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The effects of precipitation changes on tropical East African ecosystems and human populations is poorly
understood due to the complex interplay between global and regional processes and missing data from
key regions and time periods. We generate a water-budget model for Lake Victoria, the largest tropical
lake in the world, the source of the White Nile, and a region that supports some of the densest human
populations in Africa, that assesses the impact of changing climate on lake levels and the rate of lake
level change. Model results demonstrate that significant changes in the size and volume of Lake Victoria
are possible in response to changes in temperature, precipitation, and orbital forcing. This modeling
indicates that Lake Victoria can transition back and forth between modern lake levels and complete
desiccation in centuries to a few millennia, which is rapid enough to allow for two previously observed
desiccation events between 14-18 ka, during which time the lake drained and refilled twice. Combined
observations from modeling and estimates of paleoprecipitation indicate that Lake Victoria was likely
desiccated between 94-36 ka. This dry interval partially overlaps the megadrought (140-70 ka) identified
in Lakes Malawi and Tanganyika further south, and the cooler, drier conditions identified in the Gulf
of Aden between 75-50 ka. This prolonged desiccation was probably driven by eccentricity-enhanced
precession and high-latitude forcing that affected the Congo Air Boundary convergence. Using future
climate projections, our model also predicts that at current rates of temperature change and previous
rates of lake level fall, Lake Victoria could have no outlet to the White Nile within 10 years, and Kenya
could lose access to the lake in <400 years, which would significantly affect the economic resources
supplied by Lake Victoria to the East African Community.

Keywords:

water budget
tropical paleoclimate
East Africa

paleosol

human evolution
climate change

© 2019 Elsevier B.V. All rights reserved.

1. Introduction for climate indicate that East Africa will experience increased tem-

peratures, but despite the observed increase in drought frequency

Terrestrial ecosystems and human populations across Africa are
sensitive to changes in climate, and particularly to variability in
precipitation. The recent severe drought in 2010-2011 affected
more than 10 million people in Kenya, Somalia, and Ethiopia, and
thus, an improved understanding of East African climate and eco-
logical responses to future climate change is vital for the East
African Community (Lyon and Vigaud, 2017). All future projections
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and decline of precipitation during the long rains between March
and May, climate models project an increase in rainfall (Lyon and
Vigaud, 2017). This disconnect between modeled and observed
precipitation trends has been termed the East African climate para-
dox (Rowell et al., 2015). Therefore, if East Africa will become
wetter in the future due to anthropogenic climate change remains
an open question (Lyon and Vigaud, 2017; Niang et al., 2014).
Climatic variability in tropical Africa is complex and influenced
by the dynamic interplay between global and regional processes
including orbital forcing, the position and intensity of what has
historically been referred to as the Intertropical Convergence Zone
(ITCZ), the Congo Air Boundary (CAB), high-latitude processes,
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Fig. 1. Location of study. (A) Locations of lakes relevant to study including: Victoria, Naivasha, Challa, Tanganyika, Malawi, and Bosumtwi. The position of the ITCZ and CAB
during June, July, and August and during December, January, and February are indicated (Nicholson, 1996). (B) The catchment of Lake Victoria with major rivers, bathymetry
of the lake, and modern extent of the Serengeti Ecosystem is also indicated. In the red box, is the location of Karungu, Mfangano Island, and Rusinga Island where the
paleosol samples were collected for paleosol-based proxies for precipitation. See Beverly et al. (2017, 2015) for detailed mapping of outcrops.

and tropical sea surface temperatures (SSTs) (Costa et al., 2014;
Nicholson, 2018; Scholz et al., 2007; Stager et al., 2011). Fully
resolving the effects of this interplay is difficult because climate
station coverage across much of East Africa is poor and often in-
terrupted, but robust paleoclimate records can address this short-
coming.

The African Great Lakes (Victoria, Malawi, and Tanganyika) are
archives of climate change and together document variability in
lake levels and precipitation driven by a variety of climate forc-
ing mechanisms throughout the Quaternary (Berke et al., 2012;
Costa et al, 2014; Ivory et al, 2016; Scholz et al, 2007). The
Lake Victoria Basin, which straddles the equator between the east-
ern and western branches of the East Africa Rift System, is the
largest freshwater lake in the tropics by surface area (68,800 km?)
(Nicholson, 1996). The lake’s location enables a study to address
questions about the effects of equatorial climate change on the re-
gion, importance for subsistence and economic resources, and role
in understanding the effects on human evolution and migration
(Fig. 1A).

1.1. Hydrology of Lake Victoria
Lake Victoria’s water budget is constrained by the low water

runoff from a relatively small catchment. There is little annual
temperature variability at Lake Victoria, but precipitation varies

considerably and is controlled by the seasonal rainfall migra-
tion, creating rainy seasons in March and in October (Nicholson,
2018, 1996). Precipitation is also controlled by the movement of
the CAB, the strength of the Indian and Atlantic monsoons, and to-
pography (Nicholson, 2018, 1996; Stager et al., 2011). Because of
poor climate station coverage and interruptions in recording peri-
ods, reported mean annual precipitation (MAP) varies significantly
across the catchment, but the most commonly reported ranges
are between 1.40 and 1.80 meters per year (myr~!) (Sutcliffe and
Parks, 1999; Yin and Nicholson, 1998). MAP is almost equal to av-
erage evaporation (1.46 myr~!), with local precipitation derived
primarily from the lake itself, and thus, lake level responds di-
rectly to changes in rainfall (Broecker et al., 1998; Milly, 1999;
Yin and Nicholson, 1998). Additionally, the lake fills a basin be-
tween the two arms of the East African rift that is wide and
shallow (maximum depth 79 m) (Nicholson, 1996). This geome-
try results in large changes in surface area with small changes in
depth relative to other African Great Lakes with large border faults
forming half-grabens that result in long, narrow, and very deep
lakes (700-1400 m) (Fig. 1B; Danley et al., 2012).

