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Abstract

Several ice cores have been recovered from the Dasuopu Glacier and the East Rong-
buk (ER) Glacier in the central Himalayas since the 1990s. Although the distance be-
tween the ER and the Dasuopu ice core drilling sites is only ∼125 km, the stable iso-
topic record (δ18O or δD) of the ER core is interpreted as a precipitation proxy while the5

Dasuopu core as a temperature proxy. Thus, the climatological significance of the sta-
ble isotopic records of these Himalayan ice cores remains a subject of debate. Based
on analysis of regional precipitation patterns over the region, we find that the different
interpretations of the Dasuopu and Everest isotopic records may not be contradictive.
The north–south and west–east seesaws of the Indian Summer Monsoon (ISM) pre-10

cipitation are primarily responsible for precipitation falling at the ER site, which results
in a negative correlation between the ER δ18O or δD record and precipitation amount
along the southern slope of the central Himalayas, corresponding to the “amount ef-
fect”. In addition to the ISM precipitation, non-summer monsoonal precipitation asso-
ciated with winter westerlies also significantly contributes to precipitation falling at the15

Dasuopu site, which may cause a positive correlation between the Dasuopu stable iso-
topic record and temperature, in response to the “temperature effect”. Our results have
important implications for interpreting the stable isotopic ice core records recovered
from different climatological regimes of the Himalayas.

1 Introduction20

The Himalayas impact regional and even global climate due to their high elevation
and large topography; however, climate research over the Himalayas is restricted ow-
ing to the lack or short duration of meteorological observations because of complex
and challenging topographic conditions. Nevertheless, the largest volume of ice out-
side the polar regions in the Himalayas can preserve high-resolution and long-term25

climate and environment information, ascribed to low temperature and relatively high
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snow accumulation. To reconstruct climatic and environmental information of the past
in the central Himalayas, several ice cores were recently retrieved from the East Rong-
buk (ER) Glacier (27◦ 59′ N, 86◦ 55′ E; 6518 ma.s.l.), Mt. Qomolangma (Everest) (Hou
et al., 2000, 2003; Kaspari et al., 2007), and the Dasuopu Glacier (28◦ 23′ N, 85◦ 43′ E;
7200 ma.s.l.), Mt. Xixiabangma (Thompson et al., 2000; Davis et al., 2005) (Fig. 1).5

Invaluable climatic and environmental information in the high central Himalayas has
been revealed by these ice cores, such as regional warming (Thompson et al., 2000;
Hou et al., 2007), atmospheric pollution induced by anthropogenic activities since the
industrial revolution (Duan et al., 2007; Kaspari et al., 2009b; Hong et al., 2009), pre-
cipitation variations over the central Himalayas (Duan et al., 2004; Kaspari et al., 2008),10

atmospheric dust deposition over the past several centuries (Kaspari et al., 2009a; Xu
et al., 2010), black carbon concentrations (Ming et al., 2008; Kaspari et al., 2011) and
bacterial information (Zhang et al., 2007, 2008).

Ice core stable isotopes (δ18O and δD, the water stable isotopic compositions ex-
pressed in δ units per mille versus VSMOW, the Vienna Standard Mean Ocean Water)15

are a fundamental and important proxy for temperature (i.e., temperature effect, a pos-
itive correlation between stable isotopic composition in precipitation and temperature)
or precipitation (i.e., amount effect, a negative correlation between stable isotopic com-
position in precipitation and precipitation amount) (Dansgaard, 1964). Although stable
isotopes in ice cores from the central Himalayas have been investigated for more than20

a decade, there is a discrepancy in the interpretation of the Himalayan ice core iso-
topic record. According to previous studies, the ER ice-core stable isotopic record is
generally interpreted as a proxy for precipitation amount related to the Indian Summer
Monsoon (ISM) (Zhang et al., 2005; Kaspari et al., 2007), whereas the Dasuopu core
is interpreted as a proxy for temperature (Thompson et al., 2000; Davis et al., 2005).25

The East Rongbuk and Dasuopu glaciers are both located in the central Himalayas
(the distance between them only 125 km) and the large-scale atmospheric circulation
(the ISM and winter westerlies) at the two sites are the same. Furthermore, seasonal
variations of ice-core δ18O (or δD) at the two sites are similar: high δ values in winter
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and low values in summer (Wang et al., 2008; Pang et al., 2012). Why do the different
interpretations of the stable isotopic records from the two cores occur? Are there any
climatological differences between the two sites to justify the different interpretations
that have been presented?

In this paper, we clarify the influence of regional precipitation patterns on the cen-5

tral Himalayan ice core stable isotopic records. Precipitation patterns over the region
are investigated utilizing meteorological observations along the Himalayas, monthly
NCEP/NCAR (National Centers for Environmental Prediction/National Center for At-
mospheric Research) reanalysis data, instrumental summer monsoon rainfall series of
the Indian regions, and the ER and Dasuopu δ18O and accumulation rate records. The10

paper consists of: Sect. 2, the atmospheric circulation systems over the Himalayas;
Sect. 3, the data used; Sect. 4, regional precipitation patterns and their impacts on the
ice core stable isotopic record: Sect. 5, the possible mechanisms for regional precipi-
tation patterns; Sect. 6, the discussion; and Sect. 7 the conclusions.

