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[1] Sea-salt and mineral dust records as represented by
Na+ and Ca2+ concentrations, respectively, in Greenland
and Antarctic ice cores show pronounced glacial/
interglacial variations. For the Last Glacial Maximum
(LGM), mineral dust (sea salt) concentrations in Greenland
show an increase of a factor of approximately 80 (15)
compared to the Holocene and significant shifts by a factor
of 15 (5) during Dansgaard-Oeschger events. In Antarctica
the dust (sea salt) flux is enhanced by a factor of 15 (3)
during the LGM compared to the Holocene, and variations
by approximately a factor of 8 (1–2) exist in parallel to
Antarctic warm events. Primary glacial dust sources are the
Asian deserts for Greenland and Patagonia for Antarctica.
Ice core evidence and model results show that both changes

in source strength as well as atmospheric transport and
lifetime contributed to the observed changes in Greenland
ice cores. In Antarctica, changes in ice core fluxes are in
large parts related to source variations both for sea salt and
dust, where the formation of sea-salt aerosol from sea ice
may play a pivotal role. Summarizing our latest estimates
on changes in sources, transport, and deposition, these
processes are roughly able to explain the glacial increase in
sea salt in both polar regions, while they fall short by at
least a factor of 4–7 for mineral dust. Future improvements
in model resolution and in the formulation of source
and transport processes together with new ice core
records, e.g., on dust size distributions, will eventually
allow convergence of models and observations.
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1. INTRODUCTION

[2] Atmospheric aerosol plays an important role both in

global biogeochemical cycles and in the climate system of

the Earth. Long-range aerosol transport enables the export

of nutrients to and across the oceans, the latter being crucial

for the bioproductivity in remote regions [Boyd et al., 2000;

Falkowski et al., 2000; Martin, 1990; Swap et al., 1992;

Watson et al., 2000]. Aerosols also affect the radiative

balance of the Earth [Tegen et al., 1996] directly by

scattering or absorption of incoming shortwave radiation

and indirectly by acting as cloud condensation nuclei,

altering a temperature effect at the surface because of

changes in cloud cover [Intergovernmental Panel on

Climate Change, 2001]. In addition, aerosol particles are

intimately coupled to atmospheric chemistry as chemical

reactions in the atmosphere are often accelerated on aerosol

surfaces [Dentener et al., 1996] providing water, oxidants,

and/or catalysts.

[3] Besides this active role in the Earth system, sea-salt

and mineral dust aerosol, which are conservatively archived

in polar ice cores, represent passive tracers that can be used

to reconstruct climate conditions in their source regions as

well as large-scale atmospheric transport patterns. The life

cycle of an aerosol particle starts with its formation. In the

case of sea salt, aerosol production is caused by wind

dispersion of seawater in liquid and frozen state. Dispersion

of wave crests and the bursting of small air bubbles at the

ocean surface producing small droplets [Monahan et al.,

1986] represent an efficient way of producing sea-salt

particles, which may be uplifted by convective cells in the

boundary layer. In high latitudes, sea-salt aerosol addition-

ally derives from the sea ice surface. For example, frost

flowers, which form during the refreezing of polynyas and

open leads within the sea ice cover, allow for the entrain-

ment of sea-salt particles into the atmosphere [Rankin et al.,

2000; Wagenbach et al., 1998]. In the case of mineral dust,

Click
Here

for

Full
Article

1Alfred Wegener Institute for Polar and Marine Research, Bremerhaven,
Germany.

2Now at Niels Bohr Institute, University of Copenhagen, Copenhagen,
Denmark.

3British Antarctic Survey, Cambridge, UK.

Copyright 2007 by the American Geophysical Union.

8755-1209/07/2005RG000192$15.00

Reviews of Geophysics, 45, RG1002 / 2007

1 of 26

Paper number 2005RG000192

RG1002



chemical and physical weathering of crustal material leads

to the formation of small dust particles that may get

entrained into the air during high surface winds. Larger

particles may be horizontally accelerated by surface wind

and collide with other particles, an avalanche process called

saltation [Marticorena and Bergametti, 1995]. The impact is

able to provide vertical momentum to the smaller particles

and leads to entrainment into the boundary layer and

subsequently efficient uplift by convection.

