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a b s t r a c t

The spatial and temporal interaction of the Westerlies and the Asian Summer Monsoon (ASM) are often
suggested to drive the Holocene moisture evolution of semi-arid Mongolia and Central Asia, but so far, it
has remained a controversial topic of debate. In this context, we established a high-resolution 7.4 cal ka
paleohydrological record from Shireet Naiman Nuur in the central Mongolian Khangai Mountains using
compound-specific biomarker d2H analyses. Our results suggest that drier conditions from 7.4 to 3.6 cal
ka BP and wetter conditions since 3.6 cal ka BP until present are indeed related to changes in atmo-
spheric circulation pattern. A strong anti-phasing between our record and records in monsoonal Asia
shows that ASM intensification during the Mid Holocene shifted the ASM limit and adjacent subsidence
dry-zones northwards, leading to increased dryness at Shireet Naiman Nuur. Overall wetter conditions
during the Late Holocene are related to negative North Atlantic Oscillation phases advecting moisture
into central Mongolia and Shireet Naiman Nuur by southerly-displaced Westerlies.
© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Semi-arid regions are expected to increasingly suffer from
climate and environmental changes during the upcoming decades
with severe socio-economic consequences (IPCC, 2021). Already
now, semi-arid Mongolia, for example, experiences rising temper-
atures, longer and intensified drought conditions and changing
precipitation pattern, which are predicted to intensify and become
modified even further in the next decades (Marin, 2010; Hessl et al.,
2018; Nanzad et al., 2021). This climate sensitivity of semi-arid
Mongolia is mainly due to its continentality and complex climate
forcing mechanisms that influence moisture advection and pre-
cipitation availability (D'Arrigo et al., 2000; Aizen et al., 2001).
While the cold and dry winter climate is driven by the Siberian
High, moisture and precipitation is mainly brought during the short
summer months by the mid-latitude Westerlies (Hoerling et al.,
2001; Mohtadi et al., 2016). During the past, it has been sug-
gested that also the low-latitude Asian Summer Monsoon (ASM)
played a role for moisture supply in the region to a certain degree
Bliedtner).

r Ltd. This is an open access article
(Gunin et al., 1999; Chen et al., 2008; Rudaya et al., 2009). However,
the evolution of these major circulation systems has been contro-
versially discussed and there is only little consensus about their
spatial interactions, particularly how they influence climate vari-
ability andmoisture availability in the region. Existing paleoclimate
studies fromMongolia, which are mostly based on pollen analyses,
often suggest a wetting trend during the Early Holocene, dry con-
ditions during the Mid Holocene and wet conditions again during
the Late Holocene (see reviews of Wang and Feng, 2013 and Klinge
and Sauer, 2019). Some authors argue that wetter conditions during
the Early Holocene can be attributed to increased precipitation
availability from the ASM, whereas the influence of the Westerlies
started to increase during the Mid Holocene (Gunin et al., 1999; An
et al., 2008; Chen et al., 2008; Rudaya et al., 2009). However, the
direct influence of ASM-related precipitation to the overall pro-
posed wet/dry/wet trend throughout the Holocene is still subject of
controversy and the paleoclimate picture remains unclear. To some
degree, this is because major environmental shifts often differ in
their timing from site to site, which is partly due to poor chrono-
logical control, and most studies so far have used rather indirect
hydrological proxies, such as pollen, sedimentological or
geochemical proxies (e.g., Prokopenko et al., 2007; Sun et al., 2013;
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Unkelbach et al., 2019). Additionally, the paleoclimate evolution of
semi-arid Central Asia, including Mongolia, has been recently the
subject of an intense debate whether it is anti-phasic compared to
the regions within the margins of the ASM (Zhang and Feng, 2018;
Chen et al., 2019; Xu et al., 2019), but the atmospheric forcing
mechanism, i.e., the spatial and temporal interaction of the West-
erlies and the ASM, remains unclear so far.

