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H I G H L I G H T S

G R A P H I C A L

• We established earlywood and latewood δ18O time-series from the western
and eastern sides of Mt. Qomolangma
• Latewood δ18O is inﬂuenced by the middle and peak ISM phases
• The topographic blocking effect of high
ridges results in the differentiation of
the ISM signals recorded in earlywood
δ18O

Maps showing the sampling sites (Trees; EQ: east of the Mt. Qomolangma, WQ: west of the Mt. Qomolangma)
and wind ﬁeld (m/s; arrows) averaged from 300 to 1000 hPa for the period 1948–2013 during the monsoon season (May–October). Notice the position of Mt. Qomolangma, which could have blocked moisture from the Bay of
Bengal. The major ﬁnding is the right panel showing the variations of earlywood and latewood δ18O series from
the east (EQ; 1790–2013) and west (WQ; 1850–2013) sides of Mt. Qomolangma, overlaid with an 10-year
smooth curves (thick lines) emphasize decadal variations. The difference between variations of earlywood
δ18O from EQ and WQ sites is evident.
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A B S T R A C T

This study reports the earlywood and latewood δ18O time series from two hemlock sites located to the east (EQ)
and west (WQ) of Mt. Qomolangma (Everest) in the Himalaya. The latewood δ18O series from both sites were
highly consistent, whereas the earlywood δ18O values for the two sites show variations over the investigation period. Climate response analysis revealed that the dominant control on latewood δ18O values at both sites was the
precipitation amounts of the middle/peak periods of upstream Indian Summer Monsoon (ISM). However, for EQand WQ-Earlywood, the main controls were precipitation amounts during the early and middle phases of the upstream ISM, respectively. The upstream amount effect could have accounted for earlywood and latewood δ18O
variance. Combined with moisture transport models, we found that source water incorporated into latewood
at both sites was derived mainly from the Bay of Bengal and Arabian Sea during middle/peak ISM precipitation.
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However, during the early ISM, the high ridges of Mt. Qomolangma may block most of the moisture that originates from the Bay of Bengal, which results in a stronger signal of early ISM being recorded in EQ-Earlywood
δ18O. The inﬂuence of the ISM on WQ-Earlywood is delayed until the middle ISM.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction

2. Study area

The Himalaya range affects regional, and even global climate, via its
extreme elevation and topography, and also plays an important role in
controlling the hydroclimate of the Indian summer monsoon (ISM) region (Berthier et al., 2007). Understanding moisture transport along the
Himalaya is essential for investigating variations in the intensity of the
ISM and its link to other large-scale circulation patterns (Hren et al.,
2009). Stable oxygen isotope ratios (δ18O) in precipitation may be driven
by remote processes linked to moisture transport. In the Asia monsoon region, precipitation δ18O has been viewed as a proxy for monsoon circulation (Vuille et al., 2005). Moreover, it was suggested precipitation δ18O in
the southern Tibetan Plateau and eastern Himalaya are dominantly controlled by upstream convective activity at seasonal scale (Gao et al.,
2013). However, the inﬂuence of the upstream air mass on precipitation
δ18O at long term scale remains unclear due to the short period of observed precipitation δ18O (Gao et al., 2015; Yu et al., 2016).
Tree-rings are composed of earlywood forming at the start of the
growing season and latewood forming at the end of the growing season.
The δ18O incorporated into tree-ring cellulose are controlled by local relative humidity and the δ18O of the source water used during the production of the cellulose (Roden and Ehleringer, 2000). Therefore, in
addition to the inﬂuence of local relative humidity, changes in moisture
origin may modulate the isotopic baseline for trees, which can be recorded in earlywood and latewood. For sites where the climate variables are controlled by different atmospheric patterns, earlywood and
latewood δ18O may show different patterns of variation as the seasons
change, and could be used to investigate the possible long-term variations of moisture transport and upstream rainout effect (An et al.,
2012; Labotka et al., 2016; Szejner et al., 2016; Wernicke et al., 2017).
The ISM is a large-scale atmospheric pattern and characterized by a
considerable variability on the spatial and temporal scale (Goswami,
2012; Sinha et al., 2018). It is commonly known that the ISM system
has two main branches, i.e., the Bay of Bengal branch (isotopically deleted) and the Arabian Sea branch (isotopically enriched) of the ISM system (Sinha et al., 2015). Such speciﬁc isotopic characteristics of both
branches could have caused opposite low-frequency variations of tree
ring δ18O from the western and eastern Himalaya (Sano et al., 2013,
2017). The relative contribution of source water originating in the Bay
of Bengal and the Arabian Sea to the Himalaya is different from west
to east (Medina et al., 2010). However, the potential driving mechanism
is yet to be fully understood.
It has been proposed that Mt. Qomolangma is the boundary between
the westerlies and ISM (Pang et al., 2014). The spatial distributions of
the water vapor ﬂux and wind vectors (Fig. 1) indicate that the east of
Mt. Qomolangma is mainly inﬂuence by the branch of Bay of Bengal,
while the west of Mt. Qomolangma is inﬂuenced by the Arabian Sea
due to the blocking of Mt., Qomolangma. If this assumption is true, it
would be interesting to test the hypothesis that the high ridges of Mt.
Qomolangma, acting as the boundary of the ISM, are also the cause of
the differences in response of the tree-ring oxygen isotope series over
the Himalaya. To address this question, we analyzed two annual earlywood and latewood δ18O time series in hemlock trees from the east
and west of Mt. Qomolangma, which is almost equidistant from the
two sampling sites (Fig. 1). The δ18O signatures of the earlywood and
latewood were examined to extract the climatic information, as well
as to study the moisture transport processes during the earlywood
and latewood growing season.

