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Abstract. Stable isotope composition of dated groundwater archives from the Philippines, Vietnam, Thailand
and Bangladesh trace changes in monsoon conditions, primarily rainout processes between the Last Glacial
Maximum (LGM) and present day in southeast Asia. Today, isotope-climate relations are well established by the
IAEAJfWMO Global Network of Isotopes in Precipitation survey which reveals more depleted 8'8O and 861H for
the Pacific Ocean monsoon regime than for the Indian Ocean monsoon regime, primarily due to proximal ocean
sources and subdued continental moisture recycling for the latter region. Groundwater archives, reflecting past
isotopic composition of precipitation, strongly suggest that this distinction was preserved or slightly enhanced at
the time of the LGM. despite an apparent weakening of the summer mnonsoon and associated rainout processes.
Overall, precipitation and moisture recycling, and enhanced continental effects are inferred to be the primary
controls on 6180 signals in groundwater in southeast Asia. Comparison of groundwater isotope signatures and an
ECHAMv4 model simulation of the isotopic distribution in precipitation at 2lka reveal similar patterns, but the
impacts of increased air mass contributions from high latitudes and reduced Eurasian moisture recycling at the
LGM are shown to be potentially greater for the Pacific region than predicted by the model.

1. INTRODUCTION

The wind circulations of northern and southern hemispheres are separated by the Intertropical
Convergence Zone (ITCZ), where the northeast and southeast trade winds flow together. Air
circulation patterns within the ITCZ, dominated by air rising at the equator and descending at
about 30 degrees north and south latitudes, result in heavy monsoonal rainfall in the tropics.
The Asian summer monsoon, covering the Indian subcontinent and South East Asia, is one of
the most conspicuous features of the monsoonal climate and is a major climate system of the
world, reflecting complex interactions between land surface, atmosphere, and oceans [1]. It
has been suggested that Eurasian snow cover, the Indian monsoon, and the El Nifio/Southern
Oscillation (ENSO) are inter-connected. Anomalously high winter Eurasian snow has been
linked to weak rainfall in the following summer Indian monsoon. Major droughts (floods)
have been correlated with warmer (cooler) than normal equatorial Eastern Pacific sea surface
temperatures (SST) [1]. An understanding of the causes and pattemns of the Asian Monsoon
variability in the present as well as in the past has attracted much research attention, as rainfall
variability in this monsoon system directly impacts nearly one third of the world's population.

Rainfall variability in monsoon regions results from differences in moisture sources,
circulation patterns, and temperature fields. Information on these climate factors can be
deduced from isotopic evidence provided by coastal aquifers [2]. Climatic conditions in the
past can be evaluated from the isotopic composition of groundwater that may have infiltrated
under previous climate regimes. Groundwater inherits the stable isotope signature of recharge
sources, predominantly precipitation, although aquifers usually act as low pass filters,
smoothing out high-frequency variability by mixing and dispersion at a range of scales [3].
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Despite this, such archives have been shown to provide adequate time resolution for
distinguishing pervasive shifts in climate, such as differences between climate conditions
today and at the time of the ast glacial maximum (LGM). In this paper we examine
systematic temporal trends in 180 and 2H in groundwaters of this age range that were
sampled at coastal areas in southeast Asia. Importantly, trends in 618 0 and 62H provide a
proxy record of changes in the precipitation isotope signals between the LGM (21 ka) and
today.

