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Abstract

Central Vietnam is one of only few locations within the Asian Monsoon realm, where the rainy

season is associated with the Northeast Winter Monsoon. The winter monsoon in this region

is characterised by strong north-easterly winds bringing moisture from the Pacific, leading to

intensive rainfall during autumn and winter. This is often associated with natural hazards such

as flooding and landslides, threatening the livelihood of millions in this region. Compared with

the Asian Summer Monsoon, our knowledge of past and present rainfall variability related to the

Northeast Winter Monsoon is more limited, which affects our ability to understand future climate

scenarios in this region. This work uses stable isotopes in rainwater and the chemical composition

of a stalagmite from central Vietnam to understand the climate in Southeast Asia in the present and

past. Cave monitoring and climate simulations indicate that the seasonal cycle in rainwater stable

isotopes from central Vietnam does not follow peak rainfall amount, but rather reflects the seasonal

shift between the Indian Ocean, providing moisture during summer, and the Pacific Ocean which

provides moisture during the rest of the year. This seasonal signal in rainfall oxygen isotopes is

partly preserved in cave waters but low values are biased towards the season of recharge in autumn.

This work presents the first high-resolution speleothem multi-proxy record from central Vietnam

covering the Holocene. By using carbon isotopes and trace elements the history of the Northeast

Winter Monsoon was reconstructed. In Southeast Asia, summer and winter monsoons evolved

in-phase for most of the Holocene, between 8000 to 3000 years BP (before present). This in-phase

relation shifts at 3000 years BP, after which the winter monsoon gets progressively wetter and

the summer monsoon progressively drier. Here it is proposed that shifts in the Pacific Walker

Circulation controlled the in-phase relation of the monsoons in Southeast Asia until 3000 years

BP. Afterwards the summer monsoon was mainly controlled by changes in the Indian Walker

Circulation and the winter monsoon by changes in Pacific sea surface temperatures. Investigating

central Vietnam’s climate on a seasonal scale during a cool phase between 1600 and 1300 years

BP showed that the timing of the ITCZ migration is key in modulating rainfall variability. A

cooling of primarily autumn/winter sea surface temperatures in the western Pacific led to a delay

of the ITCZ withdrawal during this season, causing enhanced rainfall in central Vietnam. The

findings of this work have far-reaching implications for future palaeoclimate studies, such as the

interpretation of proxies and the understanding of the monsoonal system in Southeast Asia over
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the Holocene.
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Chapter 1

Introduction

1.1 Motivation

The Intergovernmental Panel on Climate Change (IPCC, 2014) identified Southeast Asia (Figure

1.1) as one of the world’s most vulnerable regions to climate change. Severe flooding and droughts

are threatening the livelihood and welfare of millions. Apart from the immediate catastrophic

impact, changes in the hydrological cycle and the frequency of extreme rainfall events have a

significant long-term impact on Southeast Asian societies. In particular, around 30% of the

world’s rice is grown in Southeast Asia, with rice comprising half of the daily calorie intake of

an average Southeast Asian person (Yasmi, 2021). The strong dependence on rice as a major

nutrient makes Southeast Asia extremely vulnerable to water supply shortages and flooding related

to tropical cyclones. For example, the Lower Mekong Basin, located in southern Vietnam (Figure

1.1), has experienced increased surface temperatures; an increase in the wet to dry season rainfall

ratio; and more intense floods and droughts (Hijioka et al., 2014). Anthropogenically induced

changes in the local hydrology will significantly impact the food supply in Southeast Asia, a region

where 9% of the population are already undernourished (Yasmi, 2021).

1
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Figure 1.1: Southeast Asia (shading), with Vietnam shaded in red, mainland Southeast Asia shaded
in orange, and the Maritime Continent in green.

In autumn 2020, Southeast Asia was strongly impacted by flooding related to tropical cyclones

(LeComte, 2021). The region was hit repeatedly by several major typhoons in October and

November, with Vietnam and the Philippines being particularly affected; around 2.4 million

people were left in need of assistance and 967,000 households were destroyed or damaged (United

Nations Report, 2020). 95% of all models used in the 2014 IPCC report projected an increase

in heavy precipitation over East, South, and Southeast Asia for the mid- to late- 21st century, a

trend already observed in mainland Southeast Asia between 1955 to 2005 (Hijioka et al., 2014).

Increasing heavy rainfall events and associated flooding are particularly critical in central Vietnam,

where more than 75% of the annual total precipitation derives from such heavy rainfall events (Vu

et al., 2015). Tropical cyclones making landfall in central Vietnam have increased in frequency

since 2000, and the peak rainy season has shifted from October to November (Wang et al., 2014).

Decreasing summer rainfall in combination with delayed autumn rainfall serves to prolong the

dry season, applying additional stress to agriculture and water management (Phuong et al., 2018).

Further complications derive from the projected sea level rise, which is predicted to lead to a loss
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of 7% of Vietnam’s land surface (Hijioka et al., 2014).

Despite the projected risks related to climate change in future Southeast Asia, the insufficient

number of meteorological stations across the region lowers the confidence in climate model

predictions (Cheong et al., 2018). Limited spatial and temporal coverage, with stations recording

data for more than a decade, makes it difficult to evaluate whether the regional climate variability

is captured in these simulations. This is a crucial limitation, since the effects of climate change on

society in Southeast Asia have been documented over the last millennium, and are linked to the

demise of advanced societies such as at Angkor Wat (Buckley et al., 2010). However, despite the

growing evidence that changes in the hydrological cycle will be a critical factor for the survival of

societies in Southeast Asia in the future, only limited data of past long-term climate variability is

available.

This lack of long-term climate data within Asia can be resolved with palaeoclimatic reconstructions.

Unfortunately, mainland Southeast Asia has received much less attention in palaeoclimate research

compared to East Asia and India. A further issue arises from the diversity of rainfall patterns

across Southeast Asia. Most of mainland Southeast Asia (Figure 1.1) receives peak rainfall during

boreal summer, whereas the Maritime Continent (Figure 1.1) receives rainfall all year-round.

Central Vietnam is an exception to this pattern, receiving the majority of rainfall from September

to December unlike most northern parts of Southeast Asia. Therefore, because we can not infer

how rainfall in Southeast Asia varies by extrapolating from the summer changes in the wider

Asian and Indian region, the detailed behaviour of seasonal rainfalls in Southeast Asia over longer

timescales and under different boundary conditions are largely unknown.

In Southeast Asia, the understanding of climate drivers and the accuracy of local climate predictions

is hindered by two factors:

• The natural modern seasonal, and interannual rainfall variability is spatially heterogeneous.

• The moisture is sourced from different regions depending on the season.

These two gaps in knowledge were a direct motivation for my thesis. The work presented here

focuses on modern and Holocene hydroclimate changes in central Vietnam, and addresses:

• Seasonal and interannual spatial variability of rainfall events in central Vietnam.
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• Establishing a high-resolution record of hydroclimate variability in central Vietnam over the

last 10,000 years.

These results have implications for resilience and flood/drought risk prevention. They might be

applied not only in future climate models, but also directly for outlooks when preparing ahead for

severe weather events.

1.2 Aims and thesis structure

This work aims to produce a high-resolution proxy record of winter monsoonal rainfall by using a

variety of proxies, including stable isotopes and trace elements in speleothems. Central Vietnam is

targeted as a study location due to its unique peak rainy season, which is dominated by the winter

monsoon circulation. The aim of this work is to understand the past changes in the winter monsoon

over the Holocene and use these results to understand the co-evolution of the winter and summer

monsoon in Southeast Asia. To achieve this, several speleothem-based proxies are investigated to

ensure a robust interpretation of the proxy data.

The following questions and problems motivate this research:

• How did the winter monsoon evolve compared to the summer monsoon over the Holocene?

• How did the monsoons in Southeast Asia evolve over the Common Era?

• What drives the long- and short-term climate of seasonal rainfall in Southeast Asia?

In order to address these questions, the following is needed:

• An overview of the theoretical background and the definitions used in this work (Chapter 1).

• A profound understanding of modern controls on climate proxies, such as 𝛿18O in meteoric

water (Chapter 2).

• Processes altering the climatic signal from the surface to the climate archive (Chapter 3).

• A summary of the main methodology (Chapter 4).

• High-resolution palaeoclimate data from central Vietnam (Chapter 5).

• Comparison of the palaeoclimatic history of central Vietnam and other regions within Asia
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over the Holocene (Chapter 6) and the last 2000 years (Chapter 7).

1.3 Approach

This work uses a combination of monitoring data from rain and cave waters and a suite of stable

isotopes and trace elements in a stalagmite from central Vietnam to address the above listed research

questions. Rain waters were collected in Tan Hoa village and Dong Hoi (GNIP dataset). Cave

waters were collected from Soong Cave near Tan Hoa village. The stalagmite was collected from

Thien Duong Cave (details about study site descriptions and maps can be found in Chapter 3).

For this work additional published speleothem records from Laos, Thailand, Sumatra, Borneo,

China, and Indonesia were used to reconstruct the summer monsoon variability in comparison to

the winter monsoon variability in Southeast Asia, which was reconstructed based on the stalagmite

from Thien Duong Cave.

1.4 Contributions

Contributions to this work by others are listed as follows:

Laboratory work (see Chapter 4 for details):

• Laser ablation for trace elements was conducted by Amanda French at Waikato University,

New Zealand.

• U-Th dating was conducted by David McGee at MIT, USA.

• A part of the stable isotope measurements were conducted by Madalina Jaggi and Stefan

Bernasconi at ETH Zürich, Switzerland.

• The collection of water samples in Phong Nha was undertaken by Deborah Limbert.

Statistical analysis (Chapter 6):

• The MC-PCA was developed and conducted by Tobias Braun at Potsdam Institute of Climate,

Germany.
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1.5 Climatology of Asia and the West Pacific

The following sections describe the modern climate in Asia, with a particular focus on Southeast

Asia and central Vietnam. Fundamental climate forcing mechanisms for this region are defined

and summarised.

1.5.1 The Intertropical Convergence Zone and Hadley Cell

The Intertropical Convergence Zone (ITCZ) is a planetary-wide band of heavy precipitation,

resulting from a strong uplift where the surface northeast and southeast trade winds converge

(Byrne et al., 2018). When the rising air reaches the troposphere, it diverges into a poleward

motion and air descends at around 30◦ latitude on each Hemisphere (Robinson and Henderson-

Sellers, 2014) (Figure 1.2). Equatorwards-flowing surface winds close this circulation cell,

forming the Hadley Cell. The rising motion in the ITCZ is associated with the warm temperatures

in the equatorial regions, and over the ocean the ITCZ tends to be collocated with the warmest

SST.

Figure 1.2: General circulation of the Hadley Cell and the associated ITCZ, modified after Robinson
and Henderson-Sellers (2014).

One of the most prominent features of the ITCZ is the meridional displacement following the cycle

of solar insolation. The annual mean position of the ITCZ lies about 5◦ north of the equator and

varies from 10◦ degrees in Northern Hemisphere summer to 0◦ degrees in Northern Hemisphere

winter (Byrne et al., 2018; Wodzicki and Rapp, 2016). This relatively small shift in the zonal
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mean ITCZ over the course of the year hides the fact that over the ocean the ITCZ moves only

a few degrees, whereas over land much larger movements are seen. For example, over the Asian

continent it can extend up to 20◦N during boreal summer and 8◦S during winter (Schneider et al.,

2014; Waliser and Gautier, 1993). This difference reflects the different dynamics driving the ITCZ

over land and ocean. Over ocean, the convection in the ITCZ follows the warmest SST; over land

the ITCZ is linked to the monsoon circulations. The seasonal migration drives the rainy season in

Southeast Asia and peninsular India, resulting in an extended rainy season over mainland Southeast

Asia between May and September (Misra and Dinapoli, 2014). By contrast, the summer monsoon

season in East Asia takes place from June to August, which is controlled by the propagation of the

Meiyu front (also called the Baiu front in Japan), rather than the ITCZ (Tung et al., 2020).

Observational and reanalysis studies since 1980 suggests that the ITCZ band has narrowed and

precipitation has enhanced since then (Byrne et al., 2018). A narrowing of the ITCZ would leave

regions at the northern or southernmost extent drier, which would reduce rainfall in the subtropics

of both hemispheres (Gu et al., 2016). For Southeast Asia, this could mean a reduction of rainfalls

in Thailand, Laos, and Vietnam, with severe impacts on the local agriculture.

1.5.2 The Indo-Pacific Warm Pool

The warm waters of the Indian and the Pacific Ocean meet around Southeast Asia, forming

the largest warm water body in the world, the Indo-Pacific Warm Pool (Weller et al., 2016).

Temperatures are around 28◦C for most of the year, affecting the ITCZ position and the strength of

general circulation in the region (De Deckker, 2016). The warm pool plays a significant role in the

distribution of moisture and heat across Asia. Changes in the sea surface temperatures (SSTs) can

impact the Asian climatic system via increased or decreased surface evaporation and associated

water vapour content in the atmosphere (Yan et al., 1992). The presence of the Warm Pool is

associated with the Walker Circulation, the east-west Pacific atmospheric circulation. As with the

Hadley Circulation, there is ascent in the atmosphere over the warm waters of the Warm Pool and

descent over the colder East Pacific cold tongue. This east to west circulation is part of the Pacific

trade winds.
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Figure 1.3: Long-term mean SSTs (1961 - 1990) in the Indo-Pacific warm pool for a January
and b July. SST are the monthly means calculated from weekly values of the NOAA Optimum
Interpolation (OI) SST V2 data set. Most of the region sees warm water temperatures above 28◦C.

Observations since the 1950s indicate an expansion of the Indo-Pacific Warm Pool due to anthro-

pogenic warming (Weller et al., 2016). This expansion is caused by extremely rapid warming of

the Indian Ocean, which is two to three times faster than warming in the central Pacific (Williams

and Funk, 2011). The unequal warming has not only extended the warm pool westwards but has

also led to a westward shift of the ascending branch of the Walker Circulation, affecting rainfall

patterns in Asia and Africa. Studies of past changes in the Warm Pool heat content showed that

substantially higher water temperatures have feedback effects on the El-Niño Southern Oscillation,

reducing event activity (Dang et al., 2020).
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1.5.3 The Walker Circulation

The Walker Circulation describes the atmospheric circulation over the tropical oceans (Lau and

Yang, 2015). The most prominent branch of the Walker Circulation is the Pacific Walker Circulation

(Bjerknes, 1969; Julian and Chervin, 1978; Walker, 1933) (Figure 1.4). The upward branch of

the Pacific Walker Circulation is centred over the Maritime Continent, causing strong convection

(and rainfall) over this region (Kousky et al., 1984). The upwards motion of air over the Maritime

Continent is caused by the Western Pacific Warm Pool, which creates a temperature gradient

between warm waters in the Western Pacific and the cooler SST in the eastern Pacific. Surface

trade winds flow towards the Maritime Continent from the eastern descending branch over the

eastern Pacific and from the western descending branch over the western Indian Ocean.

Figure 1.4: Atmospheric circulation within the Walker Circulation. Over the Pacific, the Walker
Circulation has an east-west surface flow, after (Lau and Yang, 2015).

1.5.4 ENSO and the IOD

The El-Niño Southern Oscillation (ENSO) is the major source of interannual climate variability

in the tropics. ENSO is a coupled ocean-atmosphere interaction in the tropical Pacific and occurs

roughly every 2 to 7 years (Bjerknes, 1969). There are two extreme phases of ENSO, called El

Niño and La Niña events, which are known for their strong impact on (tropical) climate world-wide

(Figure 1.5). El Niño events are associated with anomalously warm SSTs in the eastern Pacific,

related to decreased upwelling along the western coast of Central and South America. Low-level

easterlies weaken during El Niño events or can be reversed. On the contrary, La Niña events

describe cold SSTs along the east coast of South America due to enhanced upwelling in the eastern

Pacific, pushing warm waters into the western Pacific. During La Niña events the easterlies are

enhanced, driving a stronger Pacific Walker Circulation. The atmospheric circulation responds to

ENSO events with a shift in the position and strength of the Pacific Walker Circulation. The position
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of the ascending and descending branch of the Pacific Walker Circulation modulates rainfall in

regions bordering the western and eastern tropical Pacific (Figure 1.5). El Niño events can lead

to strongly decreased rainfall over Southeast Asia, as the Pacific Walker Circulation weakens and

the ascending branch shifts away from the region. During La Niña events, surface winds over the

Pacific are enhanced, shifting the ascending branch towards Southeast Asia.

Figure 1.5: SST anomalies (shading) and the position of the Walker Circulation. Figure provided
by the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA,from their website https://www.esrl.
noaa.gov/psd/.

A similar oscillation of SSTs is observed in the Indian Ocean and is called the Indian Ocean

Dipole (IOD). Similar to ENSO, the IOD has two extreme phases, associated with anomalous SST

10
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gradients across the Indian Ocean and shifts in the strength of the Indian Ocean Walker Circulation.

A positive IOD event relates to decreased SSTs in the eastern Indian Ocean, whereas a negative IOD

is associated with warmer than usual SSTs in the eastern Pacific. Due to the similar functionality

and the close geographic proximity, the interaction between both oscillating systems (ENSO and

the IOD) is highly important.

Warm or cold ENSO events (El Niño or La Niña) in the Pacific Ocean often co-occur with positive

and negative IOD states in the Indian Ocean respectively (Izumo et al., 2010). A co-occurrence

usually amplifies the effects on the ocean-atmosphere coupled climate system and can lead to an

even stronger reduction or enhancement of rainfall in Southeast Asia (As-syakur et al., 2014). The

opposite is true when ENSO and IOD events occur with opposing signs. The future development

of ENSO and the IOD is highly uncertain, with some studies suggesting a weakening of the Walker

Circulation and some a strengthening. Both oscillating systems are projected to remain the leading

climate drivers in Southeast Asia (Hijioka et al., 2014), leaving future climate scenarios in this

region largely unknown.

1.5.5 The Asian monsoon

The Asian monsoon is the dominant feature of seasonal climate in tropical and subtropical Asia.

Therefore, past and future monsoon variability has received enormous attention in palaeoclimate

and modern meteorology studies (Wang et al., 2017a). During boreal winter, cold, dry winds

cross from high latitudes over vast regions of Asia. In the broadest scale, this system is reversed

during summer when warm, moist air brings intense rainfall across Asia (Wang and Chang, 2012).

In mainland Asia, this summer reversal of the winds and its intense rainfall is termed the Indian

Summer Monsoon (also called ’South Asian Summer Monsoon’) and the East Asian Summer

Monsoon (Figure 1.6a). Although both regions experience strong summer rainfall, the dynamics

which control them are quite separate: variability in the Indian Monsoon is not necessarily directly

linked to changes in the East Asian Monsoon and vice versa. While the Indian Summer Monsoon

is considered a tropical monsoon system which is strongly influenced by the ITCZ, the East Asian

Summer Monsoon extends into the extratropics and precipitation derives from an east-west oriented

band, known as the Meiyu or Baiu front (Geen et al., 2020; Yihui and Chan, 2005).

At the interface between these two monsoon domains lies a smaller area centred over mainland
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Southeast Asia which was initially regarded as a transition or buffer zone between the two large

monsoon systems (Li et al., 2014; Wang and Lin, 2002). This is likely one of the reasons why

this region received substantially less attention in research, compared to either the Indian or

East Asian monsoon realms. The summer monsoon in India and Southeast Asia is also named

the Southwest Monsoon as winds prevail from a south-westerly direction (Sengupta and Nigam,

2019). This classification also applies to the winter monsoon in this region, which is referred to as

the Northeast Monsoon.
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Figure 1.6: a Map showing the rough outline of the Asian monsoon subsystems: the Indian
Summer Monsoon (ISM, yellow), the East Asian Summer Monsoon (EASM, red), the transition
zone between the Indian and East Asian Monsoon (orange), and the western North Pacific Summer
Monsoon (NPSM, green). Figure modified after Wang and Lin (2002). b Sketch of the wind
directions during winter (blue) and summer (red) monsoonal circulation.
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While the geographic extension of the summer monsoon is well-defined, the winter monsoon

is lacking such classification. Usually, the Asian Winter Monsoon is associated with cold dry

north-westerlies in East Asia and north-easterlies in Southeast Asia and India (Matsumoto, 1992;

Sengupta and Nigam, 2019) (Figure 1.6b). These winds are introduced by the Siberian High, a

high-pressure area over the Siberian-Mongolia region, and a low-pressure area over the Maritime

Continent in winter (Chan and Li, 2004; Chang et al., 2011). For this work, the term ’East Asian

Winter Monsoon’ will refer to north-westerlies across East Asia. The term ’Northeast Monsoon’

will refer to the winter monsoon in Southeast Asia and India, which is the winter counterpart to

the Indian (or Southwest) Summer Monsoon. ’Winter Monsoon’ will refer to both parts.

1.6 The climate of Southeast Asia

Southeast Asia has the longest wet season in Asia, extending from April to December (Misra and

Dinapoli, 2014; Wang and Chang, 2012). The region is characterised by temporally and spatially

diverse seasonal rainfall driven by complex interactions between the monsoonal circulation, the

ITCZ, ENSO, the IOD, and local topography (Vu et al., 2015; Wang and Chang, 2012; Wu et al.,

2018). The seasonal cycle of prevailing winds and precipitation can be described as follows: from

December to April, the ITCZ lies over the Maritime Continent leading to peak rainfall over this

region (Misra and Dinapoli, 2014). In mid-May, the ITCZ follows the preferential heating of the

Asian landmass and moves northwards. Until August the ITCZ remains in the northern parts of

mainland Southeast Asia (Zhang et al., 2004). This means a minimum of rainfall over the Maritime

Continent, whereas peak rainfall occurs over northern Thailand, Myanmar, Laos, and Vietnam.

Winds prevail from a south-westerly direction, while enhanced evaporation occurs over the Bay

of Bengal, driving the summer monsoon in Southeast Asia from mid-May to mid-September (Lau

and Yang, 1997; Zhang et al., 2004). In September, the ITCZ starts its southward migration back to

the equator, reducing rainfall over northern mainland Southeast Asia. The withdrawal of the ITCZ

is relatively slow, crossing mainland Southeast Asia between September to the end of November

(Hu et al., 2019; Wang and Chang, 2008). During this time the Northeast Monsoon brings heavy

rainfalls into central and southern parts of mainland Southeast (Sengupta and Nigam, 2019), e.g.

a peak in rainfall in September to October in Bangkok, or a peak rainfall in central Vietnam from

September to November and from November to December in southern Vietnam (Chapter 2). This
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spatial pattern of seasonal rainfall gives the impression that several locations across mainland

Southeast Asia are suitable for reconstructing rainfall related to the Northeast Monsoon. However,

only central Vietnam is not receiving rainfall generated by the Southwest Monsoon, and therefore

the area is suitable for a reconstruction of rainfall related to the Northeast Monsoon.

1.6.1 The climate of Vietnam

Vietnam extends as a narrow strip of land extending along the east coast of mainland Southeast

Asia, located roughly between 23◦N and 9◦N (Figure 1.1a). The mostly mountainous country is

dominated by different monsoonal regimes, mirroring the temporal variability of the monsoonal

season across Southeast Asia. The north of Vietnam shows a clear summer monsoon influence with

peak rainy season from June to September (Figure 1.7a), whereas southern Vietnam is influenced

by a combination of boreal winter and spring/summer rainfall, showing a bi-modal distribution of

rainfall from September to November and May to June (Figure 1.7c) (Chen et al., 2012a; Gobin

et al., 2016; Nguyen-Thi et al., 2012; Vu et al., 2015). In general, the peak rainy months follow

the seasonal movement of the ITCZ (Nguyen-Thi et al., 2012). Unique within mainland Southeast

Asia is central Vietnam, which receives maximum precipitation from October to December (Figure

1.7b). At the end of boreal summer, the south-westerly monsoonal circulation declines and north-

easterly winds establish over the South China Sea (Yokoi and Matsumoto, 2008). These winds

carry moisture into central Vietnam pushing the moist air masses against the Truong Song mountain

range and resulting in heavy orographic precipitation (Wu and Hsu, 2016; Yen et al., 2011; Yokoi

and Matsumoto, 2008). Precipitation between September to November is related to SST anomalies

in the South China Sea and western Pacific, which force the occurrence of tropical cyclones (Yen

et al., 2011) and cold surges under the influence of the Siberian High (Chen et al., 2012a; Yen et al.,

2011; Yokoi and Matsumoto, 2008) related to the Northeast Winter Monsoon. Separated from the

rest of mainland Southeast Asia by a narrow mountain range, central Vietnam is sheltered from

rainfalls related to the Southwest Monsoon during boreal summer. This precipitation pattern makes

central Vietnam ideal for reconstructing winter rainfall related to the Northeast Monsoon.

While the rainfall pattern across Vietnam is heterogeneous, the 𝛿18O composition of rainfall shows

a temporally homogeneous seasonal cycle with low values from June to September and increased

values from December to April. The observed difference in isotopic composition and rainfall

15



Chapter 1 Introduction

amount across Vietnam is a good example for the region signal of 𝛿18O in rainfall (Figure 1.7).

The discrepancy between 𝛿18O and local rainfall pattern bears potential complications for the use

of 𝛿18O as a monsoonal proxy in Vietnam. Therefore, the following chapter will investigate the

controlling mechanisms of 𝛿18O variability in central Vietnam rainfall.
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Figure 1.7: Monthly mean rainfall distribution in mm per months and monthly mean 𝛿18O in
rainfall at a Hanoi in southern Vietnam, b Dong Hoi representing central Vietnam, and c Ho Chi
Minh City, located in southern Vietnam. Data for Hanoi and Dong Hoi are provided by the GNIP
database and the data for Ho Chi Minh City is from Le Duy et al. (2018) and Munksgaard et al.
(2019).
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1.7 Palaeoclimate archives and the climate of the past

Researching modern climatological processes has greatly advanced our understanding of climate

variability and helped to simulate near-future climate change. However, the long-term processes

driving climate variability can only be understood using palaeoclimate archives. Some palaeo-

climate archives extend back several million years, each with certain advantages and limitations.