The effect of a shallow basin configuration is amplified be-
cause ~80% of the inflow to the lake is direct input from recy-
cled lake water with only ~20% contributed by rivers. In addi-
tion, Lake Victoria comprises >26% of the total catchment area in
comparison to Lakes Turkana (5%), Tanganyika (13%), and Malawi
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(19%) (Shahin, 1985). Therefore, catchment processes including
precipitation interception and runoff are less important than di-
rect rainfall reception and evaporation of the lake itself. The
Kagera River, which drains the highlands of Rwanda and Burundi,
is the main inflow and accounts for >10% of the overall inflow
into the lake (Fig. 1B) (Shahin, 1985; Sutcliffe and Parks, 1999;
Yin and Nicholson, 1998). Because of the high proportion of inflow
from the Burundi Highlands, precipitation contributions from the
west from the Atlantic (via the Congo) and the east from the Indian
Oceans are important to the hydrology of Lake Victoria. The lake
is hydrologically open, and the only outflow is currently through
the Victoria or White Nile at Jinja (Fig. 1B). Outflow is now con-
trolled by the Nalubaale Dam, which was constructed in 1954, and
outflow is managed using fluctuations in climate in an attempt to
mimic natural discharge (Sutcliffe and Petersen, 2007).

Victoria's lake levels have been extremely variable since the
Last Glacial Maximum (LGM), with the lake desiccating at least
twice at 17 ka and 15 ka based on the identification of two pa-
leosols in core V95-2P (Johnson et al., 1996; Stager et al., 2011;
Talbot and Williams, 2009), and possibly expanding during the
African Humid Period (Costa et al., 2014). Desiccations have been
attributed to high-latitude forcing (Stager et al, 2011) and the
migration of the CAB (Costa et al., 2014). Therefore, in addi-
tion to being an archive of equatorial climate, Lake Victoria’s cli-
mate is affected by different forcing mechanisms than the other
African Great Lakes, suggesting that the expression of climate may
be considerably different than in tropical eastern and western
Africa.

1.2. Paleoprecipitation reconstructed from paleosol-based proxies

Paleosol-based proxies have been applied to the paleosols from
six sites along a ~55 km north to south transect along the east-
ern margin of the lake and used to reconstruct paleoprecipitation
during the late Pleistocene in the Lake Victoria Basin (Beverly et
al,, 2017, 2015). The climate reconstructions using 1) the chem-
ical index of alteration minus potassium (CIA-K) (Sheldon et al.,
2002), 2) Paleosol Paleoclimate Model (PPM; o) (Stinchcomb et al.,
2016), and 3) CALMAG (Nordt and Driese, 2010) methods indicate
an average MAP of 0.75 &+ 011 myr~!, 0.80 + 0.18 myr~!, and
1.01 £ 0.23 myr~!, respectively (Beverly et al, 2017, 2015). As-
suming a modern MAP of 1.40 myr~!, this indicates that average
precipitation during parts of the late Pleistocene prior to the LGM
was between 54 and 72% of modern. Data from these paleosols
are used here as input variables for a new water budget model of
paleo-Lake Victoria developed for this study.

2. Materials and methods

Previous water budget models (Broecker et al., 1998; Milly,
1999) indicate that Lake Victoria would be reduced to <10% of cur-
rent surface area with a MAP between 0.75 and 1.01 myr—!, but
these models do not assess how changes in temperature, evapora-
tion, or insolation would influence lake level in the past, or esti-
mate the rate of surface area loss. Here we couple previously pub-
lished data from paleosol-based paleoprecipitation proxies (Beverly
et al,, 2017, 2015) with a new water budget model to assess the
effect of climate variability on Victoria’s lake levels during the late
Pleistocene and to determine the expression of the megadrought in
equatorial Africa. Fig. 2 shows a schematic diagram of the model
and the variables are summarized in Table 1. Using models of fu-
ture climate change (Sweagudde, 2009), we then use the water
budget model to predict the effects of future climate change on
Lake Victoria.
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Fig. 2. A schematic diagram of the water budget model created for Lake Victoria
which shows the relationship between the input and calculated variables. Shown
are the relationship between the catchment and lake area that is moderated by the
lake elevation dominated by the balance of precipitation and evaporation.

2.1. Adapted Penman equation for evaporation

The Penman equation was adapted for modeling the water bal-
ance of Lake Victoria:

__ ARy + pcp(es —eq) f(Uz)
A+y

AE

(1)

where 2 is latent heat of water evaporation (Jg~!K~1), E is evapo-
rative mass flux density (gm~—2s~1), A is slope of saturated vapor
pressure with temperature (PaK~!), R, is net short and longwave
radiation (Wm~™2), p is density of saturated air (gm™—3), Cp is spe-
cific heat of air (Jg='K~1), es is saturated vapor pressure for the
daily mean temperature (Pa), eq is daily ambient vapor pressure
(Pa), f(U3) is wind speed function utilizing (ms~!Pa~1), and y is
psychometric “constant” (PaK~1).
We estimated R by:

Ro=(1—a)SW —LW. (2)

Shortwave radiation (SW; Wm™2) is estimated as 220 Wm™2
based on satellite observations and annual averages for Jinja, En-
tebbe, Kisumu, Bukoba, and Mwanza that range from 185 to 230
Wm~2 (Shahin, 1985). Albedo (&) of shortwave radiation was es-
timated to be a value of 0.07 based on Lake Victoria’s latitude
(Cogley, 1979). For emitted longwave radiation (LW; Wm™2), we
estimated flux density based on the method presented by Budyko
(1974):

LW = g0 T§(0.39 — 0.058,/e5/1.33322)(1 — 0.54C?) (3)

