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a b s t r a c t

The Earth's climate response to the rapid vegetation collapse at the termination of the African Humid
Period (AHP) (5.5e5.0 kyr BP) is still lacking a comprehensive investigation. Here we discuss the
sensitivity of mid-Holocene Arctic climate to changes in albedo brought by a rapid desertification of the
Sahara. By comparing a network of surface temperature reconstructions with output from a coupled
global climate model, we find that, through a system of land-atmosphere feedbacks, the end of the AHP
reduced the atmospheric and oceanic poleward heat transport from tropical to high northern latitudes.
This entails a general weakening of the mid-latitude Westerlies, which results in a shift towards cooling
over the Arctic and North Atlantic regions, and a change from positive to negative Arctic Oscillation-like
conditions. This mechanism would explain the sign of rapid hydro-climatic perturbations recorded in
several reconstructions from high northern latitudes at 5.5e5.0 kyr BP, suggesting that these regions are
sensitive to changes in Saharan land cover during the present interglacial. This is central in the debate
surrounding Arctic climate amplification and future projections for subtropical precipitation changes.

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

The Mid Holocene is a critical period of climate change for the
present interglacial. This transitional phase is characterised by a
change in the boundary conditions of the Earth's climate system
when the Laurentide and Eurasian ice-sheets had largely vanished,
sea-level rise stabilized, and meltwater fluxes became negligible
(Debret et al., 2009). Studies on climate cycle periodicities highlight
a prominent global discontinuity of periodic modes at
5.5e5.0 kyr BP, suggesting a variation in the regional interplay
between atmosphere, ocean, ice, and vegetation (Wirtz et al., 2010).
This shift corresponds to a rapid climate oscillation that marks in
several reconstructions the inception of a pervasive climate
reversal, representing the transition into the Neoglacial cooling,
which encompasses major changes of the dominant hydro-climate
regimes (Magny and Haas, 2004) and a substantial reorganization
search, Stockholm University,
.
F. Muschitiello).
of the North Atlantic circulation pattern (Sorrel et al., 2012). Prime
candidates for direct forcing upon this widespread climate shift are
a combination of changes in orbital configuration and solar activity
minima (Magny and Haas, 2004). However, a comprehensive un-
derstanding of the triggering mechanism of the mid-Holocene
climate changes remains elusive and owing to difficulties with
dating accuracy it is problematic to evaluate precisely the contri-
bution of high versus low latitudes.

An overlooked factor for large-scale amplification of climate
change during the Mid Holocene is the rapid desertification of the
Sahara that is evident in many proxy records, also known as the
termination of the African Humid Period (AHP). In fact, re-
constructions from both marine and terrestrial environments
(deMenocal et al., 2000; Gasse, 2001; Kuhlmann et al., 2004;
McGee et al., 2013; Tierney and deMenocal, 2013; Armitage et al.,
2015), together with archaeological evidence (Kuper and
Kr€opelin, 2006; Manning and Timpson, 2014), suggest that sub-
tropical North Africa underwent a widespread vegetation collapse
and desertification of the Saharan region at 5.5e5.0 kyr BP, which
took place within a few centuries (Tierney and deMenocal, 2013;
Shanahan et al., 2015). The abruptness of the vegetation decline
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can be explained mainly in terms of internal, regional dynamics of
the climate system resulting either from a non-linear, bio-
geophysical feedback of the vegetation to the gradual decrease in
orbital monsoonal forcing (Claussen et al., 1999; Zhao et al., 2007),
or from an intrinsic threshold behaviour of the subtropical hydro-
logical system (Liu et al., 2006). New evidence indicates that a
weakening of the African monsoon system during interglacial pe-
riods can occur independently from high-latitude forcing (Gibson
and Peterson, 2014). Hence, the Sahara can be considered as a
potentially critical component of the Earth's climate system
(Patricola and Cook, 2008), which could have produced abrupt
large-scale climate change during the Mid Holocene through
changes in surface albedo and regional temperatures.

