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a b s t r a c t

The Blue Nile is the major contributor of freshwater and sediments to the modern-day main Nile River
and exerts a key control on seasonal flooding in the Nile valley. Recent studies have postulated that the
relative contribution from the Blue Nile to the main Nile runoff might have been reduced during the mid-
Holocene, at a time when higher boreal summer insolation stimulated enhanced precipitation in North
Africa. Whether the decrease in the relative contribution from the Blue Nile resulted from a decrease in
precipitation over the catchment, from an increase in White Nile runoff or from a combination of both is
still a matter of debate. By comparing regional proxy-records with the output from a global atmospheric
model zoomed on Africa, we propose that the reduced contribution from the Blue Nile at 6 ka originated
from both a higher White Nile runoff and a lower Blue Nile runoff. Enhanced African and Indian mon-
soons at 6 ka induced a northern shift of the Intertropical Convergence Zone and an eastward shift of the
Congo Air Boundary. Such an atmospheric configuration led to a negative anomaly of summer precipi-
tation over the Blue Nile catchment that likely resulted in a reduction in the Blue Nile runoff. By contrast,
a sustained positive anomaly of precipitation over the White Nile catchment during both summer and
autumn most likely induced a higher main Nile runoff during the mid-Holocene. Using the model output,
we propose a first synoptic view on regional rainfall dynamics that permits to reconcile contrasting
proxy records.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

During the Holocene (i.e., the past 10 thousand years), the
meridional migrations of the rainfall belt in the African subtropics
lead to severe transformations of the climate and vegetation in this
region (Gasse, 2000). After an arid interval during the Younger
Dryas (ca.12.5e11.5 ka), the northwardmigration of the rainfall belt
allowed the development of savannah in parts of the Sahara Desert
presently barren of any vegetation (Jolly et al., 1998). This greening
of the Sahara occurred during the so-called African Humid Period
(thereafter referred to as AHP), which lasted until the mid-
Holocene, i.e. ~6000 years ago (6 ka) (Kuper and Kr€opelin, 2006).
The abundance of resources allowed herds of big game to thrive in
the Sahara, which were used by hunteregatherer populations for
their subsistence (Drake et al., 2011).
for Ocean Research Kiel, Kiel,
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After the mid-Holocene, the southward retreat of the rainfall
belt provoked the disappearance of the vegetal and animal pop-
ulations in the Sahara. It is also during this period (and perhaps
during the AHP termination) that the transition between gathering
and herding (pastoralism) occurred in northern Africa (Blanchet
et al., 2014). In northern Sudan within the modern desert Nile,
archaeological evidences faithfully track the progressive aridifica-
tion of a series of secondary Nile channels from the early Holocene
to the end of the AHP that were all active and allowed seasonal
cultivation during the Neolithic period (Macklin et al., 2013). Such
environmental and societal disruptions resulted in large-scale hu-
manmigrations towards the banks of the Nile River, contributing to
the rise of Pharaonic dynasties (Kuper and Kr€opelin, 2006; Macklin
et al., 2013; Macklin and Lewin, 2015). The AHP is therefore a key
period in Earth's history to investigate the connexions between
climatic changes and human societies dynamics.

Changes in boreal summer insolation exerted a major control on
climatic conditions in northern Africa during the mid-Holocene by
reducing latitudinal temperature gradients (e.g. Braconnot et al.,
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2007; Davis and Brewer, 2009; Bosmans et al., 2012). However, the
geological record of environmental changes across Northeastern
Africa is very heterogeneous, with large spatial and temporal off-
sets. Some records depict a progressive humid/arid transition
following the changes in insolation (Fleitmann et al., 2003; Jung
et al., 2004; Kr€opelin et al., 2008; Weldeab et al., 2014), while
other records point to a more rapid transition (Liu et al., 2007;
Garcin et al., 2012; Tierney and deMenocal, 2013). Additionally,
the humid/arid transition is not recorded synchronously over NE
Africa, and is reported between 8.5 ka (Blanchet et al., 2013, 2014;
Costa et al., 2014) and 5.5 ka (Garcin et al., 2012; Tierney and
deMenocal, 2013). This large temporal variability might result
from regional climatic processes or variation in the time resolution
of palaeoclimatic archive (Tierney and deMenocal, 2013), or from
climate-environment feedback processes (Claussen et al., 1999).
Temporal offsets might also result from a time-trangressive retreat
of the African monsoon following the gradual decline in insolation
forcing, with equatorial latitudes becoming arid later than tropical
latitudes (Shanahan et al., 2015).