Fig. 1 shows our sample collection sites. We collected tree cores from
the east (site EQ: 27°23′12.83″N, 88°59′04.22″E, 2913 m above sea level
(a.s.l.)) and west of Mt. Qomolangma (site WQ: 28°30′14.92″N, 85°13′
09.69″E, 3448 m a.s.l.). The Mt. Qomolangma (27°59′17″N, 86°55′31″
E, 8844.43 m a.s.l.) is approximately located at the center of both sites
(Fig. 1). Chinese hemlock is the dominant tree species at elevations of
2300 to 3500 m a.s.l. in the Himalaya. We selected two open canopy
stands with thick soil cover and sampled the hemlock trees at that
sites in November 2014. The soil type in this area is primarily a subalpine meadow soil (Humic cambisols) with a thickness of 15 to 30 cm,
and the cover of understory rhododendron shrubs is N50%.
There is no instrumental monitoring of local tree growth. According
to the Flora of China (http://frps.iplant.cn/), Chinese hemlock blooms in
April or May when the ambient temperature, and yields fruits in October or November. Considering the climate response analysis in the
study area (Fig. S2), we assumed that the growing season of Chinese
hemlock at our study sites is roughly May–October, to help understanding the variations of earlywood and latewood δ18O. In addition, the ISM
generally starts in May, peaks in mid-July, and ends by late September
or October. Based on previous studies (Pai and Nair, 2009; Gill et al.,
2015), we divided the ISM into the early (May–June), peak or middle
(July–August), and late phases (September–October).
3. Materials and methods
3.1. Tree-ring sampling, α-cellulose extraction, and stable oxygen isotopic
measurement
We collected two cores from each of 28 trees in Xiayadong forest
(site EQ) and 24 trees in Zhuotang forest (site WQ) using increment
borers (10 mm diameter) at chest height from Chinese hemlock
(Tsuga chinesis Pritz.). All cores were processed using standard dendrochronological techniques (Stokes and Smiley, 1968). They were measured at a resolution of 0.01 mm and were cross-dated to obtain a
reference chronology. For all samples, cross-correlations were checked
with the COFECHA software (Holmes, 1983), and the ultimate standard
chronology for the tree-ring width indices were detrended with a negative exponential and modeled with the autoregressive model using the
ARSTAN software (Cook and Holmes, 1986).
Tree-ring cores from four different trees without obvious growth
disturbance were selected for isotopic analysis (Shi et al., 2011). The
inner 30 rings of each core were discarded to remove the juvenile effect
(Savard et al., 2005). The boundary between the earlywood and latewood was well deﬁned, and the two could be separated using a razor
blade under a binocular microscope based on differences in their cell
color. To obtain enough woody material to extract puriﬁed cellulose,
measure isotopic values, and minimize the possible inﬂuence of outliers
caused by potential ecological differences between the individual trees
(Borella and Leuenberger, 1998), the earlywood and latewood fractions
of the sampled trees for each year were carefully pooled prior to cellulose extraction. It has been proposed that uncertainties exist in pooled
stable isotope time series from tree rings (Leavitt, 2010). However, the
pooling is relatively time/resource saving and has been successfully
used to extract climatic signal from tree rings in different regions
(Treydte et al., 2006; Leavitt, 2010; Shi et al., 2011; An et al., 2012).
Based on the standard procedures of Green (1963) and Loader et al.
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Fig. 1. Map showing the sampling sites used in this study (EQ and WQ; black stars), and the mean water vapor ﬂux (g·m−1·s−1; pink solid line), wind ﬁeld (m/s; arrows) averaged from
300 to 1000 hPa for the period 1948–2013 during the monsoon season (May–October). The deep green dashed lines indicate the boundaries of the three Indian homogeneous rainfall
regions (i.e., NEI: northeastern India; CNI: central northeastern India; WCI: west central India). Boundary lines are for reference only and may not denote actual political borders. The
red circles indicate meteorological station (Nyalam is near to WQ, and Pali is close to EQ).

