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[1] Black carbon (BC) and mineral dust aerosols were analyzed in an ice core from the
Colle Gnifetti glacier (Monte Rosa, Swiss-Italian Alps, 45�550N, 7�520E, 4455 m
above sea level) using chemical and optical methods. The resulting time series obtained
from this summer ice record indicate that BC transport was primarily constrained by
regional anthropogenic activities, i.e., biomass and fossil fuel combustion. More precisely,
the d13C composition of BC suggests that wood combustion was the main source of
preindustrial atmospheric BC emissions (C3:C4 ratio of burnt biomass of 75:25). Despite
relatively high BC emissions prior to 1570, biomass burning activity and especially
C4 grassland burning abruptly dropped between 1570 and 1750 (C3:C4 ratio of burnt
biomass of 90:10), suggesting that agricultural practices strongly decreased in Europe
during this cold period of the ‘‘Little Ice Age’’ (LIA). On the other hand, optical
analysis revealed that the main source for atmospheric dust transport to the southern parts
of the Alps during summer months was driven by large-scale atmospheric circulation
control on the dust export from the northern Saharan desert. This southern aerosol source
was probably associated with global-scale hydrologic changes, at least partially forced
by variability in solar irradiance. In fact, periods of enhanced Saharan dust deposition in
the ice core (around 1200–1300, 1430–1520, 1570–1690, 1780–1800, and after 1870)
likely reflect drier winters in North Africa, stronger North Atlantic southwesterlies,
and increased spring/summer precipitation in west-central Europe. These results,
therefore, suggest that the climatic pejorations and the resulting socioeconomic crises,
which occurred in Europe during periods of the LIA, could have been indirectly triggered
by large-scale meridional advection of air masses and wetter summer climatic conditions.
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records from an Alpine ice core (Colle Gnifetti glacier) over the last millennium, J. Geophys. Res., 114, D17102,
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1. Introduction

[2] Ice cores studies carried out on the Greenland and
Antarctic polar ice sheets have provided the most detailed
and best preserved long-term record of atmospheric partic-
ulate aerosols emitted by natural and anthropogenic sources
[Chylek et al., 1995; Ruth et al., 2003;Delmonte et al., 2004].
However, these glaciochemical records are only representative
of the poleward long-range transport pattern of aerosols. In
contrast, middle- and low-latitude glaciers, which are located
within the principal source areas of continental aerosol species,
offer complementary ice core records for studying the regional
impact of the aerosols emitted by natural and anthropogenic
sources. In this respect, the European Alps, which are sur-

rounded by highly populated and industrialized countries,
contain a few high-elevation areas adequate for ice core
studies. In particular, the Colle Gnifetti glacier saddle, located
in the Monte Rosa Massif at the Swiss-Italian border has been
glaciologically characterized and identified as suitable for the
recovery of long-term records [Oeschger et al., 1977; Alean et
al., 1983; Haeberli et al., 1983; Schotterer et al., 1985]. The
Colle Gnifetti glacier is characterized by a ice thickness
reaching 60 to 130 m in the central saddle area [Lüthi and
Funk, 2000], and by a low net snow accumulation of about 33
cm water equivalent per year (weq) resulting from the prefer-
ential wind erosion of dry winter snow [Döscher et al., 1995].
The site has been drilled in 1976, 1982, 1995, and 2003, and
borehole experiments indicate that meltwater percolation is
negligible below the surface [Haeberli and Funk, 1991].
Consequently, the Colle Gnifetti saddle satisfactory conserves
the accumulation history of summer precipitation chemistry
and climatic conditions over relatively long time period (i.e., a
few hundred to thousand years).
[3] Previous Alpine ice cores studies demonstrate that the

anthropogenic aerosol concentrations increased following the
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onset of industrialization, and that these species are mostly
deposited in summer, when polluted air is transported to high
altitudes by convection [Maupetit et al., 1995; Lavanchy et al.,
1999; Eichler et al., 2004]. Whereas other Alpine ice records
cover rather short time periods (i.e., few decades to hundred
years), the Colle Gnifetti summer ice archive offers a unique
possibility for reconstructing regional (pre)industrial carbona-
ceous aerosol emissions related to anthropogenic activities.
Moreover, because of its orographic position in the Southern
Alpine chain, the Colle Gnifetti glacier is strongly influenced
by air masses advected from southerly directions [Wagenbach
and Geis, 1989]. More precisely, the Southern Alps act as a
barrier to the meridional transport of the southwesterly dust-
laden winds from the Sahara during the spring/summer sea-
sons, and Saharan dust is deposited on Alpine glaciers when
coinciding with snowfall [Sodemann et al., 2006]. The Colle
Gnifetti summer archive therefore provides a valuable ice
record for reconstructing changes in the dynamic of the
southwesterly dust-laden winds from the Sahara, in relation
to variability in large-scale atmospheric circulation.