2. PRESENT DAY ISOTOPE VARIATIONS TN THE ASIAN MONSOON REGION

The climate of the Asian monsoon region is dependant on the interactions of polar,
continental, and oceanic (both Pacific- and Indian-maritime) air masses. Precipitation in this
region is controlled primarily by two large scale, low level circulation systems that are
modulated by sea surface temperatures (SSTs) in the Indian and Pacific oceans, and the
presence of the Tibetan Plateau [1]. The western system produces the South Asian or Indian
monsoon roughly between 70- O0DE and 0-300 N, covering the Indian subcontinent and the
Bay of Bengal. This circulation system is related to the easterlies over the southern Indian
Ocean, connected through the Somali jet to westerlies over the Indian subcontinent. The
eastern circulation pattern produces the Southeast Asian monsoon roughly between 100-
1300E and 5-250N, covering South China Sea, western Pacific and Indo-China. Air
circulation in this area is related to the easterlies in the tropical western Pacific, northerlies
from the South China Sea, and southwesterlies across the Korean Peninsula and Japan [; see
their Fig. 20]. Origin and transport calculations using an atmospheric general circulation
model (AGCM) suggest that the mean age of precipitation water since its origin, and mean
recycling count between the atmosphere and the continental surface, are typically several
times greater for the Pacific monsoon regime than for the Indian regime due to the larger role
of the Eurasian versus Indian land mass [4].

These differences in circulation patterns are reflected in the isotopic composition of
precipitation [5]. Notably, Pacific-maritime air masses are found to be depleted in 18 0 and
62H compared to Indian-maritime air masses (FIG. 1). The distinct isotopic labeling of Pacific
verses Indian Ocean regimes is evident in both the summer monsoon signals and also in the
mean annual amount-weighted isotope values, which are heavily biased toward the wet season
conditions due to high summer rainfall (FIGS. 1 & 2a). Precipitation in the wet season is
characterized by more negative isotope values than for the dry season, which has been
attributed mainly to amount effects for both regimes [5].

Isotopic differences in precipitation across the boundary which separates the two air
circulation patterns at about 1000 E longitude, result from different moisture sources in the two
precipitation regimes. Moisture in the South Asian or Indian monsoon is derived from the
southern Indian Ocean and the Bay of Bengal with only minimal transport (and
rainout/recycling) over the continental areas. In the South-East Asian monsoon, the moisture
source appears to be a mixture from low and high latitudes. The high latitude moisture is
transported over northeast China to the South China Sea and the Pacific and consequently has
more negative isotope values due to rainout over continental areas.The proportion of
continentally recycled moisture in southeastern Eurasia is estimated to be as high as 20%
annually [4]. The Pacific circulation is also more negative due to a longer circulation
pathway.
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Table . Study site characteristics

1. Bangladesh
aquifer type: deltaic. floodplain. unconfined to semni-confined AliueRn:-23mas.
transmissivity: 820 to 3200 mn2/day Peiiain 50m
sampling: 180, 2H. H, 13C and 14C (1 979, 1999)MA:2C
depth range: 0-340 m 104.%
characteristics: TDS up to 1800 mg/L

14C TDIC ages modern to 23,000 years
.-re fe re n c e : -[1 4 - - - - - -- - - - - - - - - - - -- - - - - -- - - - -- - - - -- - - - - - - -- - - - -- - - - - -- - -

2a. Chaing May Basin, N. Thailand Mean Altitude: -300 m.a.s.l.
aquifer type: alluvial intermontane, confined Precipitation: 1253 mm
transmissivity: 40-3500 m2/day MAT: 280C
sampling: 180. 2H, H, and 14C (1991)610-6.%
depth range: 18-180 m
characteristics: TIDS up to 790 mg/L

14C TDIC ages modemn to 30,000 years
reference: [10]

2b. Khon Kaen Area, N.E. Thailand Altitude Range. -150-300 m.a.s.l.
aquifer type: intermontane. confined Precipitation: - 11 12 mmn
transmissivity: 0.45-1050 m 2/day MAT: 2 0C
sampling: 180. 2H. H, and 14C (1996-97) 6180 -6.6 %o
depth range: 20-250 m
characteristics: TDS up to 15000 mg/L

uncorrected 14C TDIC ages modem to
20.00 years

re fe re n c e : - - - - - -- -- - - -- - - -- - - - -- - -- - -- - - -- -- -- - --- - - - - -- - -- -- - - - --- - - - - -- - - - --- -- - -