where ¢ is emissivity set here at a value 0.96 (Budyko, 1974), o
is Stefan Boltzmann constant (5.67 x 1078 Wm~2K™4), T is daily
mean temperature (K), e} is saturated vapor pressure in mm Hg,
and C is the cloudiness in fraction of sky cover which is assumed
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Table 1
Variables used in the water budget models for Lake Victoria.
Parameter  Description Value Units Notes
A latent heat of water evaporation - Jg TK! calculated by polynomial approximation of daily mean
temperature
E evaporative mass flux density - gm~2s7! calculated from the Penman-Monteith equation
A slope of saturated vapor pressure with temperature - PaK~! calculated from mean daily temperature and the saturated
vapor pressure
Rn net short and longwave radiation - Wm2 calculated from short- and long-wave radiation
P density of saturated air - gm™3 calculated from the mass of dry air, the ambient vapor
pressure and daily temperature
cp specific heat of air 1.012 JgTK! Constant
es saturated vapor pressure for the daily mean temperature - Pa calculated from the Teten's equation using maximum
daily temperature
eq daily ambient vapor pressure - Pa calculated from the Teten’s equation using minimum daily
temperature
y psychometric “constant” - pPak~! calculated from pressure, the latent heat of water
evaporation, and the mass of air
Sw shortwave radiation 220 Wm—2 (Shahin, 1985)
o Albedo 0.07 - (Cogley, 1979)
Lw longwave radiation - Wm—2 calculated after Budyko (1974)
& emissivity 0.96 - (Budyko, 1974)
o Stefan Boltzmann constant 567x1078  Wm2K*  Constant
Tk daily mean temperature 294.45 K (East African Meteorological Department, 1972)
ex saturated vapor pressure - mm Hg calculated from the Teten's equation using maximum
daily temperature
C cloudiness in fraction of sky cover 0.5 - (Yin and Nicholson, 1998;
East African Meteorological Department, 1972)
My molecular mass of water 18.02 gmol~! Constant
R gas constant 8.3143 mol ' K~! Constant
Tcmean mean maximum temperature 213 °C (East African Meteorological Department, 1972)
Tcmin mean minimum temperature 171 °C (East African Meteorological Department, 1972)
M, mean mass of dry air 28.96 gmol~! Constant
P mean air pressure - Pa calculated as function of mean elevation of surface of
Lake Victoria
elev mean elevation of surface of Lake Victoria 1135 m (Shahin, 1985)
AL lake area - m? calculated as a function of lake level height
U, average wind speed measured at a 2 m reference height 2.2 ms~! (McJannet et al., 2012)
Ah change in annual height of the water - myr~! calculated
Pc annual catchment precipitation interception - m (Howell et al., 1988; Sutcliffe and Parks, 1999)
Y0 catchment precipitation runoff ratio for time =0 0.08 - (Shahin, 1985)
Py annual lake precipitation interception - m (Howell et al., 1988; Sutcliffe and Parks, 1999)
EL lake precipitation - myr~! (Howell et al., 1988; Sutcliffe and Parks, 1999)
Ry discharge from the lake - m (Howell et al., 1988; Sutcliffe and Parks, 1999)
Pw density of liquid water - gcm™3 calculated as a function of temperature
Q Nile River discharge at Jinja - m3s~! (Howell et al., 1988; Sutcliffe and Parks, 1999)
Py mean annual precipitation in the past 0.75 to 1.01 myr~! (Beverly et al., 2015, 2017)
R1 value of the past catchment runoff - myr~! (Wigley and Jones, 1985)
o fraction of precipitation in the past relative to the current 0.54 to 0.72 - (Beverly et al., 2015, 2017)
B function that represents the change in catchment - (Wigley and Jones, 1985)
evapotranspiration under a different climate than the present
a fraction of catchment area covered by vegetation 0.25 - (Claussen et al., 1999)

to be 0.50 based on previous water budget studies of Lake Victoria

(Yin and Nicholson, 1998) and averages from shoreline meteoro-

logical stations (East African Meteorological Department, 1972).
The value of A for equation (3) was calculated by:

_ AM e

RTx (4)

where M,, is the molecular mass of water (18.02 gmol~!) and
R is the gas constant (8.3143 Jmol~!K~1). The value of A was
derived by polynomial approximation as a function of daily mean
temperature (T¢, °C):

A =2500.8 — 2.36T 4 0.0016T2 — 0.00006T2 (5)

The values of e; and e; (e;) were approximated from the Tetens
formula:

17.502T¢
e; = 61 ]e(_240-97+T_c )

(6)

where T¢ is mean temperature (°C). The mean maximum temper-
ature from 6 stations (Entebbe, Jinja, Kisumu, Musoma, Mwanza,

and Bukoba) (21.3°C) was used to calculate es;. For e, a mean
minimum temperature of 17.1 °C (East African Meteorological De-
partment, 1972) was used as a surrogate estimate of dew point
temperature appropriate for non-arid climates (Glassy and Run-
ning, 1994). The air directly Lake Victoria is near saturation with
density of air (p) calculated as moist air as a function of tempera-
ture:

p ={Myeq+Mq(P —eq)}/RTk (7)

where M, is mean mass of dry air (28.96 gmol~!) and P is the
mean air pressure (Pa) with the air pressure was approximated by:

P = 101300 e(—¢lev/8200) (8)

where elev is mean elevation of the surface of Lake Victoria set
here at 1135 m after construction of the Nalubaale Dam. For the
model, P is considered dynamically with changes in lake storage
and resultant elevation.

The value of y in equation (3) varied slightly with temperature
due to the influence on A. The value was estimated by:
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cpP

= (Mw/Ma) ®)

14
where a constant value of 1.012 Jg~! K~! was assumed for cp.

The use of the wind function (i.e. f(U)) as a modifier of vapor
pressure difference in equation (3) 1) avoids the need for spe-
cific resistance, 2) is consistent with the original formulation of
the Penman equation, and 3) allows for inclusion of lake morphol-
ogy as a variable affecting open water evaporation. McJannet et al.
(2012) proposed a wind function for open water that included lake
area (Ap) as a variable where:

fU) = (236 + 1.67U2) A, *0 10)

with an average wind speed of 2.2 ms~! measured at a 2 m refer-

ence height (U,) with output units of the f(U;) in mmd~!kPa~'.
For unit consistency in our adapted Penman equation, the units of
the original McJannet et al. (2012) formula were converted into
units of ms~!Pa~!. The value of using this function rather than
a bulk resistance (sensu, Monteith and Unsworth, 2008) is that
the change in area of the lake over time is included a feedback
to evaporation in the water balance calculation.