2. Study Site and Ice Core Stratigraphy

[4] In 2003, a 80 m long ice core (corresponding to 62 m
weq, CG03) was drilled to bedrock on the Colle Gnifetti
glacier saddle (45�5505000N, 7�5203300E), located in the Monte
RosaMassif at an altitude of 4455m above sea level (asl), near

the Swiss-Italian border (Figure 1). Because of preferential
wind erosion of light winter snow at this site, the glacier saddle
accumulates snow mainly during summer and mean annual
snow accumulation is only 0.454 ± 0.033 cm weq, implying
preservation of more than the last 1000 years at a reasonable
temporal resolution and, furthermore, the presence of more
than 10,000 year old ice near the bedrock [Jenk et al., 2009].
The dating of the ice core was performed by counting annual
peaks of ammonium and by using stratigraphic horizons that
are (1) the 1963 tritium horizon produced by the thermonu-
clear tests; (2) four visible yellowish dust horizons attributed
to Saharan dust events of 1977, 1947, 1936, and 1901; and
(3) two volcanic layers (Katmai 1912 and Laki 1783/1784).
Radiocarbon dating and a glacier flow model were further
used to establish the chronology (see details given by Jenk et
al. [2009]). The resulting age-depth model indicates important
layer thinning toward the bottom of the core, especially before
the first millennium AD. Because the dating procedures
required large amounts of ice in some sections, some samples
could not be analyzed for particulate aerosols, resulting in two
gaps in the record around 1300–1430 and 1960–1965,
respectively.

3. Methods

[5] Samples from the ice core were prepared in the
�20�C refrigerated room at the Paul Scherrer Institute

Figure 1. (top) Panorama from the south of the Monte Rosa Massif showing (from left to right) the
Monte Rosa (square outline), Liskamm, Castor and Pollux (or Zwillinge), Breithorn, Matterhorn (or
Cervin), and the Grenz and Gorner glacier (panorama photography by U. Raz). (bottom) The location of
the studied area in Europe (left insert) and a view of the Monte Rosa showing (from left to right)
Nordend, Dufourspitze, Zumsteinspitze, the Colle Gnifetti glacier, and Signalkuppe (or Punta Gnifetti;
photography by F. Hunger).
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(PSI) Villigen, Switzerland. Prior to sampling, visual stra-
tigraphy was described and density was measured on core
sections (about 60 cm long). Cutting of the ice core sections
and removal of possibly contaminated outer layers were
performed using a precleaned stainless steel band saw. The
outermost part of the core was used for the optical analysis,
while the inner part, which was contaminant free, was used
for the elemental carbon analysis. Afterward, the frozen
samples (0.2 up to 0.9 kg) were rinsed with ultrapure water
(Millipore, Milli-Q, 18MW; mass loss 10 to 20%) to remove
possible surface contamination by dust and fibers from
clothes. Subsequently, the samples were weighted and
stored in precleaned polyethylene containers and melted at
room temperature before being filtered.

3.1. Total and Mineral Aerosols Image Analysis

[6] Aerosol surface and grain size were determined by
image analysis. For this purpose, the melted ice was passed
through a mixed cellulose ester membrane filter (47 mm
diameter, 0.22 mm pore size; Advantec MFS, Inc.). These
filters were then mounted onto a microscope smear slide for
observation through an automated transmitted light micro-
scope equipped with a black and white scan camera
connected to a video frame grabber (images of 1600 �
1200 pixels, pixel size is 0.16 mm). Total and mineral (i.e.,
true crystalline material) aerosols were isolated from the
background of the images acquired with transmitted white
light and plane-polarized light, respectively. The particles
having a different gray-level value from the background were
extracted after thresholding the gray level of the grabbed
images (Figure 2a) using Image/J software (Rasband, WS,
Image J, NIH, Bethesda, MD, USA). The abundance of
amorphous and opaque minerals as well as the presence of

the organic phase may have resulted in an underestimation of
the absolute mineral fraction. However, independent optical
observations indicated that that the minerals isolated by this
procedure were mostly quartz particles, which are predom-
inant in Saharan dust emissions [Adedokun et al., 1989;
Goudie andMiddleton, 2001;Moreno et al., 2006]. Although
a minor contribution by other quartz sources cannot be
excluded (e.g., wind erosion on agricultural soils, industrial
fly ash particles), our results showed that this method
provides a valuable proxy for Saharan dust emissions (see
section 4.1).
[7] This optical procedure, previously developed for study-

ing microcharcoal from sedimentary archives [Thevenon et al.,
2003],was calibrated using a soot referencematerial (n-hexane,
0.853 gC/g, standard deviation SD = 0.038, n = 5). The surface
remaining after subtracting the background of the images was
computed and expressed as a function of the quantity of carbon
added (Figure 2a; Y = 2.970 X + 2.056). However, the
relationship between the surface measured and the quantity
of added carbon from n-hexane has a moderate correlation
coefficient (r2 = 0.78) because the particles tend to aggregate
and because of heterogeneities on the smear slides.
[8] Further analyses on individual mineral dust particles

