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ABSTRACT 

The Asian summer monsoon is one of the largest and most influential of the 

Earth's climate systems, both in terms of human and climate system interactions. 

Previous research has focused on interannual and millennial variability of the monsoon. 

Little is known about century-scale fluctuations. Significant threats to human health and 

economies could result from unanticipated e.xtremes in monsoon behavior on this 

timescale, however. 

Using geochemical pro.xies, I developed a record of century-scale water-balance 

fluctuations during the Holocene for Ahung Co (Lake) in Tibet. Conditions became drier 

at - 7200 and - 3700 calendar years BP. The event at ~3700 calendar years BP coincides 

with the fall of the Indus civilization, which some researchers believe was caused by a 

decrease in precipitation. This is the first water-balance record from Tibet to have an age 

model free from reservoir effects. The age model revealed a gap in sedimentation at the 

top of the core. Other lake records should be ree.xamined for similar gaps. 

To determine the cause of water-balance fluctuations in Ahung Co, I used 

meteorological observations and evaporation models to reconstruct water fluxes to and 

from the lake over the past eight years. Water-balance fluctuations reflect changes in 

summer monsoon strength. Water fluxes during the simimer are an order of magnitude 

greater than during other seasons. In addition to controlling precipitation, the summer 

monsoon controls evaporation through changes in cloudiness, humidity and temperature. 
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These findings are characteristic of monsoon regions and should be relevant to other 

lakes on the plateau. 

I compiled paleocliraate records fi*om the East Asian and Southwest Asian 

monsoon regions to determine the timing and possible causes of abrupt climate change. 

Unlike previous studies, I used an objective, statistical analysis to identify abrupt events. 

Events occurred at ~11,500 calendar years BP, -4,500-5,000 calendar years BP and 1300 

AD. The middle Holocene event contradicts the notion of a gradual decrease in monsoon 

strength through the Holocene. The timing of events suggests connections with the North 

Atlantic and other climate systems in the tropics. 
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1. INTRODUCTION 

The Asian summer monsoon is one of the most important and influential of the 

Earth's major climate systems, both in terms of human and climate system interactions. 

E.xtreme variations in the monsoon cause flooding and crop failures that impact nearly 

two-thirds of the world's population (Webster et al., 1998). The Asian monsoon is also an 

important component of the climate system and interacts with other components. 

Previous studies suggest that the Asian monsoon both responds to changes in other parts 

of the climate system and can modify climate elsewhere in the world (e.g., Shukla and 

Paolino, 1983; Gasse and Van Campo, 1994; Yang, 1996; Overpeck et al., 1996; Kudrass 

et al., 2000; Liu et al., 2000). Efforts to document and understand past changes in the 

monsoon may help to predict future changes. 

Many researchers have used observational records to study interannual variations 

in monsoon strength. On this timescale, monsoon variations might coincide with 

variations in the El Nino-Southern Oscillation (e.g., Shukla and Paolino, 1983, Yang, 

1996). Other research has focused on links between Eurasian snow cover and monsoon 

rainfall (e.g., Hahn and Shukla, 1976). All of these studies are limited by the length of 

the observational record, which is at most about 150 years long. 

Most paleoclimate records &om the monsoon region have low resolution and only 

provide information about monsoon variations on millennial timescales. These records 

show that the monsoon varies with orbital forcing and glacial boundary conditions. The 

sximmer monsoon was relatively weak during the last glaciation, followed by stronger 
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conditions during the early to middle Holocene and weakening in the late Holocene (e.g., 

Shi et al., 1993; Overpeck et al., 1996; An et al., 2000). 

Although much research has focused on understanding the interannual and the 

millennial variability of the Asian monsoon, there are few records of monsoon variability 

on decadal and centennial timescales. It is very important to understand decade to 

century-scale monsoon fluctuations, however, because the largest threats to human health 

and livelihood could arise from unanticipated extremes in monsoon behavior on this 

timescale. The two most general questions in this area of research are: (I) When have 

decade to century-scale fluctuations in monsoon strength occurred? and (2) What are the 

causes of these climate variations? Paleoclimate records are necessary to study these 

changes because the observational record is too short. However, paleoclimate records 

reflect a variety of climatic variables and there is often uncertainty about their 

interpretation. Therefore, an additional question that must be addressed is: (3) What 

climatic changes do paleoclimate records reflect? Each of these questions is addressed in 

this dissertation. 

In Chapter 2 (Holocene water-balance fluctuations of Ahung Co, Tibet), I have 

developed a century-scale record of water-balance fluctuations in a Tibetan lake. This 

record adds to the small, but growing, number of high-resolution paleoclimate records 

from the Asian monsoon region. This record is especially significant because it is the 

first from Tibet with an age model free of reservoir effects. Previous records have had 

age models with reservoir effects, which make the timing of important water balance 

fluctuations uncertain. 
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In Chapter 3 (Controls on the water balance of Ahung Co, Tibet), I have 

considered which climatic variables are likely controlling the water-balance fluctuations 

observed in the Ahung Co record. Previously, interpretations of lake-level change in 

Tibet have relied on the assumption that water-level fluctuations reflect changes in the 

strength of the summer monsoon. Using meteorological observations and evaporation 

models, I have reconstructed water fluxes into and from Ahung Co over the past eight 

years. From this, I have assessed the impact of variations in summer monsoon strength 

on the lake water balance relative to the impact of other climatic variables (e.g., 

temperature changes and their effects on lake evaporation). 

In Chapter 4 (A synthesis of abrupt changes in Asian summer monsoon strength 

since the last deglaciation), I have compiled paleoclimate records from the East Asian 

and Southwest Asian monsoon regions to determine when and where century-scale 

abrupt changes have occurred. Previous compilations, which focused mainly on 

millermial-scale climate changes, relied on subjective methods of identifying climate 

change. To increase the objectivity of the analysis, I also used a statistical method of 

identifying abrupt change in each of the time-series. Results from this analysis point 

towards possible forcing mechanisms for abrupt change in the Asian monsoon. 
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2. HOLOCENE WATER-BALANCE FLUCTUATIONS OF AHUNG CO, TIBET 

ABSTRACT 

We have developed a record of water-balance fluctuations for Ahung Co (Lake) 

in Tibet using geochemical proxies. Unlike previous lake sediment records from Tibet, 

the age model for Ahung Co is based on radiocarbon dates from terrestrial charcoal and is 

free from reservoir effects. Radiocarbon dates and geochemical proxies suggest four 

stages in the history of the lake. During stage 1 (-8000 to -7200 calendar years BP), 

large amounts of detrital material, low 5'®0 values, and several biological indicators 

suggest that the lake was relatively deep and overflowing. Following this (-7200 to 

-3700 calendar years BP), S'^O and 5'"'C values increased, indicating a gradual transition 

to drier conditions with increased residence time for lake water. This time period is 

punctuated by several intervals with increased deposition of Potamogeton, probably the 

result of environmental disturbances. At -3700 calendar years BP, a sudden increase in 

5'®0 values indicates an abrupt change towards drier conditions. This coincides with the 

fall of the Indus Civilization, which some researchers believe was caused by a decrease in 

precipitation. Following this, 5''0 values remain relatively high, suggesting these 

conditions persisted for some time. Sometime after ~3700 calendar years BP, and 

perhaps as late as -2000 calendar years BP, no sediment was preserved. This suggests 

that the lake was no longer perennial in the late Holocene. Lake levels rose sometime 

within the last couple hundred years and Ahung Co is currently perennial. This pattern of 

climate change is similar to that observed from other Tibetan lakes, suggesting that the 
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water-balance fluctuations of Ahung Co reflect regional events. This is the first study, 

however, to provide dates for these climate transitions that are free of the uncertainties 

associated with reservoir effects. 

2.1 INTRODUCTION 

The Asian summer monsoon is one of the largest and most influential of the 

Earth's climate systems, both in terms of human and climate system interactions. 

Variations in the monsoon cause natural disasters, such as floods, that affect millions of 

people. In addition, monsoon rainfall is critical for agriculture, as evidenced by strong 

positive correlations between monsoon precipitation and crop yields (Webster et al., 

1998). The impact of variations in the Asian monsoon may also be felt outside the 

region, through interactions with El Nino (Shukla and Paolino, 1983; Liu et al, 2000; 

Kim and Lau, 2001) and mid-latitude circulation patterns (Wang et al., 2000). 

Efforts to document and understand past variations in the monsoon will help to 

predict fliture changes. Previous research has focused on interarmual and the millennial 

variability of the Asian monsoon (e.g.. An et al., 2000; Webster et al., 1998). Less 

attention has been focused on decadal and centennial timescales. The few records with 

century-scale resolution suggest large changes in monsoon strength (Overpeck et al., 

1996; Chapter 3), but resolution, dating control and spatial coverage are insufficient to 

develop a detailed picture of regional monsoon variability on this timescale. It is very 

important to understand decade to century-scale monsoon fluctuations, however, because 
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the largest threats to human health and livelihood could arise from unanticipated 

extremes in monsoon behavior on this timescale. 

In this research, we have developed a century-scale paleoclimate record from 

Tibet. Tibet is an excellent place to study the Asian monsoon for three reasons. First, the 

present-day limit of monsoon rainfall crosses Tibet (Figure 2.1, Araguas-Araguas et al., 

1998). Variations in the strength of the monsoon, which will cause a shift in the position 

of this limit, will have a large effect on rainfall in Tibet. Second, the Tibetan Plateau 

plays an important role in initiating and maintaining the monsoon circulation. During the 

summer, a strong temperature gradient exists in the upper troposphere due to heating of 

the atmosphere over the Tibetan Plateau (Webster at al., 1998). This gradient fuels the 

monsoon circulation. Surface and climatic conditions on the plateau, which will impact 

tropospheric heating, could play an important role in modulating the monsoon circulation 

(e.g., Bamett et al., 1988; Shi and Smith 1992). Third, the environment of Tibet has been 

relatively undisturbed by human activities. Intensive agriculture and settlement in other 

parts of the monsoon region, including India and eastern China, add a complicating factor 

to proxy records. 

Researchers have developed several paleoclimate records from Tibet based on ice 

cores and lake sediments. Two of the ice core records, Guliya and Dunde, offer 

information about the transition between the last glacial and present interglacial periods, 

but have relatively low resolution during the Holocene (Thompson et al., 1989; 

Thompson et al., 1997). A third record from Dasuopu, in southern Tibet, reveals the 

timing of annual to decadal droughts during the past 1000 years (Thompson et al., 2000). 
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Available lake records from Tibet all span the Holocene at century or multi-century scale 

resolution (Gasse et al., 1991, 1996; Lister et al., 1991; Morinaga et al., 1993). These 

records are similar in suggesting an abrupt strengthening of the monsoon at the start of 

the Holocene and weakening during the middle to late Holocene. However, the age 

models for these records are potentially suspect because they are based on aquatic 

materials, which likely reflect lake reservoir effects that could vary through time. 

Modem material from two of these lakes, Sumxi Co and Bangong Co, yield radiocarbon 

ages 2100 and 3200 years old, respectively (Pontes et al., 1993, 1996). The modem 

reservoir age has not been measured for Qinghai Lake and Siling Co. However, bedrock 

in the catchment of these lakes contains carbonate (Morinaga et al., 1993), indicating that 

they might also have reservoir effects. 

In this research, we develop a high-resolution water-balance record from Ahung 

Co, Tibet. We avoid errors associated with reservoir effects by basing the age model on 

radiocarbon dates from terrestnal charcoal. We have measured a variety of geochemical 

pro.xies. Paleoclimate reconstructions from Ahung Co based on pollen and biological 

indicators (i.e., diatoms and ostracods) will be presented in other publications (Note: 

Collaborators at Louisiana State University and in Nanjing, China are conducting this 

research). 
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2.2 STUDY AREA 

Ahung Co is a small (3.6 km") freshwater lake located in the steppe region of 

eastern Tibet (31.37°N, 92.04°E). This region has relatively low topographic relief; the 

elevation of the lake is 4575 m and elevations in its drainage basin are up to 4900 m 

(Figure 2.1). The area of the lake's surface drainage basin is about 100 km\ but the area 

of the aquifer contributing groundwater to Ahung Co could be much larger than this. 

There are several streams that discharge water into the wetlands surrounding the lake, but 

none of these streams flow directly into the lake. Ahung Co has a small surface outlet 

and the lake level currently oscillates above and below the level of this outlet. In July 

1995, lake level was below the elevation of the outlet and the lake was closed. By July 

2001, the water level had risen to 20 cm above the elevation of the outlet and a small 

stream about five meters wide was flowing from the lake. Subsurface outflow into the 

adjoining basin is also possible. Mean lake depth in July 2001 was about one meter and 

the maximum lake depth was about 1.5 meters. 

The region surrounding Ahung Co is underlain by Mesozoic sedimentary and 

metasedimentary rocks (Chang et al., 1988). Outcrops in the basin and pebbles found in 

surface lake sediments consist of quartzite, shale and small amounts of dolomite. 

Vegetation in the basin consists of alpine meadows and steppe. The vegetation consists 

only of non-arboreal species and is dominated by Gramineae, Artemisia forbs and 

Cyperaceae (Yu et al., 2001). 
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The mean annual temperature in this region is about -L5°C, and patches of 

permafrost are present in some locations (Wang and French, 1995). Average temperature 

during the coldest month (January) is about -13 °C and average temperature during the 

warmest month (July) is about 9 °C. Precipitation in this region today is seasonal and 

dominated by the Asian monsoon. Armual precipitation is between 30 and 60 cm, with 

about 80% falling from June to September during the summer monsoon. 

Water-balance changes in Ahung Co today appear to be caused by fluctuations in 

summer monsoon strength (Chapter 3). Water flu.\es during the summer monsoon 

dominate in terms of size and variability. During a strong monsoon, there is both an 

increase in precipitation and a decrease in evaporation over the lake and drainage basin. 

The precipitation-evaporation balance over the lake is currently negative and runoff from 

the surrounding drainage basin is necessary for the lake to persist. However, the basin 

flux appears to have large seasonal and interannual variations that are an amplification of 

monsoon forcing. These variations lead us to conclude that the water balance of Ahung 

Co is sensitive to changes in monsoon strength. 

23 METHODS 

23.1 Core collection 

We report on results from three sediment cores collected from Ahung Co during 

July 1995 and July 1999. All of these cores were collected with a modified Livingstone 
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piston corer (Wright et al, 1984). These cores (named 2A, 3 A and 4A) were collected 

from the deepest part of the lake, which was under about 1.5 meters of water in July 2001 

(Figure 2.1). 

23.2 Radiocarbon dating 

The bedrock in the basin of Ahung Co contains some carbonate rocks, including 

dolomite and shales with calcareous cement. Therefore, we expect that dissolved 

inorganic carbon in lake water has a reservoir age. This is confirmed from radiocarbon 

dates on living, submerged aquatic plants {Potamogeton spp.) collected from the lake in 

July 2001. In alkaline waters (pH > 8) where aqueous CO; is limited, these plants use 

bicarbonate for photosynthesis (e.g., Lucas et al., 1978; Kadano, 1980). Therefore, the 

radiocarbon age of these plants should reflect the current reservoir age of lake waters. 

Three samples of Potamogeton yield an average radiocarbon activity of 99.8 % 

(individual values of 99.2%, 100.0%, 100.1%). The '"'C activity value of atmospheric 

COz at the time of sampling was about 108.8% (S. Trumbore, unpublished data). This 

yields a dilution of about 92 % (99.8% -5-108.8%) and an apparent age of about 670 

years. 

To generate an age model that does not reflect the lake reservoir age, we picked 

terrestrial charcoal from core sediment Charcoal is most abundant in Potamogeton-nch. 

intervals, which are concentrated in the upper half of the cores. However, the amount of 

charcoal present in each of these intervals was not large enough for radiocarbon dating. 
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Therefore, it was necessary to combine charcoal samples from corresponding intervals in 

multiple cores. We chose cores 2A and 3A for this purpose because they can be 

correlated to the one centimeter scale. We correlated these cores using measurements of 

% carbonate, S'^O of bulk carbonate, 5'^C of bulk carbonate and measurements from 

Potamogeton (Figure 2.2; Appendix A). After combining samples from cores 2A and 

3 A, four Potamogeton-nch intervals yielded enough charcoal for radiocarbon 

measurements (Table 2.1). Charcoal is exceptionally scarce in the lower half of the cores 

and we were able to obtain only one radiocarbon measurement from these depths. This 

date was measured on charcoal and terrestrial fly fragments found within a 20 centimeter 

length of sediment near the bottom of core 2A (Table 2.1). 

Due to the very small size of these charcoal samples (e.g., 100 to 200 ng of 

carbon), we measxired the 5'^C value of only one sample. This value (-24.1 %o) is 

distinct from the 5'^C value of Potamogeton, the primary aquatic plant (~ -10 %o), but is 

close to values obtained for modem steppe plants surrounding the lake (- -25 %o). 

Therefore, we conclude that steppe plants are the most likely source of the charcoal from 

lake sediments. 

Calendar ages of all radiocarbon dates were calculated using the CALIB 

radiocarbon calibration program v. 4.3 and the calibration dataset of Stuiver et al. (1998). 

We use calibrated ages for four of the five charcoal dates to generate an age model 

(Figure 2.3). The date at 45 cm is suspect because it is older than Potamogeton dates 

from the same level. This daie also had the largest measurement error. 
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During three intervals, sedimentation rates are different among the three cores. 

For clarity, we have chosen to show intervals of low sedimentation as gaps in the proxy 

time-series (Figure 2.2). Our measurements do not allow us to distinguish between low 

sedimentation rates and actual gaps in sedimentation, however. The variations in 

sedimentation rate occur in all three cores and do not appear to follow any pattern. The 

differing sedimentation rates are not an artifact of radiocarbon dating. They are obvious 

from a visual correlation of the cores; the thickness of sediment deposited between 

certain marker layers varies significantly among the cores. These differences must, 

therefore, be caused by spatial variations in the production and/or resuspension of 

sediments. Spatial variations in sedimentation are common in shallow lakes and may be 

caused by variations in wind speed and lake depth (Douglas and Rippey, 2000). 

We have measured a variety of proxies from core 3 A sediments. Core 3A 

contains one interval of low sedimentation rate between 20 and 30 cm. These sediments 

were preserved in core 2A, however, and show relatively little variation in % carbonate 

and the S'^O and 5'^C values of bulk carbonate (Figure 2.2). One exception is a spike in 

the 5'^0 values. Evidence for this spike is not preserved in core 3 A sediments, possibly 

due to sediment resuspension or low sediment production rates. Altematively, the spike 

could be the result of sediment redistribution. For example, carbonates from shallow-

water deposits, having more enriched 5'®0 values, could have been transported and 

deposited at the site of core 2A. Because we cannot distinguish between these 

possibilities, we will not interpret the significance of this spike. 
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2.3.3 Proxies 

We measured the percent by weight of total carbon (TC) and inorganic carbon 

(IC) at 0.5 cm intervals using a UlC Coulometrics model 5011 coulometer. Reagent-

grade CaCOs standards indicate measurement errors less than 0.02% by weight Percent 

total organic carbon (TOC) was calculated as the difference between TC and IC. We 

calculated the percent of carbonate (CaCOs) by multiplying IC by 8.3, which is a scaling 

factor that accounts for the atomic mass of calcium and oxygen. 

We measured the S'^O' and 5'^C of bulk carbonate at 0.5 cm intervals using a 

Micromass Optima mass spectrometer with automated carbonate preparation device. 

Analytical precision, based on replicate measurements of a carbonate standard, was ±0.02 

%o5'^C and ±0.07 %o 5'®0. 

We measured the 5'®0 of several surface water and precipitation samples 

collected during the 2001 field season. These measurements were completed on a 

Finnegan Delta S mass spectrometer with CO2 equilibration automated preparation 

device. The analytical precision is ±0.05 %o 5'®0. 

The carbon-to-nitrogen ratio (C/N) and 8'^C of organic matter were measured for 

several modem plant samples and also for core sediments at 1 cm intervals. To remove 

' 5"0 = [('*0/"0,^p,c - - I] X LOOO and 5"C = [("C/'-C«„,pte - x lOOO. 

The units are per mil (%a). Values for carbonates and organic matter are reported relative to a carbonate 

standard (V-PDB[Vienna-Peedee belemnite]). Values for water samples are reported relative to a vnt'x 

standard (V-SMOW[Vienna-standard mean ocean water]). 
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inorganic carbon from core sediments, we treated all samples with 8% sulflirous acid 

using the technique of Verardo et al. (1990). This method has several advantages over 

other techniques for carbonate-rich sediments: (I) excess acid is released as SOi gas, 

which eliminates the need for multiple rinsing steps during which sample can be lost, (2) 

samples are completely decalcified, and (3) water is not retained by hygroscopic salts 

(Verardo et al., 1990). Samples were analyzed on a Fiimegan Delta Plus with Elemental 

Analyzer (EA) interface. The standard deviations of replicate analyses of an Acetanilide 

standard were ±0.12 C/N and ±0.04 %o 5'^C. 

We measured the percent by volume of aragonite, calcite and dolomite in the non

organic sediment fraction by using semi-quantitative X-Ray diffraction methods. We 

first removed organic matter from samples by treatment with 5% NaOCl (commercial 

Clorox) for three days. Previous studies indicate that this treatment causes no dissolution 

of carbonate minerals and is also the most effective for removing organic material 

(Gaffey and Bronnimann, 1993). Our own analysis of several samples before and after 

this treatment verifies that the treatment reduced the noise resulting from the presence of 

organic material, but did not affect the diffraction pattern of any mineral. After 

treatment, samples were thoroughly rinsed with deionized water, freeze-dried and ground 

to a fine powder. 

To calibrate the relationship between XRD peak area and mineral percent, we first 

analyzed artificial mixtures with known amounts of aragonite, calcite and dolomite. We 

were not able to isolate these carbonate minerals from our own sediment samples, so it 

was necessary to use museum specimens for these artificial mixtures. These specimens 
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were monomineralic and consisted of well-formed crystals. Carbonate precipitated from 

lake water does not always form into perfect crystals (Kelts and Hsu, 1978). Crystal 

irregularities will alter peak height, but do not affect peak area (Moore, 1989). Therefore, 

the museum specimens are a reasonable proxy for carbonates in the lake sediments. 

From our analysis of the artificial mixtures, we learned that (I) peak area depends 

partly on the weight of sample being analyzed and (2) the accuracy of our estimates for 

mineral percent improved dramatically when the analysis was duplicated. For example, 

errors for % aragonite were as large as -l 1% for one analysis per sample. When each 

sample was analyzed a second time and the two results were averaged, die error 

decreased to a maximum of ~3 %. Based on these results, we decided to use 50 mg 

subsamples of all artificial mixtures and sediment samples and to analyze each sample 

twice. 

We analyzed all samples on a Siemans D-500 X-Ray diffractometer using CuKa 

radiation. We calculated the area of each mineral's major peak by multiplying the peak 

height and the peak width at half-height. This calculation approximates the actual peak 

area very well and eliminates problems associated with overlapping peaks (Moore, 1989). 

We used these calculations, along with results from the artificial mi.xtures (Figure 2.4), to 

determine the abundance of each carbonate mineral. We estimate that our calculated 

values are accurate to within ±3 % for aragonite, ±4% for calcite and ±1% for dolomite. 

For each proxy time-series we use the moving t-test method to objectively 

identify abrupt climate changes (e.g., Karl and Riebsame, 1984; Fraedrich et al., 1997; 

Cao, 1998; Chapter 4). This method is based on a series of t-statistics calculated for 
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adjacent windows of time along the length of a data record. If the t-statistic indicates that 

the mean values of two adjacent windows are statistically different, then this is evidence 

that an abrupt climate change occurred between the two time periods. The t-statistic is 

calculated as: 

r = (.r,-x , )*n"-  *is;  (2.1) 

where xi and xj are the means, si and st are the standard deviations of the two adjacent 

windows and n is the number of measurements in each of the two adjacent time intervals. 

When the number of measurements (n) was different for the two adjacent time intervals, 

we used the lower number for n. This provided a more conservative calculation for 

statistical significance. 

We made t-test calculations using a series of overlapping windows along the 

proxy time-series. The first t-test calculation was made for two windows that met 

halfway between the second and third data points in the proxy time-series. The second 

calculation was made for two windows that met halfway between the third and fourth 

data points, and so on. This process was designed to test for the presence of an abrupt 

change between each pair of adjacent data points in the proxy time-series. We used 

window lengths ranging from 100 years to 2000 years. We identified abrupt events that 

were consistent across more than three window lengths and that were statistically 

significant at the 99% confidence level. We also note trends significant at the 99% 

confidence level. These appear when at least five adjacent windows have t-statistics that 

are statistically signiflcanL 
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2.4 PROXY INTERPRETATIONS 

In this section, we identify and describe the factors that influence each of the 

geochemical proxies we have measured. Using this information, we then discuss which 

factor probably has the greatest influence on the proxy. 