2.2. Modeling the present lake level

Researchers have studied the water balance of Lake Victoria
since the 1930s with models resulting in imbalanced inflows and
outflows (Broecker et al., 1998). Yin and Nicholson (1998) sum-
marized past modeling efforts and identified that the main prob-
lem with simulated water balance of the lake are from calculated
variables including: precipitation and evaporation and to a lesser
degree the lack of stream inflow measurements. Precipitation es-
timates for Lake Victoria are variable due to inconsistent station
coverage that are concentrated in Kenya and Tanzania and inter-
ruptions in recording periods (Yin and Nicholson, 1998). As a re-
sult, early models often balanced the water budget by increasing
or decreasing precipitation and later models modified evaporation
(Yin and Nicholson, 1998, and references therein). More recent and
advanced modeling calculates lake level fluctuation on a daily ba-
sis (Vanderkelen et al., 2018); however, the purpose of this model
is to understand paleo-lake levels, and therefore, a simpler model
is more appropriate, similar to the model by Lyons et al. (2011) for
the Lake Malawi Basin.

The models developed here are available in Supplementary
Datasets S1-S4. The lake water was modeled based on a simple
water balance approach:

Ah:PCy0+PL—EL—RL (]1)

where Ah is change in annual height of the water (myr—!), Pc is
annual catchment precipitation (m), o is catchment precipitation
runoff ratio (dimensionless) for time = 0, P; is annual lake pre-
cipitation (m), E; is lake precipitation ([E; = (E/A)(1/pw)(365 -
86400)]) in myr~!, and R; is discharge from the lake (m) assum-
ing that the lake is the outlet structure of the catchment where
365 is the number of days per year and 86,400 is the number of
seconds per day. Groundwater inflow or outflow is assumed to be
negligible because in relation to other water balance fluxes (pre-
cipitation and evaporation) groundwater interaction is insignificant
(Sweagudde, 2009).

To evaluate this model, two sets of observed precipitation and
lake discharge data from 1956 to 1978 (Howell et al, 1988;
Sutcliffe and Parks, 1999) were used. The model accuracy was only
tested using data from 1965 to 1978 to avoid changes in lake
level due to dam construction in 1954 (Sutcliffe and Parks, 1999).
We assumed P¢ was equal to Py, and for Rj, observed values
for the Jinja station were derived from the “agreed-upon curve”
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Fig. 3. Results of the modern water budget modeling comparing observed vs. model-
predicted values for change in lake level height to evaluate the accuracy of the
model and the analyses used to relate lake area to bathymetry. (A) Comparison
of the change in annual height of the lake (Ah) with modeled results from two
different datasets: Sutcliffe and Parks (1999) and Howell et al. (1988), and the ob-
served values measured at Jinja (Sutcliffe and Petersen, 2007) for the years 1965
to 1978. (B) Observed Ah vs. modeled Ah with simple linear regression resulting
in a slightly better R? value of 0.78 for the Sutcliffe and Parks (1999) dataset that
is therefore used in development of the model. (C) Bathymetric analysis of Lake
Victoria that relates depth in m above sea level to lake area using a fourth-order
polynomial function (Eq. (12)), which is used to calculate changes in lake area in
Fig. 4D.

(Sutcliffe and Petersen, 2007). For yp, a value of 0.08 was used
for the Lake Victoria catchment (Shahin, 1985), a value similar to
0.10 estimated for the entire Nile River (Wigley and Jones, 1985).
With these input data, Ah was calculated and compared with ob-
served values (Fig. 3A). Least square regression analysis showed
moderately high correlation (r? = 0.78) between modeled and Ah
using Sutcliffe and Parks (1999) input indicating that lake eleva-
tion is driven by a fairly straightforward budget, constrained by
P; and Ep, similar to other studies (Figs. 3A and B; Dataset S1;
Broecker et al., 1998; Milly, 1999; Sutcliffe and Petersen, 2007;
Yin and Nicholson, 1998). This is also consistent with more recent
models by Vanderkelen et al. (2018) where precipitation and evap-
oration account for approximately 77% of the lake water balance.
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2.3. Bathymetric analysis of Lake Victoria

Because the depth to area/volume relationship is unique for
each lake, we first georeferenced and digitized a bathymetric map
for Lake Victoria (Verschuren et al, 2002). The contours were
mapped at 5 m intervals, and these digitized data were captured
in the form of a shapefile. All analyses were conducted in ArcGIS®
(version 10.0; ESRI, Redlands, CA). To calculate area and volume
values by depth, the shapefile was analyzed using the Polygon
Volume function based on analysis of the individual bathymetric
contours below the reference height of 1135 m. Using these data,
we fit a fourth-order polynomial function using bathymetric depth
as the independent variable (h) and lake area (A;) as the depen-
dent variable:

AL = —8.424999988041810 x 10%h*
+3.931696313072550 x 105>
— 6.862506670194270 x 10°h?
+5.311594269525770 x 10'%h
—1.538663756789369 x 10'° (12)

This equation is used to predict discharge in the past (Fig. 3C;
Dataset S1). Changes in depth (Ah) were then used to calculate an-
nual depth values that when applied to the derived depth to area
relationship can be used to estimate A;. This new annual value of
A was then used as input for f(U,) affecting subsequent derived
values of AE.

2.4. Changes in Lake Victoria’s geometry

Uplift and tilting during the Middle Pleistocene shifted the cen-
ter of the Lake Victoria basin ~50 km to the east (Doornkamp
and Temple, 1966). There is no evidence for tectonic modification
of Lake Victoria since then, suggesting that the modern lake had
formed by this time, and that modern lake geometry is a rea-
sonable input variable. However, uplift in the Toro-Ankole volcanic
province (<50 ka) in Uganda likely modified the drainage of Lake
Victoria (Boven et al., 1998). Before uplift, outflow for Lake Vic-
toria was likely through the Katonga and Kagera Rivers towards
Lakes Albert and Edwards. This uplift caused a flow reversal of
these tributaries, likely between 35 and 25 ka, and ultimately led
to the formation of the modern outflow to the north through the
Victoria Nile (Talbot and Williams, 2009). It is uncertain when this
modern connection occurred, but probably in the last 13 ka (Talbot
and Williams, 2009). The effect of any outlet on the water bud-
get of Lake Victoria would be to increase the rate of desiccation,
and thus, the Jinja outlet is used to demonstrate this effect for our
model.