For investigating past hydrological changes and moisture avail-
ability in semi-arid Mongolia, we recently proposed a novel and
direct hydrological proxy which is based on the compound-specific
hydrogen isotopic composition (d2H) of n-alkane biomarkers in
lake sediments (Bliedtner et al., 2021; Strobel et al., 2022). n-Alkanes
comprised in lake sediments are a mixture of terrestrial and aquatic
sources, and their primary hydrogen source is the environmental
water used for biosynthesis (Sachse et al., 2004; Xia et al., 2008;
Strobel et al., 2022). Terrestrial n-alkanes (e.g., n-C31) are produced as
the leaf waxes of terrestrial plants and primarily incorporate the d2H
signal of the growing season precipitation (Sachse et al., 2012; Struck
et al., 2020a, 2020b). In contrast, aquatic n-alkanes (e.g., n-C23) are
produced by algae and aquatic macrophytes which incorporate the
d2H signal of lake water (Ficken et al., 2000; Sachse et al., 2004;
Strobel et al., 2021, 2022). For semi-arid Mongolia, we showed in a
calibration study of lake surface sediments from Khar Nuur
(Nuur¼ lake) that the terrestrial d2H signal reflect very well the local
growing season precipitation (Strobel et al., 2022). In contrast, the
aquatic d2H signal is strongly enriched in the endorheic Khar Nuur,
indicating that lake water is strongly modulated by evaporation.
Consequently, the isotopic offset between aquatic and terrestrial d2H,
which can be expressed as Daq-terr, is a valuable indicator for lake
water evaporation and therefore past hydrological changes in the
lake catchment (Strobel et al., 2022). The Daq-terr has previously been
applied as a valuable hydrological proxy at high-elevation sites in
Central Asia (Aichner et al., 2019; Mügler et al., 2008), and we
recently used the Daq-terr for reconstructing hydrological changes of
the past 4.2 ka in the Khar Nuur sediments from the Mongolian Altai
(Bliedtner et al., 2021).

Here we reconstruct Mid to Late Holocene hydrological changes
from the central Mongolian Khangai Mountains based on a high-
resolution biomarker isotope record. Specifically, we analyzed
Fig. 1. (a) Overview of the study area with the d2H distribution of mean annual precipitation
the southeastern Khangai Mountains. Also indicated are the sites of Telmen Nuur (TL) and
atmospheric circulation systems, i.e., the mid-latitude Westerlies and the low-latitude ASM, a
monthly temperature and precipitation of the nearest climate station Arvaikheer (1813 m
monthly hydrogen isotopic composition of precipitation for the site (Bowen and Revenaug
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compound-specific d2H of aquatic and terrestrial n-alkanes from
the lake sediments of Shireet Naiman Nuur, an endorheic high-
elevation lake (2429 m a.s.l.) in the Khangai Mountains previ-
ously described in detail by Bliedtner et al. (2022) for its chro-
nostratigraphy. The lake sediments provide a good age control
spanning the past 7.4 ± 0.3 cal ka BP. Within this study we aim at i)
establishing a high-resolution biomarker d2H record for recon-
structing past hydrological changes and ii) identifying and disen-
tangling the drivers of hydrological changes for a more
comprehensive understanding of the Mid to Late Holocene mois-
ture evolution of the region.

2. Materials and methods

2.1. Study area

Shireet Naiman Nuur is located in the southeastern part of the
central Mongolian Khangai Mountains (46�31055.0400N,
101�49016.2300E; Fig. 1a) at high elevation (2429 m a.s.l.) in the upper
Orkhon Valley. The small hydrological catchment (~32.5 km2) of the
lake has steep slopes and reached an elevation up to ~3100 m a.s.l.
Currently, the lake has no outlet, i.e., it is endorheic, and is therefore
highly sensitive to changes in precipitation/evaporation. However, a
lake level rise of ~5 m would result in an overspill into the upper
OrkhonValley, which could potentially have occurred during the Late
Glacial due to increased meltwater inflow (Bliedtner et al., 2022).
Today's mean annual temperature and precipitation at the nearest
climate station Arvaikheer (CSC-ID 44388) is 2.0 ± 0.9 �C and
256.4 ± 75.2 mm, respectively, with ~75% of the annual precipitation
falling during the summer months, i.e., June to August (period from
2009 to 2017; DWD Climate Center, 2021, Fig. 1b). Since Shireet
Naiman Nuur is located ~600 m higher than the climate station at
Arvaikheer, even lower mean annual temperatures can be expected,
which ultimately lead to an ice coverage of the lake for 7 months per
year (2018e2020; Planet Team, 2017). The modeled hydrogen iso-
topic composition of precipitation at Shireet Naiman Nuur is
depleted during the winter months (~�200‰) and enriched during
the summer months (~�50‰) (Bowen and Revenaugh, 2003,
Fig. 1b).
(Bowen and Revenaugh, 2003). The yellow star indicates Shireet Naiman Nuur (SNN) in
Khar Nuur (KN) (white stars), that are used for comparison, as well as the two major
nd their potential spatial changes during strengthened and weakened phases. (b) Mean
a.s.l.; 46.27�N; 102.78�E; DWD Climate Center, 2021), as well as the modern modeled
h, 2003).



