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Rapid North Atlantic cooling events during the last deglaciation
caused atmospheric reorganizations on global and regional scales.
Their impact on Asian climate has been investigated for mon-
soonal domains, but remains largely unknown in westerly wind-
dominated semiarid regions. Here we generate a dust record from
southeastern Iran spanning the period 19 to 7 cal. ka B.P. We find a
direct link between frequent occurrences of dust plumes originat-
ing from the Arabian Peninsula and North Africa and rapid south-
ward shifts of the westerlies associated with changes of the
winter stationary waves during Heinrich Stadial 1, the Younger
Dryas, the Preboreal Oscillation, and the 8.2-ka event. Dust in-
put rises and falls abruptly at the transitions into and out of
these cooling events, which we attribute to changes in the
ocean circulation strength that are modulated by the North At-
lantic winter sea-ice cover. Our findings reveal that waxing and
waning of North American ice sheets have a stronger influence
than those of European ice sheets on the winter climate over
West Asia.

atmospheric dust | North Atlantic cooling | Northern Hemisphere
westerlies | sea ice | West Asia

he last deglaciation is marked by rapid climate variations

between ~19 and 11 cal. ka B.P. Instability of continental ice
sheets and marine sea ice combined with periodic and massive
iceberg surges into the North Atlantic Ocean (Heinrich events)
are thought to have substantially impacted ocean—atmosphere
interactions and changed the global atmospheric circulation.
Proxy-based reconstructions (1, 2) and model simulations (3-5)
suggest that freshwater discharge into the North Atlantic Ocean
reduced northward heat transport by the Atlantic meridional
overturning circulation (AMOC), which in turn translated into
quasi-global climate changes during Heinrich Stadial 1 (HS1)
and the Younger Dryas (YD).

The last deglaciation has been extensively studied for un-
derstanding the impact of North Atlantic cooling events on re-
gional climate conditions. However, their impact on complex
climate dynamics of West Asia, which are influenced by the In-
dian summer monsoon (ISM), the Northern Hemisphere west-
erlies (NHWs), and the Siberian High, is poorly understood (S
Appendix, Fig. S2). Previous studies suggest a teleconnection
between North Atlantic cooling and weakening of ISM intensity
(4, 6-9). However, the evidence for this teleconnection differs
between marine sediments and speleothems such that the tran-
sitions into and out of stadials are abrupt in the former (7, 9, 10)
but gradual in the latter (8).

To date, there are no high-resolution, well-dated terrestrial
records from westerly-dominated, semiarid to arid regions in
West Asia spanning the entire last deglaciation, and thus the
impact of North Atlantic cold spells on this region is largely
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unknown. However, the existence of large subtropical deserts in
and around West Asia, capable of releasing huge amounts of
dust particles into the atmosphere during dry climate intervals,
substantially increases the potential of West Asian sedimentary
sequences to capture fingerprints of past changes in atmospheric
circulation systems.

In this study, we report on multiproxy records including grain-
size analysis, elemental and mineralogical compositions, and
total organic matter content of a sediment core retrieved from
Konar Sandal peat bog (KSB), southeastern (SE) Iran, spanning
the entire last deglaciation and the Early Holocene (19 to 7 cal.
ka B.P.). Our site, located near the world’s largest dust sources,
has a great potential to record the history of dust activities and
their climate drivers. We compare our terrestrial sediment data
with those from speleothems and marine sediment records in
West Asia. Furthermore, we place the KSB dust record into a
global context to explore the driving mechanisms of past dust
activities and atmospheric circulation changes in the Northern
Hemisphere.

