1.3 Lake meteo buoys off Kigoma and Mpulungu

Averages of wind speed and gust, air temperatures and water
temperatures of different layers (see section 2.1.3) have been
calculated from Kigoma lake meteo station data on a weekly
basis. The data are presented in Appendix 5. Percentages of each
16 main wind directions are obtained on a monthly basis.

The same parameters as above on a weekly basis, have been
calculated from the Mpulungu buoy data. Two depths of the water
temperature sensors of the Mpulungu chain are different than
those of to the Kigoma thermistor chain. In the Mpulungu chain
there is no 15 m sensor, but a sensor at 250 m. The data of the
Mpulungu buoy over the recording period are presented in
Appendix 6.
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3.1.4 Water level recorders

Daily and monthly means of relative water level, monthly
standard deviations and minimum and maximum values have been
calculated. Results of different stations have been compiled to
compare between stations changes in water level. Because of the
relatively narrow range of the pressure sensor, from 0 to 0.7 m,
and the highly varying water level between the dry and wet
season, the sensors have had to be lowered or lifted several
times during the recording period. The change of sensor level,
when a sensor has been moved, has been calculated as the
difference of the last recording before and the averages of the
few first stable recordings after lowering or lifting. This
difference has been added to or subtracted from the first
reading after the change of the sensor level, respectively. This
is necessary to keep the following recordings relative to the
starting level of the measurement. Naturally the corrections are
applied for all future recordings. Therefore, some results (of
Kigoma) are negative. The data are presented in Appendix 7.

3.2 Anemometers

The averages of wind speeds have been calculated for three
different periods of a day as follows: at Kipili 0900—1500 h,
1500-2100 h and 2100—0900 h Tanzania time and at Mpulungu 0800—
1400 h, 1400—1900 h and 1900-0800 h Zambian time. Percentages of
all the observations of momentary wind directions from both
Kipili and Mpulungu data have been obtained. The average wind
speed of each recording interval (see above) has been calculated
by subtracting the current registered number of rotations from
the previous one and then dividing by the time between the two
recordings. Wind direction has been determined by an observer.
The data have been compiled on a monthly basis separately for
each period of a day and are presented in Appendices 8 and 9.

3.3 Flow cylinders

Current flow measurements, current speeds and directions,
have been calculated in Excel. All lines of the current flow
measurements have been analyzed separately, but different depths
for each line have been pooled together. The speeds and the
directions of each line have been plotted as scattered graphs to
give a general view of the dominant current speeds and
directions in different areas over the data collection period.

4. RESULTS

4.1 Automatic recorders

4.1.1 Weather station at Bujumbura

The data of Bujumbura meteo station have been collected in
the period 13 March 1993 to 31 December 1994. In March and April
1993, during the wet season, wind speed (weekly mean) was 2.5
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m/s and the dominant wind direction (>50%) was between NW-NNE
(Figures 5 and 6).  In mid-June the weekly average wind speed
increased to almost 4 m/s. Also the wind direction changed at
the time coming mostly from SSE. Average wind gust in June was
4.5 m/s. Strong SSE winds continued till late October, but after
the first rains, average wind speed was <3 m/s and later in
January decreased to 2 m/s. During the dry season 1993 the winds
were stronger than in the previous wet season (Figures 5 and 6)
. When the rains started the southern winds were still quite
frequent, although less than during the 1993 dry season. The
northern winds became dominant only in January 1994 and remained
prevalent till April (Figures 5 and 6) . Typically the range of
direction for northern winds is wide and southern winds blow
only from two to three directions. Due to an accident in late
May 1994 the station was out of order until late August 1994. In
late August 1994 when the station was again in function, the
wind was still prevalent from the south. In 1994 the wet season
started in September, one month earlier than the previous year.
In November, wind speed decreased and the prevailing direction
of the wind was north, being more typical ‘rainy season’ wind.

Weekly mean air temperatures varied during the recording
period from <23.0 to >26.0°C. The lowest temperatures were
observed during the wet season and the highest temperatures at
the end of dry season or just at the beginning of the wet
season. At the beginning of the 1993 dry season weekly average
air temperature rose continuously till the end of the season,
but when the rains started in October 1993, the average
temperature decreased by 2 degrees. In 1994 the decrease of the
average temperature was even greater, 3 degrees (Figure 7a)

Weekly means of relative humidity varied between 77 and 87
% at the beginning of the recording period clearly declining
during the dry season. After the first rains in late October
1993 average humidity increased to 85 % and at the end of the
wet season it reached almost 90 %. In August 1994 the average
humidity was as low as 55—60 %, but after the first rains in
October it increased rapidly reaching a level of 70-80 % in
December 1994 (Figure 7b) . However, it did not reach the same
level as in December 1993.

The rainfall data shows that the dry season started in 1993
in late May, changing to the wet season in late October. Total
rainfall measured at Bujumbura port during the rainy season of
1993-94 was 460 mm. In 1994, the dry season started again in
late May but the wet season began in early September, one month
earlier than the previous year. The shift from the dry to the
wet season has been determined according to the dates of the
first and the last recorded rains in Bujumbura port. Because the
data collection period started during the wet season of 1993 and
ended in December 1994, the total rainfall from only one wet
season, 1993-94, has been recorded (Figure 7b)

As with most of the measured meteorological parameters, the
variation in solar radiation followed a seasonal pattern and it
was highest on average (weekly) just before the start of the wet
season both in September 1993 and late August 1994, ca. 300



GCP/RAF/271/FIN-TD/43 (En) 8

W/m2. During the heaviest rains in January and February 1994
weekly average solar radiation reached the lowest values (150
W/m2 of the observation period (Figures 7b and 7c) . The highest
averages have been recorded just before the wet season.

Seasonal changes are clearly seen in the variation of the
air pressure (weekly means), although the variation was quite
small, between 922 and 928 mbar. At the beginning of the dry
season of 1993 the weekly average air pressure reached 928 mbar.
It decreased steadily from July and in September dropped sharply
just at the end of the dry season. The lowest average was
recorded in November but and the started increasing to its
maximum which was reached in May 1994. The lowest value in 1994
was recorded in September after the rains had started (Figure
7c) . Seasonal variations were similar for both years.
Occasionally the air pressure values were low due to the
altitude of the region.