Fig. 2. Compound-specific d2H of the terrestrial n-C31, the aquatic n-C23 and the iso-
topic offset between the aquatic and terrestrial d2H (Daq-terr) from the Shireet Naiman
Nuur sediments.
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The regional climate in Mongolia and the Khangai Mountains is
dominated by the Siberian High during winter, leading to extremely
cold and dry conditions.Water vapor backward trajectories (HYSPLIT
analyses) from the Altai Mountains suggest that precipitation is
primarily supplied by themid-latitudeWesterlies, bringingmoisture
from the North Atlantic and the Mediterranean Sea as well as
recycled moisture from the inlands of Arid Central Asia (Xu et al.,
2019). The ASM plays no significant role on today's moisture and
precipitation distribution in Mongolia, and only small-scale con-
vections of recycled moisture from the monsoonal region can reach
Mongolia on rare occasions (Chen et al., 2019, Fig. 1).

2.2. Lithology and chronology of the studied Shireet Naiman Nuur
sediments

The investigated lake sediment core from Shireet Naiman Nuur
was previously described in detail by Bliedtner et al. (2022). The
178 cm long sediment core comprises mostly layered silty sedi-
ments and consists of three lithological units (see Fig. 3 in Bliedtner
et al., 2022). The laminated brownish sediments of Unit A (from 178
to 118 cm) are interrupted by two pale layers at 167 and 152 cm
sediment depth. A double pale layer at 114 cm sediment depth and
blackish sediments at 80 cm sediment depth interrupt the lami-
nated brownish sediments in Unit B (from 118 to 60 cm). Another
pale layer occurs in Unit C (from 60 to 0 cm) at 59 cm sediment
depth and well laminated brownish sediments contain intercalated
blackish sediments.

Extensive 14C-dating of bulk organic carbon and terrestrial
macrofossils enabled the establishment of a robust and precise
chronology for the Shireet Naiman Nuur sediments (see Fig. 3 in
Bliedtner et al., 2022). Bayesian age-depth modeling of the 14C-
dated compounds gave a modeled basal median 14C-age of
7.4 ± 0.3 cal ka BP, with most 14C-ages in stratigraphic order, apart
from a few exceptions. The terrestrial macrofossil and organic
carbon 14C-ages at 80 and 79 cm sediment depth, respectively, had
slight age offsets, while the terrestrial macrofossil 14C-age at 29 cm
sediment depth had a large age offset. Those samples are pre-aged
and excluded from age-depth modeling. Based on the 14C-ages, an
age-depth model was established by Bayesian age modeling using
the Bacon 2.3.4 package in R (Blaauw and Christen, 2011). All bulk
organic carbon samples were reservoir corrected during age-depth
modeling using the 14C-age of the uppermost bulk organic carbon
sample (0e1 cm sediment depth), which gave a conventional 14C-
age of 632 ± 101 years. The 14C-based chronology of the Shireet
Naiman Nuur sediments was further confirmed by paleomagnetic
secular variation (Bliedtner et al., 2022).

