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The spatiotemporal variability of the Asian Monsoon (AM) over the last two millennia has been attributed 
to a combination of external solar and volcanic forcing and/or internal coupled atmosphere-ocean 
dynamics, but the relative importance of these mechanisms remains unresolved. The present knowledge 
of multidecadal to centennial-scale AM variability over Mainland Southeast Asia is not well-constrained, 
despite substantial progress in understanding seasonal to decadal variability from tree ring records. Here 
we present the first high-resolution stable isotope (δ13C and δ18O) speleothem record from northern 
Laos spanning the Common Era (∼50 BCE to 1880 CE). The δ13C record reveals substantial centennial-
scale fluctuations primarily driven by local water balance. Notably, the driest period at our site occurred 
from ∼1280 to 1430 CE, during the time of the Angkor droughts, supporting previous findings that 
this megadrought likely impacted much of Mainland Southeast Asia. In contrast, variations in stalagmite 
δ18O reflect changes in rainfall upstream from our study site. Interestingly, the δ18O record exhibits a 
positive correlation with solar activity that persists after 1200 CE, contrary to the findings in previous 
studies. Solar-forced climate model simulations reveal that these δ18O variations may be driven by solar-
forced changes in upstream rainout over the tropical Indian Ocean, which modify the δ18O of moisture 
transported to our study site without necessarily affecting local rainfall amount. We conclude that future 
rainfall changes in Mainland Southeast Asia are likely to be superimposed on multidecadal to centennial-
scale variations in background climate driven primarily by internal climate variability, whereas solar 
forcing may impact upstream rainout over the Indian Ocean.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The Asian Monsoon (AM) system is known to vary on a range 
of timescales, from orbital to interannual (Berkelhammer et al., 
2010; Cheng et al., 2016; Cook et al., 2010; Griffiths et al., 2016;
Wang et al., 2005; Zhang et al., 2008). AM variability has been 
linked to orbitally-forced changes in Northern Hemisphere sum-
mer insolation (Cheng et al., 2016). Additionally, millennial-scale 
AM changes have been linked to North Atlantic ice rafting events 
and the corresponding changes in the strength of the Atlantic 
Meridional Overturning Circulation (AMOC) (Wang et al., 2001). 
However, there are fewer studies that have focused on the mech-
anisms underlying higher-frequency AM variability. Centennial to 
decadal-scale AM variations have thus far been attributed to some 
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combination of external solar and volcanic forcing (Yan et al., 2015;
Zhang et al., 2008) and/or internal coupled ocean-atmosphere dy-
namics (Berkelhammer et al., 2010; Buckley et al., 2010; Cook et 
al., 2010; Sinha et al., 2011a), but the relative importance of these 
mechanisms is still uncertain due, in part, to the paucity of sub-
decadal resolution paleoclimate records. Furthermore, projections 
of future AM changes in response to anthropogenic greenhouse 
gas forcing are still a challenge for climate models (Mohtadi et al., 
2016). While most models project that overall AM precipitation 
will increase despite a projected weakening of monsoon circula-
tion, no such trends have been clearly observed (Christensen et al., 
2013). Recent precipitation trends have instead exhibited substan-
tial regional variability that has been primarily attributed to inter-
nal ocean-atmosphere dynamics (Conroy et al., 2011). Given the 
complex dynamic nature of the AM and the short length of instru-
mental observations, our understanding of regional AM variabil-
ity remains incomplete. The development of robust and precisely 
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dated paleoclimate records is therefore critical to better charac-
terize the timing and mechanisms of centennial to decadal-scale 
regional AM variability over the Common Era.

Speleothem oxygen isotope (δ18O) records from China and In-
dia have been widely utilized to reconstruct past AM variabil-
ity (Cheng et al., 2016; Sinha et al., 2011a; Wang et al., 2001;
Zhang et al., 2008), with more negative values widely interpreted 
as evidence for a stronger AM and vice-versa. However, the pre-
cise mechanism driving the δ18O in the AM region is still debated 
and interpretations include changes in local or regional precipi-
tation amount (Berkelhammer et al., 2010; Sinha et al., 2011a), 
precipitation seasonality (Wang et al., 2001), atmospheric circula-
tion (Chiang et al., 2015; Zhang et al., 2018), and the degree of 
upstream rainout during transport (Pausata et al., 2011). While or-
bital and millennial scale δ18O changes have been widely linked 
to changes in summer insolation and AMOC, respectively, several 
previous studies have suggested that decadal to centennial-scale 
speleothem δ18O variability may be attributed to external solar 
changes due to significant spectral peaks at frequencies associated 
with known solar cycles (Neff et al., 2001; Zhang et al., 2008; Zhao 
et al., 2015). However, given the small radiative forcing associated 
with solar variability, the complex controls on speleothem δ18O, 
and the incomplete understanding of physical processes through 
which solar variations may influence the AM, the nature and ro-
bustness of the relationship remain unclear. Other speleothem 
δ18O studies have attributed decadal to centennial-scale variability 
to internal coupled ocean-atmosphere modes, such as the El Niño 
Southern Oscillation (ENSO) and the Atlantic Multidecadal Oscil-
lation (AMO) (Berkelhammer et al., 2010; Zhao et al., 2015). Few 
speleothem studies have utilized additional proxies, such as carbon 
isotopes, which when combined with δ18O data could add valu-
able climate information to more fully examine the AM response 
to both internal climate variability and external forcings.