To test the sensitivity of the large-scale climate system to the
rapid mid-Holocene change in Saharan vegetation cover, we com-
bined a data set of surface temperature reconstructions and output
from state-of-the-art global ocean-atmosphere climate model EC-
Earth. Specifically, we used proxy records to estimate tempera-
ture anomalies across the transition from a vegetated state of the
Sahara into more arid conditions, and compared the proxy data
with results from two highly idealized sensitivity experiments
representing a green Sahara and a desert Sahara. We emphasize
that, given the fragmentary knowledge on the mid-Holocene dis-
tribution of vegetation over the Sahara, these simulations are not
intended to realistically reproduce changes in the spatial extent of
vegetation. Rather, the simulated scenarios are used to explore the
mechanisms underlying rapid changes in subtropical land cover
and to put the results in the context of the atmosphere-ocean cir-
culation shifts recorded in several high-latitude climate re-
constructions at 5.5e5.0 kyr BP.

2. Methods

2.1. Proxy data

Quantitative paleoclimatic reconstructions used for the proxy-
model data comparison were systematically selected from a
newly published and exhaustive database of Arctic Holocene proxy
climate records (Sundqvist et al., 2014). Regrettably, yet there are
no quantitative paleoclimatic records from the Sahara. Therefore, a
direct comparison between reconstructions and model output data
was not possible for this sector. Individual paleoclimate records
were critically evaluated prior to inclusion in the database ac-
cording to the following criteria: i) records are located north of
58�N; ii) the proxy records have a demonstrated relation with
surface temperatures; iii) time-series are continuous and include
(at minimum) the entire 6.0 to 2.0 kyr BP interval; iv) records are
resolved at sub-millennial scale; v) records are constrained by at
least one chronological data point every 3000 years back to
6.0 kyr BP; vi) all records and paleoclimate estimates were pub-
lished in the peer-reviewed literature.

To assess the performance of our simulations, we decided to
further circumscribe the number of proxy records by imposing
strict chronological and resolution criteria. We narrowed down the
selection of the temperature records to reconstructions that pre-
sented age sample resolutions higher than 250 years and
geochronology accuracy scores higher than 0 as described in
Sundqvist et al. (2014). Thus, we identified in total 46 temperature
proxy reconstructions. A full list of sites and records used in this
study is presented in Supplementary Table S1.

Our goal is to compare the simulated desert and green Sahara
conditions with proxy data evidence after and before the mid-
Holocene desertification of the Sahara, which occurred at
5.3 ± 0.3 yr BP according to the most accurate chronologies (Garcin
et al., 2012). We thus defined two reference periods for which we
calculate the temperature change recorded in the proxy records.
The two periods were defined as the 1000-years intervals centred
on 6.0 kyr and 5.0 kyr BP, respectively.We consider this as a suitable
temporal framework for comparison with the simulations,
encompassing the transition from a vegetated state of the Sahara
into more arid conditions. We are aware that the upper reference
interval is relatively too old with respect to the age for termination
of the AHP, but this enables us to avoid the influence from negative
temperature anomalies associated with the 4.2 kyr BP cold event
(e.g. Bond et al., 2001), which might add substantial biases on our
calculations. Hence, it should be born in mind that the climate
anomalies presented here are a conservative estimate of the
climate change at the transition out of the AHP.

It seems prudent to assume that 1000-years time windows
should provide a meaningful quantification of climate change be-
tween the two periods, minimizing the possible effects from in-
ternal high-frequency climate variability. We thus averaged the
reconstructed temperature data over the 1000-years windows
defined as 6.0 ± 0.5 kyr BP and 5.0 ± 0.5 kyr BP, respectively.
However, three proxy series did not extend up to 6.5 kyr BP. We
therefore defined a different lower time window for these series,
i.e. 5.75 ± 0.25 kyr BP.

