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[11 An annually laminated stalagmite from Namjang cave (19°40'30"N, 98°12'12"E),
northwestern Thailand, has been analyzed to investigate the annual resolution climate
signal persevered within its oxygen isotopic composition (§'%0) and growth rate
parameters. The cave site is under the influence of Asian monsoon, and local rainfall
shows noticeable variations through the monsoon season. Both §'%0 and growth rate
records, covering the last 105 years, exhibit persistent decadal-scale variability and can be
compared with local instrumental data. Low §'%0 values coincide with high growth
rates in the specimen and correspond to higher relative amounts of rainfall in later
monsoon season (August—October; hereinafter referred to as ASO rainfall) versus rainfall
in early monsoon season (May—July; hereinafter referred to as MJJ rainfall). The strong
correlation between the §'*0 value and the 5 year averaged ratio of ASO to MJJ rainfall
(r =—-0.50, p < 0.001) indicates a significant imprint of intraseasonal variation of
monsoonal rainfall on stalagmite §'0. The close resemblance between the speleothem
880 record and Western Pacific Warm Pool (WPWP) sea surface temperature (SST)
implies that the WPWP may play an important role on the decadal variability of later
monsoon rainfall in this region. Unique in its annual chronology, high-resolution §'%0,
and direct comparison with instrumental data, our record shows for the first time that the
climate in northwestern Thailand has undergone decadal-scale variability and speleothem
880 is a robust proxy for regional monsoon intensity.

Citation: Cai, B., N. Pumijumnong, M. Tan, C. Muangsong, X. Kong, X. Jiang, and S. Nan (2010), Effects of intraseasonal
variation of summer monsoon rainfall on stable isotope and growth rate of a stalagmite from northwestern Thailand, J. Geophys.

Res., 115, D21104, doi:10.1029/2009JD013378.

1. Introduction

[2] High-resolution climate records are in a desperate
need for heavily populated Southeast Asia, where monsoon-
related droughts and floods have enormous economical and
societal impacts [Intergovernmental Panel on Climate
Change (IPCC), 2007]. With potentials for absolute chro-
nological control and high-resolution sampling, speleothems
from monsoonal regions have been extensively studied and
high-quality climate records are successfully produced [e.g.,
Burns et al., 2001; Cai et al., 2008; Fleitmann et al., 2007,
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Hu et al., 2008; Tan et al., 2003; Wang et al., 2008; Yuan
et al., 2004; Zhang et al., 2008]. However, in some cases
interpretation of speleothem climate proxies can be ambig-
uous. For instance, oxygen isotopic composition (§'%0) in
speleothem could represent local surface temperature, pre-
cipitation amount, rainfall source, or moisture trajectory,
largely depending on the climatic circumstances of cave
sites [Lachniet, 2009; McDermott, 2004]. Proxy signals in
speleothems could even be masked by the hydrological
process in epikarst and calcite crystallization process in
caves [Fairchild et al., 2006]. In monsoonal regions, sta-
lagmite §'®0 variation is typically linked to fluctuation of
rainfall amount [e.g., Burns et al., 2001, 2002]. This para-
digm was recently challenged that speleothem §'*0 may not
faithfully register total rainfall at a particular site [Baker
et al., 2007]. Focusing on the broad changes in atmospheric
circulation and correlations with ice core records, Wang et al.
[2001] proposed that Hulu speleothem §'*0O could represent
“monsoon intensity”; that is, regional changes of moisture
sources and rainfall patterns, which was confirmed by sub-
sequent studies on many other Chinese cave sites [Hu et al.,