were performed using Scanning Electron Microscopy with
Energy Dispersive X-ray Spectrometer (SEM/EDX) and
Laser Ablation Inductively Coupled Mass Spectrometry
(LA-ICP-MS). Backscatter images (BSE) were acquired us-
ing a FEI Quanta 200F field emission SEM (of the Electron
Microscopy ETH Zurich, EMEZ) operated at 10 kV and in
low vacuum (�50 Pa) mode. LA-ICP-MS analyses were
performed using a prototype homogenized 193 nm Argon
fluorine laser ablation system in combination with a quadru-
pole ICP-MS (PerkinElmer Elan 6100 DRC of the Institute of

Figure 2. Calibration of the analytical procedures. (a) The optical image analysis technique detected the
black surface (upper left) remaining after thresholding the gray level of the original image (bottom right),
as a function of the quantity of carbon present on the microscope slide (and the corresponding initial
quantity of n-hexane soot added). (b) The effect of the thermal treatment on two PM10 modern aerosol
samples (cross and point) in black and the corresponding d13C composition in gray. The initial values of
the samples are shown to the left of the dotted line, attesting that half of the original carbon was removed
at the selected temperature of 320 ± 5�C.
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Isotope Geochemistry and Mineral Resources ETH Zürich).
Helium was used as carrier gas and NIST SRM 610 glass as
standard reference material.

3.2. Black Carbon Elemental Analysis

[9] The samples for the elemental black carbon (BC)
analysis were filtered through preheated (12 h at 1000�C)
quartz fiber filters (Pallflex 2500 QAT-UP; 0.3 mm pore
size). Microgram-level carbon concentration and isotopic
composition were determined simultaneously with a CE
instrument NCS 2500 elemental analyzer coupled to a
Micromass OPTIMA mass spectrometer; after removing
carbonates by HCl acidification (i.e., by pipetting 100 mL
of 1M HCl 3 times onto the sample spot) and organic
carbon compounds (i.e., thermal oxidation of organic mat-
ter). The thermal technique relies on heating of samples in
the presence of oxygen, in order to remove organic carbon,
which is volatilized or oxidized leaving BC in the sample
[Cachier et al., 1989]. The filters were then placed into
pressed tin pans (4.25 � 12.5 mm ultralight weight and
precleaned; Elemental Microanalysis) and folded with for-
ceps. The sample and the tin container were oxidized to

CO2 in an oxygen-enriched atmosphere. Combustion of the
sample occurred at temperature >1200�C, thus providing
combustion of refractory carbonaceous material. Carbon
isotope values are reported in the conventional delta nota-
tion relative to the Vienna-Pee Dee Belemnite (V-PDB)
standard.
[10] The elemental analyzer was calibrated for carbon

measurement by least squares linear regression with a soil
reference sample (HEKAtech) containing 0.14% C, allow-
ing to weight small masses of carbon (<10 mg). Additional
atropine standard (HEKAtech) containing 70.56% C was
used for the carbon isotopic calibration (d13C = �23.83%;
n = 6; SD = 0.07). Blanks were determined by cutting and
analyzing artificial ice, prepared by freezing of ultrapure
water. Filter blanks were determined by filtering around
0.5 kg of this prepared artificial ice, and were equivalent
to 0.32 mg C (n = 4; SD = 0.16). The detection limit of
the apparatus was defined as 3 times the SD of the filter
blank loads (0.48 mg C), and the limit of quantification was
defined as 10 times the SD of the filter blank loads (1.64 mg
C). Because the Colle Gnifetti ice core contained relatively
small amounts of BC (from 5 to 30 mg kg�1), a continuous

Figure 3. The last millennium record of black carbon (BC) concentration and the associated d13CBC

composition, as a function of age (year A.D.; left axis) and depth (meter water equivalent (m weq); right
axis). The digital images of the filters, the total and mineral (crystalline) aerosol records, and the mean
diameter of the mineral fraction are shown. The three last major solar anomalous periods, the Spörer, the
(Late) Maunder, and the Dalton Minima, are reported for comparison. The gray shaded areas are
discussed in the text.
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measurement of carbonaceous aerosols was performed by
merging 2 to 4 ice section samples (0.2–0.9 kg of ice).
[11] The thermochemical treatment was calibrated (Figure 2b)

using PM10 (particulate matter <10 mm in aerodynamic
diameter) ambient aerosol samples collected at a roadside
location in the city of Bern, a station from the Swiss
National Monitoring Network for Air Pollution (NABEL).
The results showed that a lowering of the oxidation tem-
perature from 365, to 345 and to 320 ± 5�C detected about
24, 33, and 50% of the original carbon content, respectively
(Figure 2b). The thermal treatment at 320�C was selected
for removing the organic material and to facilitate the data
comparison with previous studies from the Colle Gnifetti
glacier [Lavanchy et al., 1999] and from the Fiescherhorn
glacier [Jenk et al., 2006], in which the average loss of
carbon was estimated as 50% for similar modern aerosol
samples (S. Szidat, personal communication, 2006). The
detail of this heating procedure was the following: Samples
were placed in room temperature oven, which was heated
with 5�C/min to 270�C, and then a second ramp of 1�C/min
to reach 300�C, and finally a third ramp of 1�C/min to reach