2.3. Compound-specific biomarker d2H analyses

For biomarker analyses, free total lipids were extracted from
sediments by ultrasonic extraction with dichloromethane (DCM)/
methanol (MeOH) (9:1, v/v) for 15 min in three cycles. The total
lipid extract was separated over aminopropyl pipette columns
(Supleco, 45 mm) into fractions of different polarity. The apolar
fraction including the n-alkanes was eluted with hexane and
further purified over silver nitrate (AgNO3; Supelco, 60e200 mesh)
pipette columns due to coeluting compounds. Identification and
quantification of the n-alkanes was carried out on an Agilent 7890 B
gas-chromatograph equipped with an Agilent HP5MS column
(30 m length, 320 mm inner diameter, 0.25 mm film thickness) and a
flame ionization detector, relative to external n-alkane standards
(n-C21 � n-C40; Supelco). Compound-specific hydrogen isotopes of
the n-alkanes were analyzed using an Isoprime visION isotope ratio
mass spectrometer coupled via a GC5 pyrolysis-combustion inter-
face to a gas chromatograph (Agilent 7890 B). The GC5 operated in
3

pyrolysis mode for the d2H analyses with a chrome reactor at
1050 �C. Samples were injected splitless and measured as tripli-
cates. The analytical precision was checked twice after nine in-
jections by certified external n-alkane standards with a known
isotopic composition (Arndt Schimmelmann, University of Indi-
ana). The H3þ-correction factor was checked regularly and gave
values of 3.41 ± 0.08. The hydrogen isotopic composition is given in
its delta notation in per mil, i.e., as d2H versus the Vienna Standard
Mean Ocean Water (VSMOW). Daq-terr, the offset between the
aquatic and terrestrial n-alkanes, followed the calculation of Strobel
et al. (2022):

Daq�terr ¼1000 * ½ðn�C23 þ1000Þ = ðn�C31 þ1000Þ�1�
3. Results

n-Alkanes are present in all 92 analyzed samples from the
Shireet Naiman Nuur sediments and their compound-specific d2H
values provide distinct changes over the past 7.4 ± 0.3 cal ka BP. d2H
values of the terrestrial n-C31 range from �219.2 ± 1.2
to �192 ± 1.9‰ and d2H values of the aquatic n-C23 range
from�199.5± 2.1 to�159.9± 2.0‰ (Fig. 2). d2H of the aquatic n-C23
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is generally more enriched (up to ~50‰) compared to d2H of the
terrestrial n-C31 in the endorheic Shireet Naiman Nuur sediments,
with greater enrichment from 7.4 ± 0.3 to 2.8 ± 0.2 cal ka BP and
less enrichment from 2.8 ± 0.2 cal ka BP until present day. Daq-terr is
positive and ranges from 15.2 to 53.7‰ (Fig. 2). Higher values occur
from 7.4 ± 0.3 to 2.8 ± 0.2 cal ka BP and become lower from
2.8 ± 0.2 cal ka BP until present day.

4. Discussion

In the Mid to Late Holocene Shireet Naiman Nuur sediments,
compound-specific d2H values of the aquatic n-C23 are generally
more enriched compared to the terrestrial n-C31 (up to ~50‰), and
we interpret variations in the d2H-enrichment of the aquatic n-C23
in terms of evaporation/precipitation changes (Fig. 2). It is notable
that n-alkanes in lake sediments often contain a mixed signal from
aquatic and terrestrial sources, which limit a clear determination of
aquatic and terrestrial end-members and therefore the interpre-
tation of the d2H signal (e.g., Yang and Bowen, 2022). However, our
regional calibration studies of modern plant material, topsoils and
lake surface sediments show that n-C23 is of aquatic origin whereas
n-C31 is produced by terrestrial plants in semi-arid Mongolia
(Struck et al., 2020a; Strobel et al., 2021). Moreover, we found that
d2H of the terrestrial n-C31 primarily records the isotopic signal of
the local growing season precipitation (Struck et al., 2020b; Strobel
et al., 2022), whereas d2H of the aquatic n-C23 reflects the isotopic
signal of the lake water used by aquatic macrophytes and algae
during photosynthesis (Strobel et al., 2022). Additionally, the semi-
arid Mongolian lakes, which are mostly endorheic, are highly sen-
sitive to precipitation/evaporation changes and d2H of aquatic n-C23
is often strongly enriched compared to d2H of the terrestrial n-C31
indicating that lake water is strongly modified by lake water
evaporation (Bliedtner et al., 2021; Strobel et al., 2022). Conse-
quently, the isotopic offset between aquatic and terrestrial d2H,
which can be expressed as Daq-terr, is a valuable indicator for lake
water evaporation and high values of Daq-terr in the Shireet Naiman
Nuur sediments from 7.4 ± 0.3 to 2.8 ± 0.2 cal ka BP indicate
enhanced lake water evaporation and drier conditions. Lower Daq-