Significance

North Atlantic cold events in the past have been shown to
cause large-scale atmospheric reorganizations. Results of our
dust record from southeastern Iran, which is highly susceptible
to capture dust storms from North Africa and the Arabian
Peninsula—the largest dust source on Earth—show a direct link
between North Atlantic cooling and enhanced eastward dust
transport from the Arabian Peninsula and North Africa. This
finding suggests that climate conditions over western Asia
during these cold events were controlled by a southward shift
in the winter position of the Northern Hemisphere westerlies
and more susceptible to variations in the North American
winter ice cover.
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Results and Discussion

Dust Deposition in Southeastern Iran during the Last Deglaciation
and the Early Holocene. Downcore variations of all lithogenic el-
ements (Ti, Al, Si, Zr, K) in our archive (Fig. 1) indicate abrupt
and large changes. Increased abundances of lithogenic elements
for the periods 18 to 16.5, 15.1 to 14.6, 12.7 to 11.8, 11.2 to 11,
and 8.4 to 7.8 cal. ka B.P. correspond to North Atlantic climate
cold spells, i.e., HSla and HSIlc, YD, Preboreal oscillation
(PBO), and the 8.2-ka event, respectively. In contrast, lithogenic
abundances are low before HS1, between HSla and HSlc
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Fig. 1. Downcore element abundances for immobile (Ti, Al, Si, Zr) and
mobile (K) elements along with TOC (with inverted y axis) and median grain
size (logarithmic scale). Gray bands mark peaks of dust input. B/A, Balling—
Allergd interstadial; E-H, Early Holocene; HS1, Heinrich Stadial 1; PBO, Pre-
boreal oscillation; YD, Younger Dryas stadial; and 8.2, the 8.2-ka event. Black
triangles at the bottom indicate the position of *C age controls for KSB.
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(during HS1b), and during Bglling-Allergd (14.6 to 12.7 cal. ka
B.P.) and the Early Holocene (11 to 8.4 cal. ka B.P.).

Variations in intensity of lithogenic elements are inversely
correlated with total organic carbon (TOC) content of the KSB
sediment core (Fig. 1), documenting that one is diluted by the
other. Understanding the origin of lithogenic sediments can help
to determine their controlling factor. In general, lithogenic
sediments are either of local origin and transported by surface
runoff or of remote, aeolian origin. Paleoclimate records from
western Asia indicate dry and/or dusty climate conditions during
North Atlantic cold spells in SE Iran (11), the Arabian Sea (6, 7,
10), and North Oman (12), whereas wet climatic conditions and
fluvial activity dominated in SE Iran during the Early Holocene
(11, 13, 14). Thus, the prevalence of dry climatic conditions as
well as the lack of major riverine input into KSB does not sup-
port runoff activity to be the primary factor in transporting
lithogenic material to the site during North Atlantic cold spells.

Parallel changes of mobile (K) and immobile elements (e.g.,
Ti) throughout the sediment core (R* = 0.97) demonstrate the
lack of postdepositional changes in the mobility of elements by
groundwater activity, which in turn points to the ombrotrophic
nature of the KSB record. Variations in intensity of lithogenic
elements such as Ti, Al, Si, Zr, and K are in phase with changes
in Fe, the most abundant element (SI Appendix, Fig. S5), in-
dicating that variations of these elements are not diluted by Fe-
bearing components but by a similar origin of all lithogenic el-
ements. However, some differences between variations in Fe and
Ti suggest that the Fe content might be influenced by post-
sedimentary processes such as oxidation. To eliminate such im-
pacts, we prefer downcore variations in Ti for our interpretation
of lithogenic input, which is neither redox sensitive nor mobile.

During the last deglaciation, the sediment composition is
uniformly composed of poorly sorted sandy mud with sand not
exceeding 17% in any sample, indicating the dominance of silt-
sized grains that are predominantly of aeolian origin. During the
Early Holocene, grain size undergoes significant changes and
varies between muddy sand, mud, and sandy mud (S Appendix,
Fig. S4). The presence of muddy sands corresponds to the sec-
tions with maximum TOC and minimum Ti content. This is well
manifested during the Early Holocene and in particular at a
depth of 353 cm (10.4 cal. ka B.P.), where the maximum sand
(65%) and TOC contents (36%) of the entire record occur
simultaneously (Fig. 1).