All the measured parameters show a clear seasonal variation
that more or less follows the changes of the wet and dry
periods, but the timing of large changes varies slightly for
various reasons. For example, the maximum weekly average air
temperature in 1993 and 1994 was reached in late September.
However, in 1993 it occurred before the start of the wet season
but in 1994 only after the rains had started. The rains in 1993
started one month mater than in 1994. Significant differences
can be seen in relative humidity values at the beginning of the
wet season in 1993 and 1994. In 1993 the average relative
humidity was >75% while in 1994 relative humidity was 55%. Late
in 1993 the prevailing winds were from the south untypical for
wet season. The variation of the different parameters is highest
during the shifts between wet and dry seasons.

4.1.2 Wind station at Kigoma

The recording started in Kigoma in July 1993. Weekly
average wind speed at the beginning of the dry season was 4.5
m/s, and the prevalent wind direction from the coast was E-NE
(Figures 8 and 9).  During the dry season in 1993 the wind was
blowing across the lake from E or from W. Average wind speed was
reduced to 2.5 m/s towards the end of the season and at the
start of the wet season in late November. In 1993 the rainy
season started in Kigoma one month later than in Bujumbura. At
this time the wind direction changed slightly, lake wind shifted
more towards NE. During the wet season, the average wind speed
varied from 2.5 to 3.5 m/s1 but again, as in 1993, at the
beginning of the dry season of 1994 increased to 4 m/s. The wind
direction also changed to across the lake, mainly from land. In
August-September 1994, the easterly winds became less dominant
and indicated the change in seasons but the average wind speed
was still as high as during the dry season (Figures 8 and 9)

4.1.3 Wind station at Mpulungu

At Mpulungu station the daily average wind speed and wind
gust varied during the recording period April-December 1994 from



GCP/RAF/271/FIN-TD/43 (En) 9

2 to 6 m/s and 4 to 12 m/s, respectively (Figure 10) . The dry
season started in early to mid April just before the station
became functional. During the dry season high variation in the
daily average wind speed can be seen, especially from July to
early September (Figure 10) . In July standard deviation of the
average wind speed was as high as 1.2 m/s. In mid—September 1994
the wet season started, and wind speed and variation decreased
gradually from 3.1 m/s and 0.8 m/s respectively in September to
2.0 and 0.2 m/s in December (Appendix 4) . During the dry season
the prevailing wind was blowing from the SSE (Figure 10).
In general, the average wind speed was strongest at Mpulungu
compared to the other stations.

4.1.4 Lake meteo station off Mpulungu

Data collection at Mpulungu lake meteo station started in
March 1993. In the beginning, the wind direction was SE or NW
and weekly average wind speed was ca. 3.0 m/s. In mid-May 1993,
at the beginning of the dry season, south-easterly winds became
more prevalent and average wind speed increased from 4 to 6 m/s.
Average wind speed and gust were at maximum in July, 6 and 9
m/s1 respectively (Figures 11 and 12a) . These strong south-
easterly winds continued till early September (start of the wet
season) when winds started to diminish and shift. From October
the winds were weak until mid-April 1994. After the last rains
wind speed increased again coming dominantly from the S-SE. In
July 1994 the strongest winds were recorded, as in July 1993.
The period of strong, apparently SSE winds continued till early
September (Figure 11) and then weakened towards the end of
December (Figure 12a)

At the beginning of the recording period in 1993, weekly
average air temperature decreased slightly and reached almost
27.0°C just before the start of the dry season. In late May the
air temperature decreased significantly and by late June was
only 23.5°C. Towards the end of the dry season the air
temperature started increasing slowly and by mid-September 1993
it reached 25.3°C, the average for the recording period. The
maximum weekly averages were recorded at the beginning of the
wet season but in January the average air temperature decreased
to 25.0°C. The dry season started in mid-April 1994 and in early
June the average air temperature was as low as 23.0°C. It
increased again to 26.5 °C in late September when the wet season
started, but in mid-November decreased to 25.0°C (Figure 12b) .
Thus very clear periodicity was observed in air temperature.

The water column was vertically stratified in March 1993
and the thermocline was between 30 and 50 m. At one metre depth
the average water temperature (weekly mean) was >27.0°C, in 90 m
>24.0°C and at 300 m 23.4°C. In April, well before the start of
the dry season, at depths of 30 and 50 m, the water temperature
decreased more than one degree indicating the weakening of
stratification. Later the upper layers began to cool down as the
air temperature dropped. The water temperature decreased rapidly
in June 1993. In July, in the middle of the dry season, the
difference in the water temperature between 1 and 300 m was <1.0
°C. In September the surface temperature started increasing and



GCP/RAF/271/FIN-TD/43 (En) 10

vertical stratification was re-established in November.
Stratification continued during the whole wet season i.e. until
the April 1994. In mid-April the vertical stratification started
to break down and the water column was apparently unstratified
in July. Just before the wet season in 1994 the water
temperatures at 1 and 5 m started to increase rapidly and in
late October the temperature reached 27.0°C. There is a clear
seasonality in the water temperature down to 150 m. The
temperature variation between the seasons is highest in the
surface to 50 m range. In deeper waters 70 to 110-150 m
seasonality is clear but the variation in the temperature is
fairly small, between 0.1 and 0.3°C. (Figures 12c and 12d)

A short-term variation in water temperatures can be seen
between 70 and 300 m. The periodicity in this variation is
approximately one month. It appears that the amplitude varies
depending on the season. During the dry season and in deep
layers the amplitude is the highest becoming weaker towards the
end of April. In March and April 1993 this variation could
hardly be seen at 200 and 300 m (Figure 12d)

The effects of different factors which cause the cooling of
the surface water and results in upwelling can be clearly seen.
While the wind is increasing and the prevailing wind direction
turns to the SE the air temperature decreases (Figures 11, 12a
and 12b) . Increased evaporation, due to the stronger winds,
together with sensible heat flux cools down the surface water.
Late in June the air temperature is lower than the surface water
temperature. Due to the strong SE winds warm surface water is
moved towards the north and cooler water from deeper layers
wells up.

