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Abstract Recent studies have found a dipole pattern of hydroclimate variation in western Asia (WA) and
arid central Asia (ACA) during the Holocene. However, speleothem 6'20 evidence shows some inconsistencies
with other lines of evidence, especially concerning the timing of peak wetness in WA and precipitation trends in
ACA. In an attempt to investigate these discrepancies, we employ the transient isotope-enabled simulation, that
is, the iTraCE experiment, and water tagging sensitivity experiments driven by high and low precessions. The
relationship between variations in water isotopes and precipitation and the underlying mechanisms are
investigated. We find trends toward enriched 5'0 over three regions, with decreasing precipitation over WA
and western central Asia (WCA) but increasing precipitation over eastern central Asia (ECA) during the
Holocene. These opposing relationships between §'%0 and precipitation result from a number of different
mechanisms. The 18Op enrichments over WA, WCA, and ECA arise mainly from the Indian Ocean and Africa,
North Atlantic Ocean, and Pacific Ocean source regions, respectively. These 6180p enrichments result more
from decreases of precipitation weight sourced from these regions than from increases of isotope ratio through
the source and en route effects. These precipitation weight decreases and isotope ratio increases are tied to
precession-driven changes in large-scale circulation, including the African monsoon weakening, winter polar
front westerly jet weakening, summer subtropical westerly jet strengthening, and Asian monsoon weakening.

Plain Language Summary Past studies have highlighted an apparent dipolar pattern of precipitation
change in Asia during the Holocene epoch (the past 11,700 years), with drying in western Asia (WA) and
wetting in the arid central Asia (ACA). Yet, one key line of evidence - speleothem §'30—appears to contradict
other climate records, creating confusion about how rainfall actually changed. Seeking to resolve this apparent
contradiction, we used transient isotope-enabled simulation to track the movement of water molecules through
the atmosphere over time. We found that while speleothem &'®0 becomes enriched across all regions though the
Holocene, rainfall itself decreased in WA and WCA but increased in ECA. This seeming discrepancy arises
from the fact that oxygen isotope levels don't just reflect total rainfall amounts but also moisture source regions.
In this case, shifts in Earth's orbit altered large-scale wind patterns, weakening the winter polar front westerly jet
and strengthening the summer subtropical westerly jet, altering the prevailing balance of different moisture
source regions.

1. Introduction

Asian drylands, including arid central Asia (ACA; 36°—51°N, 53°—96°E) and western Asia (WA; 25°—41.5°N,
27°—=53°E), with large populations and fragile ecosystems, are sensitive to climate changes. Although both ACA
and WA are dominated by the westerlies, the precipitation variations show opposite trends in recent decades, with
an increasing trend in ACA and a decreasing trend in WA (Chen et al., 2023). A similar dipole pattern of
hydroclimate changes between ACA and WA was also found during the Holocene under the natural forcings
(Chenetal., 2024; Maet al., 2025). Based on multi-proxy analyses of loess-paleosol sequences, Chen et al. (2016)
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found a persistent wetting trend over ACA through the Holocene. This wetting trend is consistent with the pollen-
based moisture records from lake sediments (Wang & Feng, 2013), stalagmite trace element ratios (Liu
et al., 2020), and multiple types of moisture or precipitation records over the ACA (Chen et al., 2022).

Over the WA, based on a precisely dated record based on lipid biomarkers and water-level reconstruction from
Almalou Peatland in the western Iranian Plateau, it is found that there is a drying trend toward the late Holocene
(Chen et al., 2024). The Jeita Cave record in WA also shows two significant millennial scale drought periods
during the middle to late Holocene (Cheng et al., 2015).

Actually, the ACA can be further divided into western CA (WCA; 36°-51°N, 53°-72°E) and eastern CA (ECA;
36°-51°N, 72°-96°E), which are dominated by cold season precipitation and warm season precipitation,
respectively. Tan et al. (2024) found that there is a long-term drying trend in WCA, which is in contrast with the
wetting trend in ECA, and these anti-phased precipitation changes result from different responses of winter and
summer westerly jets to seasonal solar insolation over the past 8,000 years. This drying trend in the WCA is also
supported by different types of records, such as reconstructions of sea level changes and salinity gradients in the
Caspian Sea (Leroy et al., 2013, 2019).

For the mechanisms behind this dipole pattern, the intensity and position of westerlies due to the latitudinal
insolation gradient play an important role in influencing water vapor transport (Chen et al., 2016). During the
middle to late Holocene, strengthened westerlies induced increased precipitation in the ACA, and intensified
subtropical high induced decreased precipitation in WA (Ma et al., 2025). Chen et al. (2024) found that the
wetting trend during early Holocene (EH), a mid-Holocene (MH) hydroclimate optimum, and a rapidly drying
trend during LH over WA are due to the pivotal shift of spring insolation.