2.5. Calculating past lake discharge

As part of the water budget, discharge from the lake is required.
Values of R; for the analysis of lake levels for 1965 to 1978 were
derived from empirical observations, though inferred from the de-
rived values of the “agreed-upon curve” (Sutcliffe and Petersen,
2007). This curve is assumed to reflect natural discharge prior to
construction of the Nalubaale Dam:

Q =132.923(Ah — 8.486)1:686 (13)
where Q is the Nile River discharge at Jinja in m3s~!. To convert

Q values to annual depth values for the water budget analysis,

Rp = (Q/AL)(365)(86400) (14)

where 365 is the number of days per year and 86,400 is the num-
ber of seconds per day.

At some point the value of Ah would result in complete cessa-
tion of flow into the Victoria Nile using the present morphologic
characteristics of Jinja outlet. Linearization of the “agreed-upon
curve” function followed by solving for Ah where Q = 0.0 yields
a value of 1130.5 m for the cessation of Nile flow. For the model
of the past, lake height value (h, where h = 1122 - Ah assuming
1122 m is the Jinja elevation as a reference point), and R; = 0.0
where calculated values of h <1130.5 m.

2.6. Modeling past lake levels

The paleoprecipitation reconstruction from the Lake Victoria pa-
leosols by Beverly et al. (2017, 2015) indicates minimal change in
average values through time, and therefore, the averaged minimum
reconstructed value of 0.75 myr~—! (CALMAG proxy) and maximum
value of 1.01 myr~! (PPM; g proxy) are used as the input variables
for the late Pleistocene water budget calculations. This provided a
minimum precipitation and maximum estimate to apply to the wa-
ter budget of Lake Victoria and subsequent changes of MAP in the
past (P,) which ranged from 54 and 72% of modern MAP (Sutcliffe
and Parks, 1999). Next, using the methods proposed by Wigley and
Jones (1985), the value of the past catchment runoff (R;) was ap-
proximated by the equation:

Rl—ROZOl—U—Vo)ﬂ

(15)
Ro Yo
that can be simplified to:
— (1=
R1:RO<M—1> (16)
Yo

where « is the fraction of past precipitation relative to the current
(0.54 to 0.72) and g is a function that represents the change in
catchment evapotranspiration under a different climate than the
present. For simplification, the g function was estimated as:

B=1-0.3a (17)

where a is the fraction of catchment area covered by vegetation. In
this case, we assumed under drier conditions of the past, that only
25% of available catchment land area had vegetation cover simi-
lar to the large scale drying of the sub-Sahelian savanna (Claussen
et al.,, 1999). This is likely an overestimation, but to test this sen-
sitivity, the model was adjusted by adding changes in vegetation
in increments of 10% and evaluating the resulting impact on the
model. The results of this analysis were almost indistinguishable
from a model with 25% vegetation and negligible in comparison to
the effects of changing precipitation or evaporation.

Changes in incident radiation were modeled to account for
changes in insolation and therefore evaporation throughout the
Pleistocene. Precession has the greatest influence over climate in
tropical Africa and has created fluctuations in insolation over peri-
ods of 19 to 23 ka, which have a great effect on the strength of the
East African monsoon (Clement et al., 2004; Scholz et al., 2007).
Changes in insolation translated into simulations in which input
values of SW, as part of the calculation of E;, were varied from
present mean values of 220 Wm~2 by +37.5 Wm~2 to form the
boundaries of precession maxima and minima in the last 100 ka
and +17.5 Wm~2 for the LGM. The effects of temperature changes
(£2°C) were also simulated based on reconstructions from the Bu-
rundi highlands over the past 40 ka, which is the closest available
paleotemperature data extending beyond the LGM (Bonnefille and
Chalie, 2000). Using these values to calculate lake evaporation, cou-
pled with annual updated values of A; and resultant Ry, annual
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Fig. 4. Results of the water budget modeling. (A) Rates of drying of Lake Victoria based on late Pleistocene precipitation (54% of modern - solid line; 72% of modern dashed
line). Maximum insolation is in red and minimum in blue with the area around the line representing the variation in temperature. Regardless of changes in temperature
and insolation the lake will dry up within centuries at these precipitation values. (B) Rates of filling of Lake Victoria, which illustrates how many years it will take to fill the
lake with different amounts of fractional precipitation (i.e., Pleistocene precipitation/modern precipitation). At lower temperatures and insolation values the lake can refill,
but very slowly, and at higher temperatures and insolation values Lake Victoria cannot refill until runoff is generated. (C) Rates of drying a modern Lake Victoria based on
model developed for this study and previous studies (e.g., Howell et al., 1988; Sutcliffe and Parks, 1999; Sweagudde, 2009), which indicates that the Victoria Nile outlet at
Jinja could disappear as quickly as 10 years. Recent rates of decline projected out into the future indicate that Lake Victoria could dry up in as little as 500 to 3300 years. (D)
Map of the areal extent of Lake Victoria at 100, 200, and 400 years based the Howell et al. (1988) rate in Fig. 4C (in purple), which indicates that all the major cities around
Lake Victoria could lose access to the lake in as little as 100 years, and Kenya could lose all access to the lake in 400 years.

values of Ah were calculated, starting with an assumed lake ele-
vation 1135 m (full lake), to determine the trend in elevation and
potential long-term effects on the lake. The annual values of Ah
were subtracted from a starting lake elevation of 1135 m to deter-
mine time to desiccation of the lake (Fig. 4A and Dataset S2).

According to our model, Lake Victoria will not refill without
a threshold precipitation amount of an additional 1% above nor-
mal for the LGM scenarios to achieve outflow through Jinja. Then,
the total depth of the lake (1130.5 m - 1065 m) was divided by
Ah to calculate the effective time to fill Lake Victoria (Fig. 4B and
Dataset S3).

2.7. Modeling future lake levels

Limited observational data indicates East African precipitation
has decreased over the last 50 years, but the projected precipita-
tion for the next 100 years is complex due to contrasting predic-
tions between Global Climate Models (GCMs) and regional mod-
els (Lyon and Vigaud, 2017; Niang et al., 2014). Predictions of
precipitation range from no change to a 20% increase in precip-
itation in GCMs, to a decrease in regional models (Niang et al.,
2014). The Ah values calculated from the two modern datasets

(Howell et al., 1988; Sutcliffe and Parks, 1999) from 1965 to 1978
are used to determine the time to loss of the Nile outlet and desic-
cation of the lake from a starting elevation of 1135 m (Fig. 4C, pur-
ple and blue). Using the Sutcliffe and Parks (1999) dataset, the ef-
fect of +2°C on evaporation was also modeled to simulate a min-
imum estimate of climate change effects (Fig. 4C, red; Dataset S4).