The remarkable increase in TOC content during the Early
Holocene points to increased humidity in the region that has
been related to a strengthening and northward advance of the
ISM inferred from lacustrine sediments of Lake Hamoun and
the Jazmurian Playa in SE Iran (11, 14), alluvial sediments in the
South Golbaf paleolake in SE Iran (13), and speleothem records
from Oman (12, 15). Hence, we infer that the sand deposited in
KSB is transported either by surface runoff or by Halil River
flooding generated by heavy summer rainfall (S Appendix, Fig.
S1B). More importantly, very low abundances of Ti in sections
with high sand contents demonstrate that the fine-grained and
Ti-rich deposits are not of local origin but from distant sources
transferred through aeolian processes, in accordance with the
interpretation of this element in peatlands and lakes elsewhere
(16, 17). Therefore, we use downcore variations of Ti as a proxy
for changes of aeolian input into KSB (Fig. 1). Increased dust
input in our record during the YD and the 8.2-ka event is con-
sistent with terrestrial records from West Asia (11, 16) and with
the elevated dust input during YD and HS1 in marine records
from the Arabian Sea (7, 10), implying that dust plumes have
occurred on a regional scale (SI Appendix, Fig. S6).

The mineralogy of bulk samples from sections with high and
low content of Ti-rich dust indicates that variations are associ-
ated with the presence of the mineral palygorskite (Fig. 2). The
presence of palygorskite during dust intervals not only confirms
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Fig. 2. Downcore variation of Ti (Top) and most abundant minerals de-
termined by XRD analysis (Bottom).

aeolian transport of lithogenic components, but also helps to
trace the provenance of dust particles. Palygorskite was found in
dust minerals transported from the Arabian Peninsula and
Mesopotamia to the Arabian Sea during North Atlantic cold
spells (6, 18). Likewise, this mineral is one of the main consti-
tutes of modern dust loads delivered from these sources to
southwestern (SW) and western (W) Iran (19). Moreover,
palygorskite is used as a tracer for dust emitted from the Sahara
(20). Therefore, we infer that palygorskite deposited in our re-
cord is related to frequent dust plume occurrences on the Ara-
bian Peninsula and in North Africa during Northern Hemisphere
cold episodes.

Mechanism of West Asian Dust Plumes during North Atlantic Cold
Events. To explore the driving mechanisms of dust activity in
West Asia, we compare our record with the Greenland tem-
perature (21), the AMOC strength (1), sea surface temperature
(SST) and salinity in the western subtropical North Atlantic
(WSTNA) (1), and dust input in Greenland ice cores (22)
(Fig. 3). Variations in our dust record are consistent with
changes in Greenland temperature and SST in the WSTNA
during transitions into and out of stadials: Decreases (increases)
in temperature are accompanied by increases (decreases) in
dust input.

Fig. 3 demonstrates that dust activity in West Asia is con-
nected to temperature changes in the North Atlantic, revealing a
direct ocean—atmosphere linkage. It is generally accepted that
the millennial- and centennial-scale cold events in the North
Atlantic are associated with massive freshwater and iceberg
discharges from continental ice sheets into the North Atlantic
(23). The slowdown of AMOC induced by the influx of low-
density freshwater into surface waters of the North Atlantic re-
duces the meridional oceanic heat transport from low to high
latitudes, which eventually leads to dominance of cold temper-
atures across the Northern Hemisphere with maximum impact
on the circum-North Atlantic realm (24).
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Fig. 3. (A, this study) Comparison of the KSB Ti record from SE Iran, rep-