[4] The sea-salt and mineral dust load in the atmosphere

is strongly influenced by the climate conditions in the

source region, and aerosol records provide information,

e.g., on cyclonic activity and wind speeds and, in the case

of dust, on soil properties such as aridity [Genthon, 1992] or

vegetation cover. In the case of the mineral dust sources,

which are located in arid and semiarid regions in both

hemispheres far away from the polar ice sheets [Prospero

et al., 2002], dust storm events provide the energy to lift

dust particles to the high troposphere above the cloud level,

where their atmospheric lifetime is large enough to survive

long-range transport [Gong et al., 2003; Prospero et al.,

2002; Sun, 2002; Tegen, 2003]. Sea-salt aerosol formation is

closely linked to cyclonic activity, providing high wind

speeds on the ocean surface for efficient sea-salt aerosol

formation. Sea-salt aerosol is then also efficiently trans-

ported and mainly wet deposited along the storm track

[Fischer and Mieding, 2005; Fischer et al., 2004]. It follows

that sea-salt and snow deposition is closely linked in regions

of ice sheets where intrusions of marine air masses and

frontal precipitation occur.

[5] The long-range transported aerosol is wet and dry

deposited onto the ice sheets, where a stratigraphically

ordered sequence of precipitation and aerosol deposition

events is formed. Accordingly, ice core records retrieved

from the polar ice sheets on both hemispheres (Figure 1)

provide aerosol records in high (in some cases seasonal)

resolution over the last glacial/interglacial cycles. The major

feature of these records is a 1–2 orders of magnitude increase

in sea-salt aerosol and mineral dust concentration during

glacial periods. The reasons for this change have still not

been quantitatively explained and may be sought in the three

steps of the aerosol life cycle: production, transport, and

deposition, or any combination of the three. Accordingly,

different hypotheses have been put forward in the literature

based on observational, theoretical, and modeling evidence

to explain the documented changes. In this study we will

summarize the observational and modeling evidence, discuss

the different hypotheses, and try to come up with a synthesis

and explanation of the glacial/interglacial changes in sea-salt

and mineral dust concentrations in ice cores.

[6] This review is organized in five sections. In section 2

the results concerning sea-salt and mineral dust records

from major ice core projects in Greenland and Antarctica

are summarized. Section 2 presents the database that has to

be explained in terms of changes in the geochemical aerosol

cycles over glacial/interglacial timescales. We intentionally

restrict the discussion to a few ice cores representative of the

two major ice sheets, because those are distal to any local

aerosol sources and therefore are most likely to archive

changes in background aerosol concentrations for each

hemisphere. Valuable information on dust emissions may

also be derived from tropical ice core records [Thompson et

al., 1995, 1997, 1998]; however, those cores reflect mainly

local conditions of dust generation, uplift, and transport.

Section 3 discusses the contribution of processes that may

have led to the observed long-term changes based on

ice core evidence and theoretical considerations. In

sections 3.1–3.3, possible changes in the three stages of

an aerosol lifetime are individually discussed. Because the

understanding of aerosol deposition is a fundamental

prerequisite for the interpretation of ice core records, we

will discuss the individual processes in reverse order of the

aerosol life cycle, i.e., starting with the deposition of aerosol

on the ice sheets in section 3.1. Then we will quantify

transport changes in section 3.2, and finally, we discuss

potential emission changes in section 3.3, where uncertain-

ties are still large because quantitative observational evi-

dence is sparse. In section 4 we tackle this question from a

different direction by contrasting the observational evi-

dence in section 3 with a summary of the current state of

the art in global modeling of aerosol emission and transport.

This may give additional insight into the potential of

individual processes to contribute to the glacial/interglacial

aerosol changes but will also show the limitations of aerosol

modeling that still exist to date. In section 5 we attempt a

quantitative synthesis of the state of the art of our knowl-

edge on sea-salt and mineral dust aerosol changes as

recorded in ice cores as summarized in Table 1; we point

out gaps in our knowledge and suggest future directions in

ice core and modeling studies to fill those gaps.