4.1.5 Lake meteo station off Kigoma

The recording period started in March 1994. At the start
the weekly mean of wind speed was 3-4 m/s (Figure 14a) and the
direction was from E-NE (Figure 13) . The wind speed decreased
slightly towards May, but the dominant wind direction was still
the same. Data collection was not carried out between June and
mid-August 1994, so an important period of the dry season was
not recorded. In late August to September the winds were weaker,
well below the average speed, and prevailing directions were
different from those of April to May (Figure 13) . The main
directions were then north and south. In October to December
average wind speeds remained weak and the directions shifted
slightly from land to S—SE.

In March 1994 the weekly average air temperature was about
the same as the average value of the recording period and then
in September, before the start of the wet season, it increased
to 26.0°C.  It decreased again being <24.0°C in December. The
air temperature variation was the highest in October to December
1994 (Figure 14b)

Weekly means of water temperature near the surface, at 1
and 10 m, were between 26.5 and 27.0°C. At the beginning of the
recording period, the vertical stratification was clear and the
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thermocline was estimated to have been between 50 and 70 m where
the temperature difference was highest. The variation between
the surface and 300 m was at maximum 4.5°C from 27.0°C to
<23.5°C (Figures 14c and 14d).  During the dry season
stratification apparently broke down. It could still be detected
in August and September due to cooling of the surface. This was
noticeable down to 70 m. A very rapid restratification took
place in late—September when the surface temperature increased
and the layers between 50—90 m cooled down. Water remained
stratified till late November which was unusual since the air
temperature was low, 2.0°C below the surface water temperature
and the winds were very weak.

Due to the short recording period and no data collection in
the dry season, it is difficult to discern a clear seasonal
periodicity of water temperature at depths of 200 and 300 m.
Apart from the seasonal periodicity at 200 m is there some
indication of internal waves, but these waves are not as clear
as in the southern part of the lake. The periodicity of the
internal waves seems to be ca. 1 month (Figure 14d).

4.1.6 Water level recorders

Relative changes of the water level at the three stations
are presented as daily means in Figure 15. The recording period
at Mpulungu was from March to December 1993, at Bujumbura from
March 1993 to the end of August 1994 and at Kigoma from March
1993 to the end of November 1994. The recording commenced during
the wet season when the water level was almost at its highest.
At each station at the beginning of the wet season, the level
started decreasing and was lowest at the end of October at
Bujumbura and Mpulungu. The dry season continued slightly longer
at Kigoma, until late November. The lake level rose when the
rains started. At the beginning of the dry season in 1994 the
drop in the water level at Bujumbura was greater than at Kigoma.
The peak value of the recorded water level at the end of the wet
season in May 1994 was 40 cm and 15 cm less for Kigoma and 15 cm
Bujumbura respectively, compared to May 1993.

The measured relative changes of water level could not be
compared to lake water level data because no water level data
from the recording period were available. Nevertheless, the last
data available at Bujumbura port recorded in December 1992 have
been used as baseline data to obtain the real water level
values. These are presented in Figure 16 together with the
cumulative rainfall from the same station. It can be clearly
seen from the figure, especially in 1994, that when the rains
diminished and then stopped, evaporation became a dominant
factor and the lake level started to go down. This occurred one
to two weeks before the rains finally ended.

In general, the periodicity in water level change is clear
at each station depending on two main factors: rainfall and
evaporation. The outflow remains a less important factor.
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4.2 Anemometers

4.2.1 Kipili

The data of the Kipili anemometer station were divided into
three parts, morning/early afternoon wind (0900—1500h), late
afternoon/evening wind (1500—2100h) and night wind (2100-0900h).
The recording period started in July 1993 during the dry season.

Weekly average wind speed was at the beginning of the
recording period 2.5-3.0 m/s (Figure 17) . Late in August and
early September it increased to 4.5 m/s and was 3.5 m/s in
October—November 1993. It dropped again during the wet season to
2.0-2.5 m/s and towards May 1994, at the beginning of the dry
season, it increased slightly to 3.0 m/s (Figure 17) . The
prevalent momentary wind direction in July-August was S. In
September the direction changed and was blowing from NW and W.
Up to April 1994 these were dominant directions, except in
February, when some E land wind was recorded. In May the S and W
winds became prevalent indicating the start of the dry season
(Figure
17)

During the recording period both afternoon/evening and
night wind speeds have been weaker than the morning/early
afternoon wind speeds, the latter >2.0 m/s on average. Momentary
wind directions of these wind were dominantly from land between
NE and SE, but no seasonal patterns were observed (Figures 18-
19)

4.2.2 Mpulungu

At Mpulungu anemometer station, as at Kipili, the weekly
average wind speed and momentary direction were recorded three
times a day, between 0800—1400h as morning and early afternoon
wind, 1400—1900h as late afternoon and early evening wind, and
1900-0800h as night wind.