Speleothem carbon isotope variations (δ13C) have been found 
to reflect shifts in the local water balance through hydrologically-
sensitive processes related to soil and vegetation efficiency and in 
or above-cave processes (Frisia et al., 2011; Genty et al., 2001;
Johnson et al., 2006). Enhanced CO2 degassing and calcite precip-
itation in the epikarst or on the cave ceiling during dry periods 
lead to preferential loss of 12CO2 from the infiltrating water to the 
cave air, which shifts the δ13C of subsequent stalagmite calcite to 
more positive values (Johnson et al., 2006). Similarly, decreased soil 
and root respiration during dry periods can contribute to lower 
soil pCO2 and to more positive δ13C values of the carbonate (Bajo 
et al., 2017). Despite the complex controls on speleothem carbon 
isotopes, shifts towards more positive δ13C are often interpreted 
as drier conditions, whilst more negative δ13C values are inter-
preted as wetter conditions above the cave site. For instance, a 
recent study from southern China reported that centennial-scale 
changes in speleothem δ13C were sensitive to local water balance 
variations associated with regional hydrological change (Liu et al., 
2016). Despite recent advances in understanding the factors that 
control speleothem δ13C (Wong and Breecker, 2015), few studies 
from the AM region have focused on the link between speleothem 
δ13C variability and local hydroclimate or monsoon variability.

At present, limited paleoclimate records that span the last two 
millennia exist across Mainland Southeast Asia (MSEA), where 
the majority of rainfall is delivered by the Southeast Asian Mon-
soon (Conroy et al., 2011). Even slight changes in the inten-
sity or timing of monsoon rainfall can have profound societal 
and economic impacts on the region with recent severe droughts 
and floods (Thirumalai et al., 2017) highlighting the critical need 
to better constrain the nature of past and future hydroclimate 
changes. Tree rings and lake sediment records have provided in-
sight on MSEA precipitation variability on interannual to cen-
tennial timescales (Buckley et al., 2010; Chawchai et al., 2015;
Yamoah et al., 2016). Absolute-dated precipitation records from 
tree ring width series spanning the last several centuries have sug-
gested that ENSO is one of the most important drivers for interan-
nual to decadal-scale droughts in the region (Buckley et al., 2010;
Cook et al., 2010). A multi-proxy record from lake sediments in 
northern Thailand has revealed multidecadal to centennial-scale 
precipitation variability during the last two millennia, which was 
linked to low-frequency ENSO-like patterns and/or shifts in the po-
sition of the intertropical convergence zone (ITCZ) (Chawchai et 
al., 2015; Yamoah et al., 2016). In contrast with several studies of 
speleothem δ18O from the broader AM region (Zhang et al., 2008;
Zhao et al., 2015), lake and tree ring records did not provide ev-
idence for a strong solar variability influence on MSEA climate 
(Buckley et al., 2010). This disagreement between climate archives, 
along with the complex controls on precipitation δ18O, raises the 
possibility that solar activity may influence speleothem δ18O vari-
ability without necessarily impacting local hydroclimate.

To address this issue, here we present the first high-resolution, 
precisely dated speleothem stable isotope (δ18O and δ13C) record 
from MSEA spanning the last two millennia. The δ18O and δ13C 
records reveal substantial multidecadal to centennial-scale oscilla-
tions, which we interpret as reflecting variations in rainout up-
stream of our study site and local water balance, respectively. Our 
δ13C results suggest that centennial-scale precipitation variations 
in the region are likely dominated by internal climate variability. 
Through comparisons with solar activity records and solar-forced 
climate model simulations, we propose that solar-forced changes 
in precipitation over the Indian Ocean may drive multidecadal to 
centennial-scale speleothem δ18O variability at our site.

2. Study site and climatology

Tham Doun Mai Cave (TM cave; 20◦45′N, 102◦39′E) is a ∼3,745 
m-long cave located at 352 m above sea level in Luang Prabang 
Province, Laos (Fig. S1; Supplementary Material). Mean annual 
rainfall in the region is ∼1,200 mm, ∼70% of which is deliv-
ered during the summer monsoon season (June-September), when 
strong southwesterly winds transport warm moisture-laden air 
masses sourced primarily from the Indian Ocean and Bay of Ben-
gal to MSEA (Fig. S1). Mean monthly rainfall δ18O values exhibit 
strong seasonality, with the summer monsoon moisture being sig-
nificantly depleted in 18O with respect to boreal winter moisture.

Isotope-enabled climate model results showed that modern 
δ18O of precipitation at TM cave is not significantly correlated to 
local precipitation amount (Yang et al., 2016). However, strong cor-
relations with two measures of AM strength, sea level pressure 
and vertical wind shear over the Indian Ocean and Bay of Ben-
gal, instead suggest an important influence of upstream rainout on 
precipitation δ18O at TM cave (Yang et al., 2016). In this study, we 
utilize the term “AM intensity” to refer to the degree of rainout 
associated with this convective activity upstream from TM cave, 
which includes the Indian Ocean, Indian sub-continent, and the 
Bay of Bengal. Although the influence from the amount effect (i.e., 
a tendency for lower δ18O values in rainfall from strongly convec-
tive systems) (Dansgaard, 1964) cannot be entirely ruled out, we 
interpret TM speleothem δ18O values primarily as a proxy for AM 
intensity. Increased upstream rainout during strong AM periods 
leads to more negative δ18O values at TM cave without necessarily 
requiring a change in local precipitation amount in northern Laos 
(Pausata et al., 2011).

