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a b s t r a c t

Western European loess sequences of the last glaciation (w100,000–15,000 years BP) exhibit strong,
cyclic variations of the sedimentation rate, which are coeval to the Greenland stadial/interstadial cycles
and the Heinrich events. These North-Atlantic rapid climate changes appear, thus, as a potential cause for
the sedimentation variations, via changes in dust intensity cycle. Here we make a first step in testing this
hypothesis, by modelling the impact of the North-Atlantic abrupt climate variations on dust emission.
Our dust emission calculations use meteorological fields generated by the LMDZ atmospheric general
circulation model at a resolution down to 60 km over Western Europe. Three numerical experiments are
run, representing a Greenland stadial, an interstadial and a Heinrich event. Orbital parameters and ice-
sheet configuration correspond to conditions from Marine Isotope Stage 3 (w60,000–25,000 years BP),
a period characterized by strong millennial-scale climate variability. The only differences we impose in
the boundary conditions regard the North-Atlantic surface temperature and sea-ice cover in the lat-
itudinal band 30�–63�N. The changes in wind, precipitation, soil moisture and snow cover from one
simulated state to another result in small differences in dust emission intensity. In contrast, when the
inhibition of the aeolian erosion by vegetation is taken into account, the dust fluxes for the cold climate
states (Greenland stadial and Heinrich event) become generally more than twice higher than those for
the relatively warmer Greenland interstadial, in agreement with the loess data. These results support the
hypothesis that the North-Atlantic millennial-scale variability is imprinted in Western European loess
profiles, and point to vegetation changes as the main factor responsible for millennial-scale sedimen-
tation variations. An analysis for the English Channel and southern North Sea areas, major potential dust
sources, shows that the seasonality of dust emission is not controlled by the wind speed, as in modern
large deserts, but by the surface conditions. Consequently, the dusty season lasts from late winter to early
summer, with maximum activity in April–May, and is shifted towards summer when the climate is
colder.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The dust cycle responds with high sensitivity to climate
changes. Therefore, studying the aeolian dust deposits (loess, cov-
ersands) has greatly enriched our knowledge on the impact of past

climate variations in continental domain (Kukla, 1975, 1977; Lau-
tridou, 1985; Liu et al., 1985; Liu, 1987; Pécsi, 1987; Rousseau, 1987;
Pécsi, 1990; Rousseau et al., 1990, 1998; Porter and An, 1995; Muhs
et al., 1999; Muhs and Zarate, 2001). In Europe, loess covers wide
areas, south of the region once occupied by the Scandinavian ice
sheet at its maximum extent (Kukla, 1975, 1977; Haase et al., 2007).
The thickest deposits are found along major river systems as the
Seine, the Rhine, or the Danube. Such periglacial braided rivers had
highly contrasted regimes, with short periods of strong discharge in
the snow-melting period, when they transported huge amounts of
sand and silts, and almost completely dried-out beds during the
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rest of the year. Thus, river valleys represented important deflation
areas and have mainly provided the coarse loess material for the
aeolian deposits (e.g., Antoine et al., 2001; Smalley et al., 2009). The
fine material has been originating not only from such local sources,
but also from remote areas such as the emerged continental shelf to
the west of the continent, the English Channel or the south of the
North Sea (Auffret, 1980; Auffret et al., 1982; Lautridou, 1985;
Antoine et al., 2003b) (Fig. 1).

Detailed loess profiles have been retrieved at several locations in
the European latitudinal loess belt laying between approximately
48� and 53�N (Kukla and Lozek, 1961; Kukla, 1975, 1977; Rousseau,
1987; Rousseau et al., 1998, 2001; Antoine et al., 1999; Frechen
et al., 1999, 2003; Schirmer, 2000; Antoine et al., 2001; Haesaerts
et al., 2003; Gerasimenko and Rousseau, 2008). For the last glaci-
ation (approximately between 100 and 15 kyr BP), they reveal
a common, cyclic stratigraphic pattern, consisting in an alternation
of loess and paleosol layers which have developed in response to
rapid climate variations. Numerous periglacial level marks (ice
wedges, cryoturbation and solifluxion horizons) allow an accurate
correlation within the European loess domain (Kukla, 1977;
Antoine et al., 2001; Haesaerts et al., 2003). The loess units, char-
acterized by high sedimentation rates, are generally interpreted as
reflecting cold, dry and windy conditions. The soil layers have
developed in periods with reduced or absent dust sedimentation.
They reflect a still cold, but more humid climate, which favoured
a relatively better developed vegetation compared to the loess
deposition periods, as evidenced especially during the Middle
Pleniglacial (approximately between 55 and 30 kyr BP) (Van Vliet-
Lanoë, 1987; Dorman and Sellers, 1989; Hatté et al., 1998; Antoine
et al., 2001; Moine et al., 2008).

These observations have raised a first important question: did
a correlation exist between the rapid environmental changes
revealed by the European loess sequences and the climate

variability in the neighbouring North-Atlantic area? South of 48�N,
variations coeval to the Dansgaard–Oeschger (DO) events (Dans-
gaard et al., 1993) and Heinrich (H) events (Heinrich, 1988; Bond
et al., 1992; Broecker, 1994; Bond and Lotti, 1995) have been iden-
tified in other European paleoclimate records, such as d18O in
stalagmites (Genty et al., 2003), or pollen in lake, marine or
terrestrial sediments (Allen et al., 1999; Combourieu-Nebout et al.,
2002; Sánchez Goñi et al., 2002; Müller et al., 2003). High-resolu-
tion studies on some of the thickest deposits of Western Europe
have completed the picture, showing that, indeed, at least in this
part of the continent, the millennial-timescale climate changes
have been intimately linked to those in the North Atlantic north of
48�N as well (Antoine et al., 2001; Rousseau et al., 2002, 2007;
Haesaerts et al., 2003; Hatté and Guiot, 2005). Thus, the strati-
graphic succession and the grain-size records in the most detailed
profiles from the Northern France, Belgium and Germany present
a striking similarity with records of d18O and dust concentration in
Greenland ice (Johnsen et al., 2001). Intervals of soil development
appear to correspond to the warm events registered in Greenland,
which we will refer to as Greenland interstadials (GIS) (NGRIP
members, 2004), and intervals of strong loess deposition, to the
cold phases, hereafter referred to as Greenland stadials (GS), or to H
events (Antoine et al., 2001; Rousseau et al., 2002, 2007). The dust
accumulation rates in continental sediments are difficult to deter-
mine with accuracy, mainly due to dating uncertainties. However,
during the North-Atlantic cold periods they were considerably
higher than during the warm episodes. Estimations based on loess
profiles from Nussloch, Germany, indicate significant variations of
the ratio of loess versus soil accumulation rates among the different
millennial-timescale cycles, with up to a 5-fold difference (Rous-
seau et al., 2007). The different imprints of the individual GS/GIS
cycles in loess records reflect the sensitivity of the dust cycle
response to changes in the general climate conditions from a cycle

Fig. 1. Map of the studied area (modified from Antoine et al., 2003b). (1) Continental shelf, here at its maximum extent (LGM), which became exposed in glacial times due to the
extension of the ice caps (2) and the consequent sea-level lowering. This has been an important dust deflation area and a source for the Western European aeolian deposits. (3)
Simplified representation of the main loess area (Last Glacial). (4) Fluvial paleochannel network of the English Channel (cf. Auffret et al., 1982); the continuation to the shoreline
(dashed blue line) is uncertain (Lericolais et al., 2003). (5) Grid boxes EC1, EC2, NS1 and NS2 for which dust calculations are performed (see Section 4). (6) Red arrows indicating the
reconstructed main wind direction at the time of the dust deposition (cf. Lautridou et al., 1985; Antoine et al., 2003a).
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to another, determined by changes in solar forcing, ice-sheet
configuration, sea level, surface conditions. For each climate cycle,
the sedimentation rate variations must have been due to an
intensification of the dust cycle during the cold compared to the
warm phases, probably via a combination of enhanced emission in
the dust source areas, more efficient transport and/or deposition.

