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INTRODUCTION

The heat flux and the wind driven turbulence in Lake Tanganyika can be more thoroughly understood through
theoretical modeling. This study models the energy flux balance of Lake Tanganyika to predict changes in water
temperature due to air temperature changes, and also models wind-driven turbulence, upwelling, and stratification,
providing information pertinent to more complex modeling. Turbulent kinetic energy accumulation, predictable
from wind stress and the lake’s temperature profile, may sometimes provide enough work to induce destratification.
Calculations correlated with empirical data show that sustained wind speeds over 5 m/s cause upwelling of the
thermocline. Wind-induced waves also transport sediments down the water column, with stronger winds
transporting larger grain sizes; a more simplified formula is provided for the depth to which various grain sizes are
transported by different wind speeds. Future work coupling thermocline mixing with nutrient upwelling should

provide insight into biological productivity.

THE MODELS

Energy Flux

The net energy flux of a lake is a summation of the constituent energy
fluxes: solar shortwave radiation, ¢, atmospheric longwave radiation
O, back longwave radiation from the lake surface ¢y, and latent qaen
and sensible sensible heat fluxes from the lake.

¢sw + $1w — d1u - dlatent — Isensible [W/mz]
Each term can be calculated from theoretical grounds, using the input
parameters of surface water temperature T, [°C], (dry) air surface
temperature T, ["C], wind speed, cloud cover, solar radiation, and
relative humidity (Figure 1).

Solar shortwave radiation ¢y, [W/m?] is the amount of solar radiation
that is absorbed by the lake surface. Earth-bound radiometers record
shortwave solar radiation that passed through the clouds, with an
additional fraction (albedo) of the radiation being reflected. Water
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Figure 1. Diagram shows model inputs (in
squares) and model outputs (in ovals).

albedo can diurnally vary from 0.03 to 0.3; an average albedo of 0.06, used for oceans (/), is used for the lake.

All bodies with temperatures above absolute zero radiate heat energy, including the atmosphere. This atmospheric

longwave radiation ¢, [W/m?*] is defined as (2)

$1y = €air Osp (Ta+273.15K)* (1+0.17 Ceoyer”)
where oy, is the longwave albedo, €, is the emissivity of air, osp is the Stephan-Boltzmann constant [5.67 x 10° W

m> K'4], and C.y 1S the cloud cover as a fraction. Since longwave is less reflective than shortwave radiation, it is

assumed that longwave albedo is half (0.03) shortwave albedo.

Mclntyre 2002 (2) defines the emissivity of air using T, and air vapor pressure e, [kPa]

1000
€aiy = 0.642 Ca

Ty,+273.15K

1/7

Back longwave radiation from the lake surface ¢, [W/m?] is similar to atmospheric longwave radiation, with the

emissivity of water (€yaer) = 0.97 (3):

@14 = €Evater Osp (T + 273.15 K)q

Evaporation changes the lake’s latent heat flux [W/m?], given by the following equation (4, 5):
Qlatent = [bo (Tw - Ta) 13 + Ly Npe Wo] (e - e,) (6)




b, =27 W m? kPa" °C'?, L, is the latent heat of vaporization [J/kg], N, is the mass-transfer coefficient, and W, is
the wind speed [m/s] at 2 meters above the lake surface. The saturated and air vapor pressures, ¢, and e,, are in kPa.

The mass-transfer coefficient is defined as a function of lake area Ay [3.26 * 10'° m?] (4, 7)
Npe = 3.367 %x107°° Ayape 200
Saturated vapor pressure e, [kPa] is approximated by a common equation (&)
6y = 0.6108 kPa e17-27 Ta/ (Ta+ 237.3)
Air vapor pressure e, [kPa] uses the same formula as saturated vapor pressure, except Ty, is substituted for T, and
the result is multiplied by the decimal equivalent of relative humidity (4).