terr values from 2.8 ± 0.2 cal ka BP until present day indicate less
evaporation andmoister conditions at Shireet NaimanNuur (Fig. 2).

The curves for Daq-terr and log (Ca/Ti) follow a similar pattern at
Shireet Naiman Nuur and suggest that a link may exist between
these records (Fig. 3b and c). We recently reported that lake pri-
mary productivity changes are reflected by log (Ca/Ti) in the high-
altitude Shireet Naiman Nuur sediments, which were primarily
driven by ice cover periods and growing season temperatures
(Bliedtner et al., 2022). The general decreasing trend in growing
season temperatures from the Mid to Late Holocene at Shireet
NaimanNuur is mainly controlled by decreasing summer insolation
(Fig. 3a, c). Thus, periods of enhanced evaporation and drier con-
ditions as indicated by the Daq-terr seem to be driven by higher
growing season temperatures at Shireet Naiman Nuur, whereas
periods of lower temperatures and reduced evaporation seem to
promote more effective moisture at the site (Fig. 3a, b, c). Although
the Daq-terr indicates distinctively wetter conditions from
2.8 ± 0.2 cal ka BP until present day, an overall trend from drier/
warmer conditions before 3.6 þ0.2/-0.3 cal ka BP to wetter/colder
conditions thereafter becomes obvious when comparing Daq-terr

and log (Ca/Ti) (Fig. 3b and c). This temperature dependency on
lake water evaporation as observed in the Shireet Naiman Nuur
sediments was only recently tested by a present-day water balance
model for Telmen Nuur and also suggested for the Telmen Nuur
sediments during the past ~3.8 cal ka BP (Struck et al., 2022). The
4.2 ka event, which occurs as a prominent, abrupt cooling event in
the Shireet Naiman Nuur sediments at 4.2 ± 0.2 cal ka BP (Bliedtner
4

et al., 2022), appear exceptional as it does not follow this temper-
ature dependency and exhibits distinctly drier conditions (Fig. 3b
and c). While the cool and dry conditions are contrary to the gen-
eral warm/dry and cool/wet trend at Shireet Naiman Nuur, the
often acknowledged 4.2 ka cooling event has previously been re-
ported as an extended drought event in Eurasia (see Perşoiu et al.,
2019 and references therein). Cooler conditions during the 4.2 ka
event are likely related to enhanced ice-rafted debris in the North
Atlantic (Bond et al., 2001), which led to a strengthened and
expended Siberian High, blocking moisture from the mid-latitude
Westerlies in Eurasia (Perşoiu et al., 2019). Therefore, beside the
dependency with temperature, the spatial and temporal in-
teractions of the atmospheric circulation systems have also a strong
control on the hydrological conditions at Shireet Naiman Nuur and
in the broader region.

The trend from drier conditions during the Mid Holocene to
wetter conditions during the Late Holocene at Shireet Naiman Nuur
is very well in line with a moisture index for northern central Asia
compiled from multiple regional pollen, isotope and sedimento-
logical records (Lan et al., 2021, Fig. 3b, d). However, Lan et al.
(2021) suggest that temperature-induced evaporation has only
minor control on regional dryness/wetness trends while the
strength and latitudinal position of the mid-latitude Westerlies are
strong first order controls on Holocene moisture evolution. More-
over, (in)direct influence on the past regional climate has also been
attributed to the low-latitude ASM (An et al., 2008; Chen et al.,
2008; Rudaya et al., 2009), and the spatial and temporal in-
teractions between Westerlies and ASM might be crucial for un-
derstanding past hydroclimatic changes in the region.