2 Atmospheric circulation systems in the study area15

The Himalayas, the world’s highest mountains, are located at the southern edge of the
Tibetan Plateau (TP), with a total length of ∼2500 km from Mt. Nanga Parbat in the
west to Mt. Namjagbarwa in the east. The Himalayas intercept considerable moisture
due to the topographic blocking effect. During the summer monsoon season (June to
September), the ISM transports large amounts of water vapor from the Indian Ocean20

to the Himalayas and the southern TP via two monsoon moisture trajectories: one from
the Indian Ocean across the Arabian Sea, and along the Indian River valley to the
western Himalayas and TP; the other from the Bay of Bengal moving northward to
the eastern Himalayas and TP along the Brahmaputra River valley (Liu, 1989; Lin and
Wu, 1990) (Fig. 1). During the non-summer monsoon season (October to May), winter25

westerlies bifurcate into the northern and southern branches around the TP (Fig. 1),
the latter affecting the Himalayas and southern TP (Wei and Gasse, 1999). Wintertime
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precipitation in the Himalayas is related to vapor transport by the southern branch.
The weather systems responsible for wintertime precipitation in the Himalayas are the
Western Disturbances, westerly upper-tropospheric synoptic-scale waves (Gupta et al.,
1999), and low-pressure systems that set up a favorable large-scale environment (e.g.,
lower temperature, higher humidity and upward vertical motion) for winter snowfall in5

the Himalayas (Lang and Barros, 2004).

3 Data

The annually-dated ER ice core was drilled in 2002 with a depth of 108.8 m. The
core was maintained at < −5◦ from the time of drilling until analysis. Measurements
of δ18O of the core were performed by a Finnigan delta-plus mass spectrometer (pre-10

cision 0.05‰) at the State Key Laboratory of Cryospheric Science, Chinese Academy
of Sciences. The ice core was annually dated to the year 1534 AD at the depth of
98 m. Correspondingly, the annually snow accumulation rate since 1534 AD was re-
covered by Kaspari and co-authors (Kaspari et al., 2008). Details about this core,
including sampling processing, laboratory analysis and dating, can be found else-15

where (Kaspari et al., 2007, 2008). In 1997, three ice cores were recovered from
the Dasuopu glacier. The third one (Core 3), 167.7 m long, was drilled to bedrock
at the summit of the glacier (Thompson et al., 2000). The ∼560 yr records of an-
nually averaged δ18O (1450–1996 AD) and accumulation rate (1442–1996 AD) are
available from the NOAA National Climatic Data Center for Paleoclimatology (http:20

//www.ncdc.noaa.gov/paleo/paleo.html). The instrumental summer monsoon rainfall
series of Indian regions during 1813–2006 AD (i.e., NEI: North East India; NCI: North
Central India; NWI: North West India; NMI: North Mountainous India; WPI: West Penin-
sular India; EPI: East Peninsular India; SPI: South Peninsular India; AISMR: All Indian
Summer Monsoon Rainfall) (Fig. 1) are available from the Indian Institute of Tropi-25

cal Meteorology at www.tropmet.res.in (Sontakke and Singh, 1996; Sontakke et al.,
2008). In order to compare with the Indian instrumental summer monsoon rainfall
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series, the ER and Dasuopu ice core δ18O and accumulation rate since 1813 AD
are used in this paper. Additionally, the monthly precipitation amount data from four
Himalayan meteorological stations (Pali, Dingri, Nyalam and Pulan Stations, Fig. 1)
used here are available from the China Meteorological Data Sharing Service Sys-
tem. Lastly, the monthly NCEP/NCAR reanalysis data (outgoing long-wave radiation5

(OLR), air temperature at multiple levels and sensible heat net flux) with 2.5◦ ×2.5◦

resolution were obtained from the NOAA/ESRL PSD (National Oceanic and Atmo-
spheric Administration/Earth System Research Laboratory, Physical Sciences Division)
at www.esrl.noaa.gov/psd/data/reanalysis (Kistler et al., 2001).

4 Regional precipitation patterns and their impacts on the Himalayan ice core10

stable isotopic record

4.1 Seasonal distribution of precipitation along the Himalayas

In order to reveal the nature of the different climatological interpretations of the sta-
ble isotopic records from ER and Dasuopu cores, time series of ice-core δ18O and
accumulation rate from the two sites are compared (Fig. 2). The trend in the ER ac-15

cumulation rate is opposite to that of Dasuopu and the average accumulation rate at
Dasuopu (1.28 m i.e.) is almost three times the rate at ER (0.44 m i.e.). In addition, the
ER and Dasuopu accumulation rates show step changes: higher values (the average
1.55 m i.e.) before 1900 AD and lower values (the average 1.04 m i.e.) with significant
decrease trend after 1900 AD at the Dasuopu site; while lower values (the average20

0.32 m i.e.) before 1900 AD and higher values (the average 0.53 m i.e.) with a sig-
nificant increase trend after 1900 AD at the ER site (Fig. 2). On the other hand, the
increasing linear trend of Dasuopu δ18O is significant (at 99 % confidence level), which
was interpreted as an indicator of rising temperature by some researchers (Thompson
et al., 2000; Yao et al., 2006). However, such an increasing trend is not significant for25

the ER δ18O record. Furthermore, the ER δ18O even shows decrease a trend to more
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negative δ18O since the 1930s to the late 1980s (Fig. 2). The remarkable difference in
the snow accumulation rate reconstructed from the ER and Dasuopu cores suggests
that the major precipitation origins of the two sites may differ, which could account for
the differences in ER and Dasuopu isotopic records.

To discern the precipitation difference between the ER and Dasuopu sites, the5

seasonal distribution of precipitation at the four weather stations, Pali (27◦ 44′ N,
89◦ 05′ E, 4300 ma.s.l.), Dingri (28◦ 38′ N, 87◦ 05′ E, 4300 ma.s.l.), Nyalam (28◦ 11′ N,
85◦ 58′ E, 3810 ma.s.l.) and Pulan (30◦ 17′ N, 81◦ 15′ E, 4900 ma.s.l.) along the Hi-
malayas (Fig. 1), is presented in Fig. 3. The precipitation distribution over the east-
ern (western) Himalayas is unimodal (bimodal). Most precipitation over the eastern10

Himalayas occurs during the ISM season (June to September), whereas precipitation
over the western Himalayas takes place during the winter/spring and summer seasons.