320�C. Each of these heating steps was separated by 10 min
for stabilizing the temperature, and the thermal oxidation at
320�C lasted 15 min. As observed in Figure 2b, the d13C
value of the refractory carbon fraction increased with the
temperature of oxidation, suggesting the removal of rem-
nant organic material not completely oxidized during the
combustion process. This thermochemical treatment was
finally calibrated upon the carbonaceous particle reference
material NIST urban dust SRM 1649a (0.179 gC/g, SD =
0.009, n = 5), showing that about 57% of the carbon was
removed at 320�C (0.077 gC/g, SD = 0.003, n = 5).
However, this value may be slightly underestimated, be-
cause the oxidation was interrupted 30 min after the end of
the heating procedure, whereas for the other samples, the
furnace was allowed to reach room temperature.

4. Results and Discussion

4.1. Saharan Dust Aerosols

[12] The insoluble particles from the Colle Gnifetti ice
core reveal a brown-reddish color (Figure 3), typical of the

Table 1. Laser Ablation ICP-MS Results

LA-ICP-MS Unit

Quartz Grain (n = 7) Micas (n = 3) Amphibole (n = 3)

Aggregate (n = 1)Mean SD Mean SD Mean SD

SiO2 wt % 88.22 2.84 45.25 1.22 59.32 1.80 30.17
TiO2 wt % 0.08 0.02 0.14 0.02 0.03 0.02 0.19
Al2O3 wt % 0.84 0.32 32.75 2.48 15.37 3.70 6.22
FeO wt % 0.32 0.12 4.65 0.60 4.45 1.28 5.27
MnO wt % 0.01 0.01 0.39 0.33 0.03 0.02 0.35
MgO wt % 0.31 0.14 2.06 0.17 5.47 7.41 0.65
CaO wt % 1.03 0.29 0.05 0.03 4.02 0.96 47.20
Na2O wt % 5.16 1.25 0.70 0.27 9.60 2.24 0.10
K2O wt % 0.33 0.04 9.03 0.89 0.07 0.02 2.71
Li ug/g 17.65 8.00 193.92 35.54 2.00 0.25 32.00
Sc ug/g 18.59 4.89 9.28 0.97 15.94 1.82 28.21
V ug/g 16.93 3.56 145.34 12.82 114.57 34.05 88.47
Cr ug/g 255.90 36.90 30.40 4.39 230.43 25.01 58.80
Co ug/g 4.60 2.24 323.26 65.44 25.43 2.67 8.99
Ni ug/g 139.41 54.15 641.34 146.72 160.72 10.96 49.38
Cu ug/g 439.69 137.10 228.91 32.75 13.09 3.52 4.72
Zn ug/g 336.39 55.75 240.80 75.22 65.19 20.73 58.05
Rb ug/g 13.21 3.39 414.57 23.07 0.34 0.13 154.57
Sr ug/g 29.26 7.81 106.41 30.91 35.28 5.70 702.91
Y ug/g 2.88 1.08 1.53 0.14 2.72 0.45 13.14
Zr ug/g 26.64 9.70 0.69 0.10 0.87 0.10 0.52
Nb ug/g 3.01 1.02 1.27 0.46 0.12 0.03 6.44
Sm ug/g 4.63 1.49 0.29 0.05 0.66 0.24 0.64
Cs ug/g 1.20 0.29 16.79 1.94 0.06 0.03 5.51
Ba ug/g 26.21 4.26 1180.89 134.56 2.62 0.42 200.87
La ug/g 2.74 0.50 0.10 0.02 0.13 0.06 4.55
Ce ug/g 1.76 0.21 0.93 0.17 0.44 0.10 7.10
Pr ug/g 1.38 0.73 0.06 0.03 0.07 0.02 0.66
Nd ug/g 4.29 1.17 0.33 0.04 0.68 0.15 4.05
Eu ug/g 1.78 0.46 0.21 0.12 0.18 0.05 0.23
Gd ug/g 6.29 1.65 0.64 0.12 0.64 0.12 1.39
Tb ug/g 0.73 0.22 0.06 0.02 0.09 0.03 0.11
Dy ug/g 3.14 1.01 0.52 0.16 0.42 0.16 1.17
Ho ug/g 1.35 0.39 0.07 0.02 0.09 0.02 0.29
Er ug/g 4.63 1.06 0.20 0.04 0.30 0.04 1.16
Tm ug/g 0.83 0.22 0.05 0.01 0.27
Yb ug/g 6.25 0.38 0.25 0.04 0.37 0.13 2.32
Lu ug/g 0.76 0.11 0.06 0.01 0.35
Hf ug/g 5.24 1.49 0.15 0.02 0.46 0.07 0.11
Ta ug/g 0.90 0.16 0.05 0.02 0.20
Pb ug/g 16.33 2.11 41.64 7.63 0.38 0.10 15.35
Th ug/g 3.49 0.57 0.05 0.01 1.54
U ug/g 0.83 0.22 0.61 0.07 0.05 0.03 0.11
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Figure 4. Scanning electron images of mineral particles from the Colle Gnifetti glacier ice core.
Average major (wt % oxides) composition of three individual mineral particles determined by Laser
Ablation Inductively Coupled Mass Spectrometry (LA ICP-MS), and the trace (ppm) element
composition of the quartz particles from the largest Sahara dust event (approximately 1780–1800).
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Saharan dust events [Krueger et al., 2004]. Moreover, the
crystalline mineral record exhibits the same pattern of
variations as the total aerosol record (Figure 3), suggesting
Saharan dust as major component of total aerosol mass.
Indeed, the mean diameter of the minerals within the largest
dust outbreaks preserved in the Colle Gnifetti ice core range
between approximately 2 and 4 mm (mean of 1.31 mm over
the entire record), which matches variations in Saharan dust
particle size transported to the Colle Gnifetti site over the
last decades [Wagenbach and Geis, 1989; Schwikowski et
al., 1995]. On a longer timescale, these results from the
Colle Gnifetti ice core are therefore in agreement with
the contemporaneous dust transport to the Alps, strongly
controlled by the southwesterly dust-laden winds from
the northern and northwestern part of the Saharan desert
[Collaud Coen et al., 2004].
[13] The largest feature in the dust record of the last