The weekly average wind speed in the morning presented in
Figure 21 shows that at the average wind speed increased
steadily from the beginning of the dry season until July-August
decreasing again in September. In February the average was 2.0
m/s. In April 1994 the average wind speed started increasing and
was strongest in August 1994 at 6 m/s. Towards the end of 1994
the wind decreased again, to 3.0 m/s. The prevailing wind
direction was NW throughout the recording period (Figures 20 and
21)

The afternoon—early evening winds were weaker, 2.0—4.0 m/s1

than the morning winds (Figures 21 and 23), but a large
variation during the dry seasons can be noted (Figure 23) . The
prevalent direction was SE and, especially in February-August
1994 these winds were very dominant (Figures 22 and 23)

The night winds appear to be the strongest offshore winds
at Mpulungu. A clear seasonality in the wind speeds can be seen
(Figure 25) . At the beginning of the dry season the average
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wind speed increased from 2.5 to 5.0 m/s and in July to 7.0 m/s.
It decreased again in September 1993 and was weakest in January
1994, 2.0—2.5 m/s on average at which time the prevailing winds
were southeast (Figures 24 and 25) . In May 1994 the average
wind speed increased to 7.0 m/s1 but decreased again in August-
September to 3.0 m/s and later to 2.0 m/s. In general the
direction was SE, although from October to December the SE winds
were not so dominant. During the dry season, June to September
the wind was only from the SE (Figures 24 and 25)

4.3 Current flow measurements

4.3.1 Bujumbura

Current speeds and direction at all depths measured, for
line 1 are compiled in Figure 26. The figure shows that the
currents were rarely >10 cm/s and then only at 2 m depth. The
currents at line 1 corresponded approximately with the wind
pattern of Bujumbura, especially at 2 m depth. The prevailing
current directions, SE-SW and NE-NW, were similar to the winds.
The currents moving to the north were the strongest matching the
S winds. These winds were stronger than the N winds in this
area. The directions of slow currents were between SE and SW.
The maximum measured current speeds were 18 cm/s and their
direction N.

The speeds of the currents in line 2 were slowest in the
Bujumbura area, at maximum 13 cm/s. The prevailing direction
differed from line 1. Fast flows were to the south, while slow
currents moved in directions. The NE-NW directions were the most
common. The strongest currents, even at 2 m depth, were against
the southern wind which prevailed in the Bujumbura area. The
currents at 2 m depth were the fastest, while the currents in
deeper layers, 20 and 40 m were ≤ 5 cm/s (Figure 27)

At line 3 the prevailing and fastest currents were to the
south, similar to line 2, and against the wind even at 2 m
(Figure 28). In deeper layers the currents were slower and their
patterns unclear. The currents were clearly faster (at maximum
18 cm/s) than at line 2.

At line 4 the current flows were the fastest of the all
sampled areas off Bujumbura, at maximum >20 cm/s. The direction
pattern clearly followed the coastline (Figures 2 and 29),
currents flowed either to the S or SE or to the NW-NE. Although
most of the currents were to the south a few fast north currents
were recorded at 2 m, following the wind direction pattern of
the area (Figure 29)

4.3.2 Kigoma

At general the currents were faster at Kigoma than at
Bujumbura. In three lines out of four the maximum current speeds
were >25 cm/s (Figures 31—34)



GCP/RAF/271/FIN-TD/43 (En) 14

At line 1, to the north of Kigoma, maximum speeds reached
27 cm/s. The prevailing direction of these currents was between
SE and SW. The currents to the north were normally slower hardly
exceeding a speed of 6 cm/s (Figure 30) . The currents at line 1
did not follow the local wind pattern of the area. Prevailing
winds were across the lake, while the currents were flowing
longitudinally. Some of the currents at 20 and 40 m depths were
>15 cm/s. However, they did not have a clear directional
patterns.

At line 2 both speed and direction were very similar to
line 1. The currents at 2 m were the fastest, but they were not
as strongly directed to the south as the currents at line 1.
However, the main direction was S, which did not follow
prevailing wind directions. The currents at 20 and 40 m were
weak, ≤15 cm/s1 and were dispersed in many directions (Figure 31)

In line 3 south of Kigoma (Figure 3), the currents were the
fastest. Maximum speeds were 30 cm/s even at 40 m depth.
Prevailing flow was S, but there was an indication of NW
currents. A few fast NW flows were recorded as well at 40 m
(Figure 32) . It should be noted that the currents at 40 m were
as fast as at 2 m, although the currents in 20 m were usually
<15 cm/s (Figure 32) . Without exception all the southerly
currents at 40 m were >20 cm/s.

The currents at line 4 outside Ujiji, differed from the
other currents of this area both in speed and direction. The
speeds of the currents were slower than at the other lines
(Figure 33) . The direction of the currents partially
corresponded with the wind pattern of the Kigoma area, where the
fastest winds were from the west and slower winds from the land,
in the east. However, the prevailing direction could not be
detected as they were in the other lines. Most of the currents
at all of the lines mainly followed the coastal contour (Figures
3 and 33) . The currents at 20 and 40 m were especially slow,
normally <5 cm/s and flowing in several directions.

4.3.3 Mpulungu

Current flow measurements made at 5 lines (Figure 4) were
the most complete for all the current recording areas around the
lake. The southern part of the lake was considered to be the
most important area to study currents because of the strong
upwelling during the dry season. The average current speeds
reached 35—40 cm/s and were the highest of the 3 sampling areas.

At line 1, on the east coast, the currents were the slowest
in the Mpulungu area. Maximum recorded current speeds were 24
cm/s. The currents flowed in several different directions but
the prevailing and fastest to the SE and SW. The currents were
fastest at 2 m depth (Figure 34) . The currents followed the
wind direction in the area, where daytime prevailing winds were
from the NW.

The current directions at line 2 differed from those at
line 1. At the latter the prevailing currents were to the SE and
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SW compared to NW and NE at line 2 (Figure 35) . Some of the
weaker currents flowed to SE and speeds were <10 cm/s. Maximum
recorded speeds in line 2 were 25 cm/s. Strong surface currents
were quite common. Currents in 10 and 20 m depths reached a
speed of 20 cm/s, flowing towards the north. The currents at
line 2 were mainly opposite to the prevailing winds.

Line 3 was located on the western coast (Figure 4) . There
the measured currents were fast and mainly in two directions SE
and NW, following the coast. The NE currents were faster but
were less in number compared to the south-easterly currents. The
NE currents matched the prevailing wind direction. In general
the currents at line 3 were fast at all depths even at 20 and 40
m (Figure 36) . The maximum speeds at 20 and 40m were 30-40
cm/s, twice the maximum speed recorded off Bujumbura.

The currents at line 4 differed from line 3 in their speed
and direction. The maximum speed was ca. 30 cm/s and the
dominant direction of the currents seemed to be more across the
lake from E-SE to W—NW or vice versa (Figure 37) . The
prevailing currents were to the W—NW and as at line 3 fast
currents were observed at depths of 20 and 40 m.