resenting the West Asian dust plume with paleoclimate records from
Greenland ice cores, the North Atlantic Ocean and the ISM region. (B) Ca®*
concentration from Greenland Ice Sheet Project (GISP) 2 ice cores (22) as a
proxy for dust input in Greenland. (C) Sediment color reflectance of core
SO130-289KL from the northeast Arabian Sea (10) as a proxy for ISM in-
tensity. (D) Speleothem 5'80 record from Socotra, Yemen (8) as a proxy for
ISM intensity. (E) 2'Pa/?°Th ratio from the subtropical North Atlantic (1) as
a proxy for the AMOC. (F) Subtropical North Atlantic planktic foraminifera
(Globorotalia inflata) 5'80 from sediment core GGC5 (1) as a proxy for SST.
(@) North Greenland Ice Sheet project (NGRIP) 5'%0 values in %o Vienna
Standard Mean Ocean Water (SMOW) on the Greenland Ice Core Chronol-
ogy 2005 (GICCO5) (21) as a proxy for Greenland temperature. B/A,
Bolling-Allered interstadial; E-H, Early Holocene; HS1, Heinrich Stadial 1;
PBO, Preboreal oscillation; YD, Younger Dryas stadial; and 8.2, the 8.2-
ka event.
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The increased interhemispheric temperature contrast during
these cold episodes was accompanied by global climate reorgani-
zations (25, 26). During these episodes, the southward shift of the
Intertropical Convergence Zone (ITCZ) strengthened monsoon
circulations in the anomalously warm Southern Hemisphere (27,
28), but weakened the Afro-Asian northern summer monsoon
system (29, 30), causing dry conditions across the monsoon domains
in the Northern Hemisphere. Furthermore, the overall weakening
of the Northern Hemisphere monsoon systems (31) controlled the
geographical extent of other major atmospheric circulation systems
in both hemispheres (26).

Large-scale climate reorganizations described above are at
play with dust deposition at our site during North Atlantic cold
events. According to mineralogy, dust-producing mechanisms
have entrained dust particles from North Africa and the Arabian
Peninsula—the World’s largest dust sources—and transported
them eastward toward our site, consistent with the present var-
iations of dust input in our site showing maximum input from the
Arabian Peninsula via southward-shifted westerlies in winter
(32). Therefore, we deduce that HS1, YD, PBO, and the 8.2-ka
event were all characterized by the flow of strong NHWs over
North Africa and the Arabian Peninsula, leading to the occur-
rence of huge dust plumes in West Asia. This mode of expla-
nation for increased dust input has been recently used for
interpreting dust records from a loess-paleosol sequence from
Hungary (33) and in lake sediments from Huguang Maar in
southeast China during the Northern Hemisphere cold episodes
(17), supporting the view of a global change in zonal and
meridional atmospheric circulation.

A prominent feature of our dust record is the exceptionally
abrupt and decadal- to multidecadal-scale (see age model in ST
Appendix, Fig. S3) rise and fall of dust input at the onset and
termination of HS1c, YD, PBO, and the 8.2-ka event, which
makes it different from most (terrestrial) dust records around the
world representing either gradual or less abrupt changes in dust
input over the same period. The abruptness of these dust in-
tervals points to sudden climate reorganizations induced by
temperature changes over the North Atlantic and Nordic Seas at
cooling and warming transitions.

