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1. Research necessity

A. Scientific background

Mineral dust aerosols influence Earth's climate directly by scattering and
absorbing incoming solar and outgoing longwave radiation. Indirectly they
provide micronutrient-limited areas of the oceans with iron oxide and thus
increase the amount of carbon that is absorbed into ocean waters. They also
act as condensation nuclei for clouds and therefore influence the planetary
albedo and the hydrological cycle. In turn, dust enthrallment and transport in the
atmosphere is influenced by the climate. Ground vegetation, wind speed, and
washout in the atmosphere limit the amount of dust that reaches the upper
troposphere and is transported over long distances.

In the 2007 IPCC report, dust aerosols have been found to have a cooling
global effect on Earth's climate. The error bars are very large though, and well-
defined quantitative assessments of the effect of dust on radiative forcing are
necessary to constrain it's uncertainty.

Dust flux from the atmosphere to the ground is measured in several climatic
archives (i.e. terrestrial loess deposits, marine sediments, ice cores). In a bid to
improve our knowledge of past climatic changes, the European Project for Ice
Coring in Antarctica (EPICA) has yielded a wealth of information and data from
the two ice cores drilled in opposite sites of the Antarctic ice cap. The dust
records from the Dome C ice core offers the opportunity to investigate dust flux
changes at an unprecedented resolution in the past 800,000 years.

B. Economic Impact

Improving our understanding of climatic processes is a key step in predicting
climate change and thus prepare the economy for mitigation and modified
environmental conditions.

C. Social Impact

Climate change mitigation should result in targeted measures that only the
society at large can implement. An improved understanding of climatic



processes will help to foresee these measures enable the government to
prepare the public for such changes.

Specifically, understanding how Earth's climate may react to a dustier
environment is important to improve the climate models we use to predict future
trends.

2. Current status of Domestic and International

Researches

A. Domestic

Although there is a large climate-modeling community in the Republic of Korea
(ROK), there is very little paleoclimatic research. This project will help opening
new areas of research in the ROK and increase cooperation with foreign
countries.

B. Foreign

Paleoclimatic research and especially ice-coring is a very advanced science in
the European Union, the United States of America, Russia, and Japan, each of
which have their own ice-coring teams and stations in the Arctic and/or Antarctic
polar caps. Recently, China has also intensified it's effort in this area and is
planning ice-coring projects.

EPICA is a joint project between the science agencies of 10 European nations
(Belgium, Denmark, France, Germany, Italy, Netherlands, Norway, Sweden,
Switzerland, UK) and the European Science Foundation. Two ice-cores were
drilled at the opposite sides of the Antarctic polar cap: The first at Dome
Concordia (Dome C) on the East Antarctic Plateau, and the second in Dronning
Maud Land (DML) facing the South Atlantic Ocean. The ice core at Dome C
yielded the oldest ice ever recovered (800'000 years), whereas the DML ice-
core permits North-South Atlantic comparison with Greenland ice-cores.

A new project involving China, the EU, and the US is in preparation in the



vicinity of the Chinese Kunlun Station (Dome A) to drill and ice-core that will
hopefully recover ice of over 1 Million years of age.

Continuous time series of dust flux are available from loess deposits, marine
sediment cores, and glacier and polar ice cores. Among these, polar ice cores
are prized because of their high temporal resolution and the reasonable length
of the record (loess and marine sediment records go much further back in time).
Several studies have been published on Greenland dust records from ice cores
at GISP, GRIP, and NGRIP. In Antarctica, dust records from Vostok and Dome C
have been published at low resolution, focusing on broad climatic relations.

Dust models are usually atmospheric aerosol models coupled to general
circulation models. They provide snapshots of atmospheric dust concentrations
under specific conditions. Most notably, they have been used to assess
atmospheric dust concentrations not only under modern conditions, but also in
glacial conditions or during predicted future climates with higher greenhouse
gas concentrations. The estimation of present and past global dust
concentrations has so far only been done with dust models.

3. Objectives

a) Main Objectives

This project has two main objectives. The first focuses on the interpretation of
high-resolution dust data from the EPICA - Dome C ice core. Statistical analysis
of soluble and insoluble dust proxy records will be performed. In addition, the
behavior of dust during glacial-interglacial climatic transitions will be compared
with the changes in temperature, greenhouse gases, and ocean sea-level back
to 800,000 years BP.

The second objective is to produce an estimate of present and glacial
atmospheric dust concentrations based on paleoclimatic data. The idea is to
gather dust flux data from all paleoclimatic data sources where dust flux is
available for both the Holocene and the Last Glacial Maximum periods. Using a
kriging algorithm, these single points on the globe will be interpolated to a
continuous grid. It will then be possible to combine the gridded data with results



from dust climate models, and to produce an alternative dataset of dust
concentrations for both present and very dusty conditions. This dataset can
then be compared with model results and will possibly point to areas where
models may be improved. In addition, a focused analysis of dust impact on
radiative forcing in polar areas, where dust models generally show performance
problems, may help to understand polar phenomenons like the polar
amplification.

The success of this project should result in one ore more publications in
scientific journals.

b) Research content

A Continuous Flow Analysis system (CFA) was used to measure trace element
and dust concentrations in the EPICA ice-cores. These measurements yielded
data sets at 1 cm resolution, resulting at Dome C in sub-annual time resolution
at the top of the ice-core to ~25 year resolution at the bottom. For the first time,
sub-millennial variability can be investigated in the past glacial-interglacial
cycles. Past manifestations of fast climatic variations like Dansgaard-Oeschger
events and their corresponding Southern Hemisphere counterparts, the
Antarctic Isotopic Maxima, may be recorded in the CFA data set. The
unprecedented resolution of this dataset will hopefully allow to confirm if such
events happened during all glacial periods or only the last. The identification of
past warming events during past glacials may increase our knowledge about
these phenomenons and allow improved models.

On a global average dust concentrations in the air are generally 3-4 times
higher during glacial times than during interglacials due to enhanced aridity,
reduced hydrological cycle, and increased wind speed. However, glacial aeolian
dust depositions in the polar caps increase by an order of magnitude compared
to interglacial levels. Aerosols have been shown to have a net negative impact
(direct and indirect) on radiative forcing. Thus the very large increase in
airborne dust particles in high latitudes should have helped to cool down the
polar caps and was a force against warming changes. This cold positive
reinforcement of dust in polar areas will be investigated using a combination of



ice core and dust model data in a one-dimensional rapid radiative transfer
model. In addition, a global estimate of dust-induced radiative forcing will be
produced using a global reconstruction of atmospheric dust concentrations.

c) Methodology and research strategy

Since all of the data have been already measured, this project does not require
field work. Most of the published data from the Dome C ice core so far is at a 55
cm depth resolution, which corresponds to a time resolution of 10 years at the
top, and ~1000 years at the bottom of the core. The 1 cm resolution CFA data is
published down to 1960 m depth or 173'000 years age, the lower part being
unpublished yet and will thus require approval by the University of Bern for use.
Since | (Fabrice Lambert) was the one who measured and compiled these data,
| do not expect any problems in cooperation with the University of Bern.

For the global reconstruction, the recently published DIRTMAP 3 dataset will
mainly be used. New results of dust flux during the Holocene or the Last Glacial
Maximum will be added as they are published.

3. Expected impact

A. Scientific impact

The publication of the high-resolution Dome C data will be welcomed by all the
paleoclimate community. These data will improve our understanding of past
climatic processes during glacial-interglacial transitions, as well as of the
centennial and millennial variability in the Southern Hemisphere during the past
800,000 years.

The role of mineral dust in the climate is little understood. Climate models have
consistently failed to reproduce glacial dust concentrations at high latitudes. In
addition the radiative forcing effect of dust is burdened with a very large
uncertainty. The successful completion of this project will improve the
understanding of the impact that mineral dust has on climate, especially at high
latitudes.



B. Economic and social impact

By improving our knowledge of climatic changes in the past, modeling of future
climate will be more detailed, robust, and trustworthy. Society at large will profit
from this knowledge by being better prepared for the challenges that future
climate change holds.



4. Results

A. Centennial mineral dust variability in high-resolution ice core
data from Dome C, Antarctica

1. Introduction

Atmospheric aerosol production, mobilization, long-range aeolian transport, and
deposition respond to past climatic changes (Fischer et al.,, 2007a, 2007b;
Legrand and Mayewski, 1997; Mahowald et al., 2006a; Wolff et al., 2006). Vice
versa, dust and other aerosols affect radiative forcing, thus climate, through
absorption and scattering of radiation (Mahowald et al., 2006b; Miller and
Tegen, 1998; Tegen et al., 1996) and play a role as condensation nuclei
(Sassen et al., 2003; Schwartz, 1996). The total atmospheric dust load, as well
as physical (e.g. size, shape) and mineralogical characteristics are important
factors for the radiative budget of the atmosphere (Tegen, 2003), and for the
micronutrient supply to terrestrial and marine ecosystems (Martin et al., 1991).
The hypothesis that a reduced supply of iron to the Southern Ocean could be
responsible for a substantial part of the 80-100 ppmv CO; increase from the
Last Glacial Maximum (LGM) to the Holocene has been discussed for some
time (Martin et al., 1990; Watson et al., 2000). Estimates for the contribution of
this iron fertilization to the total glacial/interglacial CO, difference range from
<20% to <40% (Bopp, 2003; Ridgwell, 2003; Rothlisberger et al., 2004). It is
commonly believed that a combination of iron fertilization, carbonate

compensation feedback, and Southern Ocean ventilation changes together with



changes in ocean temperature drives the glacial-interglacial CO, changes
(Fischer et al., 2010; Kdhler and Fischer, 2006; Kohler et al., 2005; LeGrand
and Alverson, 2001; Sigman et al., 2010; Watson and Naveira Garabato, 2006).
Accordingly, documenting the centennial to millennial variability in dust input
into the atmosphere and into the Southern Ocean is of great importance to

constrain the impact of dust on the radiative budget and iron fertilization.