Despite these progresses regarding the hydroclimate variations over WA and ACA, there are still some con-
troversies, which result from discrepancies between isotope records and other proxy records. For example, over
WA, the isotope records indicate that the wettest conditions occurred during the EH, while vegetation records
indicate that the wettest conditions occurred during the MH (Ding et al., 2024). Over the ACA, enriching spe-
leothem 6'30 records indicate a long-term drying trend if explained using the amount effect, which is opposite to
other records; therefore, speleothem 5'80 records over the ACA should be affected more by the moisture source
and water vapor transport pathways (Chen et al., 2022).

Therefore, the hydroclimate variations represented by the speleothem 5180C records over the WA, WCA, and
ECA need comprehensive investigations, because their climatic indications and corresponding mechanisms are
unclear. The simulations based on the isotope-enabled Earth System Model provide an opportunity to clarify these
issues and improve the understanding of hydroclimate changes during the Holocene. This will also help resolve
the inconsistencies on hydroclimate variations represented by isotope records and other proxy records.

In this study, we used the transient isotope-enabled simulation through the Holocene, that is, iTraCE experiment,
and a group of sensitivity experiments driven by high and low precessions to investigate the relationship between
water isotope and precipitation over the WA, WCA, and ECA and the corresponding dominant mechanisms. Our
results show that there are §'%0 enriching trends over the three regions, with decreasing precipitation over WA
and WCA but increasing precipitation over ECA, consistent with previous studies. The consistent §'%0 enriching
trends over the three regions are dominated by different mechanisms, resulting in these opposite relationships
between §'%0 and precipitation.

2. Data and Methodologies
2.1. Proxy Reconstructions

The 630, records from 6 caves over the arid Asia region (Figure 1a) are used in this study, and their detailed
information is shown in Table S1 of Supporting Information S1. There are three caves located at WA region, that
is, Cave Jeita (Cheng et al., 2015), Cave Soreq (Orland et al., 2012), and Cave Sofular (Fleitmann et al., 2009), one
cave at WCA region, that is, Cave Tonnelnaya (Cheng et al., 2016), and two caves at ECA region, that is, Cave
Kesang (Cheng et al., 2016) and Cave Baluk (Liu et al., 2019). The speleothem data used are sourced from the
NOAA/World Data Service for Paleoclimatology (https://www.ncei.noaa.gov/products/paleoclimatology/speleo
them). In order to be consistent with the model data, the speleothem 5'20, records were uniformly averaged on a
50-year time slice. The moisture proxy records from 17 sites (Figure 1b) are also used to validate the simulated
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Figure 1. The changes of annual 6180p (a, unit: %o) and precipitation (b, unit: mm/day) between LH and MH simulated by the
iTraCE experiment. The red dots in panel (a) are sites of six speleothem EISOC records. The dots in panel (b) are sites of
moisture proxy records, with blue indicating precipitation increases and red indicating precipitation decreases. The
rectangles show West Asia, western Central Asia, and eastern Central Asia. Stippling indicates significant change at the 95%
level based on a Student #-test. The detailed information of speleothem 6180p records are listed in Table S1 of Supporting
Information S1. The detailed information of moisture proxy records are listed in Table S2 of Supporting Information S1.

precipitation changes, and their detailed information are introduced in Table S2 of Supporting Information S1.
Notably, nearly all the moisture proxy records are from ECA, with only the Talisman Cave drought index rep-
resenting the hydroclimate variability in WCA although it locates the border between WCA and ECA (Tan
et al., 2024).

2.2. iTraCE Experiment

The iTraCE experiment is the first set of transient simulations on global climate and water isotope (6180P, éD)
covering the period since the Last Glacial Maximum (LGM) (20ka-Oka BP) using the isotope-enabled Com-
munity Earth System Model version 1.3 iCESM1.3). Following the experimental design of its precursor TraCE
(Liu et al, 2009), the iTraCE Holocene simulation is driven by four external forcings
(ICE + ORB + GHG + MWEF), that is, the ice sheet and ocean bathymetry (ICE), orbital parameters (ORB),
greenhouse gas concentrations (GHG), and meltwater fluxes (MWF) (He et al., 2021a).

The iTraCE simulation for the Last Deglaciation (LD) (20 ka-11 ka BP) has been analyzed regarding the
hydroclimate footprint of Asian monsoon water isotopes (He et al., 2021a), and the South China hydroclimate
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variability dominated by autumn rainfall (He et al., 2021b). The iTraCE simulation for the Holocene was
branched from the iTraCE Last Deglaciation simulation at 11 ka BP. During the Holocene, the iTraCE simulation
captures the major climatological features of observed hydroclimate variables in the Asian monsoon region
(Ning, Liu, et al., 2025). The simulated climatology and seasonal variations of 5180p are close to the observations
at six GNIP stations (Figure S1 in Supporting Information S1) with detailed information listed in Table S3 of
Supporting Information S1. This transient simulation provides a unique opportunity for comprehensive data-
model comparisons between §'%0 and associated hydroclimate changes over the arid Asia region during the
Holocene (Figure 1).