At line 5, the currents flowed at maximum 40 cm/s, and were
predominantly NW or to E-NE. The NW currents were the fastest.
The total number of measurements at line 5 was low compared to
other lines in the Mpulungu area, but the direction pattern was
very clear. Fast currents existed at all depths and the maximum
speed was 40 cm/s (Figure 38) . Prevailing strong southern winds
did not match the dominant current direction.

5. DISCUSSION

Bujumbura: meteorology in the northern part of the lake

The dry season at 1993 started in Bujumbura in late May and
continued until late October. A long dry season is typical for
Burundi and for the whole lake region. The wet season in 1993-94
started at Bujumbura in late October and continued until May.
The amount of rainfall decreased slightly in late December 1993,
but the heaviest rains were in January 1994. The occurrence of
dry and rainy seasons and their causes are described by Bidou et
al. (1991) . In general a short wet period starts in October and
continues to December. It is normally followed by a short dry
period and then a long rainy period. However, in 1993-94 the
rains diminished in December but the real short dry period could
not be observed.

In the lake region the change from the dry season to the
rainy season is probably regulated by the austral and boreal
trade winds, which are closely linked with the Inter-Tropical
Convergence Zone (ITCZ) and its active rainy zone movement. The
movement of the ITCZ is based on the high pressure and anti-
cyclone zones in Arabia and the Indian Ocean. The ITCZ passes
over Burundi from north to south in from October to December. In
January it is usually located to the south of Burundi, causing
the short dry season. In March it again moves towards the north,



GCP/RAF/271/FIN-TD/43 (En) 16

normally giving the heaviest rains of the whole year (Bidou et
al., 1991) . The simplified dynamics of ITCZ are presented in
Figure 39. Burundi is located in the transition area between
equatorial and tropical climates. The equatorial climate, as in
Uganda, to the north of Burundi, has two rainy and two dry
seasons. The tropical climate area, to the south of Burundi has
one dry and one rainy season. Therefore, it is possible that the
dominance of these two climates changes and in some years, in
Burundi, the short dry season does not occur as was the case in
1993-94.

The average total rainfall in the 1993—94 wet season at
Bujumbura port was below the normal average recorded at
Bujumbura airport, 460 mm and 840 mm/y, respectively (unpubl.
data from 1922—93 of IGEBU, Institut Geographique du Burundi) .
From October 1993 to May 1994 the active zone of ITCZ did not
move to the south of Bujumbura, but affected the region for the
whole time. However the wet season started later than usual and
when it did start the active rain zone of ITCZ was found to be
dispersed resulting in rainfall below normal (Anon., 1994).

In Bujumbura slow northerly winds are prevalent during the
wet season and faster southerly winds during the dry season. The
dominant wind directions in the East African region are also
related to the movement of ITCZ. The ITCZ is at the
confrontation of the southern and northern trade winds. When the
ITCZ passes Burundi at the beginning of the wet season the
prevailing wind changes from south to north (Anon., 1993; Anon.,
1994).

Although the ITCZ strongly affects the winds in this
region, local factors such as air temperature and topography
play an important role especially in the dial rain and wind
patterns. The location of the meteorological station at
Bujumbura port on a pier being a semi-lacustrine station. Lower
rainfall recordings are made here compared to the land station
at Bujumbura airport (see above).  Unpublished data of IGEBU
(Institute Geographique du Burundi) from January 1992—June 1993
showed that the precipitation at the Bujumbura airport was 429
mm/y less than at Kamenge, which is situated only a few
kilometers from the airport at the higher altitude. The local,
daily lake wind, ‘Mirwa’, created by hot air on land, causes
convection rainfall on the escarpments around Bujumbura at noon
or early afternoon (Bidou et al. 1991) . During this short but
heavy rain the different air masses are quickly mixed and
rainfall decreases before reaching the coastal area and the
lake. Beachamp (1939) concluded that the rainfall was greatest
on the lake, but this was proved to be a wrong by Capart (1952)
and Coulter (1963) . The dispersion of precipitation during the
wet season and the location of the LTR station at Bujumbura port
may be the cause of the very low precipitation measured in 1993-
94.

The factors mentioned above, probably regulate the
meteorological parameters like temperature, humidity, solar
radiation and air pressure. A rapid drop in temperature just
before the start of the wet season both in 1993 and 1994 was
probably linked to the ITCZ front. It is evident that the
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increase in relative humidity was caused by the first rains. A
decrease in the air pressure at the end of the dry season
indicated the approaching rainy zone and the start of the wet
season. The great variability of the relative humidity between
1993 and 1994 before the wet season, supports the view that the
sporadic rain around the area in 1993 and .the trade wind from
the south together caused an exceptional ‘dry’ dry season. Due
to this in December 1994 relative humidity was much lower than
at the same time in the previous year. When the humidity was
low, due to the reduced rainfall, evaporation increased
considerably. This was clearly observed in 1993-94. The average
evaporation in the dry season (June—September) 1994 was 140
mm/month while in 1993 it was 90 mm/month (Kakogozo,
pers.comm.).  Evaporation and rainfall are the main factors
which regulate lake level.

Kigoma: wind pattern on-shore and off-shore and changes in
vertical stratification in the north main basin of the lake

At Kigoma land station the prevailing winds are usually
across the lake, from the east or from the west. The winds are
thermal in their origin. Beauchamp (1939) observed the same
phenomena in Mpulungu. During the night, air temperature on the
lake is higher than on land, but during the day the opposite
occurs. Dial variation of air temperature is smaller on the lake
than on land. In the morning a light wind blows from land but
towards noon the wind shifts to the west and intensifies. This
wind continues normally for a few hours until early evening when
the wind shifts again to the east and decreases. During the noon
and early afternoon the temperature differences of air masses
between the land and the lake are greatest causing the strongest
winds of the day from the lake (Beauchamp, 1939) . During the
dry season at Kigoma, the winds are stronger than the wet season
due to the greater differences between daily minimum and maximum
temperatures. At this time the prevailing easterly-westerly wind
pattern is the clearest. A weak seasonal variation in average
wind speeds compared to the seasonal wind patterns of Bujumbura
and Mpulungu supports the observation that the wind pattern of
Kigoma is mainly thermal in origin, and not strongly affected by
the southerly and northerly trade winds. Therefore, the dial and
seasonal temperature differences between lake and land are the
main factors affecting the wind speeds of Kigoma.