The next question is then: what are the mechanisms explaining
the correlation between the North-Atlantic millennial-timescale
climate changes and the loess sedimentation variations in Western
Europe? Assuming that the sedimentation variations have been
caused by the DO and H events is quite straightforward, but still
needs to be demonstrated. Numerical modeling can be used to
address this issue, by simulating the climate changes in the conti-
nental domain associated with the GS/GIS cycles and H events, and
the consequent changes in the dust cycle.

A few modeling experiments have addressed the impact of the
North-Atlantic millennial timescale variability on the climate in the
continental domain. Those using the Earth system model of inter-
mediate complexity (EMIC) CLIMBER-2 (e.g., Claussen et al., 2003;
Jin et al., 2007) indicate a windier and drier climate in Western
Europe, and thus, more favourable conditions for dust emission and
transport during the North-Atlantic cold phases (GS and H events)
than during the warm ones (GIS). The advantages of EMICs are that
they explicitly compute the evolution of all components of the
climate system (atmosphere, ocean, ice sheets, vegetation), and can
perform transient experiments, but this implies the use of simpli-
fied or highly parameterized representations of some of the phys-
ical processes, and of a relatively reduced spatial resolution. Such
a reduced resolution, appropriate for the purposes of the above-
mentioned studies, would be too coarse for our region of interest. In
contrast, the studies using atmosphere global circulation models
(AGCM) benefit from more realistic physics and a higher resolution,
but, as this imposes a short integration time step, they can only
address selected time slices. Also, AGCMs require prescribing
boundary conditions which, in the case of GIS, GS and H events, are
insufficiently known. For instance, in order to investigate the
response of the climate system to H events, Hostetler et al. (1999)
use for their reference glacial state the CLIMAP reconstruction for
the sea-surface conditions (CLIMAP project members, 1981), the
modern vegetation types of Dorman and Sellers (1989), and the last
glacial maximum (LGM) ice-sheet configuration from the ICE4G
reconstruction (Peltier, 1994). A H event is simulated by strongly
lowering the Laurentide ice sheet, and the subsequent Greenland
interstadial by increasing the North-Atlantic SSTs north of 30�N to
three quarters of the way from full glacial to modern values. Other
AGCM studies have addressed the impact of the 14.7 kyr BP stadial–
interstadial transition in the North Atlantic region (Renssen and
Isarin, 2001; Renssen and Bogaart, 2003). These studies also use the
CLIMAP dataset and the LGM ice-sheets for the stadial state. For the
interstadial one, SSTs comparable to modern values are imposed
south of 60�N, implying a considerably reduced sea-ice cover, and
the LGM ice sheets are replaced by the ICE4G 14-kyr BP configu-
ration. The land-surface conditions (vegetation cover, albedo,
roughness) are adapted to the simulated stadial, respectively
interstadial climates. The drastic changes of boundary conditions
applied in the above AGCM studies result in important differences
of atmospheric circulation in the Northern Hemisphere at
temperate latitudes. Much stronger winds are simulated in the cold
phases compared to the warm ones over Europe, especially in
winter. Consequently, when analyzing the Late Pleniglacial wind
regime in the northwest of the continent, Renssen et al. (2007)
consider the ‘‘dusty season’’ to be autumn to spring, and the
December–January–February period representative for it. This also
implies the assumption of an arid environment, with negligible
snow cover.

With respect to the dust cycle, as the LGM boundary conditions
are relatively well known, a number of modeling studies have
addressed its glacial-interglacial variations (e.g., Andersen et al.,
1998; Mahowald et al., 1999; Reader et al., 1999; Werner et al.,
2002). They have led to recognizing the importance of vegetation
changes, along with those of atmospheric circulation and hydro-
logical cycle, in explaining the 2–20 times higher dust deposition
rates at the LGM compared to the present day (Petit et al., 1990;
Steffensen et al., 1997). But no attempt has yet been made to
explicitly simulate the dust-cycle variations associated with the
millennial-timescale GS/GIS transitions and H events. Besides the
uncertainties related to the boundary conditions, when it comes to
the impact of climate variability on Western European loess build-
up, other difficulties arise. The dust sources and loess deposition
areas of interest here are smaller than the main arid and semi-arid
areas of the world, on which most of the dust modeling experi-
ments focus, and the European topography induces important
climate differences from one location to another. Therefore, a rela-
tively high spatial resolution is required, higher than generally
achieved by the existing global paleoclimate models. Also, impor-
tant deflation areas of the glacial period such as the English
Channel and the southern North Sea are now submerged, and,
when modeling the emission flux, hypotheses have to be made on
their surface characteristics (roughness, soil texture, grain-size
distribution, vegetation cover) at the time of interest.

In this work we use numerical modeling to investigate the
relationship between the North-Atlantic abrupt climate changes
punctuating the last glaciation and the environmental variations
revealed by the Western European loess profiles. Specifically, we
test if, and by which mechanisms, changes in the North-Atlantic
surface conditions such as those associated with GS/GIS cycles and
H events could have produced in Western Europe changes in dust
emission (the initial driver of the dust cycle) consistent with the
loess data, which indicate a considerably intensified dust cycle
during the cold North-Atlantic phases as opposed to the warm
ones. To make our simulations as realistic as possible, we employed
an AGCM and a land-surface model with enhanced spatial resolu-
tion in our area of interest, and updated sea-surface conditions
compared to the above studies. The models and numerical exper-
iments are presented in Section 2. In Section 3, the simulated
climate states are analyzed in terms of dust emission. Special
attention is devoted to the English Channel and southern North Sea
(hereafter denoted as ECSNS) area. Most of this area has been
exposed between approximately 75 and 15 kyr BP, when the sea
level was lower by more than 40 m than at present (Siddall et al.,
2008, for a review on sea-level reconstructions) and has thus
constituted a major dust source for the Western European loess
deposits of the last glacial period (Juvigné, 1976; Lautridou, 1985;
Antoine et al., 2003a). Our results are discussed in Section 4, and
the conclusions are presented in Section 5.

2. Numerical models and experiments

We use the LMDZ.3.3 AGCM in a version with a stretched grid
over Europe (Jost et al., 2005; Sepulchre et al., 2007), with a reso-
lution down to 60 km on Western Europe. The land surface
conditions are computed by the SECHIBA model (Ducoudré et al.,
1993; Krinner et al., 2005), embedded in the AGCM. Three experi-
ments are performed. The first one simulates a reference glacial
state, considered to represent a Greenland stadial. The other two
are designed to approximate the climatic response to changes in
the North-Atlantic area such as those associated with a Greenland
interstadial and an H event, respectively.

We place our experiments in an environment typical for the
Marine Isotope Stage 3 (MIS3, w60–25 kyr BP), at w40 kyr BP,
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roughly corresponding in North-Atlantic records to the sequence
GS9-H4-GIS8. The H event 4 (approximately 39 kyr BP) (Bard et al.,
2004) is well documented from the climate and vegetation points
of view, and has been the object of previous numerical experi-
ments with the LMDZ AGCM (Sepulchre et al., 2007). Here we use
a newer version of the model and updated sea-surface conditions,
but keep the focus on this period in order to be able to compare
the new and previous simulations. For our reference state,
assimilated to a Greenland stadial, the orbital parameters (Berger,
1978) are set to the 39-kyr BP values, the CO2 concentration is
209 ppmv (Petit et al., 1999), and the ice-sheet configuration is the
ICE4G reconstruction for 14 kyr BP (Peltier, 1994), as in Sepulchre
et al. (2007) ‘‘Before H4’’ experiment. We consider the 14 kyr BP
ice-sheet configuration to be an analog of the situation at 39 kyr
BP because the sea level is roughly the same for the two periods
(approximately 60 m lower than today). AGCM simulations require
a global ice-sheet configuration, and this approach was the only
possible at the time of running the experiments described in
Sepulchre et al. (2007). For the sea-surface temperatures (SSTs)
and the sea-ice cover we employ, instead of CLIMAP, the newer
GLAMAP2000 reconstruction (Sarnthein et al., 2003) (Fig. 2a). In
the North Atlantic, this reconstruction is generally warmer than
CLIMAP, and the sea-ice extent is considerably reduced, especially
in winter.