3. Results

Previous research has shown that reconstructed MAP from
paleosol-based proxies was between 54 to 72% of modern between
94 and 36 ka (Beverly et al., 2017). Using those values as inputs,
our model generated here indicates that Lake Victoria would des-
iccate within a few centuries at precession maxima (+37.5 Wm™—2
relative to today) regardless of temperature, and within millen-
nia at precession minima (—37.5 Wm~2) (Figs. 4A and 5B). This
indicates that regardless of orbital parameters, Lake Victoria will
rapidly desiccate (on scales of ~102 yr) when MAP is <75% of
modern.

Once Victoria desiccated, refilling the lake to current lake level,
where there is outflow via the White Nile, is either slow or re-
quires MAP levels near modern. Under precession maxima condi-
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tions, Lake Victoria cannot refill to modern levels until there is
enough precipitation to generate runoff, which occurs at ~96% of
modern MAP in our model. Once MAP reaches >97% of modern,
the lake can refill rapidly within centuries. At precession minima
(—37.5 Wm™2), Lake Victoria can be refilled with lower precipita-
tion (>62%), but refill is very slow at simulated insolation levels
equivalent to precession minima (>10 kyr), until enough rainfall
generates runoff (~94% of modern) at which point the lake refills
within centuries. Using the orbital parameters that existed during
the LGM (4+17.5 Wm™2), Lake Victoria could refill very slowly once
MAP was >89% of modern precipitation. Once runoff is generated
at 94% of modern MAP, the lake could fill within centuries.

4. Discussion

In this study, our model indicates that the desiccation and re-
filling of Lake Victoria can happen over relatively short time scales
(i.e., centuries to millennia) and is directly tied to MAP levels and
associated runoff. MAP fluctuations of this scale likely necessitate
a regional forcing mechanism.

4.1. Drivers of climate variability in tropical East Africa

There are no long cores currently available from Lake Victo-
ria, so much of what is known about the history of the lake
ends at the LGM. However, a combination of seismic data and
short cores have identified paleosols in the deepest portion of the
lake, indicating that Lake Victoria has desiccated at least twice at
17 ka and 15 ka (Fig. 5C; Johnson et al., 1996; Stager et al., 2011;
Talbot and Williams, 2009). Such rapid desiccation and refilling of
the lake is consistent with our water budge model, which indi-
cates that such changes could occur within centuries to millennia
(Figs. 4A and B).

Paleosol-based proxies indicate that precipitation was between
54 and 72% of modern between 94 and 36 ka (Beverly et al.,
2017, 2015), and when used as an input in our water budget
model, suggest that Lake Victoria remained desiccated for that en-
tire period. At those precipitation levels, a lake cannot be sustained
at all at precession maxima (red lines; Fig. 4B) and at precession
minima a lake could be supported but refill would be very slow
(~10 kyr; blue lines Fig. 4B). A late Pleistocene desiccation surface
interpolated based on sediment accumulation rates to be ~80 ka
has been identified in seismic profiles (Stager and Johnson, 2008).
This unconformity is compatible with our interpretation that Lake
Victoria was likely desiccated, or nearly so, from 94 to 36 ka
(Fig. 5C).

The geographic extent of these paleoprecipitation reconstruc-
tions (~1000 km?) indicates that this decrease in precipitation
must have been a regional phenomenon, suggesting a regional
forcing mechanism. This period (94-36 ka) coincides with cooler
and drier conditions in the Gulf of Aden between ~75 and 50 ka
(Tierney et al., 2017), a generally low to desiccated Lake Naivasha
between ~100 and 30 ka (Fig. 5D; Trauth et al., 2003), and par-
tially overlaps with the megadrought identified in Lakes Malawi,
Tanganyika, and Bosumtwi between 135 and 70 ka (Fig. 5G, Ivory
et al,, 2016; Johnson et al,, 2016; Scholz et al.,, 2007). Lake lev-
els in Malawi, Tanganyika, and Bosumtwi were all low from 135 -
70 ka, which then refilled and remained relatively deep (Ivory et
al., 2016; Johnson et al., 2016; Scholz et al., 2007). In addition, an
energy-balance hydrologic model of Lake Malawi indicates a simi-
lar decrease in precipitation (61% relative to modern) is needed to
achieve the lowstand identified during the megadrought (Lyons et
al,, 2011).

Shifts in the ITCZ are often invoked to explain precipitation
changes in tropical Africa (Scholz et al,, 2007); however, based on
the equatorial position of Lake Victoria, it is unlikely that the ITCZ
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Fig. 5. (A) Eccentricity and climatic precession from 140 ka to present, which is
one of major controls on tropical African climate in the past (Laskar et al., 2004).
(B) Mean monthly insolation at the equator for March and October, which is used as
the minimum and maximum insolation values in the water budget modeling (Laskar
et al,, 2004). (C) Reconstructed relative level of Lake Victoria (Johnson et al., 1996;
Stager et al.,, 2011; this study). (D-H) These records for relative lake level and wet-
ter and drier conditions are plotted for comparison with the Lake Victoria (this
study) and show that aridity during this time period (94-36 ka) was not iden-
tical. (D) Relative level of Lake Naivasha (Trauth et al, 2003). (E) Relative level
of Lake Challa (Moernaut et al., 2010). (F) 8Djeafwax from Lake Tanganyika show-
ing the relative changes from wet to dry during the past 60 ka (Tierney et al.,
2008). (G) Level of Lake Malawi in meters below modern (Ivory et al., 2016;
Scholz et al.,, 2007). (H-]) Records from the Gulf of Aden and the Atlantic and In-
dians Oceans, which record effects of eccentricity-enhanced precession on climate.
(H) 8Dwax from marine Core RC09-166 from the Gulf of Aden (Tierney et al., 2017).
(1) Sea surface temperature records for the Indian and Atlantic monsoons. SSTs cali-
brated from the U§7' record for the MD85668 core in the Indian Ocean off the coast
of Somalia (Bard et al., 1997) and Mg/Ca SSTs estimates from the Gulf of Guinea
in the Atlantic Ocean (Weldeab et al., 2007). (J) §'80 record of the Asian monsoon
from the Sanbao and Hulu Caves from China (Wang et al., 2008). The Hulu record
is plotted 1.6%0 more negative to account for the higher values in the Hulu Cave
(Wang et al., 2008).