In the open lake area off Kigoma the wind pattern differed
from that on land. During the dry season the prevailing winds
were westerly or directed longitudinally along the lake, south
to north. The winds outside Kigoma were not thermal in origin. A
wind speed and air temperature relationship, typical for wind
that are thermal in origin, was not well defined in the present
study off Kigoma as it was at Mpulungu. At Mpulungu, during the
dry season, the dial variation of air temperature and wind
speeds was the highest. The winds in the open waters off Kigoma
were occasionally affected by the land wind pattern. It is
possible that the wind pattern was a mixture of thermally
originated and south trade winds, as the winds varied strongly
between the seasons.
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The seasonal variation in stratification off Kigoma was not
well marked as off Mpulungu which was partly due to
insufficient, missing data in the dry period. The strongest
stratification occurred in March to May when the thermocline was
between 50 to 70 m (Figure 14c) . Later, during the dry season
there may have been some upwelling, although probably not as
strong as off Mpulungu. van Meel (1987) noted a distinct
thermocline still in early August at 85 m. In the present study
some evidence for upwelling could be found. In late August and
September when the stratification was weak, surface temperature
was 1.5°C lower than in April at 70 m the average temperature
was less than in May, before the dry season. As Beauchamp (1939)
showed, some mixing occurs in September off Kigoma as late as
early October. According to data in late September 1994
restratification was established rapidly and the thermocline was
between 30 and 50 m (Figure 14c) . The winds were then weak, but
despite decreased air temperature, the water temperature close
to the surface remained fairly high (26.2°C) until mid-November.
Normally a nocturnal sinking of cooler surface water causes
mixing by convection (Home and Goldman, 1994) which would be
seen as a decrease in the surface water temperature. This
convection can even be more efficient than mixing due to the
wind and is sometimes the main source of mixing in stratified
temperate and tropical lakes. In Mpulungu but not in Kigoma, the
effect of both the wind and decreased air temperature was noted.
It has been suggested by Coulter (1991), that the warm surface
water from the south, pushed by the trade wind, flows to the
north and can be seen as a downward tilting of the thermocline
in the northern part of the lake. Differences between the
surface and air temperatures by as much as two degrees supports
this theory. However the current measurements off Kigoma are not
consistent with this as the currents flow mainly to the south.
The measured currents were only from one part of the circulation
system in this region and the northward movement of surface
water was probably missed. It has been proved that the wind
patterns on land and off shore are different and thus they might
result in different onshore and offshore current patterns as
well. The epilimnion water was >26°C for 2.5 months and cannot
be explained as a local anomaly. After this 2.5 months period,
in mid-November, the air temperature decreased below 24.0°C and
surface water cooled down. Stratification became weaker,
indicating some upwelling. This weak stratification was observed
in January by Beauchamp (1939).

Kipili: wind pattern in the south middle part of the lake

There is some evidence for thermally originated wind
patterns at Kipili, as at the other land wind stations. In the
morning and in the evening there were land breezes and in the
afternoon winds were from the lake. The wind speed was higher in
the afternoon. Some seasonality could be seen as the wind was
clearly stronger during the dry season. The difference in the
wind direction between seasons is obvious, although the present
data does not cover the whole year. The average wind speeds are
in general fairly low, the lowest recorded around the lake.



GCP/RAF/271/FIN-TD/43 (En) 19

Mpulungu: wind pattern on-shore and off-shore and changes in
vertical stratification in the southernmost part of the lake

Wind pattern

The seasonality in wind speeds and direction was clearest
in the southern part of the lake and this can be seen in all
wind data collected in this area. The winds were strongest from
late April-early May to late September. The prevailing wind
direction was south-southeast. Apparently ITCZ, which determines
the rain and dry seasons in the lake region, also affects the
winds in the southern part. As can be seen in Figure 39, at ITCZ
two different trade winds meet, the northern boreal, which is
prevalent on the northern side of ITCZ, and the southern austral
that prevails in the south (Bidou et al., 1991) . Therefore,
prevailing winds and rains around the lake may be based on the
movement of this inter-tropical convergence zone and its active
rainy zone. They are both dependent on the seasonal atmospheric
circulation in the East African region (Bidou et al., 1991) .
During the warm wet season the winds are mainly weak although
some storms with heavy rain may occur from the north and the
southern wind are not prevalent (Coulter, 1991) . During the dry
or cold seasons, when the ITCZ is located at the latitude of
Ethiopia and Sudan (Bidou et al., 1991), the dominant wind is
the south trade wind.

Apart from general seasonal variation of wind direction and
speed there is considerable dial variation, as shown by the data
from three daily measurements at the anemometer. Off—shore winds
were prevalent early in the morning and around noon, while in
the afternoon, evening and during the night the dominant wind
direction was from the southeast. This variation was thermally
originated and seemed to be fairly common in the different parts
of the lake. This dial wind regime has been recorded by
Beauchamp (1939), Capart (1952) and Coulter (1963) .
Additionally Coulter has stated, that in the Mpulungu area the
wind is channeled by the high escarpments directly along the
longitudinal axis. The southern trade wind starts in April
probably causing the land air temperature to decrease. Because
of the high heat capacity of large water masses, cooling of
water is slower than air and the difference between the air
temperatures on land and on the lake becomes greater during the
dry season. Capart (1952) noted that air temperatures on the
lake are strongly influenced by lake surface temperatures and
maintained at a high stable level, maximum dial variation rarely
exceeding 2.0°C. Coulter (1963) noted that at Mpulungu, between
June and the end of August, night air temperatures of the
plateau were <12.0°C and the variation in maximum and minimum
temperatures were sometimes 12.0°C during the dry season, but
only 5.0- 8.0°C during the wet season. The dry season is
remarkably cooler than the wet season and the thermally
originated winds are stronger during the former.
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Seasonal temperature variation in the southern part of the lake