Insoluble mineral dust particles (dust) and soluble ionic aerosol constituents,
such as calcium (Ca?*) and sodium (Na*), are transported through the
atmosphere also to remote polar areas, like the central East Antarctic plateau
(Fischer et al., 2007b; Wolff et al., 2006). Many of these aerosol species (such
as mineral dust) are non-volatile and irreversibly deposited onto the ice sheets
(Legrand and Mayewski, 1997). Thus, they are regularly measured in polar ice
cores and allow for conclusions concerning climatic processes in the aerosol

source region and during transport in the past.

In the case of mineral dust, long-term changes have been documented during
the last 800,000 years in low-resolution dust records from the Dome C ice core,
Antarctica (Lambert et al., 2008) showing extraordinarily high dust fluxes during
glacial conditions. Strontium and neodymium isotopic analysis identified
southern South America (>32°S) as the primary source for dust deposited onto
the Antarctic ice sheet during recent climatic periods (Delmonte et al., 2004)

with a strong relative contribution from possibly Australian sources during recent



interglacials (Delmonte et al., 2008; Revel-Rolland et al., 2006), and a possible
additional source in the Puna-Altiplano in Argentina during glacials (Delmonte et
al., 2010; Gaiero, 2007). The contribution of the exposed continental shelves
during glacial times is unclear (Bigler et al., 2006; Maher et al., 2010), however,
comparison of the temporal evolution in dust aerosol tracers and sea level
during the last termination rules out that flooding of the previously exposed
Argentinian continental shelf was the dominant factor for the dust changes

during that time (Wolff et al., 2006).

Because calcium was more rapidly measurable at high resolution in polar ice
cores than particulate dust, it has routinely been used uncorrected (Ca?") or
corrected for its sea salt contribution (nssCa?) as a proxy for aerosol dust
deposited in central Greenland (Fuhrer et al., 1999; Mayewski et al., 1994) or in
central Antarctica (e.g. (Fischer et al., 2007a; Roéthlisberger et al., 2002).
Particulate insoluble dust volume has been measured by the Coulter Counter
technique (e.g. (Delmonte et al., 2002)) at low resolution. Since 1999 laser-
absorption was used for high resolution particulate dust measurements (Ruth et
al., 2002), however, size calibration of the absorption measurements is still a

matter of discussion.

In this study we present for the first time the complete datasets of Ca?*, nssCa?,
and insoluble dust records (based on laser absorption measurements) from the

Dome C ice core at 1 cm resolution spanning the entire past 800,000 years,



obtained in the frame of the European Project for Ice Coring in Antarctica
(EPICA). The calcium to particulate dust relationship is investigated during
glacials and interglacials. Using Principal Component Analysis (PCA), we
produced a common dust flux signal that exhibits joint features of all our three
dust proxy records. These new dust flux data are used to analyse millennial
variability in the past eight glacial periods. We also investigate the possible
causes and effects of dust variations and stepwise dust changes during glacial

terminations.

2. Methods
The EPICA Dome C (EDC) ice core was drilled in East Antarctica (75°06’S;

123°21’E) and covers the last 800,000 years (Jouzel et al., 2007). From a depth
of 24.2 m down to 3200 m a Continuous Flow Analysis (CFA) system (Bigler et
al., 2006, 2010; Kaufmann et al., 2008; Réthlisberger et al., 2000) was applied
to measure, among others, insoluble dust particles and soluble Ca?* and Na*.
The data gathered with this method have a nominal depth resolution of ~1 cm
taking dispersion in the CFA system already into account, which corresponds to
a formal sub-annual temporal resolution at the top and up to ~25 years at the
bottom of the ice core. Practically, surface snow mixing and dispersion in the ice

result in a lower effective temporal resolution.



2.1 Calcium and non-sea-salt Calcium

For the ionic constituents the detection limit was about 0.2 ng g™ for Ca?* and 3
ng g’ for Na* (Bigler et al., 2006). The mean error for both Ca? and Na* is

estimated to be lower than +10% (Bigler et al., 2006; Roéthlisberger et al., 2000).

In contrast to particulate dust, Ca®* has, apart from terrestrial, also marine
sources (Bigler et al., 2006; Legrand and Mayewski, 1997). Although the marine
aerosol ratio of Ca** to Na* is well known (Bowen, 1979), few studies have
investigated the continental Ca?* to Na* ratio of terrestrial aerosols from specific
regions (i.e. southern South America) (Bigler et al., 2006). However, these ratios
are needed to calculate the exclusively terrestrial non-sea-salt calcium based
on Ca? and Na' measurements. The sea-salt (ss) and non-sea-salt (nss)
contribution to Na* and Ca? can be calculated using the system of linear

equations

[ssNa*]=(R*[Na*]-[Ca®'])*(R-Rm)"

and

[nssCa?]=R#([Ca?]-Rn*[Na*])*(R-Rum)",

with R and R, being the terrestrial and the marine Ca?/Na" ratio, respectively
(Bigler et al., 2006; Raothlisberger et al., 2002). Traditionally, the ratio R» was

assigned to the marine bulk sea water ratio of 0.038 and R; to the average



crustal value of 1.78 (Bowen, 1979). However, other sources than sea spray,
such as frost flowers, may have contributed significantly to the marine ion
concentrations in central East Antarctica (Wolff et al., 2006). Based on these
assumptions, an R, value of 0.044 was proposed for Antarctic ice core data
(Rankin et al., 2000). A study by Bigler et al. (2006) that estimated these ratios
empirically using high-resolution CFA data from Dome C found R» = 0.043 £ 9%
and R: = 1.06 £ 8% for the East Antarctic plateau. The lower R; value compared
to Bowen (1979) most likely reflects the local crustal composition in southern
South America. We used the marine and terrestrial Ca?*/Na* ratios from (Bigler
et al., 2006) in this study. Note that the difference in these parameters only
marginally affects the calculation of nssCa?+ in contrast to sea salt Na*, which is
not discussed here. Calcium and sodium data below the detection limit were
discarded. Values below 0.1 ng/g (including all negative values) in the nssCa?
record were also discarded to avoid artefacts produced by exceptionally high
sodium concentrations, as the ratios R; and R, are in principle only valid on
average, and might not apply to single data points. Assuming an error of 10%
for Ca?*, Na*, Rm, and R;, the uncertainty of the nssCa?* record amounts to ~0.2

ng/g (30%) during interglacials and ~5.4 ng/g (10%) during glacial maxima.

An additional analytical concern may be the amount of Ca?* being leached from
particulate dust after the ice sample has been melted. This amount may be
dependent on the acidity of the sample. Anomalously high Ca?*/dust ratios were

found coinciding with volcanic eruptions (Ruth et al., 2002) in Greenland ice



samples with very high Ca?* concentrations. However, these occurrences are
very localized and rare, and do not influence the long-term signal. In addition,
the very good correspondence of Ca?" concentrations measured by CFA and
traditional ion chromatography (IC) (Ruth et al.,, 2008) excludes that a
systematic offset is introduced during the CFA measurements. In case of IC
measurements, the melted sample gets in contact with the acidic IC eluent,
which would lead to a higher solution of Ca?* from particulate dust if this were to
be an important effect. Only for very low Ca?" concentrations does the IC data
divert to somewhat higher concentrations. However, this is due to the higher
analytical blank of the discrete IC analysis. Accordingly, the CFA measurements
can be regarded as reliable data of Ca?* concentrations in ice core melt water.
Note, that this does not exclude a potential temporal variation in Ca?* leaching

of dust aerosol during atmospheric transport.

2.2 Insoluble dust

Insoluble dust concentration and size distribution below 769.5 m (from 44 to 800
kyr BP) were measured by laser-absorption particle sensors and counters
(Abakus from Klotz, Germany) (Ruth et al., 2003), in the following denoted as
Bern dust data. The particle size detection limit of these laser particle devices
(LPD) is approximately 1 um of equivalent spherical particle diameter. The
upper measuring limit was set to 17.2 um. Within this size range the LPD counts
the number of particle in 32 different size channels. The sum of all channels is

then converted into an analogue voltage signal. In the Bern dust data this



voltage signal was converted to number of particles per millilitre as described in
(Bigler, 2004). The first 769.5 m were measured with a custom-made LPD from
the University of Copenhagen featuring 4 channels only, and are referred to in

the following as CPH dust data.

In principle, the particle size channels can be calibrated with spherical latex
particles. In practice, however, this calibration proved insufficient, as mineral
dust particles come in all shapes. Therefore, only the total dust particle number
was used in this work and an empirical calibration to dust mass fluxes was
performed (see below) using low resolution Coulter Counter data (Lambert et
al., 2008). Note that this calibration does not allow for a quantitative
interpretation of dust size changes derived with the LPD. The error of the LPD

dust particle number data is estimated at <10% (Ruth et al., 2002).

The lowest part of the ice core (below 3000 m) had many cracks and breaks
bearing the risk of contamination with drill fluid, whereas the rest of the core up
to the end of the brittle zone (at ~950 m) was essentially break free.
Contamination with drill fluid compromises both LPD and CC measurements.
They caused either saturation of the LPD signal or were clearly recognizable
based on unreasonably large size distribution data. In addition, the stratigraphy
of the ice below 3190 m was disturbed and the climatic relevance of data
collected in that part is strongly questioned (Jouzel et al., 2007). Therefore, only

the data down to 3190 m depth are considered in this study.



