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[1] Large parts of the Sahara were vegetated during the early
to mid Holocene. Several positive feedbacks, most notably
related to vegetation, have been shown to have favored the
northward migration of the desert boundary. During this
period, numerous lakes and wetlands existed in the Sahara
region and might have acted as a local moisture source.
However, earlier model studies of the effects of open water
surfaces on the mid-Holocene North African climate
suggested that these were weak and did not contribute
significantly to this northward migration of the North
African climate zones. Using a state-of-the-art climate
model, we suggest that the effect of open-water surfaces on
the mid-Holocene North African climate might have been
much stronger than previously estimated, regionally more
than doubling the simulated precipitation rates. It is thus
possible that this effect, combined to other known positive
feedbacks, favored the appearance of the “Green Sahara”.
Citation: Krinner, G., A.-M. Lézine, P. Braconnot, P. Sepulchre,
G. Ramstein, C. Grenier, and 1. Gouttevin (2012), A reassessment
of lake and wetland feedbacks on the North African Holocene climate,
Geophys. Res. Lett., 39, L07701, doi:10.1029/2012GL050992.

1. Introduction

[2] During the early to mid-Holocene African humid period,
parts of the now hyper-arid Sahara were vegetated [Ritchie
et al., 1985; Hoelzmann et al., 1998; Prentice and Jolly,
2000; Watrin et al., 2009] and inhabited [Kuper and Kropelin,
2006]. Inland water surfaces, now mostly desiccated, were
widespread [Street and Grove, 1976; Hoelzmann et al., 1998;
Kropelin et al., 2008; Gasse, 2000; Lézine et al., 2011].

[3] This humid period was certainly triggered by orbital
forcing [Kutzbach, 1981; Rossignol-Strick, 1983], but it has
been shown that positive feedbacks within the Earth system
have operated to amplify this forcing in order to obtain a
“Green Sahara” [e.g., Braconnot et al., 2007]. Kutzbach and
Liu [1997] and Braconnot et al. [1999] identified oceanic
feedbacks that amplified this orbital forcing, while Kutzbach et
al. [1996] and Claussen et al. [1999] showed that an increased
vegetation cover could amplify the orbital forcing through
intensified precipitation recycling and the vegetation albedo
feedback. In this context, Bonfils et al. [2001] showed that
simulated mid-Holocene precipitation change (compared to
present and in the absence of calculated vegetation changes) is
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stronger if the prescribed background bare soil albedo in a
climate model is lower. This is clearly in line with the analysis
by Charney [1975] who suggested that an increased surface
albedo suppresses atmospheric ascendance and, thus, leads to
reduced precipitation rates. This effect is illustrated in more
recent work by Knorr and Schnitzler [2006] and Vamborg et al.
[2011] who show that the orbitally triggered mid-Holocene
Sahel precipitation increase can be amplified in a climate model
if a soil albedo scheme is used that takes into account simulated
or prescribed vegetation cover and litter.

[4] Concerning open water surfaces, Coe and Bonan [1997]
showed that open water surfaces provide a further positive
feedback amplifying the Holocene orbital forcing. Prescribing
open water surfaces in line with reconstructed mid-Holocene
surface water extent in a climate model led to a significant
strengthening of the simulated monsoon circulation and
increased precipitation south of 20°N, but not further north.
Using the same general circulation model, Brostrom et al.
[1998] performed some additional numerical experiments of
the effect of lakes and wetlands. In their simulations, unlike in
the work by Coe and Bonan [1997], a reconstructed mid-
Holocene vegetation distribution was prescribed. However,
similar to Coe and Bonan [1997], their simulations did not
yield any further northward penetration of the monsoon rain
caused by the presence of open-water surfaces, compared to
simulations without lakes and wetlands.