1 of 10


http://dx.doi.org/10.1029/2009JD013378

D21104 CAI ET AL.: CLIMATE SIGNAL IN STALAGMITE ISOTOPE D21104
0T—T—TT T T T T T T T T
95 100 105 110 Pang Ma Pha
E 200
E
3
=
& 1004
20 — S
s Pang| Ma-Pha
ae Ho g Sdm J;nFélearA;}erayJL:n JLIAL‘JgS;IanIctN;;vDIec
®Chiang Mai Vientiang (b)
°
ae Sarjang 9 250 32
Chiang Mai
200
—~ o
. € 28 &
£ 1504 °
s Thailand £ E
I 8 o
S £ 1004 g
14 l24 §
—— ~
Bangk?_b/ 50
=TT T T2
Jan FebMar AprMayJun Jul AugSpe Oct NovDec
. (c)
" 250 T——T—T—T—T—T—TT —r—T—T32
C .
Phonm Mae Sariang
10 —_ 5 200
—_— i T Log €
0 £ 150- 2
5 ™ T
o £ 1004 2
I © 24 §
Q@
| | | | 50
95 100 105 110
(a) T T T T 20
JanFebMarAprMayJun Jul AugSpe OctNovDec
(d)
00T T T T T T T T T T3 07 50T—T—T—T—TT—TTT T 32 09 40T—T—T—T—TTTT T T 32
Mae Hong Son Yangon Bangkok
2{ 4004 30 2 —~
= e = |z o g {2 S
£ 200 28 3 € < 3 € 28 &
£ o S -4 £ 3004 28 S 44 E e
= 2 %) = 2 0 = 2
g g < s g T 2004 g
£ g & 6{Ea0 t6 8 & 6] £ g
o 100 24 & =] 4 E 2 4 F24 &
= o [ 100 [
8{ 1004 24
............ 2 -10- 22 10 T T T T T T e -20
JanFebMarAprMayJun Jul AugSpe OctNovDec JanFebMarAprMayJun Jul AugSpe OctNovDec JanFebMarAprMayJun Jul AugSpe OctNovDec
(e) (f) (9)

Figure 1. (a) Map of the study region showing Namjang cave and the meteorological observation stations
in the region. (b) Mean monthly rainfall at Pang Ma Pha (19°31'N, 98°15’E). (c) Mean monthly rainfall and
temperature (solid line with diamond points) at Chiang Mai (18°47'N, 98°59'E). (d) Mae Sariang (18°10'N,
97°56'E) and (e) Mae Hong Son (19°18'N, 97°50’E). Mean monthly rainfall (gray bar), 6 %0 value (solid
line with crosses), and temperature (solid line with diamonds) at (f) Yangon (16°46'N, 96°10’E) and

(2) Bangkok (13°44'N, 100°34'E).

2008; Wang et al., 2001, 2005, 2008; Yuan et al., 2004;
Zhang et al., 2008].

[3] Another approach to examine the climate signature
imprinted in stalagmites is to compare the most recent §'*0
variations to the modern instrumental data [Baker et al.,
2007] and investigate to what degree speleothem §'%0 can
represent monsoonal rainfall. To this end, an active, annu-
ally laminated stalagmite from northwestern Thailand,
covering recent 105 years, was analyzed. Thailand and its
neighboring Indochinese Peninsula are located at a transi-
tion zone between two tropical monsoon subsystems (Indian
and western North Pacific) [Wang and Ho, 2002]. Records
with equivalent qualities are still scarce in Southeast Asia.
The distinct annual laminae preserved in this stalagmite
allow us to establish an annual lamina-based multiproxy
record, and then compare it with local instrumental data to

examine the detailed correlation between speleothem §'%0
and monsoonal rainfall.