2c. Lower Chao Phraya Basin, S. Thailand Altitude Range: -0-iS 5m
aquifer type: multi-layered alluvial deposits. confined Precipitation: 1452 mm
transmissivity: 0-2400 m/day MAT: 2 0 C

samlin: 10.2H, H. "3C, and 14C (1987-90) 68:-. 6
depth range: 57-254 m
characteristics: TDS up to 15000 mg/L

14C TDIC ages modern to 3 8.000 years
reference: [12,131

3. Mekong Delta, Vietnam Altitude Range: -2-100 m.a.s.I
aquifer type: graben fill, unconfined to confined Precipitation: -2000 mm
transmissivity: N/A. velocity 2.5 to 5.7 rn/aMA:2C
sampling: 180,211, H, 13C and 14C (1 982-1986) 1 80 =6.4 .
depth range: 0-470 m
characteristics: TDS up to 1800 mg/L

"4C TDIC ages modemn to 40,000 years
reference: [9]

4. Manila, Philippines Altitude Range: 2 to 300 m.a.s.l
aquifer type: complex, semi-confined Precipitation: 1957 mm
transmissivity: 250 to 1000 m2/day MAT: 270 C
sampling: 180, 2H. H, 13C and 14C (1 986-1988) 6180 -6.7 %o
depth range: 0-3 05 mn
characteristics: TDS mostly, <250 mg/L

14C TDIC ages modem to
35,000 years

reference: [8] ____________________
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Recent atmospheric general circulation model (AGCM) reconstructions suggest that similar
patterns persisted at in the Asian monsoon region at the LGM with reduced temperatures in
the range of 24 0 C below present, and decreased continental recycling. Positive isotope
anomalies in precipitation at this time are attributed to weaker rainout/recycling associated
with a weaker summer monsoon [see 6,7].

3. STUDY SITES

In this paper, groundwater archives of 180 and 62H from Philippines [8], Vietnam [9],
Thailand [ 10- 13] and Bangladesh 1114] are used as a proxy record of paleo-precipitation dating
back to between 20,000 and 38,000 years at selected sites in the region (Fig. 2b). Comparison
of the isotope signal of climate changes at sites located in the Asian monsoon region. One site
(No. 1, Fig.2b) is situated in the Indian Monsoon region, whereas the others are situated in the
South-East Asian monsoon region. An overview of basic characteristics of each site and
investigations are provided in TABLE . These studies were primarily sponsored by the
International Atomic Energy Agency to address the hydrodynamics, sustainability, and
contamination of regional groundwater supplies in Philippines, Vietnam, Thailand, and
Bangladesh.
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FIG. 3. Deuterium versus oxygen-I18 plot for groundwaters at various sites in southeast Asia dating
back to 35 ka. Also shown is ocean water isotopic compositions assumed to maintain a d-excess of JO
at the time of the LGM Overall, water samples plot on or close to the MWL ('meteoric water line) and
shifts occur primarily parallel to the M1WL suggesting predominance of input (precipitation) rather
than evaporative signals. Distinct ranges are observed for Pacific and Indian Ocean regimes.

Although the groundwaters were analyzed for "4c, 63 c, 3H, 2H, and 180, no previous analysis
of climate signals preserved in the records has been undertaken. To obtain better control on
the groundwater ages, C corrections were applied to the reported data (a few exceptions are
noted in TABLE ) to account for carbonate dissolution and for methanogenesis [15], the
latter process being noted in the Bangladesh aquifer. Overall, corrections resulted in minor
shifts to slightly younger apparent ages in all locations. Data were also screened to eliminate

33



81610 (%VSMOW)

2 Ocean

Water
0 

Philippines
o Vietnam

-2 a,b,c Thailand
0 00 0~~~~ Bangladesh

-4 -~

-6 80 0 9 CO 0 0 0 0 0 0 OCS!