millennium is observed between approximately 1780 and
1800. The quantity of dust deposited during this time period
is almost equivalent to the amount of dust deposited from
the beginning of the record to the industrial revolution
(approximately 1000–1850). This outstanding Saharan dust
event might therefore be used as a reference horizon for
dating other European ice and sediment records, which lack
other appropriate dating tools for this period. That is the
reason why additional geochemical analyses were per-
formed on individual mineral particles from this large-scale
environmental event: SEM/EDX and LA-ICP-MS (Table 1)
analyses reveal abundant thin quartz fragments with a sharp
and angular shape and a SiO2 content over 85 wt %,
containing the following trace elements: Cu (440 ppm),
Zn (336 ppm), Cr (256 ppm), Ni (139 ppm), Sr (30 ppm), Zr
and Ba (26 ppm), Li (18 ppm), Pb (16 ppm), and Rb
(13 ppm) (Figures 4 and 5a). Some giant (>100 mm) and
thick subangular quartz particles (Figure 5b) and monomi-

neralic or agglomerates of silicate grains are also present
throughout the ice core (Figure 4). However, the rare giant
lithogenic particles are observed in layers depleted in
aerosols, and geochemical analysis reveal that these miner-
als are not characteristic of the long-range soil-derived
aerosols from the Sahara, but may rather represent a minor
contribution of local sources, such as the Alpine gneiss
making up the Monte Rosa Massif (e.g., micas, amphibole;
Figure 4). Therefore, our results are in agreement with
former studies on the Colle Gnifetti site, showing that the
mineral background aerosol is very low (about 1 mg m�3 in
summer), and that the bulk impurity content of the glacier is
largely dominated by Saharan mineral dust [Haeberli et al.,
1983; Schotterer et al., 1985; Wagenbach et al., 1985].
[14] Today, Saharan dust transport to the Alps is strongly