In the Nile River catchment, the changes in humidity and
palaeoenvironments also reveal a complex pattern (Blanchet et al.,
2014). Today, the two main branches of the Nile River provide
contrasting contributions to the main Nile flow. The Blue Nile and
Atbara rivers are the main contributors and flowmostly during the
boreal summer, while the White Nile provides a more constant
input throughout the year and becomes a significant contributor
during the drier months (see e.g. Woodward et al., 2007 for an
extensive review). Over the course of the Holocene, the overall Nile
runoff decreased steadily, following the reduction in the summer
insolation and southward migration of the rainfall belt (Revel et al.,
2010; Marriner et al., 2012). By contrast, the reconstructions of past
changes in the relative contribution from both sources to the main
Nile runoff exhibit large and sometimes rapid variations during the
Holocene (Krom et al., 2002; Box et al., 2011; Blanchet et al., 2013;
Flaux et al., 2013; V�eron et al., 2013). Several hypotheses have been
proposed to account for the changes in source contribution to the
main Nile runoff: i) a shift in the seasonal distribution of precipi-
tation towards the autumn equinox, favouring a stronger White
Nile runoff (Blanchet et al., 2013), and ii) the development of an
extensive vegetation cover on the Ethiopian Highlands that pre-
vented erosion and lead to a lower Blue Nile runoff (with precipi-
tation remaining high, e.g. Krom et al., 2002).

Here, we aim at investigating the precipitation dynamics during
the mid-Holocene in order to better understand the processes
influencing the runoff dynamics in the Nile River catchment. First,
we review available datasets of past humidity conditions from NE
Africa in order to explore the potential forcing mechanisms and
provide a synoptic picture of past humidity conditions in the re-
gion. This data-compilation is then compared to a simulation of
mid-Holocene precipitation dynamics obtained using the LMDZ4
global atmospheric model (Contoux et al., 2013). This model has a
zooming ability, which allows providing climatic variables for the
preindustrial and the mid-Holocene at high-resolution above
northern Africa, and therefore permits an investigation of the cli-
matic processes influencing the precipitation dynamics in NE
Africa.

2. Present-day climatic conditions

The annual rainfall dynamics above tropical Africa closely follow
that of the insolation, with the northern tropics receiving rainfall
during the boreal summer. Due to their latitudinal distribution and
to local conditions, the sources of the Nile River have distinctive
rainfall patterns: the Ethiopian Highlands (source of the Blue Nile
and the Atbara River) receive large monsoonal rainfall during the
boreal summer, while the Great Lakes region (source of the White
Nile) has two rainfall peaks during the equinoxes, due to the
biannual passage of the Intertropical Convergence Zone (ITCZ) over
the area (Fig. 1). Williams et al. (1982) estimate that about two
thirds of the main Nile mean annual discharge is inherited from the
seasonal rains over the Ethiopian Highlands.

In the Ethiopian Highlands, the orography plays a crucial role in
controlling the boreal summer rainfall. The main moisture sources
are the eastern Mediterranean Sea (contributing for more than half
of the moisture transported towards the Ethiopian Highlands), the
Indian Ocean and the Atlantic Ocean (Fig. 1) (Viste and Sorteberg,
2013). About two thirds of the moisture released above the Ethio-
pian Highlands enter the region through the northeastern flanks of
the Highlands. Convergence of moisture-laden winds coming from
the Mozambique channel, and to a lesser extent from the eastern
equatorial Atlantic, curl West and North of the orographic barrier
represented by the Ethiopian Highlands, merge with moisture-
laden winds originating from the eastern Mediterranean sea
before converging towards the highland into a cyclonic-type cir-
culation, locally constrained by orography (Viste and Sorteberg,
2013). The resulting precipitation rates above the Ethiopian High-
lands are highly seasonal, and about an order of magnitude higher
than at similar latitudes further to the West above the White Nile
catchment. The importance of orography on precipitation rates
above the Ethiopian Highlands is further highlighted using
modelling studies of the Mio-Pliocene moisture transport into this
region (Sepulchre et al., 2006). Removing the East African Rift and
the associated Ethiopian orography induces a mostly zonal mois-
ture transport during boreal summer, with an increased contribu-
tion from the Atlantic Ocean and a reduced contribution from the
Indian Ocean to the Ethiopian highland summer rainfall.

At the source of theWhite Nile, high precipitation rates occur all
year long, with two distinctive rainfall peaks at the equinoxes
(Fig. 1). However, the seasonality of the White Nile flow is modu-
lated by storage in lakes and swamps, notably in the Sudd region in
South Soudan (Woodward et al., 2007). The Sudd region acts as a
sediment trap where most of the sediment loaded upstream de-
posits in swamps; the White Nile can loose up to 50% of its water
through evaporation in these swamps (Howell et al., 1988).