Seasonal changes in water temperature seasonality were
clearest in the Mpulungu area. As mentioned in the previous
section, the strong southerly winds caused partial cooling of
the air, but the cooler air masses from the south may also have
played an important role in cooling the surface water. The
decrease of the air temperature together with the strong wind
first cooled the surface. Due to the latent (evaporative) heat
loss and sensible heat exchange, the vertical stratification
started to break down and by late July 1993 and later become
unstratified down to 110-150 m. Restratification started slowly
in late August 1993 while the wind was still strong 5-6 m/s. As
the wind speed decreased the restratification increased and by
November was restored. This was the period of the highest (27°C)
air temperature. The air temperature decreased in January 1994
resulting in cooling of the surface water. At that time the wind
was weakest <3 m/s of the whole study period. It is possible
that the heavy rains also caused the partial cooling of the
surface temperature. The restored stratification persisted until
April 1994, when it started again started to break down. In 1994
the effect of the strong winds seemed to be the main cause for
destratification, although there are no data for mid-May. The
temperatures during the upwelling were higher than those
recorded by Coulter (1963). In this study the surface
temperatures were >24.0°C, while Coulter measured surface
temperature between 23.50-23.75°C. This kind of variation is
normal between the years.

After destratification internal waves are found between 70
and 250 m. Their periodicity seems to be one month, but this can
not be determined accurately from weekly mean data. Ferro (1975)
found internal waves of several frequencies, 25 to 30 days, 10
to 14 days and 3 days. Coulter (1991) has evidence for 23 to 33
day and 3 day periods. According to Coulter (1991) internal
waves are established by the relaxation of the wind followed by
density redistribution and seiching. This is clearly seen in the
deeper layers of 200 and 250 m almost throughout the period.
They did not exist in March and April 1993. They probably
originate during the dry season, slowly dampen down during the
wet season and in some years they disappear completely before
the start of the following dry season.

The main upwelling, taking place in the southern part of
the lake, affects the middle and northern part of the lake by
causing a downward tilting of the thermocline and some local
upwelling. Speculations about the functions of these local
upwellings have been given by Coulter (1991) but no one single
explanation has been satisfactory. This is partly due to the
complexity of the system.

Water level of Lake Tanganyika

The period of data collection in the present study is
fairly short for conclusions to be made on the changes in the
water level between the seasons or different years. At Bujumbura
and Kigoma stations two peaks in water levels during the wet
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season were recorded and showed similar trends. The peaks at the
end of the season were much lower in 1994 than in 1993. Due to
sporadic rains in 1993—94 in the lake area, low values of
relative humidity at the end of the following dry season and
high evaporation, there was a clear decrease in the lake level.
Therefore the peak values for both Bujumbura and Kigoma were
less in 1994 than in 1993. Outflow from the lake cannot be
considered an important factor affecting water levels because of
the scarcity of the rains. Bultot (1965) calculated that the
difference in a normal year between the inflow from Rusizi and
the outflow from Lukuga decreased the lake level 5 mm/year. An
LTR expedition to Kalemie in October 1995 estimated the outflow
from Lukuga to be the same order of magnitude as that of Bultot
(1965) (Huttula pers. comm.)

The differences in the water level between Bujumbura and
Kigoma stations cannot be explained. In 1993, the wet season did
not start at Kigoma before mid-November (Mannini, pers. comm.),
and apparently the rains at the beginning were scarce. The
sensor at Kigoma port is located in a closed bay and the
prevailing winds from the east could have caused a reduction in
the total water volume in the bay resulting in a decrease in the
water level. The difference in the levels between Bujumbura and
Kigoma stations in June 1994 returned almost to the same level
as it was a year before.

The high water at each station was reached by about 10 May,
which is close to 08 May, given by Bultot (1965) . The average
low water level was recorded on 30 October by Bultot (1965),
which is similar to the date, 28 October, for low water levels
in Bujumbura and Mpulungu in this study. However, the low water
date does not correspond with the observed low water date for
Kigoma, which took place between 18 and 20 November 1993. Bultot
(1965) calculated the differences between the high and low
waters from 1941 to 1959. The high water average was during the
period 77 cm and low water average change 82 cm. The low water
difference, meaning the difference between the peak and the
lowest value in 1993, at Bujumbura and at Mpulungu was 60 cm and
55 cm respectively. At Kigoma it was ca. 70 cm, but all these
values were less than the averages presented by Bultot (1965) .
This applies also for high water measurements (the difference
between the lowest value in 1993 and the highest value in the
following year), which has been estimated to be at Kigoma 30 cm.
This is below the average given by Bultot (1965) . The small
change at Kigoma between the dry and wet season is significantly
related to the rains and humidity around the lake and especially
in the Kigoma region. According to the ‘Drought Monitoring for
East and South Africa’ for the Kigoma region the rainfall from
September to November 1993 was estimated to be 25-75% below the
average and in November 1993 to January 1994, 75—125% below the
average precipitation of the area (Anon. 1993; Anon. 1994)
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Current flow measurements

Wind is the primary force moving the lake water at all
depths. Its kinetic energy is transferred to the water causing
the water motion. Currents build up slowly, but they contain
most of the kinetic energy of the lake (Home and Goldman 1994).
At Bujumbura where generally the winds are the weakest of the
three station, currents are the slowest. In Mpulungu which has
strong winds also have the fastest currents. At depths of 0 to
40 m current directions are usually the same as the wind
direction. However, the winds are variable making the currents
more unpredictable. The shape of the lake, the coastal effect
and bottom depth all affect the currents.