In the other two experiments, the only forcing component we
modify is the surface conditions in the North Atlantic, in the
latitudinal band between 30�N and 63�N, by applying zonal all-
year-long SST anomalies (Fig. 2b,c). In the ‘‘H event’’ simulation
(hereafter denoted as HE) we lower the SSTs by 2 �C between 40�

and 55�N, and by values decreasing linearly to 0� at 30�N to the
south and at 63�N to the north. The choice of the 2 �C maximum
anomaly is based on the reconstructions by Cortijo et al. (1997). In
the ‘‘Greenland interstadial’’ experiment (GIS) we impose warming
anomalies symmetric to the HE ones: 2 �C between 40� and 55�N,
þ1� between 55� and 63�N, and decreasing linearly from þ2 �C to
0� between 40�N and 30�N. Thus, our HE and GIS simulations are
sensitivity experiments to North-Atlantic SST changes. The
prescribed maximum difference of 4 �C between the HE and GIS
SSTs is consistent with alkenone-based estimations from sediment
cores from the central North-Atlantic (Cortijo et al., 1997). A sea-ice
cover consistent with the SSTs is obtained by imposing sea ice
where the SST is lower than �1.8 �C. The maximum sea-ice extent
for each simulated climate state is shown in Fig. 2a–c. In each
experiment the model is run for 21 years and the last 20 years are
analyzed here.

The land-sea mask of the LMDZ and SECHIBA models is adapted
to the w60 m sea-level drop corresponding to the selected ice-
sheet configuration. With respect to the land surface conditions,
the PMIP project (Joussaume and Taylor, 1995, 2000; Harrison et al.,
2002; Braconnot, 2004) recommended to use the same vegetation
cover for the Last Glacial Maximum (LGM, approximately between
23 and 18 kyr BP) as for the modern or pre-industrial simulations.
Here we use the same approach, except over the area of interest in
this study, i.e., Western Europe. To represent the steppe-tundra
environment of this area in glacial times, as suggested by palyno-
logic evidence (e.g., de Beaulieu and Reille, 1992; Peyron et al.,
1998) and other proxies (Rousseau et al., 1990; Hatté et al., 1998;
Rousseau, 2001; Moine et al., 2008), we employ a combination of
bare soil and two plant functional types (PFTs): C3 grass (at
maximum 90% of a grid cell between 45� and 48�N, and 80% north
of 48�N) and boreal evergreen needleleaf trees (up to 1%). The
actual grid-cell fraction covered by each PFT is determined by the
imposed maximum vegetation and the computed leaf area index
(LAI). In the SECHIBA model version we use (Krinner et al., 2005),
the LAI varies between minimum and maximum values fixed for

each PFT to standard values based on averaged observations. The
variations are only modulated by the AGCM-derived temperature:
maximum and minimum LAI correspond to those of the tempera-
ture. Even though the hydrologic stress is not taken into account,
the results should hold, because at middle and high latitudes the
temperature is the main limiting factor in the vegetation devel-
opment, not the precipitation, as is the case in the low-latitude
domain (Barbour et al., 1994).

We note that some of the boundary conditions we impose are
well constrained for the chosen time slice, others are ‘‘best
guesses’’, but the processes and mechanisms we address can
reasonably be assumed to operate in a wider parameter space of
boundary conditions. Therefore, our results should qualitatively
hold for any other Greenland stadials/interstadials and H events
that have occurred during MIS3.

3. Analysis of dust emission

3.1. Key meteorological variables

The critical meteorological variables for dust entrainment, as for
the entire dust cycle, are the wind speed and the precipitation
(Tegen and Fung, 1994). As the emission flux depends on the wind
speed cubed (Gillette, 1988; Shao and Raupach, 1993), once the
erosion wind-speed threshold, which depends on the surface
characteristics, is exceeded, a small increase in wind velocity
induces a strong increase in the dust flux. There is also an indirect
effect: strong winds help the land surface dry up rapidly after rain
and become again exposed to erosion (Gillette, 1999). On the
contrary, enhanced precipitation inhibits the emission. As a direct
effect, it increases the soil moisture, which reinforces the soil
cohesion (Fecan et al., 1999). Indirectly, on seasonal timescale, it
favors the development of the vegetation, which inhibits the soil
erosion by wind (e.g., Fryrear, 1985).

Besides the wind and the precipitation, at middle and high
latitudes the temperature also plays an important indirect role in
the dust emission variability. In the cold season, snow cover may
form, which prevents aeolian soil erosion. On average, a warmer
climate favors dust emission because of a reduced snow cover and
a higher soil drying rate, but there is also an opposite effect: higher
temperature favors vegetation development, which protects the
soil from wind erosion.

The relative importance of these factors in the dust emission
variations depends on the region and the time scale. Wherever
snow and vegetation are present along the year, they are the main
elements determining the seasonality of emissions (Tegen et al.,
2002; Laurent et al., 2006). The interannual variability of the
emitted dust is largely controlled by the wind speed in the major
arid regions of the world at the present day (Marticorena and
Bergametti, 1996; Laurent et al., 2006) as well as in glacial condi-
tions (Werner et al., 2002), but in semi-arid regions the role of
precipitation and vegetation becomes important. At glacial–inter-
glacial time scales, the changes in the wind speed and the hydro-
logical cycle explain only a small part of the considerably higher
global dust load at the LGM compared to the present day (Jous-
saume, 1990; Genthon and Armengaud, 1995), as indicated by the
2–20 times higher deposition rates (Kohfeld and Harrison, 2001,
and references therein). The differences of vegetation cover due to
the radically different precipitation and temperature conditions
have to be taken into account to improve the modeling results
(Mahowald et al., 1999; Werner et al., 2002).

For a first qualitative comparison of the three simulated climate
states, we examine the surface temperature, wind speed and
precipitation in Western Europe (Fig. 2), especially in the latitudinal
band between 48� and 53�N, which covers the ECSNS area and the
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region occupied by the aeolian deposits (loess and loess deriva-
tives; Haase et al., 2007). In the reference, GS state, the annual
mean temperature is positive nearly everywhere in Western
Europe (Fig. 2a), with monthly averages in the ECSNS area of up to
approximately 12 �C in summer and down to �8 �C in winter (not
shown). In our main area of interest the average wind speed values
range between 5 and 7 m s�1 (Fig. 2d), with the strongest winds in
winter (Fig. 5a), and the mean precipitation between 1 and 2 mm
day�1 (Fig. 2g).

The negative anomaly applied to the North-Atlantic SSTs in the
HE experiment results in a cooling on the continent, more accen-
tuated in the northwest (up to w2 �C; Fig. 2b). Even though the SST
anomaly applied in the adjacent North-Atlantic Ocean is constant
over the year, the cooling on land is stronger in winter than in
summer. For example, in the ECSNS area the monthly average of the

warmest month, July, decreases by only 0.5 �C, while for the coldest
month, February, the decrease is of 2.5 �C. The consequent changes
in the mean wind strength and precipitation on land are very small,
not significant (cf. Student’s t-test) at the 95% confidence level
(Fig. 2e,h).

For the GIS perturbation, the warming is up to w2 �C in the
continental domain (Fig. 2c). As for HE, the temperature anomaly is
strongest in the northwest, and more accentuated in winter, when
the monthly mean temperatures increase by 3�–5 �C, compared to
1 �C in summer. Again, on land, the annual mean wind speed does
not differ significantly from the GS climate (Fig. 2f). In the ECSNS
area the monthly average differences are more important in
January, March and April (Fig. 5a). The warming is accompanied by
a general increase in precipitation, by 0.1–0.4 mm day�1 on average
(Fig. 2i).
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Fig. 2. Surface air temperature (a–c), 10 m-wind (d–f) and precipitation (g–i): absolute annual mean values for the reference GS state (left column) and annual mean anomalies
HE–GS (middle column) and GIS–GS (right column). In white, areas where the differences are not significant at the 95% confidence level (Student’s t-test). On the temperature maps
(upper panels), the dotted lines represent the maximum (February) sea-ice extent for GS (left), HE (middle) and GIS (right). On panels (b) and (c) the zonal anomalies applied to the
North-Atlantic SSTs are visible. On panel (c) temperature anomalies of more than 2.5 �C correspond to areas covered by sea ice in the GS state, but not in the GIS.
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The differences between the three simulated climates with
respect to wind and precipitation in annual mean, as well as in
monthly means (not shown) are too small to produce changes in
the dust entrainment efficiency as important as suggested by the
considerable variations of the loess sedimentation rates. Analyzing
these variables separately is thus not sufficient. Furthermore,
Western Europe was not a completely arid area even during glacial
times, but some vegetation was present, part of it changing
seasonally (e.g., Woillard, 1978; Sánchez Goñi et al., 2008). Also,
snow was falling not only over the Fennoscandian ice sheet, but on
lower-altitude areas south of the ice sheet as well, as indicated in
Western European loess profiles by niveo-aeolian (laminated) loess
layers, formed especially between approximately 20 and 30 ka BP
(Haesaerts et al., 1981, 2003; Lautridou, 1985; Antoine et al., 1999,
2001). The temperature differences between the millennial-time-
scale cold and warm episodes had an impact on the snow cover
duration and extent, and on the evolution of the vegetation. Thus,
to study the changes in the dust emission in Western Europe
induced by millennial-timescale climate variations, we need to take
into account all these factors and the way they combine along the
year, which determines the dynamics of dust emissions.