3. Material and methods

3.1. Proxy-data

We use ten datasets obtained from both marine and continental
archives analysed using various geochemical and sedimentological
proxies (Table 1 & Fig. 2a). Put together, these records provide a
comprehensive picture of the spatial and temporal variations in
palaeo-humidity during the Holocene in Northeastern Africa.

We use two records from the Mediterranean Sea. The first one is
a sedimentary sequence collected from the Nile deep-sea fan,
which was analysed using grain-size and radiogenic neodymium
(Nd) and strontium (Sr) isotopes (resp., εNd and 87Sr/86Sr) mea-
surements, which allow tracking past changes in river runoff and
fluvial sediment source (Blanchet et al., 2013). The second core was
retrieved in the Levantine basin and was analysed using 87Sr/86Sr
measurements to track the changes in fluvial sediment source (Box
et al., 2011). The source rocks in the Blue and White Niles catch-
ment areas have very different radiogenic isotope signatures
(Padoan et al., 2011), which can be used to estimate the relative
contributions from both sources to the main sediment flux.
Although being slightly more radiogenic, the sediments originating
from the source of the Atbara River cannot be distinguished from
those originating from the Blue Nile (Padoan et al., 2011). At pre-
sent, the seasonal pattern of contributions from the Atbara and the



Fig. 1. Northern Africa map showing shaded relief and coloured vegetation cover (vegetated regions are green and arid regions are brown). Blue and red lines depict the position of
the rainfall belt in July and January (respectively) with thick lines for the 6 mm/day and dotted lines for the 3 mm/day isohyets, based on the Tropical Rainfall Measuring Mission
(TRMM, http://trmm.gsfc.nasa.gov/). Black and grey lines represent the Nile River and its catchment, respectively. Black arrows represent the main moisture transport pathways
during boreal summer (solid arrows for the air parcels reaching the Ethiopian Highlands, and dotted arrows for the air parcels that do not contribute to rainfall above the highlands,
modified after Viste and Sorteberg, 2013). Precipitation diagrams for Addis Ababa and Kampala are also shown (World Meteorological Organization, http://worldweather.wmo.int).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Records used for the data compilation.

Location Proxy Reference

1 Nile deep-sea fan Grain-size fractions Blanchet et al. (2013)
2 Nile Delta Sedimentation rates Marriner et al. (2012)
3 Levantine Basin 87Sr/86Sr Box et al. (2011)
4 Red Sea Salinity Arz et al. (2003)
5 Horn of Africa dD plant waxes Tierney and deMenocal (2013)
6 Horn of Africa 87Sr/86Sr Jung et al. (2004)
7a Lake Tana Ti concentration Marshall et al. (2011)
7b Lake Tana dD plant waxes Costa et al. (2014)
8 Lake Turkana Palaeo-shorelines Garcin et al. (2012)
9 Lake Victoria Diatoms Stager et al. (2003)

Fig. 2. Model: Methodology and control run. A: LMDZ4 zoomed model grid and
topography used in the present-day and mid-Holocene simulations, on which the Nile
River and the sites used in the data compilation have been superimposed (for
numbering and references, see Table 1). B: Summer (JuneeJulyeAugust) precipitation
field (colours) and humidity transport integrated over all the atmospheric layers
(vectors) for the pre-industrial control run. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Blue Nile Rivers to the main Nile flow is similar, and we will
therefore consider the inputs from both streams as one component,
the Ethiopian Highlands source. The contribution from both sour-
ces to the Mediterranean Basin was quantified using end-member
mixing models (Box et al., 2011; Blanchet et al., 2013). These
modelling approaches allowed to estimate uncertainties and
therefore to assess the significance of the changes observed (more
details regarding uncertainties can be found in Box et al., 2011 and
Blanchet et al., 2013).

In order to account for changes in palaeo-humidity andmoisture
origin in the northeastern Mediterranean region, we use the
palaeo-salinity record from Arz et al. (2003) obtained from sedi-
ment cores in the Red Sea. Changes in palaeo-salinity were recon-
structed by correcting the stable oxygen isotope record derived
from planktonic foraminifera (d18O) for changes in sea surface
temperatures (SST) using the alkenone-based Uk'37 proxy. For a
review on uncertainties associated with palaeo-salinity re-
constructions, see Leduc et al. (2013). In the Red Sea, the changes in
sea surface salinity were attributed to changes in the amount of
winter rainfall originating from the Mediterranean (Arz et al.,
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2003).
Further south, we use two records north and south off the Horn