2. Site Descriptions

[4] Namjang cave (98°12'12"E, 19°40'30"N, elevation
~923 m at the entrance) is located in Pang Ma Pha, Mae
Hong Son Province, Thailand (Figure 1a). It was developed
in Permian limestone and dolostone formation. The vege-
tation above the cave is made up of mixed deciduous forest.
The cave is ~65 m long and ~6 m wide, with an entrance of
~4 m high and ~1 m wide. The relative humidity is ~80%
inside the cave during the early rainy season of 2009.
Stalagmite NJ-1 was collected ~18 m away from the cave
entrance and ~9 m above the floor in April 2006.
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[5] The mean annual precipitation is of ~1300 mm, and
mean annual temperature is 27°C. In this area, monsoonal
rainfall season initiates in May and continues through
October, followed by a dry season from November to April.
The total rainfall during the monsoon season contributes
more than 90% of the mean annual rainfall. However,
rainfall amount is characterized by heterogeneous intra-
seasonal patterns in the region. For example, the rainfall
data from the closest meteorological station Pang Ma Pha
(1987-2006 A.D.) (Figure 1b), which is ~19 km southeast
from the cave, show a bipeak distribution, with a primary
peak in August and the secondary maximum in May. This
bipeak feature is also registered in other stations, such as
Chiang Mai (Figure 1c) and Bangkok (Figure 1g), located
toward the southeast of the study site. On the contrary,
another meteorological station Mae Hong Son (rainfall data
from 1911 to 2002 A.D.; see Figure le), which is ~45 km
southwest from the cave, shows a monopeak distribution,
with a peak of ~250 mm in August. This monsoonal
rainfall distribution is similar with that from Yangon, Burma
(Figure 1f), and the observations at Mae Sariang, Mae Hong
Son, located at the eastern slope of mountain between
Burma and Thailand (Figure 1d).

[6] Nevertheless, these two groups of sites show nearly
identical seasonal rainfall 6'®0. For instance, in Bangkok,
rainfall §'%0 shifts from ~—5.3 %o in early monsoon season
to less than —8%o during the later monsoon season. In
Yangon, it shows similar much negative values of §'%0 in
the later season, even though the seasonal rainfall pattern is
different with that of Bangkok. These indicate that rather
than the so-called “amount effect,” other factors, such as
moisture source or monsoon circulation could control rain-
fall §'®0 at the study site. The different monsoonal rainfall
distributions, yet similar rainfall 6§'®0 between the two
neighboring meteorological stations, strongly suggests that
the regional climate is under the influence of the same
monsoon system, and the local precipitation isotopic sig-
nature can represent variations of monsoon intensity in
much broader region. Since the rainfall isotopic data in Mae
Hong Son and Pang Ma Pha are not available, we plotted
here the average monthly climate data from Bangkok
(1968-2004 A.D.) and Yangon (1961-1963 A.D.; see
IAEA/WMO'’s Global Network of Isotopes in Precipitation:
The GNIP Database at http://www.iaea.org/water), includ-
ing isotope composition, and applied them as references for
the isotopic component of regional precipitation (Figures 1f
and 1g).

3. Methods

[7] The columnar stalagmite NJ-1, 41 cm in height and
~6 cm in diameter, was halved and one of the cut sections
was polished. In this study, only the topmost 26 mm was
analyzed. XRD analysis revealed that crystals in the sta-
lagmite were aragonite. The sample has clear visible laminae
in hand section (Figure 2). Each lamina is composed of
white porous aragonite and subtransparent dense aragonite
couplet. In the couplets, the dense portion has a relatively
constant thickness, while thickness of porous part can have
significant changes (Figure 2d).

[8] The polished section of stalagmite was scanned using
a precalibrated high-resolution scanner at RGB/3200 dpi
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conditions. The digital image was then applied for lamina
analysis. Visible laminae were marked and counted using
Adobe Photoshop software. Laminae thickness were mea-
sured using Image-Pro Plus 5.1 software, and calculated by
measuring the average distance between visible laminae
using a ~0.4 mm wide transect, followed the protocols
previously described in the work of Baker et al. [2007].

[9] A total of 234 subsamples were prepared for stable
isotope analysis. Twenty-five subsamples were drilled along
growth horizons for the “Hendy Test” [Hendy, 1971] using a
0.5 mm carbide dental burrs. The rest of 209 subsamples
were milled along the growth axis continuously at an
interval of ~125 microns, using a stainless steel surgical
blade. After each sampling, the blade and milling surface
were cleaned with a stream of compressed air, and the blade
was further cleaned with anhydrous ethanol. In order to
mark the location of each subsample, the milling surface
was routinely scanned. Stable isotope analyses were
performed on a MAT-253 mass spectrometer (Thermo-
Finnigan) linked to a Kiel III automated carbonate reaction
device at Nanjing Normal University, China. The values are
reported in parts per thousand (%) with respect to the
Vienna Pee Dee Belemnite (VPDB) standard. Analytical
precision was better than 0.1%o.