2.4.1 Percents of carbonate and organic carbon 

Carbonate in this core consists primarily of micrite and encrustations that formed 

on the stems of the aquatic macrophyte Potamogeton, but also contains small quantities 

of gastropods, ostracods, and detrital grains. Organic carbon in this core is dominated by 

remains of Potamogeton. The percents of carbonate and organic carbon are strongly 

negatively correlated. Variations in these two proxies (Figure 2.5) most likely reflect 

some combination of changes in (1) the sedimentation rate, (2) production and 

decomposition rates of Potamogeton plants and (3) precipitation and dissolution rates of 

lacustrine carbonate. 

It is very difficult to determine if the sedimentation rate is different for organic-

rich and carbonate-rich intervals in the core. Each interval lasts only about 150 to 250 

years, which is not much larger than the error of radiocarbon dating (i.e., 50 years). In 

addition, there are too few radiocarbon dates from charcoal to date the duration of 

individual layers. Therefore, we must rely on radiocarbon dates from Potamogeton, 

which will reflect changes in the lake reservoir age. Keeping these factors in mind, we 
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calculated the sedimentation rates during two organic-rich intervals (25-29 cm and 32-39 

cm in core 4A) and the intervening carbonate-rich layer (29-32 cm in core 4A). We 

chose these particular intervals because they are relatively thick and because they occur 

during a time period when the reservoir age appears to be constant and approximately 

equal to the actual age. We calculate 0.18 mm/year and 0.23 mm/year for the two 

organic-rich intervals and 0.18 mm/year for the carbonate-rich interval. This evidence, 

although limited, is consistent with no major systematic changes in sedimentation rate 

between the two different sediment types. 

In this case, the net production rates of Potamogeton and/or carbonate must 

change. In a shallow lake that is not stratified, the decomposition rate of Potamogeton 

will be primarily controlled by the burial rate (Meyers, 1997). Since we do not observe 

major systematic changes in sedimentation rate between Potamogeton-nch. and 

carbonate-rich intervals, we do not expect large changes in the decomposition rate of 

Potamogeton between these two different sediment types. Production of Potamogeton is 

probably controlled by several variables. These include: light availability, water 

temperature, water velocity and nutrient concentrations (Carr et al., 1997). In Ahung Co 

today, the distribution of Potamogeton is related strongly to water depth, with this plant 

growing only in water depths of 40 to 110 cm (Figure 2.6). We speculate that high 

turbidity caused by the resuspension of sediments prohibits Potamogeton from growing 

in shallower depths and that light attenuation prevents it from growing in deeper depths. 

Research on Potamogeton distribution in other lakes indicate a similar strong dependence 
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on depth and light availability (Blindow, 1992; Coops and Doef, 1996; Van den Berg et 

al., 1999). 

The precipitation of carbonate from lake water is primarily controlled by plant 

activity (Kelts and Hsu, 1978). The two major types of carbonate deposited in the lake, 

micrite and encrustations around Potamogeton stems, form in association with 

photosynthesis. During photosynthesis, the uptake of carbon dio.vide by plants induces 

carbonate precipitation. Carbonate dissolution is caused by increases in the dissolved CO2 

of lake water, which may result from decomposition of aquatic plant material or a 

decrease in temperature (Kelts and Hsu, 1978). 

2.4.2 Percent aragonite and percent calcite 

Carbonate in these sediments occurs primarily in two forms: (1) micrite formed 

inorganically from the lake water, and (2) encrustations that form around Potamogeton 

stems. We isolated each of these forms from several samples and used XRD analyses to 

determine their mineralogy. The micrite is formed of both aragonite and calcite and the 

encrustations are formed primarily of aragonite. Holmes et al. (1995) found 

Potamogeton encrustations made of aragonite in a Jamaican lake and attributed this 

mineralogy to two factors. First, high Mg/Ca ratios on leaf surfaces may result from 

release of Mg"* by the plant and removal of Ca"^ during precipitation of carbonate 

encrustations. High Mg/Ca ratios inhibit the crystallization of calcite, but have no effect 

on the precipitation of aragonite (e.g., Katz, 1973; Bemer, 1975). Second, during 
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photosynthesis, pH values at the leaf surface increase and rapid carbonate precipitation is 

induced. This favors aragonite crystallization (e.e . Lippmann, 1973). 

The high levels of aragonite relative to calcite most likely result from large 

numbers of encrustations at all depths in the core. We have observed encrustations 

throughout the core. We interpret the generally subtle fluctuations in aragonite and 

calcite to result from alternations in the relative abundance of Potamogeton encrustations 

and micrite. Several of the intervals with large amounts of aragonite also have large 

numbers of Potamogeton encrustations (e.g., -3800 and from -6000 to 6700 calendar 

years BP). During these intervals, the relative abundance of calcite is lower, possibly aue 

to dilution by the larger amounts of aragonite. Other variations might be associated with 

relative increases in the amount of detrital material (e.g., ~2700 and greater than ~7200 

calendar years BP: Figure 2.5). The variations in percent aragonite and percent calcite do 

not seem to be related to changes in lake salinity. In some lakes, aragonite formation is 

favored when the lake is more saline (e.g., Valero-Garces et al., 1995; Haskell et al., 

1996). This occurs because the presence of Mg"* ions inhibits calcite formation (e.g., 

Katz. 1973; Bemer, 1975). For Ahung Co, however, the negative correlation between the 

two minerals is not strong and measurements of 5'^0 suggests that the lake was 

overflowing for most of sediment record. 
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2.4.3 Percent dolomite 

There are several possible sources for dolomite in lake sediments. These include: 

(1) direct precipitation from saline lake water with high carbonate alkalinity and high Mg 

concentration (e.g.. Last, 1990), (2) precipitation as a cement during diagenesis of lake 

sediments (e.g., Rosen and Coshell, 1992), (3) loess deposition (Pewe et al., 1995), and 

(4) detrital dolomite transported by water from bedrock sources in the drainage basin. 

Several pieces of evidence indicate that the dolomite in Ahung Co sediments is 

detrital. First, the lake was fresh, not saline, during the intervals containing dolomite. 

Indicators of freshwater conditions include low 5'^0 values (Figure 2.5) and the presence 

Planorbiid gastropods, which require fresh, perennial water (Baker, 1945). Second, 

variations in the amount of dolomite covary with fluctuations in the amount of other 

detrital materials (Figure 2.5). Third, pebbles of detrital dolomite are present in modem, 

near-shore surface sediments. 

An increase in the deposition of detrital dolomite could reflect either drier or 

wetter conditions. Under drier conditions, a decrease in vegetation cover could increase 

erosion. In addition, lower lake level might allow more detrital material to be transported 

to the core sites, which are in the deepest part of the lake basin. Under wetter conditions, 

on the other hand, increased surface runofif could transport more detrital grains. There 

would also be an increase in the slumping of saturated soil into the lake, which appears to 
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be an important process occurring today. We will use evidence from other proxies to 

decide between these two possibilities. 

2.4.4 C/N ratio and of bulk organic matter 

Previous work indicates that the C/N ratio of bulk organic matter in lake 

sediments reflects changes in the proportion of different sorts of organic matter (Meyers 

and Lallier-Verges, 1999). C/N ratios less than -10 reflect lacustrine algae and values 

between ~ 10 and -20 reflect aquatic macrophytes or terrestrial plants (Figure 2.7). 

Fluctuations in the 5'^C of bulk organic matter are caused by (I) changes in the 

proportion of different sorts of organic matter, and (2) changes in the 5'^C of lake DIC 

(Meyers and Lallier-Verges, 1999). 

The measured C/N ratios strongly correspond with the amount of TOC, with high 

C/N corresponding with high TOC (Figure 2.5). Because Potamogeton and terrestrial 

plants have similar C/N ratios, the fluctuations we observe in the C/N ratio cannot be 

caused by alternations between Potamogeton and terrestrial plants. The lower C/N ratios 

measured during intervals with less Potamogeton must reflect increased amounts of 

lacustrine algae. Overall, however, the C/N ratio is in the range of Potamogeton plants, 

suggesting that the bulk organic matter is primarily composed of Potamogeton remains. 

The % carbon and % nitrogen values show similar patterns down-core, indicating there 

has been no preferential loss of nitrogen. 
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Similarly, the 5'^C of bulk organic maner varies closely with C/N and TOC 

(Figure 2.5). The fluctuations in this variable can be partly explained by changes in the 

relative abundance of lacustrine algae and Potamogeton. High 5'^C values correspond 

with high C/N values and high abundance of Potamogeton. However, the changes in 

5'^C are not as large as e.xpected, given the magnitude of the C/N fluctuations and the 

C/N and 5'^C values of algae and Potamogeton. This discrepancy must be due to 

variations in the 5'^C of lake DIC, which dampens the fluctuations in the 5'''C of organic 

matter. 

2.4.5 5"0 of bulk carbonate 

Variations in the 5'®0 of bulk carbonate may reflect changes in one or more of the 

following factors: (1) lake temperature at the time of carbonate precipitation, (2) the 

relative amounts of aragonite and calcite, (3) the relative amount of detrital carbonate, (4) 

the 5'®0 values of lake water. It is unlikely that many of the changes we observe in 5'*0 

values were caused by changes in lake temperature. Lake temperature must change 4.5°C 

to yield a l%o change in value (Grossman and Ku, 1986). Aragonite is enriched in 

relative to calcite formed under the same conditions by about 0.6 to 0.9 per mil 

(Tarutani, 1969, Grossman and Ku, 1986, Bohm et al., 2000). We used our 

measurements of percent aragonite and calcite to correct for this difference in 

fractionation. This correction decreases the 5'®0 values between 0.3 and 0.5 per mil, but 
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does not alter the shape of the curve (not shown). Therefore, this factor does not explain 

the  p r imary  va r i a t i ons  we  obse rve  in  t he  5 ' va lues .  

XRD results indicate that detrital dolomite is present in the bottom third of the 

core. Fluctuations in the 5'®0 values of bulk carbonate correspond strongly with the 

amount of dolomite during this interval (Figure 2.8). We use the relationship between 

these two variables to correct for the effects of detrital dolomite on the 5'^0 of bulk 

carbonate. This correction lowers the 5'^0 values (Figure 2.5), which is reasonable since 

we expect the dolomite (likely from marine bedrock) to have higher 5'*0 values than the 

lake water. 

In the upper two-thirds of the core, the amount of detrital dolomite falls below the 

limit of detection. Detrital material, possibly including carbonates, continued to be 

deposited, however. There is no means of measuring the amount of detrital carbonate 

directly, but it is possible to estimate the maximum size ofS'^O fluctuations caused by 

variations in detrital input. To do this, we use several assumptions and the following 

isotopic mass balance equation: 

S''0,= (S"O^ xP^) + (SXP,) (2.2) 

where B is bulk carbonate, D is detrital carbonate, A is authigenic carbonate and P is 

proportion. We assume that the amount of detrital carbonate is proportional to the 

amount of non-carbonate detrital material. This seems to be a reasonable assumption 

because (I) the same factors are likely controlling both detrital fluxes (e.g., lake level. 
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runoff), and (2) our study of detrital pebbles indicates that detrital calcite is in the form of 

cement within other sedimentary rocks. We estimate the percent of non-carbonate 

detrital material (DNC) from: 

Dvc = 100 - C - TOC * 2 (2.3) 

where C is the percent of carbonate and TOC is the percent of organic carbon, both 

measured by coulometer (Figure 2.5). This calculation requires two assumptions. First, 

organic matter is composed of 50% carbon. Our measurements of the carbon 

composition of Potamogeton, which is the primary form of organic matter in the core, 

confirms this (not shoN^Ti). Second, we assume that non-carbon, non-detrital components 

of the lake sediment (e.g., diatoms) are negligible. 

There are three unknowns in equation (2J2): the 5'®0 value of detrital carbonates, 

the 5'^0 value of authigenic carbonate, and the constant of proportionality linking the 

amount of detrital carbonate to the percent of non-carbonate detrital material. We adjust 

values for these three unknowns in equation (2.2) until the calculated 5'®0b values 

provide the best fit with the 5'®0 values measured from bulk carbonate. This gives us a 

maximum estimate of the effect of detrital carbonate (Figure 2.9). Values providing the 

best fit are: 5'®Od(pdb) = 0%o, 5'®Oa(pdb)= -13%c , and constant of proportionality = 0.3. 

The 5'^0 values appear to be reasonable, given expected values for marine carbonates 

and values for authigenic carbonates measured from some Potamogeton encrustations 
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(not shown). In addition, the implied amount of detrital calcite is always less than or 

equal to the amount of calcite measured by XRD. 

It is clear that the relatively small fluctuations between -3700 and -7200 

calendar years BP could reasonably be explained by changes in detrital flux. It is not 

certain that this is the correct explanation, but it cannot be ruled out. However, the large 

step change in 8'®0 at -3700 calendar years can not be convincingly explained by 

changes in detrital flux. There are some large fluctuations in detrital flux near the top of 

the core, but there is no step change. The 5'®0 values of Potamogeton encrustations 

increase near the top of the core, however, indicating that the step change probably 

resulted from a change in the 5'®0 values of authigenic carbonates. We also note that the 

increase in S'^O values through time is not matched by an increase in the detrital flux. 

The step change and increase in 5'^0 values must reflect a change in the 5'®0 

value o f  l ake  wa te r s .  The  oxygen  i so top ic  compos i t i on  o f  l ake  wa te r s  i s  con t ro l l ed  by  ( I )  

the of precipitation, which is affected by variations in temperature, source area of 

rainfall, or the amount of rainfall, and (2) the residence time of water in the lake and/or 

catchmenL On the Tibetan Plateau today, the value of summer monsoon 

precipitation is generally between —15 and —20 %o, while winter and spring values are 

between -5 and -10 %o (Araguas-Araguas et al., 1998; Tian et al., 2001). This difference 

is controlled by the source area and amount of rainfall. Winter and spring precipitation is 

derived from continental water sources, whereas summer monsoon precipitation is 

derived from the Indian and/or Pacific Oceans (Araguas-Araguas et al., 1998). The S'^O 

values of simmier monsoon precipitation are also low due to the progressive rain-out of 
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the monsoon air masses as they move inland (Araguas-Araguas et al., 1998). 

Temperature variations play little role in determining the 5'®0 values of monsoon 

precipitation today. 

Residence time also plays an important role in determining the present-day 5*^0 

of lake water. In July 2001, the 5'®0 sMow value of water in Ahung Co was about —9.5 %o 

(Table 2.2). Carbonate forming from water with this isotopic composition and a 

temperature between 10 to 20 °C will have a 5'^Opdb value similar to those measured from 

bulk carbonates in the sediment core (Figure 2.5). However, the 5'®Osmow value of 

modem lake water is significantly higher than the average 5'^Osmow value of rainfall in 

this region (Tian, 2001; Table 2.2). This implies a considerable evaporative enrichment 

and an important role for lake water residence time. 

It appears that many of the factors influencing the 5'®0 value of lake water could 

be important. Increases in the 5'®0 value of lake water could result from either a 

decrease in the amount of summer monsoon rainfall, an increase in winter and spring 

rainfall, warmer temperature, or an increase in the residence time of water in the lake 

and/or drainage basin. Three of these possibilities reflect drier conditions and are also 

likely to occur together, leading to amplification of the 5'®0 change. A decrease in 

simimer monsoon strength would lead to less stmmier rainfall, higher simimer 

temperatures (Chapter 3), and an increase in the residence time. On the other hand, an 

increase in winter and spring rainfall could reflect wetter conditions. However, an 

increase in winter and spring rainfall would also decrease the residence time of water in 

the lake, which would dampen its effect on the lake 5'®0 value. Therefore, it seems more 
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likely that an increase (decrease) in the 5*^0 value of lake water is tied to a decrease 

(increase) in summer monsoon strength. 

2.4.6 of bulk carbonate 

The 5'^C value of bulk carbonate reflects changes in (I) the deposition rate of 

detrital carbonate, (2) temperature, or (3) the 5'^C value of dissolved inorganic carbon 

(DIC) in the lake. The 5'^C value of detrital carbonates is probably close to 0 %o, a 

typical value for marine carbonates. This value is very similar to the 5'''C value of 

authigenic carbonates. This is unlike the situation for 5'®0, in which the 5'®0 values of 

detrital material are significantly more enriched in '^O than the authigenic carbonate. 

Therefore, changes in the detrital flux should have less of an effect on 5'^C values than 

on 6'^0 values. The large 5'^C variations we observe can not be caused by changes in 

detrital flu.x. Temperature variations are not a suitable explanation, either, because 

changes of 25 °C or more would be required (Bottinga, 1968). 

The 5'^C value of lake DIC reflects: (I) the 5'^C value of DIC entering the lake 

from the drainage basin, (2) the balance of photosynthesis and decomposition in the lake, 

(3) the residence time of lake water, which affects the extent to which the 5'^C of DIC 

reaches equilibrium with atmospheric S'''C, and (4) methanogenesis and sulfate 

reduction (Kelts and Talbot, 1990). The increase in 5'^C values through time 

corresponds with the increase in 5"0, which seems to reflect a trend towards drier 

conditions. The simplest explanation for the trend in 5'^C is, therefore, a increase in 
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residence time for water in the lake. Fluctuations in 5'^C values around this trend clearly 

correspond with the amount of Potamogeton preserved in the sediment. The simplest and 

most robust e.xplanation of 5'^C variations must account for this correlation. 

One possibility is that the 5'''C values reflect productivity within the lake. During 

photosynthesis, plants preferentially use '"C and leave the DIC relatively enriched in '^C. 

According to this explanation, the intervals dominated by lacustrine algae were the most 

productive. However, the amount of organic carbon, often a measure of productivity, is 

actually lowest during the intervals dominated by algae. This might not be a problem 

because lacustrine algae are more susceptible to decomposition than Potamogeton are 

(Meyers, 1997). In this case, the amount of organic carbon may be a reflection of 

decomposition rather than productivity. Another possibility is that Potamogeton and 

algae have differing effects on the 5'"'C of lake DIC during photosynthesis. Potamogeton 

incorporates more '^C during photosynthesis than do lacustrine algae. This might cause 

lake DIC to have a more negative 5'^C value when photosynthesis is dominated by 

Potamogeton. The isotopic compositions of Potamogeton and lacustrine algae are 

different enough (about 10 96o) to make this a potentially large effecL 

2.5 WATER BALANCE AND CLIMATE HISTORY OF AHUNG CO 

Based on the proxy measurements discussed in section 2.4, we have divided the 

sediment record from Ahung Co into four stages. These stages represent distinct water 

balance and climatic conditions. The following interpretations are based primarily on 
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measurements of % organic carbon, % dolomite, and the of bulk carbonate (Figure 

2.10). 

2.5.1 Stage 1 (-8000 to ~7200 calendar years BP) 

Values of 5'®0pdb of carbonate at this time are relatively stable and low. These 

values are lower than values we calculate for carbonates forming in the lake today during 

overflowing conditions (i.e., -8 to -II %o PDB, depending on lake temperature). This 

fact, along with the relative stability of S'^O, leads us to conclude that the lake was 

overflowing. If the lake was overflowing, water depth at the core site was more than 50 

cm deeper than it is today, due to sediment infilling of the lake through the Holocene. 

Values of 5'^C are low and closer to values expected for basin-derived DIC than to 

values expected for lake DIC in equilibrium with atmospheric CO2. This may also 

indicate a low residence time for lake waters. Large amounts of detrital material were 

deposited in the lake during this time. This may partly account for a sedimentation rate 

that is an order of magnitude greater than that of later stages. The large detrital flux may 

result from more erosion due to wetter conditions. 

Several biological indicators provide additional information. Planorbiid 

gastropods, which require perennial water, are common. Fish bones are also common 

during this interval, indicating deep-water and overflowing conditions. This is the only 

interval in the sediments with fish bones, and we did not observe any fish during our 

visits to the lake. Potamogeton remains are present, but rare. This indicates that 
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Potamogeton grew in the lake at this time, but it might have grown close to shore in 

shallow water and was transported to the core site. 

There are some fluctuations in the amount of detrital material (e.g., dolomite) 

deposited during this interval (Figure 2.10), but these variations do not necessarily have 

to be caused by climate or water-balance change. Instead, they could retlect 

redistribution of sediments within the lake. The variations in detrital flux agree well 

between cores 2A and 3A. Pais suggests that the factors that control the detrital flux 

influence a large area of the lake. However, a pulse of detrital sediment at the end of this 

interval in cores 3 A and 4A is not present in core 2A. Therefore, spatial variability exists 

in the amount of detrital material, perhaps due to localized turbidity currents or 

resuspension of sediment. 

2.5.2 Stage 2 (~7200 to -3700 calendar years BP) 

During this interval 5'*0 values are still low, but gradually increasing. This 

indicates a gradual shift towards weaker monsoon conditions and increased residence 

time. The S'^C values from bulk carbonate have the same trend, perhaps also indicating 

an increase in residence time. The amount of detrital material and the sedimentation rate 

decrease. Despite the decrease in detrital grains, terrestrial charcoal is more common. 

This might indicate drier conditions in the catchment. 

Superimposed on these general trends, there are sLx intervals characterized by 

abundant Potamogeton remains and low values of DIC. Intervening intervals 

contain relatively more phytoplankton remains and authigenic carbonates. The 5'^C 
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variations are most likely related to the alternation between Potamogeton and 

phytoplankton, as discussed in section 4.4. Intervals with increased amounts of 

Potamogeton tend to have less negative 5'®0 values (Figure 2.10). There are more 

alternations between Potamogeton and phytoplankton in this stage than during the 

previous stage. This does not necessarily mean that this stage experienced more water-

balance fluctuations, however. During Stage 1, the lake was probably too deep for 

Potamogeton to grow at the core site. 

2.53 Stage 3 (~ 3700 to ~2000 calendar years BP) 

This stage is characterized by a step change towards higher 5'^0 values. We 

interpret this to reflect an abrupt weakening of the monsoon. The alternations between 

intervals dominated by Potamogeton and by phytoplankton continue. One Potamogeton-

rich interval corresponds with the step change towards higher 5'®0 values at -3700 

calendar years BP (Figure 2.10). This increase in Potamogeton could have been caused 

by a water-balance fluctuation. 

2.5.4 Stage 4 ( < 2000 calendar years BP to recent) 

Radiocarbon dates suggest that no lake sediments are preserved for this time 

period. From the age model based on radiocarbon dates from charcoal, we estimate that 

the core-top sediments are 2000 calendar years old. The lack of sedimentation implies 

that the lake was no longer perennial. Standing water could have existed for part of the 

year, but sedimentation rates were low and/or erosion rates were high. It is impossible to 
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determine when this stage began, due to the possibility of erosion and deflation of 

exposed lake sediments. Sediments with modem radiocarbon dates are not preserved in 

the cores. This suggests that the modem, perennial phase of Ahung Co began only within 

the past several hundred years. 

2.6 DISCUSSION 

Sediments from Ahung Co preserve evidence for climatic transitions at -7200 cal. 

years BP, -3700 cal. years BP, sometime after -3700 cal. years BP and sometime in the 

past several hundred years. At -7200 cal. years BP, conditions appear to have become 

drier. Several other lake-level records from Tibet show a similar climate change (Figure 

2.11). There is also evidence for weakening of monsoon strength at this time from other 

parts of the Southwest Asian monsoon region. These include the Arabian Sea (Sirocko et 

al., 1993) and westem China (Chen et al., 1999; Jarvis, 1993). 

At -3700 cal. years BP, conditions appear to have abmptly become drier. Other 

lake records from Tibet experienced dry conditions around this time period (Figure 2.11). 

The timing of these events is not identical to the timing of the event observed in Ahung 

Co. However, given the uncertainty of the age models for these other lakes, it is a 

surprise that they match so well. Most notably, there is an increase in carbonate 

deposition, as well as an increase in and 6^^C values at Siling Co (Morinaga et al., 

1993). The authors interpret these changes as evidence for an increase in residence time. 



44 

At Qinghai Lake, there is a similar abrupt shift in 5'®0 values, after a gradual rise through 

the middle Holocene (Lister et al., 1991). 