[5] Ttis debated whether the transition between the Holocene
“Green Sahara” to the modern hyperarid desert at the end of the
African humid period was abrupt, as deMenocal et al. [2000]
suggested after evidence of an abrupt onset of windblown
dust in oceanic sediment cores taken off the coast of the
Western Sahara, or whether this transition was more gradual, as
Kropelin et al. [2008] suggested based on an analysis of veg-
etation changes in Sahara lake sediments, or whether the type
of the transition differed between the eastern and western part
of the Sahara [Brovkin and Claussen, 2008]. An abrupt tran-
sition to dry conditions as a response to gradually changing
orbital forcing would point to efficient positive feedbacks,
while a more gradual response could indicate that positive
feedbacks favoring the establishment of “green Sahara” con-
ditions could partially be muted at the end of a humid period.
Concerning this question, a coupled transient simulation of the
evolution of the northern Africa climate-ecosystem for the last
6500 years [Liu et al., 2007] suggested concurrent gradual
precipitation and more abrupt vegetation changes at the end of
the African humid period. Liu et al. [2007] concluded that the
possibly abrupt vegetation collapse was not induced by a
strong positive vegetation feedback, but rather by low-
frequency climate variability [Liu et al., 2006]. However, this
view has been challenged by Bathiany et al. [2012] whose
modelling study suggested that the vegetation collapse could
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have arisen because of a strong atmosphere-vegetation feedback
combined with an impact of the vegetation cover on the
amplitude of temporal variability in the system.

[6] Although more and more land-surface feedbacks are
represented in current-generation climate models, simulating a
mid-Holocene North African climate in line with evidence
from paleoclimatic data remains a challenge for many models.
Therefore, it is possible that one or several positive feedbacks
for rainfall over the region are missing in some of these models.
It is necessary to identify these feedbacks in order to realisti-
cally simulate the North African Holocene climate and to help
clarify the issue of abrupt or gradual transition between humid
and arid periods over the Sahara. More than 10 years after
pioneering study by Coe and Bonan [1997] and the additional
analysis by Brostrom et al. [1998], the present study provides a
reassessment of the effect of prescribed open-water surfaces in
the context of the Saharan mid-Holocene climate, taking into
account potential feedbacks linked to vegetation and soil albedo
changes.

2. Methods

[7] In order to evaluate the effect of open-water surfaces, we
used a version of the LMDZ atmospheric general circulation
model (AGCM) [Hourdin et al., 2006] which includes a
module representing the climatologically relevant thermal and
hydrological processes occurring above and beneath inland
water surfaces [Krinner, 2003]. Because the strong feedback
between vegetation and precipitation in the Sahara region
[Claussen and Gayler, 1997] could substantially modify the
effect of open water surfaces on precipitation amount, the
AGCM is asynchronously coupled to the BIOME4 equilibrium
vegetation model [Kaplan et al., 2003] for the paleoclimate
simulations. Depending on the prescribed biogeography, the
land surface module used in LMDZ [Krinner et al., 2005]
specifies the vegetation properties relevant for surface-atmosphere
exchanges of energy, momentum and water such as surface
roughness, LAI etc. In addition, where the simulated annual
maximum vegetation fraction (more precisely, foliage pro-
jected cover) exceeds 20%, the prescribed mid-Holocene soil
type is modified such as to replace the modern high desert soil
albedo (0.27) by darker soils (with an albedo between 0.16 and
0.18, depending on soil humidity).

[8] The model version used here has 19 vertical layers and
was run at a regional resolution of 1 degree (110 km) in latitude
and 1.5 degrees (~140 km at 30°N) in longitude over the
Sahara. The resolution of this global model slowly degrades
outside of the region of interest. A 21-year control simulation
for present-day climatic conditions was forced by appropriate
average 1980-2000 HADISST sea surface conditions [Rayner
et al., 2003], greenhouse gas concentrations, orbital configu-
ration, vegetation distribution and inland water surface frac-
tions. In addition, two 9-kyr BP and two 6-kyr BP simulations
were carried out. Each paleoclimate simulation uses appropriate
greenhouse gas concentrations [Fliickiger et al., 2002], orbital
parameters [Berger, 1978], and sea-surface condition anomalies.
These sea-surface condition anomalies are taken from IPSL-
CM4 coupled ocean-atmosphere general circulation model
simulations for 9 and 6 kyr BP [Marzin and Braconnot, 2009]
and added to the present-day sea-surface conditions.