The comparison between the Holocene moisture changes at
Shireet Naiman Nuur and the intensity of the ASM recorded by d18O
at Dongge Cave, which is located in the interior of monsoonal Asia,
reveals a distinctly anti-correlated pattern (Fig. 3b, e; see Fig. 3i and
j for location). More negative d18O values at Dongge Cave during the
Mid Holocene (i.e., from ~7.5 to 3.6 cal ka BP) indicate increased
precipitation amounts and an intensified ASM due to high solar
summer insolation and higher sea surface temperatures. In
contrast, reduced precipitation and a weakened ASM are indicated
by more positive d18O values at Dongge Cave during the Late Ho-
locene (i.e., after ~3.6 cal ka BP) due to reduced solar summer
insolation and lower sea surface temperatures (Dykoski et al.,
2005). This contrasts drier conditions at Shireet Naiman Nuur
during the Mid Holocene and wetter conditions thereafter (Fig. 3b,
e), and suggests an anti-phase relationship between our record and
the ASM-dominated regions of monsoonal Asia that has previously
been proposed for theWesterlies-dominated regions of central Asia
and the ASM-dominated regions of monsoonal Asia (e.g.,
Herzschuh, 2006; Zhang and Feng, 2018; Chen et al., 2019; Xu et al.,
2019). Consequently, an intensified ASM during the Mid Holocene
led to a northward displacement of the monsoonal limit, and the
adjacent subsidence dry zones north of the monsoonal limit like-
wise intensified and shifted northwards as schematically illustrated
in Fig. 3j. While the monsoonal limit is presently located south of
Mongolia, a proposed northward shift of ~400 km during the Mid
Holocene (Goldsmith et al., 2017) will very likely result in a
displacement of the subsidence dry zones over Central Mongolia
and the Khangai Mountains (Figs. 1 and 3j). This displacement of
the subsidence dry zones to the north would have led to increased
dryness at Shireet Naiman Nuur because moisture-bearing West-
erlies were prevented from penetrating into the region. Decreasing
summer insolation and a weakened ASM during the Late Holocene
resulted in a southward shift of the monsoonal limit and the
adjacent subsidence dry zones, allowing the Westerlies to control
the overall wetter climate in central Mongolia by changes in its
strength and latitudinal position on millennial to decadal



Fig. 3. Anti-phase relationship between the moisture evolution of semi-arid Mongolia and monsoonal Asia. Comparison of (b) Holocene moisture changes at Shireet Naiman Nuur
(SNN; Daq-terr) with (a) June insolation at the site latitude (46 �N) (Laskar et al., 2004), (c) log (Ca/Ti) from Shireet Naiman Nuur (Bliedtner et al., 2022), (d) a multi-proxy-based
moisture index from northern Central Asia (Lan et al., 2021), (e) d18O from Dongge Cave (Dykoski et al., 2005), (f) pollen-based precipitation reconstruction from Lake Gonghai
(Ding et al., 2017), (g) leaf wax d2H of n-alkanoic acid C28 from Lake Qinghai (Thomas et al., 2016) and (h) leaf wax d2H of n-alkane C31 from Lake Hala (Aichner et al., 2022). The
assumed spatial evolution of the major atmospheric circulation systems, i.e., the Westerlies and ASM, during the Late and Mid Holocene are illustrated in (i) and (j). The numbers in
(i) and (j) refer to the locations of the paleoclimate records used for comparison: 1 ¼ Dongge Cave, 2 ¼ Lake Gonghai, 3 ¼ Lake Qinghai and 4 ¼ Lake Hala.
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timescales (Routson et al., 2019; Lan et al., 2021, Fig. 3i). This
decreasing trend of the ASM intensity from the Mid to the Late
Holocene is also recorded by speleothem d18O records from the
interior of monsoonal Asia (see stacked d18O record from Yang et al.,
2019), and a likewise decreasing trend of ASM-related precipitation
is shown by multiple lacustrine records from the monsoonal realm,
even by those records located near the present monsoon limit. This
trend is illustrated in Fig. 3 by a pollen-based precipitation recon-
struction from Lake Gonghai (Chen et al., 2015, Fig. 3f), and two leaf
wax d2H records from Lake Qinghai (Thomas et al., 2016, Fig. 3g)
and Lake Hala (Aichner et al., 2022, Fig. 3h), all showing an anti-
phased moisture pattern to the Shireet Naiman Nuur record
(Fig. 3b). In contrast, Mid Holocene dryness is often reported from
lake sediment records in Westerlies-influenced Central Asia and
Mongolia (Fowell et al., 2003; Prokopenko et al., 2007;
Schwanghart et al., 2009; Wang et al., 2011; Lan et al., 2021) further
supporting our paleohydrological findings from Shireet Naiman
Nuur and the distinct anti-phase relationship of dryness/wetness
trends between Central Asia, including Mongolia, and monsoonal
Asia. Moreover, the influence of the spatial pattern and interaction
of the Westerlies and the EASM plays an important role on regional
hydrological conditions.