Several records from India and the Arabian Sea also point towards a significant 

climate change at this time. At 3500 '"^C years BP (3700 cal. years BP), monsoon-

induced upwelling in the Arabian Sea decreased abruptly to a level comparable to that of 

the last glacial lime period (Naidu and Malmgren, 1996). Similarly, a pollen record from 

marine sediment cores of the inner shelf off western India shows an abrupt change 

towards drier conditions at 3500 years BP (3700 cal. years BP). Savanna pollen 

increased at the e.xpense of forest pollen (Caratini et al., 1994). In addition the 5'''C 

values of organic matter increased due to a lower deposition rate of terrestrial organic 

matter. The authors attribute this change to less runoff 

This time period corresponds to the collapse of the Indus culture (1700 to 1900 

BC, 3700 to 3900 cal. years BP). The collapse of this civilization has been attributed to a 

shift towards a more arid climate at the end of the middle Holocene wet period (Singh et 

al., 1971; Allchin, 1982, 1997). Enzel et al. (1999) determined that the lake at 

Lunkaransar in northwestern India desiccated at ~4800 radiocarbon years BP. Because 

the desiccation of this lake preceded the collapse of the Indus culture by -1500 years, 

they concluded that their results contradicted the climate-culture hypothesis. However, 

the Lunkaransar record ends at ~4800 radiocarbon years BP due to lake desiccation. It 

provides no information about later climate transitions. Other lakes in northwestern India 

also desiccated around this time period and do not provide complete records (Singh et al., 

1974, 1990). We emphasize that the Indus civilization did not depend on these lakes for 
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water and there is not necessarily a correlation between lake desiccation and lack of 

agriculture. Monsoon rainfall may have reached its lowest levels many centuries after the 

lake at Lunkaransar desiccated. 

Ahung Co appears to have desiccated sometime after 3700 cal. years BP. We 

have no core-top '^C date from charcoal that could ftirther constrain the timing of this 

event, however, extrapolation of the age model suggests that it occurred sometime after 

-2000 cal. years BP. Without knowing the exact timing of the desiccation it is difficult 

to directly compare this climate change with others recorded in Tibet Other lake records 

in Tibet indicate that dry conditions persisted through the late Holocene (Figure 2.11). 

There is no evidence that these other lakes desiccated. However, without radiocarbon 

dates based on terrestrial material, it is impossible to distinguish between a large reservoir 

effect and a gap in sedimentation at the top of the core. Some sedimentary disturbances 

in the late Holocene intervals of cores from Sumxi Co and Bangong Co suggest that 

water levels might have become shallow (Pontes et al., 1993, 1996). Ahung Co is by far 

the shallowest of all these lakes, so it would not surprising if it was the only of these 

lakes to desiccate. 

Our record implies that lake levels have risen recently after desiccating during the 

late Holocene. This probably occurred sometime within the last couple hundred years. If 

it had occurred any earlier, we would expect to see some recent sediments preserved in 

the sediment cores. Other records from the southwest Asian monsoon region indicate a 

change in monsoon strength during this time, but the direction of change varies. Records 

from Nepal (Denniston et al., 2000), the Arabian Sea (Von Rad et al., 1999a), Dunde in 
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the northern Tibetan Plateau (Liu et al., 1998) and Guliya in western Tibet (Thompson et 

al., 1995) indicate that conditions have become wetter in the past several hundred years. 

However, records from Qinghai Lake (Qin and Huang, 1998) and Dasuopu in Nepal 

(Thompson et al., 2000) indicate that conditions have become drier in the past several 

hundred years. This climate change might have been spatially variable, more records are 

needed to confirm this. 

In our synthesis of abrupt changes in monsoon strength (Chapter 4), there were no 

widespread climate events at -7200 and -3700 calendar years BP. However, these 

events appear to have occurred in several different lake-level records from Tibet (Figure 

2.11). The synthesis included more records from the East Asian monsoon region than 

from the Southwest Asian monsoon region. It was, therefore, biased towards changes 

taking place in eastern China. There are several records in the synthesis that show abrupt 

changes during these two time periods. These records are almost exclusively from the 

Southwest Asian monsoon region (i.e., India, Arabian Sea, western China), suggesting 

that these events might have been confined to the Southwest Asian monsoon. Similarly, 

an abrupt change that was observed with high frequency in eastern China at -5000 to 

-4500 calendar years BP might have been confined to the East Asian monsoon. This 

suggests that, on these timescales, the Southwest Asian and East Asian monsoons act 

somewhat independently. 

The climate variations observed in the Ahung Co sediment record must be the 

result of forcing that is either external or internal to the climate system. The timing of 

these events does not correspond to changes in external forcing, such as solar variations 
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and volcanism, however (Chapter 4, Figure 4.6). It is more likely that these events arose 

from processes internal to the earth's climate system. For example, the event we observe 

at -3700 calendar years BP could correspond to shifts towards drier conditions observed 

in the Middle East (e.g., Dalfes et al., 1997) and the low latitudes of Africa (e.g., Gasse 

and Van Campo, 1994). The spatial pattern of these changes suggests that they arose 

from a process occurring in the low-latitudes. Additional well-dated and high-resolution 

records from various regions of the world will help to identify the source of these climate 

changes. 

Ahung Co provides the first water-balance record from Tibet to have an age 

model based on terrestrial material. Our results identify a potential problem with making 

reservoir-age corrections. When using dates from aquatic plant material, it is nearly 

impossible to distinguish between a sedimentary gap at the top of the core and a very 

large reservoir age. Measurements of '"*C activity in the modem lake can indicate the 

expected reservoir age. However, as seen in the Ahimg Co sediment record, the reservoir 

age can change through time. The age models for other lakes in Tibet appear reasonable, 

however, if we assume that the major climate transitions observed in these records are 

synchronous with those observed at Ahung Co. The discrepancies between the records 

are less than -500 years. This implies that reservoir-age corrections for the other Tibetan 

lakes might be reasonable. 

Alternations between primary production dominated by aquatic macrophytes and 

by lacustrine algae have been observed in shallow lakes in many regions of the world, 

including Sweden (Blindow et al., 1993), the Netherlands (Coops and Doef, 1996; van 
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den Berg, 1999), New Zealand (Mitchell, 1989), West Africa (Thomas et al., 2000), 

Wisconsin (Engel and Nichols, 1994) and Florida (Bachmann et al., 1999). It has been 

proposed that these states represent two alternate stable equilibria for shallow lakes (e.g., 

Scheffer et al., 1993). In one state, lacustrine algae dominate. They form blooms in the 

surface water and reduce the transparency of lake water, which prevents macrophyte 

growth. In the other state, transparency is increased and aquatic macrophytes, such as 

Potamogeton, dominate. Macrophytes are able to suppress algal growth by harboring 

zooplankton that graze phytoplankton and by releasing substances to.\ic to the algae 

(Sheffer et al., 1993). Macrophytes also affect water clarity by reducing resiispension of 

bottom material. Environmental disturbances appear to cause the system to shift between 

the two stable states. These disturbances can include changes in lake level, sediment or 

nutrient loading, ice thickness, or wind mixing (Blindow et al., 1993, Coops and Doef, 

1996, Engel and Nichols, 1994). This phenomenon might explain the alternations 

observed in Ahung Co sediments. It is not clear what environmental disturbance is 

responsible for these alternations, however. The alternations tend to coincide with 

increases in 5'®0 values, however, suggesting that water-balance fluctuations could play 

a role. 

In conclusion, the pattern of climate change inferred from the sediments of Ahung 

Co is similar to that observed from other Tibetan lakes. This suggests that the water-

balance fluctuations of Ahung Co reflect regional events. This is the first study, 

however, to provide dates for these climate transitions that are free of the imcertainties 

associated with reservoir effects. The age model of Ahimg Co allows a clearer picture of 
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the climate history of Tibet to emerge. This is critical for correlating climate change in 

Tibet to events in other regions and for determining the cause of these climate changes. 



TABLE 2.1 RADIOCARBON DATES FROM MODERN PLANTS AND CHARCOAL 

Labn Core Depth Material Mg of 8'^C '^C Error Calendar age (years before 
(cm) carbon (%« PDB)» age 1950) with 2a error range 

AA44630 Modem Surface Potamogeton 1.12 -10.9 65 40 
AA44630 Modem Surface Potamogeton 0.87 -10.5 1 40 
AA44630 Modem Surface Potamogeton 0.84 -14.1 -10 40 

AA44634 2A 8- iO  Charcoal 0.19 N/A 3480 90 3980(3810, 3790, 3720)3480 
3A 11-13 

AA44636 2A 22-24 Charcoal 0.20 -24.1 5090 80 6160(5890)5610 
3A 20-22 

AA44638 2A 27-29 Charcoal 0.15 N/A 5710 200 6990(6490)6000 
3A 27-29 

AA44640 2A 38-40 Charcoal 0.16 N/A 6640 340 8160(7560, 7540, 7510)6760 
3A 39-41 

UCIT3388 2A 67-87 Charcoal and -0.20 N/A 7070 90 8110(7930, 7900, 7870)7680 
flies 

* Samples marked N/A have no 5'^C measurements. 
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TABLE 2.2 5"0 VALUES OF SURFACE WATERS AND RAINFALL 

Sample Collection date (%o VSMOW) 

Lake water 
Ahung Co (shallow) 9 July 2001 -9.85 
Ahung Co (outflow) 12 July 2001 -9.62 

Precipitation 
Convective storm, Nagqu 8 July 2001 -2.91 
Frontal storm, Ahung Co 10 July 2001 -18.86 
Frontal storm, Nagqu 10 July 2001 -16.38 
Frontal storm, Nagqu 11 July 2001 -17.20 

Stream water 
Northeast stream 7 July 2001 -14.85 
Northeast stream 12 July 2001 -15.45 

Pond water 
East pond 12 July 2001 -8.09 
North pond 13 July 2001 -9.68 



Figure 2.1 (A) Location of Ahung Co. Outlined region shows extent of Tibetan Plateau. Dashed lines show 
nuMlem-day extent of Southwest Asian and East Asian monsoons. Solid line shows estimated maximum extent 
of monsoons during Holocene, as mapped by Winkler and Wang (1993). (B) Map of Ahung Co and surround
ing area. Contour intervali 00 m. Dashed line indicates extent of surface drainage basin. Striped region shows 
area of wetlands surrounding lake. Dark solid lines show rivers and streams. (C) Bathymetric map of Ahung 
Co. Contour interval 20 cm. Dashed lines indicate transects along which depths were measured. Circles show 
core locations. 
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U> 



54 

10  ̂calendar years BP 

2 4 6 8 10 12 

•Charcoal 

100 

Figure 2.3 Radiocarbon ages obtained from Potamogeton and 
terrestrial charcoal. Ages firom Potamogeton are derived from 
three cores (2A, squares; 3A, circles, 4A, diamonds). Dates 
from charcoal are derived fn>m material from cores 2A and 
3 A. Error bars in the x-direction show 2a errors. Error bars 
in the y-direction show range of sediment from which sample 
was taken. If error bars are not shown, they are smaller than 
the symbol. Lines show the age model applied to sediments. 
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Figure 2.4 Calibration of relationship between percent by 
volume and X-ray dif&action peak area for three carbonate 
minerals. Results based on X-ray dif&actograms of artificial 
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Figure 2.5 Proxies measured from Ahung Co core 3A. Data points between 4.8 and 5.5 calendar ka BP were mea
sured from Core 2A sediments. Dashed lines (arrows) indicate climatic transitions (trends) identified by the mov
ing t-test for individual lime-series (99% confidence level). Units for all stable isotope measurements are PDB. 
fil'Ocariiamie measurements are from bulk carbonate and are not corrected for variations in amount of aragonite. 
filiOcariMimMMi dolomite) measurements are also from bulk carbonate, but the infiuence of detrital dolomite has been 
removed, as described in text. Percent of non-carbonate detrital maleriai is estimated from organic carbon and car
bonate measurements, as described in text. 
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Lake depth (cm) 

Figure 2.6 Occurrence of Potamogeton with depth in Ahung Co 
today. Point observations of the presence or absence of 
Potamogeton were made along the bathymetric transects shown 
in Figure 2.1. 
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Figure 2.7 Measurements of C/N and Sl3C for three categories of 
organic matter in Ahung Co and its drainage basin. Steppe plants 
and Potamogeton were collected at Ahung Co during July 2001. 
Measurements for lacustrine algae were collected from Asian and 
North American lakes, as reported by Meyers (1994). 
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Figure 2.10 Measurements that are the primary source of the inferred 
water balance history of Ahung Co. Gray boxes indicate Potamogeton-
rich intervals. Arrows indicate direction of increasing lake water resi
dence time. 
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Figure 2.11 (A) Locations of lakes discussed in text. Abbreviations: 
L:Lunkaransar, BiBangong Co, Su:Sumxi Co, Si:Siling Co, QiQinghai Lake and 
A:Ahung Co. (B) Inferred lake level history of Ahung Co compared to lake level 
history of other lakes in Southwest Asian monsoon region. For each plot, high
est lake level is to right. Arrows indicate position of Potamogeton-rich layers, 
which may reflect environmental disturbances. The history of lake level fluctua
tions in Ahung Co during the last 2000 calendar years is not known because no 
sediment from this time period was preserved, "^e lake probably desiccated 
sometime after 2000 calendar years BP. 
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3. CONTROLS ON THE WATER BALANCE OF AHUNG CO, TIBET 

ABSTRACT 

Past water-balance changes in Tibetan lakes are generally attributed to changes in 

the strength of the summer monsoon. However, the water balance of a lake reflects many 

fluxes, which are controlled by many climate variables. We evaluate the present-day 

controls on water fluxes to and from Ahung Co in eastern Tibet, using meteorological 

observations and evaporation models. Our results confirm that water fluxes during the 

summer monsoon dominate in terms of size and variability. During a strong monsoon, 

there is both an increase in precipitation and a decrease in evaporation over the lake and 

drainage basin. This change in evaporation is probably a result of increased cloud cover 

and humidity. Other factors, such as changes in spring evaporation caused by 

fluctuations in the timing of lake ice melt, presently play a small role in the lake's water 

balance. We also note that the precipitation-evaporation balance over the lake is negative 

and that a flux of runoff and groundwater from the surrounding basin is necessary for the 

lake to persist. The basin flux appears to have large seasonal and interannual variations 

that are an amplification of monsoon forcing. These variations are responsible for the 

significant lake-level fluctuations observed during the past eight years and likely account 

for several water-balance changes diuing the Holocene. 
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3.1 INTRODUCTION 

Past water-balance fluctuations recorded in lake sediments provide valuable 

information for reconstructing paleoclimate in terrestrial regions. These records are 

common in many regions of the world and can provide continuous time-series spanning 

thousands of years with seasonal to century-scale resolution. However, the water balance 

of a lake reflects many flu.\es (e.g., on-lake precipitation, lake evaporation, groundwater 

input/output, surface runoff, and outflow) and these fluxes are controlled by many 

climate variables (e.g., temperature, radiation, wind speed). Therefore, there is often 

uncertainty about the cause of past water-balance fluctuations and about the size of past 

climate variations inferred from these records. 

The Tibetan Plateau is an important region for paleoclimate research due to the 

abundance of lakes on the plateau and due to interest in the Asian monsoon. The Asian 

summer monsoon plays a major role in the present-day climate of large regions of Tibet 

(Domros and Peng, 1988). About 80 to 90% of annual average precipitation falls during 

the summer monsoon months in these areas (Leber et al., 1995). Variations in the 

strength of the Asian simmer monsoon impact billions of people (e.g., Webster et al., 

1998). Efforts to document and understand past changes in the monsoon may help to 

predict future changes. 

Past water-balance fluctuations in Tibetan lakes are interpreted to reflect changes 

in the strength of the siunmer monsoon, and in particular the amount of simmier monsoon 

precipitation (e.g., Gasse et al., 1991, 1996; Lister et al., 1993; Morinaga et al., 1996). 
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The amount of summer monsoon precipitation is certainly an important source of water 

for Tibetan lakes, but other fluxes and other climate variables could perhaps be equally 

important. For example, changes in air temperature can have a significant effect on lake 

evaporation (Hostetler and Giorgi, 1995; Qin and Huang, 1998). To determine how lake 

records should be interpreted, it is necessary to (I) evaluate the magnitude and variability 

of the various water fluxes and (2) investigate the climatic controls on these fluxes. 

In this research, we try to accomplish this for the modem water budget of Ahung 

Co (Co = lake). We chose to study this lake for several reasons. First, the sediment 

record preserved in this lake provides evidence for significant water-balance fluctuations 

during the Holocene. During the early part of the record (-8000 to -7700 calendar years 

ago), the lake was relatively deep and water flowed out of the lake through a stream 

(Chapter 1). Following this, the residence time of water in the lake increased. Finally, 

the lake completely desiccated sometime after -2000 calendar years ago and refilled 

within only the last several hundred years. 

Second, Ahung Co is located about 10 km from the town of Nagqu, where some 

of the most detailed meteorological records in Tibet have been collected. We use these 

meteorological observations to estimate the size and interannual variability of 

precipitation, lake evaporation and the contribution of water from the lake's drainage 

basin. Next, we use these results to identify which climate variables control these water 

fluxes. Finally, we apply this knowledge to understand past changes in the water balance 

of Ahung Co. 
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3.2 STUDY AREA 

Ahung Co is a small (3.6 km*) freshwater lake located in the steppe region of 

east-central Tibet (3 l.37°N, 92.04°E). The area of its surface drainage basin is about 100 

km" (Figure 3.1). This region has low topographic relief and the area of the aquifer 

contributing groundwater to Ahung Co could be much larger than the area of its surface 

drainage basin. Tliere are several streams that transport water to the wetlands 

surrounding the lake, but none of these streams flow directly into the lake. Ahung Co has 

a small surface outlet and the lake level currently oscillates above and below the level of 

this outlet. In July 1995, lake level was below the elevation of the outlet and the lake was 

closed. By July 2001, the water level had risen to 20 cm above the elevation of the outlet 

and a small stream about five meters wide was flowing from the lake. Subsurface 

outflow into the adjoining basin is also possible. Mean lake depth in July 2001 was about 

one meter and the maximum lake depth was about 1.5 meters. Vegetation in the basin 

consists primarily of short (5-10 cm) steppe grasses. The mean annual temperature in 

this region is about 0 °C, and patches of permafrost are present in some locations (Wang 

and French, 1995). 

The water balance of Ahimg Co can be expressed as: 

— = +/?  +  G,-Go-O (3.1)  
dt 

where z is lake depth, Pl is on-Iake precipitation. El is lake evaporation, R is surface 

runoff from the drainage basin, Gi is groundwater input to the lake, Go is groundwater 

output from the lake and O is surface outflow from the lake. In this research, we study 
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each of these fluxes. Measurements of on-lake precipitation are based on rainfall 

measurements from the town of Nagqu. We use additional meteorological measurements 

and a lake energy balance model to derive estimates of lake evaporation. We use the 

precipitation minus evapotranspiration balance (P-ET) over the drainage basin as a proxy 

for the contribution of water from the drainage basin (R+Gi). Measurements of basin 

precipitation are based on rainfall measurements from Nagqu, and basin 

evapotranspiration is estimated from the Penman-Monteith model. Values of P-ET for 

the basin provide useful information about the causes of variations in basin contribution, 

but they do not provide information about the magnitude or variability of this flux. By 

generating estimates of lake discharge (Go+O) based on discharge observations, we 

estimate the size and variability of the basin contribution. 

3J EVAPORATION MODELS 

3J.1 Lake energy balance model 

We use a one-dimensional lake energy balance model to derive estimates of present-

day evaporation from Ahung Co. This model was originally developed by Hostetler and 

Bartlein (1990), and was later modified by Small et al. (1999). In this model, evaporation 

is dependent on the surface energy balance and the vertical energy flux due to mixing 

between the surface water and lower layers. The vertical energy flux terms are not 

necessary for simulating conditions in Ahung Co, however. The lake is only one meter 
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deep and it has a uniform vertical temperature profile. This allows us to specify just one 

lake layer of one meter depth and ignore the vertical mixing terms. 

The lake surface energy balance is calculated as: 

where c« is the specific heat of water (J kg ' K '), Pw is the density of water (kg m^), z is 

the lake depth (m), T is lake temperature (K), t is lime (s), (>5 is shortwave radiation 

absorbed by the water surface, (j»id is longwave radiation absorbed by the water surface, 

({)iu is longwave radiation emitted by the water surface, Qe is the latent heat flax, and Qh is 

the sensible heat flux (units for all terms on the right-hand side of the equation are W/m*). 

The amount of absorbed shortwave radiation (())s) is calculated from the lake surface 

albedo and meteorological observations of surface incident radiation. Albedo varies as a 

fimction of solar zenith angle. The amount of absorbed longwave radiation is calculated 

from meteorological observations of downward longwave radiation ((j>id) and values of 

upward longwave radiation ((|>iu), which are calculated from the lake surface temperature 

according to the Stefan-Boltzmann law. Latent and sensible heat fluxes are calculated 

using the standard bulk aerodynamic formulations of Dickinson et al. (1993): 

— ^ -Q*-Qh 
c^p^z  dt  

(3.2) 

Qe -Qa)  (3.3) 

(3.4) 
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where the subscripts a and s refer to air and surface respectively, Lv is the latent heat of 

vaporization, Cp is the specific heat of air, Pa is the density of air, is wind speed, and q 

is specific humidity. The momentum drag coefficient (Co) is a function of (I) the neutral 

drag coefficient, which depends on the roughness length; and (2) the surface bulk 

Elichardson number, which depends on the wind speed and the near-surface temperature 

gradient. Thus the stability of the boundary layer affects evaporation, with unstable 

conditions leading to greater evaporation. 

In this model, ice forms on the lake when the water temperature is at the freezing 

point and the surface energy balance is negative. Lake ice melts when the surface energy 

balance is positive. The surface energy balance of the lake ice is calculated according to 

Patterson and Hamblin (1988). Solar radiation that penetrates the lake ice is absorbed by 

the underlying water column. Ice formation does not affect lake salinity. Salinity is 

constant at freshwater values, identical to measixrements made during the summer of 

2001, through all parts of the lake and through time. 

The time-step of the lake model is 30 minutes. Some of the meteorological data we 

use as input are daily-averaged values. We calculate 30-minute values from these data by 

interpolating between daily values. This is potentially a problem because shallow lakes 

can have a large diurnal cycle in lake surface temperature and in evaporation. To address 

this issue, we perform several additional simulations using meteorological observations 

meastired at a 30-minute frequency, as described in section 3.S.2. Unless otherwise 

noted, the model is brought to equilibrium by integrating five annual cycles using 1994 
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meteorological data. Values of lake surface temperature and evaporation indicate that 

equilibrium has been reached after the first year of simulation. 

33.2 Penman-Monteith evapotranspiration model 

To calculate evapotranspiration in the basin, we use the Penman-Monteith 

equation (Monteith, 1965; Shuttlewonh, 1993). This equation is a model of evaporation 

that describes the diffusion of water vapor from plants and soil into the atmosphere 

against stomatal and aerodynamic resistances. Evapotranspiration (ET) in mm/day is 

calculated as: 

ET = |[- (3.5) 
A A + y(l + r,/rj 

where k is the latent heat of vaporization of water (MJ/kg), A is the gradient of the 

relationship between saturated vapor pressure and temperature (kPa/°C), A is available 

energy defined as the difference between the net incoming radiant energy and heat 

conduction into/out of the soil (MJ/m'day), Pa is the density of air (kg/m^), Cp is the 

specific heat of moist air (MJ/kg°C), D is the vapor pressure deficit (kPa) and y is the 

psychrometric constant (kPa/°C). We do not have measurements for heat conduction into 

and out of the soil, so we ignore this term. Neglecting this term is reasonable because the 

magnitude of daily soil heat flux over our time-scales of interest (months to seasons) is 

relatively small (Shuttleworth, 1993). 

The stomatal (r,) and aerodynamic (r,) resistances are dependent on characteristics 

of the plant canopy: 
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where Zu and Zc are the heights of the wind speed and humidity measurements (m), Uz is 

the wind speed (m/s), and Zom, Zov, and L are constants estimated from the mean height of 

the plant canopy (m). The stomatal resistance controls the molecular diffusion of water 

vapor from the plant during transpiration. The stomatal resistance decreases with plant 

height and the number of stomata through which water vapor is transpired. The 

aerodynamic resistance controls the rate of diffusion of water vapor away from the 

ground due to atmospheric turbulence. The aerodynamic resistance is affected by wind 

speed and plant height. 

The Penman-Monteith equation requires several assimiptions about the plant 

canopy. The plants must be growing, completely shading the ground, well watered and 

have uniform height (Shuttleworth, 1993). These conditions may be met during the 

summer, when the plants are growing. Vegetation in the catchment consists primarily of 

a uniform cover of short (5-10 cm) steppe grasses that form dense meadows. It is not 

clear, however, if these plants qualify as well-watered. In Section 3.5.3, we compare our 

calculations with actual measurements of evapotranspiration from the simimer 1998 to 

test the assumption that the vegetation is not short of water during the monsoon season. 
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3.4 METEOROLOGICAL DATA 

The models we use to calculate lake and basin evaporation require measurements 

of air temperature, dew point, wind speed, surface incident shortwave radiation, 

downward longwave radiation, and net radiation. In addition, we use measurements of 

precipitation to examine on-lake and basin precipitation. Measurements of these variables 

are available from several different sources, described below (Table 3.1). 