of Africa. The northernmost one is based on the stable hydrogen
isotope (dD) record from Tierney and deMenocal (2013) obtained
from airborne plant waxes (n-alkanes) deposited in the sediments.
The dD composition of plant waxes is influenced by both the
changes in the dD of precipitation, which is related to the prove-
nance of the rainfall, and the changes in the amount of precipita-
tion, with enriched isotopic values corresponding to drier
conditions. This proxy is here used as an indicator for changes in
palaeo-humidity and moisture transport from the Indian Ocean to
the Horn of Africa (Tierney and deMenocal, 2013). The southern-
most record is the 87Sr/86Sr record from Jung et al. (2004) obtained
from the terrigenous fraction of marine sediments and used as a
tracer for weathering intensity on the Horn of Africa. The radio-
genic 87Sr isotope being more mobile than the stable 86Sr isotope,
enhanced chemical weathering leads to a lower 87Sr/86Sr ratio. As
weathering is stimulated by more humid conditions, a decrease in
87Sr/86Sr can be related to more humid conditions in the hinterland
(in absence of a change in the provenance of the sediments).

All continental records originate from lake sediments except the
record of sediment accumulation on the Nile Delta computed by
Marriner et al. (2012), which was obtained using an extensive
dataset of 14C dates from various locations on the delta that track
the evolution of the Nile delta hydro-geomorphology. The rate of
sediment accumulation published in Marriner et al. (2012) is taken
as a proxy for the main Nile River runoff. The reconstruction of the
Blue/White Nile dynamics obtained from marine sediments are
then compared to lake sedimentary records obtained at Lakes Tana
and Victoria, respectively located at the source of the Blue Nile and
White Nile. The palaeo-humidity at Lake Tana was explored using
two sedimentary records: i) the titanium (Ti) concentration was
used byMarshall et al. (2011) to reconstruct erosion rates related to
the amount of rainfall; ii) the dD of plant waxes was interpreted by
Costa et al. (2014) as a tracer for the precipitation source. Due to
the volcanic nature of the catchment area at Lake Tana, Ti content
is a good indicator for autochtonous terrigenous input, especially
when it varies synchronously with changes in the magnetic
mineralogy (volcanic rocks being enriched in Ti-magnetite)
(Marshall et al., 2011). However, it should be mentioned that var-
iations in the Ti content can also arise from dilution by other ele-
ments or from non-linear relationships between XRF-counts and
actual Ti contents, which are both shown on Fig. 3e (cf. Weltje and
Tjallingii, 2008; for a review on XRF-based elemental re-
constructions). As already mentioned, the dD of plant waxes is a
mixed signal of changes in the amount and provenance of the
rainfall, which are difficult to disentangle. The interpretation of the
dD record from Lake Tana as an indicator of changes in moisture
source is based on the comparison with the Ti-content record from
Marshall et al. (2011) (Costa et al., 2014) and, for the reasons stated
above, should be taken with caution. The statistical analysis of
assemblages of fossil freshwater diatoms from Lake Victoria
allowed Stager et al. (2003) to explore both the changes in the
amount and seasonality of rainfall during the Holocene. The clus-
tering of diatoms species using multivariate data analysis per-
formed by Stager et al. (2003) allows to reconstruct the ecological
conditions in Lake Victoria, which are related to the changes in lake
level and mixing/stratification, both being controlled by climatic
changes (precipitation rates, seasonality, wind strength). The
changes in lake level at Lake Turkana obtained by Garcin et al.
(2012) using 14C dating of palaeo-shorelines provide crucial in-
sights on palaeo-humidity dynamics for lake systems that were
probably contributing to the White Nile runoff during the AHP,
when Lake Turkana overflowed to the North, i.e. into the White
Nile catchment.
3.2. Modelling experiment framework

We used the LMDZ4 atmosphere general circulation model,
which has a stretchable grid (Li and Conil, 2003), to carry out a
present-day control and a mid-Holocene global simulation zoomed
on the Lake Chad region (Contoux et al., 2013). The model is based
on a finite-difference discretization of the equations of fluid dy-
namics with conservation of enstrophy (Hourdin et al., 2006).
Parameterization of convection follows the Emanuel scheme
(Emanuel, 1993). No data assimilation was done, implying that the
model simulation output is fully independent of the palaeo-
reconstructions described in chapter 3.1. The initial resolution of
the model is 3.75� in longitude by 2.5� in latitude with 19 vertical
layers. Because we use the zooming capability of the model, the
horizontal resolution is 3 times finer over the central grid of the
zoom (~100 km) and progressively declines (Fig. 2a). This finer
resolution over North and Central Africa allows a much better
representation of topography than in other global climatemodels, a
feature important when investigating the response of the regional
hydrological cycle to palaeoclimatic conditions in the African Rift
region. A full description of the LMDZ4 model can be found in
Hourdin et al. (2006). For the present-day control simulation (0 ka,
Fig. 2b), SSTs are forced with the climatological mean value for
1988e2007 from the AMIP 2 dataset. Greenhouse gases, solar
constant and orbital parameters are set to pre-industrial values (i.e.,
CO2 at 280 ppm) as required by CMIP5/PMIP3. For the mid-
Holocene simulation, SST and sea-ice are forced with mid-
Holocene SST anomalies previously calculated through a coupled
mid-Holocene simulation with IPSL-CM5A (Kageyama et al., 2013),
which compares favourably with independent mid-Holocene
palaeo-SST reconstructions (Contoux et al., 2013). Orbital parame-
ters are prescribed to 6 ka values, and CO2 is set to 280 ppm,
following PMIP3 guidelines. Ice sheets and topography are the
same as for the control simulation. Vegetation boundary condition
for the mid-Holocene is calculated with BIOME4 (Kaplan et al.,
2003), using the climatology from a first mid-Holocene simula-
tion forced with control vegetation. A more complete description of
this mid-Holocene and control LMDZ4 simulations can be found in
Contoux et al. (2013).