-8 b~~ b b bb

bb b b

-10
O 10000 20000 30000 40000

14C TDIC age (years)

82H (%. VS1MIOW)

20-

0 Water Philippines

o Vietnam
0 ~~~~~a~b~c Thailand

-20 00 Bangladesh

0 0 0 ~ a 

b b b-60 -bb b

-80-
0 10000 20000 30000 40000

14C TDIC age (years)

FIG. 4. (a) Plot of c5V80 versus corrected '4C TDIC age years (o V-SMOW); (b) oYH versus corrected
1
4 C TDIC age years (%o V-SMOWU), illustrating temporal trends in precipitation as inferred from

groundwvater archives at various sites as indicated. Note that generalized trends in d 8 of ocean
water for LGM to present are based on planktonicforanm. and interstitial water records [161. Similar
trends in deuterium for ocean water assume 'H=8 8 O.
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waters which were suspected of containing non-precipitation sources such as seawater
intrusion and river infiltration. In a 82Hversus 6180 diagram (FIG. 3), groundwaters from the
study sites, ranging in age from 38 000 years to the present, plot on or close to the MWL
(meteoric water line) and shifts occur primarily parallel to the MWL suggesting
that modification of the precipitation signal by evaporation effects are negligibly small.Also
shown are LGM-modemn shifts in the isotopic: composition of ocean water which are assumed
to maintain a d-excess of close to 0 %o at the, LGM. Distinct ranges are observed for Pacific
and Indian Ocean regimes, which is similar to conditions observed today.

4. RESULTS

A plot of 6180 versus corrected 14 C' TDIC age (FIG. 4a) shows a comparison between paleo-
precipitation records obtained in Bangladesh, a site dominated by the Indian monsoon, and
sites dominated by the Pacific monsoon (Manila, Vietnam, Thailand). Similar trends are
observed for 62 H (FIG. 4b). Regression lines are also shown to depict long-term shifts. Short-
term variability (or local scatter) in each record is comparable, limited to about IM in 6'80
and~ M% in 621H. A summary of 6180 in precipitation, ocean water and calculated ocean-
precipitation isotopic separations ( ISO) are given in TABLE II. Similar calculations can be
produced for 62 H, although independent information on its concentration in the oceans at the
time of the LGM is scarce, and conversion of 618 0 records requires assumptions regarding the
shift of the d-excess in ocean water. For this reason only 6180 is used for assessing LGM-
today shifts. Note that only uncorrected 14C T'DIC ages are available for the NE Thailand site
(see Thailand symbol "b"; FIG. 4).

Table 11. Summary of precipitation and seawater ~;8 o and A%8 characteristics today and inferred at
LGM

Indian Ocean Pacific Ocean Regime
Characteristics Re~gie Philippines Vietnam Thailand

Bangladesh

Today Precip. -4.8 (a) *6 .7(b) -64 (c) -. d

Today Ocean 0.0 (e) 0.0 (e) 0.0 (e) 0.0 ()

A Today = d 8 OOCE - 8 PRECIP +4.8 %o +6.7 %o +6.4 %o ±6.6 %o

LGM Precip. -3.0 (f -7.7 (f -6.5 (f -7.6 f
LGM Ocean +1.2 (9 +1.2 () +129 +1.2 ()

A LGM = 8 OCEA 3 '180 REI +4.2 %o +8.9 %o +7.7 %o ±8.8 %o

A Today - A LGM +0.6 %o -2.2 %o -1.3 %o -2.2 %o

( or net shift from LGM to present)

a- value based on Yangon precipitation and shallow groundwaters in Bangladesh. Fig. 4a
b- value inferred from shallow groundwaters in Mekong delta, Fig. 4a
c- GNIP data, Manilla. Phillipines
d- GNIP data, Bangkok. Thailand
e- V-SMOW
f- inferred fromn respective paleogroundwater archives, Fig. 4a.
g- [16]
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Relatively little change in 180 and 62H in precipitation is inferred since the LGM based on
the groundwater archives for Vietnam and Thailand, sites dominated by Pacific-maritime air
masses. Nevertheless, note that few groundwaters in the 10000 to 20000 year age range are
available in Thailand. Lack of long-term changes in 180 and 62H imply an alteration in the
rainout signal as isotopic composition of the ocean is known to have been enriched in 180