3.4.1 National Climatic Data Center (NCDC) 

NCDC provides daily-averaged measurements of air temperature, dew point, 

wind speed and precipitation for 1994 to 2001 from the town of Nagqu, which is about 10 

km south of Ahung Co (Figure 3.1). These data should also reflect the meteorological 

conditions at Ahung Co because the elevation at Nagqu is nearly identical to the elevation 

of the lake and the topographic relief is low in this region. These measurements are part 

of NCDC's Global Summary of Day data, which are derived from hourly surface 

observations. The data undergo extensive automated quality control at several stages 

during their derivation (NCDC, 2002). 

3.4.2 Global Precipitation Climatology Project (GPCP) 

Precipitation data from January to September 1999 are not available from NCDC 

due to data processing problems. To fill this gap, we use data from the Global 

Precipitation Climatology Project The GPCP provides gridded datasets of monthly total 
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precipitation for 1° latitude by 1° longitude grid cells. These data are derived from 

quality-controlled rain gauge measurements (Rudolf et al., 1994). We compared 

precipitation data from 1994 to 2001 from the NCDC and GPCP datasets (Figure 3.2). 

The two datasets are very similar, which gives us confidence that the GPCP data provides 

a reasonable approximation of rainfall near Ahung Co. 

3.4J National Centers for Environmental Prediction (NCEP) Reanalysis 

Measurements of shortwave and longwave radiation have not been made on a 

regular basis in this region. The only current source of this information is the NCEP 

reanalysis. The reanalysis is output from the NCEP global spectral model incorporating 

several sources of input measurements. Input measurements are derived from land 

surface, ship, rawinsonde, aircraft and satellite observations and primarily consist of 

values for air temperature, wind speed, pressure and moisture. More details of model 

dynamics and physics are available in Kanamitsu (1989) and Kanamitsu et al. (1991). 

The NCEP spectral model has T62 horizontal resolution (-1.9° lat x 1.875° Ion). 

We use radiation values from the grid cell that contains Ahung Co. This grid cell is 

centered on 31.4 and 91.9 °E. Neighboring grid cells have very similar values for 

shortwave and longwave radiation, which leads us to believe that there is not too much 

noise associated with using just one grid cell. 

The most significant drawback to using reanalysis output is that data values will 

be reliable only to the extent that model and physical parameterizations are realistic. The 

radiation values we use depend only on model calculations (i.e., they are not directly 
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derived from assimilated data). In general, comparison of these variables with 

observations and climatologies show that they are accurate (Kalnay et al., 1996). We 

compare evaporation estimates based on NCEP output with estimates obtained from the 

more limited GAME dataset to ensure that the reanalysis provides a realistic 

representation of climate in this region. 

3.4.4 GEWEX Asian Monsoon Experiment (GAME) 

As part of the GAME-Tibet field experiment, meteorological measurements were 

made in several locations on the Tibetan Plateau during the summer of 1998. This 

experiment was associated with the Global Energy and Water Cycle Experiment 

(GEWEX) and its goal was to examine interactions between the land surface and the 

atmosphere over the Tibetan plateau (Gao et al., 2000). Near Nagqu, instruments 

measured several variables every 30 minutes. These variables included: air temperature, 

humidity, wind speed, shortwave radiation, longwave radiation and latent heat flux. The 

latent heat flux was measured using an eddy correlation technique and bandpass 

CO variance method along with values from a 3D sonic anemometer and a 

hygrothermometer (Gao et al., 2000). Other instruments, including radiometers and 

temperature and humidity probes, provided the other meteorological information. 
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3.5 RESULTS 

3.5.1 Precipitation 

From 1994 to 2001, Nagqu received an average of about 50 cm of precipitation 

per year. About 85% of the annual precipitation fell during the summer rainy season of 

May to September (Figure 3.3). Because there is so little precipitation during the winter 

months, this area does not receive much snow. Snow cover typically lasts for about 50 

days during the winter and ma.ximum snow water equivalents are small (-20 mm; Sato, 

2001). Not surprisingly, the standard deviation of precipitation amount is highest during 

the summer monsoon months. This indicates that most of the interannual variation in 

precipitation is associated with variations in summer monsoon strength. 

Precipitation has been measured at Nagqu since 1955. The annual mean 

precipitation over this longer time period (~42 cm) is somewhat lower than over the past 

eight years, due in part to several recent wet years. The longer-term standard deviation is 

similar to that of the past eight years, suggesting diat the past eight years are 

representative in terms of interannual precipitation variations. 

3.5.2 Lake evaporation 

Our estimates of lake evaporation for 1994 to 2001 are derived from the lake energy 

balance model described in section 3.3.1 and the NCDC and NCEP datasets (Figure 3.4). 

The modeled annual average lake evaporation is about 75 cm. The model predicts an 

abrupt increase in evaporation after the ice melts in mid-April, followed by evaporation 
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reaching its highest values from May to July, and then a gradual decline in evaporation 

through the end of the monsoon season until the lake freezes in early November (Figure 

3.4f). During the winter, small amounts of water condense on the ice surface, causing 

small negative evaporation values. 

Interannual variations in lake evaporation are greatest during the spring and early 

monsoon seasons. Variations in lake evaporation during April are due to differences in 

the timing of ice melt. These variations are primarily controlled by air temperature (not 

shown). Variations in lake evaporation during the summer monsoon months are linked to 

variations in monsoon strength. Lake evaporation is below (above) normal during 

months with above (below) normal monsoon precipitation (Figure 3.5a). This is the case 

because humid and cloudy conditions that occur during a strong monsoon inhibit lake 

evaporation. 

As with any model, it is unclear how accurately our calculations reflect reality. Two 

factors, the duration of ice cover and summer lake temperatures, play a particularly large 

role in determining annual lake evaporation. To assess how accurately the model 

represents the energy balance of the lake, we compare observations and model 

calculations of these two variables. 

The duration of ice cover is critical to annual lake evaporation because there can be 

no evaporation as long as ice covers the lake. The model predicts ice cover lasting about 

160 days each year. Unfortunately, there are no observations of ice on Ahung Co for a 

direct comparison with model output Other lakes in Tibet are covered by ice for about 

120 to 180 days each year (Table 3.2). In addition, the maximum ice thickness measured 
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for other lakes in Tibet is very similar to the maximum ice thickness predicted for Ahung 

Co. Considering the differences in location and characteristics (e.g., depth, salinity) of 

the lakes we are comparing, the consistency among these observations and model results 

is reassuring. Model predictions of ice appear to be reasonable. 

Lake surface temperature is an important control on evaporation due to its effect on 

the saturated vapor pressure (equation 3.3). We made twelve surface temperature 

measurements of Ahung Co during July 2001. However, it is difficult to compare these 

measurements directly with model output for several reasons: (1) the lake energy balance 

model does not have a daily cycle and our measurements do, (2) model output represents 

surface temperature for a lake depth of one meter and some of our measurements were 

made in near-shore water less than 10 cm deep, (3) day-to-day variations in weather that 

affect our measurements may not be captured well by the radiation input data, which is an 

average of conditions over a 2° by 2° grid cell. Therefore, we compare our 

measurements more generally with model output (Figure 3.6). There is a reasonable 

correspondence; most observed and modeled surface temperatures fall between 14 and 18 

°C during the first two weeks of July. 

While comparisons of ice cover and temperature give us some confidence that the 

model provides a reasonable representation of conditions in Ahung Co, there are two 

other issues associated with our methods. First, we use shortwave and longwave 

radiation values for a 2° by 2° grid cell from the NCEP reanalysis. These values are not 

directly based on observations and could be in error. Second, our input data has no daily 

cycle. To address these problems, we performed two additional model simulations using 
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GAME data from the summer of 1998. Each simulation was run from June 5, 1998 to 

September 12, 1998 using as input GAME values for air temperature, humidity, wind 

speed, shortwave and longwave radiation. Initial conditions for the simulations were 

specified from June 4, 1998 conditions of the simulation using NCDC/NCEP input. 

The first GAME simulation incorporated daily-averaged meteorological variables. 

The modeled lake evaporation from this simulation is nearly identical to the simulation 

using daily-averaged meteorological variables from NCDC/NCEP (Table 3.3). In 

addition, many of the day-to-day variations in evaporation are similar between the r,vo 

simulations (Figure 3.7). From this, we conclude that lake evaporation values calculated 

based on NCEP radiation values are reasonable. 

The second GAME simulation used meteorological variables averaged over 30-

minute intervals; this simulation has a diurnal cycle. Modeled lake evaporation from this 

simulation is about 15% higher than from the other simulations (Table 3.3). 

Additionally, many of the day-to-day variations in lake evaporation have larger amplitude 

in this simulation. These results can be explained by the facts that the simulation with a 

diurnal cycle has larger fluctuations in lake surface temperature, which leads to large 

fluctuations in the saturated vapor pressure. From this, we conclude that our evaporation 

estimates based on daily-averaged meteorological values are probably too low during the 

summer. Incorporating a diumal cycle is probably not as important during the winter 

months when evaporation is low. 
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3.5.3 Basin contribution 

The basin contribution equals the amount of lake outflow minus the precipitation-

evaporation (P-E) balance over the lake. Ideally, we would assess the magnitude and the 

variability of the basin contribution by using a time-series of lake discharge along with 

measurements of on-lake precipitation and lake evaporation. Unfortunately, a time-series 

of discharge variations does not exist. We have limited observations of lake discharge, 

however, and these provide useful information for comparing the size and variability of 

the basin contribution to the fluxes of on-lake precipitation and lake evaporation. 

During each of our two visits to Ahung Co, we made observations of the amount 

of discharge. In July 1995, lake level was below the elevation of the outlet and surface 

discharge was zero. In July 2001, lake level was about 20 cm above the elevation of the 

outlet and we estimate that lake discharge was about 0.5 m''/s. It is difficult to use this 

estimate to calculate seasonal or annual lake discharge, however. The amount of 

overflow is a function of lake depth, which will vary seasonally and annually. Keeping 

this caveat in mind, we use this value to make a first-order approximation of the amount 

of lake discharge per year. We assume that this value is representative of lake discharge 

during the ice-&ee season and that there is no discharge when the lake is ice-covered. 

We calculate 240 cm of discharge per unit area of lake during 2001, or about three times 

the volume of lake evaporation. 

As mentioned, changes in lake level will lead to errors in this calculation. In July 

2001, we noticed an abandoned shoreline ridge formed from beach pebbles that was 18 

cm higher than current lake level. This shoreline is easily eroded and it probably formed 
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at some time during the previous winter or spring. During the spring, after the lake ice 

melted and before the summer monsoon began, lake level fell due to the negative water 

balance. Therefore, our estimate of discharge is probably too low for the spring and early 

monsoon periods. 

The minimum estimate of the average basin contribution is ~25 cm/year. This is 

the value e.xpected for a closed lake and is equal to the annual average of P-E over the 

lake. The basin must contribute at least this much water in order for the lake to persist. 

Our estimate of the basin contribution during overflowing conditions is about an order of 

magnitude larger than this. Even if the basin contribution was only half this amount, it 

would be similar in magnitude to the on-lake precipitation and lake evaporation flu.\es. 

Therefore, we conclude that the flux of water from the surrounding basin is probably of 

equal or greater magnitude to these other fluxes. 

We estimate the importance of variations in the basin contribution by considering 

the lake-level change between 1995 and 2001. Lake level rose at least 20 cm, and 

possibly as much as 30 cm, during this time interval. The depth of water needed to cause 

this rise was probably much greater than 20 or 30 cm, however. During this rise in lake 

level, the lake began to discharge water through its surface outlet. Potentially, a large 

volume of water was lost to this discharge. Can variations in the lake P-E balance 

account for this rise in lake level? The sum of P-E anomalies from July 1995 to July 

2001 gives +9 cm (Table 3.4), at minimum only half of the observed rise in lake level. 

Therefore, the basin contributed to at least half of this rise in lake level, and probably a 

significant amount more. 
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We have concluded that the flux of water from the basin is at least, if not more, 

important than the on-lake precipitation and lake evaporation fluxes. What causes the 

variations in this flux? We lack direct measurements of this flux and it is difficult to 

model because it depends on many basin characteristics. We have chosen to study this 

flux by considering the P-ET balance over the basin. P-ET for the basin reflects the 

amount of water gained (lost) by the basin and, therefore, available (unavailable) for 

addition to the lake. 

We use precipitation measurements from Nagqu to approximate precipitation in the 

basin of Ahung Co. Our estimates of basin evapotranspiration (ET) during 1994 to 2001 

are derived from the Penman-Monteith equation (equation 3.4) and the NCDC and NCEP 

datasets (Figure 3.4 and 3.8). We use this equation to calculate ET for non-winter 

months only (April to October). During the remaining six months, the ground is frozen 

(Sato, 2001). Therefore, there is no transpiration and this equation can not be applied. 

These estimates should be regarded as potential ET rates because the actual amount of ET 

will depend on water availability. 

Once again, it is unclear how accurately the values of ET from this model reflect 

actual conditions. There are two major issues associated with our methods. First, we use 

NCEP radiation values, which might not provide a reasonable approximate of actual 

conditions. Second, it is unclear whether the assixmptions of the Penman-Monteith 

equation are met in this environment, for example, does the grass qualify as well-

watered? We use data from the GAME 1998 field campaign to make two additional 

calculations and address these issues. 
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For the first calculation, we use daily-averaged values for air temperature, wind 

speed, humidity and net radiation from the GAME dataset. The average ET value for 

these calculations is slightly higher than, but comparable to, the average ET value 

obtained from the NCDC/NCEP dataset (Table 3.3). The GAME results also tend to 

have larger day-to-day variations than the results from NCDC/NCEP (Figure 3.9). This 

is explained by the fact that the NCEP radiation values are an average for a 2° by 2° grid 

cell and will not be as variable as a point measurement within that area. Overall, the 

NCEP radiation values appear to give reasonable estimates of ET, however. 

To determine if the assumptions of the Penman-Monteith equation are met, we 

compare the measurements of latent heat made at the GAME eddy correlation station 

with ET calculations made using the Penman-Monteith equation. Gaps in the latent heat 

data do not allow us to make a comparison for every day of the summer 1998 field 

campaign. We calculate daily ET from the 30-minute latent heat data for 23 days during 

summer 1998. The daily-averaged ET values are very similar to results from the 

Penman-Monteith equation (Table 3.3). Again, the day-to-day variations are not as 

similar (Figure 3.9). The similarity in the seasonal values, our timescale of interest, 

indicates that the assumptions are reasonable during the summer months, however. Our 

observations of this area during the summer monsoon confirm this result Rain falls 

nearly every day and many small depressions are filled with water, indicating the soils 

are saturated (or nearly saturated) with water. 

We have concluded that the calculations of ET for the summer monsoon months are 

reasonable. These calculations suggest that the summer monsoon months are a critical 
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time for the flux of water from the basin to the lake. The P-ET balance during these 

months is generally positive (Table 3.4), indicating that the basin contributes water to the 

lake. There also seem to be significant interannual fluctuations in the P-ET balance, 

which may play an important role in interannual water-balance fluctuations. We 

speculate that conditions during the non-monsoon months (October to April) have a 

smaller impact on the water balance for several reasons. First, the basin-to-lake water 

flux is probably much smaller than during the summer months. The average total amount 

of rainfall for these months is only 7 cm, while the potential ET for April and October 

alone is -7 cm. Second, despite the potential for a P-ET deficit during the non-monsoon 

season, we expect that the actual amount of ET does not greatly exceed the amount of 

precipitation. The amount of water available for evaporation from November to March 

will be restricted by frozen soils and the lack of transpiration. These factors permit 

evaporation from only the near-surface soil layer and will limit the loss of soil moisture 

and draw-down of the water table. Third, snowmelt runoff is not significant in this area 

because snow is not deep or long-lasting (Sato, 2001). Soon after snow falls, it is 

probably incorporated into surface soils, where it melts and evaporates during the day and 

freezes at nighL Overall, we believe that the water balance of the basin is relatively 

stable during the non-monsoon months due to cold temperatures and a lack of 

precipitation. This is comparable to the state of the lake during these months, when lake 

evaporation and on-lake precipitation rates are low. 

Not surprisingly, variations in the basin P-ET during the summer months are linked 

to fluctuations in the strength of the summer monsoon. Basin P-ET variations correspond 
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to variations in lake P-E; the years with most negative (positive) lake P-E are the years 

with the most negative (positive) basin P-ET (Table 3.4). Similarly, there is a negative 

relationship between precipitation and ET in the basin (Figure 3.5b). 

3.6 DISCUSSION 

To investigate the controls on the water balance of Ahung Co, we have evaluated 

the magnitude and variability of all water fluxes and also considered the cause of these 

variations. It is difficult to quantify the flux of water firom the basin to the lake, but it 

appears to be as large or larger than the fluxes of on-lake precipitation and lake 

evaporation (Table 3.5). This is the case even if lake evaporation is underestimated due 

to the lack of a diurnal cycle in the lake energy balance model. Similarly, the basin 

contribution seems to be the most variable flux, though this is again difficult to quantify. 

All of these fluxes respond strongly to variations in the summer monsoon, however. 

From this, we argue that water-balance fluctuations primarily reflect changes in the 

strength of the summer monsoon. An important secondary influence may be the effect of 

temperature on the duration of ice cover and amount of spring lake evaporation. 

The rise in lake level between July 1995 and July 2001 supports our argument that 

summer monsoon strength is the most important climatic variable affecting the lake water 

balance. Low lake levels during the summer of 1995 were preceeded by low monsoon 

rainfall in 1994 (10 cm lower than the 8-year average) and also by a late start to the 1995 

monsoon (-20 days later than the 8-year average). High lake levels in July 2001 
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followed above-normal rainfall of summer 2000, which was the wettest monsoon season 

of the 8-year recording interval. In addition, monsoon rainfall in 1998 and 1999 was also 

slightly above normal. In comparison, lake ice melted two days later (earlier) than 

average in 1995 (2001). These small variations are typical for the eight years we have 

examined and are responsible for changes in April lake evaporation of 2 to 3 cm. 

Our analysis indicates that the present-day water balance of Ahung Co is in a 

precarious state. Annual lake evaporation is significantly greater than on-lake 

precipitation. Therefore, the contribution of water from the drainage basin is critical in 

order for the lake to persist. However, our calculations show that the basin contribution 

has large interannual variations, leading to large interannual variations in lake level (e.g., 

1995 compared to 2001). 

We envision three possible water-balance states for this lake. First, when the 

summer monsoon is consistently strong, the basin contribution will always be large and 

the lake will be stable and overflowing. Second, when the monsoon is more variable, 

interannual variations will cause relatively large water-balance fluctuations and the lake 

may alternate between overflowing and closed conditions. Third, when the monsoon is 

relatively weak, the perennial lake might be replaced by a playa, with seasonal standing 

water. 

Each of these water-balance states appears to be represented in the Ahung Co 

sediment record- During the earliest part of the record (-8000 to -7700 calendar years 

ago), measurements indicate that the water balance was relatively stable and the 

lake was overflowing. Following this, measurements suggest that the residence 
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time of water in the lake began to increase. Radiocarbon dating indicates a lack of 

sedimentation beginning sometime after about 2000 calendar years ago. This could 

represent a playa stage with sediment erosion and deflation. Sometime during the past 

several hundred years, the lake has returned to a variable, tenuous state as shown in our 

analysis of the modem observational record. 

Meteorological records are short and we have focused on interanniaal variations in 

the water balance. However, the water-balance fluctuations documented by the 

sedimentary record occurred on decade to century time-scales. Our approach does not 

take into consideration several factors that are important on these longer timescales. 

First, changes in the type or density of vegetation in the basin may affect runoff and 

groundwater fluxes to the lake. Pollen preserved in the Ahung Co sediment cores 

indicates that there has been little or no change in terrestrial vegetation on these time-

scales during the Holocene (C. Shen, personal communication). We have no information 

about changes in vegetation density, however. Second, perhaps climate changes 

unrelated to the summer monsoon are prevalent on these longer time-scales. For 

example, temperature changes could alter the duration of lake ice cover or the extent of 

permafrost in the drainage basin. These changes are possible, but currently there is no 

evidence either suggesting or refiiting that they actually occurred. We emphasize that a 

large change in lake level occurred between 1995 and 2001 and that this change appears 

to be a result solely of fluctuations in summer monsoon strength. Therefore, monsoon 

fluctuations are undoubtedly large enough to cause the water-balance fluctuations 
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preserved in the sedimentary record. It is not necessary to call upon any of these 

additional factors to explain the water-balance history of Ahung Co. 

It appears likely that the water balance of many other lakes in Tibet are also 

controlled by summer monsoon strength. In many other regions in Tibet, the largest 

precipitation and evaporation flu.\es occur during the summer. One e.\cepiion is western 

Tibet, the location of Sum.\i Co and Bangong Co (Gasse et al., 1991, 1996), where winter 

precipitation from mid-latitude storms may be significant. Also, we e.xpect that the 

negative relationship we observe between summer monsoon strength and summer 

evaporation will hold in other regions of Tibet. This relationship appears to result from 

changes in cloud cover and humidity associated with the summer monsoon. 

The water balances of lakes in different parts of the Tibetan Plateau will not 

necessarily change synchronously and in the same direction, however, because the 

monsoon is spatially variable. For example, Liu and Yin (2001) found that, on an 

interannual time scale, precipitation anomalies north and south of --33° N on the Tibetan 

Plateau are opposite of one another. They attribute this to variations in the strength of the 

westerlies, which influence horizontal flows that control the supply of atmospheric 

moisture and vertical flows that control cloud formation. It is not known if this pattern 

also e.xists for longer time scales. 

Several previous studies have used information about the magnitude of water 

fluxes to estimate the size of precipitation and/or temperature changes associated with 

past lake-level fluctuations in closed lakes (e.g., Hastenrath and Kutzbach, 1983; 

Kutzbach, 1990). For these lakes, the water balance equation reduced to two unknown 
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variables, precipitation and evaporation, after assuming that the basin contribution was a 

constant fraction of the precipitation. This approach can not be applied to Ahung Co, 

however. Throughout most of the history of Ahung Co, the lake was open. This adds 

another term, the lake outflow, to the water balance equation. Without any estimates of 

past changes in outflow, it is impossible to quantify past climate changes. In addition, 

our limited observations of the basin contribution (Table 3.5) suggest that this flux varies 

non-linearly with precipitation. This is not surprising because the generation of runoff is 

a non-linear process (e.g., surface runoff will not occur until the soil has become 

saturated). 

In conclusion, the summer monsoon appears to be the dominant factor controlling 

the water balance of Ahung Co. Past water-balance fluctuations in this lake most likely 

reflect variations in summer monsoon strength. It is not accurate to interpret water-

balance fluctuations only in terms of siunmer precipitation changes, however. The 

strength of the summer monsoon also alters the amounts of lake evaporation and basin 

evapotranspiration. This amplifies the monsoon forcing of water-balance fluctuations in 

Ahung Co. 