3. Methods

3.1. Speleothem chronology

Speleothem TM-17 was sampled ∼200 m from the cave en-
trance and was not actively growing at the time of collection. It 
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Fig. 1. TM-17 morphology and age model (a) Scanned image of stalagmite TM-17 cut parallel to the growth axis. Zoomed-in image shows the section of stalagmite TM-17 
composed by alternating compact columnar calcite layers (dark grey) and porous columnar calcite layers. Black dots indicate the positions of 230Th dates measured. The ages 
are reported in years BP (before 1950 CE). (b) Age-depth plot using the U–Th ages (red squares) coupled with the laminae counting. The 2σ U–Th error bars are shown, 
but in most cases are smaller than the symbols. The grey thick lines correspond to age model uncertainty constructed from the U–Th 2σ error bars by propagating the 3% 
laminae counting (LC) error within each section between two adjacent U–Th ages. The yellow square represents the U–Th age (U3) that was not included in the final age 
model due to the large uncertainty on the raw age, which indicates a poor analysis. (c) Strontium synchrotron micro XRF map of the central section of TM-17. The map is 
rendered in temperature scale (red = high, blue = low value). The alignments of green crosses centered on the lower intensities (blue) laminae at the top and bottom of the 
image visualize two sets of laminae counting.
is a 60 cm long, candle-shaped stalagmite, but for this study we 
focus only on the top ∼4 cm. Seven powdered samples (∼200 
mg/each) were drilled from the central growth axis of TM-17 us-
ing a Dremel tool fitted with a diamond dental bur (Fig. 1a). 
230Th/234U ages were determined using multi-collector inductively 
coupled plasma mass spectrometry (MC-ICP-MS) at the University 
of Oxford, UK (Table S1) following methods outlined in previous 
studies (Hu et al., 2008; Mason and Henderson, 2010). All samples 
were corrected for initial 230Th using an initial 230Th/232Th value 
of 5.38 +5.38/−4.84 ppm. The U–Th ages lie in stratigraphic order 
and range from 229 ± 19 to 1927 ± 12 yr before present (years BP, 
where present equals 1950 CE), indicating an average growth rate 
of ∼20 μm/yr (Fig. 1; Table S1). High-resolution analyses on TM-17 
conducted via synchrotron radiation X-ray fluorescence (XRF) mi-
croscopy (Supplementary Materials) show clear laminations in Sr 
concentration spaced at ∼20 μm intervals, suggesting that they 
are annual in nature. To further constrain the age model, we con-
ducted annual laminae counting on the Sr synchrotron XRF map 
and anchored this floating laminae counting age model to the U–
Th ages using a least-squares fit method (Domínguez-Villar et al., 
2012) (Fig. 1c). The final age model indicates that TM-17 formed 
between ∼50 BCE to 1880 CE with an average age uncertainty of 
26 yr (Supplementary Material).

3.2. Stable isotope analyses

A total of 903 powdered samples were micromilled at 0.04 mm 
intervals (∼2- to 4-yr resolution) along the central growth axis of 
TM-17. Powdered samples (∼30-70 mg) were weighed and ana-
lyzed for carbon and oxygen isotope (δ13C, δ18O) composition on a 
Thermo Finnigan Kiel IV carbonate device coupled with a Delta V 
Plus isotope ratio mass spectrometer at the University of California, 
Irvine. All results are expressed using conventional δ notation in 
per mil (�) relative to the V-PDB standard. A total of 18 standards 
(IAEA-CO-1, NBS-18, and OX, an in-house quality control standard) 
were analyzed during each run of 28 unknown samples. Duplicate 
measurements of NBS-18 and IAEA-CO-1 standards show a long-
term standard deviation of 0.04� for δ13C and 0.07� for δ18O 
(1σ ).

3.3. Model analyses

To assess the influence of solar-forced tropical climate variabil-
ity on multidecadal TM-17 δ18O fluctuations, we used runs from 
the Community Earth System Model Last Millennium Ensemble 
(CESM-LME) (Otto-Bliesner et al., 2016). CESM-LME is available 
from 850-2005 CE with a vertical resolution of 30 pressure lev-
els in the atmosphere and a horizontal resolution of ∼2◦ for the 
atmosphere and land and ∼0.3◦–1.0◦ for the ocean and sea ice 
coupled model. In the present study, we analyzed the ensem-
ble mean of four runs forced only with varying solar intensity 
(Otto-Bliesner et al., 2016) and perturbed with slightly different 
initial conditions. To better compare our record with CESM-LME 
variables, we interpolated TM-17 δ18O to regularly spaced time in-
tervals of every two years from 50 BCE to 1878 CE (n = 965). 
Likewise, the ensemble mean anomalies were then annually av-
eraged and interpolated to our regularly spaced age model from 
850 CE to 1878 CE (n = 515). To isolate low-frequency variability, 
TM-17 δ18O and model data were then subject to a 4th-order But-
terworth filter with a 50-yr period cutoff. Comparisons were then 
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Fig. 2. Stable isotope record of Southeast Asian hydroclimate from stalagmite TM-17. (a) δ18O record and (b) δ13C record. Standard (z) scores are shown for records. The 
black lines represent the 50-yr low pass filtered data. δ18O values are interpreted as reflecting monsoon intensity, whereby more negative z-scores (blue) reflect increased 
monsoon intensity (upstream rainout) and vice versa. δ13C values are interpreted as a local water balance record, whereby more negative z-scores (blue) represent wetter 
conditions and positive values (red) represent drier conditions at the cave site. Vertical brown bars identify the Angkor I and II Droughts (I and II, respectively) (Buckley et 
al., 2010) and the Strange Parallels Drought (SP; 1756-1768 CE) (Cook et al., 2010).
made between our low-passed δ18O record and the low-passed en-
semble mean from 1200 CE to 1878 CE. We chose to focus on this 
time period due to the high temporal coherence multidecadal to 
centennial timescales between our record and the total solar inten-
sity used to force CESM-LME that begins around 1200 CE (Fig. 3e, 
Figs. S5 and S6).