(1997), each pooled sample was ground in a ball mill (Pulverisette 23,
Fritsch, Idar-Oberstein, Germany) prior to extracting the α-cellulose.
Moreover, we used an ultrasound machine (JY92-2D, Scientz Industry,
Ningbo, China) and the method of Laumer et al. (2009) to breakdown
the cellulose ﬁbers and obtain better homogenization of the cellulose.
The α-cellulose was then freeze-dried for 72 h using a vacuum freeze
dryer (Labconco Corporation, Kansas City, MO, USA) prior to the isotopic
analysis.
The α-cellulose from each sample (sample weight: 80–260 μg) was
packed in silver foil, and then each capsule was analyzed using an isotope ratio mass spectrometer (Delta V Advantage, Thermo Scientiﬁc,
USA) interfaced with a pyrolysis-type elemental analyzer (TC/EA) at
the Research Institute for Humanity and Nature, Japan. The isotopic
values for oxygen are expressed in δ notation as per mil (‰) and the reference standard used was Vienna Standard Mean Ocean Water. The cellulose δ18O values were calibrated by comparison with the laboratory
working standard (Merck cellulose; 27.4‰), which was analyzed after
every eight samples during the measurement runs. The analytical uncertainty derived from the repeated measurements of the Merck cellulose was approximately 0.13‰ (n = 107; 1σ).
3.2. Climatic data and statistical analysis
The network of meteorological stations in the Himalayan region is
relatively sparse compared with lower altitudes. The closest meteorological station to our EQ site is at Pali (Fig. 1; 27°44′N, 89°05′E,
3300 m a.s.l., about 20 km from the sampling site), and the nearest station to our WQ site (Nyalam station, 28°11′N, 85°58′E, 3810 m) is about
100 km away. We calculated Pearson's correlation coefﬁcient (r) between the tree-ring δ18O series and climatic variables (monthly mean
temperature, total precipitation, relative humidity) from previous November to current October.
Monthly climate data (total precipitation) was obtained from the
CRU TS 3.22 dataset, and these data have a grid size of 0.5° × 0.5°
(Harris et al., 2014). The standardized precipitation–evaporation index
(SPEI) from the CRU TS 3.22 dataset, which has a resolution of four
months, is used to explore the climatic signals preserved in the tree-