[10] In order to confirm the continual deposition of the
study section of NJ-1 and annual feature of the laminae, two
powder samples were drilled for *°Th dating at 4.0 and
24.5 mm from the top, respectively. These two samples,
weighed ~100 mg, were drilled along growth bands using a
0.9 mm diameter carbide dental burr. Chemical separation
procedures and isotopic measurements were made at the
Department of Geology and Geophysics, University of
Minnesota, following Shen et al. [2002].

4. Results and Discussions

4.1.

[11] NJ-1 was collected at the end of dry season in April
2006. The U-Th dating effort at its top was unfortunately
not successful, probably owing to its very young age, but
high content of detrital material (Figure 2a). However, the
sample was receiving active dripping. The topmost lamina
can therefore be reasonably set to 2005 A.D., presumably
forming during the rainy season of 2005 to the dry season of
2006. A total of 105 laminae were counted in the topmost
26 mm of NJ-1. The sampling interval for the *°Th age is
centered at 24.5 mm (24.0-25.0 mm) and covers the 98—
104th laminae, equivalent to a time geriod of 1902-1908
A.D. This agrees well with the **°Th dating result of
1893 + 21 A.D. (Table 1), indicating that laminae in NJ1 are
annual and the deposition is most likely continual from the
dating point to the top. Therefore, we can apply lamina
counting to establish the calendar chronology for the §'%0
profile in annual resolution. We then assigned each 6'*0
data point an age through comparing scanned images of
8'0 subsample position with the whole image of the
studied section on which the lamina was labeled. Sampling
approach for stable isotope analysis in this study yields
1-5 §'%0 data per year, Va?ing with the laminar thickness.
In the case that several §'°O data were derived from one
lamina, the averaged values were applied to establish an
annual data set for comparing with instrument data (Figure 3).

Stalagmite Lamina Chronology
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Figure 2. (a) Polished sections of stalagmite NJ-1. Samples for Hendy tests were drilled along laminae
(labeled “H-1" and “H-2”), the sample for ***Th dating was horizontal drilled along laminae (labeled
“D-17), and samples for oxygen isotope profile were vertically milled along growing axis (marked by
pink bar). (b—c) Amplified images show the annual laminae which have been labeled (Figure 2b) and
routinely scanned image after a subsample for isotopes analysis was milled (Figure 2c¢). (d) Amplified

image shows the variance of laminae thickness.

4.2. Variation in 6'®0 and Growth Rate

[12] In the top section of NJ-1, 6'®0 varies between
—6.8%0 and —3.3%o, and growth rate varies from 0.10 mm/y
to 0.53 mm/y (Figure 3e). They exhibit similar decadal
variability, with more negative §'°O values coinciding with
thicker laminae. The strong relationships are also shown in
the Pearson correlation analysis test (r = —0.72, P < 0.001).
In the 'O profile, three distinct intervals can be identified,
with relatively negative values, corresponding to peaks in
growth rate. They occurred at approximately 1903-1907 A.D.,

1946-1956 A.D. and 19731985 A.D., with values drop by
~2-2.5%o.

4.3. Comparisons With Instrumental Data

[13] To examine the climate signal in §'%0 and growth
rate series of stalagmite NJ-1, we first compared them with
annual, seasonal, and monthly instrumental rainfall data. We
only listed here the monthly data for April through
November, because rainfall is virtually negligible in other
months (Table 2). Considering that drip water may lag in

Table 1. **°Th Dating Result From Stalagmite NJ-1 From Namjang Cave, Thailand®

Depth B8y Z21h ZOTh/32Th  Measured Activit Uncorrected Corrected Corrected Corrected
(mm)  (ppb) (ppt) (ppm) 8 230723 *Th age (y) *Th Age (YBP) *Th Age (A.D) 6 *Unnia
24.5 1018 +2 3737 + 16 17+ 1 1743 £4  0.00383 + 0.00018 152 +7 57 + 21 1893 + 21 1744 + 4

