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Abstract

From a detailed analysis of marine and terrestrial aerosol tracers in the NGRIP ice
core we identified two distinct glacial atmospheric flow patterns. The climate transition
from Marine Isotope Stage 5 (MIS 5) to MIS 4, at approximately 75 kyr BP, marks a
shift between two different atmospheric flow regimes. Before this transition, during
MIS 5d-a, the state of atmospheric flow was alternating between the two modes of
different flow patterns, while a more persistent flow pattern was prevailing through the
glacial period afterwards. These changes are accompanied by strong changes in an
independent Greenland ice core proxy, namely the deuterium excess from the GRIP
ice core, reflecting changes in the hydrological cycle and moisture source temperatures
as well. The changes in atmospheric flow pattern are correlated with changed extent
of ice-rafted detritus (IRD) deposition in the North Atlantic, indicating that the state of
the atmospheric flow was highly sensitive to the waxing and waning of the Laurentide
ice sheet.

1 Introduction

The Marine Isotope Stage 5 (MIS 5) was identified in marine isotope records as a
generally warm period (Emiliani, 1955) beginning with the onset of the last interglacial
(sub stage 5e) (Shackleton, 1969) approximately 130 kyr BP, and extending long into
the last glacial period (sub stages 5a—5d). Most information on the climate during MIS 5
in the North Atlantic region are from ocean sediment records, pollen records and ice
core records, providing proxies for temperature, oceanic flow and ice volume. Little
is known about changes in the state of the atmospheric flow. Atmospheric transport
proxies in the Greenland ice cores are regional in nature, adding to the detailed picture
of the glacial climate.

In Greenland ice cores the fraction of stable water isotopes (180 and D) reflect
changes both in temperatures and in the hydrological cycle (Jouzel et al., 1982), while
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the concentrations of passive aerosol tracers provide information about atmospheric
transport, flow patterns and storm intensities (Mayewski et al., 1997; Fischer et al.,
2007). Concentrations of soluble Ca®* and Na* in Greenland ice cores are indicators
for respectively mineral dust and sea salt aerosol (Fuhrer et al., 1999), with distinct
source areas respectively in the Western Chinese desert areas (Biscaye et al., 1997;
Svensson et al., 2000) and in open ocean areas (Herron, 1982; De Angelis et al.,
1997). Changing correlations with time between these aerosol species identify reorga-
nizations of the atmospheric flow patterns. Here we present a detailed analysis of the
correlations between the NGRIP ice core concentrations of Ca®* and Na* (Siggaard-
Andersen et al., 2006) covering the glacial period back to MIS 5d. We have compared
these correlations with other climate proxies of the glacial period and found systematic
changes in the behavior of all the records during time sections of the late MIS 5. Based
on this finding we have identified two different modes of glacial climate during the late
MIS 5.

2 The climate of the late stage 5

The NGRIP ice core (North Greenland Ice-Core Project (NorthGRIP) Members, 2004)
constitutes the most detailed record for Greenland and the North Atlantic region of
the early part of the last glacial period and the transition from the previous inter-
glacial. In the NGRIP isotopes (Fig. 1b) the last interglacial ended with a gradual
cooling and an earlier onset into glacial conditions than seen in the North Atlantic po-
lar fauna record (McManus et al., 1994; Chapman and Shackleton, 1999) (Fig. 1c)
and in the European pollen record (Woillard, 1979) (Fig. 1d). The same asynchrony
was observed in a direct comparison between marine and terrestrial proxies from the
margin of the Iberian Peninsula (Shackleton et al., 2003). The glacial climate in the
North Atlantic region is characterized by abrupt variations between warm Greenland
Interstadials (GIS) (Greenland Ice-Core Project (GRIP) Members, 1993), also called
Dansgaard-Oeschger (DO) events, and cold Greenland Stadials (GS) (Walker et al.,
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1999) (Fig. 1b). The climate of the late MIS 5 is characteristic for generally earlier and
more prominent cooling at high latitudes than at low latitudes. The marine and terres-
trial records (Fig. 1c and Fig. 1d) show in general little sub polar climate response to
the beginning northern glaciations until the transition from MIS 5 to MIS 4 at around
75kyr BP, where a global cooling took place. Notable exceptions from interglacial con-
ditions during MIS 5 are the cold spells (Rousseau et al., 2006) related to the Greenland
stadials GS-25 and GS-22 (Kukla et al., 1997; McManus et al., 1994).