ring δ18O series. The monthly gridded (2.5° × 2.5°) pressure, wind, speciﬁc humidity (from 300 to 500 hPa), and velocity potential (m2 s−1)
from the NCEP/NCAR reanalysis dataset (Kalnay et al., 1996) were
used to analyze the background circulation and the total water vapor
ﬂux over the Himalaya.
In addition, to investigate the inﬂuence of ISM on tree-ring δ18O variations, we used the instrumental summer monsoon rainfall series from
three Indian homogeneous rainfall regions (i.e., NEI: northeastern India;
WCI: west central India; CNI: central northeast India) because these regions are directly adjacent to the Himalayas. The ISM rainfall data for the
period 1871–2013 are available from the Indian Institute of Tropical
Meteorology at http://www.tropmet.res.in (Sontakke et al., 2008).
3.3. Moisture trajectory modeling and LMDZiso simulations
We applied the Hybrid Single-Particle Lagrangian Integrated Trajectory Model 4 (HYSPLIT4) to investigate the inﬂuence of atmospheric circulation on extreme values of tree-ring δ18O during monsoon seasons.
The HYSPLIT4 model was run using the National Centers for Environmental Prediction (NCEP)/National Center for Atmospheric Research
(NCAR) reanalysis dataset. Moreover, the precipitation δ18O data from
LMDZ4 is used in this study to identify the moisture source δ18O. The
LMDZ4 is the atmospheric General Circulation Model (GCM) developed
at the Laboratoire de Météorologie Dynamique with a resolution of 2.5°
× 3.75° (Hourdin et al., 2006). It is enabled with water stable isotopes,
and detailed description of this model is in Risi et al. (2016).
4. Results
4.1. Earlywood and latewood δ18O series
Table 1 summarizes the statistical characteristics of the tree-ring
δ18O chronologies from the earlywood and latewood at the EQ and
WQ sites. At EQ, the earlywood δ18O ranged from 20.7‰ to 29.5‰,
and averaged 25.8‰. The values for the latewood δ18O were lower,
ranging from 18.3‰ to 26.2‰, with a mean of 21.7%. The standard deviation for the earlywood δ18O was 1.9‰, which is higher than that of the
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Table 1
Statistical characteristics of the tree-ring earlywood and latewood δ18O values from the east (EQ) and west (WQ) sides of Mt. Qomolangma (ns = not signiﬁcant; a = p b 0.001). r
(EWcurrent vs LWcurrent) means the correlation coefﬁcients between earlywood δ18O and latewood δ18O in current year; r (EWcurrent vs LWprevious) means the correlation coefﬁcients between earlywood δ18O in current year and current latewood δ18O in previous year.
Length of time series δ18O (‰)

Earlywood δ18O EQ
WQ
Latewood δ18O EQ
WQ

224
164
224
164

First-order autocorrelation Correlation

Range

Mean value Standard deviation

20.7–29.5
20.9–28.9
18.3–26.2
18.4–26.5

25.8
25
21.7
22.8

1.9ns
1.6ns
1.4ns
1.6ns

latewood (1.4‰). For WQ, in general, the earlywood and latewood δ18O
series show similar statistical characteristics to those from EQ, with
higher earlywood δ18O values and lower latewood δ18O values
(Table 1).
In general, the individual correlations between EQ-Earlywood and
EQ-Latewood δ18O are positive and signiﬁcant (r = 0.49, p b 0.001), as
are those for WQ-Earlywood and WQ-Latewood δ18O (r = 0.27, p b
0.001). The variations of latewood δ18O at both sites are also closely consistent with each other (Fig. 2b; r = 0.42, p b 0.001), whereas the relationship between earlywood δ18O at the two sites is relatively weak and
not signiﬁcant (Fig. 2a; r = 0.14, p b 0.1). The running correlations between WQ-Earlywood and EQ-Earlywood δ18O are generally weak and
did not reach a signiﬁcance level at p b 0.05, except for short periods between the 1850s and 1880s, and also the 1980s and 2000s.
To avoid the possible bias caused by the low-frequency domain, we
calculated the correlations between the series in the high-frequency domain (the ﬁrst-order difference). The correlation pattern (not shown)
between WQ-Earlywood and EQ-Earlywood δ18O in the high-