[v] Groundwater inflow into the open water surfaces, a
process still maintaining sporadic lakes in the Sahara although
the last significant recharge of the aquifer systems occurred
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during the late Holocene [Gasse, 2000], is represented by
imposing a minimum depth of 0.2 m in wetlands and 1 m in
lakes.

[10] One simulation for each paleoclimatic period (referred
to as CI9L6 and C6L6 in the following) uses reconstructed 6 kyr
BP North African inland water surface fractions [Hoelzmann
et al., 1998] occupying 7.6% of the North African land sur-
face between 10°N and 30°N at 6 kyr BP. The other simu-
lation (C9L0 and C6LO0, respectively) is run with present-day
inland water surfaces, which occupy at present about 0.5%
of the land surface in this area [Cogley, 2003]. Starting from
a reconstructed 6 kyr BP initial vegetation distribution
[Hoelzmann et al., 1998], two iterations of the coupled
model system are carried out by first running the AGCM for
several decades, using its stabilized output to compute a
new equilibrium vegetation distribution with BIOME4, and
feeding back this new vegetation distribution and the
corresponding soil albedo changes into the AGCM. The
differences between the first and the second computed
vegetation distribution are marginal. A final 42-year simu-
lation, using the second computed vegetation distribution, is
then carried out with the AGCM. The last 41 years of this
run are used for the analysis presented here.

[11] To diagnose drought frequencies, we use the drought
area index method defined by Bhalme and Mooley [1980]. For
each month £, the drought area index I is recursively calcu-
lated as: Iy =a I,_; + b (v, — gi)/oy , where I, is the previous
month’s drought index, p, is the precipitation of month £, gy is
the multiannual mean precipitation of that month, o is the
interannual precipitation variability of that month, and the two
parameters a = 0.51 and b = 0.0206 [Keyantash and Dracup,
2002]. By construction, negative values of / indicate pro-
longed drier-than-average conditions.

3. Results

[12] Most of the following analysis concentrates on the sit-
uation at 9 kyr BP, because the results and in particular the
climatic impact of the open water surfaces are very similar at 9
and 6 kyr BP.