The boreal summer precipitation field as simulated in the
present-day control run matches well with modern observation
(Figs. 1 and 2; see also Contoux et al., 2013). In particular, precipi-
tation maxima are clustered above West Africa and at the southern
edge of the Ethiopian Highlands (Fig. 2b). The high-resolution grid
and topography provides a rainfall pattern over East Africa that is
much more detailed than those simulated using the same atmo-
spheric model without the zoom on Africa (Hourdin et al., 2006;
Marzin and Braconnot, 2009), even though the eastern African
high precipitation zone is slightly shifted southward compared to
observations (Fig. 2b). The simulated humidity transport also cap-
tures the dominance of the Mediterranean source for moisture
transported through the Arabian Peninsula towards northeastern
Africa (Viste and Sorteberg, 2013), which ultimately precipitates
above the Ethiopian Highlands (Fig. 2b). The intense moisture
transport towards Africa originating from the Indian Ocean is
mostly deflected towards the southern Arabian peninsula, with
only a small proportion reaching the Nile catchment and contrib-
uting to rainfall there (Fig. 2b).

4. Results

4.1. Proxy-data

Using records from the Nile Valley (Fig. 3), we explore the
temporal changes in the overall Nile runoff. In accordance with



Fig. 3. Holocene records of total runoff and provenance/seasonality in the Nile River valley. A: Summer insolation at 20�N (Laskar et al., 2004). B: River runoff (relative to aeolian
input) estimated using grain-size distribution of deep-sea fan sediments (Blanchet et al., 2013). C: River runoff estimated from computed accumulation rates on the Nile delta
(Marriner et al., 2012). D: Precipitation dynamics and/or lake level changes in the Lake Victoria (source of the White Nile) (Stager et al., 2003). E: Erosion strength in the catchment
of Lake Tana (source of the Blue Nile) estimated from the sedimentary titanium content: conventional concentrations in dark green and XRF-based concentrations in light green
(Marshall et al., 2011). F: Spring insolation at the equator (Laskar et al., 2004). G: Blue/White Nile contribution to the main Nile runoff estimated using grain-size distribution of
deep-sea fan sediments (Blanchet et al., 2013). H: Blue Nile flux estimated using radiogenic strontium isotopes from sediments in the Levantine Basin (Box et al., 2011). I: Changes in
the seasonality of the precipitation estimated using diatom assemblages in the Lake Victoria (Stager et al., 2003). J: Precipitation dynamics and provenance estimated from hydrogen
isotopes on leave debris in the Lake Tana (Costa et al., 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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other proxy-records (Revel et al., 2010; Flaux et al., 2013; Weldeab
et al., 2014), the datasets presented on Fig. 3 depict a gradual
decrease throughout the Holocene, which follows the changes in
boreal summer insolation at the tropics (Stager et al., 2003;
Marshall et al., 2011; Marriner et al., 2012; Blanchet et al., 2013).

The changes in the relative contribution from both sources to
themain Nile exhibit a different pattern (Fig. 3). The early Holocene
interval (10e8.5 ka) is characterized by a large contribution from
the Blue Nile to the main Nile runoff and high Blue Nile fluxes
(Fig. 3g, h). This interval of large Blue Nile contribution is also
characterized by high sedimentation rates and thick flood-derived
layers on the Nile deep-sea fan (Revel et al., 2010; Blanchet et al.,
2013, 2014). This suggests the occurrence of exceptional floods
originating from the Blue Nile, which is corroborated by the
description of massive flood deposits in the former Nile River bed
(reaching up to 5-m height) during a period referred to as the “Wild
Nile” (Butzer, 1980). A rapid switch is observed at ca. 8.5e7 ka to-
wards a lower Blue Nile contribution and a higher White Nile
contribution (Fig. 3g, h), which lasts until ~6 ka. The Blue Nile
contribution then steadily increased to reach a maximum at ca.
1 ka. This trend was also reported in radiogenic strontium and lead
isotope records from the northeastern (Krom et al., 2002) and
northwestern Nile Delta (V�eron et al., 2013). These changes in the
Blue/White Niles contributions to the main Nile follow the varia-
tions in spring/autumn insolation at the Equator (Fig. 3f) and are
not mirrored in the changes of the overall Nile runoff (Fig. 3c).