As a measure of the zonal circulation along the equator, we 
calculated the zonal mass streamfunction (ψx) as:

ψx(t, x, p) = 2πa

g

p∫

0

[uD ]dp (1)

where a is the radius of the earth, g is the gravitational constant, 
p is pressure, and [uD ] is the divergent component of the zonal 
wind field averaged from 5◦S–5◦N (Yu and Zwiers, 2010).

Correlation significance for the model analyses was determined 
using Monte-Carlo methods. First, we generated 1,000 different 
pairs of uncorrelated, white noise time series and subjected them 
to a 4th-order Butterworth filter with a 50-yr period cutoff. Then, 
we correlated these low-passed random pairs of time series and 
created a null distribution of correlation coefficients. Unless oth-
erwise noted, correlations between TM-17 δ18O and CESM-LME 
model data were taken to be significant if they fell outside of the 
95% confidence interval of this null distribution.

4. Results

The TM-17 δ18O values range from – 9.2� to – 8.0� and 
exhibit multidecadal to centennial-scale fluctuations with lower 
values recorded from ∼50 BCE to 500 CE and higher values from 
1200 CE to 1880 CE (Fig. 2a; Fig. S2). These variations are likely 
dominated by low-frequency changes in AM intensity, though they 
may also be modified in part by hydrological processes in the 
epikarst (Bradley et al., 2010; Evans et al., 2013) (Supplemen-
tary Material). These hydrologic effects have the potential to fil-
ter or reduce the amplitude of seasonal to interannual climate 
frequencies leading to hydrologic “smoothing” or reddening of 
the δ18O signal during the proxy formation process as precipi-
tation infiltrates through the epikarst. These processes therefore 
may shift interannual to decadal-scale speleothem δ18O signals to-
wards lower frequencies relative to the associated climate signals, 
though these effects are less likely to influence the multidecadal to 
centennial-scale variations we focus on here (Bradley et al., 2010;
Dee et al., 2017; PAGES Hyro2k Consortium, 2017).

The TM-17 δ13C values range from −8.4� to −4.4� and are 
characterized by multidecadal to centennial-scale variability that 
is superimposed on a millennium-long positive trend, with more 
negative values from ∼50 BCE to 750 CE and more positive val-
ues from ∼1200 to 1800 CE (Fig. 2b; Fig. S2). Considering that the 
TM-17 stalagmite has a regular and straight candle-shaped mor-
phology and columnar fabric (Fig. 1), indicative of a slow and al-
most constant drip rate (Frisia and Borsato, 2010), it is reasonable 
to infer that the δ13C increases were mainly driven by climate-
related soil and/or vegetation processes associated with drier con-
ditions (Mühlinghaus et al., 2007) (Supplementary Material). Sim-
ilar to δ18O, it is also likely that vegetation and soil processes 
may act to smooth the interannual to decadal-scale precipitation 
variability, leading to apparent reddening of the δ13C spectra com-
pared with the precipitation signal.

5. Discussion

5.1. Regional monsoon variability and drought history

To evaluate the regional coherency of AM variability, we com-
pare high-resolution, precisely dated speleothem records that span 
the last millennium or longer with the TM-17 δ18O record. Stalag-
mite δ18O records from Wanxiang and Dongge Caves, China (Zhang 
et al., 2008; Zhao et al., 2015) and a composite record from Dandak 
and Jhumar Caves, India (Sinha et al., 2011a, 2007) reveal simi-
lar multidecadal to centennial-scale δ18O fluctuations over the last 
millennium, but the TM-17 record does not exhibit strong corre-
lations with these records (Fig. 3). This disagreement may reflect 
a combination of chronological uncertainty, hydrologic processes, 
and/or differences in regional climatology and precipitation δ18O 
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Fig. 3. Comparison of the TM-17 record with regional speleothem records and solar activity. The black line in all panels shows the stalagmite TM-17 δ18O record compared 
with (a) Stalagmite TM-17 δ13C (this study). (b) Stalagmite δ18O from Wanxiang Cave, China (Zhang et al., 2008). (c) Stalagmite δ18O from Dongge Cave, China (Zhao et al., 
2015). (d) Composite stalagmite δ18O record from Dandak and Jhumar Caves (Sinha et al., 2011a). (e) 10Be stack derived from Central Antarctica ice cores (Delaygue and 
Bard, 2011). The vertical yellow bars denote the “weak monsoon” periods (1330-1430 CE and 1560-1635 CE). The y-axes in all panels are oriented such that weaker monsoon 
intensity and stronger solar activity are down.
controls (Hu et al., 2017; PAGES Hyro2k Consortium, 2017). Never-
theless, some common features of the records are worth discussing 
in more depth, such as two notable “weak monsoon” periods dated 
from 1330 to 1430 CE and from 1560 to 1635 CE that appear in all 
four records (Fig. 3). These periods correspond to the highest δ18O 
values observed in the four stalagmite records and coincide with 
historical accounts of famine in India (Sinha et al., 2007) and social 
turmoil in China (Zhang et al., 2008). These weak monsoon periods 
recorded in these stalagmites suggest a common mechanism driv-
ing precipitation δ18O, which, as the modern precipitation δ18O 
systematics suggests (Yang et al., 2016) does not necessarily im-
ply synchronous precipitation amount changes at each site. For 
instance, decreased rainfall over the Indian monsoon region could 
lead to increased δ18O at the Indian cave sites due to the amount 
effect, but also increased δ18O of precipitation at “downstream” 
cave sites in Southeast and East Asia due to the upstream rain-
out mechanism and vice versa (Pausata et al., 2011). Alternatively, 
decreased rainout upstream of all sites could also lead to con-
sistent shifts in δ18O towards more positive values at each loca-
tion.