2.3. Tagging Experiments

To explain the mechanisms behind the & 18Op changes, and their relationship with precipitation changes, two water
vapor tagging sensitivity experiments are performed. Similar tagging experiments have been widely used to track
sources and analyze corresponding mechanisms of moisture changes over specific regions in previous studies
(e.g., Man et al., 2022). Given that the Holocene climate was primarily driven by precession—i.e., changes in the
seasonal distribution of solar insolation—two sets of sensitivity experiments were performed using iCESM, that
is, one with high precession (P,,,,, denoting precession during LH) and the other with low precession (P,
denoting precession during MH). To maximize the hydroclimatic response to insolation forcing, the P, ;, and
P,..x configurations were selected to closely align with the periods of 127 ka and 116 ka, rather than strictly
adhering to the LH and MH timeframes.

min

The P, and P,,,, tagging experiments are established in the atmospheric component model iCAMS.3 with the
forcings of sea ice distribution, sea surface temperature, sea surface 5'*0 and 6D from our previously 150,000-

year transient simulation (Wen et al., 2024), and the orbital parameters are set at the P,;, and P, periods,

min
respectively. Each tagging experiment is integrated for 40 years with the last 20 years used to analyzed. The
difference of P, and P, (Pmax — Pmin) Well reproduces hydrological climate change from middle to late

Holocene (LH) in iTraCE simulation (Figure S2 in Supporting Information S1).

In the tagging experiments, there are 25 tagging subregions divided from the globally horizontal range, with 13
regions covering the ocean and 12 regions covering the land. Hence, the life cycles of H,'®0 (vapor) and H,'*0
are tracked from each tagging region (source region) to the sink region, transited by atmospheric circulation and
hydrological processes, that is, evaporation and rainout. In this study, to investigate the moisture sources over
WA, WCA, and ECA, these 25 regions are grouped into seven regions: North Atlantic Ocean (ocean,
10°N—70°N; 0°—100°W), the Indian Ocean (ocean, 40°S—30°N; 20°E—100°E), the Pacific Ocean (ocean,
40°S—70°N; 100°E—70°W), Europe (land, 35°N—90°N; 0°—60°E), Africa (land, 60°S—35°N; 0°~60°E), Center
Asia (land, 25°N—90°N; 60°E—105°E), and the rest of the globe, which is denoted as the “other” region (ocean
and land). Thus, the precipitation P (H,'°0) and §'30 of precipitation (5' 8OP) at a grid point are equivalent to the
sum of the seven tagging (source) regions (i = 1,2, 3, ..., 7):

7 7 P.
P=YP.5"%0, =7 5"%0, <F> (1)

i=l i=1

IERY)
1.

where P; and 6'%0; represent the precipitation and §'80 from the source regions

2.4. Decomposition of 6 18Op Changes

There are two steps of the decomposition for the 5'80p change at a grid point. In the first step, the change of § 18OP
from the P, to P, period, AélSOp = 51801,,1; max — 5180;,,;, mins can be decomposed into two parts: the

isotope ratio A5180p change and precipitation weight A(%) change from the source region:

AS'%0, = > (P AS'%0 3 580 . a(L 2
P _Z F : pi+2 pi” F ( )
i=l

i=1

In the second step, the isotope ratio Ad 180,, change can continue to be decomposed into three parts according to its
life cycle along the trajectory from the source region to the sink region:
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A5mOpi = A(élsov,source,i) + A(élsov,sink,i - 6]80v,snurce,i) + A(A(‘)‘lgopi - 6180v,sink,i) (3)

On the right-hand side, the first term is the change of the vapor 50 (8'%0,) in the source region, which is
generated by the net effect of local precipitation and evaporation in the source region. The second term is the
change of the §'%0, due to the en route depletion, which associated with the rainout along its trajectory from the
source region to the sink region. The third term describes the transition from vapor 5'%0, to the precipitation
6]80p, representing the change of local condensation enrichment.