All non-annual time-series were linearly interpolated to 10-
years resolution before calculating the 1000-years averages. Tem-
perature anomalies between the two reference periods were then
estimated subtracting the 1000-years mean at 6.0 kyr BP from the
mean at 5.0 kyr BP (DT5kyre6kyr). In addition, we calculated the
statistical significance associated with the anomalies using a
Bayesian estimation test, which provides a probability distribution
over the difference between two sample populations (Kruschke,
2013).

2.2. EC-Earth model description and experiment setup

The global climate model EC-Earth was used to undertake the
two sensitivity experiments in the present study. EC-Earth is
developed by a consortium of European research institutions,
which collaborate in the development of a new Earth SystemModel
(ESM). The goal of EC-Earth is to build a fully coupled Atmosphere-
Ocean-Land-Biosphere model usable from seasonal to decadal
climate prediction and climate projections (Hazeleger et al., 2010).
The atmospheric component of EC-Earth is based on the modelling
systems, i.e. Integrated Forecasting System (IFS), which is devel-
oped at the European Centre for Medium-Range Weather Forecasts
(ECMWF), and the ocean component is based on Nucleus for Eu-
ropean Modelling of the Ocean (NEMO) (Madec, 2008), including a
sea-ice model LIM3 (Bouillon et al., 2009). The ocean/ice model is
coupled to the atmosphere/landmodel through the OASIS 3 coupler
(Valcke, 2006).

A number of model integrations such as historic simulations
(e.g. 1850 to 2005 with known climate forcing such as greenhouse
gas, volcanic, aerosol etc.) and scenarios of future possible climates
taking into account an increased amount of greenhouse gases (e.g.,
RCP45, RCP85 etc.) have been conducted using EC-Earth version
2.3. These results contribute to the CMIP5 (Climate Model Inter-
comparison Project Phase 5) experiments, which form an essential
part of the IPCC Fifth Assessment Report. An evaluation of EC-Earth
for the Arctic shows that the model simulates the 20th century
Arctic climate reasonably well (Koenigk et al., 2013). However, sea-
ice thickness and extent are overestimated compared to observa-
tions and reanalyses. EC-Earth is also used for past climate studies.
For instance, the effect of mid-Holocene orbital forcing on summer
monsoons is investigated with EC-Earth 2.3 (Bosmans et al., 2011)
and results confirm the findings from proxy data on the monsoon
behaviour during this period.
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In the present study we use the latest version EC-Earth 3.1. The
atmospheric model is based on IFS cycle 36r4 with configuration
runs at T159 horizontal spectral resolution (roughly 1.125 � 1.125�)
and 62 vertical levels. The ocean component is based on version 2
of the NEMO model with a horizontal resolution of nominally 1�

and 42 vertical levels. Boundary conditions for both our sensitivity
experiments e including orbital forcing and greenhouse gases e

were set to mid-Holocene as 6.0 kyr following PMIP protocol. The
orbital forcing was internally computed using the method of Berger
(1978). Aerosols, solar radiation, vegetation, ice sheets, topography
and coastlines were set to pre-industrial conditions. Following the
line of thinking of Davies et al. (2015), the vegetation typewas set to
100% shrub for an idealized “green Sahara” (GREEN) over the
domain 15�W-35�E and 11e33�N and to 100% desert over the same
area for an idealized “desert Sahara” (DESERT). The albedo is 0.15
for shrub and 0.4 for desert. The leaf area index was set to 2.6 for
shrub and 0 for desert. The details of boundary conditions are listed
in Supplementary Table S2. Initial conditions were taken from a
700-years pre-industrial spin-up run and then the model was run
for 250 years. The climate reaches a state of quasi-equilibrium after
100 years - this includes a stable North Atlantic meridional over-
turning circulation (AMOC) with maximum around 22 Sv in both
runs. In this study we focus on the equilibrium responses and the
changes we analyze are averaged over the last 100 years of the two
sensitivity experiments. Since the dynamical vegetation model has
not been included in the current EC-Earth version, the albedo effect
due to the change of the vegetation type is dominant in surface
energy balance. The albedo is thus controlled by changes in surface
latent heat flux and sensible heat flux following the variation in leaf
area index, including variations in evaporation and transpiration.
The change in surface roughness has not been taken into account in
our experiments.