2. CONTINUOUS AEROSOL RECORDS IN
GREENLAND AND ANTARCTICA

2.1. Methods and Uncertainties

[7] Sea salt and mineral dust aerosol are transported onto

the polar ice sheets, where they are archived by wet and dry

deposition. Using snow and ice core samples, concentra-

tions and size distributions of particulate dust can be

determined using particle counting techniques [Delmonte

et al., 2002; Petit et al., 1990; Ram and Koenig, 1997; Ruth

et al., 2003; Steffensen, 1985]. Specific soluble dust tracers

(e.g., Ca2+) or insoluble elements contained in particulate

dust (e.g., Al and Fe) as well as ionic species derived from

sea salt (mainly, Na+ and Cl�) are also conveniently used to

quantify aerosol changes. Ionic and elemental concentra-

tions are determined, for example, by ion chromatography

(IC), atomic absorption spectroscopy, inductively coupled

plasma mass spectrometry, or continuous flow analyses

(CFA) [Boutron, 1979; Fischer and Wagenbach, 1996;

Fuhrer et al., 1993; Gabrielli et al., 2005; Mayewski et

al., 1987; Röthlisberger et al., 2000; Steffensen, 1988]. A

detailed description of these analytical techniques, handling

of ultraclean ice core samples, and the systematic and

stochastic error of such measurements is beyond the scope

of this paper. Here we will focus mainly on soluble species
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representing sea-salt (Na+) and mineral dust (Ca2+) aerosol

that can be determined by IC and CFA with an error

typically better than 10% for concentrations above the blank

level (typically a few parts per billion) and where the

available database to date is better than for other dust

indicators. Note that Ca2+ is, in principle, only representa-

tive of part of the overall dust content in the ice, but by and

large, both particulate dust and the soluble dust proxy Ca2+

reveal the same picture of paleoclimatic changes in the dust

cycle (Table 1). A recent comparison of soluble Ca2+ with the

total Ca2+ concentration derived by complete acid digestion

of ice core samples fromDomeC, Antarctica, showed that the

soluble Ca2+ amount varied between 80 and 90% of the total

Ca2+ level for glacial and interglacial samples (V. Gaspari,

personal communication, 2006). This variability is much

lower than the glacial/interglacial variability found in the ice

cores and can therefore be neglected to first order.

[8] Aerosol deposition fluxes are derived by multiplying

ice core concentrations by the annual snow accumulation

rate. In general, accumulation rates are reduced during cold

climate conditions, resulting in smaller glacial/interglacial

variations in estimated fluxes than in measured concentra-

tions. Snow accumulation rates can be determined at high-

resolution sites by counting annual layers, for example, in

high-resolution CFA profiles, and destraining the layers,

which have been subject to down-core thinning due to

glacier flow, using an ice flow model [Cuffey and Clow,

1997]. In low-accumulation areas, as largely encountered in

the interior of East Antarctica, individual annual layers

cannot be resolved. Here the accumulation rate is usually

estimated from temperature reconstructions derived from

the stable water isotope composition (d18O or dD). In short,

the accumulation is assumed to be thermodynamically

controlled by the change in saturation water vapor pressure,

which is a function of temperature (see supplemental

material of EPICA Community Members [2004] and

Schwander et al. [2001]). The error of such accumulation

rates can be estimated to be 20–30%. Accordingly, the error

in aerosol fluxes is about 30%. Although considerable, this

uncertainty is still small compared to the changes in sea salt

and dust encountered on millennial timescales in the glacial

period and during glacial/interglacial transitions. Accord-

ingly, analytical limitations generally do not affect the

conclusions drawn in this study.

2.2. Sea-Salt and Mineral Dust Budget in Both
Polar Regions

[9] Average concentrations in Greenland and Antarctica

reflect the different setting of the Earth’s two major ice

sheets. Antarctica is surrounded by the Southern Ocean as

reflected by much higher sea-salt concentrations and fluxes

compared to mineral dust. For recent conditions the number

TABLE 1. Ratios of Observed Mineral Dust and Sea-Salt

Parameters in Ice Cores Between the LGM and the Holocene

as Well as Between Stadial and Interstadial Periodsa

Parameter Ice Core LGM/Holocene S/IS

Greenland
Ca2+ concentration GISP2 �80 15–20
Particulate dust concentration NGRIP 80–100 �15
Na+ concentration GISP2 10–15 4–5
Ca2+ flux GISP2 15–20 6–10
Particulate dust flux NGRIP �20 �8
Na+ flux GISP2 3–4 2–3

Antarctica
Ca2+ concentration EDC 25–30
Particulate dust concentration Vostok 30–35
Na+ concentration EDC �5
Ca2+ flux EDC 10–15
Particulate dust flux Vostok �15
Na+ flux EDC �3

aAbbreviations are LGM, Last Glacial Maximum; Greenland Ice Sheet
Project 2, GISP2; North Greenland Ice Core Project, NGRIP; EDC, EPICA
Dome C; S, stadial; and IS, interstadial.