3.2. Calculation of dust emission frequency and flux

The two critical factors for the dust emission are the surface
conditions and the wind speed. We divide the surface conditions in
two categories: (a) intrinsic characteristics, which do not change in
time, as the surface roughness (vegetation excluded), the soil dry
size distribution and texture of the bare soil, and (b) variable
characteristics: the soil water – in solid form, as snow cover, or
liquid, as top soil moisture – and the vegetation cover. The intrinsic
characteristics determine the erosion threshold wind speed and the
erosion potential (i.e., the maximum flux of dust available for
entrainment under favourable wind speed conditions) of a surface
in dry conditions and without vegetation. The variable character-
istics reflect the climate influence and determine the fraction of the
source area which is effectively available for dust emission at
a given time.

Snow cover prevents soil erosion by wind. The soil moisture in
modeling studies on the glacial dust cycle is generally accounted for
by imposing a threshold moisture below which a region can be
considered as a potential dust source (Joussaume, 1990; Tegen and
Fung, 1994; Mahowald et al., 1999; Werner et al., 2002). However, in
conditions of strong wind, the top soil layer can dry quickly and
dust emission may occur even if the deeper layers are still water
saturated (Gillette, 1999). Therefore, instead of soil moisture, we
use a variable which better describes the surface characteristics
with respect to erosion potential: the dry soil depth, also computed
by the surface model. We assume that the soil must be dry on at
least a 5 mm depth for a significant dust event to occur. To quantify
the soil water effect we define the ‘‘dry soil fraction’’ fd, which
combines the effects of snow and soil dryness, as follows: it equals
the snow-free fraction of the source area if the soil is dry on a depth
of more than 5 mm, and is 0 otherwise. We note that the SECHIBA
land model does not take into account frozen ground processes,
which may lead to significant underestimation/overestimation of
soil temperature during soil freezing/thawing periods and under-
estimation of soil moisture after extensive periods of soil freezing
(Koren et al., 1999). Also, soil freezing hampers dust entrainment,
but this effect is included implicitly in our formulation of fd: a wet
soil, frozen or not, does not allow for emission, and a dry soil,
favourable to emission, cannot freeze.

Different parameterizations describe the inhibiting effect of the
vegetation on wind erosion (e.g., Fryrear, 1985, and references
therein). They all have in common an exponential attenuation of

the erosion with increasing vegetation cover. The 2-parameter
formulas of type aexp(�b� fveg) mentioned in Fryrear (1985) have
two drawbacks: they exceed the maximum possible value, 1, for
vegetated soil fractions fveg lower than 8–10%, and the dust emis-
sion flux never reaches zero because of the exponential depen-
dence on fveg, whereas, in practice, more than 60–70% of vegetation
cover suppresses the wind erosion. Alternative one-parameter
formulas of type exp(�b� fveg) (e.g., Leys, 1991) represent an
improvement because they give exactly 1 for completely bare soil,
but the bias for high vegetation cover remains. Here we define the
vegetation factor fv (equivalent to the soil loss ratio in the above
studies) using the general equation (6) of Fryrear (1985), corrected
at low (<10%) and high (>60%) vegetation covers:

f v ¼ minð1;1:81� expð � 7:2f vegÞÞ if f veg < 0:6; and f v

¼ 0 otherwise:

In a given grid cell, a dust event occurs whenever some fraction
of the area is available for dust entrainment and the wind speed
exceeds the erosion threshold (wth). The dust flux can be then
computed as (e.g., Mahowald et al., 1999):

F ¼ Cw2
10mðw10m �wthÞ for w10m > wth ðF ¼ 0 otherwiseÞ

where C is the erosion potential, or the ‘‘source strength factor’’, and
w10m the horizontal wind velocity at 10 m above the surface.

The erosion potential C of a land surface is determined by the
combination of the intrinsic characteristics and the soil water and
vegetation factors defined above. We separate the two inhibiting
effects by calculating first a ‘‘dry’’ dust flux, which only takes the
soil water into account:

Fd ¼ C0fdw2
10mðw10m �wthÞ

where C0 depends on the intrinsic characteristics only. Introducing
then the vegetation effect we obtain the actual dust flux:

F ¼ f vFd ¼ C0fdf vw2
10mðw10m �wthÞ ¼ C0Ew2

10mðw10m �wthÞ

where E¼ fdfv is the erodible fraction of soil in the grid box, both
inhibiting factors being taken into account.

Erosion potentials determined for twelve major present-day
arid and semi-arid regions by calibration using satellite observa-
tions vary by more than two orders of magnitude, between
approximately 5�10�8 and 2�10�6 g m�5 s2 (Balkanski et al.,
2004). We choose for C0 the intermediate value of 5�10�7 g m�5 s2,
which we keep the same in all calculations. This implies the
assumption that the soil roughness (vegetation excluded), texture
and grain-size distribution are the same everywhere in the studied
area and for the different climates. The spatial homogeneity might
be a critical choice to address absolute values of dust emission
fluxes. However, here we are interested in comparing the impact of
the different climates on dust emission, and we do not expect the
intrinsic surface characteristics to significantly change from one
state to another. Therefore, the choice of C0 does not affect our
results with respect to the relative dustiness of the simulated
climates.

For the erosion threshold, some studies employ a single value,
ranging from 0 m s�1 (Genthon, 1992) to 6.5 m s�1 (Tegen et al.,
1996). Studies deriving wth for the present-day deserts as a function
of soil characteristics (grain-size distribution, roughness length)
result in values of no less than 6 m s�1 (Marticorena and Berga-
metti, 1996; Laurent et al., 2005), comparable to the minimum wind
velocities measured during dust storms in the sandy deserts of
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China (Wang et al., 2003). The values of threshold velocities infer-
red by Balkanski et al. (2004) reach 7.5 m s�1 for most of the large
arid and semi-arid areas. Here we assume the surface is charac-
terized by loose material, easy to deflate, and we fix wth towards the
lower end of the range of realistic values, at 7 m s�1. A discussion on
the sensitivity of calculations to this parameter is provided in
Section 3.4.

3.3. Dust emission in Western Europe

We now compare the three simulated climate states from the
point of view of the surface conditions (Fig. 3). For the GS state, the
annual mean dry fraction fd increases from northeast toward
southwest (Fig. 3a). This closely reflects the distributions of the
annual mean snow cover and dry soil depth, the first one
decreasing, the second increasing from NE to SW, in correlation
with the distributions of the mean temperature and precipitation
(Fig. 2a,g).

The annual mean vegetation factor fv for GS is below 0.1 south of
48�N, and gradually increases northward, to about 0.5 at 54�N
(Fig. 3d). It reflects the combination of the maximum vegetation
cover that we imposed (cf. Section 2) and the simulated tempera-
ture. The erodible fraction E¼ fdfv has a distribution very similar to
fv, with average values below 1% south of 48�, and up to 6% in the
southern North Sea (Fig. 3g). This result cannot be put on the
expense of the stepwise change of the prescribed maximum
vegetation cover, from 90% south of 48�N to 80% north of that
latitude, because this feature is corrected for in the calculation of
the vegetation cover, and, hence, of fv, by the temperature gradient.
Therefore, the yearly averaged erodible fraction distribution
obtained by taking into account all the involved variables is not
a model artefact, but a result in agreement with the position of the
dust source areas and the aeolian deposits.