could be shifted far enough to prevent its twice annual crossing
over Lake Victoria. Thus, the position of the ITCZ cannot account
for the late Pleistocene desiccation of Lake Victoria. Climate mod-
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eling indicates that when eccentricity is high, precessional forcing
is greater at low latitudes compared to high latitudes (Verschuren
et al, 2009). Thus, widespread climatic variability across Africa
likely peaked between 145 and 60 ka due to eccentricity-enhanced
precession (Fig. 5A; Laskar et al, 2004). Climate variability in
late Pleistocene low latitude records of SSTs from tropical marine
records in the Atlantic (Weldeab et al., 2007) and Indian Oceans
(Bard et al., 1997), and the monsoon record from East Asia (Wang
et al., 2008) are all also attributed to eccentricity-enhanced preces-
sion (Figs. 5H and I). This orbital mechanism has been invoked to
explain the aridity for Lakes Malawi, Tanganyika, and Bosumtwi
during the 135 - 70 ka megadrought (Scholz et al., 2007), and
plausibly explains the desiccation of Lake Challa from 114 - 97 ka
(Moernaut et al., 2010). Thus, we posit that eccentricity-enhanced
precession is the likely driver of aridity in the Lake Victoria re-
gion ~100 - 70 ka. After 70 ka, Lakes Malawi, Tanganyika, Bo-
sumtwi and Challa begin to refill (Figs. 5E, F, and G). The refilling
of these lakes is attributed to stable precipitation conditions as ec-
centricity decreased (Scholz et al., 2007). However, based on MAP
estimates (Beverly et al., 2017) and our model projections, Lake
Victoria remained desiccated until 36 ka. We propose that the shift
to high-latitude forcing that began at ~70 ka affected Lake Victoria
differently.

The record of desiccation from 94 to 36 ka at Lake Victoria is
very similar to Lake Naivasha (Trauth et al., 2003), located ~250
km to the east of Lake Victoria at approximately the same lati-
tude. Lake Naivasha had low-to-intermediate lake levels between
105 and 60 ka and was dry between 60 and ~35 ka based on an
erosional unconformity (Figs. 1A and 5D). Because of changes in
orbital forcing, the cause for extended aridity from ~70 to 36 ka
in both Lakes Victoria and Naivasha must be due to factors other
than eccentricity-enhanced precession (Trauth et al., 2003). Low
lake levels in Lake Naivasha have been attributed to low SSTs in
the Indian Ocean that weakened the East African monsoon (Bard
et al., 1997, Trauth et al., 2003), but this would likely affect Lake
Challa, which had high lake levels from 97 ka to the LGM. There-
fore, another driver for the aridity in Lakes Victoria and Naivasha
from ~70-36 ka is needed.

8Dleafwax records from the last 25 kyr indicate that the east-
west moisture gradient across tropical Africa is related to strength
of the CAB (Costa et al., 2014; Moernaut et al., 2010; Tierney et al.,
2008). The strength of the CAB is influenced by SSTs in the SE At-
lantic and the Indian Ocean (Bard et al., 1997; Costa et al., 2014,
Weldeab et al., 2007) and changes in the tropical-subtropical SST
gradient in the SE Atlantic are linked to high latitude forcing
(Figs. 51 and ], Weldeab et al., 2007). Lakes Malawi and Challa are
both on the Indian Ocean side of the CAB, and therefore, unaf-
fected by changes in the Atlantic moisture supply (Fig. 1A). The
CAB converges over the Lake Victoria basin, which means the lake
catchment receives precipitation from both the Atlantic and Indian
Oceans. Cooler SSTs in both the Indian (Bard et al., 1997) and At-
lantic Oceans (Weldeab et al., 2007) are a proposed mechanism for
aridity in the Lake Victoria region at 17 and 15 ka due to reduc-
tion of moisture transport and likely a weaker CAB convergence.
We suggest that the extended period of aridity at Lake Victoria be-
tween 94 and 36 ka was caused by eccentricity-enhanced preces-
sion between 94 and ~70 ka (i.e., the East African megadrought),
followed by high-latitude forcing causing low SSTs affecting CAB
convergence from ~70 and 36 ka. Together, these forcing mecha-
nisms maintained conditions in which precipitation was below the
threshold necessary to sustain Lake Victoria. Lake Naivasha is close
to the CAB, but ~250 km closer to the Indian Ocean than Lake
Victoria, suggesting that the moisture from the Indian Ocean is a
more important moisture source than the Atlantic and potentially
explaining the intermediate aridity of Lake Naivasha from 105 to
60 ka (Fig. 5D).

4.2. Implications for early modern humans, cichlids, and other fauna

These external climate forcing mechanisms and rapid lake level
fluctuations likely had a large impact on the regional biota. The
Africa Great Lakes are home to ~2,000 species of cichlid fish with
~700 species in Lake Victoria alone, 150 of which are endemic
(e.g., Danley et al., 2012). This rapid diversification occurred in the
last 10 Myr, and climatically driven wet-dry transitions have been
tied to rapid diversification events in Lake Malawi over the last
1.2 Myr (Ivory et al, 2016) and suggested to be species pumps
that increased diversity in Lake Tanganyika. Desiccation surfaces
in Lake Victoria are identified in the late Pleistocene at ~80 Kka,
17 ka, and 15 ka (Stager et al., 2011; Stager and Johnson, 2008).
Our model, together with lithologic and seismic evidence, indi-
cates that rapid desiccation and refilling of Lake Victoria is possible
in centuries to millennia and that at precession maxima rainfall
<96% of modern could not sustain a lake. This suggests severe and
rapid wet-dry cycles were common over the last 100 kyr at Lake
Victoria and likely also influenced the evolution of Lake Victoria
cichlids and led to diversification similar to Lakes Malawi and Tan-
ganyika.