2.3 Principal Component Analysis

The Ca?', nssCa?, Bern, and CPH dust particle number data are presented in
Figure 1. The light grey curve shows the 1 cm high-resolution data, the
superimposed black curve shows discrete 55 cm median values. Note that the
Bern and CPH particulate dust data have separate y-axes. All three species are
considered a proxy for atmospheric mineral dust concentrations, each with its
own advantages and limits. Calcium has a low uncertainty, but is
“contaminated” with ssCa?* during interglacials. The correction to nssCa?
removes the sea-salt part at the cost of a lower accuracy due to the choice of R,
and R, and a larger scatter at low concentrations. LPD particle number data
have a low uncertainty for most of the record, but are not easily calibrated to
mass concentration units. Principal Component Analysis (PCA) (e.g. (Abdi and
Williams, 2010)) provides the means to extract the common climatic signal from
all of these datasets. The low accumulation rate at Dome C and the log-normal
distribution of dust proxy data make the logarithmic values of fluxes most
representative for changes in atmospheric dust aerosol changes (Fischer et al.,
2007b). Therefore, all datasets were multiplied with the accumulation rate and
logarithmized prior to the PCA. Note that the accumulation rate is only available
at 55 cm resolution (Jouzel et al., 2007) and that values in between were

linearly interpolated.

In a first step, the CPH and Bern dust data had to be fused to one dataset. The

CPH and Bern devices had different sensitivity which resulted in different



variability in the two data sections. To homogenize the two datasets, both were
separated in a high-frequency and a low-frequency part by subtracting a
smoothed curve (we used a 1 kyr running mean with cos? shaped weights) from
the logarithmized flux data. The two parts of the CPH data were then
standardized (i.e. centred and divided by the standard deviation) using their
respective mean and standard deviation, and de-standardized using the mean
and standard deviation from the respective part of the logarithmized Bern data
in the section 120-165 kyr BP. This time section was chosen because it is
similar to the CPH data section in length and also encompasses both glacial
and interglacial values. The resulting high and low frequency datasets were
then added together and appended prior to the Bern data. We justify this
procedure with the fact that both Ca?" and nssCa? show similar means and
standard deviations (within 20%) in high and low frequency bands in these two
data sections. Nevertheless, one should keep this feature in mind when

analysing variability in the youngest part of the PCA-derived data.

The first principal component (PC1) explains over 92% of the variance in the
records, and we interpret it as the climatic signal common to all three species.
The rest of the variance stems from measurement uncertainty, sea-salt
influence, and noise. Gaps in the Ca?*, nssCa*, and LPD datasets were linearly
interpolated prior to performing the PCA. The linear interpolation is a good
approximation of the average value, thus the level of the PC1 data is not

particularly affected. However, if there is a gap in one or two of the original



records, the variance in PC1 will be decreased in that section (Fig. 3b). One has
therefore to be careful when using the PC1 data to study dust flux variability in
sections that feature large gaps in any of the original records. We reintroduced

gaps in the PC1 data where all three original datasets have no data.

2.4 Calibration

To calibrate the PC1 data to dust mass flux units we used a two-sided
regression analysis between PC1 and the logarithmized dust flux data from
Coulter Counter measurements. CC measurements were performed on discrete
7 cm long samples at least every 6 m, but mostly every 55 cm over the whole
EDC ice core. CC data and method are described in detail in (Delmonte et al.,
2002). The fit of the PC1 to the CC data was performed with averaged PC1

data of all 7 cm sections where CC measurements were available.

To estimate the error in the two-sided regression we used a Monte Carlo
approach, where we created 1000 ensembles of data points which scatter
around the regression line with a distribution defined by the residuals of the
original data points with the regression line. Note that the thus derived errors in
the regression parameters reflect only the uncertainty in the regression itself
due to the scatter of the entire dataset but not the measurement error in each
individual data point. This led to a Monte Carlo regression between logarithmic

CC fluxes and PC1 according to



log+eCC= (0.4925+0.0124) * PC1 + (0.106920.0065) with r> = 0.83, n=1028

This translates to a relative calibration error of <10% for the dust flux values in

the measured range between 0.1 and 50 mg m=2 yr'.

Note that with this calibration we avoided the issue of size calibration of the
laser dust sensor. On the other hand, we cannot interpret differences in the
evolution of soluble and particulate dust fluxes any more using our PC1 derived
dust flux data. We therefore calibrated the CPH and Bern LPD data also
individually in a similar fashion with the CC concentrations (in ng g™') in order to
compare particulate dust concentrations to calcium concentrations. The
regression between logarithmic CC concentration and logarithmic Bern LPD

data was calculated to

log1o(CC mass) = (0.9084+0.0309) * log+(Bern LPD data) — (1.3276+£0.1076)

with r? = 0.85, n=519

whereas the regression between the logarithmic CC concentration and

logarithmic CPH LPD data was

log+1o(CC mass) = (1.633+0.089) * log+(CPH LPD data) + (3.136+0.128) with r?

=0.80, n=273

This translates to a calibration error in the range of 30-40% and 40-50% for the



entire range of dust concentrations (approximately 3-1500 ng g') for the Bern

and CPH dust data, respectively.

3. Results and discussion
3.1 Long-term trends in the insoluble dust to calcium ratio

Calcium and insoluble dust both follow the major climatic cycles with higher
concentrations during cold times. Figure 1 shows the EDC particulate dust,
Ca%, and nssCa?" concentrations, both at 1 cm and 55 cm resolution on a depth
scale. We record typical interglacial concentration values of 1-2 ng g™ for Ca?,
0.5-1 ng g for nssCa?", and 200 Particles ml”' for insoluble dust. During glacial
maxima, average insoluble dust particle number concentrations increase by
over two orders of magnitude, while Ca®* and nssCa* average mass
concentrations increase by a factor of about 30 and 60, respectively. The

particulate dust flux changes by a factor of 25-30.

The different rates of glacial/interglacial decrease in soluble and insoluble
particulate dust tracers indicates already a significant difference in the glacial
and interglacial dust composition. The EDC Ca?* to insoluble dust mass ratio
fluctuates between about 0.04 and 0.2 (Fig. 2). The nssCa?* to insoluble dust
mass ratio ranges between about 0.03 and 0.2, although the fluctuations are
generally smaller than those in the Ca*/dust ratio. Low and high ratios are
generally related to glacial maxima and interglacials, respectively. The lower

LGM values may be due to different mineral compositions of dust transported to



the southern polar region during cold times. The higher interglacial values could
be related to an additional dust input from Australian or even local Antarctic
sources during warm times that becomes insignificant relative to the total dust
deposition during glacial times. Interestingly, a clear change in dust composition
has also been derived from He isotope measurements on mineral dust aerosol
from the EPICA Dronning Maud Land ice core between the last glacial and the

Holocene (Winckler and Fischer, 2006).

Alternatively, glacial Antarctic dust may have been subjected to a greater
amount of Ca?* leaching due to a change in weathering conditions on the way
from its source, or affected by changing ice alkalinity (Ruth et al., 2002). The
size of dust particles is unlikely to have played a role, as it stays fairly constant
over the record, with glacial-interglacial changes of only 5% (Delmonte et al.,
2004; Lambert et al., 2008). The fact that both Ca? to insoluble dust and
nssCa?" to insoluble dust ratios show similar variability patterns, suggests that

varying amounts of sea-salt calcium were not responsible for these changes.

It is interesting to note, that the calcium to insoluble dust ratio changes its
pattern before 700,000 years BP. Taken at face value, these changes in the
bottom part of the core point to a change in the crustal composition of dust
transported to Antarctica during the climatic reorganization that happened at the
Mid-Pleistocene Revolution. Note, however, that in this depth interval, single

dust particles were agglomerated, possibly due to ice recrystallization and shear



deformation processes (Lambert et al., 2008). This could potentially affect the
leaching of Ca?* from these aggregates. Grain size data shows a trend towards
larger ice crystals with increasing depth and may be influenced by dust content
(EPICA comm. members, 2004). However, the low resolution of the physical
properties data at this depth prevents a conclusive link between dust particle

aggregates and ice crystal size.

3.2 High resolution dust flux changes

In Figure 3a we show the calibrated PC1 dust flux dataset. It is shown in black
with the Coulter Counter dust flux data (Lambert et al., 2008) overlain in red. As
the common signal found in the high-resolution particulate dust, Ca*, and
nssCa?" data, PC1 can be interpreted as the best representation of high-
resolution atmospheric mineral dust variability. Being empirically calibrated
against dust mass fluxes from CC measurements, the amplitude of the changes
reflects that of insoluble particulate dust fluxes. The dataset ranges from 400 to
801,000 years BP and is at 1 cm resolution. This corresponds to a formal three
months resolution at the top to ~25 years at the bottom of the core. Average
dust flux values vary between 0.2 - 0.6 mg m2 yr'and 10 - 30 mg m=2 yr' during

interglacials and glacials, respectively.

3.2.1 Antarctic warming events

Antarctic warming events like the ones reported in stable water isotope as

intermittent Antarctic Isotope Maxima (AIM) during the last glacial period



(Blunier and Brook, 2001; EPICA comm. members, 2006) are periods of
accumulating heat in the Southern Atlantic Ocean, most likely related to a
weakening of the Atlantic Meridional Overturning Circulation (AMOC) during
stadial conditions in the North Atlantic, and a rapid restart of the AMOC at the
onset of Dansgaard-Oeschger (DO) events (Stocker and Johnsen, 2003). A
recent study suggested that during the last glacial period, every DO event had a
corresponding AIM (EPICA comm. members, 2006). Similar features have also
been recorded in previous glacial periods, suggesting that millennial scale
variability was a persistent feature during glacial periods (Jouzel et al., 2007;

Loulergue et al., 2008; Martrat et al., 2007).