The TM-17 δ13C record exhibits the most positive values from 
1280 to 1430 CE (Fig. 2b), suggesting the driest conditions of the 
last two millennia occurred during this period. Similarly, the Lake 
Pa Kho record from Thailand exhibits some of the driest conditions 
and lowest effective moisture from ∼1300 to 1500 CE (Chawchai 
et al., 2015; Yamoah et al., 2016) (Fig. S3). Tree-ring based Palmer 
Drought Severity Index (PDSI) records from the AM region identi-
fied two major drought periods during the late 14th and early 15th 
centuries. These were referred to as the Angkor I and II droughts, 
which were then related to the collapse of the Khmer Empire 
(Buckley et al., 2014, 2010) (Fig. 3). This period also coincides with 
a growth hiatus in a 14C-dated speleothem record from Cambodia, 
which was interpreted as indicating drought conditions (Hua et al., 
2017). The tree ring records also highlight the spatially-extensive 
Strange Parallels (SP) megadrought (1756–1768 CE), which coin-
cided with widespread famine in India and China (Buckley et al., 
2014; Cook et al., 2010). This event is clearly expressed as posi-
tive δ13C and δ18O excursions in TM-17, indicating dry conditions 
in northern Laos and weakened monsoon intensity, respectively, at 
that time (Fig. 2).

Given the different controls on speleothem δ18O and δ13C val-
ues and the substantial variability in regional precipitation pat-
terns in the AM region (Conroy et al., 2011), it is not unusual 
for regional proxy records to exhibit discrepancies or fall out of 
phase from one another during some periods. For example, the 
TM-17 δ13C record, Vietnamese tree ring records (Buckley et al., 
2010) and Thai lake records (Chawchai et al., 2015; Yamoah et 
al., 2016) do not show significant evidence for drought-like con-
ditions during the second identified weak monsoon period from 
1560 to 1635 CE (Fig. S3), which other studies identified as an 
extreme drought period in China and India (Zhang et al., 2008;
Zhao et al., 2015). Furthermore, previous studies from the broader 
AM and tropical Pacific regions have focused on disentangling con-
trasting hypotheses to explain anomalous climate intervals, par-
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Fig. 4. Atmosphere-ocean response to solar forcing. TM-17 δ18O correlations with ensemble mean CESM-LME solar forcing only SST anomalies (x/y plane shading), omega (ω) 
(x/z contours), and the zonal mass streamfunction (ψ ) (x/z shading) averaged 5◦S–5◦N. The sign convention is such that positive (negative) ω and ψ correlations correspond 
to subsidence (convection) and clockwise (counter-clockwise) circulations, respectively. Note the ψ section on the back wall corresponds to values straddling the equator. 
Thick black contours indicate correlation significance at 95% confidence level. The blue arrow illustrates surface flow converging onto the warm tropical Atlantic, whereas the 
red arrow indicates upper-level divergence associated with the resulting deep convection.
ticularly the Medieval Climate Anomaly (MCA, 950-1250 CE) and 
the Little Ice Age (LIA, 1400-1850 CE) (Griffiths et al., 2016). Some 
paleoclimate proxy records link meridional shifts of the ITCZ to 
key changes in tropical Pacific hydroclimate (Sachs et al., 2009;
Tierney et al., 2010; Zhang et al., 2008), while others implicate the 
influence of ENSO and associated zonal shifts of deep convection 
as the dominant drivers (Konecky et al., 2013; Yan et al., 2011). 
The TM-17 δ18O record suggests decreased AM intensity, while the 
δ13C record indicates overall drier conditions during the LIA, both 
of which are consistent with records of hydroclimatic variability 
in MSEA and Palau (Buckley et al., 2010; Richey and Sachs, 2016;
Yamoah et al., 2016) (Fig. 2, Fig. S3). The drying trend and/or 
drought-like conditions observed from these records conflict with 
other paleoclimate records from the South China Sea (Yan et al., 
2015) and Indonesia (Konecky et al., 2013), which show wetter 
conditions during the LIA that can be linked to a meridional ITCZ 
contraction and/or zonal deep convection shifts (Fig. S3). While the 
TM-17 record supports previous findings of dry conditions in MSEA 
during the LIA that point to a southward shift of the ITCZ or shifts 
in zonal convection, it has no clear evidence for a significant hy-
droclimatic shift during the MCA.