The annually averaged differences of fd, fv and E between the
reference GS state and the HE and GIS states are presented in Fig. 3,
middle and right columns respectively. Relatively small differences
in the average dry soil fraction are found for both the warm and the
cold perturbations. Up to 10% more of a grid cell surface is dry in the
GS state compared to the HE (Fig. 3b), mainly due to differences in
snow cover. The GIS–GS differences only amount to up to 5% of
a grid cell surface: GIS is slightly wetter than GS south of 53�N, and
slightly drier to the north (Fig. 3c). This reflects the fact that the
shorter snow season for GIS compared to GI is counterbalanced by
enhanced precipitation (cf. Fig. 2i).

The differences are considerably larger in the case of the vege-
tation factor: in the latitudinal band 48�–53�N, corresponding to
the ECSNS area and the main loess deposits, fv values for HE are
higher by 0.10–0.25 than those for GS (Fig. 3e), which, in turn, are
higher than the GIS values by approximately the same amount
(Fig. 3f). This is explained by the fact that in our land surface model
the vegetation cover is modulated by the temperature: the warmer
the climate, the better the vegetation develops and, consequently,
the smaller fv is.

The differences for the annual mean erodible fraction E are of
generally less than 1% of a grid cell surface for HE compared to GS
(Fig. 3h), and up to 3% in the favour of GS compared to GIS (Fig. 3i).
The small differences reflect the fact that the soil water effect, more
important in winter and for the cold states, and the vegetation
inhibiting effect, predominant in summer and stronger for the
warm perturbation, counterbalance in the annual average.

Such small differences with respect to the main variables rele-
vant for dust emission, wind speed and erodible fraction, taken
separately, do not allow for drawing any conclusion about the
dustiness of one simulated climate state relative to another.
However, dust emission is not a linear process with respect to the

involved variables, and these variables change at timescales
considerably smaller than a year. Therefore, our next step is to
analyze how the wind and the surface conditions combine in every
place at a timescale of few hours only, close to that of dust events.
Thus, we use the 6-hourly model outputs to calculate the dust
emission fluxes over North-Western Europe for the three simulated
climate states, without the vegetation effect (Fd), and with vege-
tation effect (F). Fig. 4 presents the GS values (left) and the
percentage ratios HE/GS (middle) and GIS/GS (right) for both Fd (a–
c) and F (d–f).

For GS, the dry fraction fd in the North Sea is lower than in the
English Channel (Fig. 3a), but the dry flux Fd is highest (Fig. 4a), its
spatial distribution closely reflecting that of the wind speed. For the
cold perturbation, Fd is up to approximately 130% of the GS values
south of 50�N, including the southern part of the English Channel,
and represents 50–100% of the GS values in the rest of the ECSNS
and in the loess deposit area (Fig. 4b). The average wind speed does
not significantly change between HE and GS (Fig. 2e), so that the
spatial distribution of the HE/GS flux ratio is mainly determined by
the differences in the dry soil fraction fd (Fig. 3b). The situation is
similar for the warm perturbation: the average wind does not
change significantly (Fig. 2f), so it has not much impact on the Fd
distribution (Fig. 4c), which resembles that of fd (Fig. 3c). Thus, the
GIS flux exceeds the GS one by up to 30% north of 52�N, and is
generally between 70 and 100% of the GS values south of this
latitude.

When taking the vegetation effect into account, in the GS state,
the dustiest area is north of 48�N (Fig. 4d), coinciding with the
region where the mean erodible fraction exceeds 2% (Fig. 3g). The
dust flux increases from the English Channel towards the North Sea,
due to a slight intensification of the wind combined with a decrease
in precipitation. The area with the strongest dust flux, in the North
Sea, just east of Great Britain, is also characterized by a combination
of slightly stronger winds and reduced precipitation and vegetation
cover compared to the rest of the region. Interestingly, in the LGM
modeling study of Werner et al. (2002), the same area is predefined
as a ‘‘preferential dust source’’ because it is a former lake bed, and
appears to be only active during springtime.

The mean annual dust flux for HE is up to approximately 130% of
the GS one south of 50�N, including the southern part of the English
Channel, and represents 50–100% of the GS values in the rest of the
ECSNS and most of the loess deposit areas (Fig. 4e). For GIS, the dust
flux increases from less than 10% of the GS values in the southwest
of our area of interest to approximately 80% in the northeast. It is
everywhere smaller than for GS and HE (not shown) south of 53�N,
and it becomes up to 40% higher than for the cold states north of
that latitude (Fig. 4f). Comparing HE versus GS and GIS versus GS
ratios respectively for Fd and F¼ fvFd, one can see that taking the
vegetation into account has not much effect in the case of HE, but
considerably reduces the flux for GIS with respect to the reference
GS state. This fact points to the vegetation as a key factor respon-
sible for the stadial–interstadial differences of dustiness.

3.4. Dust emission dynamics in the English Channel and the
southern North Sea

To get more insight in the dust emission dynamics in the ECSNS
area, we have focused on four individual grid boxes along the
modern continental coast (Fig. 1). These boxes were chosen to
capture the characteristics of the different parts of ECSNS region,
and close to areas with thick aeolian deposits along the actual sea
shore (Haase et al., 2007). Two of them, denoted as EC1 and EC2, are
located south of the deep paleo-valleys of the English Channel
(Auffret, 1980), at (48.93�N, 3.54�W) and (50.04�N, 0.07�W)
respectively. The other two, NS1 and NS2, are in the south of the
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North Sea, centered respectively at (51.19�N, 2.43�E) and at
(52.39�N, 4.1�E). The average grid cell altitude is of approximately
60 m below the sea level for EC1 (which is strongly denivelated, as
the western part of the English Channel deepens abruptly away
from the actual shore), 40 m for EC2, and less than 20 m for NS1 and
NS2. At least the last 3 grid cells have been completely exposed
during the entire typical glacial period.

We analyzed the annual cycle of wind speed and surface
conditions, the influence of these variables on dust emission (event
frequency and flux), and performed sensitivity experiments with
respect to two key parameters, the wind threshold and the
maximum vegetation cover. The calculations were based on
6-hourly data over 20 years of simulation. We have found that

analyzing the four grid boxes separately provides qualitatively
similar results. Therefore, in order to show a synthetic quantitative
image of the ECSNS region, we present averages and other statistic
calculations made for each climate state on the joined datasets for
the four individual boxes.

3.4.1. Annual cycle
In all three experiments the winds are strongest in winter and

spring (Fig. 5a). From December to April, even the monthly aver-
aged wind speeds exceed our chosen erosion threshold of 7 m s�1.
However, precipitation is also high in these cold months, and snow
cover is present, resulting in an average dry soil fraction fd of less
than 20% (Fig. 5b). In contrast, from the end of spring until the
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Fig. 3. Dry surface fraction fd (%), vegetation factor fv (between 0 and 1) and erodible fraction E¼ fdfv (%): absolute values for the reference GS state (left column) and annual mean
anomalies HE–GS (middle column) and GIS–GS (right column). The land-sea mask corresponds to a sea level w60 m lower than at present. The few white grid cells on land
represent fully ice-covered areas.
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beginning of autumn the soil is drier (fd up to 85%), but the wind
weakens, with a minimum of the average speed from July to
September. Consequently, the dry dust flux Fd (Fig. 5c), calculated
by only taking into account the 10 m-wind speed and the soil water,
starts to increase in February-March, has a strong maximum from
April to June and decreases in July and August. It shows a secondary
maximum (4–5 times smaller than the one in springtime) in
October, when the wind starts to intensify, and falls to zero in
December and January, due to snow and soil wetness.

The vegetation factor fv is maximum in the cold season (when
the simulated vegetation cover is reduced) and minimum in the
warm one (Fig. 5b). The erodible fraction E, combining the soil
water and vegetation factors fd and fv, is null in all experiments
from July to January, which means that during this interval no dust
events can occur. For GS, dust emission is active from February to
May, with a maximum in April–May for both the erodible fraction E
(15-20%) and the dust flux F. For GIS, the erodible fraction is
generally small, with a maximum of approximately 5% in March
and April. The dusty season also starts in February (when the effect
of strong winds prevails over that of very restrictive surface
conditions), but ends a month earlier than for GS, in April. For HE,
dust events occur from March to June, with a maximum in May for
both E (35%) and the dust flux. This shows that the usual approach
of analyzing averages over the conventional seasons
(e.g., December–January–February for winter) might be appro-
priate when the vegetation effect is not taken into account, but
information would be lost when including the vegetation, because
the HE dusty season is shifted by 1–2 months compared to the
other two experiments.