The difference in the seasonal distribution of precipitation between the western and
eastern Himalayas must have an important impact on the Himalayan ice core stable
isotopic records, because the stable isotopic composition in summer monsoonal pre-15

cipitation is controlled by the “amount effect”, whereas the stable isotopic ratio in non-
summer monsoon precipitation is dominated by the “temperature effect” (Tian et al.,
2003, 2007). The wintertime precipitation associated with winter westerlies at Nyalam
station accounts for 52 % of total annual precipitation. This site is nearby Dasuopu
glacier, thus we speculate that the proportion of wintertime precipitation at the Da-20

suopu core is also considerable. As a result, the stable isotopic record in the Dasuopu
core is influenced substantially by winter westerlies. On the other hand, the propor-
tion of summertime precipitation at Dingri station accounts for more than 90 % of the
annual precipitation. Dingri is nearby the ER glacier, thus we suggest that summer
monsoonal precipitation dominates accumulation at the ER glacier, and the ER stable25

isotopic record is mainly controlled by the ISM. Thus, the different seasonal distribution
of precipitation between the western and eastern Himalayas is likely the main reason
for the different climatological interpretations of the ER and Dasuopu ice-core stable
isotopic records.
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4.2 Spatial patterns of the ISM precipitation

It is well-known that the ISM is subject to many external and internal forces, such as
solar radiation (Kodera, 2004; Neff et al., 2001; Fleitmann et al., 2003), Eurasian snow
cover (Barnett et al., 1988; Verneakar et al., 1995), the El Niño/Southern Oscillation
(ENSO) (Webster et al., 1998), the Indian Ocean Dipole (IOD) (Saji et al., 1999) and5

the Tibetan Plateau land thermal effect (Zhao et al., 2001; Wu et al., 2012). As a re-
sult, ISM precipitation exhibits large spatial variability on intraseaonal and interannual
scales (Krishnamurthy and Shukla, 2000; Gadgil, 2003). To investigate spatial patterns
of the ISM precipitation and associated impacts on the ER and Dasuopu ice core stable
isotopic records, Empirical Orthogonal Function (EOF) and correlation analyses were10

conducted using the instrumental area-averaged summer monsoon (June to Septem-
ber) rainfall data, including all-India summer monsoon rainfall (AISMR) and summer
rainfall series of Indian seven zones (i.e., NEI, NCI, NWI, NMI, WPI, EPI, and SPI),
and the ER and Dasuopu δ18O and accumulation rate records. The result of EOF and
correlation coefficients are presented in Tables 1 and 2, respectively.15

EOF1, accounting for 24.4 % of the total variance, is mainly loaded with AISMR, NCI,
NWI and NMI. It represents the summer monsoon precipitation over the core Indian
monsoon region, reflecting the activity of the Indian monsoon heat low (Gadgil, 2003).
EOF2 accounts for 14.7 % of the total variance, loaded with WPI and EPI, represent-
ing precipitation over the middle Indian peninsula. Dasuopu δ18O dominates EOF3,20

explaining 9.0 % of the total variance, resulting from precipitation events that can oc-
cur year round. EOF4 is loaded with SPI, explaining 9.0 % of the total variance, which
represents the summer precipitation over the southern India peninsula. The relatively
weak correlations between the SPI precipitation and precipitation over other Indian
regions (Table 2) suggest that the SPI precipitation differs from other Indian regions.25

EOF5 (8.9 % of the total variance) is loaded with NEI, indicating the summer precipita-
tion over northeast India. The poor correlations between the NEI precipitation and that
over other Indian regions (Table 2) indicate that the NEI precipitation is distinct from
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other Indian regions. EOF6 (8.5 % of the total variance) is indicated by Dasuopu accu-
mulation rate, representing the local precipitation at Dasuopu glacier. EOF7 (8.5 % of
the total variance) is loaded with the ER accumulation rate, indicating the local precipi-
tation at the ER glacier. EOF8 (8.4 % of the total variance) is loaded with the ER δ18O,
resulting from precipitation events that can occur year round, but are largest during the5

summer monsoon season. EOF analysis indicates that the δ18O and accumulation rate
records at the ER site are independent of those at the Dasuopu site, which support the
differences of the δ18O and accumulation rate records at the two sites as indicated in
Fig. 2. Furthermore, the high altitudinal Himalayan ice core δ18O and accumulation rate
records are independent of the low altitudinal Indian summer monsoon rainfall series,10

which may indicate spatial heterogeneity of the ISM precipitation.
In order to further decipher the relationship between the ISM rainfall and the Hi-

malayan ice-core isotopic and accumulation rate records, correlation coefficients be-
tween the Indian summer monsoonal rainfall series and the Himalayan ice-core δ18O
and accumulation rate records are included in Table 2. Positive correlations occur be-15

tween the ER accumulation rate and summer monsoon rainfall over NWI, WPI, EPI,
SPI and AISMR, but the correlations are not significant between the ER δ18O record
and summer monsoon rainfall over the Indian regions (excepting for the SPI). However,
the ER δ18O is negatively correlated with summer precipitation amount along the cen-
tral Himalayas (Fig. 4), again confirming the “amount effect” of precipitation isotopes20

at the ER glacier. As for the Dasuopu core, there are no significant positive correla-
tions between the Dasuopu accumulation rate and summer monsoon rainfall over the
Indian regions, while weak negative correlations can be observed between the Da-
suopu accumulation rate and rainfall over WPI, SPI and AISMR (Table 2). At the same
time, there are also no significant correlations between the Dasuopu δ18O record and25

summer monsoon rainfall over the Indian regions (excepting for the NCI). The above
correlation analysis results suggest that the relationship between the Indian summer
monsoonal rainfall and the ER core δ18O and accumulation rate exists, but the rela-
tionship is vague for the Dasuopu core. This supports our interpretation that the ER
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site is mainly controlled by the ISM, while the Dasuopu core is both influenced by the
ISM and winter westerlies.