Antarctic dust flux and temperature variations are very well correlated during
glacial times (Lambert et al., 2008). This tight link between dust and climate
allows us to use our dust flux record as a first order indicator of high latitude
millennial climate variability. In Figure 4 we present a 25-year average of the
dust flux during glacial periods in black, underlain with the EDC temperature in
grey. During the past 60 kyr Antarctic warming events have been identified
using the EDC isotopic record (EPICA comm. members, 2006). Note that the
lower resolution of the EDC 8D data, as well as the smoothing of the isotope
record by diffusion in the ice, limits the recognition of warming events in the
deeper core. Our high-resolution dust mass flux record is not subject to these
limitations. Even before 740 kyr BP, where aggregation of dust particles in the

ice occurs, we see no major effect of this process on the dust mass flux



reconstruction. A comparison of the EDC 8D data with our dust flux record
during the last glacial period shows that all the AIMs can also be seen in the
dust record. Using our dust flux data, we have identified the potential Antarctic
warming events during every glacial period back to Marine Isotopic Stage (MIS)
18 and named them according to the MIS they occur in. The identification was
performed by subtracting a 3 kyr running median from a 1 kyr running mean
with cos?-shaped weights using logarithmic dust flux values that were centred
and inverted. All positive sections in the difference record that were longer than
700 years and had an area > 1.5 were defined as warming events. The four
parameters of the detection algorithm (length of the window and percentile
value of the running percentile (we also tried other values than the median),
length and area of the section in the difference record) were calibrated on the

last glacial period so as to detect all and only the AlMs.

The detection method appears to produce very good results. All major and
almost all minor events in the dust are detected. There are two possible
exception at 261 and 366 kyr BP where potential events were missed by the
algorithm. There are also some events (6.2, 6.12, 12.3, 16.4, 18.1) that appear
dubious to the eye and may be false positives. We have compared our warming
events with the predicted occurrence of DO events based on EDC isotopic data
(Barker et al., 2011). The predicted DO events have been marked with a
triangle in Figure 4. Back to 310 kyr BP the predicted DO events coincide very

well with the imprint of Antarctic warming events in the dust data. However,



before 340 kyr BP the time resolution of the isotope data drops quickly to more
than 300 years per 55 cm, and some smaller potential events are only found in
our data. On the other hand, (Barker et al., 2011) classified some of the larger
signals as two separate events, whereas they appear as single occurrences in

our dust data.

In summary, millennial variability in the Southern Hemisphere was a persistent
feature during all glacial periods in the past 800 kyr. The centennial to millennial
climate variability in the Southern Ocean region prior to 340 kyr BP was
somewhat higher than derived by (Barker et al., 2011), and more DO events are
likely to have taken place at that time in the North Atlantic region. The rate of
occurrence of Antarctic warming events is fairly constant around 2-3 events per
10 kyr. We confirm prior findings of a tendency towards maximal variability
during intermediate climatic states and low variability during climatic extremes
(Wolff et al., 2009). However, small events did happen regularly also during
glacial maxima just prior of each termination, which suggests that the bipolar

sea-saw was not completely inactive during those times.

3.2.2 Transitions

The unprecedented resolution of our dataset allows for a precise analysis of the
timing of dust changes and leads and lags with other parameters during climate
transitions. Figure 5 highlights the behaviour of mineral dust during the last nine

glacial terminations. Dust flux is shown in brown at a 25 year resolution during



all transitions, with the 1 cm data in grey in the background. We compare it to
the EDC isotope temperature record in black (Jouzel et al., 2007), the EDC and
Vostok CO; stack in red (Luthi et al., 2008), and global sea-level data in blue
(Bintanja et al., 2005). Note that these datasets are not available in comparable
resolution and that the sea level data are given on their individual age scale,
compromising the identification of leads and lags between sea level and the ice

core records.

Against common practice, dust has been plotted on a linear scale to emphasize
at which point in time the flux had dropped to levels close to the interglacial
minima, where subsequent changes should not have significantly affected iron
fertilization to the Southern Ocean. This time value has been marked with a
dashed vertical line. Although the precise moment when dust reaches
interglacial levels can be argued about, it is clear that in all glacial terminations
this moment was reached in dust flux well before temperature and CO, reached
interglacial levels. The dust lead on temperature and CO; is surprisingly
consistent around 4 kyr and much larger than the uncertainty in the gas age-ice
age difference. It is also easy to see that although CO, and dust flux usually
start changing at approximately the same time, CO, levels continue rising
steadily long after dust has reached interglacial values. In addition, during every
termination, CO, levels were still rather low by the time the dust-born iron
supply to the Southern Ocean had been reduced to interglacial levels. This

shows that the continuing increase in CO; after the dust drop cannot be related



to a reduction in iron fertilization. Termination | and V show the largest CO;
concentration rise of ~30 ppmv at the time dust reaches interglacial levels,
which corresponds to about 40% of the total change. Other terminations show
much smaller CO; increases concurrent with the dust decrease. We can
therefore confirm the conclusion of previous studies that found it unlikely that
iron fertilization of the Southern Ocean played the most dominant role in CO.
concentration changes during the last termination (Bopp, 2003; Ridgwell, 2003;
Rothlisberger et al., 2004), and extend it to glacial terminations in general. It is
more probable that the oceanic iron cycle saturates at some point and that other
processes or nutrients limit further planktonic growth above a certain iron
concentration (Fischer et al., 2010; Martinez-Garcia et al., 2011; Parekh et al.,

2008).

A special feature of the dust flux is that in most cases it did not gradually
change from glacial to interglacial levels as temperature and CO; did. During
most terminations the dust flux data show one or more sudden very fast drops
that happen within a few centuries (indicated by vertical arrows in Figure 5).
These sudden jumps occur during all transitions, although they are not as
pronounced during terminations | and V when the dust flux falls more gradually
towards interglacial levels. Clearly, the amplitude of these jumps is not as
marked when using logarithmic dust flux data (as justified by the approximately
log-normal distribution of dust fluxes for constant climate conditions), but the

jumps are still prominent with respect to the rapidity of the step-like changes.



Looking at the sea-level data we can see no distinct level that would
consistently correspond to the fast drops in dust flux. It is therefore not clear
that these dust jumps are the consequence of the Argentinian shelf being
submerged, and dust sources on the shelf being suppressed. This is in
agreement with isotopic findings that locate the main source of glacial dust on
modern Patagonian and Argentinian mainland (Delmonte et al.,, 2010). Note,
however, that the benthic %0 based sea-level reconstruction (Bintanja et al.,
2005) and the Dome C ice core data are given on their individual age scales
making an unambiguous quantification of the phase relationship highly

uncertain, especially in the older terminations.

Another more likely reason for the fast decline of dust flux during glacial
terminations is a sudden change in atmospheric circulation and the hydrological
cycle over the dust source regions. Increased moisture in previously arid
regions may have allowed vegetation to grow quickly, which would have
significantly hindered the dust mobilization into the atmosphere. In addition, an
enhanced hydrological cycle would have reduced the life time of airborne dust
particles during transport by increasing washout, thus reducing the amount of

dust exported to far away regions (Lambert et al., 2008).

One possible reason for such a sudden change in the hydrological cycle of
southern South America could be a latitudinal shift or change in extension of the

westerly wind belt connected to the deep pressure trough and the region of



intense cyclonic activity in the Southern Ocean. Dust mobilization in southern
South America today is mainly occurring during summer, when precipitation is
low and individual high wind events can pick up dust aerosol. High wind speeds
are connected to cyclones passing the Drake passage and thus episodic in
character (Lassig et al., 1999). Further to the north, zonal wind conditions
crossing the Andes lead to Fohn conditions (Zonda wind) lee-sides of the
mountains (Lassig et al., 1999), connected to high wind speed and potentially
dust uptake. It has been suggested that the position of the Westerlies over
South America varies according to sea surface temperature (Lamy et al., 2010).
During cold conditions, the region of high westerly wind may expand northward
(as is the case for recent winter conditions), making cyclonic influence in
southern South America less episodic and zonal winds more steady. In addition,
the dryer conditions during glacial times connected to a constant replenishment
of fluvial dust source by enhanced glacial outwash, lead to a combination of
high dust supply and strong wind uptake at that time. As temperature rises, the
wind belt contracts, while the wind intensity in the core may increase (as
observed in summer time today). Also, precipitation in Patagonia may increase
again, suppressing dust mobilization and prompting vegetation to grow on

previously dusty soil.

As illustrated in Figure 5, the rapid stepwise dust increases occurred very early
during the deglaciation, i.e. when temperatures were still low and glacier extent

in Patagonia still at its maximum. Therefore, a thermodynamic effect on



precipitation rate and washout of aeolian dust at that time is expected to be still
small. However, at this time Na* concentrations in the ice core also started to
decline, pointing to a reduction in sea ice and/or storminess in the Southern
Ocean (Bigler et al., 2010; Wolff et al., 2006). Accordingly, we conclude that the
strong change in dust mobilization and transport to the Antarctic ice sheet
observed in our record at the beginning of the terminations is more likely
connected to a rapid atmospheric reorganization at that time. This is also
supported by the fact that many large Antarctic warming events show a similar
fast dust response, with drops of 50% of the initial level or more within a few
centuries (vertical arrows in Figure 4). There is no obvious threshold in
temperature or sea-level that would provoke such fast changes in dust
mobilization, especially since dust changes always lead changes in
temperature. It would therefore appear that Southern Hemisphere atmospheric
changes preceded the rise of temperature in the Southern Ocean during

terminations and Antarctic warming events.