3. Results
3.1. 6'80P and Hydroclimate Variations Through Holocene

Figure 1 shows simulated changes of annual 5180[, and precipitation between LH and MH by the iTraCE
experiment. There are 5180p enrichments over the whole Eurasia, except a belt region from northeastern Asia
through eastern Central Asia to southern West Asia. This belt divides the 5‘Sop enrichment region into two parts,
which are dominated by summer 5180p enrichment and the other three seasons' 5180p enrichments, respectively
(Figure S3 in Supporting Information S1). These two regions with 5180p enrichment correspond to the regions
dominated by summer precipitation (ECA) and winter precipitation (WA and WCA; Tan et al., 2024). This
sandwich pattern of 6180p changes is mainly caused by changes in summer and autumn, which show a dipole
pattern between the monsoon and arid regions and a similar sandwich pattern, respectively (Figure S3 in Sup-
porting Information S1). The changes in spring and winter show uniform enrichments over the whole Eurasia
(Figure S3 in Supporting Information S1). Thus, the observed §'®0, enrichments in WA and WCA are due to
changes in spring, autumn, and winter. While, the observed §'®0, enrichments in ECA are also due to changes in
spring, autumn, and winter. However, this cannot rule out the contributions from summer 5180'J changes, because
ECA just lies on the belt. Therefore, whether summer & 18Op enrichments over the monsoon region also contribute
to the observed 8'%0, enrichment in ECA is really related to the precision of the iTraCE simulation on repro-
ducing the monsoon extension. This issue may be investigated systemically in further studies. Another issue is
that these seasonal 5180p changes are not weighted by precipitation, so their relative contributions to the annual
5180p changes are related to the ratios of their precipitation to the annual precipitation.

For the annual precipitation changes, there are precipitation decreases over northeastern China, through south-
western China and South Asia to northern Africa, and precipitation increases over middle eastern China and
western Central Asia, consistent with most moisture proxy records (Figure 1b). The seasonal precipitation
changes also show that the pattern of annual precipitation changes is more similar to the summer precipitation
changes, with precipitation decreases over northeastern China through southwestern China and South Asia to
northern Africa (Figure S4 in Supporting Information S1). In spring, there precipitation increases over East Asia
and Central Asia but decreases over West Asia and South Asia. In autumn, there are only precipitation increases
over southern China and Southeast Asia, and precipitation decreases over other regions. In winter, there are
precipitation increases over most regions. Thus, the precipitation decreases over WA are due to precipitation
decreases in spring, summer, and winter. The precipitation decreases over WCA are due to precipitation decreases
in summer, autumn, and winter. The precipitation increases over the ECA are due to precipitation increases in
spring, summer, and winter.

The regional mean annual precipitation weighted 6180p changes show enrichments over the three regions
(Figure 3), consistent with observed speleothem 6180C changes (Figure 2a). The regional precipitation changes
show precipitation decreases over WA and WCA, but precipitation increases over ECA, consistent with moisture
proxy records (Figures 2c and 2d) in previous studies (e.g., Tan et al., 2024). However, soil moisture decreases
and temperature increases over all three regions (Figure 3). Notably, this early Holocene peak timing of simulated
precipitation over WA is different from the middle Holocene peak timing of several hydroclimate reconstructions
based on vegetation and peatland indicators (Figure 2). This delayed ecosystem response to precipitation peak
may be caused by the vegetation response to winter warming and the subsequent feedback with soil moisture, as
found in previous studies (Cheng et al., 2021). Furthermore, other reasons, such as the lack of dynamic vegetation
in iTraCE and uncertainty of proxy records' climate interpretation, may also contribute to this mismatch of peak
timings.
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Figure 2. Time series of speleothem 6180c records (unit: %o) at six caves (a) and 17 moisture proxy records (b—d) over three regions.

3.2. Decomposition of 6180p and Precipitation Changes Based on Tagging Experiments

To explain the mechanisms behind the § 180,J changes and their relationship with precipitation changes, the results
from two water vapor tagging experiments are compared. Because the timing choices of 127 ka (P,;,) and 116 ka
(Pay) 1n the tagging experiments are not strictly MH and LH, these magnitudes of precipitation and isotope
changes may be a little bit different from the iTraCE results. The seasonal variations of 5180p, precipitation
amount, and precipitation weights from different source regions at low and high precession conditions are first
shown in Figures S5 and S6 of Supporting Information S1, respectively. Over three regions, under both condi-
tions, the seasonal cycles of 6180p are dominated by moisture from the northern Atlantic, followed by little
contribution from others over WA and WCA, and central Asia and Pacific during summer over ECA (Figures
S5a-S5c and S6a-S6c¢ in Supporting Information S1). This is consistent with winter and spring precipitation
mainly from the northern Atlantic over WA and WCA (Figures S5d, S5e, S5g, S5h, and S6d, S6e, S6g, S6h in
Supporting Information S1). Over ECA, the summer precipitation is contributed mostly from central Asia,
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Figure 3. Simulated annual § 18Op (a, e, i; unit: %o), precipitation (b, f, j; unit: mm/day), soil moisture (c, g, k; unit: kg/m3), and surface temperature (d, h, 1; unit: K) over
WA (a—d), WCA (e-h), and ECA (i-1) through the Holocene by iTraCE experiment.
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followed by winter and spring precipitation mainly from the northern Atlantic (Figures S5f, S5i and Figures S6f,
S6i in Supporting Information S1).