The EOF and correlation analyses imply that the ISM precipitation can be generally
divided into three distinct regions: the ISM core region (represented by the NWI), the
northeastern region of the ISM (represented by the NEI) and the southern region of5

the ISM (represented by the SPI). Based on summer monsoon rainfall of rain gauges
from Indian districts, Singh et al. (1992) found that the rainfall in northwest India shows
a significant increasing trend and that for northeast India a significant decreasing trend
over the period 1871–1984 AD. From Table 2, we can see that the summer precipita-
tion over NEI is negatively significantly correlated with NWI precipitation. The reverse10

variation of precipitation between northwest and northeast India is likely indicative of
an west–east oscillation of the ISM precipitation. In addition, Naidu et al. (2009) indi-
cated that meteorological subdivisions of India are demarcated by 20◦ N latitude, with
the regions south of it showing an increasing trend of monsoon rainfall, while most of
the subdivisions to its north showing decreasing trends in the today’s warming period15

(1970–2005 AD). For a longer timescale, Kaspari et al. (2007) revealed the weakening
of the ISM in the northern high elevation region since ∼1400 AD, while the strengthen-
ing of the ISM in the southern low elevation were found by other researchers (Anderson
et al., 2002; von Rod et al., 1999). These investigations suggest that the ISM activity
probably shows a north–south seesaw.20

Outgoing longwave radiation (OLR) is closely related to precipitation factors, such as
cloud cover, convection intensity, vertical motion and latent heat. In general, low OLR
values correspond to strong convective activity (resulting in high precipitation), while
high OLR values are associated with weak convective activity (resulting in low precipi-
tation) (Prasad and Bansod, 2000). In order to further substantiate the spatial patterns25

of the ISM precipitation, the composite analyses of precipitation over the SPI and NWI
were performed using the large-scale NCEP/NCAR OLR reanalysis data. We define
years with higher and lower precipitation over the SPI and NWI during 1974–2006 AD
for composite analysis because the OLR data are available since June 1974. The sum-
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mer precipitation was standardized by subtracting the mean and dividing by the stan-
dard deviation (SD). A year with a value > 1.0 SD is defined as a year with higher
precipitation, while a value < −1.0 SD is defined as a year with lower precipitation.
Based on this division, there are 6 yr with higher SPI precipitation (1975, 1981, 1983,
1988, 1991 and 1996) and 5 yr with lower SPI precipitation (1976, 1987, 1990, 19995

and 2002); and there are 8 yr with higher NWI precipitation (1975, 1976, 1977, 1978,
1983, 1988, 1990 and 1994) and 5 yr with lower NWI precipitation (1974, 1979, 1987,
1991 and 2002). Figure 5 shows the difference in summer mean of OLR (June to
September) between years with higher and lower summer precipitation over the SPI
(Fig. 5a) and NWI (Fig. 5b).10

Negative OLR anomalies occur in the southern ISM region, namely the tropical In-
dian Ocean; whereas positive OLR anomalies occur in the northern ISM region, espe-
cially in the northeastern India (Fig. 5a). The spatial pattern suggests that in years with
higher SPI precipitation, convection activity is stronger over the southern ISM region
and weaker over the northern ISM region, and in years with lower SPI precipitation,15

convection activity is weaker (stronger) over the southern (northern) ISM region. Pre-
vious investigations pointed out that there are two favorable locations for convection
activity during the ISM season, one centralizing over the continent and the other over
the equatorial Indian Ocean (Walister and Gautier, 1993; Chandrasekar and Kitoh,
1998). The observed north–south oscillation of the ISM precipitation, also reported by20

other researchers (Krishnamurthy and Shuka, 2000; Li and Zeng, 2002), is indicative
of the north–south fluctuation of the two convection activities.

Negative OLR anomalies occur in the western ISM region, with two anomaly cen-
ters over the northwest India and the western tropical Indian Ocean, whereas positive
anomalies take place in the eastern ISM region, with two anomaly centers over the25

northeastern India and the eastern tropical Indian Ocean (Fig. 5b). The spatial pattern
indicates that in years with higher NWI precipitation, convection activity over the west-
ern ISM region is stronger and weaker over the eastern ISM region, and vice versa.
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The result is consistent with the observed west–east fluctuation of the ISM precipitation
(Singh et al., 1992; Saji et al., 1999; Raju et al., 2002).

The ISM north–south and west–east seesaws suggest that when the monsoon is
strong in one region it weakens in another. Monsoon rainfalls at both ends of the see-
saw balance each other. Furthermore, monsoon rainfall in seesaw middle is both influ-5

enced by rainfalls at both ends of the seesaw. As a result, the Indian monsoon rainfall
exhibits pronounce spatial variations and trends (Subbaramayya and Naidu, 1992). The
weak positive correlations between the ER accumulation rate and precipitation over
some Indian regions (Table 2) are probably resulted from the ISM spatial variations.
Although the Indian summer precipitation is influenced by the north–south seesaw, the10

negative correlation between the ER δ18O and precipitation over the northern India is
still significant (Fig. 4) because the ER core is located in the northern end of the see-
saw. In the west–east direction, the correlations between the ER δ18O and precipitation
over NWI (west end of the ISM west–east seesaw) and NEI (east end of the seesaw)
are not significant (Table 2 and Fig. 4). However, the correlations are significant over15

the middle-northern India (Fig. 4), which may reflect the influence of the ISM west–east
seesaw.