3. Results and discussion

3.1. Proxy-model data comparison

During boreal summer, proxy-based temperature records from
Arctic latitudes generally show a decrease in DT5kyre6kyr of the or-
der of ~0.5 �C, with cooling over Greenland, the North Atlantic and
Northern Europe, whereas records located in Labrador, Northwest
Territories and Alaska indicate warmer climatic conditions of the
order of ~0.5 �C (Fig. 1a). By contrast, winter temperature re-
constructions show a rather consistent shift towards colder con-
ditions over the entire Arctic-North Atlantic domain with an
average decrease of ~1.0 �C (Fig. 1b).

Our simulations show that the change from shrub vegetation to
desert results in higher surface albedo over the Sahara, leading to
substantially lower North African surface temperatures in experi-
ment DESERT relative to experiment GREEN (Fig. 1). In DESERT
Arctic temperatures decrease on average by ~1 �C during summer
and ~2 �C during winter compared to GREEN, with the exception of
localized positive summer temperature anomalies in Labrador,
Northwest Territories, Alaska, and eastern Siberia, where a warm-
ing of ~0.5 �C is observed (Fig. 1). The maximum temperature drop
is located in the Barents Sea where temperatures decrease as much
as ~11 �C during winter owing to enhanced sea-ice formation
(Fig. 2)a. The relatively higher rates of sea-ice production in the
Nordic Seas results in increased sea-ice drifting along the eastern
Greenland Current, with the excess in sea ice ultimately routed into
the Labrador Sea. In addition, sea-level pressure (SLP), which re-
sponds directly to surface temperature differences, rises from 1 to
2 hPa over the Arctic, the subarctic regions, and the North Atlantic
(Fig. 2b).

The simulated high-latitude climate change is an effect of the
decrease in surface temperatures over the Sahara. The lowering of
North African surface temperatures results in i) a weaker equator-
to-subtropical temperature gradient (Fig. 3a) e which turns into a
weakening of the atmospheric baroclinicity and reduced eddy ac-
tivity at mid-to-high latitudes e and ii) a decrease in the AMOC
intensity (Fig. 3b). These processes result in a reduction of the
northward meridional atmospheric and oceanic heat transport
conveyed to high northern latitudes (Fig. 3c). The seasonal pattern
of climate change recorded in the proxy data is in good agreement
with results from our DESERT- GREEN simulations, which appear to
capture the spatial distribution of DT5kyre6kyr (Fig. 1). Hence, the
regional distribution of temperature change observed in the
network of proxy data gives support to the simulated reduction in
northward atmospheric-oceanic heat transfer. Moreover, the con-
sistency between model and proxy data over the Northern Amer-
ican continent, where localized positive summer temperature
anomalies are observed (Fig. 1a), gives further confidence on the
reliability of our model results.

However, despite the general agreement between model and
proxy data, themagnitude of the temperature anomalies appears to
be overestimated in the model. This could be explained by the
idealized nature of the experiments, which by simulating a wide-
spread desertification event over the whole Sahara may not real-
istically reproduce the actual time-space complexity of the regional
hydrological shifts (e.g. Shanahan et al., 2015). On the other hand,
the underappreciated temperature change by proxy data may also
play a role owing to complications related to the selection of an
appropriate time window for calculation of the climate anomaly.
This is due to the position of the upper reference period, which
might be relatively too old with respect to the actual desertification
event, thereby unable to fully capture the climate response to the
termination of the AHP in its entirety (see section 2.1).