Local annual 5180p changes originated remotely from each source region are shown in Figure 4. Quantitatively,
WA, WCA, and ECA exhibit overall enriched 5]80p from low precession to high precession (Figures 4v—4x),
which are consistent with both simulated and observed time series of §'30 within these three regions (Figure 3). In
both P, and P, experiments, climatological SISOP over three regions is mainly from remote sources, that is,
the North Atlantic (Figures 4a and 4h), and 5180p over ECA is also from adjacent regions, that is, south of central
Asia (Figures 4f and 4m) and the Pacific Ocean (Figures 4c and 4j), consistent with the results of seasonal cycles
(LH) and P,
(MH) show that, the 5180p enrichments over WA are mainly from the Indian Ocean (Figure 4p) and Africa

(Figures S5a—S5c and S6a-S6c¢ in Supporting Information S1). The differences between P,
(Figure 4s) although these two regions only contribute about 10%—20% of precipitation over WA (Figure S5g in
Supporting Information S1), and 6180p enrichments over WCA are mainly from the North Atlantic Ocean
(Figure 40). In ECA, the 5180p changes should be divided into two parts, the 5180p enrichments mainly originate
from the Pacific Ocean (Figure 4q), while the 5180p depletion mainly originate from the North Atlantic Ocean
(Figure 40) and Europe (Figure 4r). Interestingly, the 6180p from Pacific Ocean induces 5]80p enrichments over
both WCA and ECA (Figure 4q), although the Pacific Ocean only contributes less than 10% of precipitation over
WCA and ECA (Figures S5h and S5i in Supporting Information S1). In contrast, the 6180p from North Atlantic
Ocean causes 5‘80p enrichment over WCA but depletion over the ECA (Figure 40).

Then, as explained in Section 2.4, the change of 6180p are decomposed into changes due to precipitation weight
A (%) change and isotope ratio A5180p change from the source region. Notably, the precipitation weight change is
not equal to the absolute precipitation amount change. For example, a decrease in precipitation weight from a
source may indicate either an absolute decrease in precipitation from that source or a relatively smaller precip-
itation increase compared with other sources. The results show that enriched &' 8OP values over WA and ACA are
more due to the precipitation weight changes, than the changes in the isotope ratio AélSOp (Figure 5), indicating
that the local & 18Op changes more associated with the precipitation weight changes from the source region, similar
to the East Asian monsoon region (Jing et al., 2025). Detailly, the 5180p enrichments over WA originated from
tropics, that is, Indian Ocean and Africa (Figures 5b and 5e), are due to the decreased precipitation weights from
these two regions (Figures S7b and S7e in Supporting Information S1). This relationship between enrichment of
local 5'80p associated with the decreased precipitation weight change from source region at orbital time scale
(Figures S7b and S7e in Supporting Information S1), is because the 61801,1- in Equation 2 is negative. The 6180p
enrichments over WCA (Figure 5a) are caused by the decreased precipitation weight from the North Atlantic
(Figure S7a in Supporting Information S1), in which boreal winter (DJF) precipitation weight change makes a
larger contribution (Figure S9a in Supporting Information S1). The 6180p enrichments over ECA (Figure 5c) are
due to the decreased precipitation weight from the Pacific Ocean (Figure S7c in Supporting Information S1),
while the & 18OP depletions are related to the summer (JJA) precipitation weight increases over the North Atlantic
Ocean and Europe (Figures 5a, 5d and Figures S10a, S10d in Supporting Information S1). The regional mean
contributions from seven moisture source regions (Figures 50-5q) also confirm that, the 6180p enrichment over
WA from Indian Ocean and Africa, the 5180p enrichment over WCA from North Atlantic Ocean, and the 5180p
enrichment over ECA from Pacific Ocean. These results emphasize that different seasons dominate 5180p
changes over WA, WCA, and ECA, posing a potential boundary of annual 5180p changes between WCA and
ECA. Moreover, these significant 6'80p changes from MH to LH directly caused by remote precipitation weight
changes imply a shift of the moisture source, although the roles of the North Atlantic Ocean and central Asia as
dominant moisture sources do not change (Figures S5 and S6in Supporting Information S1).