TABLE 3.1 METEOROLOGICAL DATA 

Source Variables Time span 
used 

Measurement 
frequency 

National Climatic 
Data Center (NCDC) 

Air temperature, dew point, wind 
speed, precipitation 

1/1/1994 to 
12/31/2001 

Daily 

Global Precipitation 
Climatology Project (GPCP) 

Precipitation 1/1999 to 
9/1999 

Monthly 

National Center for 
Environmental Prediction 
(NCEP) Reanalysis 

Incident shortwave, downward 
longwave, net radiation 

I/I/1994 to 
12/31/2001 

Daily 

GEWEX Asian Monsoon 
Experiment (GAME) 

Air temperature, vapor pressure, 
wind speed, incident shortwave, 
downward longwave, latent heat 
flux 

6/5/1998 to 
9/12/1998 

30 minutes 



TABLE 3.2 MEASUREMENTS OF ICE FORMED ON TIBETAN LAKES 

Lake Latitude Longitude Elevation Duration Maximum Source* 
r N) r E) (m) of ice ice thickness 

cover (m) 
(days) 

Observed 

Qinghai 36.9 100.2 3190 150 0.4 Academia Sinica (1979) 
Gyaring 34.9 97.9 4160 180 0.5 Zhu et al.(l984) 
Ngoring 34.9 97.7 4140 180 0.5 Zhu et al.(1984) 
Keluke 37.3 96.9 2810 150 0.6 Wang and Jian (1988) 
Yamdrok 28.8 90.8 4350 120 0.6 Wang (1987) 
Nam 30.7 90.5 4720 150 0.4 Ren et al.(1983) 

Modeled 

Qinghai 36.9 100.2 3190 N/A 0.6 to 1.0 Qin and Huang (1998) 
Ahung 31.6 92.1 4580 160 0.5 This study 
* Observet measurements cited in Walker and Yang (1999) 

o 
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TABLE 3J CALCULATIONS OF SUMMER 1998 EVAPORATION 

Data used Evaporation (mm/day) 
Lake evaporation 

NCDC/NCEP 4.5 
GAME (daily average) 4.4 
GAME (30-minute average) 5.1 

Basin evapotranspiration 

NCDC/NCEP (Penman-Monteith) 
GAME (Penman-Monteith) 
GAME (measured latent heat flux) 

2.9 
3.2 
3.0 
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TABLE 3.4 INTERANNUAL VARLVTIONS 
IN WATER FLUXES 

Year Lake P-E Basin P-ET 
annual monsoon 
(cm) season (cm) 

1994 -41 -8 
1995 -32 13 
1996 -39 -19 
1997 -17 9 
1998 -21 19 
1999 -30 9 
2000 -8 19 
2001 -19 4 
MEAN -26 5 
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TABLE 3.5 SUMMARY OF WATER BALANCE COMPONENTS 
(1994-2001) 

Flax Mean Standard deviation 
(cm/year) (cm/year) 

Lake evaporation 75 J 

Monsoon season only 58 9 
Precipitation 49 10 

Monsoon season only 42 8 
Lake discharge - 0-240 unknown 
Basin contribution - 25-265 unknown 



Figure 3.1 (A) Location of Ahung Co. Outlined region shows extent of Tibetan Plateau. Dashed lines show 
modem-day extent of Southwest Asian and East Asian monsoons. Solid line shows estimated maximum extent 
of monsoons during Holocene, as mapped by Winkler and Wang (1993). (B) Map of Ahung Co and surround
ing area. Contour interval 100 m. Dashed line indicates extent of surface drainage basin. Striped region shows 
area of wetlands surrounding lake. Dark solid lines show rivers and streams. Stars indicate sites of meteorolog
ical observations. 

o L/\ 



96 

25 
NCDC 
GPCP 

1994 1995 1996 1997 1998 1999 2000 2001 

Year 

Figure 3.2 Comparison of precipitation data from the NCDC and GPCP datasets. 
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J F M A M J  J A S O N D  

Figure 3.3 Monthly mean (bars) and standard deviation (line) 
of precipitation at Nagqu, Tibet for 1994-2001. Data from NCDC. 
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Figure 3.4 Monthly averages of meteorological observations that are used as 
input for the lake energy balance model (A to E) and monthly averages of lake 
evaporation that are calculated by this model (F). Diamonds show average value 
for 8 years of simulation (1994-2001) and error bars show standard deviation. 
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Figure 3.5 Relationship between precipitation and (A) lake evapora
tion and (B) basin evapotranspiration during the summer monsoon 
months (May to September). Each point represents one of the 40 
summer monsoon months contained in the eight-year recording 
interval (1994-2001). Precipitation and evaporation values have 
been normalized by monthly mean values. Both relationships are 
statistically significant at the 99% confidence level. 
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Figure 3.6 Comparison of modeled and observed lake surface tem
perature during the first two weeks of July. Dots indicate model 
estimates of mean daily lake temperature for the eight simulated 
years (1994-2001) and lines indicate values measured between July 
7 and July 13,2001. 



101 

s: 10 
CO 

1 8 
E. 

I ® 

S 4 

S O 2 
4} 

3 

-GAME-30 min 
-GAME-daily 
NCOC/NCEP 

160 170 180 190 200 210 220 230 240 250 260 

Day of year 

Figure 3.7 Comparison of lake evaporation estimates calculated by the lake 
energy balance model for the summer of 1998 using three different meteorological 
datasets: daily-average values from NCE)C and NCEP (dashed line), daily-average 
values from the GAME field campaign (line with circles), and 30-minute values 
from the GAME field campaign (line). 
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Figure 3.8 Monthly averages of net radiation (A) that are used, along with 
other meteorological variables shown in Figure 3.4, to calculate basin evapo-
transpiration (B) for months with active transpiration. Diamonds show aver
age value for 8 years of simulation (1994-2001) and error bars show standard 
deviation. 
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Figure 3.9 Comparison of basin evapotranspiration estimates calculated 
for sununer of 1998 using three different meteorological datasets: daily-
average values firom NCDC and NCEP (filled circles), daily-average values 
fixim GAME field campaign (triangles), and calculations of latent heat flux 
from GAME eddy correlation tower (squares). 



104 

4. A SYNTHESIS OF ABRUPT CHANGES IN THE ASIAN SUMMER 

MONSOON SLNCE THE LAST DEGLACIATION 

ABSTRACT 

We have compiled 36 previously published paleoclimate records to determine the 

timing and spatial pattern of century-scale abrupt changes in Asian monsoon precipitation 

since the last deglaciation. We identify abrupt events from (1) the interpretations of the 

authors of these records and (2) the more objective moving t-test calculation. Our results 

indicate that abrupt climate changes occurred at -11.5 cal. ka, —4.5-5.0 cal. ka and 1300 

AD. At the start of the Holocene (~11.5 cal. ka), Asian monsoon precipitation increased 

dramatically. This climate change is synchronous with an abrupt warming in the North 

Atlantic. During the middle Holocene, there was a time of preferred and widespread 

weakening in monsoon strength (-4.5-5.0 cal. ka). This result contradicts previous 

notions of either a gradual trend towards drier conditions or a series of abrupt events that 

occurred in an unorganized fashion across space and time. The middle Holocene abrupt 

event could have been synchronous with an abrupt cooling event in the North Atlantic 

and a warming and intensification of intemaimual variability in the tropical Pacific. In 

contrast to previous periods, precipitation changes at 1300 AD have a heterogeneous 

spatial pattern. We find no conclusive evidence for a change in the Asian monsoon at 

-8.2 cal. ka, as suggested by several previous studies. More high-resolution data may be 

needed to observe this short-lived event Overall, our results attest to the potential for 
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rapid and major shifts in Asian monsoon precipitation that may be triggered by variations 

in other components of the climate system. 

4.1 INTRODUCTION 

Variability of the Asian summer monsoon impacts many aspects of the earth 

system, both regionally and globally. On the regional scale, extreme variations in the 

monsoon cause flooding and crop failures that impact nearly two-thirds of the world's 

population (Webster et al., 1998). On a larger scale, the Asian monsoon is an important 

component of the climate system and interacts with other components. Many previous 

studies suggest that the Asian monsoon responds to changes in other parts of the climate 

system, including the El Nino-Southern Oscillation (ENSO) and North Atlantic 

thermohaline circulation (e.g., Shukla and Paolino, 1983; Yang 1996; Overpeck et al., 

1996). Researchers also speculate that fluctuations within the Asian monsoon can 

modify climate elsewhere in the world, by triggering changes in tropical methane 

production or in the transport of water and energy (Gasse and Van Campo, 1994; Kudrass 

et al., 2000; Liu et al., 2000). 

Previous reviews of monsoon variability have focused on determining how and 

why the Asian monsoon varies on interarmual and millennial time scales (e.g., Webster et 

al., 1998; Zhou et al., 1991; Winkler and Wang, 1993). Researchers have given less 

attention to abrupt changes in the monsoon that occur on century time scales. Changes 

occurring on these time scales are of special importance, however, because this time scale 
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is relevant to human activities. Over the past several years, researchers have generated 

many new records of century-scale fluctuations in monsoon strength, which allow us to 

develop a more comprehensive picture of the spatial and temporal fluctuations of the 

monsoon on this time scale. In our research, we e.xamine these records to answer two 

questions: (1) when have abrupt variations in the strength of the Asian monsoon occurred 

since the last deglaciation and (2) what is the spatial signatiire of precipitation anomalies 

during these time periods? 

To answer these questions, we have extracted information from the paleo-records 

in two different ways. First, we catalogued the timing and direction of precipitation 

changes as reported by the authors of these records. This approach was taken in several 

previous reviews of monsoon variability (e.g., Shi et al., 1993; Overpeck et al., 1996). 

However, this approach has several limitations. For example, the focus and length of the 

published paper will determine which events the author mentions. Second, we used a 

statistical test to identify abrupt climate change in each individual record. We use results 

from both of these methods, along with evidence from paleoclimate records from other 

regions of the world, to speculate about possible causes for these century-scale abrupt 

events. 

4.2 METHODS 

We first compiled paleoclimate records from the published literature. Records 

must meet several criteria in order to be included in our compilation. First, study sites 



107 

must be located in regions that were under the influence of the Asian simimer monsoon 

during the Holocene (Figure 4.1). This includes sites influenced by either of the two 

regional monsoons in Asia, the Southwest Asian monsoon (or Indian monsoon) and the 

East Asian monsoon. We used the millennial-scale paleoclimate reconstruction of 

Winkler and Wang (1993) to determine which sites meet this criteria. For sites that were 

affected by the monsoon for just part of the Holocene, we e.xamined only the segment of 

the record that, according to the authors of the record, reflected monsoon fluctuations. 

Second, resolution of the proxy records must be sufficient to observe abrupt 

events that occur over ~ 100 to ~500 years. We required at least 50-year resolution for 

records spanning the interval with many historical records (i.e., since 250 AD) and at 

least 250-year resolution for records from earlier periods (i.e., from -15.0 cal. ka to 250 

AD). Requirements differ for the historical and pre-historical time periods because the 

temporal resolution of many records is much finer for the historical time period. The low 

resolution for the pre-historical time period does not allow us to note century-scale wet or 

dry spells. Instead, this analysis focuses on step changes between climatic states that 

occur on century time-scales. 

Third, age control in each record must allow for precise dating of century-scale 

events. W^e did not include records of non-continuous deposits (e.g., moraines, river 

deposits, lake terraces), records from lakes with hardwater effects greater than 500 years 

whose age control is not obtained from terrestrial macrofossils, and records lacking 

precise radiocarbon dates (i.e., errors less than 250 years). 
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Fourth, the proxies measured must reflect variations in summer monsoon rainfall. 

In some cases, records we used may also reflect, to a lesser degree, summer temperature 

or winter rainfall fluctuations (e.g., records of lake water balance). We used these 

records in order to have a larger sample size for our analyses. We did not include records 

that reflect only temperature or winter precipitation. 

There were 36 records that satisfied our selection criteria (Table 4.1). The 

locations of these records are shown in Figure 4.1. Thirteen of these records provided 

information on the historical time period and 26 records provided information about the 

pre-historical time period. Both time periods contained a variety of different proxy 

records (e.g., marine, lake, ice core) and were not dominated by any one pro.xy type 

(Table 4.1). 

We identified century-scale events in two ways. First, we compiled events noted 

by the authors of these paleoclimate records. Second, we identified events using a 

rigorous and more objective statistical test, the moving t-test. Many researchers have 

previously used the moving t-test method in order to identify abrupt climate change (e.g., 

Karl and Riebsame, 1984; Fraedrich et al., 1997; Cao, 1998). This method is based on a 

series of t-statistics calculated for adjacent windows of time along the length of a data 

record. If the t-statistic indicates that the mean values of two adjacent windows are 

statistically different, then this is evidence that an abrupt climate change occurred 

between the two time periods. The t-statistic is calculated as: 

/ = (x, 



109 

where xi and xi are the means, si and s; are the standard deviations of the two adjacent 

windows and n is the number of measurements in each of the two adjacent time intervals. 

When the number of measurements (n) was different for the two adjacent time intervals, 

we used the lower number for n. This provided a more conservative calculation for 

statistical significance. Numeric data files for each of the 36 records were obtained either 

from the World Data Center for Paleoclimatology or from digitizing published figures. 

We made t-test calculations using a series of overlapping windows along the 

proxy time-series. The first t-test calculation was made for two windows that met 

halfway between the second and third data points in the proxy time-series. The second 

calculation was made for two windows that met half\vay between the third and fourth 

data points, and so on. This process was designed to test for the presence of an abrupt 

change between each pair of adjacent data points in the proxy time-series. We used 

window lengths ranging from 100 years to 500 years for the historical time period and 

500 to 2500 years for the pre-historical time period. We identified abrupt events that 

were consistent across more than one window length and that were statistically 

significant at the 99% and 95% confidence levels. 

For records with more than one proxy reflecting summer monsoon precipitation, 

we performed the moving t-test on each individual proxy. For these multi-proxy records, 

we included in our compilation abrupt events that occurred: (I) in two or more proxies, 

with the proxies indicating precipitation changes in the same direction, or (2) in only one 

proxy, with all other proxies indicating no precipitation change. We feel it is valid to 

include events recorded in only one proxy of a multi-proxy record because some proxies 
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might be more sensitive to particular abrupt changes than other proxies are. Events 

observed in just one proxy are less convincing than events observed in two more proxies 

of a multi-proxy record- However, if we ignored events observed in only one proxy, 

there would be too few events for our analysis. We did not include abrupt events that 

occurred in two or more proxies but whose inferred precipitation change was not 

consistent among the proxies. 

Lastly, we re-examined the proxy records in order to ensure that the abrupt events 

identified by the moving t-test were real and were not artifacts of our statistical approach. 

We clearly saw within the proxy records each abrupt event identified by the moving t-test 

at the 99% confidence level. Abrupt events identified at the 95% confidence level were 

often less clear, however, and we therefore report only on results obtained at the 99% 

confidence level. 

To determine the time intervals in which the most widespread century-scale 

events occur, we constructed histograms of the number of events observed through time 

for both the historical and pre-historical time periods. For these histograms, we divided 

the historical time period into lOO-year intervals and, due to die lower resolution of the 

earlier paleoclimate records, divided the pre-historical time period into 500-year 

intervals. We made additional calculations using intervals with different lengths and 

midpoints to verify that our results did not depend on these factors (not shown). 

We expressed our results from both methods of compilation as anomalies from 

the expected number of events per histogram bin, assuming a random distribution of 

events through time. We also corrected the expected number of events for several 
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factors. First, we scaled the expected number of events in each bin according to the 

number of records spanning the bin so that intervals that are spanned by fewer records 

have a lower number of e.xpected events (Figure 4.2). Second, we corrected for errors 

resulting from the non-linear relationship between the radiocarbon and calendar time 

scales. Most of the early to middle Holocene records were dated according to the 

radiocarbon-year time scale and we converted these ages to the calendar-year time scale 

using CALIB v. 4.1 (Stuiver and Reimer, 1993) and the calibration dataset of Stuiver et 

al. (1998). Errors occurred because 500-year bins that span times when the calendar time 

scale is compressed (expanded) relative to the radiocarbon time scale will be associated 

with more (fewer) radiocarbon dates and will therefore have an increased (decreased) 

likelihood of events falling within them. We corrected for this factor by scaling the 

expected number of events in each bin by the number of radiocarbon years each bin spans 

(Figure 4.3). 

We did not perform separate analyses for the East Asian monsoon subregion and 

the Southwest Asian monsoon subregion because there were too few records for separate 

analyses. Therefore, our study is most likely to identify abrupt events that are widespread 

and occur in both subregions. As more paleoclimate records become available, 

subregional analysis will become possible. 
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4J WHEN DO ABRUPT EVENTS OCCUR? 

It appears that the most prominent abrupt shift in monsoon strength during the 

historical period took place at 1300 AD +/- 50 years (Figure4.4 a,b). We calculated a 

significance test to determine if the anomaly number of events detected by the authors 

and the moving t-test at 1300 AD can be explained by chance. We found that the 

anomaly number of abrupt events is significantly different from zero at the 95% 

confidence level, indicating that an abrupt event most likely occurred at this time. The 

anomaly number of events during other periods (e.g., 1000 AD, 700-600 AD) may be 

statistically significant at lower confidence levels, but they are not significant for both 

compilations. 

The authors of records spanning the pre-historical period detect important abrupt 

events at -l 1.5 cal. ka, --12.0 cal. ka, and -13.0 cal. ka (Figure 4.4 c). The anomalous 

numbers of events during these periods are all significantly different from zero at the 

95% confidence level. In contrast, the moving t-test results indicate a significant number 

of events at only ~11.5 cal. ka (Figure 4.4 d). The moving t-test also detects an important 

abrupt climate change that occurred at -4.5 to ~5.0 cal. ka, which the authors of these 

records do not note as frequently. 

A century-scale climate change occurring -8.2 cal. ka in the North Atlantic region 

(e.g.. Alley et al., 1997; von Grafenstein, 1998) is not indicated in the Asian monsoon 

region by either the authors of the paleo-records we examine or by the moving t-tesL 

Instead, most of the bins representing the early to middle Holocene have a negative 



anomaly number of events, suggesting that this period of the Holocene was marked by 

fairly stable monsoon conditions. The 8.2 cal. ka event was a short-lived (i.e., several 

hundred year) excursion from the mean climatic state. Our analysis, which focused on 

step changes from one climatic state to another, is not likely to detect this event. 

4.4 WHAT IS THE SPATIAL PATTERN OF CLIMATE CHANGE? 

The spatial pattern of climate changes occurring at 1300 AD is heterogeneous 

(Figure 4.5 a,b). According to records from Tibet and the Arabian Sea, conditions 

became drier in the Southwest Asian monsoon region. In Taiwan, two lake records show 

a transition to colder and/or drier conditions at this time. Similarly, a pollen record in NE 

China indicates climate changed to drier conditions. In east-central China, on the other 

hand, four historical records based on weather observations indicate a shift towards 

moister conditions. 

In contrast to the change observed at 1300 AD, the spatial patterns of climate 

change during the early and middle Holocene are largely homogeneous across the 

Southwest and East Asian monsoon regions. At -4.5 to ~5.0 cal. ka, climate became 

colder and/or drier across the region (Figure 4.5 c,d). Two exceptions are shifts towards 

moister conditions indicated by a marine varve record off the coast of Pakistan (detected 

by the authors of the record) and a marine sediment record off the coast of southeast 
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China (detected by the moving t-test). At ~ 11.5 cal. ka, abrupt changes occur without 

exception towards moister and/or hotter conditions (Figure 4.5 e,f)-

The spatial pattern of change is less clear at ~ 13.0 cal. ka, which is close to the 

time commonly assigned to the start of the Younger Dryas interval (Figure 4.5 g,h). 

There are several reasons for this. First, there are fewer records spanning this interval 

(Figure 4.3 b), which provides us with less information from which to deduce patterns. 

Second, age control of the proxy records generally worsens with age, which leads to more 

errors in age assignment. Third, and perhaps most important, several proxy records from 

the monsoon region that record abrupt change at ~ 13.0 cal. ka suggest that several short

lived alternations between drier and moister conditions occurred during this time period 

(Zhou et al., 1996; Wang et al., 1999b). An analysis with resolution f»ner than the 500-

year bins that we use might be required in order to make sense of the climate changes 

observed during this part of the deglacial period. Therefore, in the following sections, we 

will focus our discussion on the abrupt climate changes occurring during the Holocene. 

The abrupt events observed by the authors and by the moving t-test are recorded 

in a variety of different proxies, which gives us confidence that these events are real. In 

fact, the proxies showing abrupt change at a particular time interval tend to be a 

representative sample of the proxy types spanning that time period. We do note, 

however, that records of many different proxy types span the middle and late Holocene, 

while records sparming the deglaciation and early Holocene are more likely to be either 

loess or marine records. 
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There is a good correspondence between the abrupt events detected by the authors 

and by the moving t-test at 1300 AD (Figure 4.5 a,b). There is less correspondence 

between the abrupt events noted by the authors and by the moving t-test at other time 

periods. Any lack of correspondence between the two methods was due either to the 

methods assigning slightly different ages to the same event or to the t-test method 

detecting several events at only the 95% (rather than 99%) confidence level. Another, 

less important reason is that the moving t-test is less likely to detect events near the end 

of a record, where there are too few data points to identify a century-scale change. 

The authors tend to observe more events at -11.5 cal. ka and fewer events at ~4.5 

to --5.0 cal. ka than the moving t-test does. This could be the case because previous 

review articles commonly suggest that an abrupt change in the monsoon occurred at the 

start of the Holocene (e.g., Wang and Fan, 1987; Overpeck et al., 1996), and researchers 

have logically sought to confirm or deny that this abrupt event occurs in their own 

records. In contrast, this is the first study to suggest that a widespread abrupt event 

occurred at -4.5 to -5.0 cal. ka in the Asian monsoon region. Previous studies indicated 

either a gradual weakening of monsoon strength due to slow changes in orbital forcing 

(Overpeck et al., 1996) or a series of abrupt events occurring in an unorganized fashion 

across space and time during the middle to late Holocene (Wang and Fan, 1987; Shi et 

al., 1993). 
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4.5 WHAT CAUSES ABRUPT CHANGE IN THE ASIAN MONSOON? 

The ultimate cause of the abrupt events we observe must be variations in external 

forcing or natural, internal fluctuations either within the monsoon or in a remote system. 

External forcings include fluctuations in solar radiation and the frequency of volcanic 

events and internal forcings include changes in the North Atlantic thermohaline 

circulation and the El Nino-Southern Oscillation (Rind and Overpeck, 1993). Based on 

present knowledge, we are unable to eliminate any of these possibilities. Internal 

oscillations occur in several climate model simulations without e.xtemal forcing (e.g., 

Stocker and Marchal, 2000; Walland et al., 2000; Hall and Stouffer, 2001). Model results 

only indicate that the climate system may be capable of these variations, however, not 

that these fluctuations actually occurred. 

Estimates of solar variations based on measurements of and '°Be (Stuiver et 

al., 1998; Finkel and Nishiizumi, 1997; Bard et al., 2000) and estimates of fluctuations in 

volcanic activity based on sulfate preserved in the GISP2 ice core (Zielinski and 

Mershon, 1997) do not show clear correspondence between variations in external forcing 

and the abrupt changes we have observed (Figure 4.6). One possible exception is abrupt 

changes in '"^C and '*^e at the start of the Holocene. However, fluctuations in and 

^'^e are also influenced by climate changes, and it is unclear to what extent these 

variables reflect solar variations. Also, the inferred solar fluctuations are small, and 

ampliflcation of this forcing from processes acting within the climate system is crucial 

for explaining the abrupt change. Climate change caused by a single volcanic eruption is 
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short-lived. Unless a shift in the frequency of eruptions occurred, processes acting within 

the climate system are also required to prolong the initial effects of volcanism. It is also 

important to note that there are many fluctuations in both solar and volcanic activity 

during the Holocene that do not correspond to abrupt events within the Asian monsoon. 

This indicates that, if external forcing was the initial forcing mechanism for the abrupt 

changes we observe, the climate system must play an important role in determining the 

response to this external forcing. In the following sections, we review changes observed 

in other parts of the climate system that were synchronous with abrupt events in the 

Asian monsoon and discuss possible linkages between these changes and summer 

monsoon fluctuations. 

4.5.1 Onset of Holocene 

The abrupt event we observe at ~ 11.5 cal. ka corresponds with the start of the 

Holocene and with abrupt climate changes in many regions of the world. Ice core records 

from Greenland suggest that temperatures increased 5-10° C in a few decades or less at 

the start of the Holocene (reviewed in Alley, 2000). Similarly, a wide variety of proxy 

records from Europe provide evidence for a 4-7° C temperature increase within a few 

decades at the start of the Holocene (reviewed in Walker et al., 1995; Ammann et al., 

2000). Decreases in ice-rafted debris and the foraminifera N. pachyderma in North 

Atlantic marine records also point towards a rise in sea surface temperatures at this time 

(Lehman and Keigwin 1992; Bond et al. 1997). In many regions of North America, 

pollen and lake isotopic evidence suggests a rapid temperature increase of about several 
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degrees at the stan of the Holocene (reviewed in Peteet et al., 1995; Yu and Wright, 

2001). In the tropics, lake-level records from Africa provide strong evidence for 

increases in moisture during the early Holocene (reviewed in Gasse, 2000) and records 

from South America show spatially-variable changes in temperature and moisture 

(Thompson et al., 1998; Betancourt et al., 2000; Baker et al., 2001). Evidence for climate 

changes in the temperate and high-latitude regions of the Southern Hemisphere is more 

equivocal. Pollen records from New Zealand and Southern Chile provide no evidence for 

climate change during this time period (Markgraf, 1993; Singer et al., 1998; Bennett et al. 

2000), while other records from these regions suggest an abrupt warming and glacier 

retreat (Hellstrom et al., 1998; Moreno et al., 2001). In general, little change is observed 

in records from Antarctica at this time (Sowers and Bender, 1995). One e.\ception is the 

ice core record from Taylor Dome in coastal East Antarctica, which shows 5D variations 

that are synchronous with changes observed in Greenland (Steig et al., 1998). 

In order to explain these climate changes, researchers cite evidence for enhanced 

North Atlantic deepwater formation at the start of the Holocene (e.g., Boyle and Keigwin, 

1987; Marchitto et al., 1998; Hughen et al., 2000) and subsequent changes in atmospheric 

circulation. A modeling study by Overpeck et al. (1996) suggests that an increase in 

deepwater formation could also have affected the Asian monsoon. In their simulation, 

warm anomalies in the North Atlantic were advected by the westerlies over the Eurasian 

continent. Wanner temperatures over Eurasia reduced snow accumulation, which 

increased land temperatures in the spring and summer and enhanced the land-to-sea 

temperature gradient that drives the Asian monsoon. 