Model simulations and reconstructions indicate that freshwater-
forced AMOC perturbation leads to an interhemispheric heating
contrast with a strong seasonality in temperature marked by max-
imum cooling in boreal winter (34), accompanied by an amplified
seasonality in sea-ice cover with a maximum southward advance
during hypercold winters (35-37). Besides the high albedo, sea ice
as an insulating layer suppresses ocean heat loss to the atmosphere
and thereby substantially reduces the surface air temperature over
the ice-covered ocean (38). To compensate the reduced northward
cross-equatorial oceanic heat transport in the Atlantic Ocean, the
ITCZ and the Hadley circulation shift toward the anomalously
warm Southern Hemisphere. Consequently, the modified
tropical-extratropical atmospheric circulations in boreal winter
involve a southward shift in the westerlies that are stronger and
gustier due to steep temperature and pressure gradients between
the sea-ice—covered and sea-ice—free ocean (39). Superimposed
on latitudinal shifts in atmospheric circulation, freshwater hosing
experiments show a change in the stationary wave trains due to
the development of large cyclonic-anticyclonic anomalies over
the heterogeneously cooled regions in boreal winter during in-
tervals of weakened AMOC (4, 40). In particular, the adjustment
of the atmospheric circulations involves anticyclonic circulations
over the central Mediterranean Sea and the Indian Subcontinent
and a cyclonic circulation over the Arabian Peninsula that gives
rise to a large-amplitude stationary trough over the Red Sea (4,
40). The development of this upper-level trough reinforces the
surface convergence over the Arabian Peninsula and depending
on whether the advected air into the surface convergence is
humid or dry, the deep trough system can result in heavy rainfall
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(41) or widespread dust plumes (42) in West Asia, respectively.
Once strong and dry winds entrain and transport dust into the
surface convergence, the upper-level jet stream carries these dust
loads eastward and generates widespread dust plumes over
West Asia.

Paleoclimate records from the Arabian Sea (43) and the Red
Sea (44), as major sources of moisture for rainfall associated with
the Red Sea trough, indicate sea surface cooling during HS1 and
the YD that results in dry air advection into the surface con-
vergence over the Arabian Peninsula. Dry air advection com-
bined with increased aridity in the Afro-Asian monsoon domains
(5, 40) favors the generation of dust plumes. Importantly, the
response of stationary wave trains to the AMOC slowdown is
rapid and appears within decades after the initial perturbation of
the AMOC (45). These mechanisms associated with the AMOC-
forced changes in the NHWs, ITCZ, and stationary waves ex-
plain the rapid onset and termination of the intervals of frequent
wintertime dust plumes in West Asia during stadials, as recorded
by our data. This interpretation is consistent with the abrupt
increase in dust deposition over Europe (33) and East Asia (17),
as well as with abrupt deglacial climate changes recorded in Lake
Meerfelder Maar in Germany (46), and an abrupt increase in
winter precipitation in the SW United States during stadials (47,
48), which all have been attributed to a rapid change in the
NHWs during winter.

The occurrence of winter dust plumes in West Asia is there-
fore responsible for the increased influx of palygorskite and
other Mg-bearing dust minerals from the Arabian Peninsula into
the Arabian Sea during stadials (6, 49, 50). Thus, the abrupt
changes registered by marine sediments of the northern Arabian
Sea during stadials (7, 10) might reflect both an increase in
westerly wind intensity during winter and a decrease in monsoon
strength during summer. Pronounced changes in the upwelling-
induced productivity in marine sediments from the northern
Arabian Sea (7) also show the high sensitivity of these archives to
wind changes. Instead, speleothems as archives of past hydro-
logical variability and without sensitivity to winter wind/dust
changes might better represent the ISM strength and reflect less
abrupt changes of the summer monsoon at transitions into
stadials and interstadials.

Unlike Europe, where the enhanced dust emissions during
stadials are attributed primarily to changes in vegetation cover
(51), North Africa and the Arabian Peninsula are intrinsically
dry and constitute the largest dust sources in the world. Atmo-
spheric circulations involving high-speed surface winds could
drive dust mobilization and transport from such desert envi-
ronments (52). The increased dust emission from these regions
during stadials is thus most plausibly linked to wind speed
changes associated with large-scale atmospheric reconfigura-
tions. This notion is supported by the gradual decreasing trends
in our dust record, e.g., during the YD, which mimics the pattern
of dust deposition in Greenland ice cores (Fig. 3), suggesting the
role of decreased wind gustiness on a global scale, as the sources
of dust emissions for these regions are not the same. Neverthe-
less, the overall Northern Hemisphere aridity during stadials as
well as sea surface cooling over the moisture sources for West
Asian precipitation might have also contributed to the aug-
mented dust emissions from the dust sources.