For example, ice cores from Antarctica (Augustin et al., 2004; Petit et al., 1999) and Greenland

(Johnsen et al., 2001) have a precise age control and directly record the chemical composition of

surface air, but they are limited to cold regions. Other archives like marine and lake cores are

distributed globally, but the age control and temporal resolution is often limited, and erosion or

diagenesis can affect the proxy record. On the contrary, speleothems offer a precise age control,

using uranium-thorium dating up to 640,000 years ago (Cheng et al., 2016), or uranium-lead up

to hundreds of millions of years. Speleothems are calcareous cave deposits and are as such usu-

ally protected from disturbances on the surface (Fairchild et al., 2006). The advantage of using

speleothems rather than ice cores is their global extent (Figure 1.8) and their potential for accurate

and precise dating using U-series methods.

Figure 1.8: Locations yielding speleothem records (purple dots) available in SISAL_v2 database
(Comas-Bru et al., 2020).

Understanding the long-term evolution of the mean climate is not the only avenue of paleoclimate
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research. There is much work to understand the evolution of the shorter term, year to year, decade to

decade variability. Understanding this requires climate records that can resolve at least individual

years. For example, coral records have been used to understanding the evolution of interannual

variability associated with ENSO in the past. The high resolution, which is usually seasonal to

monthly, offers records of SST variability across the oceans going back as far as 350,000 years

(Kilbourne et al., 2004) but mainly covering the last 10 000 years (Abram et al., 2007; Cobb

et al., 2007, 2003, 2013; Lough, 2010). However, one of the limitations of corals is that they

only provide a snapshot of SSTs usually no longer than a few hundred years. Speleothem records,

on the other hand, have been shown to be able to capture ENSO variability continuously over

several thousand years (Chen et al., 2016a). Air surface temperatures in high-resolution can be

reconstructed from tree rings if ice cores are not available. Further tree rings can also be used for

soil moisture reconstructions, not only temperature (Buckley et al., 2017). Even though the age

control is extremely good with a sub-annual resolution, the extent is limited to a few hundred years.

Speleothems offer a longer and continuous reconstruction instead, allowing for a more seamless

understanding of climate in a specific area (Fairchild and Baker, 2012).

1.7.1 Asian climate during the Holocene

Past and future monsoon variability has received enormous attention in speleothem-based palaeo-

climate studies (Cheng et al., 2012, 2016a; Chiang et al., 2015; Dykoski et al., 2005; Griffiths

et al., 2020; Kutzbach et al., 2008; Liu, Song, Yuan, Sun and Yang, 2014; Maher, 2008; Pausata

et al., 2011; Tierney et al., 2016; Wang, 2001; Zhang et al., 2019b). In particular, the Holocene

monsoon evolution is regarded as an analogue for today’s climate, because greenhouse gases were

relatively stable over the last 10,000 years (10,000 Before Present (1950CE)) and ice sheet forcing

was nearly absent after 8,000 BP (Törnqvist and Hijma, 2012), leaving the global sea level close

to that of the present day.

Most speleothem-based monsoon reconstructions from the East Asian and Indian Summer Mon-

soon regions indicate enhanced summer monsoon precipitation between 11 and 8,000 BP and a

declining trend towards modern times (Berkelhammer et al., 2012; Cai et al., 2012; Dykoski et al.,

2005; Kathayat et al., 2016; Kaushal et al., 2018; Liu, Wen, Brady, Otto-Bliesner, Yu, Lu, Cheng,

Wang, Zheng, Ding et al., 2014; Wang et al., 2005; Wang, 2001; Yang et al., 2019; Zhang et al.,

19



Chapter 1 Introduction

2019b). This trend follows Northern Hemisphere summer insolation, and the similarities between

the speleothem 𝛿18O records hint towards insolation forcing being dominant in both monsoon

realms (Zhang et al., 2019b). However, other proxy records based on pollen, lake level, and

loess data suggest that Asian summer monsoon precipitation is temporally diverse, with a peak in

precipitation in the early-Holocene over western China, a peak in north-central and north-eastern

China during the mid-Holocene, and a late-Holocene peak in southeastern China (An et al., 2000;

Herzschuh et al., 2019). The position of the westerly jet plays an important role in modulating the

spatial variability of monsoon precipitation across the East Asian and the Indian Monsoon region

(Chiang et al., 2015; Herzschuh et al., 2019; Wang, Liu and Herzschuh, 2010; Zhang et al., 2018).

In Southeast Asia, speleothem-based palaeomonsoon reconstructions which used local proxies,

such as 𝛿13C and trace elements (Chen et al., 2016a; Griffiths et al., 2009, 2020; Partin et al., 2013;

Wurtzel et al., 2018), and lake records (Chawchai et al., 2015; Maxwell, 2001), also indicate more

regional monsoon variability. This is influenced by the position of the ITCZ and the ascending

branch of the Pacific Walker Circulation (Chawchai et al., 2015; Griffiths et al., 2020). However,

the associated 𝛿18O records roughly follow insolation (Chen et al., 2016a; Griffiths et al., 2009,

2020; Partin et al., 2013; Wurtzel et al., 2018). Consequently, more local climate archives indicate

a more diverse pattern of the Asian summer monsoon over the Holocene, challenging the use of

speleothem 𝛿18O as a rainfall proxy of monsoon intensity (Clemens et al., 2018). Similar concerns

have been raised by modern observational data, showing that the 𝛿18O signal in rainfall can be

controlled by moisture source dynamics and fractionation along the transport path (Aggarwal et al.,

2004; Araguás-Araguás et al., 1998; Cai and Tian, 2016; Le Duy et al., 2018; Wei et al., 2019; Yang

et al., 2016). These findings limit the use of speleothem 𝛿18O as a proxy for monsoon intensity,

indicating potential gaps in our understanding of the Asian monsoon.

In comparison to our understanding of the summer monsoon evolution over the Holocene, the

evolution of the winter monsoon is more limited. For those records available there is no consensus

among the few studies even of the same region (An et al., 2017; Hao et al., 2017; Liu et al.,

2009b; Sone et al., 2013; Steinke et al., 2011; Wang, Wu, Chang, Liu, Li and Zhou, 2010; Wang

et al., 2021; Wen et al., 2016; Yancheva et al., 2007; Zhao et al., 2021). Reconstructions based on

marine sediment cores in the South China Sea (Huang et al., 2011; Steinke et al., 2011; Tian et al.,

2010) found that the winter monsoon correlates possibly with the summer monsoon. However,
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later studies from the same region found a dynamic link between cool and warm periods leading

to a varying correlation of the two monsoons (Zhang et al., 2019a). Similar contrasts arise from

terrestrial records in southern China, with some suggesting a positive (Wang et al., 2014) or

negative (Yancheva et al., 2007) correlation of both monsoon systems over the Holocene.

Neither the millennial nor the centennial scale variability of the winter monsoon and its relation

to the summer monsoon are clear in Asia. This is a critical concern for regions, such as Southeast

Asia, where the winter monsoon brings extreme rainfall and flooding.

Two clear issues regarding the Asian monsoon arise from the current state of the literature:

• The use of 𝛿18O as a proxy for summer monsoon intensity might be misleading.

• Proxy data is inconclusive for the winter monsoon evolution over the Holocene.

My work addresses these issues by establishing a high-resolution palaeoclimate record based on

speleothems over the Holocene.

1.8 Speleothems as climate archives

The following sections give an overview of the formation of speleothems and speleothem-based

proxies, which can be used to decipher climate and environmental conditions at cave sites.

1.8.1 Speleothem formation

Speleothems are mainly secondary calcareous deposits forming in caves located in karstified host

rocks. When rainwater enters the soil zone above the cave it takes up carbon dioxide (CO2),

forming a weak carbonic acid via H2O + CO2 → H2CO3 (Figure 1.9). Plant and microbial activity

determines the amount of CO2 released into the soil and can thus have an influence on the water

acidity (Fairchild and Baker, 2012). The water infiltrates the epikarst, the interface between the soil

and the bedrock, and continues to infiltrate through the karst. The karst can be separated into the

’vadose zone’, which is aerated, and the ’phreatic zone’, which is saturated with water (Williams,

2008). Surface water percolates through the vadose karst and is either stored or led directly into the

cave. Geological features of the karst such as bedding and fracturing determine the permeability,

which in turn controls the time in which the water percolates through the karst before entering
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the cave. Fracture flow (when water infiltrates along joins and bedding planes) allows for a quick

flow from surface to cave, whereas intergranular flow usually extends the time for which water

percolates (Baldini et al., 2006).

While percolating in the karst, the acidic water dissolves the carbonate host rock, usually limestone

or dolomite, and takes up calcium (Ca2+), forming aquatic bicarbonate (HCO3) (Figure 1.9).

Figure 1.9: Conceptual figure showing the acidification of rain waters in the soil zone, the carbonate
dissolution in the vadose zone of the bedrock, and the speleothem formation inside the cave.

The solution now enters a cave, which usually has a lower CO2 air pressure (pCO2), contrasting
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the CO2 concentration in the cave water. This contrast causes the degassing of CO2 into the cave

until equilibrium is reached, saturating the solution with respect to calcite or aragonite and forcing

the formation of carbonate (CaCO3) (Figure 1.9).

Speleothems can be formed in many shapes and locations within the cave, but the most commonly

known formations are stalactites, which form at the cave ceiling, and stalagmites, which grow on

the cave floor. Stalactites can be fed by water running down at the outside of the stalactite or

through a central channel. Stalagmites are fed by water dripping from the cave ceiling to form

layers, which are deposited in stratigraphic order (Fairchild and Baker, 2012). Stalagmites are

preferred for palaeoclimate reconstructions, because age inversions are less likely due to their

formation.

Most frequently, speleothems are dated using uranium-thorium (U-Th dating) which relies on the

radioactive decay of 234U to 230Th. The timespan in which U-Th dating produces reliable results is

up to 640,000 years BP (Cheng et al., 2013, 2016). For older speleothems, the longer decay chain

can be applied, which describes the decay of 238uranium to 206lead. Uranium-lead (U-Pb) dating

extends the age determination for speleothems up to 8 million years and most likely beyond that

(Engel et al., 2020; Pickering et al., 2019; Woodhead et al., 2006). The use of these dating methods

can be limited by low uranium concentrations or contamination with thorium during deposition.

While less established as U-Th dating, radiocarbon dating can bridge the gap, allowing for age

determination of ’dirty’ speleothems (Hua et al., 2012; Lechleitner et al., 2016).

1.8.2 Speleothem proxies

The most commonly used proxy in speleothem-based climate reconstruction is 𝛿18O (Cheng et al.,

2012; Lachniet, 2009; McDermott, 2004), but 𝛿13C has recently garnered increasing attention

(Fohlmeister et al., 2020). In monsoonal regions, 𝛿18O was initially invoked as a proxy for rainfall

intensity. However, this has been challenged (Chen et al., 2016a; Clemens et al., 2018; Liu et al.,

2017; Zhang et al., 2019b). 𝛿18O in rainwater usually reflects the climatic conditions of an area,

such as the general circulation (for more information, see Chapter 2). When formed under isotopic

equilibrium, speleothems incorporate the 𝛿18O composition of cave waters, which can reflect the

𝛿18O signature of rainfall above the cave (Lachniet, 2009). The correct interpretation of 𝛿18O is

complex because several processes control the 𝛿18O signature of rainfall, which is further altered
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by processes which occur in the karst zone and during speleothem formation. On the other hand,

𝛿13C is characterized as a local proxy, reflecting environmental conditions above or within the cave.

This proxy can also be an indicator for vegetation changes above the cave or microbial activity

within the soil zone (for more information, see Chapter 5). The underlying mechanism in the

use of stable isotopes, such as 𝛿18O and 𝛿13C, is isotopic fractionation. This process determines

the relative abundance of heavy and lighter isotopes in a certain medium. For example, during

the evaporation of water, such as the ocean surface waters, the lighter water isotope (16O) is

preferentially evaporated, leaving the resulting water vapour with a lower 𝛿18O values compared

to the remaining ocean waters. A similar mechanisms occurs during carbonate precipitation,

where the lighter 12C is degassed and the heavier 13C incorporated into the crystal lattice. The

increase in heavy isotopes is referred to as ’enrichment’, while the loss of heavy isotopes is called

’depletion’.

Both proxies, 𝛿13C and 𝛿18O, can have more than one controlling factor, which has led to the

use of the abundance of other chemical elements in the speleothem, so-called ’trace elements’ as

an additional support for proxy interpretation. These other proxies have been especially helpful

for deciphering whether the 𝛿13C signal is derived from processes within the karst or related

to processes in the soil. Using the trace elemental concentration in speleothems as proxies for

palaeoclimate variability is based on the assumption that after speleothem formation nearly no

element mobility occurs (Fairchild and Treble, 2009). Therefore, changes in the trace elemental

concentration in speleothems are likely to reflect changes in water chemistry at the time of crystal

formation, driven by various processes. These processes include changes in rainfall amount, soil

activity, water mixing processes and residence time of the water in the karst, and crystal growth

(Fairchild and Baker, 2012). One exception is the conversion of aragonite to secondary calcite,

where elements are reorganized in the crystal lattice leading to calcite recrystallization (Domínguez-

Villar et al., 2017). These speleothems are less suitable for palaeoclimate reconstructions.

Frequently used trace elements are those which can replace calcium (Ca) in the crystal lattice via

substitution, such as magnesium (Mg), strontium (Sr) and barium (Ba) (Fairchild and Treble, 2009).

Other elements used are mostly products of weathering and the infiltration rate above the cave such

as iron (Fe), aluminium (Al), U, phosphorous (P) and titanium (Ti) (Hartland et al., 2012). The

growth rate of a stalagmite can in itself be a climate proxy. Faster growth rates are associated with
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a higher water supply and lower pCO2 in the cave, favouring carbonate precipitation. Due to the

sensitivity of growth rate to the pCO2, it can sometimes be linked to ventilation rather than water

supply. Several elements can be driven by growth rate, such as strontium (Sr) and barium (Ba). An

increased growth rate is usually reflected as higher Sr and Ba incorporation (Huang and Fairchild,

2001). If Sr and Ba variability is driven by growth rate, they often show a strong positive in phase

correlation (Fairchild and Treble, 2009).

In addition to the abundance of certain trace elements in speleothems, their isotopes have a wide

range of applications. For example, the use of 87Sr/86Sr helps to understand the amount of water-

host rock interaction, thus giving an estimation of host rock weathering rates (Vaks et al., 2013;

Wortham et al., 2017). This in turn can be indicative of local moisture conditions (Ward et al.,

2019). Further indicators of local moisture are Ca isotopes (𝛿44/42Ca). The preferential removal

of light Ca during extended dry periods leads to increased 𝛿44/42Ca values in the associated

speleothem (Owen et al., 2016; Reynard et al., 2011). The use of uranium isotopes (𝛿234U) as an

environmental indicator, such as for wet versus dry conditions at the cave side, has also increased.

Similar to Ca isotopes, uranium isotopes provide insight into the local hydrology by reflecting

infiltration rates (Denniston et al., 2018; Oster et al., 2012; Zhou et al., 2005). Others such as lead

isotopes (206Pb/207Pb) are used to identify the sources of lead in speleothems, which can be natural

or anthropogenic. Therefore, lead isotopes can help to identify past pollution events (Allan et al.,

2015). Smelting, coal burning, and mining result in distinct 206Pb/207Pb ratios, which are recorded

in the speleothem, allowing for an investigation of anthropogenic activity in a certain region (Allan

et al., 2015).

Recent advantages of the use of water isotopes as a palaeo-temperature proxy are based on the use of

clumped isotopes and fluid inclusions. Clumped isotopes (𝛥47) give quantitative estimates of water

temperature at the time of speleothem formation (Affek et al., 2008; Gázquez et al., 2018). Fluid

inclusions are microcavities that form in the speleothem matrix during precipitation. The water

isotopes (oxygen and hydrogen) are trapped in the cavity without further isotopic fractionation,

and thus reflect past drip water chemistry (Demény et al., 2017).

One of the easiest and most cost-effective proxies to acquire from speleothems is the grey scale

profile. Changes in grey values are related to mineral density, reflecting the precipitation style

which can be fast or slow. High drip rates or high super saturation levels often lead to fast and
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unorganized crystallisation, leaving the crystal lattice less organized and porous (Frisia, 2014;

Frisia et al., 2000). This is represented in the grey scale record with high values (Vanghi et al.,

2015). Denser CaCO3 mineral layers have a lower reflectance based on higher transparency, and are

represented by low grey values and darker colour. This is a result of a reduced growth rate.

Due to the low organic matter content in speleothems, most studies centre around inorganic proxies.

However, there are proxies available in speleothem research which allow for an investigation of plant

and microbial activity above the cave, giving a more comprehensive view on past environmental

conditions (Blyth et al., 2016). For example, lipid biomarkers are used to track vegetation changes,

introduced either naturally or through agricultural activities. The advantage of using biomarkers is

the ability to identify different biological groups (e.g. higher/lower plants, bacteria, fungi), giving

a more complete picture of the local ecosystem (Blyth et al., 2006). Vegetation changes can also

be reconstructed using pollen incorporated into speleothems (Matley et al., 2020; McGarry and

Caseldine, 2004). However, this approach works best in well-ventilated caves (Festi et al., 2016).

Another organic proxy in speleothems focuses on luminescence (Blyth et al., 2008). It can be used

to determine the amount of organic matter and to some extent, differentiate between different types

of organic matter (Blyth et al., 2008).
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Rainwater Stable Isotopes

2.1 Chapter summary

The interpretation of palaeoclimate archives based on oxygen isotopes depends critically on the

detailed understanding of processes controlling the isotopic composition of precipitation. In the

summer monsoonal realm, like Southeast Asia, seasonally and interannually depleted oxygen

isotope ratios in precipitation have been linked to the summer monsoon strength. However, in

some regions, such as central Vietnam, most of the precipitation falls outside the summer monsoon

period. This chapter investigates processes controlling stable isotopes in precipitation from central

Vietnam by combining moisture uptake calculations with monthly stable isotope data observed

over five years. It is found that the seasonal cycle in isotopes is driven by a shift in source location

from the Indian Ocean to the South China Sea. This shift is reflected in oxygen isotope ratios

with low values (-8 to -10 o/oo) during summer and high values during spring/winter (0 to -3
o/oo), while 70% of the annual rainfall occurs during autumn. Interannual changes in precipitation

isotopes in central Vietnam are governed by the timing of the seasonal onset and withdrawal of the

Intertropical Convergence Zone (ITCZ), which controls the amount of vapour contributed from

each source.

This chapter has been published as: Wolf, A., Roberts, W. H., Ersek, V., Johnson, K. R., &

Griffiths, M. L. (2020). Rainwater isotopes in central Vietnam controlled by two oceanic moisture

sources and rainout effects. Scientific Reports, 10(1), 1-14.
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manuscript, E. V. and W.H.G. R. supervised the analysis and reviewed the manuscript, K.R. J. and

M.L. G. reviewed the manuscript.

2.2 Introduction

Tracing the hydrological cycle with stable isotope ratios in precipitation has greatly advanced

the understanding of climatic processes, due to their distinct behaviour during evaporation and

condensation (Bowen, 2008; Dansgaard, 1964; Rozanski et al., 1993). Stable isotopes in precipi-

tation are also extensively used as palaeoclimate proxies, for example when recorded in the stable

isotopic composition of tree ring cellulose (Sano et al., 2012; Xu et al., 2011), leaf waxes (Yamoah

et al., 2016), ice cores (Bertler et al., 2011; Jouzel et al., 2007), and speleothems (Cai et al., 2017;

Dong et al., 2016; Dykoski et al., 2005; Griffiths et al., 2009; Kaushal et al., 2018; Pausata et al.,

2011; Wang, 2001; Zhang et al., 2018). However, processes controlling the isotopic composition

of rainfall vary strongly in space (Baker et al., 2015; Breitenbach et al., 2010; Cai et al., 2018;

Konecky et al., 2019) and time (Cobb et al., 2007; Kurita et al., 2009; Moerman et al., 2013).

This represents a particular challenge for palaeoclimate reconstructions. The key for interpreting

the palaeoclimatic signal in water isotopes is understanding which of these processes are the most

important; this can be quantified by looking at stable isotopes in modern rainfall. Traditionally,

variability in the isotopic composition of tropical rainfall was explained by an inverse relationship

between the local precipitation amount and the isotope ratio (𝛿18Op), termed the ’amount effect’

(Dansgaard, 1964). It was later found that this relationship is much more complex, and a variety of

controlling processes explain the strong spatial and temporal variability in between sites. Seasonal

changes in tropical rainwater isotopes have been attributed to changes in moisture source loca-

tion and moisture history (Araguás-Araguás et al., 1998; Breitenbach et al., 2010), atmospheric

processes, such as rainout along the travel path (Kurita et al., 2009; Pausata et al., 2011), and

changes in convection strength (Cai et al., 2018). It has been shown that the precipitation type

(e.g. convective versus stratiform (Aggarwal et al., 2016)), cloud-top height (Cai and Tian, 2016)

and local microphysical processes within the cloud, such as condensation rates, re-evaporation

and crystallization processes (Bony et al., 2008; Galewsky et al., 2016), can also influence the

variability of the isotope ratio in tropical rainfall (Konecky et al., 2019).
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Figure 2.1: Local topography (Amante and Eakins, 2009), location and multi-annual average of
precipitation and 𝛿18Op for GNIP stations in East and Southeast Asia. Data for Ho Chi Minh City
from Le Duy et al. (2018) and Munksgaard et al. (2019) and the data for Nakorn Phanom from
Noipow (2015). Central Vietnams boreal autumn rainfall regime is unique in the region and is
represented by the Dong Hoi station.

Understanding these processes is particularly challenging in regions with sparse and short records

of rainfall monitoring, such as Southeast Asia. Thus far, seasonal variability in rainwater isotopes

from Southeast Asia has been linked to source location (Aggarwal et al., 2004; Araguás-Araguás

et al., 1998; Wei et al., 2018), regional and local rainfall amount (Wei et al., 2018; Yang et al.,

2016), convection strength (Cai et al., 2018), and rainout along the moisture advection path (Le Duy

et al., 2018; Yang et al., 2016). Research has mainly focused on the isotopic composition of the

summer monsoon compared to the winter season because the shift in 𝛿18Op between summer and

winter is largest. However, it remains unclear what drives the seasonal cycle in 𝛿18Op throughout

the entire year, especially for sites with a rainy season independent of the summer monsoon.

The focus on these two seasons is problematic for mainland Southeast Asia, where the timing of

peak rainfall varies strongly across the peninsula and is not restricted to strong summer monsoon
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rainfalls (Misra and Dinapoli, 2014) (Figure 2.1). For example, annual rainfall in central Vietnam

is strongly affected by tropical cyclones that peak during autumn (September to November) and

rainfall associated with north-easterly winds (Northeast Monsoon) (Chen et al., 2012a; Yokoi et al.,

2007) (Figure 2.1). This makes central Vietnam ideal to investigate the impact of non-summer-

monsoonal rainfall on the seasonal cycle in rainwater isotopes.

Previous modelling studies have identified the topography of mainland Southeast Asia as a crucial

factor in modulating the timing of its rainfall season (Wei et al., 2019; Wu and Hsu, 2016). Autumn

rainfall in central Vietnam is a direct consequence of local topography interacting with the annual

migration of the Intertropical Convergence Zone (ITCZ), creating zones of intense rainfall and

rain shadows depending on the season (Wu and Hsu, 2016). An inverse relationship between

topography and the isotopic composition of rainfall has long been observed and is described as

the ’altitude effect’ (Gonfiantini et al., 2001). However, the altitude effect is less pronounced in

the tropical regions (Sturm et al., 2007) and its relative importance is disputed (Jiao et al., 2020).

Mainland Southeast Asia has two main mountain ranges located between Myanmar and Thailand

to the west (the Tenasserim Hills), and Laos and Vietnam to the east (the Truong Son Mountains or

Annamite Mountains). Therefore, central Vietnam is ideal to investigate the importance of these

effects on stable isotopes in precipitation there.

In this chapter, modelling of monthly moisture uptake locations for precipitation arriving in central

Vietnam is combined with monthly stable isotope ratios collected over five years. The aim is to

identify controls on the seasonal cycle in precipitation isotopes from central Vietnam to understand

processes at work and identify the primary controls on seasonal variability independently from the

summer monsoon season. Further, the impact of rainout effects using a spatial array of precipitation

isotope data from five sites in mainland Southeast Asia is investigated. Then, the investigation

expands and explores interannual variability of precipitation isotopes in order to estimate the

potential of stable isotopes from central Vietnam for palaeoclimate reconstructions.
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2.3 Methods

2.3.1 Data collection

Meteorological and water isotopic data were obtained from the International Atomic Energy Agency

(IAEA/WMO, 2020) WISER database, which gives access to data from the Global Network of

Isotopes in Precipitation (GNIP). The GNIP station at Dong Hoi represents central Vietnam in

this study and includes five years of data from 2014 to 2017. The year of 2015 is incomplete,

with March, April, May, and August missing, and contains seven data points for stable isotopes.

The deuterium excess was calculated following Craig (1961). Further, GNIP data from Yangon

(Myanmar), Bangkok (Thailand), Nakorn Phanom (Thailand) and Haikou (Hainan) is used to

compare observed data with the modelled spatial evolution of 𝛿18Op.

2.3.2 Modelling moisture uptake with PySplit

The Hybrid Single-Particle Lagrangian Integrated Trajectories (HYSPLIT) model (Stein et al.,

2015) was developed to track air parcels moving towards or from a set location. The model incor-

porates meteorological data and reconstructs the movement of air masses. Backward trajectories

were calculated using frequency analysis with new trajectories every 6 hours for 30 days at a height

of 1500 m above mean sea level, using the NCEP Global Data Assimilation System (GDAS)(NCEP,

2020) model one-degree archive. The flow at this level is representative of the large-scale, near-

surface flow in the tropics and captures the moist surface in which convergence occurs (Anders and

Nesbitt, 2015; Sun et al., 2019). Moisture uptake is calculated following Sodemann et al. (2008)

(Sodemann et al., 2008), using PySplit (Cross, 2015). PySplit is a Python-based application for

HYSPLIT allowing for moisture flux calculation along a trajectory. Briefly, the change in humidity

over 6-hour periods of a HYSPLIT trajectory is calculated. When values are positive, greater than

a threshold (0.2 g/kg) and the change in humidity occurs within the planetary boundary layer, it is

assumed that the moisture required is taken up from surface evaporation.