2.1 The MIS 5 to MIS 4 transition

Figure 1a shows the NGRIP records of soluble Ca®* and Na* concentrations, [Na®]
and [Ca®*], plotted on reversed logarithmic scales. We notice that [Na*] and [Ca®*]
resemble the 620 curve (Fig. 1b). This indicates that deposition of aerosol in Green-
land directly depends on the local North Atlantic climate conditions. The vertical scales
on Fig. 1A are adjusted so that the two curves match up at the Last Glacial Maximum
(LGM). The match, reflecting the dominating atmospheric flow pattern, does not ex-
tend over MIS 5, indicating a difference in the atmospheric flow regimes before and
after 75kyrBP. [Na*] and [Ca2+] are generally increasing during the MIS 5 to MIS 4
transition, in line with the cooling trend. The long term trends, Cy(Ca) and Cy(Na),
in concentrations are shown (shifted for clarity) on Fig. 1a as solid lines. There is a
delay of a few kyr in the increase for the marine tracer (Na*) in comparison to the ter-
restrial tracer (Ca2+), suggesting a geographical asynchrony in the onset of full glacial
conditions. Such an asynchrony was previously observed during GS-20 between the
Greenland 6'°0 records and N. Pachyderma in the sub polar North Atlantic Ocean
(McManus et al., 1994).

The increase in atmospheric tracer concentrations at 75 kyr BP could be indicating a
more effective uplift of aerosols and an intensification of the atmospheric flow, probably
associated with changes in the hydrological cycle. For Ca®* the increase could further
be an indicator for increased extent of semi-arid areas or decreased vegetation cover
(Tegen, 2003) in the dust source area. Normalizing [Na*] and [Ca2+] with respect to
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the long term trends, i.e. {Na}=[Na*]/C,(Na) and {Ca}=[Ca®*)/C,(Ca), and matching
these factors over LGM (Fig. 2a) we see that the match is established in the MIS 5
part of the record as well, except for the relatively warm sections of MIS 5, marked with
grey bands. The tracer records in Fig. 1a and Fig. 2a has been filtered for comparison
purposes. Figure 2b shows the unfiltered [Na*] record.

Another sign of a change in the atmospheric flow regime at around 75kyrBP is
found in the NGRIP record of insoluble particle size mode (Ruth et al., 2003) (Fig. 2c).
The abrupt increase in particle sizes at around 75 kyr BP could be related to changed
conditions at the dust source, changed intensity of the atmospheric flow or to changed
scavenging parameters. Furthermore, in the GRIP deuterium (6D) and excess (d=6D-
8-6180) records (Masson-Delmotte et al., 2005) (Fig. 2d), remarkable different be-
haviours are seen before and after 75 kyr BP. In rough terms 580 and 6D are related to
the regional temperature while d is a measure of the temperature at the source (Jouzel
et al., 1982). The striking anti-correlation between 6D and d over the DO events after
75 kyr BP has been assigned to latitudinal changes in the position of the polar front,
and thus the dominating west wind flow patterns bringing precipitation from the North
Atlantic ocean to Greenland (Masson-Delmotte et al., 2005). The high values of d prior
to 75 kyr BP indicate a different moisture cycle with precipitation from a relatively warm
sea surface in the North Atlantic.