5.2. Solar influence on low-frequency δ18O variability

Previous studies have suggested a relationship between solar 
activity and AM speleothem δ18O changes on multidecadal to cen-
tennial timescales (Neff et al., 2001; Zhang et al., 2008; Zhao et al., 
2015), though some found that the relationship was either tem-
porally inconsistent or only played a minor role (Berkelhammer et 
al., 2010; Sinha et al., 2011b). We investigated the potential in-
fluence of solar activity by comparing the TM-17 δ18O and δ13C 
time series with three records of solar variability: total solar irra-
diance (TSI) (Vieira et al., 2011), sunspot number (Solanki et al., 
2004), and 10Be concentrations derived from ice cores (Delaygue 
and Bard, 2011) (Fig. 3e and Fig. S5). Reported correlation coeffi-
cients are Pearson’s r values. Significance testing was conducted 
using a combination of 1,000 Monte Carlo iterations and time-
series modeling in the frequency domain to consider the effect 
of serial correlation (Macias-Fauria et al., 2012). Notably, the most 
significant correlations between the δ18O profile and reconstructed 
TSI (r = 0.42, p < 0.01), sunspot number (r = 0.40, p < 0.05), and 
10Be concentration (r = −0.55, p < 0.01) occur after 1200 CE for 
both unfiltered and 50-yr low passed filtered data (Figs. S5 and S6, 
Table S2). These significant correlations suggest decreased AM in-
tensity corresponds with periods of increased solar irradiance and 
vice versa. By contrast, the TM-17 δ13C record, exhibits no signifi-
cant correlation with solar activity (Fig. S5), indicating that internal 
variability may be a more important driver of local precipitation 
on multidecadal to centennial timescales. We note that a potential 
caveat of this analysis stems from the age uncertainty in the proxy 
records (Hu et al., 2017), but given the strong similarities between 
the TM-17 δ18O record and all three solar proxy records on multi-
decadal to centennial timescales, this relationship is worth further 
consideration. We therefore focus the remainder of our discussion 
on the potential solar influence on the TM-17 δ18O record, which 
does appear to be consistent with changes in solar irradiance (Figs. 
S5 and S6).

To further investigate solar influence, we conducted cross-
wavelet analyses between the δ18O values and solar activity proxy 
records (Fig. S6). A strong shared power on multidecadal to cen-
tennial timescales between δ18O and TSI, sunspot number, and 
10Be was observed. While the phasing between δ18O and sunspot 
number oscillates, suggesting a less consistent influence of solar ir-
radiance, there is consistent phasing post-1200 CE among all three 
solar proxies, specifically during the Spörer (1400-1510 CE) and 
Maunder (1645-1715 CE) Minimums (Figs. S5 and S6). Spectral 
analysis of the TM-17 δ18O data does not provide evidence for a 
robust or persistent ∼210 yr cycle (Fig. S2 and Supplementary Ma-
terial), whereas other stalagmite records have revealed significant 
periodicities similar to the ∼210-year solar cycle of de Vries-Suess 
(Novello et al., 2016; Wang et al., 2005). Persistent multidecadal 
to centennial-scale periodicities, however, emerge in the wavelet 
transform analysis (Fig. S2) as well as persistent centennial-scale 
power at in the wavelet coherence analysis with the solar proxies 
(Fig. S6), in particular after 1200 CE.
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Fig. 5. TM-17 δ18O correlated with ensemble mean CESM-LME solar forcing-only precipitation. TM-17 δ18O correlated with CESM-LME total precipitation rate (shading) and 
850 mb wind fields (arrows). Thick black contours and black (grey) arrows indicate correlation significance at 95% (80%) confidence level based on the distribution of 1,000 
randomly generated low-pass filtered time series. All time series were subjected to a 50-year low pass filter.
This monsoon-solar relationship observed in our record con-
trasts with earlier studies that observed the opposite relationship, 
such that periods of increased AM rainfall correspond with peri-
ods of increased solar irradiance (Zhang et al., 2008; Zhao et al., 
2015). While these Chinese stalagmite studies note that some pe-
riods of decreased solar irradiance, such as the Spörer Minimum 
(1400-1510 CE), coincide with wetter conditions, they attribute 
this to the influence of internal climate variability (Zhang et al., 
2008; Zhao et al., 2015). A recent southeastern Tibetan Plateau sta-
lagmite δ18O record, on the other hand, revealed a monsoon-solar 
relationship similar to our findings: multiple periods of increased 
AM rainfall (more negative δ18O) were associated with decreased 
solar activity over the last millennium (Tan et al., 2018). Similarly, 
a positive relationship between South American Summer Monsoon 
(SASM) intensity and solar irradiance on centennial timescales was 
recently inferred from a stalagmite δ18O record from Midwestern 
Brazil (Novello et al., 2016). This suggests that solar forcing could 
potentially lead to an anti-phase relationship between SASM and 
AM speleothem records, similar to the so-called global monsoon 
pattern observed on longer timescales and linked with merid-
ional ITCZ shifts (Cheng et al., 2012). A comparison between our 
TM-17 δ18O record and SASM proxy records, however, does not 
show a significant inverse relationship on multidecadal to cen-
tennial timescales (Fig. S4). This mismatch may reflect multiple 
factors, including chronological limitations, regional variability in 
monsoon precipitation patterns, differing controls on speleothem 
δ18O, and/or the complex climate dynamics linking AM with SASM 
climate.