2.3.3 Modelling spatial evolution of 𝛿18Op with simple water vapor transport

model

Additionally, the Kukla et al., 2019 model is used to simulate the spatial evolution of oxygen

isotopes, along a transect, affected by rainout effects and local topography (Kukla et al., 2019). The
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model calculates hydroclimatic fluxes and corresponding 𝛿18Op by combining three frameworks:

an orographic rainout model (Smith, 1979), the water balance framework (Budyko et al., 1974),

and a vapour transport model (Hendricks et al., 2000). This approach allows us to predict the

evolution of 𝛿18Op by incorporating orographic precipitation and the regional waterenergy budget

(Kukla et al., 2019). Parameters used in this study are listed in Table 1. Initial vapour content and

advective velocity are derived from the mean u and v wind fields of the ERA5 dataset (Copernicus

Climate Change Service (C3S), 2020). Potential evapotranspiration from the CGIAR-CSI Global-

Aridity and Global-PET Database (CGIAR-CS, 2020; Zomer et al., 2008) and dryness index was

calculated using GNIP data. To understand the effects of topography on oxygen isotopes, a flat

surface simulation (simulation 1) is compared with a simulation incorporating local topography

(simulation 2). Two mountains are used in simulation 2, represented by simple Gaussian bell

shapes with a peak elevation of 700 m and a width of 130 km for the Tenasserim Hills and peak

elevation of 1500 m and a width of 160 km for the Truong Son Mountains. Both simulations

use the same climatic parameters (Table 2.1), which are representing typical conditions during the

period of June to August. Moisture arriving in central Vietnam only crosses landmasses during

this time of the year; thus, allowing us to investigate continental rainout and altitude effects.

Table 2.1: Model input used in simulations 1 and 2 for the period of June to August. Initial
vapour content and advective velocity are derived from the ERA5 dataset (Copernicus Climate
Change Service (C3S), 2020). Potential evapotranspiration from the CGIAR-CSI Global-Aridity
and Global-PET Database (CGIAR-CS, 2020; Zomer et al., 2008) and dryness index was calculated
using GNIP data.

Nodes 500
Length of domain 3.06 [m]

Elevation of Truong Son and Tenasserim Hills 1500 and 700 [m]
Mean annual temperature (2 m above sea level) (IAEA/WMO, 2020) 303 [K]

Potential evapotranspiration (CGIAR-CS, 2020) 556 [mm]
Péclet number (Winnick et al., 2014) 30

Initial vapour content (Copernicus Climate Change Service (C3S), 2020) 60 [kg·m−2]
Relative humidity (Held and Soden, 2006) 0.8

Advective velocity (Copernicus Climate Change Service (C3S), 2020) 3 [m·s−1]
Transpired fraction of evapotranspiration (Good et al., 2015) 0.64

Starting dryness index (CGIAR-CS, 2020) 2.37
Recycling efficiency parameter (global mean) (Kukla et al., 2019) 2.6
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2.4 Results and Discussion

Monthly 𝛿18Op values from the Dong Hoi GNIP station(IAEA/WMO, 2020) show a distinct

seasonal cycle, with the lowest values from May until September (-7.8 ± 1.2 o/oo) and the highest

𝛿18Op values (-1.9 ± 0.4 o/oo) during December to April (Figure 2.2) over the years 2014 to

2018. This seasonal pattern is like the isotopic composition of rainfall in southern China (Hong

Kong) (Cai and Tian, 2016) and Hanoi (Figure 2.1). Following removal of the seasonal cycle,

no correlation (r2 = 0.12, p-value = 0.02) between the monthly oxygen isotopes and precipitation

amount in central Vietnam over the five years was found. Therefore, factors other than the amount

effect must be invoked to explain the seasonal 𝛿18Op cycle in central Vietnam. Further, there is no

correlation between the monthly oxygen isotopes and the number of tropical cyclones occurring in

the western North Pacific (r2 = 0.0002, p-value = 0.91). To investigate the influence of changes

in the moisture source location on rainfall in central Vietnam, the monthly moisture pathways are

simulated in the following section.
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Figure 2.2: Comparison of a 𝛿18Op and total monthly precipitation at Dong Hoi and b daily
precipitation at Dong Hoi and the sum of tropical cyclones (Center, 2014-2018) in the western
North Pacific, where the colours indicate the number of occurrences within each class. c Madden-
Julian Oscillation (MJO), based on the Real-time Multivariate MJO Index (Wheeler and Hendon,
2004), d El Niño-Southern Oscillation (ENSO), retrieved from the Southern Oscillation Index
(Ropelewski and Jones, 1987) e the Indian Ocean Dipole (IOD), retrieve from the Dipole Mode
Index (NOAA, 2020b), for the years 2014 to 2018.

2.4.1 Moisture source location and large-scale circulation

There are three main air mass sources for mainland Southeast Asia: the Indian Ocean, the Pa-

cific Ocean, and continental Asia(Aggarwal et al., 2004; Le Duy et al., 2018; Wei et al., 2018).

Calculating the air mass trajectories using HYSPLIT helps to understand general air movement;

however, it is of limited use for identifying the location of moisture uptake (Ruan et al., 2019).

Primary evaporation can occur anywhere along the trajectory path, leaving the trajectory analysis

with a given uncertainty. Therefore, the monthly moisture uptake was calculated, based on the

specific humidity to estimate the uptake location for moisture arriving in central Vietnam using
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PySplit (Cross, 2015).

Figure 2.3: Monthly moisture uptake locations for the years 2014 to 2018 shown as hexagonal
binning, with the mean value of ∆q occurring in each cell. ∆q describes the changes in specific
humidity of an air parcel between two set time intervals. Areas with no colour show that no
trajectory was projected by HYSPLIT for this point. The calculation is based on 6-hourly backward
trajectories for each month. The calculation reveals a seasonal shift in moisture source location
between the period of June to August and of September to May. The monthly 𝛿18Op values are
indicated in the upper left corner of each map.

The change in moisture source location is linked to the seasonal migration of the ITCZ and the

associated large-scale atmospheric circulation changes. The ITCZ in the West Pacific is located

around 5 ◦S during December to February and north of 15 ◦N in June to August (Lau and Yang,
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1997). During April, the ITCZ begins to move northwards from near the Equator crossing southern

Vietnam in early May (Wang et al., 2009). In mid-May, the ITCZ moves rapidly northwards within

a few days (Wang et al., 2004), explaining the south-westerly winds, increasing the contribution

of moisture to mainland Southeast Asia from the Bay of Bengal. This effect is clearly visible in

central Vietnam as a shift in the moisture uptake location towards the Indian Ocean during May

(Figure 2.3). The Indian Ocean remains the main moisture source location throughout summer

(June to August) and mid-September (Figure 2.4). Beginning in September, the ITCZ slowly

retreats southwards, resulting in northeasterlies bringing intense rainfall into central Vietnam at

this time (Nguyen-Thi et al., 2012; Yokoi and Matsumoto, 2008). The moisture uptake analysis

for central Vietnam shows this large-scale change in circulation pattern with a high contribution

of moisture from the northern South China Sea from mid-September onwards (Figure 2.3). As

the ITCZ continues to move south during October to December, easterlies weaken, and moisture

is taken up more locally from mainland Southeast Asia and part of the South China Sea.
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Figure 2.4: Surface wind flow pattern (monthly average of 10 m u and v component downloaded
from the ERA5 dataset (Copernicus Climate Change Service (C3S), 2020)) showing the general
circulation driven by the ITCZ and monthly mean Interpolated Outgoing Longwave Radiation
(OLR)(NOAA, 2020d) data and Global Precipitation Climatology Centre (v2018)(NOAA, 2020c)
monthly precipitation data (white contours plotted at 5, 10, 15 mm day−1), reflecting zones of
increased convection/precipitation during a December to April, b June to August and c September
to November. The location of Dong Hoi is represented by the orange dot.
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The findings are supported by the deuterium excess (Figure 2.5) defined as: d-excess (o/oo) = 𝛿2H

- 8 × 𝛿18O (Craig, 1961). The deuterium excess is a result of the different fractionation rates of

oxygen and hydrogen isotopes during kinetic fractionation (Clark and Fritz, 1997). During kinetic

fractionation, hydrogen fractionation is faster than oxygen fractionation and the rate of fractionation

depends on relative humidity at the evaporation site (Craig et al., 1963). Kinetic fractionation occurs

mainly during evaporation, rather than condensation (Craig et al., 1963). Therefore, the deuterium

excess acts as a fingerprint of climatic conditions during primary evaporation, independent of

rainout processes along the travel path (Clark and Fritz, 1997). Drier source regions with low

relative humidity are associated with an increased deuterium excess and vice versa (Gat and Airey,

2006). In the data, the deuterium excess in summer rainfall has lower values compared to winter

and spring rainfall. Deuterium excess values of autumn rainfall clusters in between (Figure 2.5).

This confirms the previous results based on moisture source location and shows that the deuterium

excess reflects two oceanic sources: the Indian Ocean during summer with most of the values

around 5 to 10 and Pacific Ocean during spring, autumn, and winter when most values range

around 11 to 17. Further, the increased deuterium excess during winter reflects the lower relative

humidity in the South China Sea during this time. The relative humidity in the Bay of Bengal is

high during summer due to the strong convection related to the Indian Summer Monsoon, which

is reflected by low deuterium excess values (Figure 2.5).
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Figure 2.5: Local Meteoric Water Line (LMWL) in central Vietnam for September, October, and
November (purple), December to May (turquoise) and June to August (yellow). Since September
and May are the transition months where the moisture source changes, they are highlighted with
a black outer circle. Monthly data points for the deuterium excess are coloured according to each
season. The Global Meteoric Water Line (GMWL) is colour-coded in black and local meteoric
water lines are colour-coded according to each season. Deuterium excess values are lower during
summer and higher during winter/spring. This is empathized in the box-and-whisker plot on the
right, showing that summer strongly deviates from the rest of the year.

The isotopic variability of rainfall during the transition periods between moisture sources in May

and September (Figure 2.3), when the deuterium excess shows a large variability (Figure 2.5) is

now considered in detail. The deuterium excess depends on the relative contribution from each

source, which can vary from year to year. Waters from May 2017 are strongly depleted, which is

caused by a generally larger range of moisture source regions, compared to 2014 (Figure 2.6 left

column). Lower values in 2017 can be linked to an increased contribution of more distal moisture

sources compared to 2014 and 2016. This is a first hint that interannual variability of oxygen

isotopes in rainfall can be linked to the source location.
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Figure 2.6: Plots of 𝛿2H−𝛿18O for May (orange), September (mint), October (turquoise), and
November (blue), with the annual means of September, October and November in grey. Grey
dashed line shows the GMWL. The maps show hexagonal binning of moisture uptake for each
month of the years 2014 to 2018. Months with tropical cyclones (Center, 2014-2018), that made
landfall (NOAA, 2020a) in central Vietnam are highlighted with a dark blue whirl symbol.

Additionally, the link between source location and interannual variability is evident during Septem-

ber to November rainfall (Figure 2.6). Considering the averaged values for this time, two clear

clusters for 2014/15 and 2016/17 are evident (Figure 2.6). This relation is reflected in the source

location (Figure 2.6 middle columns). In 2016 and 2017, moisture arrives from a more distal

location, such as near Sri Lanka and the Gulf of Thailand (Figure 2.6). This is not the case in
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2014/15 and 2018, when moisture arrives from the proximal eastern Bay of Bengal and off the

coast from northern and central Vietnam (Figure 2.6). This interannual variability in moisture

source is related to the timing in the withdrawal of the ITCZ from Vietnam (Hu et al., 2019).

An early withdrawal (2014/15) causes the formation of an anti-cyclonic circulation in the South

China Sea, partly blocking the south-westerly flow from bringing moisture from the Bay of Bengal

to central Vietnam. This leads to more positive deuterium excess. A late withdrawal enables

more moisture contribution from the southern Bay of Bengal (south of Sri Lanka) and the Gulf of

Thailand (Figure 2.6) (Tan et al., 2019; Wu and Hsu, 2016), leading to more negative deuterium

excess values. Several studies highlighted that tropical cyclones affect interannual autumn rainfall

variability in central Vietnam (Chen et al., 2012a; Le Duy et al., 2018; Vu et al., 2015), thus it is of

importance to consider tropical cyclone activity as a potential factor in modulating 𝛿18O. Tropical

cyclones can result in unusually low 𝛿18O values in related rainfall (Sánchez-Murillo et al., 2019).

Using the Joined Typhoon Warning Center annual reports (Center, 2014-2018), tropical cyclones

are identified, that made landfall in central Vietnam during autumn 2014 to 2018 (Figure 2.6). In

general, the numbers of tropical cyclones in the western North Pacific show an increasing trend over

the years from 2014 to 2018 (Figure 2.2). In the dataset, cyclones in September 2014, September

2015, October 2016, September and October 2017 and September and October 2018 (Figure 2.6)

are identified.The only September during the data period without a cyclone is 2016. Rainfall in

September 2017 has the lowest 𝛿18O value compared to other years, which can be explained by the

strong contribution of moisture from the Bay of Bengal (Figure 2.6). A similar pattern is evident

for September 2016. Therefore, low 𝛿18O is not necessarily the result of tropical cyclone activity.

During October 2014 to 2018, there is no moisture source in the Bay of Bengal; rather, moisture

was sourced from the South China Sea. The Octobers with lowest 𝛿18O values (October 2016

and 2017) appear to have received moisture from a more distal source, north of the Philippines.

However, the difference in distal source contribution appears to be limited. In October 2016, the

typhoon Aere brought strong rainfall into central Vietnam, which resulted in the highest recorded

rainfall amount in the dataset (Figure 2.2). The possibility cannot be excluded, that typhoon

Aere contributed to the depleted 𝛿18O in October 2016; however, this is a single event and does

not allow for further conclusions. October 2018 shows that moisture is contributed mainly from

a proximal source, which potentially explains the high 𝛿18O values during this year, despite the

potential influence of typhoon Yutu. In the months of May and November, no tropical cyclones
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made landfall in central Vietnam during the timespan of the dataset.

Several studies linked the seasonal cycle in rainwater isotopes in Asia to a shift from oceanic to

continental sources including Southeast Asia (Aggarwal et al., 2004; Araguás-Araguás et al., 1998),

Taiwan (Peng et al., 2010), Thailand (Wei et al., 2018) and southern China (Tang et al., 2015).

The findings suggest that in central Vietnam, 𝛿18Op is controlled by a shift between two oceanic

sources, rather than a shift between a continental and oceanic source (Figure 2.3). Establishing the

Local Meteoric Water Line (LMWL) is a useful tool to investigate the contribution of continental

moisture or secondary evaporation along the travel path. Plant transpiration returns the water

vapour with nearly no change in deuterium excess, whereas open water or soil evaporation leads

to an increased deuterium excess and sub-cloud evaporation to a decreased deuterium excess (Gat

et al., 1994). This means that an increased deuterium excess represents an increased continental

moisture contribution, and a decreased deuterium excess indicates secondary evaporation. The

LMWL for central Vietnam is: 𝛿2H = (8.6 ± 0.3 o/oo) × 𝛿18O + (15 ± 2 o/oo) with an r2 of 0.98 (n

= 54) calculated following Sachs (1984). The LMWL is calculated for each season and find that

during autumn, spring, and winter, the LMWL slope is increased by 0.5 o/oo and the intercept by

5.6 o/oo compared to the GMWL (Figure 2.5). This deviation suggests a limited contribution of

continental moisture (lake, river or soil moisture) from mainland Southeast Asia during this time

of the year (Gat et al., 1994). During summer, the LMWL has a slope of 6.7, which is less than

8 of the GMWL and an intercept of −2.5 ± 5.4 o/oo (Figure 2.5). This decrease again suggests

a limited influence of continental evaporation. The depletion in the deuterium excess could be a

result of re-evaporation of raindrops after condensation (sub-cloud evaporation) (Clark and Fritz,

1997; Dansgaard, 1964; Gat et al., 1994).

2.4.2 Spatial variability of 𝛿18Op across mainland Southeast Asia

Thus far, the focus was on explaining the mechanisms controlling the temporal variability of

rainwater isotopes in central Vietnam. However, the spatial evolution has not been explained, nor

fully considered processes occurring during condensation, rather than evaporation. Investigating

how rainwater isotopes vary along the moisture travel path helps understand the importance of

rainout processes. These effects are strongest when moisture travels via landmasses and for central

Vietnam this is the case during summer (June to August). To explore the spatial variability of
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𝛿18Op in mainland Southeast Asia during this time, the effects of local topography and rainout

are investigated. Rayleigh fractionation due to rainout does not only occur while moisture travels

landwards, but also due to orographic uplift (Gonfiantini et al., 2001). During summer, air masses

reaching central Vietnam have a western source and cross two mountain ranges before reaching the

study site (Wang and Chang, 2012), making this time ideal to understand these processes.

Two simulations are performed: one with mainland Southeast Asia being represented as a flat land

surface and one considering local topography to understand the effects of rainout and orographic

uplift, respectively. Simulation 1 (Figure 2.7) models the rainout in water isotopes from the Bay

of Bengal to Hainan (Haikou) and predicts a rainout effect of -0.68 o/oo per 1000 m. Considering

the GNIP 𝛿18Op data across the transect, the rainout effect alone cannot correctly explain this

spatial variability. Simulation 2 shows that the spatial development of 𝛿18Op along the transect is

better simulated when topography is included in the model (Figure 2.7). Effects of the Tenasserim

Hills (700 m elevation in the simulation), positioned between Myanmar and Thailand and of the

Truong Son Mountains (1500 m elevation in the simulation), located between Laos and Vietnam

are simulated. The simulation predicts a negative shift in oxygen isotopes of -1.44 o/oo for the

Tenasserim Hills and of -2.89 o/oo for the Truong Son Mountains, which is an isotopic lapse rate

of -0.3 o/oo/100 m and -0.2 o/oo/100 m, respectively. These values are within typical rates for the

altitude effect of -0.15 to -0.5 o/oo per 100 m (Poage and Chamberlain, 2001). This simulation is

in good agreement with observed data (Figure 2.7) and shows that the altitude effect alone can

explain 70% of the spatial variability in rainwater isotopes during summer. During the summer

months, the vertical temperature gradient is greater compared to winter, amplifying the altitude

effect during this time (Peng et al., 2010). The altitude effect has also been shown to be larger

during the rainy season, related to stronger rainout (Sturm et al., 2007). While the dry season

is during summer in central Vietnam, Figure 2.4 shows that this is not the case for the rest of

the Peninsula, which undergoes the rainy season during summer. Sturm et al. (2007) simulated

the altitude effects in tropical South America and found that during the rainy season, more than

60% of the 𝛿18Op variance is related to altitude according to observed data, which is similar to

the results presented in this chapter. The simulations suggest that the rainout and altitude effects

combined can explain the spatial variability of oxygen isotopes in mainland Southeast Asia during

summer. However, the relation between 𝛿18Op and altitude in mainland Southeast Asia needs
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more detailed investigation, ideally using isotope-enabled general circulation models. The results

are preliminary and hint towards the importance of orography and local advection for the spatial

evolution of water stable isotopes.

Figure 2.7: The spatial evolution of oxygen isotopes in precipitation over mainland Southeast
Asia. Simulation 1 (orange line) simulates mainland Southeast Asia as a flat surface. Simulation 2
(dashed blue line) includes local topography. Observed long term means of GNIP data are shown
in yellow, with error bars indicating the standard deviation in oxygen isotopes for each location.

2.4.3 Implications for palaeoclimate research

The seasonal variability of rainwater isotopes in central Vietnam is controlled by a seasonal shift

between two moisture source locations: the Bay of Bengal and the South China Sea. This shift

in source location is regulated by the position of the ITCZ (Figure 2.8). The timing of the

seasonal migration determines the duration of each source’s moisture contribution, thus, the ITCZ

is controlling the year-to-year variability in average 𝛿18Op. Hence, the results show that 𝛿18Op in

central Vietnam is sensitive to small-scale variations in the position of the ITCZ. This offers the

opportunity for palaeoclimate archives, such as speleothems and tree ring cellulose, to use changes

in 𝛿18O as indicators of ITCZ dynamics, especially for periods where large changes have been

inferred (Chawchai et al., 2013; Schneider et al., 2014; Tan et al., 2019a).
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Further, variability in the ITCZ position is tightly linked to broader tropical ocean dynamics

including ENSO and the IOD (Donohoe et al., 2013). This link is mainly established via variability

in the local Hadley circulation, which is modulated by changing SSTs in the western Pacific and

thus ENSO (Guo and Tan, 2018). An extensive body of literature based on tree ring cellulose 𝛿18O

(Sano et al., 2012; Xu et al., 2019, 2018, 2015, 2011; Zhu et al., 2012) and 𝛿18O in precipitation

(Wei et al., 2018; Yang et al., 2016) has confirmed the importance of SST variability in the Pacific

and Indian Oceans for 𝛿18Op in mainland Southeast Asia. Tree ring cellulose 𝛿18O from Thailand

(Xu et al., 2018), Laos (Xu et al., 2011), Cambodia (Zhu et al., 2012) and Vietnam (Sano et al.,

2012) shows a clear link between 𝛿18O and ENSO, with El Niño events leading to higher 𝛿18O

and La Niña to lower 𝛿18O values. This relation can be enhanced or reduced by modulations of

Indian Ocean SST (Xu et al., 2019; Yang et al., 2016). In addition, positive 𝛿18O anomalies during

June to September in rainfall from Laos have been linked to more proximal moisture sources from

the Bay of Bengal (Yang et al., 2016). This pattern is comparable to an early ITCZ withdrawal in

the 𝛿18O dataset, showing more proximal sources in the Bay of Bengal as well. These similarities

suggest a link between interannual variability in 𝛿18Op, and the ITCZ position and ENSO events

across mainland Southeast Asia. This means that palaeoclimate records from central Vietnam

based on 𝛿18Op can potentially be used to reconstruct regional climate dynamics related to ocean

SST anomalies and the evolution of ITCZ through time.
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Figure 2.8: General circulation pattern (orange), oxygen isotopes (𝛿18O) and deuterium excess
(𝛿D) in central Vietnam reacting to the ITCZ position (blue) during a spring autumn and winter
and b summer.

In addition to 𝛿18Op variability across mainland Southeast Asia, studies also investigated the

effects of ENSO and the IOD on local rainfall amount. They found a strong spatial variability in
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the relation of SST anomalies and rainfall anomalies across the Peninsula (Misra and Dinapoli,

2014) and throughout the seasons (Duc et al., 2018). This emphasises that rainfall amount and

𝛿18Op do not necessarily correspond, since the impact of ENSO on 𝛿18Op appears to be consistent

across the Peninsula, whereas ENSO induced rainfall variability is spatially inhomogeneous (Ge

et al., 2017a). Therefore, 𝛿18Op from mainland Southeast Asia can potentially be used to trace

large-scale circulation patterns, like shifts in the ITCZ and ENSO, while proxies for local rainfall

can be used to investigate how these climate drivers control the local hydroclimate. However, the

dataset is limited in time and restricts any long-term observations.

2.5 Conclusion

The timing of the rainy season in central Vietnam differs strongly from the rest of mainland South-

east Asia, with peak rainfall from September to November. Therefore, central Vietnam offers the

opportunity to investigate the seasonal evolution of stable isotopes in precipitation unconfounded

from the summer monsoon strength. The data show that there is a strong seasonal cycle in the

isotopic composition, with low values during summer and high values during spring/winter, while

the seasonal cycle in precipitation amount peaks in autumn. It was found that the seasonal iso-

topic variability in 𝛿18O and 𝛿2H is controlled by a shift between two oceanic moisture sources.

During summer, the Bay of Bengal is the main source location and during the remaining part of

the year, the South China Sea contributes most moisture. Thus, precipitating moisture arriving in

central Vietnam crosses mainland Southeast Asia only during summer. By simulating the spatial

variability of 𝛿18O in summer precipitation, it was found that rainwater isotopes across mainland

Southeast Asia are mainly related to the altitude and rainout effect. Thus, both effects amplify the

seasonal difference in the isotopic composition between summer and spring/autumn/winter rainfall

even further.

By investigating the transition period from one source to the other (once in May and again in

September to November), it was found that during May the relative distance of moisture uptake

within the Bay of Bengal differs from year to year, and thus, drives interannual variability in

the isotopic composition of precipitation. A similar process can be observed in September to

December, where lower values in 𝛿18O and 𝛿2H are related to a longer travel distance of moisture

within the Bay of Bengal, but also to an additional source of moisture contributed from the southern
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South China Sea. During years with higher mean values for September to November, this second

source within the southern South China Sea is absent and moisture from the Bay of Bengal arrives

from a more proximal location, close to the coast of Myanmar and Thailand. These small changes

within each moisture source are governed by the timing in ITCZ migration varying per year. This

means that the relative travel distance and contribution of moisture from each source is regulated

by the duration in which the ITCZ remains north of central Vietnam.

To conclude, palaeoclimate archives from central Vietnam, based on stable isotopes, have the

potential to capture changes in the relative moisture contribution sourced from the Indian Ocean

versus the South China Sea, and thus, track variability in the past position of the ITCZ. The findings

suggest that a long-term northwards displacement of the ITCZ would result in more negative values

in the isotopic composition of precipitation in central Vietnam and a southwards displacement in

more positive values.
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Cave Monitoring

3.1 Chapter summary

Cave monitoring is fundamental for interpreting speleothem records, providing crucial insights

into the processes controlling the transfer of the surface climate signal to speleothem geochemistry.