and 62H at the LGM due to ice volume effects [16]. This suggests that the isotopic separation
between the ocean water and precipitation must have been greater by about 1 .2±0.5%o in 6180
at the LGM for both sites. For Philippines. situated well within the Pacific-maritime regime,
small gradual shifts in 6180 and 2H are noted from 20 ka to present, with a net %a shift in
6180 to more enriched values for precipitation from LGM to the present. In contrast, the
isotopic composition of precipitation in Bangladesh was appreciably enriched in 180 at the
time of the LGM relative to today. This shift roughly parallels the changes that occurred in
ocean water. A summary of 6180 values and ocean-precipitation isotope separations for the
various stations, referred to as A 80 , are provided for the present day and for the LGM
(TABLE II). Most important to the evaluation of rainout effects are changes in the A 180,
which is found to be enhanced in the Indian Ocean regime (Bangladesh) and reduced in the
Pacific Ocean regime (Thailand, Vietnam, Philippines). The present day distinction in 180
between the Indian and Pacific air masses was maintained at the LGM, and differences in
A 0 appear to have been enhanced (FIG. 5). Discussion of these trends and probable causes
are presented below.

10
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Bangladesh Thailand Vietnam Phili ppines

FIG. 5. Bar graph showing oxygen-I18 isotopic separation betwveen ocean water and precipitation
(A') for today (solid bars), inferred from groundwater archives at the time of the LGM (dark grey
bars), and (iii) based on LGM-control anomalies in an ECHAM4 simulation (light grey bars) [7].
Error bars denote uncertainty associated with the isotopic composition of the ocean at the LGM Note
that isotopic separation for Bangladesh, which is in the Indian Ocean monsoon regime is distinct from
sites in the Pacific Ocean regime. (See this effect also in FIG. 3).
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5. DISCUSSION

Changes in the isotopic composition of precipitation reflects climatic processes, including: (i)
isotopic composition of the ocean, and factors noted in [17] including (ii) meteorological
conditions in the source area (i.e. humidity, wind regime, sea surface temperature (SST) and
their impact on kinetic isotope fractionation during evaporation from the oceans), (iii) rainout
mechanisms (i.e. fraction of precipitable water and continental recycling), (iv) air mass
mixing and interaction, and (iv) second-order kinetic effects, such as those that occur during
snow formation and during evaporation from raindrops.

Of the first order factors, the impact of shifting isotopic composition of ocean water is
reasonably quantified from the marine isotope record [16] and this factor is explicitly
accounted for in the present analysis by considering the ocean-precipitation separation rather
than the isotopic composition of the precipitation alone. Humidity and wind regime are
considered to be unlikely sources of pervasive long-term changes due to similar vapour
characteristics observed over the oceans from 40'N to 4005 for the present day, reflecting low
variability of kinetic isotope effects during evaporation of seawater. Observed isotope shifts
may have been influenced by changes in the SST, but are not likely a product of changes in
SST alone as 8 O-T and 62H-T gradients are also generally subdued in tropical (monsoon)
regions [5,6]. Temperature-related changes may have indirectly played a larger role in the
Pacific monsoon regime due to interaction with polar/continental air masses with larger
isotope-temperature signals, particularly in areas above 350 N which exhibit pronounced 818O_