In addition to an opposite monsoon-solar relationship, the tem-
poral nature of the relationship also differs between our study and 
previously published records, all of which suggest non-stationary 
behavior in the solar forcing-AM relationship. For example, the 
Wanxiang Cave record showed similar timing between AM and so-
lar irradiance peaks between ∼950–1250 CE (Zhang et al., 2008), 
whereas the Dandak Cave record showed coherence between In-
dian summer monsoon precipitation amount and solar variability 
from ∼800–1290 CE (Berkelhammer et al., 2010). As a result of 
these temporally inconsistent relationships, both studies concluded 
that internal climate variability was likely a more important factor 
driving local hydroclimate change. It is interesting that our ob-
served monsoon-solar relationship appears to strengthen at ∼1200 
CE, around the time these other relationships weakened, and per-
sists for the remainder of the record (∼680-year period). This may 
reflect true spatiotemporal variability in the response of precipi-
tation δ18O to solar forcing in the AM region (Tan et al., 2018), 
though could also reflect the variable influence of internal coupled 
climate modes such as ENSO or the AMO on AM intensity (Zhao et 
al., 2015; Berkelhammer et al., 2010).

Overall, our results imply that solar variability may exhibit a 
significant influence on the TM δ18O record, in particular since 
1200 CE. These results warrant further consideration for the 
role of solar forcing on changes in AM precipitation and, hence 
speleothem, δ18O. Here we conduct a more through exploration of 
the potential mechanisms underlying the observed strong positive 
correlation between TM-17 δ18O and solar variability (Fig. 3e, Figs. 
S5 and S6) utilizing climate model simulations.

5.3. Atlantic SSTs influence Asian monsoon precipitation δ18O

To explore solar-forced mechanisms that could influence low-
frequency δ18O variability at our site, we correlated the low-
pass filtered TM-17 δ18O record (50-year cutoff) with the ensem-
ble mean of the “solar forcing only” simulations in the Commu-
nity Earth System Model Last Millennium Ensemble (CESM-LME) 
(Otto-Bliesner et al., 2016). Each solar-forced ensemble member 
of CESM-LME is initialized by slightly different initial conditions, 
which largely cancel out in the ensemble mean. Therefore, CESM-
LME ensemble mean variability can be interpreted as having been 
driven by the common external forcing (i.e. solar forcing). Since 
TM-17 δ18O showed some consistency with the same solar vari-
ability that is used to force CESM-LME, it is reasonable to compare 
our time series directly to the CESM-LME ensemble mean as a first 
approximation of how solar forcing may influence AM intensity as 
it pertains to the time variability of our record.

We primarily focused on the period since 1200 CE, since TM-17 
δ18O exhibits significant correlations during this time period with 
all three solar records (Table S2). Correlations of TM-17 δ18O with 
solar-forced CESM-LME sea surface temperature (SST) anomalies 
reveal the strongest and most significant positive correlations with 
tropical Atlantic SSTs (Fig. 4). This relationship is significant in all 
four solar-forced ensemble members (Fig. S7), increasing our con-
fidence that these correlations are not spurious. In addition, we 
repeated the model analysis for the full overlapping period be-
tween the δ18O and LME runs in the solar-only forcing runs. The 
results are qualitatively consistent, suggesting that the relationship 
is physically consistent (Fig. S8).

Previous studies have suggested that the relatively small radia-
tive forcing from solar variability could potentially explain large 
SST changes in the Atlantic via non-linear responses of the climate 
system to amplifying feedbacks (Gray et al., 2010). For instance, 
a “top-down” mechanism was proposed, wherein solar-induced 
changes to stratospheric ozone and temperature gradients propa-
gate downwards to influence North Atlantic atmospheric and ocean 
circulation (Meehl et al., 2009). These changes may be further am-
plified through feedbacks related to the AMOC (Caesar et al., 2018). 
Alternatively, it has been proposed that the small solar forcing 
signal may be amplified through “bottom-up” processes involv-
ing coupled atmosphere-ocean dynamics and associated changes 
to the Walker and Hadley circulation (Meehl et al., 2009). Regard-
less of how tropical Atlantic SSTs may respond to solar forcing, we 
utilized the CESM-LME solar-forced simulation to further explore 
mechanisms through which solar-forced SST changes in the trop-
ical Atlantic could influence AM intensity and, hence, speleothem 
δ18O at the TM cave site.

Our results show that δ18O is significantly negatively corre-
lated with a dipole of zonal mass streamfunction (ψx) circulation 
anomalies that straddle the tropical Atlantic and are consistent 
with the low-level convergence of near-surface winds initiated by 



8 J.K. Wang et al. / Earth and Planetary Science Letters 525 (2019) 115737
warmer Atlantic SSTs (Fig. 4 back wall shading). These conver-
gences lead to increased deep convection over the tropical Atlantic, 
which is also apparent in δ18O correlations with model vertical 
velocity (ω) (Fig. 4 equatorial vertical cross-section). Deep con-
vection over the warm Atlantic is compensated by broad zonal 
bands of atmospheric subsidence over much of eastern Africa 
and the eastern tropical Indian Ocean, as indicated by positive 
correlations between CESM-LME ω and TM-17 δ18O over these 
regions (Fig. 4). Subsidence over the tropical Indian Ocean con-
sequently promotes increased atmospheric stability, lower cloud 
heights, and decreased precipitation, which are consistent with 
correlations between speleothem δ18O values correlations and 
modeled precipitation (Fig. 5). Taken together, our results suggest 
that less upstream rainout over the tropical Indian Ocean, a key 
source of moisture to the broad AM region (Baker et al., 2015;
Pathak et al., 2017), could lead to more positive δ18O values of 
the water vapor reaching TM. Correlations between TM-17 δ18O 
with 850 mb winds reveal increased cross-equatorial southerly 
winds from the tropical Indian Ocean and further supports that 
decreased precipitation over the tropical Indian Ocean could lead 
to the transport of higher δ18O moisture to TM Cave (Fig. 4). 
These changes may be further reinforced by increased contribu-
tion of 18O enriched moisture from the Bay of Bengal. How-
ever, it is difficult to quantitatively distinguish the relative im-
portance of upstream rainout or other potential factors (such 
as moisture source region or rainfall amount) controlling mul-
tidecadal to centennial-scale δ18O variability without long-term 
isotope-enabled climate model simulations and other multi-proxy 
speleothem data.