“Errors are 20 errors. Decay constant values are: \y39=9.1577 x 107 yfl, Aosa =2.8263 x 107° y71 [Cheng et al., 2000], and A3 = 1.55125 x 10710 y71
[Jaffey et al., 1971]. Corrected **°Th ages assume the initial >>*Th/**>Th atomic ratio of 4.4 £2.2 x 10~°. Depths along the growth axis are relative to the top of

the stalagmite. YBP, year before present (1950 A.D.).
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Figure 3. Comparisons of NJ-1 §'%0 record (dark green curve) with Mae Hong Son instrumental record
(Figures 3a—3d) and lamina thickness (orange curve in Figure 3¢). (a) Annual rainfall (magenta). (b) Total
rainfall in May—July (MJJ) (dark brown). (c) Total rainfall in August—October (ASO) (purple). (d) Ratio
of later monsoon rainfall (ASO) to early monsoon rainfall (MJJ) (blue). Bold lines indicate 5 year moving
average trends. The yellow bar shows the interval of more annual rainfall but lower proportional ASO
rainfall, corresponding to the positive valley in NJ-1 §'®0 record. Cyan bars show two negative peaks
in NJ-1 6'®0 record, which correspond to higher proportional ASO rainfall.

terms of resli)onding surface rainfall, we also compared the
stalagmite §'®0 with prior year rainfall data (Table 2). As
our sampling approach may have partially mixed materials
from nearby laminae where growth rate is relatively low,
and also because the existence of groundwater could smooth
out seasonal rainfall signal when the fluid passes through the
vadose zone [Baker et al., 2007; Fairchild et al., 2006], we
plotted the annual-scale 680 and growth rate profiles
against with 5 year moving averages of the rainfall data (see
Figure 3 and Table 2). For comparison purposes, we further
divided the monsoonal rainfall season into early rainfall
season from May to July (MJJ) and later season, covering
August to October (ASO).

[14] One observation clearly standing out is that the cor-
relations vary between speleothem 6'%0 and different
monthly rainfall time series. For example, a negative cor-
relation can be found between the time series of §'%0 and
September rainfall at Mae Hong Song (r = —0.25, p < 0.05),
whereas weak positive relationship exists between the 6'*0
and the July rainfall. Although we could not rule out the
possibility that the drip water may lag local rainfall, this
time lag is likely to be small owing to the existence of
the annual banding in the sample. Further, when we shifted
the sample §'%0 data 1 year ahead and compared with the
instrumental rainfall data, we only found a slightly better
correlation (Table 2). Nevertheless, we propose here to use a
5 year smoothed climate data for the comparison. This
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Table 2. Pearson Correlations (r Values) Between Mae Hong Son Rainfall Data and Stalagmite §'®0 and Growth Rate Values

Prior Year Rainfall

Current Year Rainfall 5 Year Averaged Rainfall

Month and Season Growth Rate 6'%0 Growth Rate 580 Growth Rate §'%0
April 0.00 —-0.10 0.07 —-0.05 0.02 -0.12
May -0.10 0.05 —0.06 0.09 —0.11 0.19
June -0.07 0.04 0.02 0.05 -0.14 0.05
July -0.22 0.29 -0.04 0.15 -0.26 0.36
August —-0.08 -0.05 0.03 -0.05 -0.14 -0.01
September 0.07 -0.29 0.20 -0.25 0.08 -0.43
October 0.02 —0.03 —0.03 —-0.05 0.13 -0.15
November 0.07 0.01 0.07 -0.01 0.01 0.04
Annual —-0.06 —0.08 0.11 —-0.09 —0.08 -0.12
May—October (M-O) —-0.14 -0.02 -0.14 -0.04 0.06 -0.04
May—July (MJJ) —-0.21 0.21 —0.04 0.16 —-0.26 0.30
August—-October (ASO) 0.01 -0.22 0.13 -0.20 0.03 -0.33
ASO/Annual 0.07 -0.23 0.07 -0.20 0.11 -0.39
ASO/MJJ 0.17 -0.31 0.15 -0.30 0.22 -0.50
ASO/M-0O 0.15 -0.30 0.13 -0.26 0.19 —0.48