119 

Several pieces of evidence support the Overpeck et al. (1996) hypothesis. First, 

the timing of abrupt change in the North Atlantic and in the Asian monsoon is the same, 

given the limits of the precision of radiocarbon dating. This similarity makes it likely 

that the events are related and also suggests that any teleconnection between the two 

regions occurred rapidly and through changes in the atmosphere. Second, the abrupt 

changes observed in these two regions are both of large magnitude. In the monsoon 

region, the abrupt change at the start of the Holocene is nearly always the largest shift of 

proxy values observed in the records. Similarly, the temperature increase in the North 

Atlantic region at this time is larger than any other observed during the Holocene. 

Other hypotheses propose that a strengthened Asian monsoon could cause a 

warming in the North Atlantic by either (1) increasing atmospheric methane 

concentration due to the e.xpansion of tropical wetlands (Gasse and Van Campo, 1994) or 

(2) strengthening the hydrologic cycle and causing a sea level fall that would stabilize 

coastal glaciers in the North Atlantic region and allow for a strong thermohaline 

circulation (Kudrass et al., 2001). Several questions are raised about each of these 

mechanisms, however. Severinghaus et al. (1998) suggest that the increase in 

atmospheric methane concentrations at the start of the Holocene lags the temperature 

increase in the North Atlantic by several decades. Fairbanks (1989) documents a sea 

level rise, rather than fall, at the start of the Holocene. Therefore, we think the Overpeck 

et al. (1996) hypothesis describes the most likely causal link between changes in the 

North Atlantic and in the Asian monsoon at the start of the Holocene. 
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4.5.2 Middle Holocene 

Abrupt climate changes occurring -4.5 to 5.0 cal. ka have also been observed in 

many regions of the world. Lakes across Africa e.xperienced major regressions at -4.5 

cal. ka and have never since expanded to their previous levels (Gasse, 2000). Other 

evidence suggests that a decrease in vegetation and an increase in eolian dust transport in 

North Africa could have begxm earlier at ~5.5 cal. ka (deMenocal et al., 2000). A 

significant increase in aridity in Northern Mesopotamia beginning at 4.2 cal. ka, similar 

to the timing of the 4.5 cal. ka bin (4.25 to 4.75 cal. ka), led to the collapse of the 

.AJckadian empire (Weiss et al., 1993; Cullen et al., 2000). In the tropical Pacific region, a 

variety of coral, pollen and lake records indicate that interannual variations associated 

with ENSO increased and that more intense and more frequent ENSO warm events began 

to occur during the middle Holocene (McGlone et al., 1992; Shulmeister and Lees, 1995; 

Gagan et al., 1998; Rodbell et al., 1999; Cole, 2001; Tudhope et al., 2001). In the North 

Atlantic, an abrupt change towards cooler conditions during this time is documented by 

several paleoceanographic records (Keigwin, 1996; Bond et al., 1997; Jennings et al., 

2002). 

These observations of abrupt change at -4.5 to 5.0 cal. ka suggest several possible 

causes for the change in monsoon strength. First, the abrupt shift towards drier 

conditions in the monsoon region could have resulted from cold temperature anomalies in 

the North Atlantic being advected over Eurasia, similar to the mechanism described for 

the start of the Holocene, but with the anomalies in the opposite direction. This 

hypothesis has several potential weaknesses, however. The abrupt change observed in 
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the North Atlantic at this time was one of many changes that occurred through the middle 

and late Holocene and, in general, there does not seem to be anything about its magnitude 

or duration that sets it apart from the others. One exception is the cold event at -4.7 cal. 

ka observed by Jennings et al. (2002), which appears to mark the onset of a series of cold 

events in their record. However, this event might merely reflect changes in local glacier 

dynamics or the gradual southward movement of the polar front rather than a shift in 

climatic regime (Jennings et al., 2002). There are also discrepancies between the timing 

of the events in the North Atlantic, with the record of Bond et al. (1997) showing cold 

events out-of-phase with those observed by Jennings et al. (2002) and Keigwin (1996). It 

is necessary to determine whether these events in the North Atlantic are synchronous 

with the abrupt decrease in monsoon strength before this hypothesis can be accepted. 

The abrupt shift we observe in the monsoon region could alternatively be related 

to changes in the state of ENSO. An increase in the frequency of strong EI Nino events 

could cause the decrease in monsoon precipitation we observe during the middle 

Holocene by altering the location of convection in the Pacific Ocean. During El Nino 

events, warmer SSTs in the central and eastern equatorial Pacific cause surface 

convergence to occur further east, away from the region of the Asian monsoon (Shukia 

and Paolino, 1988; Yang, 1996). This is thought to draw moisture away from Asia and 

cause a weaker simuner monsoon. 

This hypothesis has several uncertainties that need to be resolved before it can 

adequately explain the abrupt change in Asia. First, the exact timing of the change in 

ENSO is not well defined, and it is not clear whether this change was gradual or abrupt 
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Second, the mechanism responsible for less intense and less frequent warm events in the 

middle Holocene is not clear. Authors have identified several processes that are forced 

by insolation changes and that could be responsible for the middle Holocene ENSO state. 

These include coupled ocean-atmosphere processes occurring within the equatorial 

Pacific (Clement et al., 2000), increased transport of zonal momentum from the 

e.xtratropics into the tropical Pacific (Bush, 1999) and northward transport of SST 

anomalies into the equatorial Pacific from the south Pacific (Liu et al., 2000). However, 

it is also possible that variations in Asian monsoon circulation affect the state of ENSO. 

Liu et al. (2000) suggest that the intensification of the Asian monsoon during the middle 

Holocene led to enhanced trade winds in the equatorial Pacific, which inhibited the 

development of warm El Nino anomalies. It may be most accurate to consider the Asian 

monsoon and ENSO as interacting systems, in which a change in one induces a change in 

the other, which in turn feeds back on the first. For example, a gradual decrease in 

insolation could have caused a gradual reduction in monsoon strength, which in turn 

triggered an abrupt shift in ENSO and a subsequent abrupt decrease in monsoon strength. 

A third possibility is that the abrupt change in the middle Holocene originated 

within the monsoon region, as the result of a non-linear land-atmosphere process 

responding to insolation change. Claussen et al. (1999) propose that the abrupt decrease 

in African monsoon precipitation in the middle Holocene is due to the effects of an 

abrupt decrease in vegetation cover in the Sahara, which was a response to slowly-

varying insolation changes. Our results indicate, however, that the abrupt climate shift ~ 

4.5 to 5.0 cal. ka BP extended well beyond North Africa. One implication is that regional 



123 

land-atmosphere interactions may not have been the primary or sole driver of the abrupt 

shift observed in Africa, but rather just one important player. This is consistent with the 

growing number of papers (e.g., Kutzbach and Liu, 1997; Hewitt and Mitchell, 1998) that 

indicate ocean feedbacks may also have played an important role in the circulation of the 

African monsoon during the middle Holocene. Additionally, although a similar regional 

land-atmosphere interaction could have occurred in Asia, it would be surprising (but not 

impossible) if this interaction occurred synchronously in both Africa and Asia. 

Therefore, changes in either the North Atlantic or the tropical Pacific appear to be the 

most likely cause of the abrupt change we observe. Both of these explanations are 

consistent with physically based models and with paleo-data from these two regions. 

4.53 Late Holocene 

The abrupt event we observe at 1300 AD falls within the time period 

paleoclimatologists sometimes describe as the transition between the Medieval Warm 

Period and the Little Ice Age. The use of these terms may be misleading, however, 

because climate during these time periods was not consistent through either time or 

space. Records from these time periods show several substantial decadal to multi-decadal 

warm and cold temperature anomalies and also disagree with one another regarding the 

timing of these climatic changes (Grove, 1988; Bradley and Jones, 1993; Hughes and 

Diaz, 1994; Mann et al., 1999; Crowley and Lowery, 2000). Despite the climatic 

heterogeneity of this time period, several high-resolution records show a convincing shift 

in climatic regimes at - 1300 AD. A record of G. bulloides abundance in the Cariaco 
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Basin suggests that a shift in the variability of North Atlantic SSTs occurred at about 

1320 AD, from a time of rapid (less than a decade) high-amplitude changes to a period of 

slower (10-20 years) small-amplitude changes (Black et al., 1999). Several records from 

the central United States indicate that droughts in that area changed from extreme, multi-

decade events to less severe and less persistent events sometime between 1200 and 1300 

AD (Laird et al., 1996; Woodhouse and Overpeck, 1998). Lastly, Verschuren et al. 

(2000), using fossil diatom and midge assemblages from Lake Naivasha in Kenya, 

conclude that East Africa experienced a climatic shift from dry and more stable 

conditions to wet and less stable conditions at —1270 AD. 

Climate changes at this time, both in the Asian monsoon region and around the 

world, are more heterogeneous than earlier in the Holocene. Due to this heterogeneity, 

there are no clear connections between the Asian monsoon region and other regions of 

the world at this time. The pattern of change within the Asian monsoon region may 

provide information about the source of this climate change, however. We observe a 

shift towards drier conditions in the Southwest Asian monsoon area, Taiwan and 

northeastern China while east-central China becomes wetter. This is similar to the 

pattern that is observed in modem meteorological records during years with increased 

snowcover over Eurasia (Hahn and Shukla, 1976;Yang and Xu, 1994). This anomaly 

pattem does not occur with changes in ENSO, another strong control on monsoon 

variability on the interannual timescale. Changes in the state of ENSO tend to correlate 

with rainfall anomalies in India and east-central China that have the same sign (Hu et al., 

1996). 
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4.6 CONCLUSIONS 

To summarize, we identified abrupt changes in the strength of the Asian monsoon 

at four time periods since the last deglaciation. Variations in monsoon strength at 1300 

AD are more spatially heterogeneous than at the other time periods, perhaps because this 

climate change was smaller than during other time periods. The pattern of precipitation 

changes is similar to the pattern occurring today due to an increase in winter snowcover 

over Eurasia. More data are needed to determine if an increase in snowcover could have 

caused the change in monsoon strength at 1300 AD. 

This research is the first to identify a period of widespread and abrupt weakening 

in monsoon strength during the middle Holocene (--4.5 to 5.0 cal. ka). This finding 

contradicts previous notions of either a gradual weakening in monsoon strength due to 

slow changes in orbital forcing (e.g., Overpeck et al., 1996) or a series of abrupt events 

occurring in an unorganized manner across space and time during the middle to late 

Holocene (Wang and Fan, 1987; Shi et al., 1993). This disagreement might result from 

the fact that we examine many records from the East Asian monsoon region as well as the 

Southwest monsoon region and that we also incorporate many new and well-dated 

records into our compilation. The abrupt weakening of monsoon strength at this time 

might be tied to either a cooling in the North Atlantic or an increase in the frequency and 

intensity of warm ENSO events. 
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We also observe a widespread strengthening in the Asian monsoon at the start of 

the Holocene, as suggested in previous research (e.g., Wang and Fan, 1987; Overpeck et 

al., 1996). This abrupt change could be linked to the abrupt warming that occurred at the 

same time in the North Atlantic. Significant changes in the strength of the Asian 

monsoon also appear to occur at the start of the Younger Dryas interval, but data are 

insufficient to draw any conclusions about the direction of this climate change. We find 

no strong evidence for an abrupt change in the Asian monsoon at ~8.2 cal. ka. More 

higher-resolution paleo-data are needed to determine if this short-lived event occurred in 

the Asian monsoon region. 

One motivation for this research was to identify possible causes and patterns of 

future abrupt climate change in this region. Our results indicate: (I) teleconnections with 

other parts of the climate system, in particular the North Atlantic and the tropical Pacific, 

are likely to be important in determining the timing and direction of climate changes, (2) 

gradual changes in forcing (e.g., insolation) may trigger abrupt shifls in monsoon 

strength, either directly or through these teleconnections, and (3) changes in monsoon 

precipitation have had both homogeneous and heterogeneous spatial patterns during the 

Holocene. The size of the climate change might determine which of these spatial patterns 

occurs. Most importantly, our results reveal the potential for future major abrupt changes 

in the Asian monsoon, some of which can take place on time scales of 100 years or less. 
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TABLE 4.1 RECORDS OF ASIAN SUMMER MONSOON STRENGTH 

Site name Age' Record type Proxies'* 
I. Somali upwelling area PH Marine Diatom assemblage 
2. Arabian Sea 74KL PH Marine Carbonate, Dolomite, Barium 

3. Hoti Cave PH Speleothem 5"0 

4. Arabian Sea S090-56KA H, PH Marine Varve thickness 

5. Arabian Sea S090-137KA PH Marine TOC, Foram assemblage 
6. Arabian Sea 11IKL PH Marine TOC 

7. Nal Sarovar PH Lake 5'^C, C/N 

8. Karwar Coast PH Marine; Pollen 5'^C, Savanna, Evergreen 

9. Arabian Sea 3268G5 PH Marine 5'*0, 5'^C, Carbonate 

10. Lunkaransar PH Lake 5'^C 

11. Sambhar PH Pollen Gramineae, Artemisia 
12. Guliya H Ice core Accumulation 
13. Siddha Baba Cave H Speleothem Mineralogy 

14. Dasuopu H Ice core 5D, Dust 
15. Dunde PH Ice core NO3, Total particles 
16. Qinghai Lake PH Lake Carbonate 
17. Yiema Lake PH Lake MS, TOC 
18. Baxie PH Loess MS, TOC 

19. Zoige Plateau PH Pollen Abies, Picea 
20. Shayema PH Pollen Deciduous, Evergreen 

21. Panlong Cave PH Speleothem S'^O 

22. Chinese lake database H Historical Lake-level observation 
23. Midiwan PH Loess TOC 
24. Yulin PH Loess MS 

25. Yangtaomao PH Loess MS 
26. China semi-arid region H Historical Weather observation 
27. Maili H Pollen Quercus 

28. China semi-wet region H Historical Weather observation 
39. Jianghu PH Pollen Evergreen 
30. China wet region H Historical Weather observation 

31. Taihu H Historical Weather observation 

32. Hanjiang Delta PH Pollen Evergreen 
33. Toushe Lake PH Pollen Tree 
34. Chia-Min Lake H,PH Lake TOC, C/N 
35. Great Ghost Lake H Lake TOC, C/N 

36. South China Sea 17940-2 H.PH Marine 5'*0, alkenone SST, clays 
* PH = pre-historical (before AD 250), H = historical (after AD 250) 
" TOC = Total Organic Carbon, MS = Magnetic Susceptibility, C/N = Carbon/Nitrogen 
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TABLE 4.1 Continued 

Site Time span used 
Average 
sample 

spacing (yrs) 

#of Reference 
# (yrs AD or BP) 

Average 
sample 

spacing (yrs) 
dates'^ 

1 15250 - 11400 BP 140 5 Zonneveld et al. (1997) 
2 15250- 1750 BP 250 8 Sirocko et al. (1993, 1996) 
J 11160-7140 BP 40 7 Bums etal. (1998) 
4 4850 BP - 1950 AD Annual 12 von Rad et al. (1999a) 
5 15250 -10900 BP 170 7 von Rad et al. (1999b) 
6 15250- 1940 BP 180 3 Schulz et al. (1998) 
7 7520 - 1750 BP 170 7 Prasad et al. (1997) 
8 5120-1750 BP 80 4 Caratini et al. (1994) 
9 10040-1750 BP 250 4 Sarkar et al. (2000) 
10 11440 - 5700 BP 100 6 Enzel etal. (1999) 
11 11440-3180 BP 110 6 Singh et al. (1974) 
12 1000 - 1950 AD Annual L Thompson et al. (1995) 
13 250 - 1950 AD Sub-decadal 5 Denniston et al. (2000) 
14 1000- 1950 AD Decadal L Thompson et al. (2000) 
15 15250-4000 BP 180 L Thompson et al. (1989) 
16 15250- 1750 BP 30 6 Kelts et al. (1989); Lister et al (1991) 
17 15250-2580 BP 80 5 Chen et al. (1999) 
18 14730-6100 BP 160 5 An et al. (1993); Zhou et ah (1994) 
19 11100 - 7500 BP 140 6 Yan et al. (1999) 
20 12880-1750 BP 110 5 Jarvis et al. (1993) 
21 9200 - 1750 BP 50 11 Li et al.(1998) 
22 250 - 1950 AD Anniial H Fang (1993) 
23 15250-1940 BP 100 17 Zhou et al. (1996) 
24 10780-2580 BP 80 6 Shi et ah (1993) 
25 13170-7770 BP 110 6 Zhou et al. (1996) 
26 250 - 1950 AD 20 H Gong and Hameed (1991) 
27 250 - 1950 AD 30 6 Ren (1998) 
28 250 - 1950 AD 20 H Gong and Hameed (1991) 
29 11610-1750 BP 100 9 An et al. (2000) 
30 250 -1950 AD 20 H Gong and Hameed (1991) 
31 1120- 1935 AD 30 H Wang and Zheng (1992) 
32 12500 - 6400 BP 210 5 Zheng and Li (2000) 
33 15250 -1940 BP 100 13 Huang et al. (1997) 
34 3900 BP - 1950 AD 50 6 Lou and Chen (1997) 
35 250 -1950 AD 10 4 Lou et al. (1997) 
36 15250 BP - 1950 AD 20 20 Wang et al. (I999a,b) 
L= Age model based on layer counts, H = Age model based on historical records 
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Figure 4.1 Map of Asian monsoon region showing locations of paleoclimate 
records used in this study (numbered according to Table 4.1). Lines indicate 
modem extent of East Asian and Southwest Asian monsoons (dashed lines) and 
maximum areal extent of monsoons during Holocene (solid line), as mapped by 
Winkler and Wang (1993). 
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Figure 4.2 Number of records spanning each (A) 100-
year bin within the historical time period and (B) 500-
year bin within the pre-historical time period. 
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Figure 4.3 Number of radiocarbon years spanned by 
each 500-calendar year bin in the pre-historical time 
period. 
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Figure 4.4 Histograms showing the number of abrupt events observed in the 
Asian monsoon region for historical and pre-historical time periods. Event fre
quencies were obtained by using interpretations of the authors of the paleo-
records (A, C) and by a moving t-test (B J)). Frequency of events for each bin is 
expressed as anomalies from expected number of events assuming a random dis
tribution of events through time and correcting for two factors described in text. 
Black (striped) shading indicates bins with a positive anomaly that is statistically 
different f^m zero at the 95% (90%) confidence level. 
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Rgure 4.5 Maps of the spatial distribution of climate changes detected by authors 
of the paieo-records (left column) and by a moving t-test (right column). Letters 
indicate direction of climate changes, with M indicating a shift towards moister 
conditions, D a shift towards drier conditions, CD a shift towards colder and/or 
drier conditions, and HM a shift towards hotter and/or moister conditions. Dots 
indicate locations of paleoclimate records that span the particular time interval but 
show no abrupt climate change. 
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Figure 4.6 Timeseries of proxies for solar variations and volcanic 
activity since the last deglaciation. (A) Radiocarbon data from 
Stuiver et al. (1998), (B) i®Be data from Finkel and Nishiizumi 
(1997) and (C) volcanic sulfate data from Zielinski et al. (1996). 
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5. CONCLUSIONS 

This research has contributed to answering the three major questions identified in 

Chapter I: (1) When have century-scale variations in monsoon strength occurred? (2) 

What causes these variations? and (3) What climatic changes do paleoclimate records 

reflect? Important results are summarized below. 

• The water balance of Ahung Co today is controlled by the strength of the summer 

monsoon. This is the case for several reasons. First, the size of the water fluxes 

are at least an order of magnitude greater during the summer than during other 

seasons. Second, the monsoon appears to control both precipitation and 

evaporation fluxes during the summer. Evaporation is controlled through changes 

in cloudiness, humidity and temperature. These findings are characteristic of 

monsoon regions and should be relevant to other lakes on the Plateau. 

• Significant decreases in monsoon strength at Ahung Co occurred at ~ 7200 

calendar years BP, -3700 calendar years BP, and <2000 calendar years BP. The 

event at -3700 calendar years BP coincides with the fall of the Indus civilization, 

which some researchers believe was caused by a decrease in precipitation. 

• Radiocarbon dates from terrestrial charcoal identified a gap in sedimentation at 

the top of the Ahung Co core. This gap was not obvious from radiocarbon dates 
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of aqioatic material that reflected the reservoir effect. From those radiocarbon 

dates, it was impossible to distinguish between a reservoir effect and a 

sedimentation gap. For the most part, however, water-balance changes in Ahung 

Co are roughly coeval with changes in other Tibetan lakes. Assuming that water-

balance fluctuations around the Tibetan Plateau were synchronous, age models 

based on aquatic material do not contain large errors. 

• Across the East Asian and Southwest Asian monsoon regions, significant abrupt 

events occurred at ~11500 calendar years BP, -4500 to 5000 calendar years BP 

and 1300 AD. The middle Holocene event was identified only by the moving t-

test. This event contradicts the notion of a gradual decrease in monsoon strength 

through the middle and late Holocene. This event does not appear in the Ahung 

Co record, however. Similarly, it is not often observed in records fi-om the 

Southwest Asian monsoon region. This suggests that it occurred primarily in the 

East Asian monsoon region and that the two monsoons may act somewhat 

independently on these lime scales. 

• Abrupt changes in monsoon strength do not coincide with significant changes in 

external forcing (i.e., solar variations, volcanism). This suggests that internal 

forcing mechanisms must be very important. 
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• All abrupt changes coincide with abrupt events in the North Atlantic, suggesting 

that a teleconnection exists between these two regions. The middle Holocene 

event is coeval with significant changes in other parts of the tropics (i.e., African 

monsoon and ENSO). This raises the additional possibility that the middle 

Holocene climatic event originated in the low latitudes. The 1300 AD event is 

spatially heterogeneous, both inside and outside of the Asian monsoon region. 

The spatial pattern of precipitation changes in the monsoon region is similar to the 

pattern that results from interarmual variations in Eurasian snow cover. 

From these results, I have identified several issues that should be addressed in future 

research. These include: 

• Generating additional paleoclimate records from Tibet. The water-balance 

record from Ahung Co is the first well-dated sediment record from Tibet. It has 

several limitations, however. First, multiple well-dated water-balance records are 

necessary to be certain that the climate changes inferred from Ahung Co 

sediments represent regional, rather than local, phenomena. Second, Ahung Co 

sediments do not provide a record of climate change for the past 2000 years or for 

times prior to -8000 calendar years ago. For example, this record can not be used 

to determine if an abrupt change in monsoon strength occurred -8200 calendar 

years ago, as suggested by other records (e.g., Gasse et al., 1996). This climatic 

change apparently arose in the North Atlantic due to a meltwater pulse (e.g.. Alley 
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et al., 1997). Determining whether or not the monsoon also changed at this time 

could provide information about the hypothesized teleconnection between the 

North Atlantic and the Asian monsoon. 

• Testing hypothesized teleconnections: For example, it has been hypothesized 

that temperature changes in the North Atlantic impact the strength of the Asian 

monsoon. This could occur by the advection of temperature anomalies over 

Eurasia, causing a change in the land-to-ocean temperature gradient that drives 

the monsoon circulation. Modeling studies are needed to determine for which 

temperature anomalies, if any, this is physically plausible. 

• Generating additional records of ENSO variability. The weakening of the Asian 

monsoon during the middle Holocene could be related to a shift in ENSO 

variability. Additional high-resolution, well-dated records of ENSO during this 

time period are necessary to provide more information about the timing and 

nature of this climate change. 

• Investigating the influence of Eurasian snow cover: It is unclear what role, if 

any, Eurasian snow cover plays in modulating the strength of the monsoon. This 

question has been addressed in several studies using observational records of 

precipitation and snow cover. However, these studies incorporate only about 30 

years of data and often use measurements of snow area rather than snow depth. 
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which is more physically meaningful. Additional modeling and observational 

studies could address some of these issues. 

In conclusion, this research illustrates the value of paleoclimate records. The 

instrumental record provides just a glimpse of the range of possible climatic variability. 

This is clearly illustrated by the .\hung Co sediment record, which suggests an increase 

in monsoon strength during the last several hundred years, just beyond the range of the 

instrumental record. Paleoclimate records have also indicated that teleconnections may 

exist between the Asian monsoon and the North Atlantic. Links between these two 

regions are not as obvious in the instrumental record. Lastly, the paleoclimate records 

analyzed in this research show the possibility for substantial abrupt changes in monsoon 

strength. These changes have not been apparent in the short observational record, but 

they could have significant consequences for billions of people. 