Several processes, such as flow pattern and the mixing of waters in the epikarst, can alter the

isotopic composition of drip waters. The following chapter describes internal processes of the

Thien Duong and Soong Cave. Stalagmite TD3 was collected from Thien Duong Cave, however,

due to restricted access to the cave, environmental monitoring was conducted at Soong Cave. Both

caves were developed in the same geologic unit and under the same climatic regime. A strong

seasonal cycle in 𝛿18O, with low values in summer and high values in winter, is observed in drip

water samples from Soong Cave. A comparison of 𝛿18O in surface and drip water suggests that

the seasonal cycle in surface precipitation is transmitted into the drip water, but the amplitude is

reduced and the signal is smoothed. Furthermore, there is a positive correlation between 𝛿18O

in rainwater normalized to the precipitation amount at Dong Hoi and 𝛿18O in the drip waters of

Soong Cave. These results suggest that drip water 𝛿18O is likely biased towards the season of

peak rainfall. This chapter describes internal processes in central Vietnamese caves and lastly

summarises cave monitoring observations from other cave sites in Southeast Asia. Local rainfall

patterns at each cave site are introduced and the potential of speleothem records from these regions

is described.

Deborah Limbert and the Oxalis team regularly visited Soong Cave and collected surface and cave
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water samples.

3.2 Introduction

The assumption that 𝛿18O in cave waters reflects the 𝛿18O signal of meteoric precipitation is

fundamental to speleothem-based palaeoclimate studies. However, the coupling between surface

precipitation 𝛿18O and drip water 𝛿18O remains poorly understood at many locations. Processes

within the soil/epikarst zone and inside the cave can alter the isotopic composition of cave waters.

For example, the degree of water-mixing prior to carbonate deposition controls the temporal

resolution of the climate signal preserved in speleothems. The sensitivity of cave drips to rainfall

and the lag response, determines the resolution at which a climate signal can be extracted from

speleothems. A fast drip response makes the drip site more sensitive to individual rain events,

but increases the background noise in drip rate and 𝛿18O signal (Mahmud et al., 2018). A lag of

several months might allow for thorough mixing of the drip water and a reduction in the noise, but

this can also lead to the loss of seasonal dynamics (Breitenbach et al., 2019).

The lag response is mainly controlled by the residence time, which describes the time that water

percolates in the epikarst before entering the cave. The flow rate of waters through the cave is

determined by the geology of the bedrock. The infiltrating water passes the bedrock either as matrix

flow, which describes intra-granular permeability, or as fracture flow, which is water movement

along bedding plane partings and joints (Baldini et al., 2006). The relative importance of each

flow type determines the residence time of water in the bedrock, and controls the degree of mixing

(Baldini et al., 2006; Fairchild and Baker, 2012; Nava-Fernandez et al., 2020). The lag response

of a given drip to infiltration can vary from hours to years (e.g. Mawmluh Cave: <1 month

(Breitenbach et al., 2015), Golgota Cave: ca. 6 months lag (Mahmud et al., 2018), Soreq Cave:

26-36 years (Kaufman et al., 2003)).

In many tropical regions, caves are characterised by intra-annual changes in water supply, which

are dominated by a pronounced rainy season. The air temperature variability is limited throughout

the year, but rainfall is strongly seasonal. In these regions, 𝛿18O in drip water can be biased towards

the season of recharge, which is mostly during the wet season (Baker et al., 2019). Consequently,

the study suggested that drip water 𝛿18O in caves, where the mean annual temperature is higher than
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16◦C, might reflect recharge processes in the karst rather than rainwater 𝛿18O (Baker et al., 2019).

Therefore, these results challenge the use of 𝛿18O in tropical speleothems as a proxy for surface

precipitation 𝛿18O. This is particularly critical for speleothem-based monsoon reconstructions

because the reported proxy records would reflect recharge variability, rather than changes in the

monsoon intensity inferred from 𝛿18O of precipitation.

One of the limitations of this study is the lack of any cave monitoring from mainland Southeast Asia

(Baker et al., 2019). As a result, it remains unclear whether this region follows a similar pattern.

This is crucial because the rainy season in mainland Southeast Asia varies temporally (Misra and

Dinapoli, 2014). For example, the seasonal cycle in southern China shows maximum temperature

and precipitation during summer, when 𝛿18O values are lowest (Cai and Tian, 2016). In contrast,

central Vietnam has its strongest rainfall in autumn when temperatures are lower. This means that

secondary evaporation will be less pronounced during the recharge season. Additionally, another

cave monitoring study at several cave sites in northern Borneo showed that some tropical regions

with all-season rainfall do not follow the proposed pattern, and instead reflect amount-weighted

𝛿18O of surface precipitation (Ellis et al., 2020).

3.3 Cave sites

Stalagmite TD3, which is used for palaeoclimate reconstructions in this PhD work, was sampled

from Thien Duong Cave in 2015. Thien Duong Cave is located in the Phong Nha-Ke Bang National

Park ca. 60 km from Dong Hoi City (Figure 3.1). For conservation reasons it is not permitted

to install cave monitoring devices inside the national park and any related caves. Therefore,

monitoring as part of this work was carried out in Soong Cave (Figure 3.1) which is near to the

national park (ca. 50 km) and part of the same geological unit.
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Figure 3.1: Geological map of Quang Binh Province (adapted from Fromaget et al., 1971). White
stars indicate the location of Thien Duong Cave, where stalagmite TD3 was collected, and the
location of Soong Cave where the cave monitoring was installed. Thien Duong Cave is part of the
Phong Nha Caves and Soong Cave is hosted in the Tu Lan Karst Area (Limbert et al., 2020).

3.3.1 Thien Duong Cave

Thien Duong Cave has a length of 31 km with multiple entrances, and is covered by an overburden

between 20 to 350 m in thickness (Trinh et al., 2018). Characteristic to the cave is the large volume

with a ceiling height of up to 100 m and a width of up to 150 m. Thien Duong Cave lies within partly

dolomitized Carboniferous-Permian Limestone (Debevec et al., 2012), and the bedrock surface is

smooth but well-fractured with bedding planes visible. Even though it was not possible to install

cave monitoring as part of this PhD, few data are available which have been sampled sporadically

during spring and summer 2014 to 2016 (Trinh et al., 2018). Based on the GNIP data in Dong Hoi

(ca. 50 km from the cave site), the surface air temperature in central Vietnam varies between 30
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and 17◦C, with a mean annual temperature of 25◦C. Cave air temperature in Thien Duong Cave

varies between 20 and 22◦C. The pCO2 concentration in the cave ranges between 470 and 1,190

ppm (Trinh et al., 2018), which is in contrast to the highly saturated waters deriving from the soil,

with around 3,400 and 1,600 ppm (Trinh et al., 2018). Dripping is still active and new speleothem

formation can currently be observed. Sample TD3 was found broken in one of the cave side

passages but the original growth position of this sample could not be ascertained precisely.

3.3.2 Soong Cave

Figure 3.2: Map of Soong Cave (provided by the Oxalis Team), showing the location of monitoring
devices in two locations (Soong 1 and Soong 2) marked with a red circle.

Monitoring devices were installed in two locations of Soong Cave (Figure 3.2). A TinyTag

Plus 2 (TGP-4017) temperature logger was installed in location Soong 1 (Figure 3.2). Location

Soong 2 was chosen for cave environment and water monitoring. One TinyTag Plus 2 (TGP-4017)

was used for temperature measurements and both devices recorded data at 15 minutes intervals

with a precision of ±0,6 ◦C. Water collecting devices for water stable isotope measurements
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were installed. The devices were plastic canisters with air tight caps, to avoid evaporation during

sample collection, which were connected to funnels via plastic tubes (Figure 3.2). A rain gauge

(Pluvimate) was installed in Tan Hoa village ca. 2 km from Soong Cave and water was collected

at monthly intervals. The cave and rainwater was collected in 4.5 mL glass vials sealed with

septum caps. Additionally, the vials were sealed with parafilm and stored in fridges to minimize

evaporation.

Cave air temperature in Soong Cave ranges between 23 and 17◦C, with the lowest values occurring

during boreal winter (December to March). Temperatures are relatively stable between April and

November.

3.4 Rainwater analysis

Water samples were prepared for stable isotopes analysis by transfer into 1.5 mL glass vials sealed

with PTFE septum caps. Samples containing cave material, such as clay particles, were filtered

beforehand. Isotope measurements were performed on a Los Gatos Research LWIA-24EP liquid

water isotope analyser (model 912-0050) coupled with a LC PAL AutoInjector. A full set of

standards were run at the beginning and end of each ran, and a standard was measured after every

5th sample. Each sample is injected eight times for high precision and vaporised immediately

by injection from a 1.2 µL Hamilton syringe and injection port was heated to 80◦C. Then, the

resulting vapour was transferred into the pre-evacuated high-reflectivity mirror chamber, where

laser absorption is measured. The precision is 0.2 o/oo for 𝛿2H, 0.03 o/oo for 𝛿17O and 0.03 o/oo for

𝛿18O. Results are reported against Vienna Standard Mean Ocean Water (VSMOW). The reference

material used is listed in table 3.1.

Table 3.1: Reference material and values used for water stable isotope measurements.
Name 𝛿2H 𝛿18O 𝛿17O
lgr1e -165.7 -21.28 -11.26
lgr2e -123.8 -16.71 -8.79
lgr3e -79.6 -11.04 -5.83
lgr4e -49.2 -7.81 -4.12
lgr5e -9.9 -2.99 -1.52

In order to estimate the effect of the precipitation amount on 𝛿18O in rainfall close to the cave, the

GNIP data from Dong Hoi station was used. It should be noted that the two time series, 𝛿18O from
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Dong Hoi and drip water 𝛿18O from Soong Cave, were collected in different years. Therefore,

𝛿18O is normalised relative to precipitation as follows: 𝛿18Omonth x Pmonth

Pannual

Where 𝛿18Omonth and Pmonth refers to the monthly 𝛿18O values and monthly precipitation

amount respectively. Pannual describes the annual total precipitation amount for each year. The

results were averaged for the years 2014 to 2017.

3.5 Drip water stable isotopes

Rainwater isotopes in central Vietnam show a strong seasonal cycle and interannual variability,

mainly related to moisture source effects and changes in the large-scale circulation (Chapter 2).

However, the climate signal of rainwater 𝛿18O is not necessarily transferred directly into the

speleothem carbonate (Baker et al., 2019). In order to estimate the lag time in Soong Cave, rain

water and cave water stable isotopes are used for an investigation of the surface climate signal

transfer (Figure 3.3). Rainwater isotopes range between -0.15 and -12 o/oo for 𝛿18O and between

-90 to 10.2 o/oo for 𝛿2H, whereas the cave water isotopic composition has a reduced amplitude of

-7.3 to -1.3 o/oo for 𝛿18O and -44.7 to -1.8 o/oo for 𝛿2H (Figure 3.3). The local drip water line is 𝛿2H

= (8.5 ± 0.99 o/oo) × 𝛿18O + (11 ± 6.5 o/oo) with an r2 of 0.96, which is similar to the GMWL and

suggests the limited influence of secondary evaporation (Dansgaard, 1964; Merlivat and Jouzel,

1979). The local drip water line closely resembles the local meteoric water line calculated in

Chapter 2: 𝛿2H = (8.6 ± 0.3 o/oo) × 𝛿18O + (15 ± 2 o/oo), further suggesting that evaporation is

limited in Soong Cave.

A recent study by Limbert et al. (2020) analysed groundwater samples collected in February

2016 in Phong Nha-Ke Bang and Tu Lan Karst Area, finding a range of -7.44 and -5.02 o/oo

for 𝛿18O, and -43.7 and -20.5 o/oo for 𝛿2H. This contrasts with drip waters from Soong Cave

collected during January and December 2019 and March 2020, with an average 𝛿18O of -3.7 o/oo.

Minimum drip water 𝛿18O values coincide with low amount-normalized 𝛿18O values at Dong Hoi

station. A positive correlation between amount-normalized 𝛿18O and drip water 𝛿18O of r=0.78

(p-value=0.0045) further hints at a response of drip water 𝛿18O to 𝛿18O in surface precipitation, if

the amount of precipitation is considered (Figure 3.3).
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Figure 3.3: a Amount-normalized 𝛿18O calculated from GNIP data at Dong Hoi station. This time
series shows the monthly mean for the years 2014 to 2017. b 𝛿18O values for surface precipitation
(circles) and surface rainfall amount (bar plot), collected at Tan Hoa village, near Soong Cave. c
drip waters (blue diamonds) and calculated 𝛿18O values estimating the 𝛿18O of associated carbonate
(orange triangles). Drip water 𝛿18O is the mean of two simultaneously collected waters at drip sites
1 and 2, in location Soong 2 (Figure 3.2 bottom picture). d Monthly mean cave air temperature at
drip site 1, used to calculate the 𝛿18O of carbonates.

The bias in low 𝛿18O values towards the season of strongest precipitation is also evident from

the deuterium excess. For the surface precipitation at Dong Hoi and Tan Hoa village, the lowest

values occur during the summer months, from June to August (Figure 3.4). The colour-coded 𝛿2H
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vs 𝛿18O plot shows that the lowest values in drip water occur from September to November 3.5.

Autumn is the time of highest rainfall in central Vietnam.

Figure 3.4: a 𝛿2H vs 𝛿18O plot of GNIP (large circles) and collected rainwaters (stars) in Tan Hoa
village. b Box-and-wishers plot of the deuterium excess colour-coded according to each season.
Winter is from December to May, summer from June to August, and autumn from September to
November. Dashed line indicates the LMWL.

Figure 3.5: a 𝛿2H vs 𝛿18O plot of drip waters, colour-coded per season, as in Figure 3.4. b Box-
and-wishers plot of the deuterium excess, colour-coded according to each season. a Shows values
for each individual drip, where as b was calculated from the mean of simultaneously sampled drip
waters. Dashed line indicates the local drip water line.
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A fast response between rainfall and drip waters is not the only limiting processes within a cave

environment. Isotopic fractionation can also occur during carbonate precipitation and alter the

isotopic signal of a speleothem. The seasonal amplitude of the drip water is about -6 o/oo compared

to -12 o/oo in rainwater. Oxygen isotope fractionation during carbonate formation is approximately

-0.24 o/oo at 25◦C (McDermott, 2004). Figure 3.3b shows the estimated offset between drip water

𝛿18O and 𝛿18O in an associated carbonate, following Tremaine et al. (2011). Isotopic fractionation

is stronger (-0.981) when cave air temperature is low (18◦C) and weaker (-0.242) when temperatures

are higher (21◦C). However, the temperature dependent fractionation is negligible compared to

the seasonal cycle in 𝛿18O (Figure 3.3c). These calculations are based on the assumption that

isotopic fractionation occurred under equilibrium conditions. However, there is also a potential for

non-equilibrium or kinetic fractionation to occur in Soong Cave. The large seasonal differences

in cave air temperature or fast carbonate precipitation rates, which might occur during the rainy

season, could lead to kinetic fractionation. Further monitoring is need to determine if or to what

degree kinetic fractionation controls the isotopic composition of cave water in Soong Cave.

3.6 Conclusion

𝛿18O in rainfall from central Vietnam shows a pronounced seasonal cycle and interannual variability

(Chapter 2), and this chapter investigates the transfer mechanisms of rainwater into Soong Cave

drip waters. It is found that the seasonal cycle in rainwater isotopes is transferred into the drip

water, but the 𝛿18O signal is likely biased towards the rainy season. The reduced amplitude in

drip water isotopes suggests that some mixing of existing and newly arriving rainwaters occurs in

the karst system. The temperature-controlled isotopic fractionation occurring during speleothem

deposition has a limited effect on the resulting speleothems 𝛿18O, and the amplitude of the seasonal

signal is much larger than the temperature-dependent fractionation. Therefore, 𝛿18O proxy records

based on stalagmites from Soong Cave and other caves in the region can be used for palaeoclimate

reconstructions with an annual and lower resolution. However, 𝛿18O in the stalagmite likely reflects

𝛿18O of precipitation with a bias towards the rainy season. Consequently, carbonate 𝛿18O can be a

proxy for both, the local hydrology and the 𝛿18O signal in rainfall.
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3.7 Caves in Southeast Asia

In the following section, local climate and cave internal processes are outlined for cave sites within

Southeast Asia which have speleothems records covering the Holocene. The climate in Southeast

Asia is characterised by temporally and spatially diverse seasonal rainfalls driven by complex

interactions between the monsoonal circulation, movements of the ITCZ, ENSO, the IOD, and

local topography (Misra and Dinapoli, 2014; Wu and Hsu, 2016). For mainland Southeast Asia,

these interacting processes create the longest wet season within Asia and the strongest interannual

variability in the length of the rainy season (Misra and Dinapoli, 2014). Due to the spatial variability

of the on and offset of the rainy season, it is important to understand the local climate at each cave

site. In particular, the source region for rainfall needs to be identified because the timing of seasonal

rainfalls in this region does not reflect the association with a monsoon system. For example, the

October rainfalls in central Vietnam are related to the Northeast (Winter) Monsoon, but October

rainfalls in Sumatra are related to the Southwest (Summer) Monsoon. Thus far, there are six

speleothem records covering the Holocene available from Southeast Asia (Figure 3.6).
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Figure 3.6: Map showing cave site with available speleothem records in Southeast Asia, covering
the Holocene. 1 Tham Mai Cave in Laos, 2 Thien Duong Cave in Vietnam, 3 Klang Cave in
Thailand, 4 Bukit Assam Cave in Borneo, Tangga Cave in Sumatra and 5 Liang Luar Cave in
Flores, Indonesia.

3.7.1 Tham Mai Cave

Tham Mai Cave (20.75◦N, 102.65◦E) is located in northern Laos and receives most rainfall (67%)

during the summer monsoon season (Figure 3.7a). This rainfall is sourced from the western Indian

Ocean and related to the strength of the Southwest Monsoon (Wang et al., 2019). 𝛿18O in rainfall at

Tham Mai Cave mirrors upstream rainout over the Indian Ocean and Indo-Pacific Warm Pool, and

meteorological conditions in the equatorial Indian Ocean (Yang et al., 2016). Therefore, 𝛿18O in

northern Laos can reflect increased moisture pathways (distal versus proximal) in the Indian Ocean,

and increased rainout due to the Indian Summer Monsoon. ENSO is a controlling mechanism of

interannual variability in 𝛿18O via moisture source variability, and leads to increased 𝛿18O values

during El Niño, the opposite occurs during La Niña. This effect appears to be amplified by the

IOD (Yang et al., 2016).
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3.7.2 Thien Duong Cave

Thien Duong Cave receives most rainfall during autumn (Figure 3.7b). This rainfall is mainly

sourced from the South China Sea and western Pacific, related to the Northeast Monsoon circulation.

Local rainfall is modulated by the seasonal migration of the ITCZ, and interannual variability of

rainfall amount is associated with ENSO (Chen et al., 2012a; Vu et al., 2015). As shown in Chapter

2, 𝛿18O in rainfall of central Vietnam is controlled by the relative contribution of moisture from

the Indian versus Pacific Ocean (Wolf et al., 2020). The timing of ITCZ withdrawal and ENSO

influence the interannual variability of 𝛿18O via moisture source dynamics. However, based on the

observation of drip waters in a cave nearby it is likely that 𝛿18O in TD3 reflects local hydrological

processes as well as the 𝛿18O signal of rainfall.

3.7.3 Klang Cave

Klang Cave (8.20◦N, 98.44◦E) is located in southern Thailand and most rainfall falls from May to

October (Figure 3.7c). This rainfall is linked to the Southwest Monsoon, and 75% of the annual

rainfall is sourced from the Indian Ocean (Tan et al., 2019a). The Northeast Monsoon delivers

moisture from the South China Sea and western Pacific during the remaining time (November

to April). While ENSO and the IOD were found to have limited effects on summer monsoonal

rainfall in southern Thailand, the effects of ENSO and the IOD on rainfall amount from December

to February are significant (Bridhikitti, 2012). Tan et al. (2019a) argues that 𝛿18O in rainfall

in southern Thailand reflects the amount effect in the northern central Indo-Pacific, based on

observations from the Bangkok GNIP station.

3.7.4 Bukit Assam Cave

Bukit Assam Cave is located in the Gunung Buda National Park in Malaysia, Borneo (4◦N,

114◦E), which lies within the core region of the ITCZ (Cobb et al., 2007). Rainfall falls year-round

with limited seasonality (Figure 3.7d), although a minor increase in rainfall is observed between

September and December and in late spring, from April to May (Cobb et al., 2007). The general

circulation over Borneo shows strong seasonality with southwesterly monsoonal winds during

summer, and northeasterly monsoonal winds during autumn/winter (Cobb et al., 2007; Moerman

et al., 2013). Generally, 67% of the moisture arrives from the western Pacific and Sulu Sea, and
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31% are sourced west of Borneo in the Karimata Strait and Java Sea (Wurtzel et al., 2017). The

interannual variability of rainfall in northern Borneo is strongly controlled by ENSO, leading to

increased rainfall during La Niña and decreased rainfall during El Niño events. Rainfall amount is

affected throughout all seasons, but with the strongest effects on autumn and winter precipitation

(Cobb et al., 2007). Monitoring studies found that rainfall 𝛿18O in northern Borneo is representative

of regional convective activity, with ENSO events explaining about 40% of the variance in 𝛿18O

(Moerman et al., 2013).

3.7.5 Tangga Cave

Tangga Cave (0.36◦S, 100.76◦E) is located in central West Sumatra, Indonesia, bordering the

western edge of the Indo-Pacific Warm Pool (Wurtzel et al., 2018). Local rainfall falls year-round,

with a minimum during boreal summer (Figure 3.7e) when the ITCZ lies at its northernmost

location. Around 70% of the annual rainfall is sourced from the equatorial Indian Ocean, and 30%

of rainfall are related to the Indo-Austral and Asian summer monsoon. Due to the proximity to the

Indian Ocean, the IOD is one of the main drivers of interannual variability (Wurtzel et al., 2017),

with a positive IOD reducing rainfall by 33%. ENSO plays only a minor role and no significant

influence on rainfall variability was found at Tangga Cave (Wurtzel et al., 2018). 𝛿18O in rainfall

has been explained by the relative contribution from the Indian Ocean versus the South China Sea,

and an extended moisture transport from more distal locations within the Indian Ocean (Wurtzel

et al., 2017).

3.7.6 Liang Luar Cave

Liang Luar Cave (8.32◦S, 120.26◦E), located on Flores Island, Indonesia, lies at the southerly

limit of the ITCZ during boreal winter, and 70% of the annual rainfall occurs during the Indo-

Australian summer monsoon (Griffiths et al., 2009) (Figure 3.7f). This rainfall is mainly sourced

from the southern South China Sea, where the remaining portion of annual rainfall is sourced

by easterly trade winds north of Australia and from the southern Indian Ocean (Griffiths et al.,

2009; Wurtzel et al., 2017). 𝛿18O reflects the relative contribution of moisture from each source

and has thus been linked to the strength of the Indo-Australian summer monsoon (Griffiths et al.,

2009). Furthermore, it was suggested, that ENSO and the IOD might be controlling factors on an

interannual scale.

62



Chapter 4 General Methodology

Figure 3.7: Multi-average monthly rainfall distribution at a GNIP data from Luang Prabang Station,
close to Tham Mai Cave, b GNIP data from Dong Hoi station, close to Thien Duong Cave, c at
Klang Cave (Tan et al., 2019a), d at Limbamg close to Bukit Assam Cave (Saadi et al., 2019), e at
Payakumbuh close to Tangga Cave (Peterson and Vose, 1997; Wurtzel et al., 2017) and f at Liang
Luar Cave (Griffiths et al., 2009).
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Chapter 4

General Methodology

This chapter summarises the methodology used for results presented in Chapter 5, Chapter 6 and

Chapter 7. Each chapter has additional methods which are further explained in the individual

chapters.

The dating of stalagmite TD3 was conducted by David McGee, the laser ablation ICP-MS was done

by Amanda French and the IRMS measurements, in part, by Stefano Bernasconi and Madalina

Jaggi (see Chapter 1 for details).

4.1 Analytical methods

4.1.1 Speleothem sampling

Stalagmite TD3 was cut in half along the growth axis with a saw blade of 1.5 mm thickness

and both halves were polished. The halves were used for drilling powder subsamples, with the

high-resolution records and U-Th dating samples on one half and low-resolution stable isotopes

on the other half (Figure 4.1). Powder samples were taken in 50 µm steps for the high-resolution

record in a continuing trench (Figure 4.1). For the low-resolution record samples were drilled

in 1 mm steps, creating discrete punctures. Samples were drilled concordant to layering using a

Sherline2010 computer-controlled micromill with stainless steel tungsten carbide drill bits, with

a 0.5 mm diameter. Every 10 samples notes were scratched into the stalagmites with a scalpel to

allow for spatial referencing of the sample depth later on.
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20 Samples for U-Th dating, with an average of 2 mg per sample were taken from TD3. 10 of

these samples were drilled by hand drill and the samples were taken prior to any subsampling to

establish an initial age model. 10 were drilled in the remaining trench after subsampling for stable

isotopes, using the Sherline micro mill. This approach assures that U-Th ages are located as close

as possible to the subsamples for stable isotope analysis. Between each sample the drill bit was

cleaned with compressed air and weak hydrochloric acid to avoid cross contamination.
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Figure 4.1: Scan of stalagmite TD3 with the location of drilled samples for the initial U-Th dating,
distance from top and age including 2σ error. White lines shows the micromilled tracks and the
purple line indicates the laser track. TD3 was cut (TD3_2a and TD3_2b) to fit on the sample
holder for trace elemental analysis.
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4.1.2 Stable isotopes in stalagmites

In total 371 low-resolution and 853 high-resolution samples were drilled and analysed. Carbonate

stable isotope analyses were performed using a Delta V Advantage isotope ratio mass spectrometer

(IRMS) (ThermoFisherScientific) interfaced with a GasBench II and a CTC GC PAL autosampler

at ETH in Zurich (high-resolution) and Northumbria University (low-resolution). Dual in-let and

continuous-flow systems are widely used for stable isotope analysis due to their high precision,

rapid working speed and requirement of small sample amounts (50-100µg) (Spötl and Vennemann,

2003; Breitenbach and Bernasconi, 2011). Results were normalized against the international

NBS 18 and NBS 19 standards and in-house standard Wiley. Results are reported in respect to

Vienna Pee Dee Belemnite (VPDB) [o/oo] using the conventional delta notation: 𝛿18O/𝛿13C =

(Rsample − Rstandard)/Rstandard with R = ([18O])/([16O]) or R = ([13C])/([12C]); (Brand

and Coplen, 2012).