Statistically significant values (p < 0.05) are shown in bold.

would be a reasonable compromise when we further incor-
porate both the dating error and the uncertainty on band
accounting, which is confirmed by the significantly
increased correlation between the two data sets (Table 2).
Because monsoonal rainfall has intraseasonal variation, we
applied a ratio of ASO to MIJJ rainfall, and observed a
stronger relationship with the speleothem §'*0 on an annual
basis (r = —0.30, p < 0.01) (Table 2). When compared with
5 years smoothed rainfall data, this correlation is even
higher (r = —0.50, p < 0.001) (Table 2). In particular, from
1934 AD. to 1943 A.D., the relatively high NJ-1 §'*0
(~—3.8%o) correlated remarkably with elevated annual rain-
fall of ~1400 mm and MJ]J rainfall of ~680 mm, but normal
ASO rainfall of ~610 mm (Figure 3). On the contrary,
negative peak in NJ-1 6'%0 (~5.4%o) during the period of
1946-1956 A.D. is corresponded to low annual and MJJ
rainfalls (~1230 and ~510 mm, respectively), but higher
ASO rainfall of ~700 mm (Figure 3).

[15] The growth rate in NJ-1 shows somewhat signifi-
cantly positive correlation with September rainfall (r = 0.20,
p < 0.05) (see Table 2 and Figure 3). Contrary to §'%0, the
growth rate is positively correlated with the 5 year smoothed
ASO/MJJ rainfall ratio (r = 0.22, p < 0.05) (Table 2). The
correlation practice suggests that the variability of sample
growth rate is probably determined by the rainfall in the
later monsoon season from August through October.

4.4. Understanding the Variation in 6'°0
and Growth Rate

[16] The “Hendy Test” results [Hendy, 1971] (Figure 4)
show that the 6'°0 value has little variation along single
lamina, although §"°C and 6'®0 are positively correlated
along the growth axis. The negative correlation between the
growth rate and the 6'%0 also suggests that the possible
disequilibrium fractionation during fast degassing and ara-
gonite precipitation did not override the climate signal of
NJ-1 6'%0 series, which was also found in stalagmite from
the Austrian Alps [Spotl and Mangini, 2002]. With the
current cave temperature and annual mean precipitation
8'80, we can calculate the potential aragonite 6'*0 assum-
ing the mineral is precipitated under equilibrium conditions
[Kim et al., 2007]. The estimated value is somewhat about

4%o lower than the averaged aragonite §'®0 in our sample,
which suggested a significant contribution of kinetic effects
to our sample isotopic signal. Nevertheless, as we argued
above and confirmed by the climate correlation discussed
below, the 6'%0 value of stalagmite NJ-1 is likely domi-
nated by the averaged §'®0 of recharging rainfall and some
effects of the cave air temperature. Since the temperature-
dependent change in speleothem 620 is likely minor owing
to the shallow slope of the aragonite/water fractionation-
temperature curve (—0.20 %0/°C; see Kim et al. [2007]), the
large amplitude of 6'®0 shift (up to 4 %o) should primarily
record the isotopic composition change in rainfall.

[17] Rainfall in the region is under the influence of the
Asian Monsoon system and is associated with the move-
ment of the Intertropical Convergence Zone (ITCZ). The
monsoon onsets in May and brings warm and moist air-
streams from the Indian Ocean toward Thailand. The ITCZ
is located above southern Thailand in May, resulting in a
rainfall peak in the region. In August, the ITCZ penetrates
further north and lies over northern and northeastern Thai-
land, and then gradually shifts southward to central Thailand
in September and southern parts in October, which leads to
the major rainfall peak during August to October
[Singhrattna et al., 2005], and contributes more than 45% of
annual precipitation in the region.