3.2.3 Distributions

We investigated the distribution of the dust flux during selected time periods
using 25 year averages of the logarithmized and detrended nssCa?* data. For
the Holocene very little LPD data exist (Fig. 1). Moreover, the CPH LPD data
over the last 42 kyr were rescaled to the Bern LPD data, and hence do not allow
for an independent estimate of the dust flux distribution. Accordingly, we only

discuss the nssCa?" distributions over the entire 800,000 year record. Note



however that the overall glacial/interglacial change in the variability of the data
discussed below is also seen in the LPD data as illustrated in Fig. 1. The
distributions were separately plotted for the interglacials (Fig. 6a) and the

glacials (Fig. 6b).

In all studied sections, the distributions of the logarithmic nssCa?* fluxes are well
fitted by a Gaussian distribution. This indicates that the fundamental processes
governing dust uptake, transport to, and deposition in Antarctica were probably
never fundamentally disturbed, and similar to modern conditions. In particular,
extraordinary dust storm events that cannot be described by the background
distribution did not occur during glacials, and are therefore not responsible for
the very high glacial fluxes. However, there is a distinct difference in the width of
the distributions between climatic optima and glacial maxima. Warm periods are
characterized by a broad distribution, while cold periods have a markedly
narrower one. MIS 16, that is thought to have been one of the coldest glacials in
the past million years (Lisiecki and Raymo, 2005), shows the narrowest of all
distributions, whereas the highest variability is featured during MIS 11, which

was the longest interglacial.

The narrower glacial distribution agrees favourably with higher, but more steady
wind speed in South America, when compared to interglacials. Once again, we
can link this to the latitudinal shift or extension of the westerly wind belt in South

America. As has been proposed in the last chapter, during cold times, intensive



westerly winds are found more to the north, whereas the relaxation of wind
stress in the south allows regular cyclonic activity from the drake passage. This
results in a higher and more regular dust enthralment. In conjunction with a
longer atmospheric residence time due to a weaker hydrological cycle, these
changes could explain the factor of 25 between glacial and interglacial dust flux

(Lambert et al., 2008).

4. Conclusions

The Ca?, nssCa?" and insoluble particulate dust data from the EPICA Dome C
ice core are presented at 1 cm depth resolution, corresponding to a formal sub-

annual time resolution at the top and ~25 years at the bottom of the core.

The calcium to insoluble dust ratio varies by up to a factor of 6 between glacials
and interglacials, with higher values during interglacials. The changes can be
attributed mostly to variations in the Ca®‘/dust ratio of glacial and interglacial
dust particles. These variations could be a result of the additional soluble Ca?*
leached by the more acidic atmosphere during warm times and/or from different

Ca*/dust ratios of the dust sources during both time intervals.

Using the calcium, nss-calcium and insoluble dust records, a new dust flux
dataset was created using Principal Component Analysis. The new record

consists of the variability common to all three datasets and represents the best



high-resolution estimate for atmospheric dust flux variability during the past 800
kyr. Based on this dust flux record, the occurrence of Antarctic warming was
investigated and the events identified during the past eight glacial periods. Such
dust imprints of Antarctic warming events can be found during all glacial
periods. They occur about 2-3 times every 10 kyr throughout the last 800,000
years. Southern Hemisphere millennial and centennial variability thus appears
to have been a persistent feature of past glacial periods. The timing and leads
and lags of dust with temperature, CO, and sea-level during glacial terminations
were investigated. Dust usually reaches interglacial levels about 4 kyr before
both temperature and CO,. By that time CO; levels have never risen by more
than 30 ppmv during the last 9 terminations. Iron fertilization by aerosol dust to
the Southern Ocean can therefore only explain the smaller part of glacial-
interglacial CO, changes. Dust flux also leads the major changes in sea-level,
and there is no evidence for a consistent threshold value in sea-level that would
impact on dust levels, although phase relationships on the independent marine
and ice core age scales are highly uncertain. The abrupt changes seen in dust
flux during terminations and Antarctic warming events within a few centuries
suggest that changes in the hydrological cycle in the source region, possibly
linked to changes in the latitudinal extension of the Westerlies, may have
provoked the sudden drops in dust production and transport. Although not quite
as rapid as the decadal atmospheric response to Dangaard-Oeschger events in
the North Atlantic (NGRIP comm. members, 2004; Steffensen et al., 2008), the

centennial jumps in dust flux in central Antarctica indicate quite drastic



reconfigurations in the wind regime also in the southern hemisphere, linked to
climatic changes during the transitions and leading to substantial dust
mobilization changes at that time. Their clear lead on temperature changes
suggests that atmospheric reorganization in the Southern Hemisphere occurred

before the Southern Ocean had warmed up significantly.

Both glacial and interglacial dust distribution are unimodal and can be well
described by a log-normal distribution. Glacials display a narrower standard
deviation than interglacials, which we interpret as reflecting the steadier
atmospheric conditions in South America during glacial times. We conclude that
the processes responsible for dust uptake and transport were not significantly
altered from glacial to interglacial conditions. However, replenishment of dust
supply, e.g. by glacial outwash, in parallel to higher mean wind speeds and
reduced precipitation and vegetation can explain a largely increased glacial
source strength in southern South America. Together with the larger
atmospheric residence time connected to lower precipitation en route, this can

explain the 25 times higher dust fluxes in Antarctica during the glacial.
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Figure 1: Calcium, non-sea-salt calcium, and dust data at 1 cm resolution
(grey), overlain with 55 cm mean values (black) from EPICA Dome C CFA on
the depth scale. The EDC3 time-scale in kyr is indicated on top. Dust was not
measured between 100 and 358 m depth. Note that the CPH and Bern dust

data have different y-axes.
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Figure 2: Insoluble dust concentrations in ng g™ with ratio of Ca** and dust (in
black), and nssCa?" and dust (in grey) concentrations, using 100 yr median
values, on a logarithmic scale. Ratios have been smoothed by a 2500 year

running average.
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Figure 3: a) The first Principle Component (PC1) from the PCA (in black) has
been calibrated with the Coulter Counter dust flux data (in red (Lambert et al.,
2008)). b) Example section featuring Ca?*, nssCa?, and particulate dust data
and the first Principal Component. Only where gaps are present in all three

original datasets does the PC1 also feature a gap.



AIM 8
; AIM 12 AIM 14 AIM 17

T PLIRTREY L y
AIM 2 7 2 "‘y n} ‘r’” w m«%\u“ %J*WM\VW &M 1]\;*\ \h {\, H & '(Ms(w N)\/M :

AlM 19 AIM 20 -2

-4

a
>
<
IS

o

-6

—_—

-8

-10

Temp Anomaly (K)

Dust Flux (mg m?2 yr')

| -12
20 ms2 30 40 50 60 Mis4 70 80

6.11 6.14 ’ A
6.6 6.8 “d | h

. : 6.9 6.12 ||/,
6.4 6,7l ) i W “

-
o
L

o

w

-«
o
(2]

|
Ll . f |
Wy 6.2 0 , i i A A i | ]
§ o f i/ J‘ 1 iy !
b Ml af | h% LT t Ny i *“”‘!‘M’M ! u ]

Dust Flux (mg m2yr')

-

-
o

Dust Flux (mg m2 yr)

e
- o

-
o
Temp Anomaly (K)

Dust Flux (mg m2 yr')

340  mis10 350 360 370 380 390

e
o

-

-
o
Temp Anomaly (K)

Dust Flux (mg m2 yr')

5 3
E z
o
g
3 :
% 5
g (=
=]
Toap 16.14 16.15 _
9 6.10 4 =
o 16.1
E 16.6 n ™ 3
L i

£ r “v\‘(N i Wy e §
5 . =
i 10 8 o
7 £
a 10

63 690

o1 =
L €
E z
o 1 €
< 2
| .
t 10 g
F -
a

740 760 760 770 780
MIs 18 Age (kyrBP)

Temp Anomaly (K)

Temp Anomaly (K)



Figure 4: 25 year mean dust flux data in black underlain with the EDC

temperature data at original 55 cm depth resolution (Jouzel et al., 2007) back to

800 kyr BP. Antarctic Isotopic Maxima (AIM) are marked as identified in (EPICA

comm. members, 2006). Vertical arrows mark the rapid dust flux jumps. The

triangles mark the predicted occurrence of DO events based on the EDC

oDeuterium data (Barker et al., 2011).
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Figure 5: Evolution of dust flux (on an inverted axis at 1 cm resolution in grey

overlaid with a 25 yr mean in brown), EDC temperature ((Jouzel et al., 2007) in

black), CO. concentrations ((Luthi et al., 2008) in red), and global sea-level

((Bintanja et al., 2005) in blue) during the past nine glacial terminations. The

dashed line marks the time when dust flux reaches interglacial conditions.

Vertical arrows mark the rapid dust jumps.
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B. The role of mineral dust aerosols in polar

amplification

Mineral dust particles in the air both absorb and scatter incoming shortwave and
outgoing longwave radiation’. They also act as condensation nuclei for ice and
water droplets, thus affecting the climate indirectly’. Modern atmospheric dust
concentrations can be derived from satellite measurements in certain areas, but
only dust modeling studies have provided global estimates®*'?. Information on
dust deposition in the past can be obtained from climatic archives™. In turn, dust
models can be tuned to match the observed depositions and provide an
estimate for present and past atmospheric concentrations*®. Global dust
deposition at the LGM is thought to have been higher by a factor of 2-4 than
during the Holocene**™*™  While the optical properties of desert dust are
uncertain, surface RF due to dust aerosols has been estimated in modeling
studies at -0.2 to -1.2 and -0.43 to -3.2 Wm™ for Holocene and LGM conditions,

respectively®.