Generally, HS1 (ca. 18 to 14.6 cal. ka B.P.) is considered as a
two- or three-step event (53-56). The early stage is thought to be
associated with meltwater discharge into the North Atlantic from
Eurasian and North American ice sheets as a consequence of the
temperature rise at the beginning of the last deglaciation
(57-59). The late stage is attributed to massive iceberg dis-
charges from the unstable Laurentide Ice Sheet (LIS) into the
North Atlantic (57, 58). HS1 is not a uniform event in our record
as well and contains two dust phases (HSla and HSlc), sepa-
rated by an intervening period of declined dust input (HS1b).
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The first phase (HS1a) begins at 18 cal. ka B.P. and remains
relatively constant until 16.5 cal. ka B.P. and then gradually
decreases. The second phase (HS1c) begins very rapidly at 15.1
cal. ka B.P. and ends suddenly with the onset of the Bglling—
Allergd at 14.6 cal. ka B.P. (Fig. 3). The enhanced dust activity at
the onset of HS1a is in agreement with the freshwater release
from European ice sheets into the North Atlantic between 18.2 +
0.2 and 16.7 + 0.2 ka B.P. (59), but not with temperature and
dust records of Greenland. The gradual decline of dust input in
our record after 16.5 cal. ka B.P. is well matched by the termi-
nation of freshwater discharge from European ice sheets into the
North Atlantic. The North Atlantic sea-ice cover must have been
reduced from the WSTNA at 16.5 cal. ka B.P. and steadily re-
ceded to more northern regions, leading to a concomitant
northward displacement of the NHWs. This is in line with in-
creased humidity in northeastern (NE) Brazil at 16.5 ka B.P.,
attributed to a northward shift of the ITCZ (53) and a surface
warming trend in the western South Atlantic between 16.5 and
15.1 cal. ka B.P., attributed to increased AMOC strength (60).

The abrupt onset of HS1c at 15.1 cal. ka B.P. is in agreement
with the strongest expansion of perennial sea-ice cover in the SE
Norwegian Sea over the past 90 ky (61). It is also synchronous
with the destabilization and rapid thinning of the LIS (62, 63)
and discharge of massive icebergs and freshwater from this giant
ice mass into the North Atlantic through the Hudson Strait (58),
the Gulf of Maine (62, 63), and the Gulf of Mexico (64). Fur-
thermore, this event is well matched with a rapid SST warming in
the western South Atlantic (60), elucidating the rapid response
of atmospheric circulation to AMOC variability on a global scale
(81 Appendix, Fig. S7).

Variations in our dust record suggest that North Atlantic cold
events caused by discharges of freshwater and icebergs from the
North American ice sheets (HSlc, YD, PBO, and the 8.2-ka
event) have led to more rapid climate reorganizations in West
Asia compared to those caused by European ice sheets (HS1a).
This may be associated with the flow pattern of the Gulf Stream
along the East Coast of North America, making it more sensitive
to freshwater and iceberg discharges from this continent. As a
result, freshwater and iceberg discharges from the LIS and/or
Lake Agassiz appear to have profoundly reduced the strength of
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iceberg discharges from the European ice sheets have most likely
caused a progressive sea-ice advance from the high- toward the
midlatitude North Atlantic, which resulted in less abrupt me-
ridional shifts in the NHWs.

Materials and Methods

A 7.63-cm-long sediment core was collected from KSB located ca. 20 km
south of the city of Jiroft in Kerman Province, SE Iran and 2 km west of the
390-km-long Halil River (S/ Appendix, Text and Fig. S1 A and B). Here we
report on the section between 169 and 763 cm sediment depth, spanning
the time period 19 to 6.85 cal. ka B.P. The age model is based on linear in-
terpolation between seven radiocarbon dates (S/ Appendix, Table S1 and
Fig. S3). X-ray fluorescence (XRF)-core scanning was processed using the
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have been deposited in the PANGAEA data repository and are accessible at
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