r (EWcurrent vs LWcurrent) r (EWcurrent vs LWprevious)
0.41a
0.12ns
0.33a
0.44a

0.49a
0.27a

0.37a
0.11ns

frequency domain is very similar to the results obtained using the raw
data (r = 0.13, p b 0.1), suggesting that the poor correlation between
WQ-Earlywood and EQ-Earlywood δ18O is not caused by low or high
values in respective periods.
4.2. Climate signiﬁcance of earlywood and latewood δ18O
Correlation analysis was ﬁrst carried out between earlywood and
latewood δ18O and local climatic parameters (Fig. S1). As shown in
Fig. S2, the relationships among earlywood and latewood δ18O and air
temperature and relative humidity are weak and insigniﬁcant. For EQ,
we found signiﬁcant negative correlations between earlywood δ18O
and the monthly precipitation amounts in Pali from May to July (r =
−0.44, p b 0.001), whereas for latewood δ18O this relationship runs
from June to September (r = −0.42, p b 0.001). For WQ, earlywood
and latewood δ18O show weak correlation with meteorological precipitation in Nyalam, except June precipitation (Fig. S1c–d). Nyalam station
is far away from the WQ site (about 100 km), the long distance may

Fig. 2. (a) Earlywood and (b) latewood δ18O series from the east (EQ; solid line, 1790–2013) and west (WQ; dashed line, 1850–2013) sides of Mt. Qomolangma. The thin line indicates the
raw values and the thick line indicates the 10-year fast Fourier transform (FFT) smoothing.
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have caused the weak relationships. Fig. S2 provides a detailed comparison of the total precipitation during the instrumental period. The mean
total precipitation of Pali station was clearly higher than that of Nyalam
station throughout the study period, and there was a weak relationship
between the precipitation of both stations (r = 0.24, p b 0.1) and precipitation (r = 0.38, p b 0.01). It demonstrates that despite short distances,
the amounts of precipitation from Pali and Nyalam station shows high
variability because of the complex topography of the Himalaya. Therefore, we used climatic records derived from gridded datasets to complete our climatic response analysis at a large spatial scale.
We calculated spatial correlation ﬁelds between the earlywood and
latewood δ18O records from both sites and gridded precipitation from
CRU TS 3.22. For EQ, the spatial correlation analysis showed strong negative correlations between earlywood δ18O and May–June precipitation
over India, whereas this strong relationship was with June–October precipitation for latewood δ18O (Fig. 3a and b). For WQ, earlywood δ18O
was signiﬁcantly correlated with June–July precipitation over central
northeastern India, whereas the latewood δ18O showed a negative correlation with August–September precipitation over northeastern India
and the western mountain areas (Fig. 3c and d). These correlations between earlywood and latewood δ18O and precipitation over India revealed a strong regional signal.
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5. Discussion
5.1. Distinct response of earlywood and latewood δ18O to the different
phases of the ISM
According to the mechanistic fractionation model of tree-ring δ18O
(Roden and Ehleringer, 2000; Waterhouse et al., 2002) and empirical
studies (Gessler et al., 2014; Treydte et al., 2014), tree-ring δ18O is positively correlated with precipitation δ18O, but negatively correlated with
local relative humidity. In present study, the earlywood and latewood
δ18O series from EQ and WQ are signiﬁcantly and negatively correlated
with precipitation over India during the early and late phases, respectively, of the ISM (Fig. 3). However, signiﬁcant correlations don't guarantee the causal linkage between earlywood and latewood δ18O series
and ISM precipitation (Hu et al., 2017), and the potential mechanisms
are discussed in following sections.
This negative inﬂuence of precipitation on tree-ring δ18O could be
explained by the interaction of precipitation with relative humidity
(Waterhouse et al., 2002). Relative humidity is affected by precipitation
before and during the growing season. An increase in relative humidity
(high precipitation) may reduce evapotranspiration, resulting in the
source water and leaf water being depleted in isotopic composition;