2.2 Identification of two different atmospheric flow patterns

In order to investigate the atmospheric tracers, Na* and Ca®* in terms of the state
of the atmospheric flow in more detail, we have analyzed their correlation in a scatter
plot. In Fig. 3 it is seen that the concentrations plotted on logarithmic axes show a linear
trend, which is not the same throughout the record. The data from the warm parts of
MIS 5 (Fig. 3e) show the slope a=0.86+0.02 (determined on logarithmic data), which is
significantly larger than @=0.51+0.01 for the period after 75 kyr BP (Fig. 3c), while the
intervening intervals (Fig. 3d) show the same slope as after 75 kyr BP. We interpret the
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slope, a, between the logarithmic tracer concentrations as an indicator for the dominant
transport route, so in the warm parts of MIS 5 we see a changed flow pattern, while
in contrast, the sections of MIS 5 with the same slope as after 75 kyr BP have a flow
pattern similar to the period after 75 kyr BP. This implies that the increasing trends in
tracer concentrations across the MIS 5 to MIS 4 transition, resulting in the shift between
the red and the yellow data points in Fig. 3b, are not resulting from changes in the flow
patterns but to other factors associated with the climate change. Very importantly, the
slopes are nearly the same in the two distinct clusters of points corresponding to the
stadial and interstadial states. This indicates that the atmospheric flow pattern did
not change significantly during a DO event. The observation in the NGRIP ice core
of very little stadial-interstadial changes in atmospheric flow-patterns after 75 kyr BP,
despite changing latitude of the moisture source, strongly suggests that the DO events
observed in Greenland temperature proxies are not caused by changing atmospheric
flow patterns but more related to temperature changes in the North Atlantic associated
with changing (Atlantic) ocean flow.

2.2.1 Detailed comparison with other records

Looking into details in the climate of the late MIS 5 (Fig. 2), we see that the time
sections of different Na-Ca correlations (marked with grey bands) are initiating simul-
taneously with DO events, while their terminations are unrelated to DO events. The
section containing GS-23 and GIS-23 correspond roughly to MIS 5c¢, while GS-22 cor-
respond to MIS 5b and the succeeding grey bands roughly to MIS 5a. Interestingly, the
other records in Fig. 2 show changed characteristics in the grey band sections as well,
indicating that they are periods of a markedly different climate state: The unfiltered Na*
concentrations (Fig. 2b) show frequent spikes, indicating highly variable conditions for
sea salt; the insoluble particle size modes (Fig. 2c) are significantly smaller, suggesting
a longer transport path for the Asian dust; the GRIP deuterium excess record (Fig. 2d)
shows high values and very little variation, indicating a changed hydrological cycle;
and the record from the sub polar North Atlantic shows very little or no IRD deposition
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(Fig. 2e), indicating limited iceberg discharge from the Laurentide ice sheet. In the
intervals between the grey bands, the records show features very similar to the period
after 75kyr BP, although their levels are changed, pointing to a climate state during
these periods that is similar to the one after 75 kyr BP. The changed transport route for
aerosol into Greenland during the warm parts of MIS 5 is likely to have been similar to
the present one i.e. following the west wind belt from the south west, while the glacial
period in general have been dominated by a markedly different transport route, which
is likely to have been north-westerly, following the northerly branch of a split jet-stream.

3 Discussion

Based on variations in NGRIP tracer concentrations and dust particle sizes we clearly
identify two different regional atmospheric modes, which we propose to be the fol-
lowing: the first mode, Mode |, persisting after 75 kyrBP, is characteristic for a strong
northern branch of a split jet stream pattern around the Laurentide ice-sheet. The dom-
inant route for aerosols in Northern Greenland is, as indicated schematic in Fig. 4a by
an arrow, along the northern branch from the North Pacific, across the polar ocean
and into Greenland, while precipitation is related to the southern branch, reflecting the
latitudinal position in the deuterium excess values. An independent measure of the
relatively short transport route for aerosol in Mode | is also indicated by relatively large
dust grain sizes (Fig. 2c). The other mode, Mode Il (Fig. 4b), persisted during MIS
5, intermittently interrupted by periods of Mode |. The atmospheric Mode Il is closer
related to the present mode of circulation, where the jet stream follows the west wind
belt across the North Atlantic, bringing marine and terrestrial aerosols to Greenland
from the south west. This is accompanied by relatively low aerosol concentrations and
independently reflected in smaller particle sizes than during Mode I. The unstable con-
ditions for sea salt in Mode II, indicated by spikes in the unfiltered Na™ record (Fig. 2b),
could be indicating invasions of sea salt from a source that was not permanent during
Mode Il.
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In order to exemplify the possible structure of the planetary wave pattern in the two
modes, the 500 hPa geopotential height field for 30 December 1978 from the NCEP
re-analysis (Kalnay et al., 1996) is shown together with the Mode | main trajectory in
Fig. 4a. This was an anomalous weather situation for present day’s conditions, com-
pared with the January, 1964 mean, shown together with Mode Il in Fig. 4b, illustrating
that although the physical conditions for a permanent situation are not present, a split
jet stream pattern with a branch migrating north of North America is physical possible.
The proposed Mode | agrees with a recently simulated LGM winter atmospheric flow
patterns (Bromwich et al., 2004).