At Bujumbura, line 1 (Figure 2), the maximum depth was <60
m and the currents were parallel with the wind direction. A
clear relationship between the current and wind direction is
difficult to detect in the present study at Bujumbura and Kigoma
since measurements were taken when winds were shifting direction
in the morning and in the afternoon. In the Mpulungu area the
strongest winds were from the southeast and it could be assumed
that the currents flowed northwards, but these strong
southeasterly winds were usually only prevalent during the
evening and night hours.

Bujumbura

The currents at line 1 in Bujumbura follow the wind
direction, the prevailing directions being SE-SW and NE-NW. The
north currents were the fastest, matching the southern winds
which are the strongest in the Bujumbura area. At line 1, the
topography of the coast and the River Rusizi may affect the
currents in the area.

At lines 2 and 3 the prevailing and the fastest currents
were to the south. Thus the strongest currents were against the
wind, even at 2 m. Off Bujumbura the prevailing wind shifted
from N-NW to S-SE around noon. Northern winds were mostly slow
compared to southern afternoon winds. Measurements were carried
out from morning till afternoon and conducted only a few hours
when there was a southerly wind. The amount of kinetic energy
needed to change the current direction is high taking most
probably several hours to overcome the resisting current
(Coulter 1991) . This partly applicables to observations from
line 4, where most of the currents were to the south although
the fastest currents were windward currents to the north. The
fastest currents were near the surface at 2 and 5 m. In deeper
layers were the currents were weaker their directions were not
well defined and did not follow the prevailing wind direction.
The deeper layers may be affected by the Coriolis force.
According to Serruya and Pollingher (1983) the Coriolis force in
Lake Tanganyika is at Bujumbura 5.8% and at Mpulungu 15.2% of
its maximum value at the poles. Because of the size of the lake
this force should be taken into account. The effect of the
Coriolis force depends on the relative time scales of the motion
and basin dimension characteristics (Coulter 1991) . If the time
scale of current motion exceeds the earth’s rotation period,
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then the Coriolis force can affect the current. Furthermore, in
terms of length, ‘the radius of deformation’ the Lake should be
wide enough for the Coriolis force to be significant. According
to Coulter (1991) this is not the case in Lake Tanganyika.
Prevailing wind directions are changing diurnally, so, at least
at surface layers the Coriolis force cannot be effective.
Probably the continual change in wind speed and direction is the
main reason for the variable current directions.

Kigoma

Kigoma currents were faster than in Bujumbura as were the
winds. Kigoma area is deeper and more open. Normally the
currents in the Kigoma area follow the coast line, but except at
line 3 they did not match the prevailing winds, which were
usually directed across the lake when measurements were made.
Due to the lack of the wind direction data during the dry season
it is difficult to explain the current patterns of Kigoma. As
suggested earlier, water from the south might flow to the Kigoma
area during the dry, keeping the surface water temperature warm
and aiding the restratification. This happened despite lower air
temperatures. The prevailing current directions of Kigoma were
to the south being fairly fast. At line 3 they persisted down to
40 m depth. Currents and winds recorded at line 4 were
exceptional, partly due to shallowness and because the line’s
location. Coulter (1967) stated, that as a consequence of
southerly winds and the Coriolis force, a combined north-
westward movement should result in a deep current flowing along
the western shore. This would cause an upwelling on the eastern
shore and a superficial ‘return’ current to the south against
the wind, especially where the transverse tilt is accentuated by
a strong easterly wind, as is sometimes seen at Karema. The
east—west wind pattern was typical for the Kigoma area.
Latitudinal upwelling has not been proved and the effect of
Coriolis is still unknown. The southern winds resulting the
above situation explained by Coulter (1967) are prevalent only
during the dry season and thus this does not explain the
constant southern currents in the Kigoma area.

At Kigoma no effect of the local current pattern from the
wind across the lake can be seen, but the prevailing currents
are to the south following the shape of the coast. South from
Kigoma some northwestern currents were measured, being wind-
induced in origin, but the southern currents still remained
dominant. The wind current speeds were higher than in Bujumbura
and generally whenever the wind speeds were high the currents
were too. This applies for all the stations. It is clear that
the faster the currents the more precise were their direction,
even at 20 and 40 m depth. Although the southerly currents on
the west coast were prevalent, the effect of the strong southern
winds could be seen. The dominant wind direction during the
measurements was northwest, the direction where the fastest
currents were flowing. The share of the southern currents were
to the northwest or southeast and following the coast line.
Again the slower the current the more dispersed was the
direction. On the east coast the currents were the slowest and
were directed mainly to the south following the prevailing winds
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and the coast line.

Mpulungu

In the Mpulungu area the currents were the fastest. As the
measurements were carried out in the daytime, the prevailing
wind was assumed to have been W-NW. The prevailing currents, to
match the daytime onshore winds, should be easterly or south-
easterly. This was shown at lines 1 and 3 show this pattern. At
lines 2 and 5 the currents were opposite to the dominant winds
and at line 4 the currents flowed more across the lake. As the
data were not divided into seasons, the differences between
seasons could not be determined. Despite strong variability in
current speed and direction off Mpulungu, most of the currents
on the west coast were to the north and on the east coast to the
south. This gave some evidence for clockwise current circulation
in the southern part of the lake.

6. CONCLUSIONS

The Inter—Tropical Convergence Zone determines the
occurrence of two seasons in the Lake Tanganyika region. In the
northern and southern parts of the lake the wind is thermal in
origin, and during the dry season, when the air temperature
differences on the land and lake are the highest, the winds are
the strongest. Daytime winds are onshore and night time winds
are offshore.

In the open and middle part of the lake the wind pattern is
not clear as illustrated by the Kigoma offshore and Kipili
stations.

Water level changes are related to evaporation and
rainfall, water inflow and outflow from rivers are only of minor
importance.

Destratification of the water column and the occurrence of
internal waves during the dry season in the southern part of the
lake has been observed. In the Kigoma area these phenomena could
not be proved but they might occur. They are probably induced by
the strong southern winds and by surface cooling through
evaporation.

Currents around the lake are strongly variable following
local and seasonal wind patterns and having a possible clockwise
circulation in the southern part of the lake.
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