The precipitation amount and precipitation weight changes from seven moisture source regions are shown in
Figures S7 of Supporting Information S1, with regional mean results summarized in Figures S70-S7t of Sup-
porting Information S1. These decreased precipitation weights from the Indian Ocean and Africa over WA
(Figures S7b and S7e in Supporting Information S1) are associated with decreased precipitation amounts (Figures
S7i and S7k in Supporting Information S1), especially for summer (Figures S8i and S8k in Supporting Infor-
mation S1) and winter (Figures S9i and S9k in Supporting Information S1). Notably, there are increased pre-
cipitation amounts and precipitation weights locating south of WA from the Indian Ocean (Figure S7i in
Supporting Information S1), resulting in increased regional mean precipitation amounts and precipitation weights
(Figure S70 in Supporting Information S1), although there are decreased precipitation amounts and precipitation
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Figure 4. The simulated climatology of 6'80p from northern Atlantic, Indian Ocean, Pacific Ocean, Europe, Africa, Central Asia, and others at low precession (a—g;
unit: %o), high precession (h—n; unit: %o), differences between high precession and low precession (o—u; unit: %o), and regional averages over West Asia (v; unit: %o),
West Central Asia (w; unit: %o), and East Central Asia (x; unit: %o) based on sensitivity experiments.
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based on sensitivity experiments.

weights over most of WA (Figure S7i in Supporting Information S1). The decreased precipitation weight from the
North Atlantic over the WCA (Figure S7a in Supporting Information S1) is associated with decreased precipi-
tation amounts (Figure S6h in Supporting Information S1), especially for winter (Figure S9h in Supporting In-
formation S1). The decreased precipitation weight from Pacific over ECA (Figure S7c¢ in Supporting
Information S1) is associated with decreased precipitation amounts (Figure S7j in Supporting Information S1),
especially for summer (Figure S8j in Supporting Information S1). The magnitudes of these changes over ECA
(Figure S7t in Supporting Information S1) are smaller than those changes over WA and WCA (Figures S70 and
S7p in Supporting Information S1).

For the part of 5' 8OlJ change due to isotope ratio (A5'20), WA &' 8OP enrichments are associated with isotope ratio
changes from the North Atlantic Ocean and Africa (Figures Sh and 51). On one hand, the moisture containing
enriched 5180p could be transported from the North Atlantic Ocean (Figure S9a in Supporting Information S1)
with less rainout along its trajectory in P,,, (Figure S10h in Supporting Information S1). The 5180p enrichment of
the source region term is caused by reduced precipitation over the North Atlantic Ocean (Figures S2a and S2c in
Supporting Information S1). The § 18Op enrichment of the en route term is caused by reduced precipitation along
the trajectory due to winter polar front westerly jet weakening. On the other hand, moisture containing & 18Op from
North Africa also contribute to 5180p enrichment over the southwest of WA through source term (Figure S9e in
Supporting Information S1) and reduced local condensation (Figure S10s in Supporting Information S1).

Similarly, WCA and ECA 5180p enrichments result from moisture with enriched 5180p sourcing from Indian
Ocean and Africa (Figures 5i and 51) through the source and en route effects (Figures S10b, S10e, S10i, and S101
in Supporting Information S1), indicating less precipitation over these two source regions and along their tra-
jectory in P, This suggests overall weakening of African monsoon and Indian monsoon in P, (during the LH,
Figure 6d). This is consistent with African summer monsoon weakening and southward retreat due to the reduced
summer solar insolation through the Holocene opposite to the Late Interglacial period (Orland et al., 2019). This
African monsoon weakening was also accompanied by a southward shift of tropical rainfall (Figure S11 in
Supporting Information S1).

3.3. Mechanisms Behind the 5'0,, Changes

With changes in large-scale atmospheric circulations, we further explore the relevant mechanisms behind 5180p
changes due to precipitation weight changes and isotope ratio changes from MH (P,,;,) to LH (P,,,). The
simulated 200 hPa and 850 hPa wind differences between P,,,,, and P, show that, in boreal winter (DJF) season,
weaker polar front westerly jet (Figure 6¢) combined with reduced precipitation weight and amount from North
Atlantic Ocean in P

max min

(Figures S7a and S7h in Supporting Information S1) results & 18Op enrichment over WCA

max
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and northwestern ECA (Figure 5a). This reduced winter precipitation over WCA and WA (Figure S2c in Sup-
porting Information S1) are consistent with the proxy records in Tan et al. (2024) (Figure 2). The 200 hPa eddy
kinetic energy changes also confirm this winter polar front westerly jet weakening (Figure S12 in Supporting
Information S1), with corresponding reduced moisture transport (Figure S13 in Supporting Information S1).
Northeastern wind anomalies associated with weakened African monsoon due to the reduced insolation and land-
sea thermal contrast (Figures 5d and 5e) resulted reduced precipitation weight and amount from Indian Ocean and
Africain P,,,, (Figures S7b, S7e, S7i, and S71 in Supporting Information S1) and corresponding & 18Op enrichment
over WA (Figures 5b and 5e), mainly for the summer (Figures S8b, S8e, S8i, and S8;j in Supporting Informa-
tion S1) rather than winter (Figures S9b, S9e, S9i, and S9j in Supporting Information S1), consistent with pre-
vious studies (e.g., Chen et al., 2024). On the other aspect, in boreal summer season (JJA), the enhanced summer
subtropical westerly jet (Figure 6b and Figure S14 in Supporting Information S1) overlaid with the weakened East
Asia monsoon (Figure 6e) causes the 5'80p enrichments over ECA (Figure 5c) through reduced precipitation
weight and amount from the Pacific (Figures S7c, S7j and S8c, S8j in Supporting Information S1) due to the
reduced moisture transport (Figure S15 in Supporting Information S1). This influence from the Pacific on ECA is
weaker with smaller 5180p and precipitation changes compared with those influences over WA and WCA.