Fig. 3. Spatial correlation patterns between the EQ-Earlywood δ18O and May–June precipitation (a), and EQ-Latewood δ18O and June–October precipitation (b), WQ-Earlywood δ18O and
June–July precipitation (c), and WQ-Latewood δ18O and July–September precipitation (d), during 1901–2013 (http://climexp.knmi.nl/). The ISM rainfall over three sub-region of India, and
the location of which are also shown (i.e., NEI: northeastern India; CNI: central northeastern India; WCI: west central India). The red squares in (a) and (b) indicate the position of EQ site,
while in (c) and (d) indicates the position of WQ site. The red triangle in all sub-ﬁgures indicates the location of Mt. Qomolangma.
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consequently, the tree-ring δ18O becomes lighter (Waterhouse et al.,
2002). Moreover, the temperature signal recorded in tree ring δ18O is
relatively weak in this study, which is consistent with those of previous
studies conducted at other sites inﬂuenced by the ISM (Sano et al., 2013,
2017).
Precipitation δ18O is another important factor that controls tree-ring
δ18O values. More enriched precipitation δ18O values have been observed during the early ISM than during the peak ISM (Gao et al.,
2013). With the ISM develops, the δ18O decreases immediately, reaches
its lowest values in peak period. This could explain the relatively higher
earlywood δ18O and lower latewood δ18O values found at EQ and WQ in
the present study. Moreover, earlywood δ18O values from EQ were generally higher than those from WQ, which we suggest arises from the observation that EQ-Earlywood δ18O is inﬂuenced by May–June ISM
moisture with higher precipitation δ18O and thus result in higher EQEarlywood δ18O. In contrast, WQ-Earlywood δ18O likely relies on some
of the July ISM precipitation, which has a lower δ18O value.
5.2. Potential upstream rainout effect
It has been suggested that upstream monsoon circulation is a main
driver of precipitation δ18O in the Asia monsoon region at seasonal
scale (Vuille et al., 2005; Tang et al., 2015). Studies over the Himalaya

have drawn similar conclusions (Gao et al., 2013). In present study,
we also found weak inﬂuence of local precipitation on tree ring δ18O
from study sites, but signiﬁcant relationships between upstream ISM
precipitation and tree ring δ18O from east and west of Mt. Qomolangma
(Figs. S2 and 3). To investigate the detailed inﬂuence of upstream ISM
region, we further made comparisons between earlywood and latewood δ18O from both sites and ISM rainfall over the three homogeneous
rainfall regions of India (i.e., NEI, CNI, and WCI). Despite the overlapping
ISM signal in the earlywood and latewood δ18O series, our results reveal
that the signiﬁcant correlation between CNI and WCI precipitation and
EQ-Earlywood δ18O appears earlier (May–June; Fig. 4a) than it does
for WQ-Earlywood (June–July; Fig. 4b). For latewood δ18O, the signiﬁcant relationship between ISM precipitation and EQ continued until October (Fig. 4c), whereas for WQ it ended in September (Fig. 4d). The
running correlations indicate that the negative relationships between
CNI precipitation in different seasons and earlywood and latewood
δ18O are relatively signiﬁcant and stable over the time (Figs. 4e–h, S3,
and S4). Moreover, EQ-Latewood δ18O also correlated signiﬁcantly
with annual CNI precipitation, indicating that latewood δ18O may record
precipitation signal prior to latewood growing season.
Considering above analysis, seasonal differences in upstream rainout
effect over the ISM region have an important impact on the differences
between earlywood and latewood δ18O in present study. As known

Fig. 4. Correlation between monthly ISM precipitation over three sub-regions of India and (a) EQ-Earlywood δ18O, (b) WQ-Earlywood δ18O, (c) EQ-Latewood δ18O, and (d) WQ-Latewood
δ18O. The locations of these three regions are shown in Fig. 1. (i.e., NEI: northeastern India; CNI: central northeastern India; WCI: west central India). Dotted lines indicate the 95% conﬁdence interval. Months with a “p” preﬁx indicate values from the previous year. Running 31-year correlations between δ18O of (e) EQ-Earlywood, (f) WQ-Earlywood, (g) EQ-Latewood, and
(h) WQ-Latewood and monthly, seasonal and annual ISM rainfall over the CNI region.
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from previous study, summer monsoon precipitation δ18O over the high
Himalaya is controlled by the upstream rainout over the entire southern
slope of the Himalayas rather than local precipitation processes (Pang
et al., 2014). Strong (weak) fractionation processes during intense
(weak) convective activity would increase (decrease) the rainout of
heavy isotopes upstream, hence depleting (enriching) the downstream
precipitation δ18O and thus in tree ring δ18O. Therefore, the δ18O in seasonal tree ring downstream could be inﬂuenced by changes of atmospheric vapor δ18O in the upstream source region, rather than local
precipitation amount.
In addition, the factors that inﬂuence earlywood and latewood δ18O
variations at each site overlap to some extent. It is possibly caused by
that the onset of the earlywood and latewood growing periods is not
deﬁnite; in addition, nonlinear xylogenesis processes could also have
contributed to this signal overlap. During middle/peak ISM season, narrow cells form more slowly with thick walls (i.e. latewood) and the formation of these cells could last for several months (Helle and Schleser,
2004); and thus latewood δ18O might not only record a climatic signal
of the current late ISM (August, September and October; Fig. 4g–h),
but also contain a middle ISM (July) signal, which might cause the
time overlap between the response of earlywood and latewood to
ISM; this conclusion is consistent with the previous study (Zeng et al.,
2017).
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signiﬁcant relationships with modeled precipitation δ18O in the Bay of
Bengal, southern India, as well as the Arabian Sea (Fig. 6a).
In the following months, the contribution from the Arabian Sea increases gradually, especially for WQ (Figs. 5e, g and i; S5e, g and i).
Many studies have found 18O-depleted moisture ﬂux from the Bay of
Bengal branch, while moisture from the Arabian Sea branch is 18O
enriched (Gupta et al., 2005; Sinha et al., 2015; Midhun et al., 2018),
and this may explain the higher latewood δ18O values from WQ and
lower latewood δ18O from EQ. In October, the moisture supplied by
the southern branch of the westerlies starts to increase and the inﬂuence of the ISM decreases rapidly at both EQ and WQ (Figs. 5k–l and
S5k–l). These similarities in the moisture supply at the EQ and WQ