In order to investigate the precipitation dynamics at the two
main sources of the Nile River, we use records from Lake Victoria
(Fig. 3d, i) and Lake Tana (Fig. 3e, j) (Stager et al., 2003; Marshall
et al., 2011; Costa et al., 2014). At the source of the White Nile,
the changes in lake level are related to changes in precipitation
rates and follow changes in the boreal summer insolation (Fig. 3a,
d), while the changes in seasonality follow changes in boreal spring
insolation (Fig. 3f, i). At the source of the Blue Nile, the sedimentary
Ti content mostly reflects changes in terrigenous input to Lake Tana
from its catchment and exhibit large millennial-scale changes
superimposed on a long-term decrease. Intervals of lower Ti con-
tents are observed at 8.5e7 ka and after 4.5 ka, which are also seen
in the record of past precipitation of Costa et al. (2014) (Fig. 3j). The
major decrease in plant waxes dD at 8.5e8 ka was interpreted as a
change in the provenance of precipitation, which was assumed to
originate from the Atlantic Ocean (through the African Monsoon)
before 8.5 ka BP and from the Indian Ocean (through the East Af-
rican Monsoon) afterwards (Costa et al., 2014).

4.2. Model results

Simulated mid-Holocene precipitation anomalies over Central
and East Africa depict a globally higher summer precipitation rate
during the mid-Holocene, due to a northward shift of the rainfall
belt (Fig. 4a). The enhanced African and Indian monsoons during
the mid-Holocene (Marzin and Braconnot, 2009) lead to a north-
ward ITCZ shift, combined to an eastward shift of the Congo Air
Boundary. Consequently, moisture convergence occurs north of the
Ethiopian Highlands, creating a negative anomaly of precipitation
over the Blue Nile basin. Meanwhile, higher precipitation rates are
simulated above the White Nile catchment and above the southern
Red Sea during summermonths, due to enhanced convection above



Fig. 4. Mid-Holocene model simulations (6 ka). Precipitation anomalies (6ka minus control) (mm/day) and 6 ka absolute moisture transport vectors (kg/m/s): A. Summer
(JuneeJulyeAugust); B. Autumn (SeptembereOctobereNovember). C: Monthly-mean for Precipitation minus evaporation (PeE) anomaly integrated above the Blue Nile (blue line,
averaged on a box from 7.5 to 14.5�N and from 34 to 40�E) andWhite Nile (red line, averaged on a box from �4 to 14.5�N and from 28 to 34�E) catchments. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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the Congo Air Boundary. During the autumn months, more rainfall
is also simulated north of Khartoum in the modern desert Nile.
Precipitation minus evaporation (P�E) anomalies show patterns
similar to the precipitation anomaly, with a significant negative
anomaly for the Blue Nile basin in the summer months (Fig. 4c).

Simulated moisture transport indicates that monsoon-
associated southeasterly winds originating from the Atlantic are
increased over the continent at 6 ka along with a northward
displacement of the moisture atmospheric pathways (Figs. 2b and
4a). An increase in strength of the northwesterly winds and its
associated moisture transport from the Mediterranean is also
depicted in summer, but is deflected towards the Sahel and
southern Sahara regions (Figs. 2b and 4a). Above the Ethiopian
Highlands, the dominant northern origin of moisture as observed
and simulated for the present-day is no longer traceable and
moisture convergence occurs north and east of the Ethiopian
Highlands, leaving the region in a rain shadow (Fig. 4a).

During the autumn, large positive precipitation anomalies are
depicted over the Southern Red Sea, southern Arabia and in the
Indian Ocean, partially reaching the northern part of the Blue Nile
basin, over which the negative precipitation anomaly is shifted
southward (Fig. 4b). This is due to increased easterlies transporting
humidity from the Indian Ocean to North Africa with the exception
of the Horn of Africa, which is under the influence of the Indian
monsoonal cell (Fig. 4b). This results in positive P�E anomaly over
the northern Blue Nile basin in autumn (Fig. 4c). In contrast, the
P�E anomaly in the White Nile Basin is positive from May to
September.