influenced by the changes in winter precipitation over
northern Africa and by the spring/summer pressure gradient
in the North Atlantic [Prospero and Nees, 1986; Chiapello
and Moulin, 2002]. During periods with high North Atlantic
Oscillation (NAO; an index of air pressure difference
between Iceland and the Azores/Iberia) conditions, the
deepening of the Icelandic low pressure associated with a
stronger Azores anticyclone induces a northward shift of the
North Atlantic westerlies. This leads to drier conditions over
the Mediterranean and northern Africa. Such drought con-
ditions over North Africa enhance the dust mobilization
over the Saharan desert and its transport over the Mediter-
ranean Sea through southwesterly winds [Middleton, 1985;
Moulin et al., 1997]. That is the reason why the periods of
enhanced Saharan dust deposition that occurred around
1200–1300, 1430–1520, 1570–1690, 1780–1800, and
after 1870 (the gray shaded areas on Figure 3) may coincide
with periods of stronger North Atlantic southwesterlies,
drier winters over North Africa and wetter spring/summers
over western-central Europe. In contrast, the periods of low
Saharan dust mobilization and meridional transport to the
Southern Alps in between those periods (approximately
1000–1200, 1520–1570, 1690–1780 and 1800–1870;
Figure 3) may correspond to periods with weaker North
Atlantic southwesterlies which are at present a source of
warmth and moisture to Europe. Although such climatic
features may be at least partially associated to the past
NAO-like patterns of variability, the NAO versus Saharan
dust relation is difficult to establish, considering that (1) the
Alps are situated in a band of varying NAO influence [Casty
et al., 2005], (2) the influences of the NAO can change
over time and region [Jones et al., 2003], and (3) that there
is no agreement among the reconstructions about the state
of the NAO in the preindustrial era [Schmutz et al., 2000;
Luterbacher et al., 2002]. However, there is supporting
evidence for a connection between Saharan dust export to
the Alps and changes in NAO, based on widespread evi-
dence for increased negative states of the NAO during late
17th and early 18th century, probably as a large-scale
dynamical response of the atmosphere to the estimated
decrease in solar irradiance during the Late Maunder Min-
imum (1675–1715; Figure 3) [Shindell et al., 2001]. The
solar variability had an important influence on the global
climate on decadal to centennial timescales, and at least
three major solar anomalous periods can be identified in the
climate of the past 500 years that are the Spörer (1450–
1550), the Maunder (1645–1715), and the Dalton Minima

Figure 5. Transmitted-light microscope images from the
Colle Gnifetti glacier ice core showing (a) a small and
reddish rounded particle on a thin quartz fragment with a
sharp and angular shape from the largest Sahara dust event
(approximately 1790), (b) a thick subangular quartz particle,
(c) a spore of fungi, (d) a green algae, (e) a large charcoal
particle, (f) two fly ash particles from fossil fuel combustion,
(g) a phytolith, (h) a piece of wood, and (i) a scanning electron
image of a pollen grain.
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(1785–1830; Figure 3) [Lean and Rind, 1999]. The Saharan
dust deposition was relatively low during the latter parts of
these solar minima (Figure 3), suggesting a major solar
influence in summer atmospheric circulation patterns, prob-
ably coupled with North Atlantic surface ocean temperature
changes [Dawson et al., 2007]. Furthermore, the 19th
century was characterized by reduced solar irradiance when
compared to the strong increase in solar activity during the
first half of the 20th century. In fact, this latter increase
coincides with more positive NAO indices and meridional
atmospheric patterns [Intergovernmental Panel on Climate
Change, 2007] as well as higher Saharan dust influx the ice
record (Figure 3).
[15] Besides the solar forcing and anthropogenic influen-

ces (land use changes, greenhouse gases and industrial
aerosol emissions), explosive volcanism represents the dom-
inant external forcing of climate variability on timescales of
the past two millennia [Mann, 2007]. Hence, important
pulses of explosive volcanism during the Dalton Minima
(e.g., Laki 1783/1784 and Tambora 1815) may have signif-
icantly contributed to the climate variability and cooling
during this part of the ‘‘Little Ice Age’’ (LIA, approximately
1200–1850 [Grove, 1987; Crowley, 2000]). Although the
apparent age (calculated by the agemodel) locates the highest
concentration of Saharan dust between 1785 and 1790 (39.62
and 39.10 m weq), this horizon stratigraphically precedes the
reference horizon of the Laki fissure eruption (apparent age
of 1795, 38.81 m weq [Jenk et al., 2009]), which began on
June 1783 in Iceland. Therefore, the largest Saharan dust
event just preceded the European climatic response to the
intense sulphur gas emission of the Laki eruption, so that the
dust increase cannot be related to this effect of explosive
volcanism.We rather interpret the abrupt strengthening of the
North Atlantic southwesterlies that occurred in the late
eighteen century, as at least partial response to the relatively
high solar activity that prevailed at that time rather than to
explosive volcanic activity [Metrich et al., 1991; Crowley,
2000; Highwood and Stevenson, 2003].
[16] Two of the largest Saharan dust events deposited in

the Southern Alps over the last millennium around 1790 and
1880 (Figure 3) strikingly correspond with the two largest
increases in atmospheric dustiness as recorded from high
Himalayan ice cores over the same time period, around
1785 and 1875, respectively [Thompson et al., 2000]. These
Himalayan events coincide with two major failures of the
South Asian monsoon, which resulted in devastating Indian
droughts that suggest, along with other evidence, a relation
between the Asian monsoon dynamics and the El Niño-
Southern Oscillation (ENSO) variability [Charles et al.,
1997; Cole et al., 2000; Thevenon et al., 2004]. The
identification of great Saharan events in the Alpine ice core
that are roughly synchronous with low-latitude atmospheric
circulation changes, may thereby support a large-scale
atmospheric teleconnection pattern linking the North Atlan-
tic trade winds circulation to the Intertropical Convergence
Zone (ITCZ), probably coupled with meridional atmosphere
and ocean heat transports/exchanges on interannual to de-
cadal timescales [Black et al., 1999; Meeker and Mayewski,
2002; Brönnimann et al., 2007].
[17] The unprecedented long-lasting increase in atmo-