Figure 1. Map of both polar regions showing major ice core drilling sites in the Arctic (AIC, Agassiz
Ice Cap; PIC, Penny Ice Cap; CC, Camp Century; NGRIP,; GRIP/GISP2; RL, Renland; and Dye 3) and
in Antarctica (EDML, EPICA Dronning Maud Land; BI, Berkner Island; DF, Dome Fuji; VK, Vostok;
DB, Dome B; KK, Komsomolskaya; Byrd; SD, Siple Dome; TD, Taylor Dome; EDC, EPICA Dome C;
and LD, Law Dome).
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of Na+ molecules per kilogram of ice in Antarctica is a

factor of 25 higher than that for Ca2+ [Petit et al., 1999;

Wolff et al., 2006], while in Greenland it is only twice as

high. In the Last Glacial Maximum (LGM) the number of

Na+ molecules per kilogram ice is still about 4 times higher

than that for Ca2+ in Antarctica [Petit et al., 1999; Wolff et

al., 2006], while it is even a factor of 2 lower in Greenland

[Mayewski et al., 1994], reflecting the relatively higher

influence of continental aerosol in Greenland. Also, the

temporal evolution of mineral dust and sea-salt aerosol is

quite different for both polar regions and reflects the differ-

ent climate evolution in the Northern and Southern hemi-

spheres as documented in ice core aerosol records from

Greenland and Antarctica (e.g., Dye 3 [Hammer et al.,

1985], Greenland Ice Core Project (GRIP) [de Angelis et

al., 1997; Fuhrer et al., 1999], Greenland Ice Sheet Project 2

(GISP2) [Mayewski et al., 1994, 1997; Taylor et al., 1997],

Renland [Hansson, 1994], Vostok [de Angelis et al., 1992;

Petit et al., 1999], Taylor Dome [Mayewski et al., 1996], and

the European Project for Ice Coring in Antarctica (EPICA)

Dome C [Röthlisberger et al., 2002; Wolff et al., 2006]).

[10] Although measured Na+ and Ca2+ concentrations can

generally be taken as sea-salt and dust tracers, respectively,

a crustal contribution to Na+ may be possible, and some

Ca2+ is derived from seawater. This has to be considered,

for example, when performing correlation analyses between

the two records (section 3.2), and can, in principle, be

corrected for using average Na+/Ca2+ ratios in seawater

and crustal material. For Greenland the Cl�/Na+ ratio in the

ice cores is very close to the seawater ratio during glacial

times [Mayewski et al., 1994, 1997], and during the Holo-

cene a Cl� excess prevails, which has been related to the

longer atmospheric lifetime of gaseous HCl released from

sea-salt aerosol [Legrand et al., 2002; Legrand and Delmas,

1988] in an acidic atmosphere. This indicates that, with the

exception of particular dust events, Na+ is essentially of sea-

salt origin in Greenland. The sea-salt contribution to Ca2+

estimated using the seawater Ca2+/Na+ ratio is only around

10% during the Holocene and is much lower during glacial

times. Therefore we refrain from correcting Na+ and Ca2+

concentrations in Greenland for their crustal and sea-salt

contributions, respectively.

[11] On the East Antarctic plateau the seawater contribu-

tion to Ca2+ is high for the Holocene (around 50%), while

crustal Na+ becomes important during the glacial period

(20–30% of the total Na+ concentration). In that case, non-

sea-salt Ca2+ (nssCa2+) and sea-salt Na+ (ssNa+) can be

estimated [Röthlisberger et al., 2002] according to

nssCa2þ ¼ Rt

Rt � Rm

Ca2þ � RmNa
þ� �

ssNaþ ¼ Naþ � 1

Rt � Rm

Ca2þ � RmNa
þ� �

;

with Rm = 0.038 (in mass concentration units) being the

Ca2+/Na+ seawater ratio, which is well defined globally.