3.4.2. Dust event frequency and dust flux
The frequency of situations when the wind exceeds the erosion

threshold is almost the same for the three experiments: approxi-
mately 140 cumulated days (i.e., the number of 6-hour intervals
divided by 4) per year (Fig. 6a). Quite similar values are also obtained
when imposing the condition fd> 0 alone (Fig. 6b). As the wind is
stronger in the cold part of the year, and the soil is drier in the warm
one, requesting both (a) and (b) criteria to be satisfied reduces the
dusty period to 20–25 days/year. Such situations occur during
springtime and autumn, and their frequency, which is the frequency
of dust events if the vegetation effect is not taken into account (dry
dust flux Fd> 0), is quite similar for the three climates (Fig. 6c).

When adding the vegetation effect to that of the soil water, by
imposing fd> 0 (condition (b)) and fv> 0 simultaneously, we
obtain approximately 20 days/year with favourable surface condi-
tions (i.e., E> 0 in at least one of the 4 grid cells) for the cold states,
and only about 10 days/year in the case of the warm perturbation
(Fig. 6d). Consequently, the frequency of dust events with all
restrictions for surface and wind speed taken into account
(conditions (a) and (d) combined) is also twice smaller for the GIS
than for the GS and HE experiments, approximately 5 versus 10
days/year (in springtime and in the beginning of summer, cf.
Section 4a).

Comparing the frequency of situations when w>wth (Fig. 6a) to
that when E> 0 (Fig. 6d), we note that in our area of interest the
dust emission is primarily limited by the surface conditions. Thus,
the amount of dust entrained in the ECSNS area over a year is
mainly determined by a few days of high winds in a limited period
of 3–5 months when the surface conditions are favourable.
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Fig. 4. Dust emission flux computed without taking the vegetation effect into account (Fd, upper panels), respectively with vegetation effect (F, lower panels): absolute values for
the reference state GS (left column) and flux ratios (%) HE/GS (middle column) and GIS/GS (right column).
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Fig. 7 summarizes the dust fluxes computed for each of the 20
years of simulation, using box-and-whiskers diagrams. This allows
an analysis of the interannual variability of the results. Without
taking the vegetation effect into account (Fig. 7a) the interannual
variability is high in all three states (the flux is tripled from the 5th
to the 95th percentile). GS is the dustiest, with 50% of the annual
values higher than the GIS 75th percentile, whereas HE is the least
dusty, with 50% of values below the GIS 25th percentile. When
introducing the vegetation effect (Fig. 7b), the variability remains
important, but the emission fluxes reduce considerably and the
warm perturbation is clearly separated from the two cold states. GS
remains the dustiest, followed by HE, with the median (50th
percentile) above the GS 25th percentile, and GIS is the least dusty,
with its 75th percentile below the HE median and the GS 25th
percentile. Thus, even if the interannual variability is high and some
annual values are higher for GIS than some of the GS and HE ones,

the flux distribution shows that the cold climates are generally
associated to stronger dust emission than the warm climate
perturbation.

3.4.3. Sensitivity to the maximum vegetation cover
The maximum vegetation cover of 80% imposed north of 48�N,

based on information retrieved from continental sediments
(Rousseau et al., 1990; Hatté et al., 1998; Moine, 2008), is probably
an overestimation for some parts of the ECSNS. Given the impor-
tance of the vegetation for the dust emission, we perform a sensi-
tivity test by computing for each climate state the dust flux when
considering at every time step only half of the simulated vegetation
fraction (which implies a maximum of 40% instead of 80% of
vegetation cover in each grid cell). We find that the 20-year aver-
aged dust flux increases by approximately 100% for the GIS, 50% for
the HE and 25% for the GS, but the relative order of the three
climates does not change. GS remains the dustiest, HE comes in
second place and GIS is the least dusty, with the flux roughly half of
the GS one (Fig. 7c).

3.4.4. Sensitivity to the wind threshold
The wind threshold is another key parameter in the calculation

of the dust event frequency and dust flux. Here we test whether
choosing a value different from 7 m s�1 would change the ordering
of the three climate states in terms of relative magnitude of the dust
emission flux.

The wind-speed distribution over the four selected grid boxes
and the 20 years of run has a similar shape in the 3 experiments for
the situations when only the soil water conditions are taken into
account (fd> 0), as well as for the situations when both soil water
and vegetation criteria are satisfied, so that E> 0 (Fig. 8a). When
only imposing the fd> 0 condition, the annual mean number of
situations (computed from the 6-hourly model output) with the
wind speed in each class in the range 2–20 m s�1 is higher for GS
than for GIS, which, in turn, is higher than for HE. This ordering is
logically found in the dust emission fluxes for the three climates
(Fig. 8, lower panel). Therefore, no matter which value we choose
for wth within the possible interval 6–15 m s�1, the relative order of
the climates is the same: without considering vegetation effect
(Fd curves on Fig. 8b), GS is the dustiest, GIS is intermediate and HE
is the least dusty climate. When adding the vegetation constraint in
computing dust fluxes (F curves), the distributions become similar
for GS and HE, whereas the GIS distribution decreases to roughly

Fig. 5. The annual cycle for (a) wind speed, (b) source factors, and (c) dust flux,
computed using 6-hourly data from the four selected grid boxes in the ECSNS area. The
HE curves are in dark blue, the GS ones in green and the GIS ones in red. On panels (b)
and (c), the dry soil fraction fd (representing the snow cover and soil moisture effect)
and the corresponding dust flux Fd are in thin lines, while the erodible fraction E
(combining soil–water and vegetation effects) and the corresponding dust flux F are in
thick lines. The vegetation factor fv is represented by dashed lines on panel (b).

Fig. 6. The frequency, calculated from 6-hourly data from the four selected grid boxes
in the ECSNS area, and expressed in number of cumulated days (i.e., number of 6-hour
intervals divided by 4) per year, of the following situations: (a) the wind speed exceeds
the erosion threshold wth (7 m s�1); (b) at least in one cell, conditions are favourable to
emission from the soil water point of view only (fd> 0); (c) conditions (a) and (b) are
simultaneously satisfied, so that a dust event would occur if vegetation is not taken
into account (Fd> 0); (d) at least in one cell, conditions are favourable to emission
from both soil-water and vegetation point of view (E> 0); (e) conditions (a) and (d) are
simultaneously satisfied, so that a dust event occurs (F> 0).
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half of those for the cold states. As in the case of Fd, whichever value
we choose for wth up to 15 m s�1, the relative ordering of the three
climates in terms of dust emission flux will always be: GS the
dustiest, HE on the second place, and GS on the last one, with only
approximately half of the HE flux.

We can also note that the range of wind speed values goes up to
20 m s�1, but, when taking the frequency of occurrences into
account for a given wind speed, the most effective wind speeds in
terms of emissions are those between 9 and 14 m s�1, which
provide more than 70% of the annual dust flux F.

4. Discussion

Our simulations are, to our knowledge, the first AGCM experi-
ments performed with a state-of-the-art model and boundary
conditions, at a spatial resolution fine enough to investigate the
impact of the North-Atlantic millennial-timescale variability on
dust emission in Western Europe. Qualitatively, our modeling
results clearly indicate that more dust is emitted in Western Europe
during the North-Atlantic cold periods (Greenland stadials and H
events) than during the warm episodes (Greenland, or DO inter-
stadials). This is in accordance with the interpretation of loess data
presented in the introduction, showing a considerably intensified
dust cycle during the cold climate episodes compared to the warm
ones. Quantitatively, the calculated frequencies and dust fluxes
depend on how realistically the relevant climate variables (wind,

precipitation, temperature, vegetation cover) are simulated, as well
as on the accuracy of the assumptions on the erosion potential,
given by intrinsic surface characteristics (texture, grain-size
distribution).