[13] The zonal average simulated precipitation amount over
continental Africa (Figure 1) is in good agreement with recent
climatologies [Hulme et al., 1998; Hijmans et al., 2005] except
for an overestimate in the equatorial belt. The impact of the
open water surfaces on the simulated North African mid-
Holocene precipitation is positive over all latitude bands. It
leads to a ~1.5 degree (~160 km) northward shift of the iso-
hyets in the Sahel and the southern Sahara (Figure 1). The
relative precipitation increase is particularly strong, in excess of
50%, in the central and western Sahara where annual mean
precipitation rates are about 250 mm/yr (Figures 2a and 2b),
while it is weaker in the wetter area further south. The obvious
reason for this is that in a relatively dry background climate, a
given amount of evaporation from open water surfaces will
represent a larger fraction of the precipitable water in the
atmosphere. The Sahara north of =25°N is somewhat dryer at
9 kyr than at 6 kyr BP (not shown), contrary to the more
southerly regions which are dryer at 6 kyr than at 9 kyr BP in
the no-lake simulations, as a consequence of the more intense
9 kyr BP monsoon caused by stronger summer insolation
[Marzin and Braconnot, 2009]. Indeed, the annual precipita-
tion maximum in the western Sahara (around 25°N) occurs in
August in most of our simulations, and insolation differences
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Figure 1. Annual average zonal mean precipitation over Africa. Observed (full black: WorldClim [Hijmans et al., 2005]; dotted
black: Climate Research Unit [Hulme et al., 1998]) annual mean zonal mean precipitation over continental Africa for the present,
in mm/yr; simulated precipitation (mm/yr) for the present-day reference simulation (red), C9LO0 (blue) and C9L6 (green); and dif-
ference between C9L6 and CILO (turquoise).
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Figure 2. Holocene annual mean precipitation and impact of open water surfaces. (a) Ratio between C9L6 and C9L0 annual
mean precipitation as a function of C9L6 annual mean precipitation for North African land grid points from 10°N to 40°N and
from 20°W to 60°E; red line: linear RMSE fit of type y = a + bx; blue line: 3-parameter RMSE fit of type y = a + bxe™ .
(b) Ratio between C9L6 and C9L0 annual mean precipitation, that is, relative effect of the open water surfaces (dimensionless).
(c) C9LO0 annual mean precipitation (mm/year, 200 mm/yr isohyet in red). (d) C9L6 annual mean precipitation (mm/year,
200 mm/yr isohyet in red). (e) Precipitation rate difference between COL6 and C9L0O (mm/day) as a function of month and
latitude, averaged for North African land grid points from 20°W to 60°E. (f) Precipitation rate of C9L6 (mm/day) as a function
of month and latitude, averaged for North African land grid points from 20°W to 60°E.
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Figure 3. Simulated drought frequency: (a) C9L6 and (b) C9L0. Temporal fraction of drought (defined as drought area index 7 <

—0.5). Unit: dimensionless (between 0 and 1).

between 9 and 6 kyr BP at this latitude are very small during
that month [Marzin and Braconnot, 2009]. Therefore higher
precipitation rates at 9 kyr BP than at 6 kyr BP are not to be
expected in this region. Moreover, this is consistent with a
recent compilation [Lézine et al., 2011] which shows that the
North African wetland extent reached its maximum at about 6
kyr BP.

[14] The additional precipitation induced by the open water
surfaces leads to a substantial eastward retreat of the isohyets in
the central Sahara (Figures 2¢ and 2d), creating a continuous
meridional band of annual mean precipitation in excess of
200 mm/yr across the western Sahara. Because the 200 mm/yr
isohyet corresponds well to the transition between desert and
xerophytic shrubland as simulated by Biome4 in North Africa
for early and mid-Holocene conditions, this is equivalent to a
continuous band of vegetation. The regional west-east gradient
of Holocene precipitation, and the associated preferential
development of vegetation in the western Sahara, is a feature
supported by paleoecological data [Pachur and Hoelzmann,
2000; Ritchie and Haynes, 1987; Lézine, 1989]. Given that
the simulations presented here focus on the latter part of the
African humid period, it is consistent with reconstructions of
the spatiotemporal dynamics of inland water surface occur-
rence [Lézine et al, 2011] which suggests both an earlier
wettening and an earlier desiccation in the Eastern Sahara than
in its western part.

[15] The relative precipitation increase in the central Sahara
is rather evenly distributed throughout the year. Consequently
the absolute precipitation change induced by the inland water
surfaces (Figure 2e) has a similar spatiotemporal monsoon-type
structure as the precipitation itself (Figure 2f), that is, it is
maximum in summer. This intensification of the monsoon
circulation leads to a slightly more northerly intrusion of
monsoon precipitation into North Africa during the second
half of the year. As a consequence, the partitioning between
convective and large-scale precipitation shifts to more con-
vective precipitation in the central Sahara. South of the desert/
shrubland ecotone, however, an opposite shift of the partition-
ing between convective and large-scale precipitation occurs. It
is associated with a summer surface cooling (~—1°C) linked to
the increased evaporation rates from both vegetation and inland
water surfaces. Over most of Northern Africa, larger thermal
inertia of the open water surfaces delays cooling during the
boreal autumn and thus slightly delays the end of the monsoon
season. However, the high thermal inertia of deeper lakes can
also locally suppress precipitation, as can be seen over the