In this work we propose an alternate way to estimate atmospheric dust loads

during Holocene and LGM conditions by using observations to constrain our



dust concentration changes, with some information from the models. We then
use these observations derived estimates to calculate dust-induced RF.
Previous papers looking at the change in last glacial maximum versus current
climate were based on model studies, with some attention to observations*¢7'2,
Model studies of dust have many sources of uncertainties, from the source
areas, source strengths, transport pathways and deposition uncertainties. Here,
we use only the relationship between the vertical profile and the deposition from
the model. This reduces our dependency on the models and thus, potentially,
our uncertainties. We use two different dust model studies to ascertain our
uncertainties: the Community Atmospheric Model 3 coupled with the Climate
Community System Model 3* (hereafter CCSM), as well as Tokyo University's
SPRINTARS aerosol model coupled with the Model for Interdisciplinary
Research On Climate® (hereafter MIROC) provide two different simulations of

the dust cycle in both Holocene and LGM conditions.

The new DIRTMAP 3 database'™ increases the number of known dust
deposition sites during both Holocene and LGM conditions by a factor of 3

compared to the previous dataset'™. This data, combined with additional new



dust deposition measurements (table T1, suppl. mat.) was interpolated to a
global dust deposition grid using a kriging algorithm. Surface concentrations
were calculated by dividing the dry fraction of the deposition flux by the dry
deposition velocity. The dry deposition fraction and velocity differ for both
models and result in two slightly different surface concentration datasets.
Method and uncertainties are discussed in the supplementary information. The
reconstructions of surface dust concentrations based on CCSM and MIROC
deposition data are compared in figure 1 to the surface concentrations from
each model. Maximum and minimum values are similar in the reconstructions
and the models. However, dust loads appear more zonally distributed in the
reconstructions. This feature is highlighted in table 1a where the global and
zonal median of surface dust concentrations are displayed. Dust concentrations
are approximately log-normally distributed (fig. S2), we therefore use the
median as a more representative indicator of globally or zonally distributed dust
load than the average. Global median surface dust concentrations are
estimated at 1.4 to 5.2 yg m? and 2.9 to 13.6 yg m= for Holocene and LGM
conditions, respectively. This is higher than the model values and reflects the

wider distribution of dust load estimates compared to the source peaks in the



models. Especially in high southern latitudes, the reconstruction appears to
perform well with higher details than in the models, possibly reflecting small
sources that are not included in the models. On the other hand, the lack of data
in South America and Australia leads to an underestimation of these areas in

the reconstruction compared to the models.

RF due to the reconstructed dust loads was estimated by comparing
reconstruction zonal medians with each model's zonal direct shortwave (SW) +
longwave (LW) RF to surface dust concentration relationship (fig. S3-S6). This
rescaling is justified because direct RF evolves largely linearly with dust
concentrations. Due to generally higher dust loads, the RF in the
reconstructions tend to be higher than in their respective models. Table 1b
summarizes the findings in latitudinal bands. The global average of direct RF
(SW+LW) at the surface is estimated at -0.2 to -0.5 Wm= and -0.5 to -1.9 Wm?
during Holocene and LGM conditions, respectively. The global averages are

quite close to the model values, although some zonal differences are present.

The largest relative changes in dust concentrations and RF happen at high



latitudes. A disproportionate response to climate change in high latitudes is not
confined to dust loads, but is also a feature of temperature response. Although
LGM global and equatorial temperature were around 3 to 4 K colder than during
the Holocene'", this difference was much larger (8-17 degrees) at the poles'®
2 and we call this effect polar amplification (fig. 2). Polar amplification has been
subjected to ample scrutiny in the context of rising temperature in the close
future??2. The mechanisms of this effect are still unclear, and climate models
have consistently underestimated polar temperature amplification at the LGM™.
The temperature profiles in figure 2 show the amplification factor as the
difference to local average Holocene temperature divided by the global
temperature change between Holocene and LGM. LGM to Holocene changes
were double and quadruple the global average in Antarctica and Greenland,
respectively. The LGM to Holocene radiative perturbation in high latitudes due
to extended ice sheets has been estimated at -20 Wm™ 7. In comparison, the
global effect of reduced CO, concentrations is believed to be -2.8 Wm= 2%, The
dust data in figure 2 show the dust polar amplification as the local ratio to
average Holocene concentrations divided by the global Holocene to LGM dust

load change. As with temperature, the background dust load in low latitudes



agrees well with the estimated global average change. However, the change in

dust depositions at the poles was one order of magnitude larger than the global

average. It is plausible that the much higher atmospheric dust concentrations

during the LGM had a significant impact on polar climate and may have

contributed to the polar amplification phenomenon.

To investigate in detail the changes in polar regions, two sites were chosen over

both the Greenland and the Antarctic ice sheet (table T2), far away from

potential source areas. A remote site in the central Equatorial Pacific provides a

low latitude comparison over a low albedo surface. At each location, average

Holocene and LGM (defined as the time period from 8 kyr BP to 2 kyr BP and

from 26 kyr BP to 19 kyr BP, respectively) dust flux levels were deduced from

ice core or marine sediment data. These average flux levels can be considered

as originating from polar background atmospheric dust loads. The uncertainty in

ice core dust flux, as well as in the Thorium normalized marine sediment data,

is relatively well constrained at under 30%%'%'8. Surface concentrations were

reconstructed using the method discussed above (see suppl. mat.). Vertical

dust concentration profiles were derived by scaling each model's profile to the



reconstructed surface concentrations.

Dust deposition is highest during spring and summer in polar areas, which
coincides with peak mobilization in dust source areas?-2°. According to recent
modeling results, although dust deposition may be dominated by a few events
close to the source, deposition at remote areas is more evenly distributed in
time?. We can therefore assume that deposition at the poles was not due to
single events, but spread out over time. However, since it is difficult to estimate
how much dust gets deposited during spring and summer compared to the
annual total, we consider two cases, bracketing the range of possible
distribution. In the minimum scenario (MIN), dust deposition is evenly distributed
during the year, while in the maximum scenario (MAX), all the dust is deposited
during spring and summer. In both cases, dust-induced direct short-wave RF is

only in effect during the polar summer.

Figure 3 shows the Greenland and Antarctic direct short-wave radiative forcing
at the surface for both scenarios calculated with a one-dimensional rapid

radiative transfer model?. In Holocene conditions, the low dust concentrations



at the poles result in low surface RF values in Greenland and Antarctica.
Depending on model parameters and scenarios, the dust-induced surface RF in
the central Pacific varies between -0.5 and -3.5 Wm=2 and -1 to -3 Wm? in
Holocene and LGM condition, respectively. This is in agreement with the
general results shown in table 1b. Unlike the zonal averages in the models and
the global reconstructions, the RF from the detailed reconstructed LGM dust
concentrations over ice shields shows an important effect due to atmospheric
dust. Although both reconstructions differ in absolute values due to model
differences in dry deposition velocity and vertical profile, they both feature a
significant cooling at the surface. In Greenland, there is a -2.9 to -5.9 Wm?2
surface cooling (averaging the MAX and MIN values for each model), which
corresponds to about double the effect due to lowered CO, concentrations at
the LGM during polar summer, or a similar effect to CO., when considering
yearly average values. In Antarctica, the surface cooling is still sizable at -0.9 to
-1.8 Wm™. Long-wave forcing will slightly reduce these values. However, it is
difficult to quantify this effect, as it is strongly weakened by cloud cover, and

thus also dependent on the indirect effect of dust (see suppl. mat).



The SW RF is negative all along the air column over low albedo surfaces (fig,
S7). However, as surface albedo increases, the RF curve is laterally shifted
towards positive values. In polar areas, the RF is negative at the surface, but
becomes positive in the higher atmosphere (fig. S7). In LGM conditions, this
opposite warming and cooling in the high and low atmosphere would have
increased atmospheric stability and therefore amplified surface cooling by
preventing heat exchanges between near surface air and the free atmosphere.
Furthermore, the cooling at the surface would have slowed down the melting of
sea-ice and snow during spring and summer, thus keeping the albedo higher
and inhibiting the warming of the polar region. Atmospheric dust aerosols may
therefore have acted as a positive reinforcement in the polar cooling

amplification during the LGM.

Our results suggest that the radiative impact of atmospheric dust aerosols
during the LGM could have been underestimated, especially in polar areas. The
detailed parameterization of aerosol RF could help models to recapture the full

effect of the polar amplification and temperature distribution in different climates.

Over the 20™ century, the limited paleorecords suggest a doubling of desert

dust®, part of which may be due to natural and anthropogenic climate change



and partly due to land use change. In the future, droughts and land aridity are
projected to increase®, although carbon dioxide fertilization may partly offset
some of these increases in desert dust source area®'. It appears likely that
desert dust sources may continue to increase in the future. Whether these will
have similar polar amplification feedbacks as in the last glacial maximum is an

important poorly understood problem.



Tables

a) Median surface concentrations (ug m?)