Heat lost from the water surface by convection and conduction is termed sensible heat loss. The sensible heat flux is

calculated by multiplying the latent heat flux by a Bowen ratio (4)
Ty - Ta
Jsensible = Rpowen Q1latent = Qlatent ¥p ﬁ
The psychometric constant y, [kPa K] (9) is based on T, and surface air pressure P [~ 92.5 kPa (10)]
Yp = 0.000660 (1+0.00115T,) P
A summation of all the energy flux terms to generate a net energy flux, which is assumed to be close to zero or

steady-state, will allow the evaluation of the effects of changes in input parameters on the output energy fluxes.

Wind-driven turbulence and Table 1. Basic Physical Properties of Air and Water

mixing
Surface water density p, [kg/m’] (11) is based on water temperature T (°C)
Po (T) = 999,843+ 107 (65.49 T - 8.563T? + 0.05939 T%)
and on conductivity: Po (Ts Xz0) = Po (T) [1+ Bk X20]

Wind stress and wind-driven
cooling in Lake Tanganyika

contribute to upwelling Koo is the conductivity at 20 °C [uS/cm] and By = 0.705 * 10" (uS/cm)".

(1 3).W1nd introduces turbulent The density of water changes with depth (12) % = p° (1-B /K)™*

kinetic energy to the lake by P is water pressure [bar] and K [bar] is a variable based on T and P.
creating a wind stress T, [N/m’] K=19652.17 bar + 148.113T - 2.293T% +1.256 » 10~ T° -

" 105 7t _ . -4 -4 2
on the lake surface. The stress is 4.18+107° T+ (3.2726-2.147+107" T+ 1.128+10""T°) P

For T =20 - 30 °C, the thermal coefficient of expansion o K is 2

difficult to measure, so it is
a=1.6410°+9.6+10"°T

commonly parameterized using : : P :
. . The density of air varies with temperature and air vapor pressure
wind speed. The wind stress 1 2020 K 273.15 K (94 kPa - 0.3783 e,)
Pair = 1. g m

-3
generates a friction velocity ( Taixt 273.15K 101.325 kPa
u« [m/s] (14) Water’s latent heat of vaporization [J/kg] is dependent on T(8)

v =2.501%10° - 23617,

To = Pair C10 Wio®

u, = (to/p)*"?
Pair is the density of air [kg/m’], C,, is the drag (or wind stress) coefficient, and W, [m/s] is the wind speed 10
meters above the surface. The drag coefficient is not constant, as the coupling between air and water depends on
surface roughness (15). Cio = 0.001 for W <7 m/s, and then it increases steadily until C;o ~ 0.0025 for W > 17-20
m/s.

The turbulent kinetic energy (TKE) [W/kg] in the water column associated with wind-driven turbulence is calculated
by

TKE - 1.8u,°> _1.8 ( Pair C10 )3"2 Wio®
kkarman h P kkarman h
Kiarman 15 the von Karman constant [~ 0.41], and the constant 1.8 is empirically determined (/6). Above the depth at
which this turbulent kinetic energy is significant sediment can be mobilized and below it stratification is induced.
The accumulation of TKE can also translate into work used for upwelling.

Sediment transport

Increasingly strong wind-induced surface waves influence the transport of coarse-grained sediment at increasing
depths due to the downward transport of turbulent kinetic energy. The maximum size of the sediment grains capable
of being transported by a wave can serve as a proxy for the strength of wave influence.



For waves of uniform size in deep water, the Sverdrup-Munk-Metschneider (SMB) Method (/7) can derive wave
length L [m], wave period T [s], and wave height H [m], from water depth h, [m] and wind speed W [m/s]. The
latter is the mean wind speed measured 8 m above the lake surface (/8).

2 0.42 ’
H, = a: 0.283Tanh[0'fi25 (g_F) ] where & = Tanh[0.53 (gho)o 75]

w2 w2
T - 27bW 1.2 Tanh 0.077 jgF 023 ghg | 0375
-z = 1.27an (= (w_i) ] where b :Tanh[0.833[v)
2
gT 2 mhg
Le = 2—7( Tanh[ L ] (Loo must be calculated iteratively)

g is the gravitational acceleration [9.81 m s™] and F is the lake’s effective fetch, which is a measure of the distance
over which the winds may act upon the waves. For Lake Tanganyika, the effective fetch is assumed to be lake
length, or 650 000 m, as the rift valley tends to channel winds along the length of the rift axis.