5. Discussion

5.1. Precipitation dynamics in the Nile catchment and source
contribution

As stated in part 4.1, the proxy-records from the Mediterranean
Basin exhibit large variations in the contribution of the Blue and
White Niles to the main Nile runoff throughout the Holocene,
which are not mirrored in the changes in the overall Nile runoff
(Fig. 3) (Krom et al., 2002; Box et al., 2011; Blanchet et al., 2013).
Especially, the large switch between 8.5 and 5 ka from a Blue Nile-
dominated to a White Nile-dominated runoff is not accompanied
by a synchronous decrease in the overall Nile runoff (Fig. 3g, h). In
order to maintain the overall Nile runoff to a near-similar level, the
decrease in the Blue Nile runoff has likely been balanced by an
increase in the White Nile runoff.

Several mechanisms have been proposed to explain this obser-
vation. Blanchet et al. (2013) proposed that a shift in the seasonal
distribution of precipitation towards the autumn equinox stimu-
lated a stronger White Nile runoff during the mid-Holocene. Krom
et al. (2002) and Box et al. (2011) attributed the lower Blue Nile
runoff during the Mid-Holocene to the development of an exten-
sive vegetation cover on the Ethiopian Highlands that prevented
erosion, with precipitation rates remaining high.

In our mid-Holocene simulation, the White Nile catchment re-
ceives a sustained amount of rainfall both in summer and autumn
(Fig. 4). Furthermore, the mid-Holocene White Nile drainage area
included several lakes such as Lake Turkana (Garcin et al., 2012).
This lake was contributing a significant amount to the White Nile
runoff during the AHP but is no longer overflowing into themodern
White Nile catchment. Our simulation indeed depicts a sustained
positive precipitation anomaly at the location of Lake Turkana
(Fig. 4). We therefore propose that the higher White Nile contri-
bution to the main Nile runoff during the mid-Holocene likely re-
flects higher precipitation rates in Equatorial areas and the
connection to past tributaries like Lake Turkana.

In contrast, the model simulates reduced precipitation over the
Ethiopian Highlands during summer at 6 ka, but slightly enhanced
rainfall in the northern part of the Ethiopian Highlands during the
autumn (Fig. 4). The P�Ewas also reduced in summer and higher in
autumn at 6 ka (Fig. 4c). A negative precipitation anomaly over the
Blue Nile basin during themid-Holocene has also been simulated in
Bosmans et al. (2012), using the high-resolution general circulation
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model EC_Earth. The P�E was also reduced in summer and higher
in autumn at 6 ka (Fig. 4c). This summer precipitation decrease over
the Blue Nile basin supports the hypothesis of Blanchet et al. (2013)
that the decrease in the Blue Nile contribution was related to the
occurrence of the peak of precipitation in autumn. Furthermore, the
hypothesis of Krom et al. (2002) and Box et al. (2011) that the
reduced Blue Nile contribution resulted from a decrease in erosion
due to extensive vegetation cover on the Ethiopian Highlands is not
supported by the increase in erosion rates observed by Marshall
et al. (2011) at the Lake Tana. We speculate that the erosion rates
at Lake Tana were not linearly correlated to precipitation rates and
that a more intense erosion might as well be related to higher land
exposure (due to a reduction in vegetation cover). Further pro-
cesses that could explain the nonlinearity between high erosion
rates and low Blue Nile fluxes involve river sediment transport
capability, erosion potential in source areas (Zhao et al., 2011) as
well as sediment trapping in downstream regions such as in the
Gezira region at the confluence of the White and Blue Niles
(Williams, 2009).
Fig. 5. Precipitation variability reconstructed from sedimentary sequences in eastern Africa
collected in the Gulf of Aden (Tierney and deMenocal, 2013). B: Radiogenic Sr isotopes o
reconstruction from a marine sediment core in the northern Red Sea (Arz et al., 2003). D: Le
et al., 2014) and sedimentary Ti concentrations (dark green) (Marshall et al., 2011). (For inte
web version of this article.)
5.2. Regional rainfall dynamics and atmospheric mechanisms

When compiling proxy-records from NE Africa, a striking vari-
ability in both the spatial and temporal distribution of rainfall is
observed (Fig. 5). We plotted records from the Horn of Africa (Jung
et al., 2004; Tierney and deMenocal, 2013), from the northern Red
Sea (Arz et al., 2003) and from the Lake Tana (Marshall et al., 2011;
Costa et al., 2014) and Lake Turkana (Garcin et al., 2012), which
together provide a synoptic view on regional precipitation changes.
Between ca. 10 and 8 kyr BP, all sites recorded significantly more
humid conditions. The transition towards more arid conditions
occurred with a different timing and pace at the various locations:
between 6 and 4 kyr BP on the Horn of Africa and at Lake Turkana,
between 7 and 6 kyr BP in the Red Sea and around 8 kyr BP at Lake
Tana. Taken together, these records depict a complex picture, which
so far hindered our understanding of the climatic mechanisms
controlling the changes in precipitation and runoff in northeastern
Africa. We use here the model output to place each record in a
larger regional frame and explore the influence of changes in
. A: Lake Turkana level (Garcin et al., 2012). B: Leaf wax dD measured on a marine core
f the dust fraction from the Arabian Sea, off Somalia (Jung et al., 2004). C: Salinity
af wax dD measured on a lacustrine core collected in the Lake Tana (light green) (Costa
rpretation of the references to colour in this figure legend, the reader is referred to the
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moisture sources on the distribution of rainfall in eastern Africa.
At present, the Ethiopian Highlands are a strong convergence