Nonetheless, it seems more likely that the model tends to over-
represent the pattern of temperature anomalies. In first instance,
the regional cold winter bias simulated over the Barents Sea is a
recurrent, prominent and fairly robust feature among global
climate models (Arzel et al., 2005; Chapman and Walsh, 2007;
Koenig et al., 2013). The bias is the result of topographic smooth-
ness, especially over Greenland, which causes reduced downstream
cyclogenesis (Chapman and Walsh, 2007). The truncation of the
North Atlantic storm track induces positive SLP biases, a substantial
over-simulation of the extent of se ice, and hence the surface air
temperature biases in the Barents Sea, which can reach up to
6e8 �C when compared with observations (Chapman and Walsh,
2007). The Barents Sea bias is however a localized feature and
the large-scale atmospheric circulation response to Sahara desert-
ification is substantiated by a comprehensive suite of sensitivity
experiments with an Earth model of intermediate complexity using
various combinations of vegetation covers (Davies et al., 2015).

3.2. Shifts in atmospheric circulation and climate change at
5.5e5.0 kyr BP

Bearing in mind that our approach leans on an idealised
experimental design, the results presented here suggest that mid-
Holocene desertification in the Sahara had likely a critical influ-
ence on climate at high northern latitudes. Through a vegetation-
atmosphere feedback the meridional temperature gradient be-
tween the subtropics and high latitudes is weakened, leading to a
reduction of mid-high latitudes eddy activity and oceanic AMOC.
This reduction results in a net decrease in atmospheric and oceanic
poleward heat transport. We argue that this mechanism could have
had an active role on the hydro-climate and hydrographic changes
that are often recorded in proxy reconstructions at 5.5e5.0 kyr BP
(e.g. Magny and Haas, 2004), and that a strong causal mechanisms



Fig. 1. (a) Summer and (b) winter distribution of high-latitude surface temperature anomalies (�C) at the transition out of the African Humid Period as inferred from proxy data
(DT5kyre6kyr) and EC-Earth simulations (DESERT e GREEN). Temperature anomalies from proxy records were divided according to the seasonal occurrence, whereas mean annual
values are overlain in both summer and winter plots. Summer temperature records generally reflect the warmest month (e.g. July over the continent and August over the ocean) and
winter temperature records the coldest month (e.g. January over the continent and the ocean). Summer model output refers to JJA and winter output refers to DJF. Summer Level of
significance associated with each temperature anomaly is also shown (see Methods). Where locations of proxy data are at short distance from each other the markers representing
the proxies are slightly shifted to improve readability.

Fig. 2. (a) Modelled mean annual sea-ice coverage anomalies and (b) mean annual sea-level pressure anomalies (Pa) for DESERT minus GREEN experiments.
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between the mid-Holocene climate change and shifts in Saharan
vegetation cover existed.

One of the most striking features of the climate shift that stems
from our simulations is the large-scale change in SLPs, which re-
sembles a transition from positive Arctic Oscillation (AOþ) to
negative Arctic Oscillation (AO�) conditions (Fig. 2b). The modern
AO� corresponds to cooling and high pressure over the Arctic and
Eurasian sectors, and feeble Westerlies across the North Atlantic in
response to a switch towards a meridional flow regime (Rigor et al.,
2002). The AO� phases are also associated with a weakening of the
North Atlantic circulation, with a weakening of wind-driven AMOC
and a net decrease in the oceanic heat transport from the
subtropics to the northern North Atlantic (e.g. Curry and
McCartney, 2001). The weakened oceanic circulation is generally
accompanied by increased southward routing of sea ice through the
East Greenland Current (Dickson et al., 1996). These features are in
line with shifts and patterns in SLP, temperature, atmospheric-
ocean circulation and northward heat transport generated by our
model simulations.