Repeated and rapid desiccation of Lake Victoria would have
also affected the dispersal patterns of early modern humans and
other fauna. Desiccation of Lake Victoria, would have removed a
significant geographic barrier and enhanced dispersal potential as
grasslands would have expanded simultaneously with the retreat
of the lake (Fig. 1B; Tryon et al.,, 2016). Removal or reduction of
Lake Victoria as a biogeographic barrier to fauna would have en-
hanced the Nilotic corridor as an avenue for the dispersal of early
modern humans within and out of Africa (Beverly et al., 2017;
Tryon et al., 2016).

4.3. The future of Lake Victoria

These results indicate rapid lake level fluctuations were com-
mon in the Lake Victoria region throughout the Pleistocene affect-
ing the evolution of both flora and fauna. Understanding the future
effects of anthropogenic climate change on Lake Victoria, is cru-
cial for the 40 million people living in the Lake Victoria Basin and
depending on the resources it provides. East Africa is projected to
experience an increase in temperature between 1 and 5 °C over the
next 100 years (Niang et al., 2014). Our model indicates that Lake
Victoria is most sensitive to the balance of precipitation inputs
and evaporation losses (Figs. 4A and B), but increased temperature
will affect evaporation regardless of the direction or magnitude
of precipitation change, for which climate models disagree (Lyon
and Vigaud, 2017; Niang et al., 2014). Regional climate modeling
also indicates that Lake Victoria cools the broader region by ~1°C
(Thiery et al., 2015). Therefore, a loss or significant reduction of the
lake would only enhance projected temperature changes, which in
turn would increase evaporation non-linearly (Rial et al., 2004).

Because future precipitation is uncertain with some models in-
dicating an increase in precipitation, decrease in precipitation, or
decrease in precipitation compensated by an increase in lake in-
flow (Lyon and Vigaud, 2017; Niang et al.,, 2014; Vanderkelen et
al., 2018), rates of known lake level fall from several time peri-
ods are used to show how Lake Victoria has historically responded
to changes in precipitation, and then projected into the future.
The rate of lake level decline from the Sutcliffe and Parks (1999)
data used to develop this model is on average —0.052 myr~! be-
tween 1956 and 1978 (Fig. 4C, blue). The effect of an increase in
temperature of 2°C on evaporation was also modeled to simulate
the effects of climate change over the next 100 years (red line,
Fig. 4C). When a +2°C increase in temperature is modeled with
the Sutcliffe and Parks (1999) dataset the rate of lake level drop
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accelerates from —0.052 to —0.095 myr~! (Fig. 4C, red). The aver-
age rate of decline for the huge drop in lake level between 1964
and 2002 is —0.030 myr~!, which by extension could dry the lake
in ~2200 years (Fig. 4C, orange). Another model, derived using the
IPCC A2 scenario, predicts historically low lake levels (1133 m)
by the end of the century, and an extension of this rate (0.020
myr~!) indicates that the lake will disappear in as little as 3500
years (Sweagudde, 2009).

At maximum rates of lake level fall (0.129 myr~!), the Nile
outlet could disappear in as little as 10 years, depriving Uganda
of its main source of electricity, and the water that sustains the
Nile during the non-flood stage (Figs. 4C and D; Vanderkelen et
al., 2018). If lake level fall continued at those rates, every ma-
jor port in Lake Victoria could be landlocked within a century,
and Kenya would lose all access to the lake within 400 years,
while Uganda and Tanzania gain huge areas of potentially arable
land (Fig. 4D). This sets up a potentially dangerous dynamic be-
tween countries (Uganda and Kenya), which in 2009 fought over
ownership of Migingo Island (Fig. 4D), due to the importance of
fishing rights in a lake where over 1 million tons of fish are har-
vested every year (Kolding et al., 2014). Any decrease in precipita-
tion would only further accelerate the rate of decline of modern
Lake Victoria to rates similar to the desiccations that occurred
twice between 18 and 14 ka (Broecker et al,, 1998; Milly, 1999;
Stager et al., 2011) and similar to rates modeled for the late Pleis-
tocene for this study (Fig. 4A), suggesting that Lake Victoria could
dry up even more quickly than we model here.

5. Conclusions

Lake Victoria is particularly susceptible to changes in evapora-
tion and precipitation, which many previous models have shown
to be the primary drivers in this system. Our model of mod-
ern Lake Victoria captures this water balance and is then used
to predict how Lake Victoria would respond to changes in evap-
oration, temperature, precipitation, and insolation in both the past
and future. Results indicate that Lake Victoria can drain and re-
fill quickly, but the rate is highly dependent on MAP. Regardless
of orbital effects on insolation, Lake Victoria will rapidly desiccate
when MAP is 25% less than modern, and once the lake is desic-
cated, refilling is very slow (>10 kyr) or requires MAP levels very
close to modern and high enough precipitation to generate runoff
to fill more rapidly (centuries). Thus, based on reconstructed pa-
leoprecipitation using paleosol-based proxies it is likely that Lake
Victoria was dry for much, if not all, of the period between 94
and 36 ka. This dry phase likely reflects regional climate phenom-
ena. It coincides with cooler and drier conditions in Gulf of Aden
(~75-50 ka), low lake levels in Lakes Tanganyika, Bosumtwi, and
Malawi (~135-70 ka), and low to intermediate lake levels at Lake
Naivasha between 105 and 60 ka and desiccation between 60 and
35 ka. It is likely that mechanism for this prolonged aridity in the
Lake Victoria Basin between 94 and 36 ka was partially a result
of eccentricity-enhanced precession, which has been attributed to
the East African megadrought. This was followed by high-latitude
forcing and cooler SSTs between 70 and 35 ka that reduced con-
vergence of the CAB above Lake Victoria. This previous late Pleis-
tocene desiccation likely had a profound impact on the dispersal
and evolution of early modern humans, cichlids, and other fauna in
the region. In addition, an extension of rates of lake level decline
into the future indicates that termination of Nile outflow and po-
tentially catastrophic impacts for human populations around Lake
Victoria is possible within decades, and Kenya could lose access
to Lake Victoria within centuries. The results indicate that further
regional climate modeling is urgently needed to understand how
future climate change will affect this climatically sensitive region.
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