Changes occur in the wave geometries as the waves approach shallower waters. While T remains constant (T = T,,),
L and H change to near-shore values that depend on water depth h [m]

L=L‘,<,('1',:-1r1}1[217fh])2

Leo 2kh -1 2
H = H., — 1 ——————— = —
\/L ( +Slnh[2kh]) e ® = T

f=sd

The waves create orbital motions that entrain sandy sediments (79, 20). The elliptical water motion at a given depth
h [m] has a horizontal displacement 1, [m] and a maximum horizontal velocity u,, [m/s].

1, = H/Sinh[zyrh] and um:RTln

An empirical relationship between wave motion and sediment grain size (d) [m] moved by the passing wave, for
grains smaller than 0.5 mm (217), has been determined

d=

0.13 (ps - p) g¥1n
Given a grain size d, one can solve for the maximum depth that a given wind velocity will transport the grains.

2
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METHODS
temperature (PC)
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Data sources ] ﬂ
Meteorological parameters from the period March 1993 F
through December 1995 are taken from Table 13 of N ﬁ
Verburg et al. 1997 (10). The table contains data from A X
meteorological stations at Mpulungu, Bujumbura, and M1
Kigoma, as well as two buoys at Mpulungu and 3 Aﬂﬁ 0
Kigoma. The stations and buoys recorded such < © _
parameters as wind speed and gust, air and water | ° _:_jv';tfr"gzmp
temperature, relative humidity, and solar radiation. The o A rel. hum.
two buoys provided monthly average water temperature < } } © , -0 wind speed
profiles down to 300 meters depth. The Kigoma Airport 0 1 2 3 —k—cloud cover
meteorologist provided long-term cloud cover data, Figure 2. Monthly average of five input model parameters for Kigoma

(solar radiation input not shown). Air and water temperature use the top
x-axis [°C]. Relative humidity (rel. hum.) [fraction], wind speed [m/s], and
cloud cover [fraction] use the bottom x-axis.

from 1994 t01997, used for the Kigoma energy flux
model (Figure 2). Kigoma/Bujumbura represents the
north end of the Lake while Mpulungu represents the
south end.



Several water profiles were taken by a Hydrolab
Datasonde 4a at Kitwe Point, Nondwa Point, and off the
Luiche River near Kigoma in July 2005. The Hydrolab
records temperature, conductivity, pH, and dissolved
oxygen concentration every ten seconds, up to 200
meters depth. The first temperature profile, taken at
Kitwe Point on July 24, 2005, is representative of
subsequent results and is used for water column
modeling (Figure 3). The Kitwe thermocline starts at 65
m, while the Nondwa thermocline starts at 60 m.

Physical calculations

Energy Flux: The various weather parameters are
combined to create an energy flux model using the
equations in the introduction, with the annual net energy
flux as close to zero as possible. To estimate the effects
of surface warming of Africa due to anthropogenic
global climate change on Lake Tanganyika, the monthly
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Figure 3. Temperature [°C] (blue squares), dissolved oxygen
[mg/L] (green triangles) and pH (red diamonds) with depth at
Kitwe Point, July 23, 2005, 10 AM. The pH may have been

miscalibrated, but the pH is not used in modeling.

average air temperature is uniformly increased incrementally, to examine the changes in the different component
energy fluxes. The surface water temperature is subsequently uniformly raised until the air-temperature-induced

energy flux increase is balanced.

Water column: The water column temperature profile from Kitwe Point is used to calculate turbulent kinetic energy
(TKE) at several different wind speeds. Real monthly wind speed and gust data (/0) are used to calculate TKE down
the water column at Mpulungu and Kigoma, as well as total TKE each month. It is assumed that wind speed is

constant between two meters and ten meters above ground.