More interestingly, some of these signatures are fairly well
documented in a variety of climate reconstructions at the time of
the mid-Holocene climate change. In addition to the generally
colder climate conditions at high northern latitudes observed in
our network of reconstructions, the interpretation of a change in



Fig. 3. (a) Changes in annual mean vertical temperature averaged over the Atlantic (60We30E). (b) Changes in annual mean Atlantic meridional ocean circulation (Sverdrup). (c)
Changes in annual mean northward atmospheric and ocean meridional heat transport (PW) over the Atlantic. The latitudinal extent of the Sahara is highlighted for reference. All the
changes refer to DESERT minus GREEN results.
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circulation regime from AOþ to AO� at 5.5e5.0 kyr BP is also
supported by a number of other proxy records. For instance, hy-
drological reconstructions from northern Europe indicate a marked
strengthening of polar anticyclones and increased frequency of cold
air outbreaks towards Eurasia at this time (Muschitiello et al., 2013)
e a distinctive feature of the AO� (Stein et al., 2004). On the other
hand, records from the Arctic Ocean, Northern America, and
Greenland point at a major shift towards enhanced meridional flow
across the Arctic and the North Atlantic domain (Darby et al., 2001;
Kirby et al., 2002; Frechette and deVernal, 2009). Analogously,
marine records from the North Atlantic show a concomitant
weakening of the ocean circulation (McManus et al., 2004; Kim
et al., 2007) accompanied by a transition into a persistent state of
weak subpolar gyre circulation (Colin et al., 2010). Finally, marine
reconstructions from the northern North Atlantic evidence a rapid
transition towards increased sea-ice advection from the Nordic
Seas into the East Greenland Current at 5.5e5.0 kyr BP (Jennings
et al., 2002).

A further distinctive characteristic correlative to the
5.5e5.0 kyr BP event, which is worth to note, is probably the
development of wetter climate conditions in various European re-
gions (Hughes et al., 2000; Magny, 2004; Magny and Haas, 2004;
Litt et al., 2009; Kylander et al., 2013). A close correspondence be-
tween increased storminess in Europe and augmented export of sea
ice southwards from the Nordic Seas to the North Atlantic has been
invoked to explain Holocene cool events. Climate simulations
(Raible et al., 2007) suggest, for example, that at times of southward
advance of the polar front e mediated by export of sea ice to the
subpolar North Atlantic e cyclonic activity reinforces south of 50�N
in response to steeper meridional oceanic thermal gradients across
the North Atlantic.

4. Conclusions

Altogether, the ensemble of regional paleoclimate information
deployed here are consistent, at least qualitatively, with the large-
scale atmospheric-ocean circulation changes forced by a collapse of
Saharan vegetation at the end of the AHP. Using a general circula-
tion model, we demonstrated that the dynamical aspects of the
subtropical teleconnective mechanism, in which changes in
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Saharan land cover modulate atmospheric and ocean circulation
dynamics at high latitudes, is robust. These results also confirm
previous outcomes generated with a climate model of intermediate
complexity (Davies et al., 2015).

To summarize, the observed physical coupling that links the low
and the high latitude climate subsystems implies that interglacial
climate is sensitive to land cover changes in the Sahara, with po-
tential implications extending to past interglacial climate scenarios.
The impact of changes in albedo brought by environmental shifts in
northern Africa on the Earth's climate system carries special sig-
nificance with respect to the Arctic domain, especially in the debate
of high-latitude climate sensitivity and polar climate amplification.
Although the actual extent and magnitude of the vegetation
collapse in North Africa still remains an open question, our insights
help disentangle the complexity of the mid-Holocene climate
change and improve the understanding of the spatial pattern of
climate shifts associated with this enigmatic period. Future
research efforts must supply an adequate spatial characterization of
North African vegetation-cover changes across the termination of
the AHP. This may help greatly to improve the design of these
model experiments and to tackle important questions on the
response and sensitivity of polar and subpolar climates to changes
in vegetation and land-use types at tropical and subtropical
latitudes.
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