zone during the boreal summer (e.g. Korecha and Barnston, 2007).
Moisture brought to the region originates mostly from the Medi-
terranean region, and to a lesser extent from the Indian Ocean and
the Gulf of Guinea (the latter being the smallest contributor) (Viste
and Sorteberg, 2013, Fig. 1). In our simulation, the southwesterly
monsoon winds were enhanced at 6 ka and humidity transport
from the Gulf of Guinea to the Ethiopian Highlands was also
enhanced (Fig. 4a), while the moisture transport from the Indian
Ocean and Northern sources was reduced (compare Figs. 1 and 4a).
Moisture convergence occurred over the southern Red Sea and
Arabian Peninsula in summer and autumn, which might have
largely accounted for the mid-Holocene rainfall maximum recor-
ded over the Horn of Africa (Figs. 4 and 5b,c) (Jung et al., 2004;
Tierney and deMenocal, 2013). Further to the North, however, an
increase in the salinity reconstructed from a marine sediment core
from the northern Red Sea at 7 ka is best explained by a drastic
reduction in moisture transport from the Mediterranean region
towards the northern Red Sea (Fig. 5d; Arz et al., 2003). According
to our model-data comparison, moisture transport from the Med-
iterranean Basin appears to have largely contributed to early-to
mid-Holocene humid conditions in NE Africa. This northern mois-
ture source might have been underestimated in reconstructions
based on isotopic records from NE Africa, which mainly considered
wetter conditions associated with a northward displacement of the
ITCZ (Tierney and deMenocal, 2013; Costa et al., 2014).

6. Conclusions and outlook

In this article, we compare key proxy-records of changes in
humidity within the Nile River catchment and NE Africa to a mid-
Holocene simulation from a global atmospheric model to explore
the rainfall dynamics over eastern Africa during the Holocene. The
record compilation allows to explore the pace and timing of
changes in overall Nile Runoff and contribution from its two main
sources, the Blue and the White Nile. It showed that the source
contribution to the main Nile runoff largely varied during the Ho-
locene, with a lower Blue Nile contribution at the mid-Holocene
(Krom et al., 2002; Box et al., 2011; Blanchet et al., 2013). This
observation challenges the view of enhanced rainfall in the
northern tropics and especially at the Blue Nile source during the
mid-Holocene (Chali�e and Gasse, 2002; Marshall et al., 2011; Costa
et al., 2014). The changes in the source contribution to themain Nile
runoff follow the changes in the autumn/spring insolation, whereas
the changes in the overall Nile runoff follow the gradual decrease in
summer insolation.

In order to understand the role of precipitation changes on the
runoff dynamics, we used a high-resolution atmospheric model
zoomed above Africa, which provides accurate simulations of
present-day precipitation rates and moisture sources over the re-
gion. The model simulation at 6 ka shows that the intensification of
the African monsoon led to a northward shift of the ITCZ and an
eastward shift of the Congo Air Boundary. As a result, moisture
convergence occurred North of the Ethiopian Highlands, which
remained in a rain shadow and exhibit a negative summer pre-
cipitation anomaly. By contrast, the White Nile catchment received
more precipitation both in summer and autumn and its watershed
was extended, due to overflowing lakes. These results therefore
suggest that the reduction in Blue Nile runoff was balanced by a
higherWhite Nile runoff, which led to a sustained overall Nile River
runoff. We find that both seasonal distribution and source of
moisture may have exerted a key role on rainfall dynamics.

We also compiled regional palaeo-humidity records from NE
Africa, which show contrasting pace and timing of the wet/dry
transition during the AHP termination. The model output offers a
synoptic viewon regional rainfall dynamics that helped to reconcile
these various regional proxy-records. In particular, we found that
the moisture transport from the Mediterranean region might have
played a significant role in modulating the rainfall over the Ethio-
pian highlands and might have been underestimated in interpret-
ing palaeo-humidity records from NE Africa. Overall our results
highlight the importance of using high-resolution or zoomed
models to track the changes in the hydrological cycle in regions
where the topography is complex, leading to large regional
variations.
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