[18] This later monsoon rainfall is characterized with
lighter 6'*0 (average ~—7.5%o at Bangkok, and ~—6.3%o at
Yangon). On the contrary, the early monsoon rainfall from
May to July, although it also delivers nearly 45% of the
annual precipitation in the region, registers relatively heavy
880, with average ~5.3%o at Bangkok and ~—3.3%o at
Yangon. The regional rainfall in dry season from November
to next April is in general less than 10% of the annual
rainfall, so their contribution to groundwater is probably
negligible. This intraseasonal variation in rainfall §'*0 can
be captured in cave drip water, therefore, faithfully recorded
in cave deposits, as observed in the strong negative corre-
lation between NJ-1 6'0 and the ASO/MJJ rainfall ratio
(see Table 2 and Figure 3d).

[19] Higher ASO rainfall can maintain drip water at higher
level in following dry season, in turn increase the growth
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Figure 4. Hendy test of stalagmite (a) NJ-1 §">C and (b) §'®0 along the same layer plotted against dis-
tance from the growth axis. Units for the x axes are sample number, with “zero” indicating the sample on
the growth axis, and the approximate distance from one end of each five sample set to the other is about
1 cm along a growth horizon. (c) Relationship of §'*C and §'®0 along both the profile (magenta square)

and the same layer.

rate of stalagmite, because drip rate is a key factor for sta-
lagmite growth when the drip rate is low [Genty et al.,
2001], less dripping would lead to a reduced growth rate
in cave deposits [Baker et al., 2007]. This is consistent with
our observation that a positive correlation exists between the
Thailand late monsoonal rainfall and NJ-1 growth rate.

[20] The difference on §'®0 value of seasonal monsoon
rainfall probably originates from the distinctive moisture
sources and associated large-scale monsoon circulations,
which can be closely resembled by the background climatic
mean water vapor transport in the lower troposphere. On the
basis of the NCEP/NCAR Reanalysis data [Kalnay et al.,
1996], vertically integrated climate mean (1948-2005
average) MJJ and September—October (SO) water vapor
transports were estimated (Figure 5). Generally, the water
vapor supply related to MJJ rainfall is different from that
related to SO rainfall. Moisture from the Indian Ocean,
especially from the Bay of Bengal, dominantly support the
MJJ rainfall in this region (Figure 5a), while SO rainfall is
favored by convergence of the moisture coming from the
South China Sea, ultimately originated from the WPWP,
with somewhat water vapor contribution from the Indian
Ocean (Figure 5b). It seems that rainfall associated with the
western North Pacific summer monsoon circulation [Wang
and Ho, 2002] in this region has relatively negative §'*0
values than that originated from the Indian Ocean. The detail
mechanism for this difference is still unknown, and its fully
understanding would require more observation data and
modeling efforts on moisture source and its effect on
meteoric water §'%0 in the region.

[21] Paleoclimate records produced from speleothems can
be superior to other proxy records because of their precise
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Figure 5. Vertically integrated climate mean (1948-2005
average) (a) May—July and (b) September and October water
vapor transport (10° g cm™ ' s ') based on NCEP-NCAR
reanalysis.
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Figure 6. (a) Correlation of NJ1 §'%0 with NCEP/NCAR reanalysis average May—October 500 mb rel-
ative humidity (1948-2005). Image provided by the NOAA/ESRL Physical Sciences Division (PSD),
Boulder, Colorado (http://www.esrl.noaa.gov/psd/). (b) Comparison between the NJ1 §'%0 and the
Pacific Warm Pool Index (first EOF of SST over 60—-170°E, 15°S—15°N; data were downloaded from
NOAA/ESRL PSD, and yearly mean values were used). (c) Same as Figure 6b except for detrended first

EOF of SST.