5.3. Moisture source diagnostics
In general, the latewood δ18O series from EQ and WQ sites were
closely comparable, suggesting that the source of the moisture incorporated into the latewood δ18O was similar at both sites. However, the earlywood δ18O may have had different moisture sources as indicated by
the differences seen between the two series.
To evaluate the differences in moisture transport to the EQ and WQ
sites during the ISM season, we used the NOAA HYSPLIT 4 model to calculate the daily 120-h back trajectories of air parcels above both sites for
the years with the three extreme highest and lowest earlywood and
latewood δ18O values (higher or lower than the mean value +1.0σ).
Using a k-means clustering algorithm (Alsabti et al., 1997), four clusters
were mapped out from the daily trajectories for the monsoon season
(May–October), from which possible moisture source regions can be
recognized. The four clusters include the southern trajectories of the
ISM source from the Arabian Sea (dark blue lines in Fig. 5) and Bay of
Bengal (light blue lines in Fig. 5), the polar trajectories (yellow lines in
Fig. 5), and the southern branch of the westerlies (red lines in Fig. 5).
The HYSPLIT model shows that the moisture supply in our study region is generally from the ISM and the southern branch of the westerlies
during May and October (Fig. 5a–l), whereas moisture supplied from
the Bay of Bengal and Arabian Sea dominates mostly the middle and
late phases of the ISM (i.e., June through September; Fig. 5c–j and
S5c–j). As we would expect, in May, site EQ begins to receive moisture
from the Bay of Bengal in years with both high and low earlywood
δ18O values (Figs. 5b and S5b). This is consistent with previous study
that the onset of ISM occurs in the Bay of Bengal (Yang and Yao, 2011;
Rao et al., 2008), then propagated to the Arabian Sea and interaction
with moisture from the Bay of Bengal (Stolbova et al., 2014; Sun et al.,
2017). Note, however, for site WQ, there is no moisture contribution
from the Bay of Bengal or Arabian Sea in May, and the supply of moisture to this site is generally controlled by the southern branch of the
westerlies (Figs. 5a and S5a).
In June, the moisture contribution from the Bay of Bengal reaches
85% (89%) for the high (low) earlywood δ18O values at EQ (Figs. 5d
and S5d), whereas WQ receives the moisture contribution not only
from the Bay of Bengal (Figs. 5c and S5c), but also from the Arabian
Sea. The spatial correlations show that and EQ-Earlywood δ18O are signiﬁcantly correlated with modeled (LMDZ4) precipitation δ18O in the
Bay of Bengal and most of India, while weakly correlated with that in
Arabian Sea (Fig. S6b). Meanwhile, WQ-Earlywood δ18O shows