APPENDIX A. RADIOCARBON DA l ES FROM POTAMOGETON 

Lub Core Depth Mg S'^C '^C Hrror Calendar age with 2a error range 
number (cm) ore PDH) age 

AA4I587 2A 0.0-1.0 1.26 -11.2 3810 60 4410(4220.4200,4180,4170,4160)3990 
AA41589 2A 5.0-6.0 1.08 -10.6 4160 50 4830(4810,4760,4700,4670,4650)4530 
AA42472 2A 9.5-10.0 0.87 -7.3 4250 40 4860(4830)4650 
AA46I43 2A 12.0-12.5 0.78 -6.5 4200 45 4850(4820)4550 
AA46I44 2A 16.0-16.5 0.50 -5.0 4430 50 5290(5030,5010,4980)4860 
AA47723 2A 18.0-18.5 0.96 -5.4 4640 40 5470(5440,5420,5320)5300 
AA46I45 2A 20.0-20.5 0.87 -8.8 4990 55 5990(5720)5600 
AA41591 2A 23.0-23.5 0.94 -11.6 5510 50 6410(6290)6200 
AA42473 2A 28.0-29.0 1.22 -12.6 5660 50 6620(6440,6420,6410)6310 
AA42474 2A 39.0-39.5 1.13 -13.0 6180 50 7250(7150,7130,7090,7080,7030)6910 
AA47724 2A 47.0-47.5 0.97 -11.6 5980 60 6980(6840,6800,6770,6760)6670 
AA46146 2A 55.0-55.5 0.65 -10.9 6430 70 7460(7410,7400,7370,7350,7320)7250 
AA47725 2A 58.5-58.0 0.80 -12.7 7240 60 8180(8100,8020)7880 
AA4724I 2A 63.0-63.5 0.75 -11.3 7210 60 8170(8010,7990,7980)7880 
AA47726 2A 68.0-68.5 1.11 -13.7 7740 60 8630(8540,8530,8520,8490,8480,8460)8400 
AA46I47 2A 73.0-73.5 0.93 -11.0 8050 50 9080(9010)8770 
AA47727 2A 80.0-80.5 0.78 -12.8 8570 60 9680(9540)9470 
AA46I48 2A 87.0-87.5 1.08 -18.1 8800 60 10150(9890,9880,9870,9850,9820,9810,9790)9560 
AA41588 3A 0.0-1.0 1.15 -9.1 3610 50 4080(3900)3730 
AA4I59() 3A 8.0-9.0 0.99 -11.3 3940 30 4500(4410)4290 
AA42475 3A 12.5-13.0 I.OI -11.3 4110 40 4820(4780,4770,4610,4600,4570)4450 
AA47729 3A 15.5-16.0 1.17 -6.7 4200 40 4840(4820)4570 
AA47730 3A 17.5-18.0 1.06 -7.8 4170 50 4830(4810,4760,4730,4720,4710,4670,4650)4530 
AA47240 3A 19.8-20.2 1.19 -10.2 4780 50 5600(5580,5510,5490)5330 
AA4I592 3A 21.5-22.0 0.94 -10.9 5260 40 6170(5990)5920 
AA42476 3A 28.0-29.0 1.01 -10.8 5600 50 6490(6400,6370,6350)6290 



Lab Core Depth Mg 8''C '^C Error Calendar age with 2a error range 
number (cm) o f C  (%0 PDB) age 

AA42477 3A 40.5-41.0 0.76 -10.8 6070 80 7210(6900)6690 
AA47728 3A 48.0-48.5 1.10 -12.2 6060 40 6970(6890,6820,6810)6800 
AA47242 3A 52.8-53.2 1.36 -10.4 6400 60 7430(7320)7210 
AA47731 3A 57.0-57.5 0.78 -11.9 6700 50 7670(7570)7440 
AA47732 3A 62.0-62.5 0.86 -11.0 7200 40 8150(8000,7990,7980)7880 
AA47243 3A 65.8-66.2 0.69 -11.5 6740 50 7680(7610,7600,7590)7510 
AA47733 3A 71.0-71.5 0.93 -13.9 7210 50 8160(8010,7990,7980)7880 
AA47734 3A 76.0-76.5 0.86 -12.2 7900 60 9000(8680,8670,8640)8540 
AA47735 3A 84.0-84.5 0.64 -13.7 8420 70 9540(9470,9450,9440)9160 
AA4I585 4A 0.0-1.0 0.94 -12.2 3640 50 4090(3970,3940,3930)3780 
AA42466 4A 8.5-9.0 1.04 -11.4 3920 40 4500(4410)4240 
AA42467 4A 12.0-12.5 1.12 -10.2 4170 50 4840(4810,4760,4730,4720,4710,4670,4650)4530 
AA47719 4A 16.0-16.5 0.95 -6.9 4190 50 4850(4820,4750,4730)4530 
AA47720 4A 20.0-20.5 0.88 -11.8 5500 40 6400(6290)6200 
AA47991 4A 23.0-23.5 1.33 -10.8 5390 40 6290(6200)6000 
AA42468 4A 25.0-25.5 1.09 -11.5 5610 50 6490(6400,6360,6360)6290 
AA42469 4A 28.5-29.0 1.22 -12.3 5760 50 6720(6550)6410 
AA42470 4A 32.0-32.5 1.21 -11.6 5950 50 6590(6780,6770,6750)6660 
AA42471 4A 38.5-39.0 1.10 -11.3 6310 50 7410(7250)7030 
AA47244 4A 40.5-41.0 1.02 -9.6 6530 70 7570(7430)7280 
AA47245 4A 47.0-47.5 1.00 -12.5 6890 100 7940(7680)7570 
AA47721 4A 54.0-54.5 0.86 -15.6 6960 40 7920(7790,7770,7760)7670 
AA47722 4A 58.0-58.5 0.84 -12.6 7130 40 8100(7940)7860 
AA47246 4A 65.0-65.5 0.98 -11.4 6840 60 7790(7670)7580 



APPENDIX B. PROXY DATA FROM AHUNG CO CORE 2A 

Upper Lower Calendar Carbonate 5''C of 5"0 of 
depth depth years before (% by weight) bulk bulk 
(cm) (cm) present carbonate carbonate 

(10'' yrs) (%o PDB) (%o PDB) 
0.0 0.5 2.56 41.6 1.10 -8.67 
0.5 1.0 2.63 39.1 0.90 -8.74 
1.0 1.5 2.70 37.0 0.83 -8.92 
1.5 2.0 2.77 52.8 1.88 -8.95 
2.0 2.5 2.85 57.6 1.46 -8.96 
2.5 3.0 2.92 54.8 1.42 -8.87 
3.0 3.5 2.99 54.3 1.59 -9.01 
3.5 4.0 3.06 44.9 1.05 -9.62 
4.0 4.5 3.14 41.0 0.42 -10.12 
4.5 5.0 3.21 43.8 0.15 -10.47 
5.0 5.5 3.28 46.7 0.56 -10.24 
5.5 6.0 3.35 54.3 0.92 -10.06 
6.0 6.5 3.43 58.3 1.87 -9.71 
6.5 7.0 3.50 58.9 0.63 -9.89 
7.0 7.5 3.57 49.7 -0.14 -9.95 
7.5 8.0 3.64 29.3 -1.65 -10.05 
8.0 8.5 3.72 17.5 -1.27 -9.98 
8.5 9.0 3.79 23.1 1.49 -10.37 
9.0 9.5 3.86 48.8 3.03 -10.95 
9.5 10.0 3.93 55.3 3.21 -11.15 
10.0 10.5 4.01 42.8 3.31 -11.03 
10.5 11.0 4.08 52.1 
11.0 11.5 4.15 49.4 3.66 -10.95 
11.5 12.0 4.22 31.4 2.85 -11.60 
12.0 12.5 4.30 60.9 
12.5 13.0 4.37 61.1 2.86 -11.71 
13.0 13.5 4.44 58.3 2.38 -11.45 
13.5 14.0 4.51 58.6 2.29 -11.01 
14.0 14.5 4.59 64.1 2.85 -10.71 
14.5 15.0 4.66 63.5 2.89 -10.62 
15.0 15.5 4.73 62.6 3.26 -10.66 
15.5 16.0 4.80 69.5 3.32 -10.86 
16.0 16.5 4.87 66.8 1.96 -11.56 
16.5 17.0 4.95 59.5 1.26 -11.81 
17.0 17.5 5.02 56.2 1.87 -11.50 
17.5 18.0 5.09 57.6 2.93 -11.16 
18.0 18.5 5.16 59.1 3.27 -10.89 
18.5 19.0 524 65.4 3.56 -10.96 
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Upper 
depth 
(cm) 

Lower 
depth 
(cm) 

Calendar 
years before 

present 
(10^ yrs) 

Carbonate 
(% by weight) 

5"C of 
bulk 

carbonate 
(%o PDB) 

5"0 of 
bulk 

carbonate 
(%o PDB) 

19.0 19.5 5.31 67.0 3.71 -10.91 
19.5 20.0 5.38 68.7 3.43 -11.01 
20.0 20.5 5.45 68.7 3.51 -11.12 
20.5 21.0 5.53 68.3 3.27 -11.19 
21.0 21.5 5.60 48.7 2.93 -10.99 
21.5 22.0 5.67 10.8 3.49 -9.49 
22.0 22.5 5.74 9.5 5.03 -8.10 
22.5 23.0 5.82 8.1 3.21 -9.31 
23.0 23.5 5.89 51.1 1.32 -11.16 
23.5 24.0 5.96 60.9 1.90 -11.07 
24.0 24.5 6.03 56.2 2.94 -10.81 
24.5 25.0 6.11 49.9 3.53 -10.73 
25.0 25.5 6.18 44.0 3.39 -10.74 
25.5 26.0 6.25 51.5 3.14 -10.78 
26.0 26.5 6.32 58.8 2.53 -10.96 
26.5 27.0 6.40 46.9 -0.31 -11.71 
27.0 27.5 6.47 31.3 -0.64 -12.04 
27.5 28.0 6.49 31.8 -0.86 -11.93 
28.0 28.5 6.50 37.4 1.41 -11.48 
28.5 29.0 6.52 53.5 2.05 -11.68 
29.0 29.5 6.53 44.1 2.64 -11.31 
29.5 30.0 6.54 51.5 2.46 -11.39 
30.0 30.5 6.56 48.7 2.16 -11.56 
30.5 31.0 6.57 43.2 1.91 -11.74 
31.0 31.5 6.58 41.5 2.59 -11.46 
31.5 32.0 6.59 46.8 2.97 -11.27 
32.0 32.5 6.61 56.8 2.55 -11.50 
32.5 33.0 6.62 64.3 1.87 -11.63 
33.0 33.5 6.63 55.0 0.88 -11.84 
33.5 34.0 6.65 58.6 0.82 -11.84 
34.0 34.5 6.66 62.8 0.57 -11.57 
34.5 35.0 6.67 52.3 0.39 -11.62 
35.0 35.5 6.69 42.7 0.31 -11.37 
35.5 36.0 6.70 38.3 0.07 -11.44 
36.0 36.5 6.71 40.8 0.03 -11.56 
36.5 37.0 6.72 58.0 -0.32 -11.89 
37.0 37.5 6.74 63.5 -0.55 -12.01 
37.5 38.0 6.75 53.1 -0.51 -11.93 
38.0 38.5 6.76 39.8 -0.76 -12.16 
38.5 39.0 6.78 40.4 -1.17 -12.65 
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Upper Lower Calendar Carbonate 5'^C of of 
depth depth years before (% by weight) bulk bulk 
(cm) (cm) present 

(10^ yrs) 
carbonate 
(%o PDB) 

carbonate 
(%o PDB) 

39.0 39.5 6.79 57.1 -0.53 -12.13 
39.5 40.0 6.80 61.1 0.51 -12.05 
40.0 40.5 6.81 58.0 1.71 -12.06 
40.5 41.0 6.83 46.6 2.41 -12.22 
41.0 41.5 6.84 54.6 1.87 -12.38 
41.5 42.0 6.85 62.0 1.53 -12.13 
42.0 42.5 6.87 61.6 1.65 -11.96 
42.5 43.0 6.88 67.4 1.52 -11.54 
43.0 43.5 6.89 61.8 1.80 -11.83 
43.5 44.0 6.91 59.2 1.78 -11.57 
44.0 44.5 6.92 56.4 1.57 -11.45 
44.5 45.0 6.93 57.9 1.38 -11.49 
45.0 45.5 6.94 57.3 1.26 -11.46 
45.5 46.0 6.96 54.2 1.43 -11.38 
46.0 46.5 6.97 52.7 0.93 -11.52 
46.5 47.0 6.98 55.8 1.19 -11.54 
47.0 47.5 7.00 56.3 1.30 -11.54 
47.5 48.0 7.01 58.6 1.09 -11.52 
48.0 48.5 7.02 58.4 1.12 -11.60 
48.5 49.0 7.03 58.8 1.21 -11.50 
49.0 49.5 7.05 57.2 1.38 -11.55 
49.5 50.0 7.06 53.0 1.18 -11.50 
50.0 50.5 7.07 54.7 1.32 -11.58 
50.5 51.0 7.09 54.8 1.18 -11.59 
51.0 51.5 7.10 55.0 0.52 -11.77 
51.5 52.0 7.11 55.8 1.09 -11.94 
52.0 52.5 7.13 66.7 2.47 -12.45 
52.5 53.0 7.14 66.4 2.11 -12.38 
53.0 53.5 7.15 68.9 2.45 -12.65 
53.5 54.0 7.16 67.9 3.24 -12.65 
54.0 54.5 7.18 68.5 3.25 -12.56 
54.5 55.0 7.19 70.4 2.72 -12.67 
55.0 55.5 7.20 61.3 1.57 -12.25 
55.5 56.0 7.22 52.4 0.37 -11.45 
56.0 56.5 7.23 58.5 -0.17 -11.72 
56.5 57.0 7.41 52.8 -0.49 -11.27 
57.0 57.5 7.42 54.4 -0.97 -10.54 
57.5 58.0 7.43 52.4 -0.63 -10.50 
58.0 58.5 7.44 52.3 -0.19 -10.97 
58.5 59.0 7.45 54.8 -0.07 -11.08 
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Upper Lower Calendar Carbonate 5''C of 5'"Oof 
depth depth years before (% by weight) bulk bulk 
(cm) (cm) present carbonate carbonate 

(lO'yrs) (%o PDB) (%o PDB) 
59.0 59.5 7.46 48.0 -0.39 -10.20 
59.5 60.0 7.47 43.2 -0.36 -9.68 
60.0 60.5 7.48 53.3 -0.54 -9.79 
60.5 61.0 7.49 56.5 -0.60 -10.24 
61.0 61.5 7.50 56.9 -0.29 -10.53 
61.5 62.0 7.51 53.2 0.22 -10.31 
62.0 62.5 7.52 53.9 0.36 -9.98 
62.5 63.0 7.53 52.6 0.44 -9.97 
63.0 63.5 7.54 54.3 0.57 -10.08 
63.5 64.0 7.55 55.0 0.61 -10.12 
64.0 64.5 7.56 56.8 0.63 -10.38 
64.5 65.0 7.57 57.9 0.70 -11.02 
65.0 65.5 7.58 57.3 0.82 -11.02 
65.5 66.0 7.59 57.2 0.84 -11.33 
66.0 66.5 7.60 57.8 0.03 -11.60 
66.5 67.0 7.62 55.4 -0.27 -11.56 
67.0 67.5 7.64 53.7 -0.76 -11.43 
67.5 68.0 7.66 50.5 -0.45 -11.28 
68.0 68.5 7.67 49.6 0.04 -10.63 
68.5 69.0 7.69 42.0 -0.77 -10.25 
69.0 69.5 7.71 37.1 -1.48 -10.14 
69.5 70.0 7.72 44.7 -0.40 -10.91 
70.0 70.5 7.73 51.1 -0.09 -10.73 
70.5 71.0 7.75 56.3 -0.40 -11.24 
71.0 71.5 7.76 56.0 -0.54 -11.42 
71.5 72.0 7.80 63.2 -0.65 -11.68 
72.0 72.5 7.81 58.6 -0.53 -11.40 
72.5 73.0 7.81 46.2 -0.16 -10.33 
73.0 73.5 7.82 45.5 -0.32 -10.72 
73.5 74.0 7.82 47.7 -0.46 -11.06 
74.0 74.5 7.83 49.7 -0.57 -11.47 
74.5 75.0 7.84 50.8 -0.53 -11.48 
75.0 75.5 7.85 50.2 -0.21 -10.91 
75.5 76.0 7.89 53.8 -0.67 -10.64 
76.0 76.5 7.90 53.8 -0.48 -10.14 
76.5 77.0 7.90 50.2 -0.20 -9.48 
77.0 77.5 7.92 49.6 -0.45 -9.61 
77.5 78.0 7.93 50.2 -0.62 -9.94 
78.0 78-5 7.95 49.8 -0.48 -10.13 
78-5 79.0 7.96 52.6 -0.49 -10.17 
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Upper 
depth (cm) 

Lower 
depth (cm) 

Calendar 
years before 

present 
(lO'yrs) 

Carbonate 
(% by weight) 

5"C of 
bulk 

carbonate 
(96o PDB) 

of 
bulk 

carbonate 
(%o PDB) 

79.0 79.5 7.97 53.5 -0.33 -10.19 
79.5 80.0 7.99 48.7 -0.40 -10.43 
80.0 80.5 8.00 49.7 -0.35 -10.39 
80.5 81.0 8.02 51.6 -0.30 -10.54 
81.0 81.5 8.03 53.1 -0.30 -10.32 
81.5 82.0 8.04 47.9 -0.34 -10.18 
82.0 82.5 8.06 47.4 -0.41 -9.98 
82.5 83.0 8.07 48.2 -0.68 -10.00 
83.0 83.5 8.08 55.0 -1.10 -10.33 
83.5 84.0 8.10 53.8 -0.77 -10.41 
84.0 84.5 8.11 48.5 -0.51 -10.31 
84.5 85.0 8.12 50.0 -0.68 -10.03 
85.0 85.5 8.14 55.7 -0.81 -10.63 
85.5 86.0 8.15 52.7 -0.79 -10.37 
86.0 86.5 8.16 56.8 -1.13 -11.00 
86.5 87.0 8.17 61.1 -1.38 -11.32 
87.0 87.5 8.19 56.0 -1.47 -11.25 
87.5 88.0 8.20 51.4 -1.06 -11.08 
88.0 88.5 8.21 48.5 -0.41 -11.24 
88.5 89.0 8.23 -0.32 -11.40 
89.0 89.5 8.24 -0.37 -11.43 
89.5 90.0 8.25 -0.38 -11.47 



APPENDIX C. PROXY DATA FROM AHUNG CO CORE 3A 

Upper 
depth 
(cm) 

Lower 
depth 
(cm) 

Calendar 
years 
before 
present 

(10' yrs) 

Carbonate 
(% by 
weight) 

Organic 
Carbon 
(% by 

weight) 

8"Cof 
bulk 

curbonute 
(%«I'DH) 

8"0 of 
bulk 

curbonute 
(%o I'DH) 

8'*Oofbulk 
carbonate 

corrected for 
dolomite 
(%u I'DD) 

Carbon: 
Nitrogen 
of bulk 
organic 

8"Cof 
bulk 

organic 
(%« PDB) 

Aragonite 
(% by 

volume) 

Calcile 
(% by 

volume) 

Dolomite 
(%by 

volume) 

0,25 0.75 
, , 

2.12 60.8 9.3 1.85 -9,68 

0.75 1.25 2.19 63.7 8.0 2.04 -9,73 -9.73 17.0 -13.9 30.6 30.1 0.0 

1.25 1.75 2.27 64.8 7.4 1.79 -9.56 
1.75 2.25 2.34 65.3 8.9 0,51 -9.68 -9.68 17.9 -15.1 52.4 20.5 0.0 
2.25 2.75 2.41 24.3 30.3 -0.82 -9,41 

2.75 3.25 2.48 12,2 35.7 -0,53 -9.19 -9,19 21,5 -13.1 36.9 9.7 0.0 

3.25 3.75 2.56 33.9 18.2 0.84 -9.07 
3.75 4.25 2.59 33.2 17.7 0.87 -9.16 -9.16 18.4 -13.3 40.4 11.8 0.0 
4.25 4.75 2.63 38.8 10.8 0.75 -9.15 
4.75 5.25 2.67 37.6 9.4 0.73 -8.97 -8.97 14.1 -17.6 31.4 13.8 0.0 

5.25 5.75 2.70 45.3 7.8 1.17 -9.32 

5.75 6.25 2.80 57.9 9.0 2.78 -9.44 -9.44 13.5 -16.3 37.7 17.2 0.0 

6,25 6.75 2.90 54.3 12.0 1.34 -9.31 
6.75 7.25 3.01 61.7 12.3 1.87 -9.46 -9.46 16.2 -14.6 50.8 18.9 0.0 
7.25 7.75 3.11 43.1 18.8 1.75 -9.65 
7.75 8.25 3.21 41.8 16.6 0.41 -10.17 -10.17 16.2 -14.4 25.7 22.0 0.0 

8.25 8.75 3.32 46.1 18.6 0.88 -9.88 
8.75 9,25 3.43 55.3 11.3 1.57 -9.62 -9,62 13.9 -14.4 41.5 17.6 0.0 
9.25 9,75 3.48 45.8 16.1 2.11 -9.65 
9.75 10,25 3.53 45.3 15.8 0.89 -10.03 -10.03 15.0 -13.6 46.3 14.9 0.0 

10,25 10.75 3.59 39.8 22.6 -0.08 -9.64 
10,75 11.25 3.64 46.5 19.3 -1.15 -9.74 -9.74 19.4 -12.4 69.9 4.9 0.0 
11.25 11.75 3.72 32.4 24.3 -1.12 -9.58 
11.75 12.25 3.79 11.9 36.5 -0,33 -9.81 -9.81 18.6 -12.3 49.8 3.1 0.0 
12.25 12.75 3.86 13.6 35.4 1.72 -10.45 
12.75 13.25 3.93 60.3 9,2 3.31 -11.04 -11.04 12.1 -15.7 41.2 19,6 0.0 
13.25 13.75 3.99 57.1 13.0 3.78 -10.77 



Upper Lower Culendiir Curbonute Organic ft"Cof 8"'Oof fi'V^ofbulk Carbon: fi"Cof Aragonite Calcitc Dolomite 
depth depth years (% by Carbi)n bulk bulk carbonate Nitrogen bulk (% by (% by (% by 
(cm) (cm) before weight) (% by carbi)nate carbonate corrected for of bulk organic volume) volume) volume) 

present weight) (%o PDD) (%o I'DB) dolomite organic (%o 1>D1)) 
(10' yrs) (9(h> 1M)B) 

13.75 14.25 4,04 59,0 12.8 3.86 -10.89 -10.89 14.4 -12.0 45.4 16.4 0.0 

14.25 14.75 4,10 56,3 14.3 3.64 -10.65 

14.75 15.25 4,15 53,0 15.3 3.57 -10.98 -10.98 15.1 -10.8 43.9 15.3 0.0 

15.25 15.75 4.20 42.3 19.3 .3.41 -11.15 
15.75 16.25 4.25 48.5 14.3 3,59 -11.48 -11.48 14.5 - I I I  34.9 19.3 0.0 

16.25 16,75 4.30 61.2 8.6 3.46 -11.73 
16.75 17.25 4.37 61.0 6,5 2.94 -11.73 -11.73 I I I  -15.8 37.8 20.6 0.0 

17.25 17.75 4.44 57.0 8.5 2,46 -11,43 
17.75 18.25 4.51 59,5 8.5 2.80 -10.89 -10.89 13.9 -12.9 36.3 18.8 0.0 

18.25 18.75 4.61 
18.75 19.25 4,71 64.3 8.0 3.29 -10.71 -10.71 13.3 -15.0 41.1 17.3 0.0 

19.25 19.75 4.80 68.5 7.2 3,15 -10.62 
19.75 20.25 5.53 53.0 8.4 2,03 -11.39 -11.39 16.6 -14.5 32.6 16.9 0.0 

20.25 20,75 5.67 24.0 23.9 1,35 -10.95 
20.75 21,25 5.82 33.1 22.3 1.15 -10.42 -10.42 17.1 -14.0 40,3 12.2 0.0 

21.25 21.75 5.87 39.8 21.3 1.52 -10.68 
21.75 22.25 5.91 51.5 16.3 1,65 -11.04 -11.04 14.7 -14.9 48,2 13.8 0.0 

22,25 22.75 5.96 43.1 21.9 2.37 -11.12 
22.75 23.25 6,01 56,0 14.3 3,34 -10.99 -10.99 15.6 -14.3 43.9 11.4 0.0 

23.25 23.75 6,06 59,3 14.2 3.59 -10.94 
23.75 24.25 6.11 64,5 11,0 3.55 -11.09 -11.09 14.4 -14.6 55.3 13.2 0.0 