Generally wetter conditions during the past ~3.6 cal ka BP at
Shireet Naiman Nuur correspond well with the suggested
increasing predominance of the mid-latitude Westerlies on Central
Asia's hydrology during the Late Holocene. Interruptions of the
overall wetter conditions at Shireet Naiman Nuur by drier condi-
tions at ~3, ~1.5, ~1 and 0.5 cal ka BP further suggest that short-term
fluctuations in hydrological conditions are probably related to the
5

strength and latitudinal position of the Westerlies (Chen et al.,
2019; Lan et al., 2021). This pattern of overall wetter conditions
during the last 3.6 cal ka BP interrupted by short-term periods of
dry conditions is in good agreement with hydrological variations
recorded by an evaporation index (EI) in a lake sediment record
from Telmen Nuur (Struck et al., 2022) also located in Central
Mongolia ~400 km northwest of Shireet Naiman Nuur (see Fig. 1 for
location). Phases of wetter and drier conditions are especially well
matched in both records during the last ~2.8 cal ka BP (Fig. 4a and
b). Differences between both records exist before ~2.8 cal ka BP,
especially the timing of the dry phase at ~3.5 cal ka BP at Telmen
Nuur could potentially correspond to the dry phase at ~3.8 cal ka BP
at Shireet Naiman Nuur due to chronological uncertainties in the
Telmen Nuur sediments during the period from ~3.6 to 3.0 cal ka BP.
However, those differences are still within both chronologies 2s
uncertainties. Comparison of hydrological changes at Shireet Nai-
man Nuur and Telmen Nuur with the North Atlantic Oscillation
(NAO) index (Faust et al., 2016) indicates that wetter conditions at
both sites very well correspond with negative NAO phases (Fig. 4a,
b, c). During negative NAO phases, the Westerlies are displaced
southward because of northern hemispheric cooling and a greater
latitudinal temperature and pressure gradient between the Sub-
tropical High and Subpolar Low in the North Atlantic (Olsen et al.,
2012; Faust et al., 2016). It has been suggested that moisture and
precipitation, and especially precipitation during late winter/early
spring, is increasingly brought to Central Asia and Mongolia during
negative NAO phases, with moisture being mainly advected from
the southern part of the North Atlantic and the Mediterranean Sea
(Aizen et al., 2001; Yang et al., 2020). This relationship of higher



Fig. 4. Short-term hydrological fluctuations during the Late Holocene. Comparison of
(a) Holocene moisture changes at Shireet Naiman Nuur (SNN; Daq-terr) with (b) an
isotope-based evaporation index (EI) from Telmen Nuur (TL; Struck et al., 2022), (f) a
North Atlantic Oscillation (NAO) Index (Faust et al., 2016) and (g) Daq-terr from Khar
Nuur (KN; Bliedtner et al., 2021).
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precipitation during negative NAO phases is further supported by
modeled modern water vapor backward trajectories from the Tian
Shan/Pamir Mountains (Wolff et al., 2017; Yan et al., 2019) and the
Altai Mountains (Xu et al., 2019). In contrast, drier conditions and
less precipitation seem to occur in central Mongolia and at Shireet
Naiman Nuur during positive NAO phases (i.e., at ~3, ~1.5, ~1 and
0.5 cal ka BP; Fig. 4a, c), because warming and lower temperature
gradients in the North Atlantic led to a displacement of the West-
erlies further north. Therefore, precipitation and moisture avail-
ability at Shireet Naiman Nuur is mostly related to the latitudinal
position of the Westerlies driven by the NAO. However, following
the discussion about log (Ca/Ti) in the Shireet Naiman Nuur sedi-
ments above, temperature also plays an important role on regional
hydrological changes and is highly linked with the position of the
Westerlies during the Late Holocene. This is because the position of
the Westerlies is related to temperature and pressure gradients in
the northern hemisphere and moisture-bearing Westerlies co-
occur with lower temperatures and reduced evaporation during
negative NAO phases and vice versa.