Mega-Lake Chad (Figure 2b): the relatively cool surface of this
extremely large lake stabilizes the atmosphere and thus reduces
convective precipitation. The evaporative effect of the open
water surfaces (a local moisture source leading to precipitation
recycling) nevertheless dominates their thermal effect (stabili-
zation of the vertical atmospheric structure) on the continental
scale because grid-scale surface temperature is dominated by
the normal continental surface due to the generally fairly small
horizontal extent of open-water surfaces [Hoelzmann et al.,
1998].

[16] During humid periods, the negative surface mass bal-
ance of the open water surfaces (of about —4 mm/day in our
simulations) must be compensated for by groundwater inflow
[Gasse, 2000] as a consequence of water-table rise in the
aquifers, or surface runoff from adjacent land. The more posi-
tive hydrological balance on the southern fringe of the Sahara
appears correctly simulated by our model, because the simu-
lated evaporative loss over the surface of Lake Chad, with its
prescribed extent equal to the reconstructed ~340,000 km?
Holocene maximum [Leblanc et al., 2006], is overcom-
pensated for by precipitation over the lake and runoff from
within the hydrological basin of Lake Chad.

[17] Over the Western Sahara, the presence of inland water
surfaces drastically reduces the drought occurrence (Figure 3),
here defined as the fraction of months during which the drought
area index is below —0.5 (negative numbers indicating drier
than average conditions). More specifically, in the areas with
annual mean precipitation between 200 and 300 mm, which are
close to the transition from xerophytic shrubland to desert and
which are the areas where the precipitation increase due to
inland water surfaces tends to be strongest (Figure 2a), the
spatial average temporal fraction of drought conditions is 2.4%
in COL6 and 7.2% in C9LO. This means that for the same given
amount of annual mean precipitation, drought conditions are
much less frequent in the presence of inland water surfaces.
Concurrently, the spatial average of the lowest drought area
index decile in these areas is —0.30 in C9L6 and —0.36 in
CILO0, indicating less severe droughts for similar mean climatic
conditions when inland water surfaces are present.

4. Discussion

[18] At the end of the African humid period, ecosystem
changes were induced by insolation [Rossignol-Strick, 1983]
and internal positive feedbacks through vegetation [Claussen
and Gayler, 1997] and oceanic circulation changes [Kutzbach
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and Liu, 1997; Braconnot et al., 1999]. Our model results,
combined with the almost total absence of open water surfaces
in the Sahara today, indicate that the changes were reinforced
by a positive feedback loop linked to open-water surfaces.
Reduced precipitation over North Africa led to reduced open
water surfaces, which in turn reduced precipitation rates.
However, this positive feedback was not necessarily immedi-
ate. A significant delay between the onset of more arid climate
conditions and the final desiccation of the Saharan lowlands is
probable because the rate of drawdown of the Sahara-Sahel
groundwater reservoirs, which fed the open water surfaces by
seepage [Gasse, 2002], is typically very low [Gasse, 2000].
Fossil groundwater still feeds residual lakes such as Lake Yoa
[Kropelin et al., 2008] and is generally fairly close to the
ground surface in depression areas above the Nubian Sand-
stone Aquifer System [Kropelin et al., 2008 ; Gasse, 2002],
about 7000 years after the last recharge period. The end of the
African humid period, a reaction of the coupled regional cli-
mate system to the orbital forcing, could therefore have been
delayed or temporally smoothed by the open water surfaces:
these continued to be fed by groundwater inflow for typically
about 1000 years (C. Grenier et al., Hydrological reconstruc-
tion of the Ounianga lake redion (NE Chad) during the
Holocene period, submitted to Journal of Hydrology, 2012)
and buffered the rapid positive vegetation feedback by pro-
viding a source of atmospheric moisture on the local and
regional scales. This allows to reconcile our understanding of
the dynamics of the Saharan climate system with recent find-
ings [Kropelin et al., 2008] which suggest that the drying of the
Eastern Sahara was more gradual than previously thought on
the basis of observations of a sudden onset of dust deflation in
the western Sahara at about 5500 BP [deMenocal et al., 2000].