Rt � 1.78 [Bowen, 1979] represents the crustal ratio, which

varies over a wide range, dependent on the composition of

crustal material as well as on size-dependent fractionation

processes of different minerals during the formation of

mineral dust aerosol. In addition, the composition of crustal

tracers as recorded in ionic ice core data may differ from Rt,

which is based on the total elemental composition of crustal

material. While the effect of such a variability in Rt changes

the nssCa2+ estimate only by a few percent, its effect on

ssNa+ is considerable. For instance, reducing Rt within

reasonable bounds to 1.1 [Bigler et al., 2006] or increasing

it to 3.5 changes the ssNa+ estimate by 10–30% for glacial

conditions in Antarctica.

2.3. Temporal Changes Over the Last Glacial Cycles

[12] In Figure 2 the Na+ and Ca2+ record of the GISP2 ice

core [Mayewski et al., 1994] is shown, together with d18O
[Grootes et al., 1993] taken as representative for climate

changes at least in the northern Atlantic region [Bond et al.,

1993;McManus et al., 1999; Porter and An, 1995; Schulz et

al., 1998]. As illustrated in Figure 2, both sea salt (Na+) and

mineral dust (Ca2+) are strongly anticorrelated with Green-

land temperature changes, including rapid climate changes

such as the warming at the end of the Younger Dryas

[Dansgaard et al., 1989; Taylor et al., 1997] or each

individual Dansgaard-Oeschger (DO) event [Fuhrer et al.,

1999; Grootes et al., 1993; Johnsen et al., 1992; Mayewski

et al., 1994]. Na+ concentrations during the LGM are, on

average, 10–15 times higher than during the Holocene,

while Ca2+ was increased by a factor of approximately 80.

Extreme steps in aerosol concentrations are encountered at

the end of the Younger Dryas (YD) to the Preboreal (PB)

where Na+ and Ca2+ concentrations drop in only a few

decades by a factor of about 4 and 8, respectively. Taking

the concurrent change in snow accumulation [Cuffey and

Clow, 1997; Meese et al., 1994] into account, deposition

fluxes in the LGM were a factor of 3–4 and 15–20 higher

than during the Holocene for Na+ and Ca2+, respectively.

For the shift from the YD to the PB this leads to a decline in

fluxes by a factor of approximately 2 and 4, respectively. A

similar instantaneous response holds for the DO events

during marine isotope stage (MIS) 3. Here sea-salt concen-

trations decrease rapidly from cold stadials (S) to warm

interstadials (IS) by a factor of 4–5, and mineral dust

concentrations decrease by a factor of 15–20. Fluxes

change at the same time by a factor of 2–3 and 6–10 for

sea salt and dust, respectively.

[13] In principle, a similar picture emerges for the changes

in aerosol concentration in Antarctica with higher concen-

trations during cold and lower concentrations during warm

periods. For example, from the LGM to the Holocene, Na+

concentrations in the Vostok record [Petit et al., 1999]

decrease by about a factor of 4, and particulate dust concen-

trations decrease by a factor of 30–35 (Figure 3). Although

rapid climate changes are not encountered in the Southern

Hemisphere, high-resolution chemistry records from the

EPICA Dome C (EDC) ice core [Röthlisberger et al.,

2002; Wolff et al., 2006] show that more gradual variations

in Ca2+ concentrations are found on a millennial timescale.

As shown in Figure 4, the Antarctic warm event A1 (repre-

senting the Antarctic counterpart to DO event 8 [Blunier et

al., 1998; Broecker, 1998; Knutti et al., 2004; Stocker and
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Figure 2. Temporal evolution of d18O indicating changes in average local condensation temperature
during snow formation, the mineral dust component Ca2+, and the sea-salt component Na+ over the last
glacial cycle as recorded in the central Greenland GISP 2 ice core [Grootes et al., 1993; Mayewski et al.,
1997, 1994]. Also marked are the Preboreal (PB) period and the Last Glacial Maximum (LGM) as well as
rapid climate events such as the Younger Dryas (YD), the Bølling/Allerød Oscillation (BA), and the
Dansgaard-Oeschger events 1–22. Dashed-dotted lines indicate Holocene levels.