5 Potential mechanisms for regional precipitation patterns

5.1 Difference in seasonal distribution of precipitation along the Himalayas

During the winter season, precipitation over the Himalayas primarily originates from20

western disturbances that originate as cut-off lows (i.e., a closed low which has become
completely displaced (cut off) from and moves eastward independently of the basic
westerly current) over the region adjoining the Caspian Sea (Rao, 2003). These sys-
tems intrude into the western Himalayas via the notch (30–32.5◦ N, 70–75◦ E) formed
by the Himalayas and Hindu Kush mountains (Lang and Barros, 2004). Many distur-25

bances are split into two or more secondary systems by interaction with the mountains
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in the western Himalayas when they migrate eastward. Snowstorms are generally re-
lated to the terrain-locked low-pressure disturbances. As a result, most moisture may
precipitate over the western Himalayas because of the orographic capture of snow-
storms, leading to more wintertime precipitation over the western Himalayas than over
the eastern Himalayas, as shown in Fig. 2.5

A numerical simulation of a representative snow event suggests that significant win-
tertime precipitation over the central Himalayas only occurs when the western distur-
bances evolve to a favorable geometry with respect to the mountains (Lang and Barros,
2004). The Dasuopu core was drilled on the col of Mt. Xixiabangma, located on a ridge
that extends in a northwest–southeast direction. The ridge orientation provides a favor-10

able terrain for interacting with the western disturbances, which could cause significant
wintertime precipitation at the Dasuopu core site. On the other hand, the ER core was
drilled on the northeast saddle of Mt. Qomolangma (Everest), which is located on the
northern slope of the Himalayan ridge. It provides an unfavorable topography for in-
teracting with the disturbances, and thus with less wintertime precipitation at the ER15

core site. Therefore, the Dasuopu core site may be more heavily influenced by western
disturbances than the ER core site. The mean accumulation at the Dasuopu core is
much greater than at the ER core (Fig. 2), which supports our conjecture.

5.2 North–south and west–east seesaws of the ISM precipitation

5.2.1 North–south seesaw20

On the intraseasonal time scale, the monsoon is considered a manifestation of the
seasonal migration of the intertropical convergence zone (ITCZ, corresponding to con-
vective cloudbands) (Gadgil, 2003). When the ITCZ is located in the equatorial Indian
Ocean, it is called an equatorial trough, while it is called an Indian monsoon trough
when it propagates northward onto the Indian subcontinent. The northward propaga-25

tion of the ITCZ from the equatorial Indian Ocean to the Indian monsoon region occurs
over 2–6 weeks (Yasunari, 1981; Gadgil and Asha, 1992). Because the cloudbands
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over the equatorial Indian Ocean occurs over the same longtitudinal belt as the con-
tinental cloudbands, there is a thermodynamic competition between them, leading to
active spells of one being associated with weak spells of the other (Waliser and Gautier,
1993; Chandrasekar and Kitoh, 1998). Consequently, the distribution of the occurrence
of ITCZ cloudbands over the ISM region is bi-modal, which may be the main reason for5

the observed north–south seesaw of the ISM precipitation. Nevertheless, the timescale
of the observed north–south fluctuations of the ISM discussed in this paper is interan-
nual. Can the mechanism of the intraseasonal north–south ISM oscillations still work at
the interannual timescale? Although the nature of the relationship between interannual
and intraseasonal variations of the ISM precipitation has remained elusive so far, some10

studies demonstrated that the intraseaonal oscillations play a major role in determining
the annual variation of the ISM precipitation by modulating the strength and duration of
active/break spells of the ISM (Goswami et al., 2003; Goswami, 2005). Furthermore, it
was reported that the spatial patterns of the intraseasonal and interannual variation of
ISM are highly correlated (Palmer, 1994; Ferranti et al., 1997). As a result, it is reason-15

able to consider that the intraseasonal oscillations in the ITCZ contribute significantly
to the observed north–south seesaw of annual ISM precipitation.

Concerning the northward migration of the equatorial ITCZ into the Indian monsoon
region, different mechanisms for the ITCZ northward migration have been put forward,
such as the cloudiness gradient mechanism (Sikka and Gadgil, 1980), the impact of20

SST anomalies south of the equator over the Indian Ocean (Chandrasekar and Kitoh,
1998), changes in radiative heating in the stratosphere (Kodera, 2004) and the cycle
cold air intrusion from the polar region toward the equatorial zone (Yasunari, 1981).
Evidently, the south center of convective activity over the equatorial Indian Ocean and
the north center over south Asia are both thermodynamically forced. Thus, the compe-25

tition between them is likely based on the thermodynamic equilibrium of the whole low-
pressure system from the tropical Indian Ocean to the subtropical south Asia. To test
our conjecture, the summer mean mid-upper troposphere (500–200 hPa) temperatures
over the tropical Indian Ocean (50–100◦ E; 10◦ S–10◦ N) and over the subtropical south
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Asia (50–100◦ E; 25–40◦ N) are calculated based on the NCEP/NCAR air temperature
data, as shown in Fig. 6a and b. It is of interest that the mid-upper troposphere tem-
perature over the tropical Indian Ocean is positively correlated (r = 0.251, p = 0.045)
with that over the subtropical south Asia, indicating consistency of thermal processes
between them. However, the completely reverse linear trend between them (Fig. 5a5

and b) validates the thermal competition between the south convective activity over the
equatorial Indian Ocean and the north one over the subtropical south Asia, supporting
the observed north–south seesaw of the ISM precipitation.