spheric dust production after 1870 (Figure 3), can be
explained by the recent human-induced land degradation

in the Sahel [Moulin and Chiapello, 2006] or by the climate
response to anthropogenic forcing leading to unusual pos-
itive phases of NAO during winter time [Shindell et al.,
2001]. However, the presence of high amounts of dust
before that time as well as the comparison with instrumental
climatic data rather supports the hypothesis of a dominant
large-scale climatic control on the dust export also in the
19th and 20th century [Moulin et al., 1997]. In fact, the
second greatest dust deposition from our record that oc-
curred in 1977 can precisely be correlated to the most severe
drought ever recorded in Sudano-Sahelian zone (i.e., the
driest year since records began in 1931 [Middleton, 1985]).
Moreover, the very low meridional Saharan dust flux
recorded around 1942 was synchronous with an extreme
state of the global troposphere-stratosphere system in north-
ern winter from 1940 to 1942, consistent with a weak polar
vortex and a negative phase of the NAO [Brönnimann et al.,
2004; Bakke et al., 2008].

4.2. Carbonaceous Aerosols From Biomass and Fossil
Fuel Combustion

[18] The Colle Gnifetti BC record (Figure 3) revealed a
major drop around 1570 that is synchronous with an
increase in dust-laden winds from the Sahara and with
Northern Hemisphere atmospheric circulation changes (see
section 4.1). The carbon isotopic composition of BC
(d13CBC), which provides information about the type of
vegetation being burnt (i.e., reflecting C3 and C4 pathways
of photosynthetic carbon assimilation [Cachier et al., 1989;
Clark et al., 2001]) ranges between �23 and �26% over
the last millennium, indicating that C3 woody (�27%)
pyrogenic emissions were larger than C4 grassland
(�13%) burning (C3:C4 ratio of burnt biomass is 75:25).
This pattern of increased C3 burning is particularly prom-
inent between 1570 and 1750, when the pyrogenic emis-
sions were the lowest (BC is 7 ± 2 mg BC kg�1; C3:C4 ratio
of burnt biomass is 90:10), therefore excluding a period of
deforestation in Europe. Meanwhile, historic data [Pfister,
1984, 2005] showed that climatic anomalies and natural
disasters involved recurrent socioeconomic crises between
1570 and 1630, when years ‘‘without summer’’ and severe
winters were frequent in Europe. Moreover, proxy records
and precipitation reconstructions indicate between approx-
imately 1500–1800 wetter climatic conditions, likely
caused by an increase in summer precipitation [Casty et
al., 2005; Magny et al., 2008]. The abrupt drop in biomass
burning activity and especially in C4 grassland burning
could therefore indicate reduced agricultural practices dur-
ing this cold and wet period of the LIA [Glaser, 1995], most
probably associated with stronger North Atlantic southwest-
erlies and an increase in spring/summer precipitation (see
section 4.1).
[19] The Colle Gnifetti ice core showed high woody

pyrogenic emissions between approximately 1000 and
1570 related to human activity, which contrasts to the
subsequent decrease in grassland burning between 1570
and 1750. A decrease in grassland burning from 1500 to
1700 has been also reported from an Antarctic atmospheric
record [Ferretti et al., 2005]. Although this could suggest a
global trend, the observation from the Swiss Alps of this
time period strikingly coincides with the end of the
‘‘Walser’’ period, the last cultural tradition responsible for
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extended settlement and important land use changes in the
area: The Walser Alemanic people migrated from the Valais
after 1200 and settled around the Monte Rosa Massif until
1500, when their numbers declined [Pawson and Egli,
2001; Malacarne et al., 2005; Maurer et al., 2006], doc-
umenting climatic deterioration and unfavorable environ-
mental conditions. Furthermore, an important decrease in
biomass burning activity was also registered north of the
Alps between approximately 1500 and 1700 in charcoal
sedimentary records from Lake Lucerne and Lake Joux
(Switzerland), supporting the hypothesis for a regional
decrease in biomass burning activity indirectly triggered
by climatic-driven environmental changes [Thevenon and
Anselmetti, 2007; Magny et al., 2008].
[20] After 1750, d13CBC values abruptly shift from values