4.1.3 Mineral determination

Fourier-transform infrared spectroscopy (FTIR) was used to determine speleothem mineralogy at

Northumbria University, Newcastle. The FTIR emits infrared radiation onto a sample to determine

the structural properties of minerals. Certain wavelengths of the radiation are absorbed by the

sample, whereas the remains are reflected into the instrument. This reflected signal is detected as a

spectrum representing a molecular structure of the sample. 3 mg of stalagmite powder was analysed

on a PerkinElmer Spectrum RX I FTIR over a spectrum of 640-4200 cm−1 with 32 replications.

The detection limit was about 5 wt% and the measurement had a precision of approximately

±10% and the resolution is 0.8 cm−1. Before each run the background spectrum was measured

and automatically subtracted from the sample spectrum. Three samples of stalagmite TD3 were

analysed (Figure 4.2) and show a typical calcite FTIR spectrum (Chakrabarty and Mahapatra,

1999), with pronounced peaks at 712 cm−1 and 872 cm−1.
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Figure 4.2: FTIR spectra of TD3 samples a, b and c in comparison to a typical calcite spectrum d
from the database of ATR FTIR spectra of various materials at http://lisa.chem.ut.ee/IR_spectra/
paint/fillers/calcite/ (Vahur et al., 2016).

4.1.4 Trace elements

Trace element measurements were made using a RESOlution-SE Compact 193nm excimer laser

ablation (LA) system in tandem with an Agilent 8900 Inductively Coupled Plasma Mass Spec-

trometer (ICP-MS) at the Waikato University, New Zealand. Analyses are conducted by pulsing

the laser at 15 Hz with a 50 µm spot size and energy density of 5 J/cm2 at a scan speed of 26.118

µm/s. The laser measured inside the milled track to ensure that stable isotope and trace elemental

data have the same depth-age relation. Ultra-high purity helium is used as the carrier gas to deliver

the ablated sample from the LA system to the ICP-MS. The ICP-MS is optimised to maximum

sensitivity daily (Table 4.1). Background counts (gas background, measured with the laser off)

are collected for 40 seconds between samples. NIST glass standards (610, 612) are analysed after

each sample track to account for any instrument drift. Data processing is performed using Iolite

(v3.32; (Paton et al., 2011)). Background counts are subtracted from the raw data and all data are

standardised to NIST 612 glass. NIST 610 glass is utilized as a secondary standard. GeoReM
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database (Jochum et al., 2005) is utilized for NIST glass values.

Table 4.1: LA-ICP-MS parameters for trace elemental analysis.
ICP-MS Conditions
Forward (reflected) power [watt] 1550
Gas flows [L/min]
Plasma 15 (Ar)
Auxiliary 0.90
Carrier 1.05
Sampling Depth [mm] 4.0
Detector mode Pulse counting
Sweep mode Peak hopping
Dwell time [s] 0.01 - 0.1
Points per peak 1

4.1.5 Uranium-Thorium dating

The dating was conducted on a Nu Plasma II-ES MC-ICP-MS at Massachusetts Institute of

Technology, USA. Reported errors for 238U and 232Th concentrations are estimated to be ±1%

due to uncertainties in spike concentration and analytical uncertainties are smaller. Ages were

corrected for detrital 230Th assuming an initial 230Th/232Th of (4.4±2.2) × 10−6, which is the

initial 230Th/232Th ratio in most crustal materials (Wedepohl, 1995), and the age was reported as

before present, where the present is defined as 1950 C.E (Table 4.2). Decay constants for 230Th

and 234U were taken from Cheng et al. (2013), with a decay constant for 238U of 1.55125 × 10−10

yr−1 (Jaffey et al., 1971).

4.2 Statistical analysis

4.2.1 Depth-age modelling

The depth-age model for TD3 is based on 20 U-Th dates, of which five samples were excluded

from the age modelling (Figure 4.3). Samples with an age correction of more than 200 years have

been excluded.
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Figure 4.3: Relation between the 230Th/232Th ratio and the age correction. Ages plotting above the
line have been excluded from the age model, due to the large age correction. 230Th/232Th ratio is
plotted on a logarithmic scale.

The depth-age model is constructed using 2000 Monte-Carlo simulations and cubic interpolation

in COPRA (Figure 4.4a). COPRA anchors proxy values to time values, considering the age

uncertainty and calculates the proxy confidence limits for each time step (Breitenbach et al., 2012).

Based on the U-Th dates, the growth rate was calculated (Figure 4.4b).
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Figure 4.4: a Depth-age model of TD3 reconstructed with COPRA. The line plot shows the mean
age, including the 95% confidence intervals. Dots mark U-Th dates including the age uncertainty
as error bars. Grey dates have been excluded from the age model. b shows changes in growth
rate calculated from the U-Th dates. c scan of TD3 with the drill location of U-Th dates on the
stalagmite marked in red.

4.2.2 Gaussian smoothing

Irregular sampling of the TD3 proxy record requires special treatment for the extraction of multi-

centennial trends. Thus, proxy time series were smoothed using a Gaussian-kernel weighted filter

which is well-suited to extract trends from irregularly sampled time series (Rehfeld et al., 2011).

Kernel width is varied adaptively such that sampling intervals with little deviation from the average

sampling interval contribute to the weighted sum with higher weights. We use the implementation

provided by (Rehfeld et al., 2011) in the MATLAB package NESToolbox.

4.2.3 Principal Component Analysis (PCA)

A Principal Component Analysis is used to reduce the dimensionality of continuous multivariate

data, and summarises variables in components to break down shared information between the
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variables. PCA was conducted on the smoothed trace element time series to establish their

relationship to each other. The analysis was conducted using the R package FactoMineR (Lê et al.,

2008) for calculating the PCA and plotting the results on a variable factor map.
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Chapter 5

Proxy Interpretation

5.1 Chapter summary

Correct proxy interpretation is one of the main challenges in speleothem-based research. 𝛿18O

in rainfall from central Vietnam reflects moisture source dynamics rather than rainfall amount

(Chapter 2), thus, additional proxies are needed to understand changes in the hydrological regime.

This chapter aims to investigate the local processes controlling carbon isotopic and trace elemental

variability in stalagmite TD3. Firstly, a short summary of the theoretical background on carbon

isotope and trace elemental variability in soils and the karst is provided. This is followed by

an investigation of the relationship between certain elements and 𝛿13C in TD3. By using high-

resolution trace elements provided by LA-ICP-MS and by analysing the results with a PCA the

relationship between proxies in TD3 is determined. The results show that 𝛿13C and Mg/Ca

variability is closely linked to local hydrology and can be interpreted as reflecting wet/dry conditions

in central Vietnam.

5.2 𝛿13C as a proxy for local climate variability

The use of 𝛿13C as a tracer for local climate has recently increased in popularity e.g. (Breitenbach

et al., 2019; Fohlmeister et al., 2017, 2020; Ridley et al., 2015), especially in combination with

trace element records. While processes driving 𝛿13C and trace element variability have been

investigated for decades, the use of speleothem 𝛿18O as a rainfall proxy dominated research based
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in Asia e.g. (Cheng et al., 2016; Dykoski et al., 2005; Kathayat et al., 2017; Mohtadi et al., 2016;

Wang et al., 2005; Wang, 2001). This has recently been subject to change and the use of 𝛿13C and

trace elements has become more important in reconstructing local climate conditions e.g. (Cheng

et al., 2016a; Cosford et al., 2009; Griffiths et al., 2020; Lechleitner et al., 2017; Zhang et al.,

2018).

There are two main sources for carbon isotopes in speleothems: the soil and the bedrock. Soil CO2

derives from atmospheric CO2, plant respiration and decomposition of organic matter, whereas

input of dissolved inorganic carbon (DIC) from the bedrock is controlled by the rock composition

(Dreybrodt and Scholz, 2011; Noronha et al., 2015). Increased microbial oxidation and plant

respiration supplying CO2 inversely controls the 𝛿13C signature in the soil and cave waters, leading

to lower 𝛿13C values when plant activity is increased (Fairchild et al., 2006). Low soil moisture

reduces microbial activity and plant respiration leading to increased 𝛿13C values (Moyano et al.,

2013) and the plant type e.g. trees vs grass (C3:C4) or no vegetation also affect the resulting carbon

isotopic signature (Zhang et al., 2006).

𝛿13C values in the cave water reflect the 𝛿13C and DIC signature of the soil, which can be modified

in the karst by various processes (Frisia et al., 2011). For example, an increase in the ionic strength

of the cave water due to CO2 degassing results in higher 𝛿13C values in the speleothem (Frisia et al.,

2011). During dry events the karst partly fills with air, allowing for carbonate precipitation prior

to downstream speleothem formation. This process is described as prior carbonate precipitation

(PCP) and can manifest in both calcite and aragonite growth (Wassenburg et al., 2016). PCP

preferentially removes light carbon isotopes from the solution via degassing of CO2 (Fairchild and

McMillan, 2007) and thus enriches the remaining 𝛿13C values in the cave waters and resulting

speleothems.

Cave air ventilation as a driver for CO2 degassing is a further component influencing PCP and thus

𝛿13C. At high latitudes, the strong seasonal temperature difference between summer and winter

often drives the seasonal cycle in cave ventilation and controls the CO2 concentration (Baldini,

2010). For example, surface air cooling outside the cave during winter, can drive the relatively

warmer cave air to circulate towards the entrance. In the (sub-)tropics, where seasonal temperature

gradients are smaller compared to high latitudes, the difference between day and night can be more

important (James et al., 2015).
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5.3 Trace elements as local environmental proxies

In order to distinguish between soil derived and karst/cave internal controls on carbon isotopes it

is useful to investigate additional proxies (Oster et al., 2010, Griffiths et al., 2012; (Fohlmeister

et al., 2017; Oster et al., 2010). This is because PCP does not only affect isotopic fractionation

between the solid and liquid phase, but also the ionic content of the remaining cave waters (Day

and Henderson, 2013; Johnson et al., 2006; Sinclair et al., 2012). The enrichment or depletion of

certain elements in cave water in respect to Ca is based on the disproportional incorporation of trace

elements. This process is controlled by the distribution coefficient, which gives a comparison of

the solubilities of elements (Sinclair et al., 2012). Ions with a distribution coefficient below 1, are

typically found to be enriched in waters following PCP, these elements usually include Mg, Sr, and

Ba (Huang and Fairchild, 2001; Sinclair et al., 2012). However, PCP is not always the main control,

as Mg can can be reflecting by sea spray (Baldini et al., 2015). Sr and Ba are sometimes linked to

growth rate (Huang and Fairchild, 2001; Tremaine and Froelich, 2013)and can be outcompeted by

increased Mg/Ca ratios in the solution (Wassenburg et al., 2020). Further, the type of carbonate

formed during PCP is important to consider, since Sr and U are positively correlated to prior calcite

precipitation, but negative correlated to prior aragonite precipitation (Wassenburg et al., 2016). U

and also P can be sensitive to infiltration rather than PCP, further complicating the interpretation

(Hartland et al., 2012; Huang and Fairchild, 2001; Johnson et al., 2006). The residence time of

percolating waters in the karst can also control the elemental content of cave waters (Fairchild et al.,

2000). During dry periods the extended residence time allows for leaching of certain elements

from the bedrock (Sinclair et al., 2012). Especially in Mg-rich bedrocks, such as dolomites, the

additional uptake of Mg disproportionally increases the Mg concentration in cave waters in respect

to Sr. This can lead to an amplification of Mg variability during dry and wet periods.

In order to determine the process that mainly controls certain elements with a cave system, it is

thus important to investigate the relation between elements and stable isotopes. In the following

section it is examined which proxies are controlled by the local hydroclimate in central Vietnam

and how they can be interpreted in terms of palaeoclimate variability.
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5.4 Local climate proxies in Thien Duong Cave

Due to the various processes that can control carbon isotopic and trace elemental variability, it

is important to closely investigate the relation between elements to gather information on their

main drivers. The most prominent feature of the TD3 proxy record is the strong correlation

between 𝛿13C and Mg/Ca ratios (Figure 5.1). PCP and leaching of additional Mg from the bed

rock can both increase the Mg content in an associated speleothem (Sinclair et al., 2012). The

correlation observed in the plot is high, especially during the dry phases (Figure 5.1), however,

the calculated correlation (r=0.6389, p-value<0.05) is lower than expected, which is likely due to

the large difference in sampling frequency between stable isotopes and trace elements (𝛿13C has

312 samples, Mg has 23000 samples). The Mg/Ca time series was smoothed before calculating

the correlation.

Figure 5.1: Carbon isotopes and smoothed time series of Mg/Ca ratios of TD3 over the Holocene.
In general lower values are found in the early and late Holocene and highest values in the mid-
Holocene, indicating wet and dry climate in Vietnam, respectively.

As an explanation for the strong co-variance of 𝛿13C and Mg/Ca ratios, PCP is invoked as a possible

driver. Further evidence for this is provided by elements, that are typically found as weathering

products of soils (Nesbitt and Young, 1982) or indicative of flooding events (Finné et al., 2014;
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Frisia et al., 2012). The high abundance of Si, Al, Ti and Fe, in the late Holocene coincides with

low 𝛿13C values and Mg/Ca ratios. This inverse connection supports the hypothesis that 𝛿13C and

Mg are proxies recording wet versus dry conditions. For example, Si, Al, Ti, and Fe are strongly

reduced during extremely dry periods, around 5000 to 3600 BP, when 𝛿13C and Mg show the

highest values of the record (Figure 5.1 and 5.2). Al and Ti are likely the most reliable proxies

for weathering in this dataset, as Fe and Si can be influenced by interference with other elements

during LA-ICP-MS (Jochum et al., 2012). Yet, the strong replication of the signal in all four

elements hints towards a common driver.

Figure 5.2: Time series of Si/Ca, Al/Ca, Fe/Ca and Ti/Ca ratios indicating increased weather-
ing/flooding during the early and late Holocene. These elements show an increase in abundance
after 3000 years BP and the lowest concentrations are found between 6000 to 3000 years BP.

Some elements, such as U, can be linked to both PCP and infiltration (Huang and Fairchild, 2001;

Johnson et al., 2006). A strong correlation between U/Ca and P/Ca ratios is an indicator for

infiltration being a first order control on U (Johnson et al., 2006; Treble et al., 2003). U/Ca and
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P/Ca are indicators of infiltration, when they travel bound to colloids Hartland et al. (2012) and

are washed into the cave. Thus, tight coupling between U and P in TD3 strongly hints towards

infiltration as a driver of these elements (Figure 5.3). Additionally, U/Ca and P/Ca are inversely

correlated to 𝛿13C and Mg/Ca (r=-0.4, p-value < 0.05), which further corroborates the conclusion

that 𝛿13C and Mg/Ca are reflecting local hydrology.

Figure 5.3: Smoothed time series of U/Ca and P/Ca over the Holocene. Both elements show a
similar pattern and appear to positively correlate, over the record. P/Ca is only available for the
time period of 9000 to 2000 years BP.

The inverse coupling of U/Ca and P/Ca versus 𝛿13C and Mg/Ca is constant on different time scales,

from millennial to centennial and decadal time scales (Figure 5.4). This is an important observation

suggesting that the controls on Mg/Ca and 𝛿13C remained constant during the Holocene. Both

proxies are reliable indicators for local hydrology over an extended period of time. Taking these

observation together, it is likely that Mg/Ca and 𝛿13C are driven by PCP and can be used as

indicators for locally dry versus wet conditions over the Holocene.
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Figure 5.4: Comparison of the relation between Mg and U and P over centennial (top) and decadal
(bottom) time scales

The relation between Sr/Ca and Mg/Ca ratios in TD3 is less obviously explainable and needs further
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elucidation, as usually the positive correlation between Mg/Ca and Sr/Ca is used as a supporting

argument for PCP. Sinclair et al. (2012) predicted that the slope between ln(Sr/Ca) vs ln(Mg/Ca)

should be 0.88, in order for both elements to indicative of PCP. In TD3, Sr/Ca and Mg/Ca have no

correlation (r=-0.07) based on the raw data and a negative correlation for smoothed data (r=-0.4,

p-value<0.05). However, this relation varies depending on the prevailing climate conditions. The

elements are negatively correlated during extended dry periods, whereas during wetter periods the

proxy time series vary between a negative and positive correlation (Figure 5.5). One explanation

for the inverse relation during dry periods could be leaching of additional Mg from the bedrock.

During dry periods, the extended residence time of cave waters in the karst can increase the Mg/Ca

concentration relativ to Sr/Ca. The bedrock of Thien Duong Cave, consists of partly dolomitized

limestone (Debevec et al., 2012), which allows for additional contribution of Mg during extended

dry periods. Higher Mg/Ca ratios in cave waters can discriminate Sr against Mg during downstream

speleothem formation (Wassenburg et al., 2020), reducing the incorporation of Sr into the crystal

lattice. Thus, the increased Mg/Ca ratio in cave water, can lead to decreased Sr values in the

downstream speleothem during dry periods.
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Figure 5.5: Plots showing the correlation of Sr/Ca and Mg/Ca, as the original and smoothed times
series, for a wet and b dry periods. There is a coherency between both times series during wet
periods, whereas during dry periods the elements decouple.

To further examine the drivers of Sr and Ba in comparison to Mg, a PCA analysis (Figure 5.6) was

conducted using the R package FactoMineR (Lê et al., 2008). PC1 and PC2 indicate that elements

typical for weathering (Si, Al, Th, Ti and Fe) cluster narrowly together (Figure 5.6 upper right

corner). Proxies for infiltration are U, P and Y and cluster within the lower right section. While P

and U can be proxies for various processes (Frisia et al., 2012), Y has been shown to be typically

associated with infiltration from the soil (Hartland et al., 2012). Despite not following the model

of Sinclair et al. (2012), Mg, Sr and Ba cluster within the same section. This shows that all three
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elements are controlled by processes within the bedrock. Ba and Sr show the direct opposite trend

to U, P and Y, which suggests that Ba and Sr are likely dominated by water supply, rather than

PCP. The PCA suggests that infiltration is inversely driving Ba and Sr, which means that during

time of high infiltration, there is little incorporation of Ba and Sr, with the opposite being true for

dry periods. While this is also true for Mg, there is the additional influence of PCP on the Mg/Ca

ratios in TD3.

Figure 5.6: Variable factor map showing the PCA loadings of smoothed trace element time series
from stalagmite TD3. Element concentration within TD3 can be divided into three clusters:
PCP/dissolution, weathering and infiltration. The PCA analysis confirms the observations that
Mg/Ca can be used as a proxy for local hydrology in conjunction with proxies of weathering and
infiltration.

5.5 Conclusion

The use of 𝛿13C in combination with trace element concentrations in speleothems is a powerful

tool for hydroclimatic reconstructions. However, a diverse set of processes can control variability
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and an interpretation of climatic parameters should be considered carefully. This chapter presents

evidence that Mg/Ca ratios and 𝛿13C are reflecting locally dry versus wet conditions in central

Vietnam. Supported by other elements sensitive to infiltration and weathering, there is strong

evidence that PCP is the main control of variability in 𝛿13C and Mg in TD3. These processes

are summarised in Figure 5.7. Dry periods are reflected as increased 𝛿13C and Mg/Ca values,

in contrast low values indicate wet conditions. These findings are fundamental for the correct

interpretation of the TD3 proxy record.
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Figure 5.7: Schematic showing the processes in the soil, karst and cave during wet and dry events
at Thien Duong Cave. During wet events the karst is filled with water, which is transported fast
into the cave. The reduced residence time of the water, decreases the amount of Mg leached from
the bedrock and PCP is reduced due to the lack of air in the karst. During dry events the karst fills
partly with air enabling PCP to occur, which enriches the Mg and 13C in the remaining solution
and thus the speleothem. Due to the prolong residence time, more Mg can be dissolved in the
waters, increasing the Mg content even further. U and P are enriched in the speleothem during wet
conditions, since they are mobilized in the soil and washed into the cave.
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Chapter 6

Climate of the Holocene

6.1 Chapter summary

The relationship between the Asian winter and summer monsoon over the Holocene is highly

debated. Proxy records and climate modelling studies give inconclusive results, leaving especially

the winter monsoon evolution largely unknown. This chapter uses the proxy record retrieved from

stalagmite TD3 to investigate hydroclimatic changes and the evolution history of the Northeast

Winter Monsoon in Southeast Asia over the Holocene. The Mg/Ca and 𝛿13C values indicate the

Northeast Winter Monsoon rainfall was relatively strong during the early and late Holocene, but

was substantially weaker during the mid-Holocene from 5000 to 3000 years BP. The prevailing

dry conditions during the mid-Holocene have also been identified in Southwest Summer Monsoon

records across Southeast Asia, suggesting that rainfall was affected in both seasons. The results

show that rainfall related to the Northeast Winter and Southwest Summer Monsoon in Southeast

Asia was positively correlated during the early and mid-Holocene and shifted towards an negative

correlation during the late Holocene. By performing a frequency analysis, this chapter shows that

interannual variability of rainfall in central Vietnam was strongly suppressed during the early and

mid-Holocene and became most active after 3000 years BP. This work suggests that the positive

correlation between Northeast Winter and Southwest Summer Monsoon is likely driven by shifts

in the Walker Circulation during the early and mid-Holocene. During the late Holocene, the

teleconnection between the Pacific and rainfall in central Vietnam became dominant, similar to

today’s climate in this region, whereas the Southwest Monsoon is more affected by changes in
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the Indian Ocean. The results reconcile the ongoing debate on the nature and drivers of winter

monsoon variability across Asia during the Holocene.

Tobias Braun developed and conducted the MC-PCA for this chapter.

6.2 Introduction

The Asian winter monsoon is mainly associated with cold and dry north-westerlies across East Asia

and north-easterlies in Southeast Asia (Sengupta and Nigam, 2019). Yet, in some coastal regions,

such as Vietnam, the Philippines, Southeast India, Sri Lanka, and Japan, the winter monsoon leads

to intensive rainfall and flooding, threatening the livelihood of millions. There is some consensus

on the co-evolution of the monsoons in the two seasons over glacial-interglacial time scales (An,

2000; Clemens et al., 2008; Maher, 2016). However, whether these two monsoon systems were

similarly linked during the Holocene remains an open question (An et al., 2017; Hao et al., 2017;

Liu et al., 2009b; Sone et al., 2013; Steinke et al., 2011; Wang, Wu, Chang, Liu, Li and Zhou, 2010;

Wang et al., 2021; Wen et al., 2016; Yancheva et al., 2007; Zhao et al., 2021). This is particularly

true for coastal Vietnam which hitherto contains no information on how the winter monsoon has

varied in the past. The following sections summarise the current knowledge of winter and summer

monsoon co-variability during the Holocene in Asia and highlight outstanding issues regarding

winter monsoon reconstructions.

Recent modelling studies suggest that the winter and summer monsoons in Asia are positively

correlated on orbital time scales (>3000 years) (Wen et al., 2016; Yan et al., 2020). This positive

correlation is argued to be forced by Earth’s precession of the equinoxes: Increased summer

insolation leads to enhanced warming of the land surface during summers, and as a result increased

summer monsoon circulation; stronger cooling of the land during winters results in stronger winter

monsoons. However, terrestrial proxy data disagree, linking-insolation induced displacements of

the ITCZ with an inverse relationship between summer and winter monsoons (An et al., 2017; Shi

et al., 2012; Sone et al., 2013; Yancheva et al., 2007). This latter hypothesis suggests a northward

shift of the ITCZ, such as was the case under higher summer insolation, which is accompanied

by a stronger summer monsoon and a weak winter monsoon, whereas the opposite is true for a

southward shift (Yancheva et al., 2007).
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Furthermore, modelling studies (Yan et al., 2020) highlighted that the negative correlation on

time-scales less than 2000 years has also been linked to internal variability in the coupled ocean-

atmosphere system, mainly related to ice sheet and Atlantic Meridional Overturning Circulation

(AMOC) forcing. In contrast, proxy records and other modelling studies have shown that, especially

in the lower latitudes, insolation-induced variability of the ITCZ position and ENSO variability

can lead to more complex pattern (An et al., 2017; Shi et al., 2012; Yancheva et al., 2007).

Marine records from the Okinawa Trough show an anti-correlation between the summer and winter

monsoons on centennial time scales (Sagawa et al., 2014; Xiao et al., 2006; Zheng et al., 2014).

Invoked drivers are solar activity (Sagawa et al., 2014; Xiao et al., 2006) and the displacement of

the ITCZ (Zheng et al., 2014). Insolation-induced displacements of the ITCZ as drivers of winter

monsoon variability have been supported by other studies (Sone et al., 2013; Yancheva et al., 2007;

Zheng et al., 2014). This mechanism extends beyond millennial time-scales, contrasting with

model observations (Wen et al., 2016) and other proxy records from this region (Steinke et al.,

2011; Tian et al., 2010; Wang et al., 2012). Thus, the nature of Asian summer and winter monsoon

variability, and the mechanisms to explain their co-evolution, is still unknown for the Holocene.

One of the causes lies in the use of proxies from different regions within Asia.

For example, studies based on proxy records from northern and southern China, the South China

Sea and Yellow Sea found that the Asian Winter Monsoon consists of two modes: a northern and

a southern mode (Zhang et al., 2015; Zhao et al., 2019). The northern mode is usually named

the East Asian Winter Monsoon, and the southern mode the Northeast Monsoon, although clear

definitions for the geographic extent are lacking (Chapter 1). The Arctic Oscillation is controlling

the northern mode via the Siberian High, which is regulating surface pressure over central Siberia

(He et al., 2017). The Siberian High over the Asian Continent and the Aleutian Low to its east are

forcing northwesterly winds east of the Siberian High (Wu and Wang, 2002). The southern mode

is strongly affected by SST variability in the Pacific, which influences the circulation pattern over

the South China Sea and the Philippine Sea (Jin et al., 2016; Sengupta and Nigam, 2019).