Overall, the Late Holocene moisture pattern at Shireet Naiman
Nuur resembles existing records in central Mongolia, e.g., Khuisiin
Nuur (Tian et al., 2013), Bayan Nuur (Yang et al., 2020) and Telmen
Nuur (Struck et al., 2022), suggesting Westerlies and temperature
as the dominant forcing mechanisms on regional hydrology.
Comparing central Mongolia to the Mongolian Altai, a mostly
6

similar Late Holocene moisture pattern can be observed at Khar
Nuur (Bliedtner et al., 2021), although the magnitude of evapora-
tion changes in the Khar Nuur catchment (i.e., changes in Daq-terr) is
different (Fig. 4d). In particular, an exceptionally strong evaporative
enrichment and increased dryness occurred in the Khar Nuur
catchment from ~1.5 to 0.5 cal ka BP, which are absent at Shireet
Naiman Nuur and in other records in central Mongolia. However,
those differences might be explained by the slightly different
environmental settings in the Altai Mountains with even colder
temperatures and less precipitation at Khar Nuur as observed today
(Bliedtner et al., 2021). Khar Nuur is additionally located in the
eastern part of the Altai Mountains with a greater influence of rain-
shadow effects, and the lake therefore probably reacts to a much
greater degree to changes in precipitation versus evaporation than
the central Mongolian lakes. Despite slight differences, the Khar
Nuur hydrological record mostly follows our hydrological recon-
struction from Shireet Naiman Nuur.

5. Conclusions

Our study investigated the Mid to Late Holocene moisture
evolution in semi-arid central Mongolia by compound-specific
biomarker d2H analyzes of the 7.4 cal ka long lake sediment
sequence from Shireet Naiman Nuur. Daq-terr, our hydrological in-
dicator for evaporation changes in a lake catchment, closely re-
sembles our previously published changes in growing season
temperatures, indicating an overall trend of increased evaporation
and drier/warmer conditions at Shireet Naiman Nuur from ~7.4 to
~3.6 cal ka BP (i.e., during the Mid Holocene). Reduced evaporation
andwetter/colder conditions occurred thereafter (i.e., ~3.6 cal ka BP
until present day; during the Late Holocene). While moisture
availability at Shireet Naiman Nuur seems to be related to changes
in temperature and evaporation, the spatial pattern and interaction
of the mid-latitude Westerlies and low-latitude ASM also exert
important control on regional precipitation and moisture changes.
From the Mid to Late Holocene, a strong anti-phasing of our record
with records from monsoonal Asia suggest that an intensified ASM
displaced themonsoonal limit northward during theMid Holocene.
The adjacent subsidence dry zones were likewise shifted north-
wards over central Mongolia, preventing moisture supply into the
region and leading to drier conditions. A weakened ASM and
southward displacement of the monsoonal limit during the Late
Holocene allowed the moisture-bearing Westerlies to penetrate
into central Mongolia leading to wetter conditions. Short-term
hydrological fluctuations of the overall wet conditions at Shireet
Naiman Nuur and central Mongolia during the Late Holocene are
determined by the strength and latitudinal position of the West-
erlies. Increased precipitation and moisture availability occur dur-
ing negative NAO phases where the Westerlies are shifted
southwards and bring more precipitation from the southern
Atlantic and Mediterranean Sea during late winter/spring. Short-
term drier conditions with less precipitation occur during posi-
tive NAO phases because the Westerlies are shifted north of central
Mongolia.
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