24.25 24.75 6,14 59,6 12.6 3.61 -10.99 
24.75 25.25 6.16 57.5 12.3 2.96 -11.16 -11.16 13.7 -15.6 50.2 14.2 0.0 

25.25 25.75 6,19 57,6 11.9 2.50 -11.36 
25.75 26,25 6.22 40.3 16.5 1.74 -11.22 -11.22 20.2 -13.4 36.0 13.5 0.0 

26.25 26,75 6,25 38,1 22,3 0.66 -11.06 
26.75 27,25 6,36 57,7 15.9 -0,23 -11.95 -11.95 20.6 -13.3 46.7 II.1 0.0 

27.25 27,75 6,47 45,0 18,7 -0.48 -12.23 
27.75 28,25 6,49 30,0 26,2 -0.76 -12.06 -12.06 19.5 -13.7 44.0 10.3 0.0 



Upper Lower Calendar Carbonate Organic fi"C of of fi'"()ofbulk Carbon: S"Cof Aragonite Caicite Dolomite 
depth (leptli yeurs (% by Carbon bulk bulk carbonate Nitrogen bulk (% by (% by (% by 
(cm) (cm) before weight) (% by carbonate carbonate corrcctcd for of bulk organic volume) volume) volume) 

present weight) (%o PDH) (%o PDH) dolomite organic (%o I'DB) 
(10' yrs) (%«IM)H) 

28.25 28.75 6.49 23.7 30.7 1.27 -11.15 
28.75 29.25 6.50 50.4 14.2 2.06 -11.32 -11.32 14.9 -14.5 40.4 10.4 0.0 
29.25 29.75 6.51 48.1 16.6 2.0! -11.71 

29.75 30.25 6.52 53.8 14.3 2.33 -11.53 -11.53 14.8 -14.5 51.0 12.4 0.0 

30.25 30.75 6.53 63.6 10.8 2.53 -11.79 
30.75 31.25 6.53 61.3 11.6 2.56 -11.70 -11.70 18.0 -13.4 56.3 12.1 0.0 

31.25 31.75 6.54 49.7 16.7 2.27 -11.41 

31.75 32.25 6.56 48.7 16.8 1.79 -11.95 -11.95 17.4 -13.1 50.4 13.7 0.0 

32.25 32.75 6.57 48.8 16.4 1.71 -11.84 
32.75 33.25 6.58 51.4 15.0 1.47 -11.45 -11.45 19.7 -13.5 48.2 15.1 0.0 

33.25 33.75 6.59 71.8 7.4 0.84 -11.44 
33.75 34.25 6.61 71.9 4.7 0.50 -11.91 -11.91 17.5 -15.1 53.2 12.1 0.0 
34.25 34.75 6.63 68.5 7.1 0.89 -12.10 
34.75 35.25 6.64 57.8 10.6 1.07 -11.76 -11.76 16.2 -15.9 51.5 18.0 0.0 
35.25 35.75 6.65 56.7 10.7 0.86 -11.82 
35.75 36.25 6.67 56.6 11.8 0.72 -11.73 -11.73 17.0 -14.9 44.1 17.4 0.0 

36.25 36.75 6.68 57.3 12.2 0.40 -11.88 
36.75 37.25 6.69 52.8 15.4 0.52 -11.38 -11.38 19.0 -13.8 52.1 10.3 0.0 

37.25 37.75 6.70 38.3 20.8 0.03 -11.38 
37.75 38.25 6.72 42.3 18.4 -0.12 -11.52 -11.52 15.8 -15.1 51.3 11.3 0.0 

38.25 38.75 6.74 56.7 14.8 -0.56 -11.96 
38.75 39.25 6.76 36.8 24.6 -0.32 -11.80 -11.80 22.4 -13.2 55.6 10.6 0.0 

39.25 39.75 6.78 33.8 27.8 -1.02 -12.96 
39.75 40.25 6.78 31.1 33.2 -0.98 -12.49 -12.49 22.0 -13.1 40.0 12.9 0.0 

40,25 40.75 6.79 47.8 14.:'. -0.42 -11.81 
40.75 41.25 6.80 58.4 9.9 0.72 -12.02 -12.02 14.8 -15.8 48.2 14.0 0.0 

41.25 41.75 6.80 61.0 9.5 2.03 -11.99 
41.75 42.25 6.83 50.5 15.7 2.51 -12.13 -12.13 15.8 -13.2 41.5 13.8 0.0 
42.25 42.75 6.84 53.0 16.3 2.31 -12.43 vO 



Upper 
dcptli 
(cm) 

Lower 
depth 
(cm) 

Calendar 
years 
before 
present 

(10' yrs) 

Carbonalc 
(% by 

weight) 

Organic 
Carbon 
(% by 

wcighl) 

8"C of 
bulk 

carbonate 
(%o IM)U) 

8'"0 of 
bulk 

carbonate 
(%«l»D») 

8"0 of bulk 
carbonate 

corrected for 
dolomite 
(•^ PDH) 

Carbon : 
Nitrogen 
of bulk 
organic 

8"Cof 
bulk 

organic 
(%o PDH) 

Aragonitc 
(% by 

volume) 

Calcile 
(% by 

volume) 

Dolomite 
(%by 

volume) 

42,75 43.25 6,85 54.5 15.0 1.87 -12.18 -12.18 18.0 -13.5 47.0 11.4 0.0 

43.25 43,75 6,86 67,6 6.1 1.10 -12.07 

43,75 44,25 6.87 67,0 7.1 1.15 -11.86 -11,86 15.1 -16.9 44.3 13.4 0.0 

44,25 44,75 6,89 61,0 8.1 1.49 -11.75 
44.75 45,25 6,90 61,6 8,1 1.17 -12.00 -12,00 16.3 -16.8 45.9 13.9 0.0 

45,25 45,75 6,91 59,8 8,3 1,47 -11.67 
45.75 46,25 6,92 59,8 7.6 1,26 -11.69 -11.69 15.2 -17.3 40.8 14.4 0.0 
46.25 46,75 6,93 58,2 8.0 1,19 -11.62 
46,75 47.25 6,95 58.6 8.3 1,31 -11.62 -11.62 14.5 -17.2 36.7 15.8 0.0 

47.25 47.75 6.96 58.3 8,5 1,13 -11.26 
47.75 48.25 6.98 59.2 7,8 1,09 -11.72 -11.72 14.6 -17.9 36.5 15.0 0.0 

48,25 48.75 7.01 59.2 7,4 0.98 -11,75 
48,75 49,25 7,03 56.3 7,1 0,70 -12,20 -12.20 14.2 -16.9 31.0 19.6 0.0 
49,25 49.75 7,06 52.5 8.9 1.11 -11,68 
49.75 50.25 7.07 15.1 -17.1 33.1 19.3 0.0 

50.25 50.75 7.09 55.4 9.5 1.28 -11.43 
50.75 51.25 7.10 55.0 9.7 0.98 -11.55 -11.55 15.7 -16.8 36.4 15.2 0.0 

51.25 51.75 7.13 64.3 7.5 2.18 -12.62 
51.75 52.25 7.16 71.7 4.8 3.16 -12.56 -12.56 10.3 -18.6 52.2 11.9 0.0 

52.25 52.75 7.19 70.8 4.9 2.59 -12.71 
52,75 53.25 7.19 64.7 4.1 1.10 -12.26 -12.26 10.8 -19.6 37.8 15.1 0.0 

53,25 53.75 7,20 60,3 3.8 0,89 -11.73 
53,75 54.25 7,22 11.7 -19.8 38.8 14.2 5.5 

54,25 54.75 7,23 56.3 4.0 -0,24 -11.72 
54.75 55.25 7,24 45.5 4.7 -0.34 -11.08 -12.70 12.3 -18.9 18.1 11.7 10.1 

55.25 55.75 7,25 41.8 6.9 -0,32 -10.53 
55.75 56.25 7,27 47.4 6.4 O i l  -10.82 -12.25 14.3 -17.0 25.1 11.7 9.0 

56.25 56.75 7,28 48.3 6,4 0.14 -11.04 
56.75 57,25 7.29 48.7 6.3 0.19 -11.19 -12.19 13.3 -17.9 30.0 11.9 6.3 



Upper l.ower Calendar Curbunulc Organic ft"C of ft'*!) of S"Oofbulk Carbon : fi"C of Arugonite Culcitc Dolomite 
depth depth years (% by Carbun bulk bulk curbunute Nitrogen bulk (% by (% by (% by 
(cm) (cm) beluro weight) (% by curbunulc curbunulc corrected fur of bulk organic volume) volume) volume) 

present weight) (%o I'DB) ('^ IM)H) dulumile organic (%o I'nii) 
(10' yrs) (%o PDH) 

57.25 57,75 7.31 47.2 6,6 0.21 -11.17 
57.75 58.25 7,32 47.4 7.3 0.34 -11.11 -12.02 14.0 -17.6 23.5 10.8 5.7 

58.25 58,75 7.33 55,0 6,9 0.65 -11.06 
58,75 59.25 7,35 54.3 8.9 0.82 -10.98 -11.78 14.6 -16.6 36.1 9.8 5.0 
59.25 59,75 7.36 56,9 7.4 0.76 -11.01 
59.75 60,25 7,37 56,8 7.6 -0.01 -11.72 -12.44 12.7 -18.6 34.1 11.6 4.5 
60.25 60,75 7.38 600 5,7 -0.37 -11.96 
60.75 61,25 7,40 55,6 6,8 -0.52 -11.30 -12.04 12.8 -19.9 34.5 13.0 4.6 
61.25 61.75 7,41 55,9 6,9 -1.04 -11.39 
61.75 62.25 7.42 58,3 8,6 -0.62 -10.39 -11.61 13,6 -19,8 37,7 11.1 7.6 
62.25 62,75 7.44 52,6 11.4 -0.27 -10.45 
62.75 63,25 7.45 60,3 11.9 -0.09 -11.24 -12.07 17.6 -16.9 45.1 3.9 5.4 
63.25 63,75 7.46 45.8 15.1 -0.24 -10.60 
63.75 64,25 7,48 54.3 8,4 -0.71 -10.01 -11.45 13.6 -19.9 35.0 8.6 9.0 
64.25 64,75 7.49 58.8 5,1 -0.65 -10.68 
64.75 65,25 7.50 55,2 7.1 0.12 -10.46 -11.87 13.0 -19.7 37.5 11,5 8,8 
65.25 65,75 7.51 55,7 6,2 0.21 -10.23 
65.75 66,25 7.53 55,1 5.5 0.43 -9.97 -11.36 11.3 -21.3 34.2 14.0 8.7 
66.25 66.75 7.54 56,1 6.2 0.66 -9.93 

66.75 67.25 7,55 57,3 7.2 0.72 -10.13 -11.29 12.8 -19.0 36.3 10,3 7,3 
67,25 67.75 7,57 56.3 7.3 0.69 -10.43 
67.75 68.25 7.58 56,0 6.6 0.90 -10.96 -11.99 12.6 -18,0 33.5 12.5 6,4 
68.25 68,75 7.59 57,8 6.1 1.08 -11.23 
68,75 69,25 7.60 60,6 5.4 0.84 -11.52 -12.18 11.7 -19,6 36.5 15.9 4,1 
69.25 69,75 7,62 61,6 5.5 0.42 -11.74 
69.75 70,25 7,63 57,1 5.9 -0.52 -11.37 -12.31 11.7 -20.0 40.1 14.4 5,9 
70.25 70,75 7.64 56,3 5.7 -0.65 -11.26 
70.75 71,25 7.66 55,9 7.4 -0.17 -11.25 -12.37 14.4 -18.8 36.9 15.2 7.0 
71.25 71,75 7.67 52,3 I I . 1  0.77 -10.67 



Upper 
depth 
(cm) 

Lower 
depth 
(cm) 

Calendar 
years 
before 
present 

(H)' yrs) 

Carbonate 
(% by 

weight) 

Organic 
Carbon 
(% by 

weight) 

8"Cof 
bulk 

carbonate 
(%o PDB) 

8'"0 of 
bulk 

carbonate 
(%o PDB) 

S'^Oofbulk 
carbonate 

corrected for 
dolomite 
(%« PDB) 

Carbon: 
Nitrogen 
of bulk 
organic 

S"C of 
bulk 

organic 
(%o PDB) 

Aragonite 
(% by 

volume) 

Calcite 
(% by 

volume) 

Dolomite 
(% by 

volume) 

71,75 72.25 7.68 53.8 12.3 0.43 -10.94 -12.00 17.9 -18.0 48.5 8.0 6.6 

72.25 72.75 7.70 51.8 14,5 0.01 • 10.87 
72,75 73,25 7.71 43.3 14,9 -1.19 -10.64 -12.13 18.8 -17.8 29.8 12.8 9.3 

73.25 73.75 7.72 46,7 10.4 -0,96 -10.82 
iins 74.25 7.73 52,3 8,1 -0.22 -10.98 -12.12 14.4 -18.4 34.5 13.2 7.1 
74.25 74.75 7.75 51,9 8.7 -0,14 -10.89 
74.75 75.25 7.76 58.4 8.7 -0,51 -11.17 -11.50 14.0 -18.8 38.0 19.2 2.0 
75.25 75.75 7.77 60.4 9.2 -0.44 -11.41 
75.75 76.25 7.79 57.8 9.3 -0.28 -10.98 -11.28 14.7 -17.5 42.9 13.9 1.9 
76.25 76.75 7.80 51.6 9.9 -0,40 -10.89 
76.75 77.25 7.81 48.0 17.2 -0.53 -11.25 -12.23 20.5 -14.7 45.1 14.1 6.1 
77.25 77.75 7.82 51.4 12.0 -0.71 -11.53 
77,75 78.25 7.84 45.0 12.6 -0.86 -11.64 -12.35 14.7 -17.8 29.6 16.2 4.4 
78.25 78.75 7.85 47.8 6.1 -0.44 -11.34 
78.75 79.25 7.86 48.7 3.5 -0.53 -11.01 -12.02 10.6 -21.4 24.4 11.2 5.5 
79.25 79.75 7.88 53.1 4.4 -0.64 -10.66 
79,75 80,25 7.89 53,6 6.1 -0.46 -10.16 -12.00 16.7 -17.9 23.5 14.2 11.5 
80,25 80.75 7.90 53.7 8.2 -0.53 -9.52 
80,75 81.25 7.92 50.1 7.3 -0.35 -9.61 -11.76 15.7 -17.9 20.2 13.4 13.4 
81,25 81.75 7.93 50.0 4.1 -0.52 -10.11 
81.75 82.25 7.94 53,5 4,7 -0,49 -10.26 -11.91 11.8 -19.1 29.9 14.2 10.3 
82,25 82.75 7.95 51.1 7,2 -0.33 -9.80 
82.75 83.25 7.97 50.7 5,3 -0.15 -9.72 -11.75 12.4 -18.3 24.1 12.2 12.7 
83.25 83.75 7.98 54,6 3.3 0.00 -9.95 
83.75 84.25 7.99 45,4 2.6 -0.18 -10.19 -11.89 12.9 -20.2 20.2 8.7 10.2 
84.25 84.75 8.01 42.5 3.6 -0.36 -10.62 
84,75 85,25 8.02 53.3 6.4 -0.20 -10.29 -12.00 16.3 -17.0 31.5 9.7 10.7 
85.25 85,75 8.03 58,9 6.1 -0.168 -10.422 
85.75 86.25 8.04 54,7 5.1 -0.39 -10.589 -11.81 22.2 9.7 7.6 



APPENDIX D. PROXY DATA FROM AHUNG CO CORE 4A 

Upper Lower Calendar Carbonate 5"C of S'^O of 
depth depth years before (% by weight) bulk bulk 
(cm) (cm) present carbonate carbonate 

(lO"* yrs) (%o PDB) (%o PDB) 
0.0 0.5 1.76 55.0 -0.59 -8.56 
0.5 1.0 1.83 40.7 0.65 -9.29 
l.O 1.5 1.90 44.0 1.36 -9.43 
1.5 2.0 1.98 53.0 1.62 -9.56 
2.0 2.5 2.05 57.5 2.27 -9.64 
2.5 3.0 2.12 61.8 2.76 -10.19 
3.0 3.5 2.18 59.7 3.23 -9.98 
3.5 4.0 2.24 52.4 3.17 -9.88 
4.0 4.5 2.30 51.0 2.68 -9.71 
4.5 5.0 2.36 59.1 2.40 -9.59 
5.0 5.5 2.42 58.2 1.74 -9.27 
5.5 6.0 2.48 47.2 1.29 -9.26 
6.0 6.5 2.66 43.2 1.60 -9.22 
6.5 7.0 2.83 42.9 2.14 -8.96 
7.0 7.5 3.00 37.1 2.46 -9.12 
7.5 8.0 3.17 33.9 2.10 -9.51 
8.0 8.5 3.23 37.7 1.52 -9.48 
8.5 9.0 3.28 45.5 0.65 -10.31 
9.0 9.5 3.39 54.2 1.67 -9.30 
9.5 10.0 3.50 59.7 1.99 -9.28 
10.0 10.5 3.55 42.1 2.63 -9.55 
10.5 11.0 3.61 23.2 2.11 -9.58 
11.0 11.5 3.66 12.8 1.33 -9.40 
11.5 12.0 3.72 11.9 1.76 -9.35 
12.0 12.5 3.88 36.5 3.54 -10.50 
12.5 13.0 4.03 53.3 3.79 -10.77 
13.0 13.5 4.19 41.2 4.23 -11.00 
13.5 14.0 4.26 65.7 
14.0 14.5 4.32 68.2 4.50 -11.28 
14.5 15.0 4.39 68.6 4.60 -11.26 
15.0 15.5 4.45 65.7 
15.5 16.0 4.51 64.3 4.07 -11.13 
16.0 16.5 4.61 61.7 3.12 -10.76 
16.5 17.0 4.71 64.6 3.05 -10.74 
17.0 17.5 4.80 68.0 1.99 -11.59 
17.5 18.0 4.95 59.3 1.07 -11.77 
18.0 18.5 5.78 55.8 0.36 -11.85 
18.5 19.0 5.83 54.7 -0.25 -11.94 
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Upper 
depth 
(cm) 

Lower 
depth 
(cm) 

Calendar 
years before 

present 
(10^ yrs) 

Carbonate 
(% by weight) 

5"C of 
bulk 

carbonate 
(%o PDB) 

of 
bulk 

carbonate 
(%o PDB) 

19.0 19.5 5.89 45.5 0.27 -12.26 
19.5 20.0 5.93 44.1 0.74 -11.81 
20.0 20.5 5.96 52.3 0.87 -11.48 
20.5 21.0 6.00 55.0 1.41 -11.24 
21.0 21.5 6.03 61.1 2.64 -11.19 
21.5 22.0 6.07 59.1 3.20 -11.25 
22.0 22.5 6.II 58.3 3.61 -11.08 
22.5 23.0 6.16 57.2 3.17 -11.24 
23.0 23.5 6.22 57.9 3.28 -11.27 
23.5 24.0 6.28 54.5 3.37 -11.40 
24.0 24.5 6.33 56.1 3.34 -11.85 
24.5 25.0 6.39 54.7 2.33 -12.01 
25.0 25.5 6.45 39.2 0.47 -11.89 
25.5 26.0 6.48 36.1 -0.16 -11.36 
26.0 26.5 6.49 22.2 0.08 -10.20 
26.5 27.0 6.51 31.6 
27.0 27.5 6.52 40.2 0.78 -10.89 
27.5 28.0 6.55 24.8 0.02 -12.07 
28.0 28.5 6.58 21.7 0.56 -11.32 
28.5 29.0 6.59 22.6 1.71 -10.84 
29.0 29.5 6.60 69.1 1.92 -11.85 
29.5 30.0 6.61 71.3 2.20 -12.11 
30.0 30.5 6.64 59.6 1.43 -12.06 
30.5 31.0 6.67 47.7 1.39 -11.32 
31.0 3L5 6.70 44.6 1.39 -11.12 
31.5 32.0 6.72 43.2 0.55 -11.54 
32.0 32.5 6.75 34.0 -1.44 -12.51 
32.5 33.0 6.78 29.7 -1.61 -13.64 
33.0 33.5 6.78 38.3 -0.99 -12.47 
33.5 34.0 6.79 44.2 -0.88 -10.94 
34.0 34.5 6.80 37.1 -0.33 -10.96 
34.5 35.0 6.81 40.1 0.72 -10.87 
35.0 35.5 6.81 28.9 1.11 -10.71 
35.5 36.0 6.82 38.5 0.97 -11.01 
36.0 36.5 6.83 45.7 0.23 -11.46 
36.5 37.0 6.84 45.2 -0.33 -11.66 
37.0 37.5 6.85 44.2 -0.53 -11.17 
37.5 38.0 6.86 60J2 -0.56 -11.16 
38.0 38.5 6.88 58.5 
38.5 39.0 7.10 55.0 -0.69 -11.17 
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Upper Lower Calendar Carbonate 5''C of S'^O of 
depth depth years before (% by weight) bulk bulk 
(cm) (cm) present 

(10^ yrs) 
carbonate 
(%o PDB) 

carbonate 
(%o PDB) 

39.0 39.5 7.13 59.7 0.12 -11.50 
39.5 40.0 7.16 69.2 1.81 -11.96 
40.0 40.5 7.19 71.7 2.63 -12.01 
40.5 41.0 7.20 60.5 0.87 -11.55 
41.0 41.5 7.22 56.3 -0.17 -11.64 
41.5 42.0 7.23 53.3 -0.59 -12.18 
42.0 42.5 7.24 50.3 -0.52 -12.04 
42.5 43.0 7.25 49.7 -0.93 -12.53 
43.0 43.5 7.26 52.9 -0.94 -12.31 
43.5 44.0 7.27 53.1 -0.55 -12.17 
44.0 44.5 7.28 51.3 -0.33 -12.23 
44.5 45.0 7.29 53.8 -0.21 -11.98 
45.0 45.5 7.30 54.3 -0.48 -12.35 
45.5 46.0 7.30 57.2 -0.67 -12.48 
46.0 46.5 7.31 55.5 -0.82 -12.67 
46.5 47.0 7.32 52.2 -0.52 -12.28 
47.0 47.5 7.32 53.8 -0.28 -12.29 
47.5 48.0 7.33 57.3 -0.47 -12.17 
48.0 48.5 7.33 55.0 -0.49 -12.19 
48.5 49.0 7.34 57.8 0.29 -12.02 
49.0 49.5 7.34 59.3 0.62 -11.83 
49.5 50.0 7.35 59.7 0.21 -12.02 
50.0 50.5 7.35 58.6 -0.21 -12.21 
50.5 51.0 7.36 59.1 -0.52 -12.56 
51.0 51.5 7.36 59.0 -0.32 -12.33 
51.5 52.0 7.37 60.3 -0.25 -12.31 
52.0 52.5 7.37 61.0 -0.20 -12.32 
52.5 53.0 7.38 57.8 -0.44 -12.44 
53.0 53.5 7.38 60.5 -1.06 -12.59 
53.5 54.0 7.39 57.6 -1.31 -12.47 
54.0 54.5 7.40 55.0 -1.41 -12.76 
54.5 55.0 7.40 Ml -1.34 -12.68 
55.0 55.5 7.41 50.7 -0.93 -12.24 
55.5 56.0 7.41 51.5 -0.78 -11.77 
56.0 56.5 7.42 51.9 -0.87 -11.86 
56.5 57.0 7.42 55.7 -0.74 -11.81 
57.0 57.5 7.44 53.1 -0.50 -11.48 
57.5 58.0 7.45 50.4 -0.45 -11.33 
58.0 58.5 7.46 48.4 -0.49 -11.47 
58.5 59.0 7.47 52.5 -0.53 -11.63 
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Upper 
depth (cm) 

Lower 
depth (cm) 

Calendar 
years before 

present 
(10^ yrs) 

Carbonate 
(% by weight) 

5''C of 
bulk 

carbonate 
(%o PDB) 

5"0 of 
bulk 

carbonate 
(%o PDB) 

59.0 59.5 7.47 -0.54 -11.74 
59.5 60.0 7.48 51.7 -0.49 -11.93 
60.0 60.5 7.48 55.5 -0.57 -12.07 
60.5 61.0 7.49 57.4 -0.62 -11.90 
61.0 61.5 7.49 54.1 -0.68 -11.75 
61.5 62.0 7.50 51.7 -0.80 -11.41 
62.0 62.5 7.50 47.4 -0.69 -11.47 
62.5 63.0 7.51 55.7 -0.61 -11.88 
63.0 63.5 7.51 55.1 -0.75 -11.89 
63.5 64.0 7.52 53.8 -I.Ol -11.54 
64.0 64.5 7.52 50.2 -1.15 -11.65 
64.5 65.0 7.53 50.1 -0.68 -11.58 
65.0 65.5 7.54 53.0 0.01 -11.26 
65.5 66.0 7.55 54.3 -0.05 -11.21 
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