On decadal time-scales, recent palaeoclimate studies highlighted the influence of ENSO and

changes in the mean ocean state of the Pacific on winter monsoon variability (Hao et al., 2017;

Zhao et al., 2019; Zheng et al., 2014). It is suggested that a weaker winter monsoon coincides

with El Niño events and a stronger winter monsoon occurs during La Niña events (Wang et al.,
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2000). This is in agreement with modern climatological observations, suggesting a strong control

of ENSO on the winter monsoon in southern East Asia (Chen et al., 2014; He et al., 2008; Wang,

Wu, Chang, Liu, Li and Zhou, 2010), whereas, the controls of ENSO on the winter monsoon in

the higher latitudes are limited (Zhang et al., 2015). Yet, modelling studies also showed that the

influence of ENSO on winter monsoon variability can be enhanced or diminished by changes in

the mean ocean state, affecting the anticyclonic circulation in the western Pacific (An et al., 2017;

Kim et al., 2014). Thus, the interaction between interannual variability in the Pacific Ocean and

the winter monsoon on longer time scales, remains uncertain.

A further issue in understanding the winter monsoon arises from the disagreement of winter

monsoon proxy records within the same region. Reconstructions based on marine sediment cores

in the South China Sea (Huang et al., 2011; Steinke et al., 2011; Tian et al., 2010), found a

positive correlation between summer and winter monsoons over the Holocene. However, more

recent studies suggest an inverse relation between summer and winter monsoons in the South China

Sea (Zhang et al., 2019a). Further, findings showed that the relation between winter and summer

monsoons can vary during warm or cold phases of the Holocene (Ge et al., 2017b). Similar disputes

have been reported from terrestrial winter monsoon records from southern China (Jia et al., 2015;

Wang et al., 2012; Yancheva et al., 2007), showing opposing trends over the Holocene. These

mismatches, combined with the lack of terrestrial winter monsoon records from Southeast Asia,

leave the evolution of the winter monsoon in this region largely unknown.

Not only is the disagreement between winter monsoon records from the same region a challenge,

but also concerns regarding the use of speleothem 𝛿18O as a summer monsoon proxy are adding

complexity. Reconstructions of the Asian summer monsoon are mainly derived from speleothem

𝛿18O records, reflecting changes in regional precipitation and circulation pattern. Recent research

has shown that 𝛿18O in rainfall can be affected by numerous processes, not necessarily related

to rainfall variability, such as moisture source and convection dynamics (Aggarwal et al., 2016;

Konecky et al., 2019). Cave internal processes additionally alter the 𝛿18O signal of an associated

speleothem, limiting the use of 𝛿18O as a proxy for monsoon intensity, if not supported by

additional proxies (Baker et al., 2019; Fohlmeister et al., 2020). Most 𝛿18O speleothem records

share similarities between sites across Asia, and also show a connection to summer monsoon

records across the globe (Deininger et al., 2020; Wang et al., 2017a). However, there is growing
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evidence that the driver of 𝛿18O in precipitation depends on the region: 𝛿18O in speleothems from

the East Asian Monsoon region is more related to changes in atmospheric circulation, such as

moisture source and pathways, whereas 𝛿18O in speleothems from the Indian Monsoon region

better reflects regional precipitation, yet to some extent circulation dynamics as well (Parker et al.,

2021). In comparison, to the speleothems 𝛿18O, winter monsoon records are mostly based on loess,

lake or marine records, and are therefore reconstructing the wind strength or water temperatures,

rather than precipitation or moisture source dynamics.
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Figure 6.1: Precipitation and wind fields during a the winter monsoon season and b the summer
monsoon season in Southeast Asia. During the winter strong north-easterly winds carry moisture
into central Vietnam. During summer, strong south-westerlies prevail over mainland Southeast
Asia. Shading shows long term mean average monthly precipitation rate from the GPCP Version
2.3 Combined Precipitation Dataset (NOAA, 2020c). The arrows indicate surface wind strength
at 10 m using the u and v components of the ERA5 data set (Copernicus Climate Change Service
(C3S), 2020). Yellow dots show the location of proxy records used in this work and Thien Duong
Cave is marked in purple.

Usually, speleothem records of monsoonal areas are of limited use for reconstructions of winter
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monsoonal rainfall, as the total annual rainfall is often strongly biased towards the summer mon-

soon season. Only few locations within Asia allow a reconstruction of winter monsoon induced

precipitation (Figure 6.1). Central Vietnam is one of these locations, where more than 75%

of the annual rainfall is related to the north-easterly winds of the winter monsoon (Chapter 2).

Additionally, SSTs anomalies in the Pacific are a major control of interannual rainfall variability in

central Vietnam, making the region ideal to investigate the evolution of rainfall related to the winter

monsoon circulation. Further, the close geographic proximity between caves in central Vietnam to

other cave sites across mainland Southeast Asia, which capture the Holocene summer monsoon,

allows for a unique comparison of the two monsoon systems. Finally, recent reconstructions of

summer monsoonal variability in Southeast Asia addressed the uncertainties arising by the use of

𝛿18O, from using additional proxies like carbon isotopes and trace elements.

Towards this end, this chapter presents the first Northeast Winter Monsoon rainfall record from

stalagmite TD3, which covers the Holocene. The reconstruction, based on a suite of geochemical

tracers preserved in the calcite at the time of precipitation, shows significant changes in both the

Southwest Summer and Northeast Winter Monsoon, particularly during the mid-Holocene between

ca. 6000 and 4000 years BP.

6.3 Methods

6.3.1 Spectral Analysis

Spectral Analysis was performed on TD3 to identify changes in the interannual variability. The

analysis was performed using the MATLAB tool box red2con, which is based upon REDFIT, a

Fortran 90 program (Schulz and Mudelsee, 2002). REDFIT allows processing of unevenly spaced

time series, without the need for interpolation, which avoids the occurrence of artificial frequencies.

The spectral analysis was used to analyse frequencies from the Mg/Ca time series of stalagmite

TD3. The Mg/Ca time series has a very high resolution varying between monthly to two samples

per year and is thus suitable for identifying ENSO-scale frequencies. The time series was divided

into three sections: the early Holocene from 9000 to 6000 years BP, the mid Holocene from 6000 to

3500 years BP and the late Holocene from 3500 to 1000 years BP, to investigate potential changes

in the frequency over longer time scales. In order to avoid a sampling bias, each section was
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divided into subsections containing the same number of sample points. The section for the late

Holocene was divided in 5 subsections, the mid Holocene had 2 subsections and 3 subsections

were chosen for the early Holocene, to ensure an equal distribution of samples in each section.

These results, thus, show the average of each of these subsection, e.g. the mid-Holocene contains

2 subsections and the power spectra is thus the average of these 2 subsections. Significance is

estimated by calculating first-order autoregressive (AR1) time series. The oversampling factor

for Lomb-Scargle Fourier transform was set to 2, the maximum frequency was set to 0.55. The

analysis was performed on three age model realisations, which are the median and the lower and

upper limits of COPRA ages realisations. Doing so covers three different age realisations provided

by the model, helping to ensure that the calculated power spectra are not artefacts introduced by

the age uncertainties.

6.3.2 Monte-Carlo Principle Component Analysis (MC-PCA)

In order to calculate the spatio-temporal coherency between ’n’ records (where n is the number

of proxy records) across Southeast Asia, an age uncertainty-aware Principal Component Analysis

(PCA) is applied. The approach largely follows Deininger et al. (2017), using Monte-Carlo sampling

of age model realizations to adjust for the age uncertainties in all records. Firstly, all speleothem age

models have been recalculated in COPRA using the initially published U-Th ages. With COPRA,

2000 distinct time axes compatible with age uncertainty are sampled employing a Monte-Carlo

sampling scheme and subsequently transferred into uncertainty of the proxy values (Breitenbach

et al., 2012). This results in a single ’error-free’ time axis and 2000 distinct proxy realisations

which are compatible with the U-Th dating uncertainties. The PCA method requires constant

sampling intervals in order to compute and decompose the covariance matrix of normalized proxy

time series. Based on the lowest resolution record used in the PCA (Tangga Cave record (Wurtzel

et al., 2017)) all records are resampled with a constant sampling interval of 75 years adapting to the

lowest resolution. An overlap of 80% between consecutive windows was used to ensure an equal

sampling resolution. As proposed by Deininger et al. (2017), Gaussian Kernel-based smoothing is

applied in this step to align the temporal variability between the differently resolved proxy records.

Smoothing windows are centered of the resulting regularly sampled dates. Smoothed proxy

realizations are z-normalized, yielding zero mean and unit standard deviation. Finally, MC-PCA

is applied to each of the 2000 sets of smoothed and z-normalized proxy realizations. Since every
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proxy realization can be regarded as a shifted and stretched/compressed version of the underlying

’real’ proxy time series, each set of proxy realizations yields an individual characterization of

spatiotemporal coherency represented by m ⩽ n modes, where m is the number of modes. Each

mode consists of a principal component (PC) and n EOFs (empirical orthogonal functions, also

called ’loadings’). EOFs are normalized such that they are equivalent to the linear correlation

between the respective PC and a proxy realization.

When the MC-PCA is performed, a ’flipping-effect’ and a ’smoothing- effect’ are known to occur

(Deininger et al., 2017). The former effect results firstly from the intrinsic sign ambiguity in

the singular value decomposition used to numerically solve the eigendecomposition of the data

covariance matrix (Bro et al., 2008). Small deviations in one of the n proxy records can suffice

to result in a ’random’ sign flip of the resulting PCs and EOFs, irrespective of the MC-based

procedure. This will in some cases result in a bimodal distribution of the EOFs for a given PC.

Secondly, the age uncertainty can cause sign flips as it introduces a mixture of phased and anti-

phased proxy realizations into the PCA. Sign flips of the resulting PCs and loadings, thus, need

to be accounted for when averaging over distinct MC iterations of the PCA. This averaging also

results in a smoothing of the resulting PCs, whereas the degree of smoothing depends on the dating

errors. In order to obtain meaningful estimates of the median and confidence limits for the PCs

and EOFs, the flipping effect requires additional processing of the ensemble of results.

Therefore, k-means clustering is applied for each ensemble of the m PCs to distinguish flipped

and non-flipped solutions (Lloyd, 1982). In this context, another effect was observed when age

uncertainty of any of the included proxy records is large: apart from the flipped and non-flipped

solution for the 1st PC, a third distinct solution can be identified which exhibits strong similarity to

the 2nd PC. This results from an overlap between the variance explained by each of the modes and

may occur between any given pair of i-th and i+1-th PC if dating uncertainties are large. While

in most cases (e.g. 1800 out of 2000) the 1st mode is represented by strongly correlated (flipped

and non-flipped) PCs, in fewer cases variance may be maximized by what is largely identified as

the 2nd mode. Such a scenario is identified successfully by the proposed k-means clustering of

PCs with k = 3 and should be considered in future application of the MC-PCA method. In this

work, dating uncertainties were found to be sufficiently low such that this effect does not result

in a significant number of ’swapped’ modes. Consequently, EOFs and PCs of the flipped modes
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identified by k-means clustering are sign-flipped and a single median PC/EOF is computed from

the respective ensemble of solutions for each mode. Age uncertainty is propagated by computation

of the 2σ-error bars of the respective PC and explained variance. The statsmodel package was used

to compute PCA solutions for each set of proxy realizations and the sklearn package was used for

k-means clustering.

The MC-PCA is applied to 𝛿13C and 𝛿18O records respectively from Tham Mai Cave (Laos)

(Griffiths et al., 2020), Thien Duong Cave (Vietnam) this study, Tangga Cave (Sumatra) (Wurtzel

et al., 2017), Bukit Assam Cave (Borneo) (Chen et al., 2016a). Additionally, a lake record

from Lake Huguang Maar in China (Yancheva et al., 2007) was included. However, COPRA is

specifically built for speleothem records, therefore the original age model without age uncertainties

in all 2000 realisation was used. For the 𝛿18O MC-PCA, Dongge Cave record was included instead

of the Lake Huguang Maar lake record, but no 𝛿13C record was accessible (Dykoski et al., 2005).

For both applications, three modes were computed motivated by their interpretability.

The individual records reflect different seasonal parts of the monsoon system in Southeast Asia.

Dongge Cave record is representative of changes in the East Asian Summer Monsoon circulation,

and the Laos record reflects the Southeast Summer Monsoon circulation. The record from Sumatra

partly reflects the Southwest Summer Monsoon, but is also influenced by the Australian Monsoon

system. In Borneo, rainfall falls year-round with no distinct seasonality. The record based on TD3

reflects hydrological changes related to the Northeast Winter Monsoon and the Huguang Maar lake

record reflects the East Asian Winter Monsoon. More details about the seasonality of rainfall in

each location can be found in Chapter 3.

6.4 Results

6.4.1 Multiproxy records of Southeast Asian monsoon precipitation

Stalagmite TD3 is dated based on 20 U-Th ages and covers most of the Holocene. In total 371

low resolution samples were analysed for stable isotopes and about 23.000 data points for trace

elements. On average, this results in a sub-decadal resolution for stable isotopes and a sub-annual

resolution for trace elements. Both proxy records span the time between 8000 to 1000 years BP.

Time series for each proxy are constructed with the COPRA model (see Chapter 3).
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𝛿18O in precipitation in central Vietnam is controlled by the seasonal shift between moisture

sources, which are the Indian Ocean during summer and the Pacific during the rest of the year.

Cave monitoring, installed in a cave about 50 km from Thien Duong Cave, showed that the seasonal

cycle in 𝛿18O is preserved in drip waters, however, the signal is bias towards the rainy season in

autumn/winter. Here it is proposed that the 𝛿18O in TD3 likely contains some information from

the 𝛿18O in precipitation, where increased moisture from the Indian Ocean leads to lower 𝛿18O

values. However, most of this information could be overprinted by the local hydrology, and the

bias of low value to the rainy season. From 8000 to 6000 years 𝛿18O shows a gradual decline from

increased to decreased values, which is followed by a sharp increase in 𝛿18O values at ca. 5000

years BP (Figure 6.2a). Afterwards values decrease again towards 1200 years BP.

A similar trend is observed in proxies reflecting local hydrology: The local precipitation related

to the Northeast Winter Monsoon circulation over the Holocene, is reconstructed by using high-

resolution trace elements (Mg, P, U, Al, Ti) and stable isotope data (𝛿13C) retrieved from stalagmite

TD3. 𝛿13C and Mg/Ca variability is driven by prior carbonate precipitation and thus, a tracer for

locally wet and dry conditions. Further evidence for this interpretation is derived from other trace

elements including U and P, which show an opposite trend compared to 𝛿13C and Mg, and are

indicators for infiltration (Chapter 5).
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Figure 6.2: Multi-proxy record of stalagmite TD3: a 𝛿18O is reflecting changes in moisture source
dynamics, b 𝛿13C superimposed with a smoothed timeseries of Mg/Ca, indicating wet and dry
conditions, c smoothed U/Ca and P/Ca as indicators for infiltration. d Ti/Ca and Al/Ca, used as
proxy for increased weathering/infiltration.

The most prominent feature of the TD3 record is the pronounced drought during the mid-Holocene,

which starts at around 5000 years BP and lasts until ∼3000 years BP. The drought started and
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ended abruptly, and was interrupted by two brief wet episodes at ∼4500 and ∼3500 years BP. Other

speleothem records from Southeast Asia indicate similarly dry conditions during the mid-Holocene

(Figure 6.3). Specifically, Mg/Ca ratios, carbon isotopes, and 𝛿18O in a suite of speleothem records

from northern Laos, which is the closest to central Vietnam, also shows a pronounced local drought

(Figure 6.3b), beginning around 5000 years BP and lasting until around 3000 years BP (Griffiths

et al., 2020). At the same time a 𝛿18O record from southern Thailand exhibits a 2000-years-long

hiatus, potentially indicating a lack of water supply to sustain speleothem growth, in the south of

mainland Southeast Asia (Figure 6.3c). Meanwhile in Borneo, the 𝛿18O record suggests increase

regional precipitation from 5000 years BP to 3000 years BP (Figure 6.3d), though interestingly,

the 𝛿13C record shows a positive peak at 4000 years BP, likely indicating locally dry conditions,

although the use of 𝛿13C as a local climate proxy is not certain in this cave (Partin et al., 2013).

Two speleothem records from the Maritime Continent show a shift towards dry conditions at 5000

years BP in Sumatra (Figure 6.3e) (Wurtzel et al., 2017) and Flores (Figure 6.3f) (Griffiths et al.,

2009). The 𝛿13C record of Tangga Cave (Sumatra) has been interpreted to represent changes in

vegetation, due to shifts in local climate on glacial-interglacial time scales (Wurtzel et al., 2017).

Therefore, the Tangga Cave record shows dry conditions after 5000 years BP, suggesting that

the drought prevailed across most of Southeast Asia (Figure 6.3e). The initial U content in a

speleothem from Flores, peaks simultaneously with the record from Tham Mai Cave (Laos) and

also indicates dry conditions during the mid-Holocene (Figure 6.3f). The drought conditions have

also been reported from lake sediments in northern Thailand (Chabangborn and Wohlfarth, 2014),

Cambodia (Hamilton et al., 2019; Maxwell, 2001; Penny, 2006) and southern China (Hillman et al.,

2017).

Thus far, the drought during the mid-Holocene was only observed in summer monsoon records.

Now the rainfall proxies in central Vietnam highlight that rainfall related to the Northeast Winter

Monsoon was also strongly reduced. These findings indicate that, at least during the mid-Holocene,

rainfall related to the summer and winter monsoon had a common controlling mechanism. By

establishing the coherency between speleothem records across Southeast Asia the evolution of both

monsoonal systems can be investigated further.
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Figure 6.3: a 𝛿13C and Mg/Ca record of TD3, b 𝛿13C and Mg/Ca record from Tham Mai Cave,
Laos c 𝛿18O record from Klang Cave, southern Thailand d 𝛿18O and 𝛿13C from Bukit Assam Cave,
Borneo, e 𝛿18O and 𝛿13C record from Tangga Cave, Sumatra. f 𝛿13C and initial U record from
Liang Luar Cave, Flores. Grey shading indicates the extreme dry conditions in Southeast Asia
during the Holocene.
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To gain a spatiotemporal view of the regional monsoon circulation changes across Southeast Asia

during the Holocene published speleothem records (𝛿18O and 𝛿13C) (Figure 6.1) are synthesized

using a Monte-Carlo Principal Component Analysis (MC-PCA) approach. In this work, both 𝛿13C

and 𝛿18O are used for an intercomparison to understand the advantages and limitations of each

proxy. For example, the drought evident in local records from Southeast Asia, is not observed in

𝛿18O speleothem records from China (Wang et al., 2005; Yang et al., 2019; Zhang et al., 2019a).

This is an issue, since speleothem 𝛿18O records are often used as classical summer monsoon

records.

The leading PC1 of the 𝛿18O data explains 54% of the variance (Figure 6.4a) and illustrates the

dominant orbital-scale trend of the monsoon across Southeast Asia, interpreted to reflect changes

in insolation, which impact the monsoon systems (Figure 6.4c). PC1 exhibits a strong correlation

with Tham Mai (0.58) and Dongge Cave (0.57), and a modest correlation of 0.27 with Sumatra.

By contrast, PC1 displays a strong negative correlation with Borneo (-0.5) and a weak negative

correlation with Vietnam (-0.16) (Figure 6.4b). These loadings reflect the controls of summer

insolation on the summer monsoon circulation in southern China and Laos, and the inverse relation

to boreal autumn insolation for regional rainfall in Borneo. The results for Sumatra are surprising

due to the high coherency between the Tangga Cave record and other speleothem records from

India and East Asia over glacial-inter-glacial time-scales (Wurtzel et al., 2018), which seem less

pronounced during the Holocene. The weak correlation between PC1 of the 𝛿18O record from

Vietnam is likely due to the bias of dripwater 𝛿18O to the autumn-winter rainy season (Chapter

3).

The orbital trend in 𝛿18O of the five records is aligned with either summer or autumn insolation

(Figure 6.4b). However, the information contained in the higher-frequency millennial trends

(i.e. PC2) shows that all records share, to some extent, a common forcing. Indeed, PC2 shows a

strong positive correlation with Sumatra (0.68), Vietnam (0.62), and Borneo (0.36), while a rather

and weak correlation with Laos (0.07) and China (Dongge) (0.08) (Figure 6.4b). Similar to the

hydroclimate changes in Laos and Vietnam (Figure 6.3a and b), PC2 shows a trend towards higher

values (i.e. weaker monsoon circulation) from ∼5500 to ∼4000 years BP. Thus, the millennial-

scale mode of Southeast Asian monsoon variability is consistent with regional droughts, most

notably in both Laos and Vietnam. However, while PC2 clearly contains some link with the local
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hydrological signal, the much stronger control of insolation on the 𝛿18O records (PC1) is potentially

the limiting factor in deconvolving summer and winter monsoon variability across these sites. Thus,

it is proposed that more local rainfall proxies, such as 𝛿13C and trace elements in speleothems,

potentially contain more information on summer and winter monsoon rainfall variability.
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Figure 6.4: MC-PCA on the 𝛿18O records of Sumatra, Vietnam, Borneo, Laos and Southern China
(Dongge Cave). a mean R2 indicates the variance explained by each mode (dashed lines), with
2σ-error bars for different R2-estimates, resulting from the different age realizations. Due to the
clustering there is a dominant mode (grey bar), which uses most of the age model realisations and
a mirrored mode describing the residuals (yellow bar). b Averaged EOF for each mode and each
ensemble of proxy time series. The EOF gives a value of correlation between proxy time series
and the individual PC. c, d and e three leading PCs extracted from the five 𝛿18O records. The
solid line shows the dominant PC, dashed yellow line the sign-flipped PC (after flipping) and the
shading represents the 2σ-error region propagated from the dating uncertainties for c PC1, d PC2
and e PC3.
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Results of the PCA on the 𝛿13C profiles shows that all records load heavily on to PC1 (Figure 6.5b).

The strongest positive correlation between PC1 and the proxy records is found for Laos (0.62),

followed by Sumatra (0.46), and Borneo (0.41). The winter monsoon records - e.g. the stalagmite

from Vietnam (TD3) and Lake Huguang Maar record from southern China (Yancheva et al., 2007)

- show a weaker, but also positive correlation with PC1 (Vietnam: 0.27 and southern China: 0.37).

These findings show that the first PC from stalagmite 𝛿13C records across Southeast Asia share a

common forcing(s) throughout the Holocene, despite the different modern rainfall regimes unique

to each site (Chapter 3). Worth noting, however, is that the records more dominated by the winter

monsoon have a higher correlation with PC2, with a correlation of 0.57 for Vietnam and 0.43 for

southern China (Huguang Maar). Additionally, Sumatra shows a strong negative correlation with

PC2 of -0.59. This can be explained by the local hydroclimate, which has a minimum in rainfall

during the boreal summer and a strong influence of the Indo-Australian summer monsoon (Chapter

3). The Borneo record loads most heavily on PC3 (-0.81). This could be explained either by the

local climate, with year-round rainfall or, as suggested by Partin et al. (2013), indicate that local

hydrology is not the primary control of 𝛿13C variability in Bukit Assam Cave.

Nevertheless combined, the first three PCs explain 77% of the variance, covering most of the

variability of all five records. Crucially, the dry conditions observed in the proxy records between

5000 to 4000 years BP are evident in both PC1 and PC2, suggesting a strong coherency between

the sites during this time. These results highlight that the drought affected most of Southeast

Asia, with reduced rainfall, not just confined to the summer monsoon season, but also to the

autumn/winter season. Further, the results indicate that the spatio-temporal pattern observed

from hydrological records across Southeast Asia share similarity over the Holocene. Due to the

differences in seasonality of peak rainfall at each site, the speleothem record from Laos is likely

to reflect the Southwest Summer Monsoon, whereas the record from central Vietnam reflects the

Northeast Monsoon best (Figure 6.1).
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Figure 6.5: MC-PCA on the 𝛿13C records of Sumatra, Vietnam, Borneo, Laos and the lake record
from Southern China (Huguang Maar). a mean R2 indicates the variance explained by each
mode (dashed lines), with 2σ-error bars for different R2-estimates, resulting from the different age
realizations. Due to the clustering there is a dominant mode (grey bar), which uses most of the age
model realisations and a mirrored mode describing the remains (yellow bar). b Averaged EOF for
each mode and each ensemble of proxy time series. The EOF gives a value of correlation between
proxy time series and the individual PC. c/d Two leading PCs extracted from the five 𝛿13C records.
The solid line shows the dominant PC, dashed yellow line the sign-flipped PC (after flipping) and
the shading represents the 2σ-error region propagated from the dating uncertainties for c PC1 and
d PC2 respectively.
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6.4.2 The relation of summer and winter monsoon

A recent study addressed the concerns regarding using only speleothem 𝛿18O records as summer

monsoon proxies and used several lake and marine cores instead to produce stacked East Asian

Summer and East Asian Winter Monsoon records (Kaboth-Bahr et al., 2021). By doing so, they

found that the summer and winter monsoon in Asia were highly correlated between 10,000 to 4500

years BP and this relationship became much weaker afterwards. A summer/winter comparative

analysis with a similar level of detail is currently not achievable for Southeast Asia due to the paucity

of published records from the region. However, the close proximity of well-dated speleothem

records from Tham Mai Cave (Laos) and Thien Duong Cave (central Vietnam), combined with

their distinct summer and winter monsoon climatologies respectively (Figure 6.1), makes them

ideal places for deconvolving the evolution and interrelationships between the two monsoon systems

(Chapter 3).