5.2.2 West–east seesaw

The north–south seesaw of the ISM precipitation suggests that the ISM could be di-10

vided into two parts: the southern part of the ISM (about south of 20◦ N) associated with
the equatorial trough and the northern part (about north of 20◦ N) related to the Indian
monsoon trough. In the northern ISM region, there are two high and huge terrains: the
Tibetan Plateau (TP) in the east and the Iranian Plateau (IP) in the west. The TP has
long been considered to serve as an elevated heat source that drives the thermally15

direct circulation of the ISM (Ye, 1982; Zhao and Chen, 2001; Duan and Wu, 2005).
Nevertheless, less consideration of the thermal effect of the IP has been addressed.
More recently, it has been demonstrated that the ISM is controlled mainly by thermal
forcing (surface sensible heating): the eastern part of the northern ISM region by the
thermal forcing of the TP and the western part of the northern ISM by the thermal forc-20

ing of the IP (Wu et al., 2012). In order to detect whether surface sensible heating of
the TP and IP can influence the west–east oscillation pattern of the northern part of
the ISM, sensible heat net flux on the TP (80–102.5◦ E; 27.5–40◦ N) and on the IP (50–
70◦ E; 27.5–37.5◦ N) over the period 1948–2011 was computed using the NCEP/NCAR
reanalysis data, as shown in Fig. 6c and d. It is clear that sensible heat net flux on the25

TP is significantly reverse (r = −0.358, significance at 99 % confidence level, 5 yr run-
ning means) to that on the IP. Besides, the bimodality (the TP mode and the IP mode)
of the 100 hPa South Asia High (SAH) found by Zhang et al. (2002) has the feature of
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warm preference (the SAH center is corresponding to the anomalous ascending mo-
tions and the anomalous warm column), which further proves the difference in surface
sensible heating between the TP in the east and the IP in the west and its role in the
northern part of the ISM. As a result, the difference of surface sensible heating between
the TP and the IP is probably one key factor for the observed west–east seesaw of the5

northern ISM precipitation.
Nevertheless, oceanic processes (e.g., SST anomaly) are also an important factor

that could influence the ISM. By analyzing sea surface temperature anomalies (SSTA)
in the tropical Indian Ocean, a dipole oscillation (Indian Ocean Dipole, IOD) was first
found by Saji et al. (1999). They defined an index of the IOD as the difference in SSTA10

between the western tropical Indian Ocean (50–70◦ E, 10◦ S–10◦ N) and the eastern
tropical Indian Ocean (90–110◦ E, 10◦ S–equator). The IOD has two patterns: a positive
phase (higher SST in the western tropical Indian Ocean) and a negative phase (higher
SST in the eastern tropical Indian Ocean). A positive IOD phase leads to drought over
the Indonesian region, and to heavy rain and flooding in east Africa, whereas a nega-15

tive IOD causes rain and flooding in Indonesia and drought in East Africa, suggesting
the significant influence of the IOD on the west–east distribution of precipitation over
the southern part of the ISM. Could the west–east seesaw of precipitation over the
north part of the ISM be influenced by the IOD? To answer this question, the corre-
lation between the IOD index (calculated by the NOAA extended reconstructed SST20

dataset since 1854, Kaplan et al., 1998) and the summer NEI precipitation over the
period 1854–2006 was calculated. The significant negative correlation between them
(r = −0.268, p < 0.01) substantiates the influence of IOD on the west–east oscillation
of precipitation over the northern region of the ISM. Additionally, Raju et al. (2002)
suggested that the Arabian Sea branch of the ISM (the Arabian monsoon) is more25

vigorous (stronger cross equatorial flow) during the positive IOD phase, whereas the
eastern Bay of Bengal branch of the ISM (the Bengal monsoon) is stronger (weaker
cross equatorial flow) during a negative IOD phase. The fact that the Arabian monsoon
waxes while the Bengal monsoon wanes, and vice versa, indicates a manifestation of
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the west–east seesaw of the northern part of the ISM. Consequently, the IOD could
be another important factor for the observed west–east seesaw of the northern ISM
precipitation.

6 Discussion

The different interpretations of the stable isotopic records of the ER and Dasuopu ice5

cores may be attributed to the contrasting seasonal distributions of precipitation at the
two sites. Much larger accumulation rate at the Dasuopu core than at the ER core is
probably an indicator of the different precipitation seasonality. The negative correlation
between the ER and Dasuopu accumulation rates (Table 2) and their opposite linear
trends (Fig. 2) are probably indicative of interplay between the westerlies and the ISM10

as indicated by An et al. (2012) and Yao et al. (2012). They demonstrated that there
exists a reverse relationship between the westerlies and Asian summer monsoon. The
high (low) Dasuopu accumulation rate before (after) 1900 AD suggests the westerlies
may strengthen in a cold climate state (part of the little ice age) and weaken in a warm
climate state (the anthropogenic global warming). On the contrary, the low (high) ER15

accumulation rate before (after) 1900 AD indicates that the ISM may weaken in a cold
climate and intensify in a warm climate.