Sediment transport: A relationship is first established theoretically between wind gust and the depth to which grains
of different sizes are transported using the SMB method. Real monthly wind gust data is used to calculate what size
grains are transported to what depths at Kigoma and Mpulungu.

RESULTS

Energy Flux

The energy flux from the lake surface at Kigoma is almost
perfectly balanced, with a net annual energy flux of negative
19.1 W/m® (Figure 4(a)). Back longwave radiation slightly
exceeds longwave radiation due to the higher water
temperature than air temperature; the greatest sources of
inter-monthly variations are the heat fluxes. The net annual
flux is unbalanced at Mpulungu (potential annual loss of 400
W/m®, Figure 4(b)) perhaps due to the lack of data on cloud
cover from that region. The annual loss may also be
indicative of real heat loss in southern parts of the Lake.

Change in Heat Flux After Air Temperature Increased— LW
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Figure 5. Right y-axis: Increases in Kigoma air temperature,
AT (air), cause a positive change in net annual heat flux.

Left y-axis: Changes in the total annual longwave flux (LW), latent
heat flux (LH), and sensible heat flux (SH) due to AT (air).
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Figure 4. Above (a). Monthly energy fluxes in Kigoma.
Below (b). Monthly net energy fluxes at Kigoma
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Small artificial changes in air temperature cause dramatic increases in net energy flux (+500 W/m? per °C, Figure 5
right axis). All the other input parameters are kept constant. The flux increase is entirely due to a small percentage
increase in the longwave radiation, with offsetting decreases in latent heat and sensible heat fluxes (Figure 5 left
axis). All the other energy fluxes remain unchanged in the model.

Change in Heat Fluxes After Balance frc —X—LH The lake’s net energy flux is restored to the original
Water Temperature Increase B—Lw value of negative 19.1 W/m? by an increase in water
— — BLW temperature that exhibits the relationship AT, = 0.875
—O—SH ATgi (R? = 1, Figure 6 right axis). The restored energy
7_1.5_ T (w) flux comes mostly from increasing back longwave
' radiation. The latent heat flux actually increases, while
L1 the sensible heat flux decreases by a small amount
. (Figure 6 left axis).
058
g Given a range of future water surface temperature
0 N: increases, it would be nice to be able to infer
0 0.5 2T (air) 1.5 2 temperatures further down the water column. However,
. . . . ) the correlations between surface temperatures and
Figure 6. Right y-axis: An increase in water temperature, AT temperatures at depth are very weak (Figure 12 in the

(water), is needed to restore the heat flux balance after AT (air).

The correlation between the two AT is almost perfectly linear. Discussion section).

Left y-axis: The final resulting deviance in LW, BLW (Back
Longwave), LH, and SH fluxes after the overall net flux has been
balanced by the increase in water temperature.

Monthly turbulent Kinetic energy

Using the water temperature profile from Kitwe Point,
turbulent kinetic energy (TKE) decreases exponentially down
the water column (Figure 7). The gradual accumulation of
TKE leads to an increasingly unstable water column.

Mpulungu has high TKE in the summer and autumn months
(Figure 8 (d)), which corresponds to periods of strong
upwelling (Figure 8(c)). The TKE for Kigoma (Figure 8(b))
is lower than at Mpulungu, correlating with a more stable
water column (Figure 8(a)). A more quantitative relationship
between TKE and upwelling can be evaluated through
determining the energy required for upwelling.
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The work W, [J m?] needed to fully destratify a water column
up depth z, is (22, 23): Figure 7. Theoretical Relationship Between Turbulent Kinetic
2o

g = Energy (TKE), wind speed, and water depth. Each color band
We = (z2-2ep) (02-<p>) A dz corresponds to a different TKE order of magnitude. Note the

RArake Jo IS
where <p> is the mean water density [kg m™], Z-- 15 the logarithmic scale.

depth [m] at <p>, p, is the density at each depth z, and A, and
A are the area of the lake at depth z and at the surface, respectively.