The multiproxy hydroclimate records from Vietnam and Laos show pronounced declines in both

summer and winter monsoonal rainfall respectively, from 5000 to 3500 years BP and enhanced

monsoon rainfall between 8000 to 6000 years BP. However, similar to the lake/marine reconstruc-

tions from East Asia, the relationship between the two monsoon systems appears to break down

during the late Holocene (Figure 6.6b and d); while central Vietnam becomes progressively wetter

during the late Holocene, Laos becomes progressively drier (Figure 6.6a and c). In contrast to

findings based on Chinese speleothem 𝛿18O records alone, the stacked summer monsoon records

based on lake and marine sediments, along with hydrological proxies from Laos speleothems

shows that East Asian summer monsoon rainfall is not simply driven by summer insolation, rather

millennial-scale drivers may have been more dominant. The general agreement amongst the differ-

ent proxies and archives of both summer and winter monsoon variability across East Asia therefore

suggests a generally coherent pattern of Holocene monsoon co-evolution.

These results from Vietnam are significant in that they show that the prolonged period of the

drought, that swept across Southeast Asia during the mid-Holocene, was not only driven by

significant declines in summer rainfall, but also large deficits in winter monsoon precipitation. It

is therefore likely that both summer and winter rainfall changes had a common forcing, at least for

the early- and mid-Holocene.
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Figure 6.6: a 𝛿13C and Mg/Ca record of TD3 in comparison to b stacked Asian winter monsoon
index, reconstructed by Kaboth-Bahr et al. (2021) from five sediment cores in Asia. c 𝛿13C and
Mg/Ca record from Laos (Tham Mai Cave) in comparison to d stacked Asian summer monsoon
index, reconstructed by Kaboth-Bahr et al. (2021) from five sediment cores in Asia. The shading
indicates the time period where summer and winter monsoon follow the same trend, which is until
ca. 3000 years BP. Afterwards the stacked records decouple and the speleothem records indicate
an opposing trend, with central Vietnam getting wetter and northern Laos drier.
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6.5 Discussion

6.5.1 Causes of mid- to late Holocene winter monsoon failure

Traditionally, research has suggested that the decline in Asian summer monsoon over the Holocene

was a result of a southwards shift in the ITCZ (Chabangborn and Wohlfarth, 2014; Maxwell, 2001;

Sachs et al., 2018; Schneider et al., 2014) due to declining summer insolation (Schneider et al.,

2014). Since around 8,000 years ago, the declining interhemispheric temperature gradient has been

linked to decreasing summer monsoon rains in India and East Asia over this time (Sachs et al.,

2018). A weak temperature gradient between the hemispheres would drive the ITCZ mean position

towards the equator. This explanation is not corroborated by proxy studies across Southeast Asia,

which indicate a spatio-temporally diverse pattern (Figure 6.3). Records from the north and south

of mainland Southeast Asia and from the Maritime Continent all indicate relatively dry conditions

around 5000 to 3000 years BP (Chawchai et al., 2021; Griffiths et al., 2009, 2020; Wurtzel et al.,

2018) (Figure 6.3). While a southward shift of the ITCZ during the mid-Holocene could explain

the dry conditions across mainland Southeast Asia, it would likely have resulted in wet conditions

over the Maritime Continent. However, this is not the case for Sumatra and Flores, both indicating

dry conditions during this time. Thus, a simple north-south shift in the ITCZ mean position over the

Holocene, does not adequately explain palaeo-monsoon variability across Southeast Asia.

More recently, Griffiths et al. (2020) used speleothem multi-proxy data along with mid-Holocene

climate model-simulations (Pausata et al., 2017) to attribute the drought in Laos with an increase in

dust load and reduction in vegetation at the end of the Green Sahara between 5000-4000 years BP.

More precisely, the decline in summer insolation after 6000 years BP reduced summer monsoon

rainfall across the African monsoon region (McGee and deMenocal, 2017), leading to significant

drying of northern Africa which, combined with amplifying vegetation and dust climate feedbacks,

formed the Sahara Desert around 3000 years BP (Kröpelin et al., 2008). The lack of vegetation led

to an increase in dust loading of the atmosphere, which, in conjunction with decreasing summer

insolation caused a drop in SSTs in the Indo-Pacific Warm Pool, especially in the eastern Indian

Ocean. This period of cooling between ∼5600 and ∼4200 years BP, observed in both the eastern

and western boundaries of the tropical Indian Ocean (Abram et al., 2009; Kuhnert et al., 2014), was

accompanied by an eastward shift in the Pacific Walker Circulation. Analogous to a modern-day
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El Niño event where increased convection and uplift of air masses over the western Pacific is

replaced by drier descending air; this shift resulted in lower summer monsoon precipitation in Laos

(Griffiths et al., 2020).

In the context of this prior work, the record from central Vietnam, therefore, suggests that not

only was Southwest Summer monsoonal rainfall affected, but also rainfall related to the Northeast

Monsoon. The summer monsoon in Laos is mainly derived from south-westerlies bearing moisture

from the Indian Ocean (Yang et al., 2016). Thus, a decline in SSTs in the Indian Ocean can

force changes in the summer monsoonal circulation in mainland Southeast Asia. Collectively,

observations from the western Pacific do not exhibit such a drastic decline in SSTs between 5600

and 4200 years ago, but rather a continuous decline in SSTs over the Holocene (Figure 6.7c).

Though on the other hand, further northward over the East China Sea, SSTs plummeted to their

lowest values of the Holocene between 5000-4000 years BP during the peak of the drought in

Vietnam (Kajita et al., 2018).

To further investigate changes in the mean ocean state as a potential driver of the monsoons

in Southeast Asia the following section focuses on interannual variability of rainfall in central

Vietnam.
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Figure 6.7: a Annual mean sea surface temperature based on Mg/Ca from a marine core of the
coast of Tanzania (Kuhnert et al., 2014), b sea surface temperature anomalies (SSTA) reconstructed
from corals in the eastern Indian Ocean (Abram et al., 2009) and c stacked SST anomalies from
several records across the western Pacific (Dang et al., 2020). The shading indicates strong cooling
across the Indian Ocean, whereas the western Pacific shows a gradual cooling over the Holocene.
The right panel indicates the evolution of the desertification of the Sahara, by d a marine sediment
core from the northern Atlantic recording airborne dust emission from Africa, e dust flux recorded
in an oasis in the Sahel and f leaf wax 𝛿2H from lake Tanganyika in central Africa. The shading
indicates the state of the Sahara, from a vegetated to a desertifed region.
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6.5.2 Interannual variability and the Northeast Monsoon

Palaeoclimate data suggest ENSO variance was reduced during the mid-Holocene around 5,000

years ago relative to pre-industrial (Carré et al., 2014; McGregor et al., 2013) (Figure 6.9), when

dry conditions prevailed across Southeast Asia. Traditionally, it has been hypothesized that changes

in orbital forcing was the primary driver for this reduction in ENSO variance (Clement et al., 2000).

However, more recent work has shown no simple link between decadal-scale ENSO variability

and orbital forcing during the Holocene (Emile-Geay et al., 2016). An alternative hypothesis

invokes land surface changes across Africa as the main culprit. Indeed, Pausata et al. (2017)

recently demonstrated, using idealized climate model sensitivity experiments, that internal climate

feedbacks associated with Saharan vegetation and atmospheric dust loads had a significant influence

on both ENSO variance and mean state. In particular, they showed that vegetation-dust feedbacks

during the Green Sahara (decreased dust load) increased the strength of the west African monsoon,

which, via changes in Atlantic and Pacific ocean-atmosphere dynamics, caused the Pacific Walker

Circulation to shift westward analogous to modern-day La Niña conditions. Such a shift would have

lead to increased rainfall across Southeast Asia, which is evident in the reconstructions from Laos

and Vietnam (Figure 6.3a and b). Following this period of enhanced monsoon rainfall, Griffiths

et al. (2020) proposed an opposing mechanism, leading to a eastward shift in the Pacific Walker

Circulation and dry conditions in Southeast Asia. The following sections investigate changes in

interannual variability of rainfall in central Vietnam, and compare these results to ENSO records

from the Pacific. Change in ENSO variance can be symptomatic for underlying changes in the

mean ocean state of the Pacific (Roberts et al., 2014) and therefore might confirm the hypothesis

of a shifting Walker Circulation.

Modern observational data show that there is a close link between the Northeast Winter monsoonal

rainfall and ENSO variability in central Vietnam at present (Chen et al., 2012a; Vu et al., 2015).

However, it remains unclear whether a similar relation was evident during the Holocene. The

trace element record of TD3 has a sufficient temporal resolution (at least >2 samples per year)

to explore ENSO and decadal variability over the Holocene. Due to the uncertainties related

to age modelling, the analysis was applied to three different age model realisations. The power

spectra of the Mg/Ca time series shows significant peaks at ENSO and lower decadal frequencies

during the late Holocene (Figure 6.8). The ENSO band is evident during the late Holocene in
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all three power spectra, showing that despite the age uncertainties, an ENSO frequency can be

detected. Contrasting to this is the absence of significant decadal or lower frequencies during the

mid-Holocene for all three age realisations. The early Holocene does not show a clear ENSO

frequency, but two of the age realisations suggest some (sub)decadal frequencies.

Figure 6.8: Mg/Ca time series and power spectra for each section, using the higher age uncertainty
limit (95% quantile), the lower age uncertainty limit (2.5% quantile) and the median calculated by
COPRA. The lines on the power spectra give value of significance, with the 99% quantile being
the most significant. Peaks below the 95% quantile are not significant. Important significant peaks
are labelled. It is evident that the mid-Holocene is strongly significant lacking interdecadal and
decadal variability, compared to the early and late Holocene.

To further investigate (sub)decadal variability over the Holocene, the variance is calculated from

the TD3 Mg/Ca time series. Here the ENSO- and decadal-scale variance of the Mg/Ca time

series is extracted by, firstly, removing the millennial-scale trend, which is determined by a sliding

Gaussian kernel average. The time series is left with annual to multi-centennial-scale variability,

from which secondly, the ENSO and decadal variance is calculated again using Gaussian kernel

windows (Rehfeld and Kurths, 2014). Lastly, the resulting variances in each section of the time

series are averaged, according to the subsections described in the section ’6.3.1 Spectral Analysis’,

to avoid a sampling bias.
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Compared to the power spectra, using the variance of the ENSO and other frequency bands, has

the advantage that more information is contained (Russon et al., 2015). The variance of an ENSO

band encompasses not only changes in frequency, but also in amplitude or general trend of the

data. For ENSO events, this would mean a shift in the variance can represent variability in the

frequency of ENSO or a change in the strength of ENSO.
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Figure 6.9: a Normalized variance (2 to 20 years) calculated from the Mg/Ca record of TD3, where
each bar is referring to a section of the spectra analysis (Figure 6.8). The dots show the mean
variance for 2 to 20 years and the dash boxes indicate the ENSO band variance (2 to 7 years). The
Mg/Ca record is compared to b ENSO reconstructions from a Borneo stalagmite (purple) (Chen
et al., 2016a) and the frequency of ENSO event occurrence retrieved from a Tridacna shell in the
South China Sea (Shao et al., 2020), c ENSO variance reconstructed from central Pacific corals
(Cobb et al., 2007) d normalized ENSO variance based on Peruvian shells (Carré et al., 2014) and
e decadal SST variability retrieved from Mg/Ca ratios from a marine core in the eastern Indian
Ocean (Kuhnert et al., 2014).
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The Mg/Ca variance shows a similar pattern to the power spectra, indicating that Northeast

Winter Monsoon rainfall variability declined from the early to mid-Holocene, in concert with

the decreasing trend in ENSO variance (Figure 6.9a). The wettest interval across southeast Asia,

between ∼6-5000 years ago (Figure 6.3b), coincides with the lowest variability in Northeast Winter

Monsoon rainfall and lowest ENSO variance (Figure 6.9). Shortly thereafter, the autumn/winter

rainfall variance in Vietnam exhibits a trend reversal beginning around 4500 years ago that is also

associated with the reconstructed increasing trend in ENSO variance during the end of the Green

Sahara. Therefore, the changes in ENSO variance during the Holocene are likely reflecting the

lower-frequency changes in Southeast Asian hydroclimate.

The hypotheses of Pausata et al. (2017) and Griffiths et al. (2020) - i.e. zonal shifts in the Pacific

Walker Circulation were modulated by amplifying vegetation and dust feedbacks impacting the

west African monsoon - are sufficient in explaining the regional-scale hydroclimate across central

Vietnam, Laos and Flores during the early to late Holocene period. However, this mechanism

cannot explain the decoupling of summer and winter monsoon variability after 3000 years BP. The

TD3 Mg/Ca record shows increased Northeast Winter Monsoon variability in central Vietnam after

3000 years BP was superimposed on a generally wetter hydroclimate. By contrast, the Southwest

Summer Monsoon record from Laos indicates generally drier conditions (Figure 6.3a and b) during

the late Holocene, coinciding with increased ENSO activity observed across the Pacific (Figure

6.9). Northeast Winter Monsoon rainfall variability in central Vietnam increased after 3000 years

BP, when the Sahara was desertified as today.

The late Holocene western Pacific is characterised by cool SSTs (Figure 6.7c) (Dang et al., 2020;

Zhang et al., 2019a). Colder SSTs in the western Pacific can lead to stronger trade winds creating

a cyclonic circulation over the Philippines, enhancing the Northeast Winter Monsoon circulation

over Southeast Asia (Zhao et al., 2019). This could potentially explain increased rainfall in central

Vietnam. Laos on the other hand, receives moisture from the Indian Ocean during the summer

monsoon season, rather than from the Pacific (Yang et al., 2016). For the late Holocene it has

been proposed that the Indian Walker Circulation slowed down over the last 3000 years (Mohtadi

et al., 2017), which would result in reduced Southwest Monsoon rainfall, as reconstructed in

Laos (Figure 6.3a). This slowdown of the Indian Walker Circulation has been linked to stronger

upwelling and a shallower thermocline in the eastern Indian Ocean, resulting in stronger surface
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cooling, weakling convection in this region (Mohtadi et al., 2017). The different forcing from

the Indian and Pacific Ocean on seasonal rainfalls in Southeast Asia could potentially explain the

inverse relationship between Southwest and Northeast Monsoon rainfall in Southeast Asia during

the late Holocene. The onset of modern day ENSO activity, which imprinted on interannual rainfall

variability in central Vietnam also hints towards a stronger influence of Pacific SSTs on climate in

central Vietnam in the late Holocene.

6.6 Conclusions

This chapter investigated the Holocene hydroclimate in Southeast Asia, with a particular focus on

the Northeast Winter Monsoon in central Vietnam. Based on a MC-PCA which was applied to

5 records across Southeast Asia and China, it is shown that the first PC of speleothem 𝛿18O is

dominated by an orbital trend, following insolation. While some information about monsoonal

rainfall is contained in the second PC of speleothem 𝛿18O, it is found that more local proxies, such

as 𝛿13C are better suited as proxies for rainfall variability. The proxy records of Southeast Summer

and Northeast Winter Monsoon, both indicate relatively wet conditions between 7000 and 6000

years BP, which is followed by pronounced dry conditions between 5000 and 3000 years BP. After

3000 years BP the Southeast Summer appears to weaken and drier conditions prevail, whereas the

Northeast Winter Monsoon strengthens and central Vietnam receives increased rainfall. Therefore,

the Southeast Summer and Northeast Winter Monsoon likely share a common forcing for most of

the Holocene, but decouple after 3000 years BP. During the mid-Holocene changes in the west

African monsoon, impacted the vegetation cover of the Sahara, which in turn lead to changes in SST

in the Atlantic and Indian Ocean. Here it is proposed that one possible result was a westward shift in

the Pacific Walker Circulation, increasing rainfall in Southeast Asia between 7000 and 6000 years

BP. Between 5000 and 3000 years BP an eastward shift in the Pacific Walker Circulation led to an

opposing result, with strongly decreased monsoon rainfall. This is also evident in the interannual

variability of rainfall in central Vietnam and ENSO records from the Pacific, which indicate a

strongly reduced ENSO variance during the mid-Holocene. A change in ENSO variance can be

indicative of a change in the mean ocean state of the Pacific and thus of the Walker Circulation.

The spatial footprint of ENSO across Southeast Asia became much larger during the late Holocene

as the climate mode became more extreme. After 3000 years BP the Southwest and Northeast
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Monsoon show opposing trend for local rainfall, which could potentially be attributed to increase

Pacific ocean forcing on Northeast Monsoon variability, whereas the Southwest Monsoon is mainly

impacted by changes in the Indian Ocean. This chapter highlights that the forcing of summer and

winter monsoon in Southeast Asia varied over the Holocene, explaining the mismatch between

proxy records of both monsoons over the Holocene.
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Climate of the Common Era

7.1 Chapter summary

Climate changes over the last 2000 years are often used to set the current warm phase into

perspective. However, high-resolution climate records from Southeast Asia are sparse, particularly

for the period between 2000 and 1000 years BP. Consequently, centennial and decadal changes

and their climate drivers are not fully explained by current research. This chapter aims to identify

climate drivers in the recent past in central Vietnam and Southeast Asia. By using 18 proxy records

from the Asian and Australian monsoon regions, this chapter found changes in the ITCZ during

a northern hemisphere cool phase. The proxy reconstructions show that only records located in

the northern part of mainland Southeast Asia and the southern part of the Maritime Continent

indicated wetter conditions during the cool phase from 1600 to 1300 years BP. In contrast, the

edges and core region of the ITCZ were drier during this time. This cold phase was mainly a result

of cooler winter temperatures in Southeast Asia and the seasonal bias in cooling potentially drove

a faster southwards migration of the ITCZ during boreal winter, shortening the rainy season over

the northern Maritime Continent, but enhancing it over mainland Southeast Asia and Australia.

Alternatively, the hydrological pattern could be explained by a squeeze of the ITCZ belt over its

seasonal extreme positions, enhancing rainfall over these regions. These findings highlight that

the timing and position of the ITCZ seasonal migration could be a key factor controlling local

seasonal climate variability. Current state-of-the-art climate models are still limited in simulating

seasonal changes in the ITCZ rather than the mean. Thus, identifying controls on seasonal climate
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variability in Southeast Asia improves the confidence in climate predictions of near-future climate

in this region.

7.2 Introduction

The anthropogenically induced warming of recent years is projected to cause a rise in extreme

climate events such as heatwaves, droughts, and flooding (Masson-Delmotte et al., 2013). The

reliability of climate models is validated by comparing simulations of past climate to palaeoclimate

reconstructions (Atwood et al., 2020). Therefore, future rainfall patterns in Asia remain unresolved

due to the lack of high-resolution climate data extending beyond the last century in this region

(Mohtadi et al., 2016; Taylor et al., 2012). One of the challenges in predicting the impacts of

anthropogenic climate change is separating the natural climate variability, which is not forced

by greenhouse gases, from the currently observed changes (Atwood et al., 2020). Therefore,

palaeoclimate records from the Common Era covering the last two millennia (2000 to -70 years BP),

during which there was no anthropogenic greenhouse gas forcing, are often used for understanding

past climate variability. On a global scale, these records have shaped the understanding of climate

mechanisms in recent times, helping to set the current warm phase into context of previous warm

periods (Neukom et al., 2019a). Pronounced cold and warm phases were observed over the

Common Era, some with almost global effects like the Little Ice Age (LIA) in 1350-1850 CE or the

Medieval Warm Period (MWP) (also called the Medieval Climate Anomaly) during 900-1300 CE

(Ahmed et al., 2013) (Figure 7.1). A growing body of highly resolved proxy records spanning the

globe are available for the Common Era (Neukom et al., 2019b), linking climate variability mainly

to external forcing, such as solar insolation and volcanic activity (Mann et al., 1998; Schurer et al.,

2013; Sigl et al., 2015; Stoffel et al., 2015). However, most of these records cover the later half

of the Common Era (from 1000 years BP on), thus, more proxy data is needed to confirm these

findings. Especially, the first half of the Common Era (2000 to 1000 years BP) is lacking proxy

coverage (Neukom et al., 2019a), despite the few records available showing that major societal

changes in Europa and Asia can be linked to climatic shifts during this time (Büntgen et al.,

2016).

For the Asian Summer Monsoon region, it is suggested that major controls on monsoonal rainfall

during the Common Era are solar forcing (Tan et al., 2011; Wang et al., 2019; Yan et al., 2015a;
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Zhang et al., 2008), ENSO (Chen et al., 2015; Cobb et al., 2003; Conroy et al., 2010) and volcanic

activity (Anchukaitis et al., 2010; Liu et al., 2016). For the Asian Winter Monsoon some studies

proposed that centennial-scale variability over the Common Era is controlled by solar activity

(Sagawa et al., 2014), whereas other proxy records found a link between periods of intensified

winter monsoon circulation and North Atlantic cooling events (Hao et al., 2017; Li et al., 2018), or

ENSO events (Wang et al., 2008). Regions closer to the equator, such as Southeast Asia, have very

limited proxy coverage for (Northeast) Winter Monsoon variability over the Common Era, leaving

an important part of the Asian monsoon underrepresented. Chapter 6 of this work and other studies

e.g. (Griffiths et al., 2020) showed that the mid-Holocene warm phase was characterised by an

eastwards shift of the Walker Circulation causing drier conditions over Southeast Asia, affecting

both summer and autumn/winter monsoon precipitation. The question therefore arises does the

climate of the Common Era in Southeast Asia respond to warm and cool phases in the same way

as in the more distant mid-Holocene? Results from Chapter 2 showed that the timing of ITCZ

migration is the main factor controlling the general circulation and the relative contribution to

rainfall from the summer versus winter monsoon circulation. However, it is not clear whether the

ITCZ was a primary climate driver over the last 2000 years and how it was impacted by cool or

warm phases.

Studies reconstructing hydroclimate variability in the Asian and Australian monsoon region have

found that meridional and zonal shifts of convection cells in the Indo-Pacific region are a major

factor modulating regional precipitation patterns over the Common Era (Denniston et al., 2016;

Griffiths et al., 2016; Oppo et al., 2009; Tan et al., 2019a; Tierney et al., 2010). However, it is

uncertain whether a meridional shift in the Walker Circulation or a zonal shift in the ITCZ is the

dominant driver over the Common Era in the Asian-Australian monsoon region. Studies from the

Indo-Pacific Warm Pool and the Maritime Continent (Konecky et al., 2013; Oppo et al., 2009;

Tierney et al., 2010) suggest that on centennial timescales ITCZ displacements drive monsoon

intensity in East Asia and the Indo-Pacific region. More evidence for mainly ITCZ controlled

precipitation changes is found from the Asian-Australian monsoon region (Denniston et al., 2016;

Yan et al., 2015a) indicating that the contraction or expansion of the ITCZ belt is the main control

for spatial variability of rainfall. These studies suggest a contraction in the latitudinal range of the

ITCZ during cold phases of the Common Era. It was further proposed that not only are meridional
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shifts of the ITCZ modulating climate over the Common Era in this region, but also zonal shifts

in the ascending branch of the Walker Circulation and the Pacific Ocean mean state are important

factors (Griffiths et al., 2016; Yan et al., 2011). During cool phases the Walker Circulation can

enhance and shift westwards, leading to wetter conditions in the Indo-Pacific region (Yan et al.,

2011). Following studies combined both explanations and argued that a strengthened Walker

Circulation likely occurred in conjunction with a latitudinal contraction of the ITCZ (Griffiths

et al., 2016; Tan et al., 2019a). In summary, palaeoclimate records from Southeast Asia and

Australia, suggest a contraction of the ITCZ’s latitudinal extent and possible a westward shift of

the ascending branch of the Walker Circulation during the cool phases.

However, a recent study based on speleothem records from the tropical regions of America suggests

an expansion of the ITCZ region, rather than a contraction during the most recent cool phase

(Asmerom et al., 2020). This is supported by modelling studies which show that a contraction of

the ITCZ region is projected under future warming, suggesting that the ITCZ would expand during

a cooling (Byrne et al., 2018). The average uplift within the ITCZ is projected to narrow and

weaken (Byrne et al., 2018) under future warming, which in turn would result in increased rainfall

across the Indo-Pacific region, but reduced rainfall over mainland Southeast Asia. However, this

prediction is in contrast with proxy observations during warm phases of the Common Era, such

as the Medieval Warm Period (MWP) in this region (Denniston et al., 2016; Griffiths et al., 2016;

Tan et al., 2019a).

In summary, predicting future rainfall patterns in Southeast Asia, is limited by a lack of palaeocli-

mate records, which could validate climate simulations. Furthermore, our understanding of natural

climate variability during the Common Era in tropical Asia, is limited due to a lack of consensus

among proxy records and missing proxy data, especially, during the first half of the Common

Era. This chapter aims to fill these gaps, with sub-annually resolved proxy data covering the time

between 2000 and 1000 years BP in central Vietnam.
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Figure 7.1: a Total Solar Irridance (TSI) relative to the year 1986 (Steinhilber et al., 2012), b global
volcanic activity (Sigl et al., 2015) and northern hemisphere temperature anomalies (Ljungqvist,
2010). The grey boxes mark times of cool periods during the Common Era: Dark Ages Cold
Period (DACP) and the Little Ice Age (LIA), and warm phases: Medieval Warm Period (MWP).
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7.3 Data

TD3-1, the topmost 12 cm of stalagmite TD3, has an average age resolution of 2.6 years for stable

isotopes and an average of 10 samples per year for trace elements and covers the time period between

1900 to 1000 years BP. Trace elements were down-sampled using a Gaussian smoothing with a

kernel width of 5 (ca. 10 years), to reduce the noise and make decadal trends visible in the Mg/Ca

time series. The interpretation of the proxies remains equal to Chapter 6, with carbon isotopes and

Mg/Ca ratios reflecting local hydrology and oxygen isotopes reflecting moisture source dynamics,

however, overprinted by local hydrology in the cave.

7.3.1 Age uncertainties

Research has strongly focused on warm phases during the Common Era, aiming to identify natural

variability compared to the current warm phase. For TD3-1, the age uncertainties over the Common

Era strongly limit directly correlating this record to others (Griffiths et al., 2016; Tan et al., 2019a).