Local favorable topographic condition for interacting with the western disturbances at
Dasuopu glacier leads to more wintertime precipitation there, which may be a key factor
accounting for the difference in the snow accumulation rate at the two sites. In addi-20

tion, there is a difference in elevation (about 700 m) between the two sites. In the high
Himalayas, moisture advection associated with winter westerlies or ISM may differ with
different heights. For instance at Mount Logan, low elevations receive moisture from
precipitation from a high latitude source region, while higher elevations receive mois-
ture from precipitation from a low latitude source region (Holdsworth et al., 1991; Moore25

et al., 2003). Correspondingly, stable isotopes (δ18O and δD) versus altitude profiles
indicate staircase structure, separating a lower region of altitude isotopic fractionation
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between 1750 and 3350 m from another apparent fractionation sequence appearing
above 5300 m (Holdsworth et al., 1991). Some studies indicate that most annual pre-
cipitation at low altitudes of the central Himalayas falls during the ISM season (Shrestha
2000; Lang and Barros, 2004), while at high altitudes in the central Himalayas Lang and
Barros (2004) found that high elevations (> 3000 ma.s.l.) can receive up to 40 % of their5

annual precipitation during winter. The result seems to imply that wintertime precipita-
tion associated with the western disturbances in the central Himalayas increases with
increasing elevation. For summer monsoon precipitation related to the ISM in the high
elevations of Himalayas, the monsoonal precipitation amount may be restricted by the
convection height of ISM. Convection frequency at lower elevations may be larger than10

at higher altitudes. As a result, more wintertime precipitation and less summer mon-
soon precipitation at the Dasuopu site are possible because its elevation is higher than
at the ER site. Thus, altitudinal differences in monsoon versus westerly moisture may
be another factor contributing to the seasonal difference in precipitation distribution at
the two sites. However, more observations on moisture transport and precipitation at15

different elevations in the Himalayas are needed to verify what we assume.
Local interaction between the western disturbances and topography and potential

altitudinal differences in monsoon versus westerly moisture transport both suggest that
moisture sources of the ER and Dasuopu sites differ seasonally: the higher accumula-
tion at Dasuopu may be caused by larger contributions of winter snow deposition from20

winter westerlies, while the prominently lower accumulation at the ER site may be dom-
inated by the ISM. This is further supported by the ER and Dasuopu deuterium excess
(d-excess= δD−8δ18O) records. The d-excess values in ISM precipitation are gener-
ally low due to limited kinetic evaporation over the Indian Ocean under high surface
air humidity, while the d-excess values in precipitation associated with winter wester-25

lies are rather high owing to continental moisture recycling in dry climatic condition
(Froehlich et al., 2008). Previous investigations suggest that the d-excess values of
snow pit samples from Dasuopu glacier as high as 17.3‰, and 17.5‰ in precipita-
tion samples (Tian et al., 2001). Additionally, the 1000 yr d-excess from Dasuopu ice
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core record varies between 10 and 17‰ (Tian et al., 2005). The averaged d-excess
value of the ER core over the period 1813–2001 AD, 9.3‰, is much lower than that
of the Dasuopu core, implying the more important contribution of precipitation from
winter westerlies at Dasuopu. Tian et al. (2005) also argued that the large portion of
precipitation at Dasuopu glacier is from westerly transport. Therefore, larger contribu-5

tions of winter snow deposition from the westerlies could be the main reason why the
Dasuopu stable isotopic record is interpreted as temperature. Thus, the past different
interpretations for the stable isotopic records at the ER and Dasuopu cores may be not
contradictive.

The results in Sect. 4.2 suggest that intraseasonal variability of the ISM may play an10

important role in the ER core stable isotopic record, which has attracted less attention
before. Over seasonal time-scales or longer, the intraseaonal oscillations of the ISM are
often thought to be smoothed or hidden, which is why most paleoclimate investigators
usually neglect the intraseasonal fluctuations when they interpret the stable isotopic
records of ice cores or speleothems from the monsoon region. However, spatial pat-15

terns of the ISM precipitation are mostly associated with intraseasonal fluctuations of
the monsoon circulation. According to our analysis, we know clearly that the ISM can
be divided into two parts in the north–south direction: the northern part (the Indian
monsoon related to the Indian monsoon trough) and the southern part (the tropical
monsoon associated with the equatorial Indian Ocean trough). Further, the northern20

part of the ISM consists of two branches in the west–east direction: the Arabian Sea
monsoon mainly due to the thermal forcing of the IP and the Bengal monsoon mainly
due to the thermal forcing of the TP. Evidently, spatial patterns of the monsoon circula-
tion and their mechanisms should be considered when interpreting the stable isotopic
records of ice cores and speleothems in Asian summer monsoon regions.25
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7 Conclusions

At the ER ice core site, most precipitation occurs during the ISM season, which leads
to the dominance of “amount effect” on the stable isotopic record of the ER ice core.
However, for the Dasuopu ice core, non-monsoon precipitation associated with winter
westerlies is more important, which causes the dominance of the “temperature effect”5

on the Dasuopu stable isotopic record. Therefore, the past different interpretations of
the stable isotopic records for the two sites may not be incompatible.

There exists two centers of convective activity in the ISM region: one over the equa-
torial Indian Ocean in the south and the other over the Indian sub-continent in the north.
They compete for moisture and heat during the summer monsoon season, leading to10

the north–south oscillation of ISM precipitation. The west–east difference in thermal
forcing over the ISM region, namely the different surface heating on the TP in the east
and on the IP in the west, as well as the SST anomaly between the western and eastern
tropical Indian Ocean, causes the west–east fluctuation of the northern ISM precipita-
tion. The north–south and west–east seesaws of the ISM precipitation make it clear15

that why the ER core stable isotopic record correlates with precipitation amount over
the middle-northern India, and with no significant correlations with precipitation over all
Indian summer monsoon region and its sub-regions. Therefore, the spatial patterns of
the ISM precipitation should be taken into account when interpreting the Himalayan ice
core stable isotopic records.20
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Table 1. EOF analysis of the instrumental area-averaged summer monsoon (June to Septem-
ber) rainfall series of Indian zones and the ER and Dasuopu δ18O and accumulation rate
records over the period 1848–1996.