Latitude Reconstructions Models
band (°N) CCSM(HOL)  CCSM(LGM) Ratio LGM/HOL| MIROC(HOL)  MIROC(LGM) Ratio LGM/HOL | CCSM(HOL) CCSM(LGM)  Ratio LGM/HOL | MIROC(HOL) MIROC(LGM)  Ratio LGM/HOL
60 to 90 0.53 8.7 16.42 0.02 1.32 55.00 0.24 4.7 19.63 0.016 0.046 299
30 to 60 6 40.35 6.73 4.82 19.75 4.10 4.03 29.88 741 0.31 0.54 172
0to 30 25.54 36.28 1.42 14.57 21.75 1.49 9.34 13.77 1.47 3.42 6.57 1.92
0to-30 20.78 241 1.16 276 4.29 1.55 226 3.97 1.76 0.30 0.38 125
-30 to -60 3.55 6.01 1.69 0.41 0.46 112 0.26 12 4.62 0.01 0.01 0.59
-60 to -90 0.16 0.46 288 0.0064 0.0314 491 0.0067 0.065 9.70 0.0007 0.0007 0.96
Global 5.2 13.58 261 1.37 2.93 2.14 0.78 4.48 5.74 0.1 0.1208 1.23

b) Direct radiative forcing SW+LW (W m?)
Latitude Reconstructions Models
band (°N) CCSM(HOL)  CCSM(LGM)  LGM-HOL MIROC(HOL)  MIROC(LGM) LGM-HOL CCSM(HOL)  CCSM(LGM) LGM-HOL MIROC(HOL)  MIROC(LGM) LGM-HOL
60 to 90 -0.1 -0.5 -0.40 -0.02 N/A N/A -0.04 -0.78 -0.74 -0.02 -0.21 -0.19
30 to 60 -0.58 -3 -2.42 -0.4 -1.5 -1.10 -0.48 -2.83 -2.35 -0.23 -0.58 -0.35
0to 30 -25 -5.2 -2.70 -0.7 -1.2 -0.50 -1.23 -2.35 -1.12 -0.5 -1.1 -0.60
0to-30 -0.05 2 -1.95 -0.21 -0.3 -0.09 -0.16 -0.72 -0.56 -0.08 -0.12 -0.04
-30 to -60 -0.03 -0.78 -0.75 -0.08 -0.07 0.01 -0.01 -0.81 -0.80 -0.04 -0.01 0.03
-60 to -90 N/A -0.01 N/A N/A N/A NA -0.0006 -0.002 -0.0014 0.0034 0.0025 -0.0009
Global* -0.54 -1.92 -1.37 -0.24 -0.51 -0.28 -0.44 -1.5 -1.06 -0.2 -0.43 -0.23

Table

1: a) Comparison of

reconstructed Holocene and LGM zonal median

surface dust concentrations with model results*®. b) Holocene and LGM zonally

averaged direct radiative forcing (short-wave + long-wave) from reconstructed

and modeled®® dust concentrations.

* The reconstructed global RF were calculated by assuming that the missing

polar values were negligible compared to the mid- and low latitudes RF. For the

averaging they were set to zero.
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Fig. 1: Comparison of the surface concentrations in the CCSM and MIROC

reconstruction and in the models*®. The color bar marks the surface

concentrations in logarithms of ten.
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Fig. 2: a) Amplification of the temperature signal at the LGM. The Amplification
A(t) is defined by A(t) = (T(t) - T(Holocene average)) / 3.4K. The global average
change of -3.4K between Holocene and LGM corresponds to a factor of -1. The
GISP2?° and Dome C' temperature records are taken as representative for
Greenland and Antarctic temperature changes, respectively. A marine sediment
core from tropical Africa’” shows temperature variations at the Equator, while a
multi-proxy reconstruction’™ provides the global temperature changes. b)
Amplification of dust concentrations at the LGM. The Amplification is defined as
A(t) = (Conc(t) / Conc(Holocene average)) / 2.2. The global average dust load
increased by a factor of 2.2 and corresponds to an amplification factor of 1. The

NGRIP?® and Dome C2 dust records represent Greenland and Antarctic dust load



variations, respectively. A marine sediment core from the central equatorial
Pacific'® gives an equatorial reference, while the global dust load change was

taken from the DIRTMAP"® dataset.
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Fig. 3: Regional radiative forcing due to reconstructed atmospheric dust aerosol
concentrations in Greenland and Antarctica. PC72 gives a low albedo
comparison at low latitudes. The lower lightly colored bars represent the “MIN”
scenario, whereas the higher fully colored bars show values calculated in the

“MAX” scenario.
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Supplementary Information

Atmospheric dust concentration reconstruction
Flux to surface concentration calculation:

The flux of a stable (non-volatile) aerosol is the sum of it's dry and wet

deposition:

F = Fuet + Fary

Therefore

Foy=F—Fuwet=F (1 —Fuw/F)=F<d

with

d=1-Fuwt/F =Fa /F the dry deposition fraction of the total flux

The dry deposition flux is obtained by multiplying the surface concentration with
the dry deposition velocity:

Fary = Vary * Cair

Therefore, the surface concentration can be obtained with the three parameters
F, d, Van:

Cair = Fdry/Vdry = F ® d / Vdry

Global reconstruction:

The DIRTMAP 3 database collects average dust mass accumulation rates



(MAR) from many sites around the world for both Holocene and LGM
conditions’. Only the sites that are not flagged for contamination were
considered. To be consistent with model data, only the PM10 fraction was used.
Some MAR values that were published after the DIRTMAP 3 database were
added to reach a total of 322 and 303 sites for Holocene and LGM conditions,

respectively (Table T1).

The logarithmic values of the MAR at each location were then interpolated to a
global grid using a kriging algorithm? (fig. S1). As the data values in the
DIRTMAP dataset have uncertainties and we are generally interested in the
total amount of dust flux in an area, we used block kriging instead of point
kriging to allow a certain leeway in the interpolation. Dust is preferably
distributed along meridional lines and not in a latitudinal direction. Therefore,
the semi-variogram fit was optimized for the east-west direction, the north-south
direction being fitted within the east-west constrains. The resulting global dust
flux grid was then multiplied with the dry deposition fraction from each model,
and divided by the modeled dry deposition velocity. To reflect the changes in
particle size distribution at varying distance from the sources, MAR values

below 0.1, between 0.1 and 10, and above 10 ug m2 s™ were divided by each



model's dry deposition velocity of particles with diameters around 1.5, 3, and 6

MM, respectively.

Reconstructed concentrations are generally higher than their model counterpart.

Especially, the reconstructions feature a much more pronounced zonal

distribution than the models (Fig. 1). Sensitivity tests with different variograms

show that this is not an artifact from the interpolation, as the bands are not

distributed in random directions.

Uncertainty estimation:

The absolute logarithmic and relative linear standard deviation of the dust flux

resulting from the kriging interpolation is displayed for both Holocene and LGM

conditions in Figure S1. Note that since we used block kriging this uncertainty

represents the standard deviation of the average value of the rectangular blocks

centered on the grid nodes, not of the nodes themselves. Also, the nugget effect

in the semi-variogram was not set to zero to account for the uncertainty in the

MAR data. For the Holocene, standard deviations are generally below 30% in

areas around data-points. In areas with sparse data coverage the uncertainty

goes up to 70% (northern Russia, Canada, southern Indian Ocean) with a peak



uncertainty of 100% in the South Pacific. Standard deviations during the LGM

are generally below 50% on continental landmasses due to better data

coverage thanks to loess deposits. However, ocean data are more sparse and

uncertainties reach 100% in the mid-Pacific, the Indian Ocean and the South

Atlantic. The South Pacific features a large region with no LGM data points and

uncertainties reach peak values of 200% there.

There is an additional error that comes from the inherent problem when

mapping a sphere on a rectangular grid. The interpolation was performed on a

degree scale, but these do not represent a constant physical distance. Thus,

the semi-variogram used in the kriging process is misrepresenting the distance

between high-latitude data-points. As the overwhelming majority of data-points

is in the low and mid-latitudes, the global effect is small. The polar dust fields

may be somewhat distorted by this effect, but as they are not overly

complicated to begin with, the potential for misrepresenting patterns is small.

The transformation of dust flux to surface concentrations requires a

multiplication with the dry deposition factor and a division with the dry deposition

velocity. These two variables are taken from the models, and their uncertainty



within each model difficult to assess. We have opted to do the calculations with

both model's parameters and show both results. As more global dust

simulations get performed, an ensemble mean with uncertainty can be

calculated for both variables.

Distributions:

In figure S2 we show the distributions of the logarithm of the reconstructed

surface concentrations in the six zonal bands and globally. In general, dust

concentration counts can be well fitted with a log-normal (Gaussian) distribution.

The mean of the distribution follows the pattern shown in table 1a with high dust

loads in the low- and mid-latitudes, and low dust loads in polar areas. Zonal

bands with a high degree of atmospheric latitudinal mixing will display a low

standard deviation. Most zonal bands show this feature in both reconstructions

with standard deviations between 0.5 and 0.7. LGM distributions are generally

narrower than their Holocene counterpart, which is a consequence of the

broader latitudinal mixing during cold periods. Some zonal bands point to a dual

peak with a larger standard deviation. This dual behavior of the distributions

shows a greater zonal disparity in zonal bands having regions with very different



dust loads (e.g. continental and ice sheet, desert and ocean, ...).