lower than �25% to values higher than �24%, therefore
strongly suggesting a major change in type of combustible
(e.g., fossil wood/charcoal) that occurred one century before
the European Industrial Revolution of approximately 1850,
but synchronously with the beginning of the fossil fuel era
[Andres et al., 1999]. The average BC values increase from
7 mg kg�1 for the time period from 1750 to 1850, to 13 mg
kg�1 from 1850 to 1950, and to 20 mg kg�1 from 1950 to
1980. A peculiar BC peak is observed between 1875 and
1885 (Figure 3), i.e., just after the beginning of the Industrial
Revolution, and synchronously with the gradual increase of
massive coal emissions, which overtook those from biofuel
after 1880 [Bond et al., 2007]. Afterward, the BC emissions
to the atmosphere rise exponentially (Figure 3), although a
moderate local impact cannot be definitively ruled out,
because this time period coincides with the beginning of
the tourism in the area and the building of mountain refuges
(e.g., Capanna Gnifetti in 1876, 3647 m asl; Capanna Monte
Rosa in 1885, 2795 m asl; and Capanna Margherita in 1893,
4454 m asl) as well as the opening of the Gornergrat electric
railway in 1898 (approximately 9 km from the coring site,
terminal station at 3089 m asl).
[21] Although fossil fuels have on average the same d13C

as wood, the decreasing trend observed in the d13CBC data
(from approximately �24 to �25%) over the two last
centuries in the Colle Gnifetti record could reflect the
increasing contribution from fossil fuel emissions [Reddy et
al., 2002; Jenk et al., 2006]. This hypothesis is supported by
the recent lowest d13CBC values coinciding with BC peaks,
while the two latest highest d13CBC values around 1915 and
1940, respectively, coincide with the First and Second World
War and reduced smelter emissions (Figure 3). Finally, some
well-preserved organic and vegetation remains (fungi spores,
pollen, green algae, and charcoal/wood particles) were also
frequently found in the ice (Figure 5), pointing out the long-
range transport of relatively large microorganisms to high
altitudes. Large charcoal particles (>30 mm) were found
throughout the core, whereas organic and inorganic fly ash
particles were detected after approximately 1790, document-
ing the long-range atmospheric transport of fossil fuel par-
ticulate emissions from that time and, in particular, during
modern times (1950–1980).

5. Conclusions

[22] The developments of optical and chemical approaches
for studying natural and anthropogenic primary aerosols

successfully characterize the lithogenic and combustion
aerosols, respectively. This study also stresses the necessity
to calibrate under interlaboratory reproducible analytical
conditions the methods with microgram-level quantity of
standards that can reflect the behavior of nonhomogeneous
aerosols.
[23] The Colle Gnifetti summer ice archive analysis

demonstrates that the BC aerosol record is independent of
the large-scale climatic control affecting the transport of
mineral dust to the Southern Alps, but primarily reflects
regional-scale anthropogenic activity. The d13C composition
of the BC emissions indicates that wood contributed to the
largest fraction of preindustrial BC emissions (7 mg C
kg�1), especially when a major drop in biomass burning
activity occurred between 1570 and 1750, probably in
association with decreased agricultural practices triggered
by wetter summer climatic conditions during this part of the
LIA. Another shift in the d13CBC emissions occurred around
1750, synchronously with the beginning of the fossil fuel
era. Afterward, BC increased subsequently to 13 mg C kg�1

in the transition era (1850–1950) and to 20 mg C kg�1 in
modern times (1950–1980).
[24] Unlike the BC deposition, the mineral dust transport

to the summits of the Southern Alps is primarily controlled
by large-scale climatic patterns (i.e., drier winter in North
Africa and stronger southwesterlies over the North Atlan-
tic), leading to transport of massive dust plumes from the
Sahara around 1200–1300, 1430–1520, 1570–1690,
1780–1800, and after 1870. In contrast, the periods of
low Saharan dust deposition in between those periods
(around 1000–1200, 1520–1570, 1690–1780 and 1800–
1870) may indicate weaker meridional atmospheric circu-
lation at that times, leading to colder and drier spring/
summer conditions over Western and Central Europe.
Beside the recent anthropogenic climate forcing, our results
suggest that such atmospheric features were probably influ-
enced by coupled ocean-atmosphere patterns, primarily
forced by changes in solar irradiance rather than by explo-
sive volcanism activity. Moreover the unprecedented strong
Saharan dust event that occurred in the late eighteen century
coincided with low-latitude atmospheric changes, providing
a useful analog for a better understanding of large-scale
atmospheric teleconnection patterns. Eventually, these time
series on the black carbonaceous and iron-containing dust
particles that were emitted to the atmosphere over the last
millennium will help to better apprehend the direct (incident
solar radiation) and indirect climate forcings (e.g., effect
of dust and BC on clouds and snow albedo, or uptake of
atmospheric carbon dioxide by marine microorganisms) of
the primary aerosol emissions on past European climate.
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