Assuming that A= A,, the
work required to destratify up
t0 z,, = 200 m of the Kitwe
water column (z<,- = 85.6 m,
<p>=997.57 kg m™) is

W, = 56.0 kJ/m’.

TKE accumulates over time;
when it exceeds W, it is
possible that water is
sufficiently energetic for
destratification. The
relationship between days
required for TKE = Wy and
wind speed (W) is inversely
cubic (Days = 4879 W3, R? =
1.000, plot not shown). At
Mpulungu, either twelve days
of gust winds or forty days of
average winds are required for
destratification (Figure 9),
which are reasonable time
spans (24). The time periods
should be considered
overestimations, as the real
water column is never fully
destratified with uniform water
density. TKE accumulation is
not sufficient to induce
upwelling at Kigoma.

Figure 8(a, b). Monthly temperature
(a, top) and turbulent kinetic energy
(b, bottom) with depth at Kigoma.

Figure 8(c, d). Monthly temperature (c, top)
and turbulent kinetic energy (d, bottom) with
depth at Mpulungu. Note June upwelling.

Wind transport of sediments
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Figure 9. Logarithmic plot showing the number of days required
for total kinetic energy (TKE), from average winds or wind gusts
at Kigoma and Mpulungu, to equal destratification work W..

Theoretical SMB sediment transport calculations
show that stronger winds transport smaller grain
sizes deeper down the water column in a quadratic
relationship (Figure 10).

Using the 1993-1995 wind gust data for Kigoma
and Mpulungu, aragonite grains (d = 2.86 pm (25))
are predicted to absent in Kigoma above 15 meters
and in Mpulungu above 25 meters (Figure 11).
Aragonite has not been found in Luiche Platform
and Tafiri Bay at depths shallower than 20 meters
(25), which corresponds to wind gusts around 6
m/s, a speed that reasonably could have occurred in
the last ten years.

Some basic assumptions can lead to major
simplification of the sediment transport equations.
Assuming that h, is large and L/L,. =~ H/H,, = 1, the
sediment grain size equations can be simplified to
produce a direct relationship between water depth h
[m] and grain size d [m]




1.44 w? 52 F .42 24.7384 d - 2

n= —""% % arcsinh|Tanh[0.0125 [—2 ] /3 9 (pP-ps) at]
d W2 W2 p2

1/4

a = Tanh[0.077 (i—f) ]

the simpler equations above deviate < 4% from the truer, more complex values of water depth h for W > 2 m/s.

Wind turbulence vs. Convective turbulence

Wind turbulence is not the sole agent for 1 2 3 4 5 6 7 8 9 10 11
thermocline waters mixing into the well-mixed 0 == - )
surface layer h,,,; another source is convective wind gust (m/s)
turbulence. The relative importance of wind vs. 10 A
convective turbulence changes with depth.
Convective turbulence is quantified by the surface 20 | g
buoyancy flux J°, [W/kg] that arises from the rate of 5
change of density, dp/dt, in h,,;; due to evaporation 30 - §
(14). It is defined with the specific heat of water c, \
[4181.2 T kg K'] and net heat flux Hye; (= -(qragent + 40— 0.5 mm A
qsensible)) <—0.1 mm \

ag :
lJ-ob = - Hpet 50 —— 4 0.01 mm

Co 0 ;

P o— diatoms
The depth at which J°, equals TKE is known as the ——aragonite \
3 60
-,

m =

Monln-QbukhOV Length L, [m], k Jop . If Figure 10. Maximum depths to which different grain sizes are transported by
the Monin-Obukhov Length is shallower than the wind gusts. All grains have p = 2.6 g/cm’, except for diatoms. Aragonite
well-mixed surface layer hy;y, the major contribution 4 - 86 um. Diatoms d = 0.03 mm, p = 2.1 g/em”.

to entrainment and mixing at the bottom of the

surface layer is convection. If L, > h;,, wind is the major contributor.

L., at Kigoma and Mpulungu ranges between 1.6 and 5.8 m (Figure 11). Since L,,is much less than h,;; = 60-65 m,
convective turbulence plays a greater entrainment role in much of the surface mixed layer. The disparity between the
strong influence of TKE accumulation with the weak role of wind-driven turbulence in comparison to convective
turbulence is a source of debate.