Fig. 5. Backward trajectories calculated using the NOAA HYSPLIT model (based on NCEP
reanalysis data) for WQ and EQ from May to July (a, c, e for WQ; b, d, f for EQ) during
the years with extremely low EQ-Earlywood δ18O values (1971, 1989, and 2007) and
from August to October (g, i, k for WQ; h, j, l for EQ) during the years with extremely
low EQ-Latewood δ18O values (1975, 2007, and 2010). The numbers indicate the
percentage of the air mass transported from different directions (the color of the
number corresponds to the color of the trajectory).
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sites could explain the close relationship between the latewood δ18O series at the two sites.
5.4. Possible topographic blocking effect of Mt. Qomolangma
According to results from moisture trajectories, it is clear that during
the early part of the ISM (May–June), the contribution of moisture from
the ISM (Bay of Bengal) to EQ is much larger than that to WQ; however,
during the peak phase of the ISM (July–September), the difference in
the contribution of the ISM to EQ and WQ is small. The potential cause
of this difference in early part of the ISM could be the geographic features of the region. In other words, during the early part of the ISM,
the high altitude of Mt. Qomolangma could have blocked most of the

moisture that originated from the Bay of Bengal to the western side of
the Mt. Qomolangma.
The Himalayas has been considered as a large barrier, which blocks
the India monsoon as it moves from south to north (Yu et al., 2016).
Pang et al. (2014) also found that the blocking of Mt. Qomolangma
has resulted in the ISM-dominated eastern Himalaya. It indicates that
large topographic is critical for atmospheric circulation. To further verify
the possible blocking effect of Mt. Qomolangma, we took a west–east
transect along the Himalayas to show the vertical distributions of atmospheric water content and the vertical–meridional circulation (Fig. S7).
Consistent with the hypothesis that the blocking effect of Mt.
Qomolangma may be stronger in early ISM, the reduction of moisture
amount in the atmosphere during May and June is larger than in other

Fig. 6. The average of the vertically integrated water vapor ﬂux (kg m−1 s−1) from May to October during 1948–2013. Color shading denotes amount of water vapor ﬂux, arrows indicate
transport direction. The red triangle indicates the Mt. Qomolangma, and red star in the east and west of Mt. Qomolangma indicates the EQ and WQ site, respectively.
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months from EQ and WQ (Fig. S7; 161.4 to 125.2 kg m−1 s−1 for May;
298.1 to 197.0 kg m−1 s−1 for June), whereas this reduction is small during the ISM peak (Fig. S7; e.g., 310.0 to 302.9 kg m−1 s−1 for August).
The vertically integrated water vapor transport also indicated that, in
May and June, the east of Mt. Qomolangma obtains more southerly
moisture from the Bay of Bengal, and large amounts of water transport
from the Bay of Bengal are blocked by the orographic barrier (Fig. 6a and
b). This may lead to the differences seen in the earlywood δ18O series
from EQ and WQ (Fig. 2a). As the ISM develops, the transport of water
vapor intensiﬁes over the monsoon season, both the east and west of
Mt. Qomolangma receives more moisture from the Bay of Bengal and
Arabian Sea (Fig. 6c and d), which results in the marked similarities
seen in the latewood δ18O series from EQ and WQ.
6. Conclusions
In this paper, we analyzed and interpreted earlywood and latewood
δ18O series obtained from the east (EQ) and west (WQ) of Mt.
Qomolangma. The earlywood and latewood δ18O series recorded strong
signal of upstream ISM atmospheric circulation (the Bay of Bengal and
Arabian Sea), with signiﬁcant negative correlations with early and
peak/late ISM precipitation in sub-regions of India region. In particular,
we found that EQ-Earlywood δ18O is mainly inﬂuenced by moisture
from the early phase of the ISM (May–June). The changes in upstream
rainout effect and moisture transport should be taken into account
when interpreting tree ring δ18O in the Himalaya. Moreover, we found
that due to topographic blocking of ISM moisture by the high ridges of
Mt. Qomolangma, the inﬂuence of upstream ISM moisture at site WQ
was less and shorter (June to September) than at EQ (May to October).
However, more high-resolution records are needed to develop a denser
network of tree-ring δ18O data for the Himalayas that will facilitate ongoing advances in isotopic dendroclimatological research over this
region.
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