Notably, a weaker polar front westerly jet induces reduced precipitation weight from the North Atlantic Ocean
over WA and ACA during winter (Figure S9a in Supporting Information S1), but this effect is compensated by
increased precipitation weight during summer (Figure S8a in Supporting Information S1), resulting only in
reduced precipitation weight and 6180p enrichment over WCA and northwestern ECA from the North Atlantic
Ocean on an annual scale (Figures 5b and 5c). Similarly, the reduced precipitation weight from the Indian Ocean
over ACA during summer (Figure S8b in Supporting Information S1) is compensated by increased precipitation
weight during winter (Figure S9b in Supporting Information S1), resulting in only reduced precipitation weight
and 5180p enrichment over WA from the Indian Ocean on an annual scale (Figure 5a).

The § 18Op enrichments of the source region term caused by reduced precipitation over the North Atlantic Ocean to
WA (Figures S2a and S2c in Supporting Information S1) are related to the anti-cyclonic circulation at eastern
North Atlantic (Figures 6d—6f). The 6180p enrichments of source region terms caused by reduced precipitation
over the Indian Ocean and Africa to WCA and ECA (Figures S2a and S2b in Supporting Information S1) are
related to the weakening of African monsoon and Indian monsoon (Figures 6d and 6e). Moreover, moisture with
enriched o 18Op transported from the North Atlantic Ocean is also dominated by the northward polar front westerly
jet in winter, resulting the 5180p enrichments over WA through the en route effect due to reduced precipitation
along the trajectory (Figure S2a in Supporting Information S1). Moisture with enriched & 18Op transported from
the tropical Indian Ocean and Africa is also dominated by reduced precipitation along the trajectory (Figure S2a in
Supporting Information S1), resulting the 5180p enrichments over WCA and ECA through the en route effect.

The isotope changes from the North Atlantic due to moisture trajectory changes discussed in previous studies
(e.g., Tan et al., 2024) are further examined through the change of 850 hPa eddy kinetic energy. The results show
that the eddy kinetic energy decreases over the Mediterranean Sea during the P, period (Figure S16 in Sup-
porting Information S1), indicating reduced storms. This confirms the northward shift of the winter polar front
westerly jet and reduced Mediterranean storm activity, which decreases the moisture transfer and winter pre-
cipitation in the WCA (Tan et al., 2024).

4. Discussions

For the model simulations, differences between observed and simulated monsoon margins may impact the
conclusion. For example, the previous studies (Chen et al., 2022) indicate the 5180p source shift from the Indian
Ocean to the Pacific Ocean due to the monsoon weakening; however, this enhanced 5180P from Pacific Ocean is
not obvious, because the model simulated influence locates more eastward than in the observation (Figure 4q).
This also implies when comparing simulations and reconstructions, regional mean rather than single grid point
from simulations should be compared with each single point from proxy records, if each proxy record represents
some regional scale climate rather than local climate. Furthermore, simulations show that ACA is located in a
region influenced by monsoon and westerly, resulting in complicated water resources (Chen et al., 2022), which
may induce a discrepancy among the proxy records. Meanwhile, current results based on the iTraCE experiment
relies on only one member of a single model, so the potential influences due to model dependence and internal
variability should be excluded in further studies using more ensemble members from multiple models.
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For 5180p decompositions, the relative contributions from values of precipitation weight A (%) are usually larger

than the value of isotope ratio A6180p. This is potentially because the climatological precipitation amounts are
small, about 300 mm in observation. So the 5180p changes are more sensitive to the precipitation weights, which are
usually considered as changes of 5180p source regions. However, this 5180p changes may result from some
moisture source regions that are not dominant moisture source regions. For example, the 6180p enrichment over
ECA due to decreased precipitation sourcing from the Pacific Ocean (Figure 5c), the mechanism is not straight-
forward because the Pacific Ocean is not a typical moisture source to ECA and contributes only less than 10% of
total precipitation (Figures S5i and S6i in Supporting Information S1). This is because the 5180p and precipitation
changes over ECA are small, slight precipitation weight decrease from the Pacific Ocean of ~5% (Figure S7q in
Supporting Information S1) is more obvious than other regions. Comparisons of precipitation amount and pre-
cipitation weight between low (Figures S5f and S5i in Supporting Information S1) and high precession conditions
(Figures S6f and S6i in Supporting Information S1) show that low precipitation climatology from the Pacific Ocean
amplifies the influence of this slight summer weight decrease, when the precipitation weights from other dominant
moisture pathways are almost unchanged. This also indicates the high sensitivity of hydroclimate over ECA.
Therefore, future investigation of 5180p changes should not ignore untypical moisture source regions.