DISCUSSION AND CONCLUSION

Model predictions

For every 1 °C increase in surface air temperature, surface
water temperature will increase by 0.875 °C to maintain energy
flux balance. Unfortunately, it is not possible to extrapolate any
water temperature changes further down the water column.
Linear regressions on historical water column temperature
profiles (26-31) show no strong relationship between an
increase in surface water temperatures and increase in bottom
water temperatures. The strongest regression is a negative

. - A - M wind
correlation between the temperatures at surface and 200 m % - K wind
depth (Figure 12), which possibly arises because water ”s —B—K depth
warming is raising the thermocline. If it is assumed that surface w e rf:]pth

MLm

water rises in temperature but bottom waters do not, and that
the intermediate temperatures rise proportionately, then the . ] . .
work necessary for dI::stratiﬁcationprisgs W, [kJ/n}llz] =11.72 Figure 1. Wind gusts, depths to which aragonite

S ) grains are transported, and Monin-Obukhov Lengths

AT yatersurtuce + 55.89 (R* = 0.9999) and the days before (Lm) at Mpulungu (M) and Kigoma (K).
destratification with wind speed W,




Days = (4870 + 1020 AT,yersurface) W The predictions o 100m
are qualit.atively .in concurrence with previou; Lake 24.5 ° o 3 42188 -
Tanganyika studies on the effects of global climate 100 m:y = -0.1115x + 27.138 B 700 m
change (27). \

. . . ¢ =
Theoretical calculations show that a monthly wind 24 0
speed of 5.5 m/s would accumulate enough turbulent 200m:y = -0.1633x +27.993 g

. . 2 _
kinetic energy to exceed the work needed for R™=10.752
destratification to 200 m after 30 days. Since the water
column is never fully destratified, even sustained lower
wind speeds will be enough to induce upwelling. 23.5 A
Havmg more Wlnd da}ta and tempergture proﬁles, 400 m}y = 0.1036x +ﬁzo.5ss ]
especially during periods of upwelling, will allow R? = e
stronger prediction confirmation. = 700m : y = 0.0932x +

- T 20.839

The Monin-Obukhov Lengths are lower than the depth 25 255 2 2gR=0433 o
of the well-mixed surface layer, implying that water surface temperature (PC)
convective turbulence is more significant than wind- — :
driven turbulence. However, surface buoyancy flux Figure 12. Empirical regressions between surface water

temperature and temperature at various depths (100, 200, 400,

and thus convective turbulence remain relatively 700 m). The lack of positive correlation is evident

constant over time and with depth (32); wind
contributes additional, variable energy for
destratification work.

Future research

Much additional work remains to be done for modeling Lake Tanganyika. Although the theoretical underpinnings of
the models are solid, more recent and comprehensive limnologic and climatic datasets would provide stronger input
parameters and more empirical confirmation of model predictions. In particular, reliable wind speed and gust
information over the lake and over all time scales would be very useful in studying model sensitivity. Cloud cover
information for the southern end of the lake, or an equation correlating cloud cover with clear sky shortwave
radiation, would be highly useful in modeling the southern energy flux.

The models make many basic assumptions and simplifications. Various other forms of lake mixing have been
ignored, such as internal waves (/3), seiches, Langmuir cells (33, 34), eddy diffusivity, Kelvin-Helmholtz
instabilities (35), boundary mixing (/4), and so on. Numbers that parameterize lake stability, such as the Brunt-
Viisila frequency and the Gradient Richardson Number, were calculated but not used. A future two-dimensional
model of the lake will need to incorporate the north-south gradient of the lake, rather than simply examine two sites
at Kigoma and Mpulungu.

A better understanding of the lake physics may eventually lead to predictions about upwelling rates and biological
productivity (27, 36). A relatively simple task is to look at the amount of nutrient upwelling expected during
destratification to predict the biomass changes at various trophic levels.
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