The age uncertainties are largest in the top age of TD3-1 (Figure 7.2e) with an error of up to 150

years. This means that the drought after 1100 years BP could correspond to increased temperatures

during the MWP (Figure 7.2a, b and c) or to a drop in winter temperatures prior to the MWP

(Figure 7.2d). Despite the uncertainties in the topmost section of TD3-1, the section prior to 1200

years BP has a lower age uncertainty. In this chapter, the focus will be on the Dark Ages Cold

Period (DACP) due to the better age control.
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Figure 7.2: a Temperature anomalies from the northern hemisphere (Ljungqvist, 2010) b Temper-
ature anomalies from China (Ge et al., 2013) c Summer temperature anomalies from China (Tan
et al., 2003), d Winter temperature anomalies from China (Ge et al., 2003). e TD3 𝛿13C record
including upper and lower confidence intervals from COPRA.
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7.3.2 Trends in rainfall from central Vietnam

The oxygen isotopes show a peak in low values at around 1420 years BP and a shift towards

increased values after 1100 years BP. A similar trend can be observed in the carbon isotopes

and the Mg/Ca ratios. The high-resolution stable isotope record in combination with the high-

resolution trace elements allows for a unique investigation of decadal to seasonal variability of

rainfall in central Vietnam. Generally, the 𝛿13C record suggests relatively wet conditions between

1700 to 1350 years BP, followed by a pronounced drought beginning at 1100 years BP (Figure

7.3). This general trend is also visible in the Mg/Ca record of TD3-1 (Figure 7.3c). The results

show that central Vietnam was relatively wet prior to 1100 years BP, with a peak in rainfall from ca.

1600 to 1300 years BP, which is followed by a drought beginning at around 1100 years BP.
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Figure 7.3: Z-normalised times series for TD3-1 of a 𝛿18O b 𝛿13C and c Mg/Ca. For Mg/Ca and
𝛿13C orange indicates dry and blue indicates wet conditions. Mg/Ca is smoothed to a resolution of
250 years to show the long-term pattern. The original time proxy record has a monthly resolution.
The z-score of 𝛿13C reveals wetter conditions between 1650 to 1300 years BP.
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7.3.3 Influence of tropical cyclones

Tropical cyclones contribute around 70 % of rainfall to the rainy season in central Vietnam during

the winter monsoon season (Chen et al., 2012b). Therefore, the question arises whether rainfall

derived from tropical cyclones in central Vietnam can be reconstructed from TD3-1. Counts

of tropical cyclones recorded in historical documents show that tropical cyclones were observed

throughout the Common Era across the coast of China, with a peak in tropical cyclones making

landfall around 1450 and 1150 to 1250 years BP (Chen et al., 2019). Tropical cyclone activity

reconstructed from broken shells and corals in the South China Sea, based on marine cores from

Xisha Island (Yue et al., 2019) (Figure 7.4 b), indicate a decline in tropical cyclones after 1550

years BP. The cyclone activity is related to SSTs in the Indo-Pacific Warm Pool (Figure 7.4b).

High SSTs coincide with increased tropical cyclone activity and the opposite is true for low SSTs

(Oppo et al., 2009).

Periods of wet and dry climate in central Vietnam show no relation to tropical cyclone activity

in the South China Sea (Figure 7.4). The tropical cyclone record from Xisha Island is located

just offshore central Vietnam and would likely record any tropical cyclones making landfall in

central Vietnam. Tropical cyclones are daily events, which might not be transferred into the cave

immediately (Chapter 3). Further, the contribution of tropical cyclones to the annual mean could

have been reduced during this time (Figure 7.4a).

130



Chapter 7 Common Era

Figure 7.4: a Tropical cyclone activity reconstructed from broken shells and corals on Xisha Island
in the South China Sea (Yue et al., 2019). b SSTs reconstructed from 𝛿18O of foraminifera in the
Indo-Pacific Warm pool (Oppo et al., 2009), c 𝛿13C record from central Vietnam. There is a clear
disagreement between historical and reconstructed tropical cyclone records in the western Pacific.

7.4 Cold climate forcing and rainfall in Southeast Asia

As described at the beginning of this chapter, in the Indo-Pacific region it is not clear whether

warm or cool phases of the recent past imply changes in the ITCZ extent or the position of the

Walker Circulation. Especially, during the first half of the Common Era, a substantial lack of

palaeoclimate records leaves unknown how future warming will affect precipitation in this region.

In order to understand the behaviour of the ITCZ and Walker Circulation during the Common Era,

speleothem records from the Asian-Australian monsoon region are invoked for comparison (Figure

7.5). Focus is on the DACP, due to the time coverage and age uncertainties of TD3-1.
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We begin by examining the changes during the early part of the Common Era from 2000 to

1000 years BP. Between 2000 and 1200 years BP, the 𝛿13C records from Laos and Vietnam

show a generally declining trend of local rainfall. The Tangga Cave record from Sumatra shows

pronounced dry conditions between 1650 and 1300 years BP (Figure 7.5c). The record from

Liang Luar Cave, Flores, indicates wet conditions compared to the last millennium (Griffiths et al.,

2016). A record from the north of Australia indicates relatively dry conditions prior to 1300 years

BP (Denniston et al., 2013). In summary, these speleothem records suggest wet conditions in

mainland Southeast Asia and Flores and dry conditions over most parts of the Maritime Continent

and northern Australia during the DACP.

The dry condition in Sumatra and northern Australia during the DACP suggest that a shift in the

Walker Circulation to the west is unlikely as a response to cooler temperatures (Figure 7.5c and

e). To further corroborate the results and to investigate the changes of the ITCZ during the DACP,

additional palaeoclimate records are used (Figure 7.6 and Table 7.1).
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Figure 7.5: Speleothem proxy records from the Asian and Australian monsoon region, covering
a cross sections from 20◦N to 15◦S. a Tham Mai Cave (Laos), b Thien Duong Cave (central
Vietnam), c Tangga Cave (Sumatra), d Liang Luar Cave (Flores), KNI-51 (Australia), references
are listed in Table 7.1. The grey bar indicates the time of cooling the northern hemisphere
during the DACP (Figure 7.1). Proxy records are shown as z-normalised time series, to identify
relatively wet and dry periods between 2000 to 1000 years BP. Except for Sumatra (Tangga Cave)
and northern Australia, the records indicate wet conditions during this time.

At present most regions located between 25◦N and 15◦S receive rainfall related to the ITCZ
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convection either during boreal summer or winter (Figure 7.6) (Denniston et al., 2016; Waliser and

Gautier, 1993). Therefore, palaeoclimate reconstructions from these regions are ideal to investigate

changes in the ITCZ position and width. In total 18 records covering the time period between 1600

to 1300 years BP (DACP) are available within this region (Table 7.1).

Firstly, the additional proxy records confirm, that a westwards shift in the Walker Circulations

is unlikely (Figure 7.7). Dry conditions during the DACP are observed in Sumatra, Southern

Thailand, and the Andaman Islands. Speleothem records from Borneo indicate a drying trend over

the Common Era, however, no particular shift during the DACP can be observed. Thus, changes

in the ITCZ position are more plausible in explaining the observed precipitation pattern during the

DACP.

Tan et al. (2019a) developed a speleothem-based ITCZ index for the Common Era and suggested

that the ITCZ moved north during the DACP (Figure 7.5f). Today, Laos and Vietnam receive

rainfall when the ITCZ is located north of 15◦N and southern China lies at the northern most edge

of the ITCZ during boreal summer when the ITCZ is around 25◦N. Dry conditions are observed

in southern China during the DACP, indicating that the ITCZ does not extend farther north than at

present. Laos and Vietnam indicate wetter conditions indicating that the ITCZ either extended its

stay over this region or that precipitation within the ITCZ was enhanced. A northwards shift of the

ITCZ is therefore not a sufficient explanation to explain these records.
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Figure 7.6: Monthly mean rainfall from the CPC dataset (NOAA, 2020a) during a June to August
and b December to February. Most regions in India and mainland Southeast Asia receive rainfall
during boreal summer, when the ITCZ lies above 15◦N. The Maritime Continent and northern
Australia, receive rainfall during boreal winter, when the ITCZ lies South of 8◦S.
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Table 7.1: List of records shown in Figure 7.6 and Figure 7.7.
ID on map Location Archive Reference
1 Mauritius Sediment core De Boer et al. (2014)
2 Sri Lanka Sediment core Ranasinghe et al. (2013)
3 Sumatra Speleothem Wurtzel et al. (2018)
4 Borneo Speleothem Chen et al. (2016a)
5 Flores Speleothem Griffiths et al. (2016)
6 Australia Speleothem Denniston et al. (2015, 2013)
7 Papua New Guinea Sediment core Osborne et al. (1993)
8 India Sediment core Veena et al. (2014)
9 India Sediment core Prasad et al. (2014)
10 Bay of Bengal Sediment core Ponton et al. (2012)
11 Andaman Islands Speleothem Laskar et al. (2013)
12 Thailand Speleothem Tan et al. (2019a)
13 Thailand Sediment core Chawchai et al. (2015)
14 Laos Speleothem Wang et al. (2019)
15 Vietnam Speleothem This study
16 Java Sediment record Tierney et al. (2010)
17 Australia Sediment record McGowan et al. (2012)
18 China Sediment record Zhong et al. (2014)

Proxy records available from the Asian and Australian monsoon region covering the DACP show

that sites located around 20◦N and 6◦S were wetter during the DACP while regions in the centre

(0◦ to 12◦N) and at the outer rim (25◦N and 15◦S) were drier (Figure 7.7). These observations

are in contrast to previous findings, which suggested a contraction of the ITCZ rain belt during

cold periods, which led to increased rainfall over the Maritime Continent (core region of the

ITCZ) and drying over northern Australian and southern China (Denniston et al., 2016; Yan et al.,

2015a).

7.4.1 ITCZ dynamics during the DACP

The following sections explore two potential mechanisms, which can explain the reconstructed

hydrology in Southeast Asia during the DACP.

Firstly, the reconstructed rainfall pattern could be explained with a narrowing of the ITCZ rain

belt in its northern and southernmost position. A narrowing in the seasonal extreme positions

would leave the regions in the centre between both extrema and the edges north and south of the

seasonal extreme positions drier (Figure 7.7). Model simulations showed that a narrowing of the

ITCZ can strengthen the ascent in its core region and enhance rainfall (Lau and Kim, 2015). The
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wetter conditions over central Vietnam, Laos, and Flores suggest that this squeeze of the ITCZ

in its seasonal extreme positions could be a possible explanation. However, current literature is

mainly focusing on the mean state of the ITCZ rather than its extremes, therefore validation of

this theory based on modern observational or simulated data is difficult. In terms of past climate

reconstructions, studies suggested a contraction of the latitudinal range of the ITCZ, based on

observations from northern Australia, southern China and proxy records from Flores and Java

(Denniston et al., 2016; Griffiths et al., 2016; Tierney et al., 2010; Yan et al., 2015a). However,

these studies lacked proxy records from the region between 0◦ and 15◦N, which now highlight

that this region underwent drying during the DACP (Figure 7.7). Therefore, the palaeoclimate

reconstructions need to be set into a new perspective.

A second explanation could be based on the different timing of rainfalls across Southeast Asia.

Central Vietnam shows wet conditions during the DACP similar to proxy records in close proximity

in northern Laos (Wang et al., 2019) and Thailand (Chawchai et al., 2015). This precipitation pattern

suggests that both the Southwest Summer and the Northeast Winter Monsoon were affected equally

during this time. While there is no correlation between the Laos and Vietnam records over the

whole Common Era, as suggested in Chapter 6, both show relatively wetter conditions during the

DACP than during the rest of the Common Era (Figure 7.5a and b). One explanation for this

pattern could be a shift in the timing of the ITCZ. At present, the seasonal movement of the ITCZ

determines the length of the rainy season across Southeast Asia (Misra and Dinapoli, 2014; Wang

and Chang, 2008). Therefore, changes in its seasonal migration directly impact the length of the

rainy season. For example, a longer seasonal migration during autumn/winter (ITCZ withdrawal)

would results in an extended rainy season in Vietnam, whereas a fast withdrawal would shorten the

rainy season.
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Figure 7.7: Climatic conditions reconstructed by proxy records (Table 7.1) for the time between
1600 to 1300 years BP. The blue shading indicates the potential positions of the ITCZ in summer
and autumn/winter during the DACP. The black arrows indicate the direction of narrowing of the
ITCZ rain belt. The Borneo speleothem indicates a general drying trend over the Common Era,
but no particular shifts during the DACP. Records from Sri Lanka show a shift from wet to dry
at 1400 years BP (Ranasinghe et al., 2013), or dry conditions (Premathilake and Risberg, 2003),
thus no clear signal could be concluded. Speleothem records from southern China, suggest that
the East Asian Summer monsoon was reduced during this time, supporting dry conditions in this
region (Zhang et al., 2008).

Shifts in the ITCZ are the atmospheric response to additional energy uptake in one hemisphere

(Byrne and Schneider, 2016). Energy deficits in the northern hemisphere, like during the LIA,

drive the ITCZ to shift south (Sachs et al., 2018). Not only is the mean position affected, but also

the latitudinal extent is larger, thus a widening can be observed (Asmerom et al., 2020; Byrne et al.,

2018). However, a different pattern is observed in proxy records during the DACP in the Asian-

Australian monsoon region. Thus, the cooling during DACP was likely different from the LIA.

On a global scale, the DACP showed strong diversity in the timing of peak cooling, whereas the

LIA showed a more coherent temporal pattern (Neukom et al., 2019a). This suggests that surface

cooling during DACP and LIA was different. On a regional scale, a study based on Tridacna shells

in the South China Sea (Yan et al., 2015) found that annual SSTs cooled during both cold phases,

but the cooling during the DACP is mainly a result of winter SST cooling, whereas the LIA cooling

affected both seasons equally. Therefore, the cooling during the DACP was likely much stronger

during boreal winter than during summer (Yan et al., 2015). One explanation for the observed

precipitation pattern could be that the timing of the ITCZ movement changed. Today the ITCZ

moves northwards quickly, within days, but retreats south very slowly over three months in autumn

to winter. This seasonal asymmetry is explained by the different land-ocean thermal memories,
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favouring the southwards movement during boreal autumn but hindering the northwards movement

of the ITCZ during boreal spring (Chang et al., 2005; Wang and Chang, 2008). Hindering the ITCZ

movement is associated with a prolonged stay at the southerly location during spring followed by

an abrupt jump northwards. A strong cooling during boreal winter could have initiated a shorter

retreat phase of the ITCZ compared to today. Cool SSTs anomalies in the South China Sea could

lead to a more abrupt southwards migration of the ITCZ. At present the ITCZ is kept near the

equator during spring due to a lagged ocean response, resulting in cool SSTs until mid-May (Chang

et al., 2005; Wang and Chang, 2008). The gradual retreat during autumn is favoured by warmer

SSTs, when the oceans responds slower to atmospheric cooling. Therefore, it is proposed that the

strong cooling of winter SSTs during the DACP hindered the ITCZ in its southwards movement

and resulting in an abrupt retreat, rather than a gradual retreat. A faster retreat could shorten the

rainy season in sites located between the most pole-ward positions of the ITCZ and lengthening

the rainy season over sites at the northern and southernmost positions. This would explain the

observed precipitation pattern over the Asian-Australian monsoon region, with increased rainfall

over mainland Southeast Asia and Flores, but drying in the regions located in-between.

Modern rainfall in Southeast Asia is strongly affected by the timing of ITCZ migration (Misra and

Dinapoli, 2014; Wang and Chang, 2008) (Chapter 2). Therefore, it is likely that a change in the

timing of the ITCZ migration in the past altered the length of the rainy season across Southeast

Asia.

7.5 Outlook and conclusions

This chapter investigated the climatic conditions in Southeast Asia during the Common Era with

a focus on the DACP, a cool phase in the northern hemisphere between 1600 and 1300 BP. Dry

conditions prevailed in southern Thailand, Sumatra, the Andaman Islands, Borneo, southern China,

and northern Australia. Thus, regions around 10◦ to 25◦N and 5◦ to 8◦S received increased rainfall,

whereas other regions of Southeast Asia and northern Australia underwent drying.

Here, two hypotheses are outlined in order to explain the constructed hydrological patterns in

Southeast Asia. One explanation could be that the ITCZ narrowed and enhanced in its core region

while being located at the seasonal extremes north and south of the Equator. This explains the
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wetter conditions over mainland Southeast Asia and Flores, whereas the regions in the inner region

and at the edges of the ITCZ become drier. Another explanation is the timing of the ITCZ migration,

with an extended stay over the pole-ward positions but a reduced stay and thus reduced rainfall over

the core region (Maritime Continent). These findings suggest that the seasonal extreme positions

and the timing of the ITCZ migration are key drivers of hydroclimate variability in Southeast Asia

during the Common Era.

Some limitations of this work are based on the age uncertainties in TD3-1, which do not allow

for a profound investigation of the effects of warm phases on rainfall in central Vietnam. Proxy

observations from Indonesia and southern Thailand linked the current warm phase to a decrease

in summer monsoonal rainfall. The proxy observations from TD3-1 indicate a decline of rainfall

during the medieval warm period, but further U-Th dates are necessary to gain confidence in the

age uncertainties of the proxy data. Additionally, a stalagmite that is still actively growing today

and covers the late Holocene would be ideal to estimate the effects of the current warm phase on

rainfall in central Vietnam and place it in relation to previous known warm phases.

Further, to gain more confidence in the results presented in this chapter more palaeoclimate

records are needed, especially, from the Philippines, Borneo, southern mainland Southeast Asia

and northern Australia. Finally, climate modelling is needed to gain confidence in the suggested

drivers of the observed hydrological changes.
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General Conclusions

8.1 Summary

In this chapter, aims and objectives from Chapter 1 will be revisited and advances made in the

understanding of climate in Southeast Asia will be outlined. The main aim of this work, was to

reconstruct the Holocene evolution of the winter monsoon and to identify long- and short-term

climate drivers of seasonal rainfall in Southeast Asia. To achieve this a high-resolution record of

winter monsoon rainfall covering the Holocene was established based on speleothem proxies from

central Vietnam. Modern environmental monitoring was conducted in central Vietnam to ensure a

correct proxy interpretation. 𝛿18O is one the most commonly used proxies in speleothem research,

often invoked as a record of rainfall. However, rainwater stable isotopes in central Vietnam are

controlled by the seasonal shift of the rainfall source from the Indian Ocean in boreal summer to the

western Pacific in autumn to spring. The amount of vapour contributed from each oceanic source is

driven by the timing of the onset and offset of the seasonal ITCZ migration. These findings are the

fundamental basis for any palaeoclimate research based on 𝛿18O and 𝛿2H as rainfall proxies in the

region. This also includes not only research using speleothems but also using other archives, such

as lake cores and tree ring cellulose. The results also show that isotopic fractionation of rainfall

in this region is not dominated by the amount of rainfall, but rather by changes in the large-scale

circulation. Following these findings, the 𝛿18O signal transfer between the land surface and the

cave environment was investigated.

Drip water 𝛿18O in Soong Cave is controlled by the seasonal cycle in 𝛿18O of surface precipitation
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and the season of recharge. Lowest values are found during autumn, when precipitation is highest.

This is in contrast to 𝛿18O in surface precipitation, which shows lowest values during summer. These

findings highlight that 𝛿18O is likely reflecting both, the 𝛿18O signature of surface precipitation

and local water supply. These results are setting the scene for future speleothem samples from

Soong Cave, but also show that 𝛿18O is a complex proxy and additional proxies are needed for

a correct interpretation. The interpretation of proxies from stalagmite TD3 are based on these

findings.

Stalagmite TD3 from Thien Duong Cave was analysed for stable isotopes and trace elements.

Using a principle component analysis it was found that Mg/Ca and carbon isotopes are sensitive to

prior carbonate precipitation and thus tracers for wet versus dry conditions at Thien Doung Cave.

Al, Fe, Si, Ti and Th are indicator for weathering processes or flooding events, and U, Y and P trace

infiltration rates. 𝛿18O shows similar trends to Mg/Ca and 𝛿13C, however, with some deviations,

related to the 𝛿18O composition of rainfall. Mg/Ca and 𝛿13C are powerful proxies for local rainfall

and are interpreted as proxies for rainfall related to the Northeast Winter Monsoon.

Using this proxy interpretation, winter monsoon rainfall over the Holocene in central Vietnam was

reconstructed. The long-term reconstruction of the winter monsoon rainfall variability in central

Vietnam resolves some of the uncertainty related the co-evolution of winter and summer monsoon

over the Holocene. The results show that changes in the winter monsoon are in-phase with changes

in the summer monsoon during the early and mid-Holocene. After 3000 years BP, winter and

summer monsoon show opposing trends, with the summer monsoon declining in rainfall, whereas

winter monsoon rainfall enhances. One possible explanation for the observed in-phase relation of

the monsoons are zonal shifts in the Pacific Walker Circulation, affecting both, summer and winter

monsoonal rainfall. These shifts could be forced by changes in SST in the Indian and Atlantic

Ocean, induced by increased or decreased dust loading from the Sahara. For example, a pronounced

drought affecting Southeast Asia between 5000 to 3500 years BP, was likely caused by an eastwards

shift of the Pacific Walker Circulation resulting from increased dust emission at the end of the

Green Sahara. The inverse relationship of the monsoon after 3000 years BP, can be explained by

a slowdown of the Indian Walker Circulation, weakening the summer monsoon in Southeast Asia,

whereas SST changes in the western Pacific enhance winter monsoon rainfall.

Further, the findings of this work show that speleothem 𝛿18O as a proxy for summer monsoonal
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strength is not ideal for comparisons with winter monsoon proxies, since speleothem 𝛿18O is a proxy

for regional circulation in East Asia, whereas many winter monsoon proxies record more localised

climate variability. These findings are important for future palaeoclimate reconstructions in this

region and settle the long lasting debate about the Holocene winter monsoon evolution.

In addition to the long-term development of the winter monsoon in Southeast Asia, climate drivers

on centennial to decadal time scales were identified for the Common Era. Based on 18 proxy

records covering the Asian and Australian monsoon region, the precipitation pattern related to cool

phases of the recent past were identified. During the DACP, a cool phase between 1600 to 1300

years BP, proxy records suggest a drying at the outer edges of the ITCZ and in the core region.

This pattern can be explained by a disproportional cooling of SSTs in the South China Sea during

the winter season. The anomalously cool winter SSTs delayed the withdrawal of the ITCZ and the

rainy season was shorten in the core region of the ITCZ between 2◦S and 10◦N. These findings

have implications for studies of future climate in Southeast Asia, highlighting that the timing of

the onset and offset of the ITCZ needs to be considered in future simulations.

In summary, the two key points of this work are:

• For most of the Holocene the relationship between summer and winter monsoon in Southeast

Asia is positive. This can be attributed to shifts in the Pacific Walker Circulation affecting

rainfall in both seasons. In the late Holocene changes in the Indian Walker Circulation and

SST in the western Pacific affect the monsoons in opposite way, leading to increased rainfall

in autumn/winter and decrease rainfall in summer.

• Over the recent past (the Common Era) the position and timing of the seasonal migration

of the ITCZ is the major control of locally dry and wet conditions. Cool phases lead to

increased rainfall in central Vietnam.

8.2 Implications

Recent observations suggest that summer rainfall from July to September has increased in central

Vietnam over the recent decades (Li et al., 2019). This is in accordance with climate simulations

predicting an increase in rainfall by up to 20% for southern and central Vietnam (Thuc et al., 2016).

The evolution of winter monsoonal rainfall over the Holocene highlighted that changes dust load
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from the Sahara can impact climate over Southeast Asia. Some modelling studies predict that the

monsoon over Africa will strengthen in future and likely lead to a decreased dust loading into the

atmosphere from the Sahara region. This could lead to increased winter and summer monsoonal

rainfall across Southeast Asia in long-term future.

On the other hand, modelling studies (Byrne et al., 2018) indicate that the ITCZ will likely narrow

in its latitudinal extent in future. This would centre intense rainfall over the Maritime Continent and

leave the other regions, such as mainland Southeast Asia drier. Based on the proxy observations

of rainfall during cool events of the Common Era, which suggests drier conditions in the centre

region of the ITCZ, this could be a possible scenario in near future. Droughts would become more

severe even and more enhanced by increased temperatures.

Projections suggest that the total number of tropical cyclones may decrease in future, but the

occurrence is projected to be more concentrated towards the end of the tropical cyclone season

(Thuc et al., 2016). For central Vietnam, where most tropical cyclones make landfall during

September and October, this could mean an increase in more intense tropical cyclones during late

autumn. The additional rainfall deficits in the dry season, would cause less rainfall during spring

and early summer in central Vietnam.

In summary, the dry season will likely extend, while the rainy season will shorten, but be more

intense in central Vietnam in near-term future. These findings are important signposts for adaptation

strategies in preparing for future climate change.

8.3 Outlook

Future work in central Vietnam should focus on extending the paleoclimate record of winter mon-

soonal rainfall into the past, beyond the Holocene and the last millennium. This work contributed to

the understanding of long-term climate drivers, but it remains unknown how the climate of central

Vietnam changed over more extreme climate shifts like during the last glacial period. Further,

finding a speleothem record covering the last millennium until today would be ideal to set the

current warm phase into perspective of past warm phases. Subsequently, one focus should be on

extending cave monitoring, ideally over five years, in caves where speleothems were sampled. This

approach ensures a better understanding of the proxies interpretation.
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Focusing on seasonally resolved proxy records from central Vietnam could help to understand

the seasonal cycle and identify changes in the length of the rainy season. At the moment most

climate models simulate changes in the annual mean of the ITCZ. Research presented in this work,

however, has highlighted that the seasonal migration is key to unravel past and future precipitation

patterns. Addressing these uncertainties could potentially improve models and avoid known biases

such as the double ITCZ problem (Lin, 2007).

Once these issues are resolved and future predictions of rainfall in Vietnam and Southeast Asia

have more confidence, research should focus on climate change adaption strategies. Due to the

intense agriculture based on crops in Southeast Asia, main focus should be on the development of

more resilient crops which can endure more pronounced droughts and flooding.
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