Figure 3. Temporal evolution of dD representing changes in the average local condensation temperature
during snow formation, the particulate dust, and the sea-salt component Na+ over the last four glacial
cycles as recorded in the East Antarctic Vostok ice core [Petit et al., 1999]. Dashed-dotted lines indicate
the mean Holocene level from 0 to 10,000 years B.P.
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Johnsen, 2003; EPICA Community Members, 2006]) was

accompanied by a decline in dust to close to Holocene levels,

while the temperature proxy dD rose by about 15% in Figure

4 (equivalent to a surface temperature change in Antarctica

of 2�–2.5�C) [Röthlisberger et al., 2002; Stenni et al.,

2001]. In contrast, sea-salt concentrations were only weakly

affected by this warm event. Vice versa the Antarctic Cold

Reversal (see Figure 4) is only weakly seen in the dust

record but clearly imprinted in the sea-salt record.

Accordingly, different causes may lead to the changes in

the aerosol budget over the Antarctic ice sheet for both

events. The decrease in snow accumulation in Antarctica

during the glacial compared to the interglacial [Schwander

et al., 2001] leads to a reduced change in deposition flux for

both aerosol components (Figure 4) [Röthlisberger et al.,

2002]. Over the last glacial/interglacial transition the Na+

flux decreases by a factor of approximately 2.5, while the

Ca2+ flux decreases by a factor of 10–15 compared to a factor

of 25–30 for Ca2+ concentrations.

[14] On a longer timescale the Vostok record [Petit et al.,

1999] shows that dust and sea salt varied within rather well

constrained glacial/interglacial bounds over the last four

glacial cycles (Figure 3). With the new sea-salt and dust

records from the EPICA Dome C ice core [Wolff et al.,

2006] this view can be extended over the four previous

glacial cycles (Figure 5), which are characterized by

significantly lower glacial/interglacial temperature ampli-

tudes in the Southern Ocean region [EPICA Community

Members, 2004]. The glacial/interglacial amplitudes in

aerosol fluxes are smaller for the time period 400,000–

800,000 years B.P., but the relationship of aerosol fluxes

and Southern Ocean temperature changes remains essen-

tially the same (Figure 6). The early interglacials are

especially characterized by higher aerosol fluxes. During

the first four glacial cycles (800–400 kyr B.P.) in Figure 6a,

there is a tendency to somewhat higher dust fluxes for

comparable dD values than in the last four glacial cycles

[Wolff et al., 2006]. In the case of sea-salt fluxes a rather

linear relationship with dD is revealed (Figure 6b),

indicating a very close relationship of Southern Ocean

sea-salt sources and temperature (see also 3.3).

3. ICE CORE EVIDENCE OF DEPOSITION,
TRANSPORT, AND EMISSION CHANGES

3.1. Local Deposition Changes

3.1.1. Theoretical Considerations
[15] Sea-salt and mineral dust aerosol is transferred from

the air to the ice sheet surface by wet and dry deposition.

Accordingly, any temporal change in the deposition pro-

Figure 4. Comparison of concentrations (left axes) (thin black lines) and fluxes (right axes) (thin
shaded lines) of sea salt (ssNa+) and mineral dust (nssCa2+) in the EDC ice core over the last 45,000 years
[Röthlisberger et al., 2002] in high temporal resolution. Also given are the changes in dD (left axis) (thick
black line) representing a proxy for the average local condensation temperature during snow formation
and in the snow accumulation A (right axis) (thick shaded line) as described in the text. Dashed-dotted
lines indicate Holocene levels. A1 indicates the Antarctic warm event 1 [Blunier and Brook, 2001;
Blunier et al., 1998]; ACR indicates the Antarctic Cold Reversal [Blunier et al., 1997].
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cesses may also lead to a change in ice core concentrations

and fluxes even if atmospheric concentrations were to stay

constant. While dry deposition is independent of precipita-

tion, wet deposition is proportional to the snow accumula-

tion. Because the average snow accumulation A has

changed between cold and warm climate periods, so has

the aerosol deposition rate. In a simplified model the total

deposition flux to the ice surface Jice = CiceA averaged over

long periods can be written as [Fischer et al., 1998a]