The changed hydrological cycle during periods of Mode I, identified in the deuterium
excess record (Fig. 2d), may have made up an important feedback mechanism during
the early phase of ice sheet growth, carrying larger amounts of precipitation from the
North Atlantic into the Labrador Sea area. However, as suggested by the IRD deposi-
tion record (Fig. 2e), growth of the Laurentide ice sheet has been inhibited during peri-
ods of Mode Il due to melting. Reduced melting during periods of Mode |, as indicated
by increased IRD depositions, may have been a more important feedback process
favouring ice sheet growth at this stage. This could have been a direct consequence
of a split atmospheric flow pattern, where less heat would be carried to Greenland with
the southward shifted southern branch, compared to the westerly circulation in a non
split configuration.

4 Conclusions

From the NGRIP tracer records, we have identified a new regional atmospheric mode
(Mode 1) in the climate in the beginning of the last ice age (MIS 5). This mode was
interrupted by periods of glacial climate associated with Mode I. The climate changed
permanently into this state around 75 kyrBP. The permanence of this change could
be related to a critical size of the Laurentide ice sheet, disfavouring the Mode Il flow
pattern. During MIS 5, changes between the two different modes of atmospheric circu-
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lation reflect changes in the size of the Laurentide ice sheet.
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Fig. 1. (a) The NGRIP Ca?* and Na™* records (Siggaard-Andersen et al., 2006) and their long
term trends, C, (shifted for clarity). (b) The NGRIP 5'%0 record (North Greenland Ice-Core
Project (NorthGRIP) Members, 2004) with numbers indicating Greenland Stadials (GS) and
Interstadials (GIS). (¢) N. Pachyderma (polar fauna) from the sub polar North Atlantic marine
core V29-191 (McManus et al., 1994). (d) Tree Pollen from La Grande Pile in North East
France (Woillard, 1979). (e) Benthic stacked 5'%0 (global sea level) (Waelbroeck et al., 2002),
with labels indicating Marine Isotope Stages (MIS) and sub stages. The NGRIP data are shown
on the ss09sea age scale (Johnsen et al., 2001). The chronology across the curves is shown
with dashed lines and asynchronous onsets of the glacial climate in (b, ¢, and d) are marked
with arrows. 596
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Fig. 2. (a) The normalized concentrations {Na} and {Ca} shown on arbitrary logarithmic scales
and matched together. (b) The unfiltered [Na*] record. (c) The NGRIP record of particle size
modes (Ruth et al., 2003). (d) The GRIP records of deuterium (6D, right axis) and deuterium
excess (d, left axis) (Masson-Delmotte et al., 2005). (e) IRD (left axis) and N. Pachyderma
(right axis) from the V29-191 core (McManus et al., 1994) synchronized to the ice core records
using characteristic features in the N. Pachyderma record. All data are shown on the ss09sea
age scale (Johnsen et al., 2001).
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Fig. 4. The dominant aerosol transport routes for the last glacial drawn schematic on examples
of present day mean 500 hPa geopotential height fields from the NCEP re-analysis (Kalnay et
al., 1996): (a) Mode | together with the field from 30 December 1978. (b) Mode Il together with
the monthly mean from January, 1964.
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