A comparison of our climate modeling results to the existing
EMIC studies (e.g., Claussen et al., 2003; Jin et al., 2007) is not
appropriate because of the considerable difference of resolution. In
our case, a relatively high spatial resolution is mandatory, consid-
ering the extent of the Western European loess deposits and of the
related dust source areas, i.e., the English Channel and the south of
the North Sea (ECSNS). Also, we show that understanding the
factors controlling dust emission requires analyzing the high-
frequency (6-hourly) model output. EMICs are not developed to
simulate the atmospheric variability on such a fine timescale.

It is also difficult to compare our results with other AGCM
studies as those by Hostetler et al. (1999) and Renssen et al. (2007),
because they use the CLIMAP dataset for the stadial sea-surface
conditions, and strongly contrasting boundary conditions for the
DO- and H-type perturbations. We employ the GLAMAP2000
reconstruction, which is the most recent global reconstruction
available in gridded form (Paul and Schäfer-Neth, 2003), and thus,
ready to use with an AGCM. In GLAMAP2000, as well as in the
newest reconstruction MARGO (Kucera et al., 2005), the sea-ice
cover is considerably reduced compared to CLIMAP, especially in
winter (Fig. 2a). The storm trajectories generally follow the stron-
gest meridional temperature gradient, and in LGM simulations
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Fig. 7. Distributions of the 20 mean annual values of the GS, HE and GIS dust fluxes, computed from 6-hourly data from the four selected grid boxes in the ECSNS area. The fluxes are
calculated: (a) without the vegetation effect (Fd), (b) with the vegetation effect (F), and (c) with only half of the simulated vegetation. Point (c) is meant to test the sensitivity to dust
flux calculation to the vegetation cover.
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using CLIMAP surface conditions this corresponds to the ice-sheet
margin (again, especially in winter, Kageyama et al., 1999). There-
fore, using GLAMAP 2000 is an important update of the boundary
conditions. Furthermore, the maximum difference we impose
between the GIS and HE SSTs is of 4 �C, consistent with data for the
central North-Atlantic (Cortijo et al., 1997). This is considerably less
than the anomalies prescribed in the AGCM studies above, which
are closer to the 10� to 12 �C values retrieved from cores along the
European continental margin (Sánchez Goñi et al., 2008). For
comparison, other reconstructed values are of 4� in the Alboran Sea
(Perez-Folgado et al., 2003), and again 4� in the Western subtrop-
ical North-Atlantic (Vautravers et al., 2004). As a result, the sea-ice
extent in our HE experiment does not significantly differ from the
GS one, both being characterized by an ice-free central North-
Atlantic even in the coldest month, February (Fig. 2a,b). Due to the
latitudinal anomaly we apply, in the GSI simulation the sea ice
cannot extend southward further than 63�N (Fig. 2c). The mostly
ice-free North Atlantic at temperate latitudes result in simulated
changes in wind and precipitation much smaller than in the other
studies, and the real difference between the warm and the cold
states with respect to dust emission is due to the vegetation

variations. Thus, the key role of vegetation in determining glacial–
interglacial changes in the dust cycle (Mahowald et al., 1999;
Werner et al., 2002) appears to extend to the finer, millennial
timescale. Finally, in our HE experiment the effect of lowering the
ice sheets due to iceberg surging is missing, and we see our
simulations as sensitivity experiments with respect to SST varia-
tions. Keeping the ice-sheet volume constant also implies no
change in the extent of the deflation areas due to sea-level varia-
tions. H events could be associated with up to some tens of meters
of sea-level change (Siddall et al., 2008), but this had little effect on
the ECSNS area, most of which lies at less than 40 m below the
actual sea level.

Our simulations indicate for the investigated period and region
a significant snow cover and a high soil moisture in winter,
reducing the aeolian erosion. In summer the vegetation blocking
effect is at its maximum, and in autumn, the combined effect of
vegetation and increasing precipitation also strongly inhibits the
emission. Therefore, in contrast to the Late-Pleniglacial study of
Renssen et al. (2007), we find that the dusty season is primarily
determined by the surface conditions, not by wind speed, and is
practically limited to late winter and springtime. More precisely,
the annual dust emission flux is mainly determined in each climate
state by a limited number of days with relatively strong winds
(9–14 m s�1) in the favourable season. We also note that in March
and April the monthly average wind speed is higher in the GS than
in the GIS experiment (Fig. 5a). This suggests coarser dust deposi-
tion during cold than during warm episodes, in agreement with the
grain-size variations measured in the Western European loess
profiles.

The model capacity of simulating strong wind events is impor-
tant for quantitative estimations, and the 6-hourly data we use
certainly do not reflect the entire amplitude of the daily wind cycle.
However, in our qualitative comparison we may reasonably
suppose that the consequences are the same for all three states,
because, at least for the ECSNS key area, the wind speed annual
cycle (Fig. 5a) and distribution by class (Fig. 8a) are generally
similar. Thus, our results regarding the relative dustiness of the
simulated climates should hold.

Precipitation is a climate parameter which is difficult to simulate
with accuracy. Its over- or underestimation will affect, besides the
annual dust flux, the inferred beginning of the dusty season, which
is determined by the soil water inhibiting effect. For example,
a reduction of the simulated precipitation would allow dust emis-
sion to start earlier, and the dust flux maximum to shift towards
early springtime. The end of the dusty season would probably not
be affected, because towards summer it is the vegetation effect,
which takes over in determining the erodible fraction of the surface
(Fig. 5b), and in our simulations the vegetation only depends on
temperature. The annual dust fluxes would probably further
increase in the cold states, mainly because the snow cover, already
reduced in the GIS, would be diminished.

We have imposed the same composition and maximum extent
of the vegetation in all three experiments, letting the differences of
total vegetation cover to be only dictated by differences in
temperature. Pollen studies on cores along the Iberian margin
(Sánchez Goñi et al., 2008, and references therein), as well as on
sediments from Jura mountains (Müller et al., 2003), show that the
changes in vegetation composition due to the millennial-timescale
climate variations were very important. Allowing the vegetation
types to change would probably even more disadvantage the warm
perturbation with respect to dust emission, as a warmer climate
encourages the development of the arboreal cover, thus increasing
the surface roughness and decreasing the surface wind speed.

The dust maps on Fig. 4 point to the areas most exposed to dust
erosion when only taking the climate impact into account.

Fig. 8. (a) The wind-speed distribution, computed from 6-hourly data from the four
selected grid boxes in the ECSNS area and expressed in number of cumulated days per
year, for the three climates (HE in dark blue, GS in green and GIS in red), for the
situations favourable to dust emission when only considering the soil-water effect
(fd> 0 in at least one grid cell; thin lines, wd in the legend) and for the favourable
situations from both soil-water and vegetation points of view (E> 0 in at least one grid
cell; thick lines, we in the legend). (b) The dust flux as a function of wind speed:
without the vegetation effect, Fd (thin lines), and with the vegetation effect, F (thick
lines).
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However, the absolute flux values presented in our figures must be
considered cautiously when compared to data, because they
strongly depend on the choice of the erosion potential C0. For
example, in the North Sea, we obtain values up to 200 g m�2 yr�1 at
40 kyr BP, while Werner et al. (2002) find less than 10 g m�2 yr�1 at
the LGM. Also, in the ECSNS area we obtain values between 20 and
140 g m�2 yr�1 at 40 kyr BP, while the mass accumulation rates at
loess sites close to the ECSNS border seem to be of a few hundred
g m�2 yr�1 for the Upper Pleniglacial (30–18 kyr BP) and Lateglacial
(18–13 kyr BP) periods (Frechen et al., 2003, and references
therein). In our dust calculations, changing the C0 value would
proportionally change the dust flux. Taking into account possible
differences of soil characteristics from one place to another might
potentially even change the spatial distribution of the most
productive dust sources. The soil characteristics of the ancient
ECSNS deflation area cannot be accurately reconstructed, as most of
it is submerged at present, but we consider such a drastic change
unlikely for the period and timescale we address.