Finally, we note that volcanic eruptions represent the largest 
natural forcing to the climate system over the last millennium 
(Robock, 2000) and can potentially explain long-term trends seen 
in last millennium reconstructions (McGregor et al., 2015). To in-
vestigate whether volcanic forcing could provide an alternate ex-
planation for the TM-17 δ18O variability, we repeated our analyses 
with the CESM LME volcanic-only runs and found no similar corre-
lations that would indicate a substantial volcanic influence on our 
record (not shown), which provides us confidence in our solar re-
sults. However, when we repeated our analyses using the CESM 
full-forcing runs, we found that the full forcing results were more 
similar to the volcanic-only runs. A possible explanation may be 
that strong volcanic forcing events are the single largest radiative 
forcing agents in the fully forced ensemble mean and therefore 
dominate the overall signal (Otto-Bliesner et al., 2016). As such, 
this may make it difficult to identify solar-forced changes in the 
full-forcing experiments that are relatively subtle compared to the 
strong volcanic eruptions used to force CESM-LME. Additionally, 
we note the large uncertainties in the timing and magnitude of 
volcanic eruptions used to force CESM-LME (Sigl et al., 2014). Fi-
nally, we note that our record does not preclude the possibility 
of volcanic influence on interannual to decadal-scale precipitation 
δ18O variability, which may be reddened or otherwise obscured by 
karst hydrologic processes. Therefore, despite these discrepancies, 
our results may still offer insight on the influence of solar forcing 
on multi-decadal to centennial-scale precipitation δ18O variabil-
ity.

6. Conclusions

This study presents a new high-resolution speleothem stable 
isotope (δ18O and δ13C) record from northern Laos that spans most 
of the Common Era (∼50 BCE to 1880 CE). The δ18O record is in-
terpreted to reflect upstream rainout over the Indian Ocean, Bay 
of Bengal, and Indian monsoon region, whereas the δ13C record 
reflects local water balance through impacts on soil-vegetation 
processes. The δ18O record contains significant multidecadal to 
centennial-scale variability and exhibits positive correlations with 
records of solar variability, which are opposite to those previously 
reported (Zhang et al., 2008; Zhao et al., 2015). The δ13C record, 
on the other hand, shows no relationship to solar forcing, but does 
contain significant centennial-scale variability, with generally dry 
conditions throughout the LIA. The driest conditions of the record 
occur during the 13th-15th centuries, consistent with other re-
gional records (Buckley et al., 2014, 2010; Chawchai et al., 2015;
Yamoah et al., 2016). Overall, the δ13C record provides evidence 
that internal variability likely played a more important role than 
solar forcing in driving multidecadal to centennial-scale precipita-
tion variability in MSEA.

Based on the observed solar forcing-δ18O relationship, this 
study proposes one hypothesis to explain multidecadal to centen-
nial-scale variations in speleothem δ18O possibly associated with 
solar-forced increases in convection and rainfall over the Indian 
Ocean. Results of the solar forcing only experiments from the 
CESM-LME suggest that increased tropical Atlantic SSTs result-
ing from increased solar irradiance may lead to modifications 
in zonal atmospheric circulation and increased subsidence over 
the tropical Indian Ocean, leading to less upstream rainout over 
a key moisture source for the AM region (Baker et al., 2015;
Pathak et al., 2017). This proposed mechanism offers a plausible 
explanation for the increased speleothem δ18O values at our site 
during periods of increased solar activity, without requiring any 
solar-forced changes in local precipitation amount, thus providing 
a potential explanation for some periods when the δ18O and δ13C 
records differ.

While age uncertainty and proxy formation processes present 
challenges for conducting this type of multi-proxy analysis and 
data-model comparison (Hu et al., 2017; PAGES Hyro2k Con-
sortium, 2017), the data presented here provide a baseline of 
MSEA natural climate variability on multidecadal to centennial 
timescales, which is critical for understanding the extent that ex-
ternal forcing and internal variability will impact AM intensity and 
MSEA water resources in the coming decades. Through a novel 
model-data comparison, we propose a new mechanism to poten-
tially explain solar influence on AM region precipitation δ18O. Fu-
ture research including development of additional high-resolution 
paleoclimate records, isotope-enabled climate model analyses, and 
proxy system modeling will be needed to further constrain the 
impacts of external forcing and internal climate variability on 
speleothem δ18O and δ13C records in the AM region.

Data archiving

The speleothem data reported here are archived at the NOAA 
National Centers for Environmental Information’s World Data Ser-
vice for Paleoclimatology.
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