EOF1 EOF2 EOF3 EOF4 EOF5 EOF6 EOF7 EOF8

AISMR 0.83 −0.44 −0.03 −0.28 −0.09 0.04 −0.08 −0.03
NEI 0.02 0.03 −0.02 0.05 −0.99 −0.01 0.06 0.07
NCI 0.78 0.13 −0.42 0.02 −0.21 0.10 −0.14 −0.10
NWI 0.81 −0.41 0.17 −0.08 0.17 −0.04 −0.06 0.03
NMI 0.88 −0.04 0.02 0.02 0.04 −0.06 0.12 0.05
WPI 0.24 −0.84 0.09 −0.30 0.02 0.01 −0.02 0.00
EPI 0.28 −0.77 −0.24 0.09 0.02 0.12 −0.13 −0.07
SPI 0.18 −0.19 0.04 −0.94 0.06 0.04 −0.05 −0.08
DSP-δ18O −0.10 0.12 0.85 −0.04 0.01 0.26 −0.23 −0.14
DSP-accumulation 0.00 0.12 −0.20 0.04 −0.01 −0.95 0.14 0.04
ER-δ18O 0.01 −0.05 0.10 −0.08 0.07 0.04 0.07 −0.98
ER-accumulation 0.06 −0.14 0.18 −0.05 0.07 0.14 −0.94 0.08
Total variance (%) 24.4 14.7 9.0 9.0 8.9 8.5 8.5 8.4
EOFs interpretations the core Indian the middle DSP-δ18O the southern the northeastern DSP- ER- ER-

monsoon region Indian peninsula India peninsula India peninsula accumulation accumulation δ18O
rainfall rainfall rainfall rainfall

Note: The rotation method, maximum variance of variable, is used when performing EOF analysis. The loaded variables are in bold.
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Table 2. Pearson correlation coefficients between the summer monsoon rainfall over the Indian
zones and the ER and Dasuopu δ18O and accumulation rate records since 1813 AD.

AISMR NEI NCI NWI NMI WPI EPI SPI ER- DSP- ER- DSP-
accum accum δ18O δ18O

AISMR 1
NEI 0.09 1
NCI 0.65a 0.19b 1
NWI 0.89a −0.17b 0.46a 1
NMI 0.67a 0.01 0.54a 0.62a 1
WPI 0.634a −0.06 0.05 0.57a 0.22a 1
EPI 0.57a −0.08 0.27a 0.46a 0.30a 0.52a 1
SPI 0.53a −0.09 0.10 0.31a 0.20b 0.42a 0.24a 1
ER-accum 0.18b −0.01 0.02 0.20b 0.00 0.20a 0.17b 0.14c 1
DSP-accum −0.14c 0.01 0.01 −0.09 0.02 −0.14c −0.12 −0.14c −0.31a 1
ER-δ18O 0.06 −0.12 0.03 0.02 0.01 0.06 0.03 0.16b 0.01 0.10 1
DSP-δ18O −0.05 −0.06 −0.25a −0.02 −0.15c −0.07 −0.15 0.11 0.28a −0.39a 0.16b 1

Note: 2-tailed test of significance is used.
a 99 % confidence level.
b 95 % confidence level.
c 90 % confidence level.
DSP: Dasuopu.
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 764 

Fig. 1765 Fig. 1. Atmospheric circulation patterns over the study area (left) and boundary of seven ho-
mogeneous rainfall zones of India (right) (redrawn from the reference Sontakke et al., 2008).
The black solid circles indicate weather station (A: Pulan; B: Nyalam; C: Dingri; D: Pali), and
the white solid circles are ice core sites (DSP: Dasuopu core; ER: East Rongbuk core).
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Fig. 2 767 
 768 

 769 

Fig. 2. Ice-core δ18O and accumulation rate time series since 1813 AD from the East Rongbuk
and Dasuopu cores. The short dash dot lines are the averages of each series, and the bold
lines are linear trends.
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Fig. 3. Monthly longterm mean of precipitation at four weather stations along the Himalayas
(Nyalam, Pulan, Dingri and Pali). Seasonal distribution of precipitation is calculated based on
the meteorological data observed from July 1966 to November 2011 at Nyalam, January 1973
to November 2011 at Pulan, January 1959 to November 2011 at Dingri and February 1956 to
November 2011 at Pali.
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Fig. 3 771 
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 774 
Fig. 4 775 

 776 Fig. 4. Correlation coefficients between the ER δ18O record and summer (June–September)
precipitation over the period 1951–2001. Grey shadow indicates correlation significance at 95 %
confidence level. The solid circle indicates the ER core drilling site. Summer precipitation data
is derived from Global Precipitation Climatology Centre (GPCC) monthly precipitation dataset
from 1951–present (available at http://gpcc.dwd.de).
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Fig. 5. Difference of summer mean outgoing longwave radiation (OLR) between years with
higher and lower SPI precipitation (a) and NWI precipitation (b) (higher− lower).
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Fig. 6 790 
 791 

Fig. 6. Variations of mid-upper troposphere summer mean (June–September) temperature (a)
over the equatorial Indian Ocean (50–100◦ E; 10◦ S–10◦ N) and (b) over the subtropical south
Asia (50–100◦ E; 25–40◦ N), and sensible heat net flux (c) on the Tibetan Plateau (80–102.5◦ E;
27.5–40◦ N) and (d) on the Iran Plateau (50–70◦ E; 27.5–37.5◦ N) during 1948–2011. The solid
lines indicate the linear trends and the curves are the five polynomial fits.
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