Furthermore, the magnitudes of simulated 5180p changes (~1%o) are smaller than those magnitudes of recon-
structed 5180p changes (~2%o), indicating the weaker model responses to orbital forcings. Potential reasons for
this systematic underestimation include simplified cloud microphysics and convection parameterization schemes,
weak coupling of dynamic processes and fractionation, missing isotope cycling processes, coarse resolution and
insufficient description of complex terrain. The relative contributions of terms dominating the 5'®0 changes in
response to orbital forcings in the current study may be biased. This underestimation may also pose challenges to
direct comparison between simulation and reconstruction, and further applications of the simulated results, such
as data assimilation, therefore bias corrections may be needed before the applications.

Another potential limitation of the current study is that the tagging sensitivity experiment was driven orbital
parameters of 127 ka and 116 ka rather than exact forcings of mid- and late Holocene. The differences in
experimental designs may impact the conclusions since the isotope transport is sensitive to the background
climate states. Therefore, to fully quantify the contribution of the precipitation weight mechanism in the Holocene
isotope changes, we think a group of tagging sensitivity experiments driven by exact forcings of the middle and
late Holocene should be performed in the future studies.

5. Conclusions

In this study, oxygen isotope and precipitation changes over the WA, WCA, and ECA during the Holocene, and
corresponding mechanisms were investigated through the iTraCE experiments and a group of sensitivity ex-
periments driven by high and low precession. These experiments capture the detailed influences on oxygen
isotopic fractionation as moisture is transported by large-scale atmospheric circulation.

The iTraCE transient simulation produce §'0 enrichment trends during the course of the Holocene over the three
regions, with decreasing precipitation over WA and WCA but increasing precipitation over ECA, consistent with
a wealth of evidence from previous studies. The mechanisms behind these opposing relationships between §'°0
and precipitation in different regions were investigated by decomposing &' 8Op changes into various contributions
using a series of sensitivity experiments. The &' 8Op changes from P ; to P, were decomposed into components
associated with changes in precipitation weight and isotope ratios from different source regions.

The consistent §'%0 enriching trends over the three regions are dominated by different mechanisms, resulting in
these opposite relationships between 5'%0 and precipitation. The 5180p enrichments over WA, WCA, and ECA
are mainly tied to decreased moisture contributions from the Indian Ocean and Africa, the North Atlantic Ocean,
and the Pacific Ocean, respectively. Those changes, in turn, are tied to African summer monsoon weakening,
weakened winter westerlies and strengthened summer westerlies as well as the weakening of the East Asian
summer monsoon (EASM). These mechanisms are shown in the schematic diagrams (Figure 7). The magnitudes
of 6'®0 and precipitation changes over WA and WCA are far greater than those over ECA. Notably, when
investigating the changes in different seasons, the source regions dominating changes of 5'%0 and precipitation
weight in the whole year may not be the typical source regions in climatology, due to the compensations among
different seasons.
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Figure 7. Schematic diagrams illustrating mechanisms behind 6180p changes (unit: %o) between high precession and low
precession over three regions.

Furthermore, these weakened winter polar front westerly jet and strengthened summer subtropical westerly jet,
results WA o 18Op enrichments due to enriched § 13OP sourcing from the North Atlantic through the source and en
route effects and reduced precipitation over the North Atlantic Ocean caused by local anti-cyclonic circulation
and reduced precipitation along the trajectory. Similar WCA and ECA 5180p enrichments result from 6180P
sourcing from the Indian Ocean and Africa through the source and en route effects due to reduced precipitation
over the Indian Ocean and Africa caused by African monsoon weakening and reduced precipitation along the
trajectory. These circulation changes are mainly induced by the winter polar front westerly jet weakening,
summer subtropical westerly jet strengthening, and monsoon weakening due to the precession changes.

The findings from this study inform our understanding of the complex climatic signals contained in speleothem
5'30 records in WA and ACA by providing quantitative estimates of the relative contributions from changes in
local precipitation, moisture sources, and water vapor paths. In this case, we find that the shift of moisture source
regions dominates the 6180p changes during the Holocene, with a secondary contribution from the 5180p ratio
changes within the moisture. Our findings further help resolve the apparent inconsistencies in hydroclimate
variations shown in isotope records and other proxy records found in previous studies.
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