T relationships [5]. Continental moisture recycling (re-evaporation of precipitated water) is an
important process in the region [4] and is likewise expected to affect the isotope composition
of precipitation. In general, subdued inland isotope gradients are observed along precipitation
trajectories where recycling is significant, as in the case of the Amazon Basin [18]. In the
present setting, reduced recycling at the LGM (expected under lower ambient temperatures)
may have contributed to an increase in the isotopic separation between the ocean and inland
precipitation. Enhancement of the continental effect during the LGM may also have
contributed to an increase in this isotopic separation. In [5], the modem &180 continental
effect during the rainy (monsoon) season is characterized by gradients of about 0.25 %o per
100 km from Hong Kong to Guiyan. During the LGM, emergence of the continental shelf in
the Gulf of Thailand and South China Sea during the low sea level stand is likely to have
increased the distance from the coast by several hundred kilometers [19], thereby causing
additional depletion of 3180 values in precipitation on the order of %o.

Of the second order factors, evaporation from raindrops is a process which may be
widespread in monsoon climates, although it is more common in the dry season when rainfall
accounts for only a negligible contribution to the overall annual precipitation and recharge.
For this reason, it is not expected to account for the observed signals. The role of snow
formation as a secondary modifier is unknown but is assumed in the present analysis to play a
negligible role in defining long-term shifts in the isotope content of precipitation.

On the whole, rainout processes, polar/Pacific air mass mixing, moisture recycling and
enhanced continental effects are the most likely causes of the shifts in the isotopic
composition of precipitation for the LGM-present. Lower SSTs at the LGM are expected to
have produced a weaker monsoon, characterized by reduced precipitation amounts in the wet
season and reduced evaporation and recycling. Reduced monsoon strength would have
produced precipitation enriched in heavy isotopes compared to that of today, as observed for
precipitation archives in Bangladesh. More negative 6180 values observed for the Pacific
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regime during the LGM may in part reflect enhancement of air mass contributions from high
latitude sources due to weaker Hadley circulation, and decreased moisture recycling (due to
decreased evaporation) and/or enhanced continental effect on the Eurasian continent at that
time. In contrast, the south Asian region would have been more effectively isolated from such
interaction by the Tibetan moisture barrier and a smaller continental effect. Overall, the
contrasting behaviour of the two precipitation regimes manifested in the observed decoupling
of the isotope signals of these two monsoon regimes during the LGM can be attributed to
differences in large-scale circulation patterns arising mainly from the presence of Tibet as a
barrier for moisture transport to the Indian subcontinent.

6. ECHAM4 MODEL COMPARISONS

The scenario of climatic conditions inferred from groundwater isotope data is broadly
consistent with an AGCM simulation of LGM climate and isotopic composition in the

southeast Asian monsoon region [7]. Comparison of predicted values of A' 0 based on the
groundwater archives and an AGCM run (FIG. 5) reveal consistent trends at all sites except
for the Philippines. Similarly, the model tends to predict heavier isotope values (and perhaps a
weaker Indian monsoon) than is inferred from the Bangladesh groundwater archives. In
general, the structure of the isotope distributions predicted by the model appears similar to
that of the groundwater archives, although the impact of the rainout effect on the isotope
signatures is apparently muted in the model representation.

7. CONCLUDING REMARKS

Due to the 2 to 3%o difference in 6180 of annual precipitation in Pacific-dominated versus
Indian-dominated regimes, it is expected that any substantial, long-term shifts in this
circulation boundary should be recorded in the isotopic composition of groundwater at these
sites. Given that drastic shifts in isotopic composition of groundwater in Vietnam and
Thailand are not observed, it appears that this boundary has remained relatively stable over
the period of record. Although short-term shifts in the 6180 of groundwater may be masked by
aquifer mixing and dispersion, short-duration fluctuations in the boundary could possibly
account for some of the observed noise or scatter in the records. However, there is no clear
indication of long-term shifts or oscillations in the boundary between Pacific and Indian
dominated systems from the observed groundwater records.

The analysis of groundwater isotope data to infer the LGM climatic conditions has been
strongly aided by the availability of the GNIP database, in addition to physical data and
climate model output that provides the basis for interpreting isotope data. Without an
integrated climate-isotope analysis, the isotope data have only limited utility.
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