chronological control. The interpretation of its proxy, such
as 6'80, however is not always without ambiguity
[Lachniet, 2009]. In the tropics, speleothem 6'%0 is typi-
cally suggested to indicate local rainfall amount [Burns
et al., 2001, 2002]. There is a recent tendency to apply
speleothem 6'%0 as a proxy of monsoon intensity [Wang et
al., 2001, 2005, 2008] or ITCZ migration [Fleitmann et al.,
2007]; that is, change of regional atmospheric circulation.
Similarly, our NJ-1 record shows a rather poor correlation
with the total rainfall amount. Instead, the speleothem §'*0
is well correlated with the ASO/MIJJ rainfall ratio. As
moisture sources or monsoon circulations that give rise to
ASO rainfall and MJJ rainfall maybe different, the variation
of NJ-1 6'®0 could indicates the relative intensity of dif-
ferent monsoon subsystems; that is, Indian and western
North Pacific summer monsoon [Wang and Ho, 2002].
Because ASO rainfall is the primary peak in this region, and
it sustains the continually growth of lamina through the
following dry season, which is further confirmed by the
positive correlation between our sample growth rate and
September rainfall, the ASO rainfall has the primary control
in the climate signal of NJ-1 §'®0. The lighter speleothem
8'0 implies more proportion of ASO rainfall; that is, a
stronger Thailand Monsoon (defined as ASO rainfall; see
Singhrattna et al. [2005]).

4.5. Correlation With Large-Scale Circulation
Variability

[22] In order to investigate the cause of the decadal vari-
ation of NJ-1 6'®0, we compared our stalagmite data with
the average May to October humidity at 500 mb height over
the Pacific and the Indian Oceans (Figure 6a). The negative
correlation with the WPWP humidity is clear, with higher
humidity at 500 mb height over the Philippines and the
South China Sea correlating to more negative values of
NJ-1 6'®0. The positive correlation was shown from the
central Indian Ocean. This result is consistent with our
proposed mechanisms that the NJ-1 §'%0 is controlled by
moisture from both the Indian Monsoon and the western
North Pacific summer monsoon, and the latter has a domi-
nant effect. The major contribution of the western North
Pacific summer monsoon in our speleothem record was
further supported by the closely relationship between the
NJ-1 §'®0 record and the WPWP index, the first EOF of
SST calculated by Matin P. Hoerling (personal communi-
cation, 2010), especially for the time period after the mid-
1970s (Figures 6b and 6¢). Associated with the well-known
shift of PDO in 19761977 [ Graham, 1994], it seem that the
PDO perhaps played a role in this decadal variance. Inter-
estingly, an inverse statistic relationship between NJ-1 §'*0
and PDO was shown for time period prior to 1976 and post-

8 of 10



D21104

1976, with positive correlation for pre-1976 (1911-1976,
r=-0.51, p <0.001) and negative correlation for post-1976
(1977-2005, r = 0.35, p < 0.05). However, the physical
mechanism for these complex connections with the WPWP,
the Indian Ocean and PDO are still unknown. Further studies,
including applying ocean-atmosphere coupled models, will
be needed to understand this decadal variance.

5. Conclusions

[23] A 105-year long, annual laminated stalagmite record
from Namjang cave, northwestern Thailand, allows us for
the first time to examine the relationship between its §'*0
values with instrumental data in details. The speleothem
880 record surprisingly has a rather poor correlation with
annual rainfall amount. Instead, its lower values were found
to coincided with the relative rainfall amount in the later
monsoon season, indexed here as the ratio of ASO/MJJ
rainfalls, and may reflect the relative intensity of the western
North Pacific summer monsoon and the Indian Monsoon.
The stalagmite growth rate primarily reflects local rainfall in
later rainy season, corresponding negatively with the spe-
leothem 6'®0 value. Our sample 6'*0 therefore can be used
as a proxy of ASO rainfall at a time when the monsoonal
rainfall reaches peaks in the Indochinese Peninsulas. The
results challenge a simple practice that uses speleothem
6'0 as an indicator of rainfall amount, but suggest that
intraseasonal variation of summer monsoon rainfall plays an
important role on stalagmite §'°0, particularly for cave
records from the transition zone of submonsoon systems.
The decadal variance of our speleothem §'*0 record is likely
related to the oceanic-atmospheric processes over the WPWP,
and possibly modulated by decadal variability of large-scale
circulation; for example, PDO. Further studies including
applying ocean-atmosphere coupled model, will be need to
completely characterize these effects.
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