Detailed polar reconstruction:

The detailed analysis uses remote sites in Greenland, Antarctica and the Pacific

Ocean. These sites are far removed from potential local dust sources and their

dust flux variations should represent the average background atmospheric dust

load. The list of sites and references is given in table T2. Holocene and LGM

average dust flux values for all sites were taken from ice core and marine

sediment measurements. Holocene and LGM averages were taken from the

period 8 kyr BP — 2 kyr BP and 26 kyr BP — 19 kyr BP, respectively. For NGRIP

the Holocene period was chosen from 11.6 kyr BP to 10.4 kyr BP, as there are

no dust data available prior to 10 kyr BP. A comparison with GRIP calcium data

shows that Holocene dust deposition in central Greenland was comparable in

the early and mid-Holocene.

As mentioned before, the surface concentrations are calculated by multiplying

the dust flux with the dry deposition fraction and dividing by the dry deposition

velocity. The dry deposition flux is defined as the gravitational settling of

particles plus an additional flux coming from other processes like impaction,



interception, diffusion, etc. The dry deposition fraction was measured for
present conditions in Greenland for Al and Ca at 0.33, and in Antarctica for
continental (non sea salt) SO, at 0.8*. For LGM conditions, values of 0.7 and
0.9 were respectively assumed for Greenland and Antarctica, in accordance
with both model's trend towards more dry deposition at high latitudes during the
LGM>7. In the equatorial Pacific site (PC72), each model's value was taken for
both Holocene and LGM conditions (CCSM: 0.31 and 0.14 for Holocene and
LGM, respectively’?, MIROC: 0.68 and 0.7 for Holocene and LGM,

respectively’).

Based on ice core data, a particle diameter of 1.3 and 1.7 ym was assumed at
NGRIP during the Holocene and LGM, respectively®, while at GRIP these two
values amounted to 1.6 and 1.9 um®. In both Antarctic sites, a diameter of 2.08
and 1.91 ym was assumed for Holocene and LGM conditions, respectively™. In
the equatorial Pacific site, an average background mode of 2 ym was assumed
for both Holocene and LGM conditions. Each model's deposition velocity to
particle size relationship was fitted with a quadratic fit (r?> always >0.99) to

deduce the deposition velocity for each site's specific particle size.

The vertical dust concentration profile over each site was obtained by scaling



the profiles from the CCSM and MIROC models to the reconstructed surface

concentration for both Holocene and LGM conditions.

Uncertainty estimation:
Dust flux and the sediment data at PC72 have an uncertainty <30%?2"'2.

We decided not to use the dry deposition ratios from the models as the model
values do not match the measurements®*. Also, models have traditionally
performed rather poorly in polar latitudes. The Greenland value comes with a
50% uncertainty and one can assume a similar value for Antarctica and our
LGM estimates, although the Antarctic uncertainty is probably lower. The

calculated dry deposition flux therefore has an uncertainty of ~60%.

The model's uncertainty in dry deposition velocities is difficult to assess. Again
we opted to show the results from both models independently until a sufficient
number of dust models are published to perform ensemble means. The CCSM
velocities are quite close to the Stokes velocity due to gravitational settling
alone. The MIROC velocities are significantly higher and ascribe a greater
importance to secondary effects. These two values should provide a minimum
and maximum estimate of the dry deposition velocity and bracket the

uncertainty due to secondary effects.



The uncertainty is unfortunately quite high, but could be significantly reduced by
precise measurements of the dry deposition flux and velocities in Greenland,

Antarctica, and over the ocean..

Seasonality:

Southern South America was identified as the major LGM source for dust in
East Antarctica’, with other sources possibly contributing during warm times™.
Dust enthrallment in Southern South America appears to happen all year round,
with a maximum in spring and summer™". Dust in Greenland and the
equatorial Pacific originates in East Asia®'®. Dust emission in East Asia is
strongly seasonal with peak activity centered in spring and to a lesser degree in
summer'®?'. In Greenland, seasonal changes were observed in dust
deposition® with concentration in ice cores peaking during spring®. We can
therefore assume that the atmospheric dust concentrations during polar
summer were higher than during the winter, and that most of the deposition
occurred during the polar summer. The exact summer fraction, however, may
be difficult to quantify. We performed two calculations to bracket the two

extreme cases. In the minimum case (MIN), we assumed lower surface



concentrations, as if dust was deposited evenly throughout the year. In the

maximum case (MAX) we doubled the MIN surface concentrations as if all the

dust was only deposited during polar summer. The polar radiative forcing (RF)

calculations were conducted in average summer atmospheric conditions,

whereas yearly averaged atmospheric conditions were used at the equatorial

site.

Radiative Fluxes
Global calculations:

The direct RF (shortwave + longwave) has been estimated by comparing the

zonal medians of the reconstructions (table 1a) with the modeled dust surface

concentration to RF relationship (Fig. S2 to S5). RF and surface dust

concentrations evolve relatively linearly (differences within a band occur due to

varying surface albedo, topography, etc.), and in most cases a linear fit

describes the relationship satisfactorily. Each reconstruction has been

compared with it's respective model's data. We give an estimate of the

uncertainty involved by declaring the range of the two values obtained by the

two model's surface concentration to RF relationship. In some polar bands the



reconstructed surface concentrations were outside the range of the model
values. In those cases we give no value (N/A) to the RF. However, to calculate
the global RF average, the unknown polar RF was considered negligible

compared to mid- and low-latitude RF, and set to zero.

A similar exercise with indirect RF showed no linear relationship between it and
surface dust concentrations. We therefore make no refrain from estimating

indirect RF at this point.

Detailed polar calculations:

In order to examine the role of dust in polar amplification during the LGM period,
the shortwave direct RF due to atmospheric dust aerosols was calculated at the
five locations in table T2 in clear sky conditions. The vertical profile of the dust-
induced RF was calculated by feeding the profile of dust aerosol optical depth to
a one-dimensional radiative transfer model?*. The dust profile was converted to
aerosol optical depth using a MIE scattering algorithm?°. Mineral dust particles
optical properties were set as described in the OPAC database®. The
calculations are robust against changes in CO,, Os, relative humidity, and

temperature in the atmosphere. The results were also not significantly altered



by substituting the National Center for Environmental Prediction's atmospheric
data (NCEP 2) for any model's Holocene atmosphere. In figure 3 we show the
average of the two Greenland and the two Antarctic sites. The error bars
represent the uncertainty of the RF assuming a 60% error in the dust dry
deposition flux at each site (As RF scales very linearly with surface
concentrations in the 1-D model, we can transfer the dust uncertainty directly to
the RF). A measure of uncertainty from the deposition velocity is indicated by
the difference between the CCSM and MIROC models. In the case of the
Pacific site, the error bars represent the 30% uncertainty in the total dust flux.
The combined error from the model's dry deposition fraction and deposition

velocity is illustrated by the difference in the respective results.

Longwave RF is always positive and usually a fraction of the shortwave forcing.
However, unlike shortwave radiation, longwave radiation is heavily influenced
by clouds at varying altitudes (ref). An adequate modeling of longwave RF
would therefore require a dedicated polar atmospheric model and is beyond the
scope of this study. Based on global dust models, the longwave warming may

amount to 20-30% of the shortwave cooling at the surface?.



Tables

Location Longitude Latitude HOL MAR(g/m2/a) LGM MAR(g/m2/a) PM10 fraction Citation

Bahia Blanca -62.27 -38.72 26 N/A N/A Gaiero et al., 2004
Carpathian Basin 19.48 45.67 156 2700 0.23 Stevens et al., 2011
Comodoro Rivadavii -67.48 -45.86 19 N/A N/A Gaiero et al., 2005
Corsica 9.08 45.15 12.25 N/A N/A Goudie et al., 2001
Hungary 21.57 47.53 205.63 N/A 0.23 Sumegi et al., 2007
Hungary 19.81 47.51 95.43 N/A 0.23 Sumegi et al., 2007
Hungary 21.37 48.15 244.60 N/A 0.23 Sumegi et al., 2007
Hungary 21.56 47.79 156.11 N/A 0.23 Sumegi et al., 2007
Hungary 21.36 48.8 91.87 N/A 0.23 Sumegi et al., 2007
Niger 6 15 200.00 600 N/A Goudie et al., 2001
NGRIP 42.32 751 0.008 0.17 N/A Ruth et al., 2003
Talos Dome 159.18 -72.82 0.0013 0.0085 N/A Delmonte et al., 2010
Pampas -62 -33 28 N/A N/A Maher et al., 2010
Pampas -62 -39 26 N/A N/A Mabher et al., 2010
Puerto Madrin -65.05 -42.77 55 N/A N/A Gaiero et al., 2003

Table T1: List of sites and MAR values added to the DIRTMAP 3 database'&%-

31
SitelD Longitude Latitude Holocene Dust Flux LGM Dust Flux Reference
°E °N mg m2yr’ mg m2 yr’
NGRIP -42.32 751 8 163 Ruth et al., 2003, Rasmussen (pers.com.)
GRIP -37.63 72.58 9 326 Steffensen, 1997, Rasmussen (pers.com.)
TTNO13-PC72 -139.4 0.1 168 332 Winckler et al., 2006
Dome C 123.21 -75.06 0.37 9.6 Lambert et al., 2008
Vostok 106.83 -78.46 0.58 12.2 Petit et al., 1999

Table T2: List and location of sites used in this study's detailed RF

calculations®123233,



Figures

Holocene Dust Flux (log10, g/m2/yr) LGM Dust Flux (log10, g/m2/yr)

Holocene standard deviation (log10, g/m2lyr) LGM standard deviation (log10, g/m2/yr)

Holocene standard deviation (linear, %) LGM standard deviation (linear, %)

Fig. S1: Error of the kriging interpolation for Holocene and LGM conditions. The

color bar marks the relative standard deviation.
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during LGM conditions’. The zonal average of the MIROC-reconstruction is

displayed as a red line. The green line marks the estimated corresponding RF.
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