Jice ¼ Jdry þ Jwet ¼ vdryCair þ eACair; ð1Þ

and therefore the average ice concentration Cice can be

written as

Cice ¼
vdry

A
Cair þ eCair; ð2Þ

Figure 5. Comparison of concentrations (left axes) (thin black lines) and fluxes (right axes) (thin
shaded lines) of sea salt (ssNa+) and mineral dust (nssCa2+) in the EDC ice core over the last 800,000
years [Wolff et al., 2006]. Also given are the changes in dD (left axis) (thick black line) representing a
proxy for the average local condensation temperature during snow formation and in the snow
accumulation A (right axis) (thick shaded line) as described in the text [EPICA Community Members,
2004]. Dashed-dotted lines indicate Holocene levels. Also indicated are marine isotope stages (MIS) for
interglacials.

Figure 6. Time scatterplot of mineral (a) dust and (b) sea-salt fluxes in 500 year resolution in the EDC
ice core [Wolff et al., 2006]. The shaded bar indicates the age of the sample.
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where vdry is the effective dry deposition velocity and e is

the effective scavenging efficiency including in-cloud and

below-cloud scavenging. These equations imply that in

regions where wet deposition provides significant parts of

the total deposition the total aerosol deposition becomes

smaller in times of lower snow accumulation rates, even if

all other parameters were to remain constant. Effectively,

this implies that the deposition flux underestimates the

changes in atmospheric concentration Cair overlying the ice

sheet. On the contrary, Cice is linearly coupled to the inverse

accumulation rate and overestimates the change in Cair.

3.1.2. Aerosol Deposition in Greenland
[16] Greenland snow accumulation rates have been

reconstructed over the last 50,000 years using the GISP2

counted depth scale [Alley et al., 1993; Meese et al., 1994]

and destraining the counted annual layers, which are

thinned by glacier flow. The thinning function has been

determined using a glaciological flow model for three

different scenarios of ice margin retreat [Cuffey and Clow,

1997]. Here we use the medium scenario, invoking a retreat

of the ice sheet margin by 100 km; however, the choice of

the scenario has an effect of only a few percent on the

estimated snow accumulation and does not affect our

conclusions. Figure 7 shows that the snow accumulation

rate during the LGM was only about 25% of the Holocene

value, and accumulation rates during interstadial events

were about 50% of the Holocene or twice the LGM value.

Accordingly, the amplitude of flux changes of sea salt and

mineral dust onto the ice is smaller than that of concentra-

tion changes in the ice. Nevertheless, fluxes and concentra-

tion are both strongly increased for cold periods, which

cannot be explained by changes in the deposition efficiency

over the ice sheet.

[17] Using equations (1) and (2), Alley et al. [1995]

estimated the change in Cair for different aerosol species

using the joint information of the slope and y intercept in the

linear relationship between total fluxes and snow accumula-

tion for the YD to PB period in the GISP2 record. Using this

analysis, they arrive at 3 times higher air concentrations

over Greenland for sea salt (here Cl�) and 7 times higher air

concentrations for Ca2+ during the YD compared to the PB.

These values lie between the changes derived directly from

flux and concentration records in the ice and imply that

fluxes underestimate the change in true atmospheric

concentration in central Greenland by a factor of 1.5–2,

while concentrations overestimate it by only 10–30% for

these species. In any case, local deposition changes can

neither explain the substantial changes in concentrations nor

Figure 7. Comparison of concentrations (left axes) (thin black lines) and fluxes (right axes) (thin
shaded lines) of sea salt (Na+) and mineral dust (Ca2+) in the GISP2 ice core record over the last 50,000
years [Mayewski et al., 1994, 1997]. Also given are the changes in d18O (left axis) (thick black line)
representing a proxy for the average local condensation temperature during snow formation and the snow
accumulation A (right axis) (thick shaded line). Note that the higher accumulation variability in the
Holocene compared to the glacial reflects only the higher resolution of the data set as provided by Cuffey
and Clow [1997]. Dashed-dotted lines indicate Holocene levels.
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