Fig. 4 also shows that north of 53� dust emission is enhanced by
up to 30% in the warm state compared to the cold ones. However, in
a predominant westerly wind regime, very little dust from those
latitudes could have reached the loess deposits. On the contrary, in
our area of interest, ECSNS and Europe south of 53�N, GIS climate is
clearly less dusty than GS and HE. How much of the entrained dust
is transported towards the aeolian deposits in each of the simulated
climates? In the ECSNS area, the repartition of the dust flux
entrained by winds blowing from the four main sectors, SW, NW, SE
and NE, shows that the proportions are generally maintained
between the three simulations. Thus, for each sector the GS flux is
highest, followed by the HE and then the GI Sones (Fig. 9). The most
frequent ‘‘dust efficient winds’’ are those from the southwest
sector, but in this study the interesting winds are the second most
frequent ones, blowing from northwest, which are able to transport
dust from the ECSNS area to the loess deposits.

Our results with respect to dust emission are qualitatively
consistent with the accumulation rates in loess deposits, consid-
erably higher during cold than during warm North-Atlantic phases
(Hatté et al., 1998; Antoine et al., 2001; Rousseau et al., 2002, 2007;
Hatté and Guiot, 2005; Moine et al., 2008). Certainly, although
important, this is just a piece of the puzzle. Towards a meaningful
comparison to loess data, the transport and the deposition

processes must also be simulated. This requires a more complex
model setting, including a representation of the full dust cycle.

5. Conclusions and perspectives

Using numerical experiments with the LMDZ AGCM in a version
with increased resolution over Western Europe, we provide a first
quantification of the changes in dust emission induced in this
region by the North-Atlantic abrupt climate changes punctuating
the last glaciation. We find that SST changes as those associated
with the North-Atlantic millennial-timescale variations result in
enhanced dust emission during the cold episodes (Greenland sta-
dials and H events) compared to the relatively warm ones
(Greenland, or DO interstadials). Over most of the ECSNS area, key
dust source for the Western European loess deposits, GS and HE
emission fluxes are more than twice higher than the GIS fluxes. Our
climate simulations also suggest that the dust transport, especially
at long distance, should be more effective in the cold states, because
of reduced precipitation compared to the warmer state. These first
results are in agreement with the correlation established between
the North-Atlantic abrupt climate changes and the variations in the
loess deposition in Western Europe, based on the similarity
between dust records in Greenland ice and loess profiles. Moreover,
they suggest that the GS/GIS cycles and H events are the cause for
these variations.

Furthermore, in order to investigate the mechanisms by which
the North-Atlantic abrupt changes have caused in Western Europe
the strong changes in dust emission intensity suggested by data, we
evaluate the relative importance of the variations of the relevant
climate components: wind, hydrological cycle, vegetation. The
differences between the simulated climates with respect to wind
speed are small. Precipitation is enhanced in the interstadial state,
providing the soil with more water, but this is counterbalanced by
evaporation, also intensified in the warmer climate. Snow covers
larger areas and lasts longer in the cold states, which advantages
the interstadial climate for dust emission. This effect is counter-
acted by vegetation, better developed in the warmer state and
protecting the soil from aeolian erosion more efficiently. We
conclude that vegetation control on dust emission has a crucial role
in the observed millennial and sub-millennial timescale variations
of the sedimentation process in the Western European loess
deposits. Therefore, it should be interesting to run simulations with
interactive vegetation, allowing free plant competition and taking
into account both hydrologic and thermal stress. We expect this
approach to result in an even stronger contrast between the cold
and the warm states, because precipitation is increased for GIS
compared to GS and HE, advantaging vegetation development even
more than when considering only the temperature differences.

Our simulations also allow the investigation of the seasonality of
dust entrainment in the different climate states. For the ECSNS area,
when only taking into account the restrictions related to the soil
water (snow cover and soil moisture), the dust emission is active
generally from February to November, with a strong maximum in
springtime and beginning of summer (April to June) and another
maximum, less important, in autumn (October). When adding the
restrictions related to the vegetation cover, the emission is only
active from the end of winter to the beginning of summer, for 3 or 4
months in each simulated climate state. A limited number of days
with high winds (9–14 m s�1) in the favourable period are found to
control the yearly dust emission fluxes. The HE dusty season and
the period of maximum activity are shifted by 1–2 months towards
summer compared to the GS and GIS states. Thus, the annual cycle
of the dust emission in our area of interest appears to be controlled
not by the wind cycle, as in the large arid areas, but by the surface
conditions.

Fig. 9. The average dust flux (computed from 6-hourly data from the four selected grid
boxes in the ECSNS area), entrained by winds from the main sectors: SW, NW, SE and
NE for the three climate states. The important winds for this study are those from NW,
which can transport dust from the ECSNS area toward the Western European aeolian
deposits.
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Here we have focused on the climate impact on the initial driver
of the dust cycle: the emission. Our study indicates that model
simulations of the dust emission in past climates should take into
account as accurately as possible the surface characteristics in
potential source areas. Furthermore, for a more quantitative model-
data comparison, transport and deposition should be modelled as
well, at an adequate resolution. However, we show that from the
point of view of dust emission only, cold states are already dustier
than interstadials. The present work is thus a first contribution to
the long-term goal of simulating the complete dust cycle for the
different climate states known to have occurred during the last
glacial period, which will allow a comprehensive comparison with
the loess data.
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Bond, G., 1993. Evidence for general instability of past climate from a 250-kyr
ice-core record. Nature 364, 218–220.

de Beaulieu, J.L., Reille, M., 1992. The last climatic cycle at La Grande Pile (Vosges,
France) a new pollen profile. Quaternary Science Review 11, 431–438.

Dorman, J.L., Sellers, P.J., 1989. A Global Climatology of Albedo, Roughness Length
and Stomatal-Resistance for Atmospheric General-Circulation Models as Rep-
resented by the Simple Biosphere Model (Sib). Journal of Applied Meteorology
28, 833–855.
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Stievenard, M., 1999. Climate and atmospheric history of the past 420,000 years
from the Vostok ice core, Antarctica. Nature 399, 429–436.

Peyron, O., Guiot, J., Cheddadi, R., Tarasov, P., Reille, M., De Beaulieu, J.L., Bottema, S.,
Andrieu, V., 1998. Climatic reconstruction in Europe for 18,000 YR B.P. from
Pollen Data. Quaternary Research 49, 183–196.

Porter, S.C., An, Z.S., 1995. Correlation between climate events in the North Atlantic
and China during the last glaciation. Nature 375, 305–308.

Reader, M.C., Fung, I., McFarlane, N., 1999. The mineral dust aerosol cycle during the
Last Glacial Maximum. Journal of Geophysical Research-Atmospheres 104,
9381–9398.

Renssen, H., Isarin, R.F.B., 2001. The two major warming phases of the last degla-
ciation at w14.7 and w 11.5 ka cal BP in Europe: climate reconstructions and
AGCM experiments. Global and Planetary Change 30, 117–153.

Renssen, H., Bogaart, P.W., 2003. Atmospheric variability over the w14.7 kyr BP
stadial-interstadial transition in the North Atlantic region as simulated by an
AGCM. Climate Dynamics 20, 301–313.

Renssen, H., Kasse, C., Vandenberghe, J., Lorenz, S.J., 2007. Weichselian Late Plen-
iglacial surface winds over northwest and central Europe: a model-data
comparison. Journal of Quaternary Science 22, 281–293.

Rousseau, D.D., 1987. Paleoclimatology of the Achenheim Series (Middle and Upper
Pleistocene, Alsace, France) – a Malacological Analysis. Palaeogeography,
Palaeoclimatology, Palaeoecology 59, 293–314.

Rousseau, D.D., 2001. Loess biostratigraphy: new advances and approaches in
mollusk studies. Earth-Science Reviews 54, 157–171.

Rousseau, D.D., Puisségur, J.J., Lautridou, J.P., 1990. Biogeography of the pleistocene
pleniglacial malacofaunas in Europe. Stratigraphic and climatic implications.
Palaeogeography, Palaeoclimatology, Palaeoecology 80, 7–23.

Rousseau, D.D., Zoller, L., Valet, J.P., 1998. Late Pleistocene climatic variations at
Achenheim, France, based on a magnetic susceptibility and TL chronology of
loess. Quaternary Research 49, 255–263.

Rousseau, D.D., Gerasimenko, N., Matviischina, Z., Kukla, G., 2001. Late Pleistocene
environments of the Central Ukraine. Quaternary Research 56, 349–356.
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