[19] Coe and Bonan [1997] and Brostrém et al. [1998]
have previously reported a precipitation increase in mid-
Holocene North Africa as a consequence of imposed open-
water surfaces. However, in these older articles reporting on
simulations carried out with the CCM3 climate model, the
reported precipitation increase is much weaker than the
increase shown here and, importantly, essentially vanishes
northwards of about 20°N. Therefore, Brostrém et al. [1998]
do not simulate a significant retreat of the desert-savannah
ecotone beyond that latitude. Several reasons can explain
these differences: For example, the spatial model resolution
of the CCM3 simulations was lower, possibly leading to a
more crude representation of the atmospheric dynamics
during the monsoon season. Model physics, in particular the
representation of moist processes, is more elaborate now
than more than ten years ago, and this might have led to a
stronger and hopefully more realistic sensitivity of the sim-
ulated precipitation rates to the presence of open-water sur-
faces. In addition, synergistic feedbacks between soil albedo
and open-water surfaces (via vegetation growth induced by
the presence of open-water surfaces) were not taken into
account in the previous studies, although this is probably of
less importance.

[20] Not only gradual changes of climate forcing parameters,
but also climatic extremes on shorter time scales (droughts)
potentially induce catastrophic shifts in arid ecosystems when
resilience is low [Scheffer et al., 2001]. The analysis of drought
occurrences presented above showed that, for a given amount
of annual mean precipitation, drought conditions are much less
frequent and tend to be less severe in the presence of inland
water surfaces. This means that in arid conditions open water
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surfaces can act as an efficient local moisture source compen-
sating for the lack of long-range atmospheric moisture delivery,
thereby reducing the intensity and frequency of dry spells for a
given mean annual precipitation rate. In this study, our analysis
of drought frequencies and intensities was based on the drought
area index defined by Bhalme and Mooley [1980]. We carried
out analyzes based on alternative indices, such as the number of
consecutive dry days [Frich et al., 2002] or the number of years
with less than a defined (1/3) fraction of the long-term annual
mean precipitation. These alternative analyzes yielded very
similar results, increasing our confidence in the results.

[21] The substantial average precipitation increase caused by
the mid-Holocene open water surfaces and the reduced drought
frequencies and intensities certainly had profound consequences
for both the average living conditions and the resource stability
for the human populations of the region [Kuper and Krdpelin,
2006; deMenocal, 2001; Jousse, 2006], but a detailed discus-
sion of these consequences is beyond the scope of this paper.

5. Conclusions

[22] Compared to earlier work by Coe and Bonan [1997],
the present study provides a reassessment of the effect of lakes
and wetlands on the North African climate during the mid-
Holocene. The open-water surfaces provide often neglected
and underestimated feedbacks helping better explain the extent
and temporal dynamics of the “Green Sahara”. Although the
intensity of the effect of open-water surfaces appears to be
model-dependent to some degree, this study suggests that tak-
ing into account open-water surfaces in studies of similar cli-
matic settings could have beneficial effects.

[23] While stabilizing the Saharan mid-Holocene climate on
interannual and intermediate time scales, the inland water sur-
faces provided a positive feedback on longer (centennial to
millennial) time scales which amplified the orbitally induced
climate variations at the beginning and the end of the mid-
Holocene African humid period, in synergy with other positive
feedbacks, and possibly repeatedly since the onset of desert
conditions in the Sahara about 7 million years ago [Schuster
et al., 20006].
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