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Abstract. Several ice cores have been recovered from thel Introduction

Dasuopu (DSP) Glacier and the East Rongbuk (ER) Glacier

in the central Himalayas since the 1990s. Although the dis-

tance between the DSP and the ER ice core drilling sites il e Himalayas impact regional and even global climate due
only ~ 125km, the stable isotopic recoréfO or sD) of  to their high elevation and large topography; however, cli-
the DSP core is interpreted in previous studies as a temperdnate research over the Himalayas is restricted owing to the
ture proxy, while the ER core is interpreted as aprecipitation'aCk or short duration of meteorological observations be-
proxy. Thus, the climatological significance of the stable iso-cause of complex and challenging topographic conditions.
topic records of these Himalayan ice cores remains a subjedﬂevertheless, the Himalayas feature the largest volume of ice
of debate. Based on analysis of regional precipitation patoutside the polar regions, and can preserve high-resolution
terns over the region, we find that remarkable discrepancyand long-term climate and environment information, as-
in precipitation seasonality between the two sites may acCcribed to their low temperatures and relatively high snow ac-
count for their disparate isotopic interpretations. At the ER cumulation. To reconstruct climatic and environmental infor-
core site, the Indian summer monsoon (ISM) precipitation ismation of the past in the central Himalayas, several ice cores
dominating due to topographic blocking of the moisture from Were recently retrieved from the Dasuopu (DSP) Glacier
westerlies by the high ridges of Mt. Qomolangma (Everest), (2823 N, 8543 E; 7200 ma.s.|.), Shishapangma (Thomp-
which results in a negative correlation between thest§ ~ son et al., 2000b; Davis et al., 2005) and the East Rong-
or 8D record and precipitation amount along the southernPuk (ER) Glacier (28.03N, 86.96 E; 6518 ma.s.l.), and on
slope of the central Himalayas in response to the “amounMt. Qomolangma (Everest) (Hou et al., 2000, 2003; Kas-
effect”. At the DSP core site, in comparison with the ISM Pari et al., 2007) (Fig. 1). The dating of these cores can go
precipitation, the wintertime precipitation associated with thePack to the past 2000yr, with a time resolution from an-
westerlies is likely more important owing to its local favor- nual scales for the upper part of ice core to decadal for the
able topographic conditions for interacting with the westernlower part (Xu and Yao, 2001; Hou et al., 2004). Invalu-
disturbances. Therefore, the DSP stable isotopic record ma2b|e climatic and environmental information in the central
be primarily controlled by the westerlies. Our results havehigh Himalayas has been revealed by these ice cores, such
important implications for interpreting the stable isotopic ice @S regional warming (Thompson et al., 2000b; Hou et al.,

core records recovered from different climatological regimes2007), atmospheric pollution induced by anthropogenic ac-
of the Himalayas. tivities since the industrial revolution (Duan et al., 2007; Kas-

pari et al., 2009b; Hong et al., 2009), precipitation variations
over the central Himalayas (Duan et al., 2004; Kaspari et
al., 2008), atmospheric dust deposition over the past several
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sition in precipitation and precipitation amount) (Dansgaard,
- 8000 1964). Although stable isotopes in ice cores from the central
Himalayas have been investigated for more than a decade,
there is a discrepancy in the interpretation of the Himalayan
ice core isotopic record. According to previous studies, the
5000 DSP core isotopic record is generally interpreted as a proxy
for temperature (Thompson et al., 2000b; Davis et al., 2005),
whereas the ER core isotopic record is often interpreted as
e l‘“"“ a proxy for the Indian summer monsoon (ISM) precipitation

- 7000

6000

4000

500 (zhang et al., 2005; Kaspari et al., 2007). The DSP and ER
glaciers are both located in the central Himalayas (the dis-
tance between them only 125km) and are expected to ex-

-om perience the same large-scale circulation systems (i.e., ISM
- o vs. winter westerlies). Here we examine two major research
guestions: (1) why do the distinct interpretations of the stable
isotopic records from the two cores occur? (2) Are there any
undiscovered regional or local factors to justify the different
interpretations?

- 1000

(b)

2 Large-scale atmospheric circulation systems and local
topographic features in the central Himalayas

2.1 Large-scale atmospheric circulation systems

The Himalayas, the world’s highest mountains, are located
on 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 con-
siderable moisture due to the topographic blocking effect.
During the ISM season (June to September), the ISM trans-
ports large amounts of water vapor from the Indian Ocean to
the Himalayas and the southern TP via two monsoon mois-
(b). Filled yellow circles indicate weather stations (A: Pulan; B: ture trajectories: one from the Indian Ocean across the Ara-

Nyalam; C: Dingri; D: Pali), and the filled white circles are the DSP bl_an Sea, and along the Indian River valley to the westemn
and ER ice core drilling sites. The grey dashed lines are boundHimalayas and TP, and the other from the Bay of Bengal
aries of the four Indian homogenous rainfall regions north 6fie1 ~ Moving northward to the eastern Himalayas and TP along
(i.e., NEI: northeastern India; NCI: north-central India; NWI: north- the Brahmaputra River valley (Liu, 1989; Lin and Wu, 1990)

western India; NMI: northern mountainous India). Boundary lines (Fig. 1a). During the non-summer-monsoon season (October

are for reference only and may not denote actual political bor-to May), the westerlies bifurcate into the northern and south-

ders. Digital elevation model (DEM) data are from ASTER (Ad- ern branches around the TP due to its topographic blocking

vanced Spaceborne Thermal Emission and Reflection Radiomete{Fig. 1a), the latter affecting the Himalayas and southern TP

global DEM version 2 with SQm resolution, which is available at (Wei and Gasse, 1999). Wintertime precipitation in the Hi-

http://www.jspacesystems.or.jp/ersdac/GDEM/E/4.html malayas is related to vapor transport by the southern branch
(Yihui and Zunya, 2008).

Fig. 1. Atmospheric circulation systems over the study degaand
three-dimensional topographic maps of the DSP and ER glacier:

centuries (Kaspari et al., 2009a; Xu et al., 2010), black car2 2 Local topographic features

bon concentrations (Ming et al., 2008; Kaspatri et al., 2011),

and bacterial information (Zhang et al., 2007, 2008). The Himalayan ranges appear as a gigantic crescent situ-
Ice core stable isotopes!€O andsD, the water stable iso-  ated on the southern fringe of the TP, which can be divided

topic compositions expresseddmunits permil vs. VSMOW, into four parallel mountain belts from south to north: (1) the

the Vienna Standard Mean Ocean Water) are a fundamentaluter Himalayas, the sub-Himalayas, the Shivaliks hills, or

and important proxy for temperature (i.e., temperature effectthe foothill zone, forming the southernmost belt of the Hi-

a positive correlation between stable isotopic composition inmalayan range bordered to the south by the Indo-Gangetic

precipitation and temperature) or precipitation (i.e., amountPlain, having an average elevation about 900 ma.s.l. and

effect, a negative correlation between stable isotopic compoa width of 40-50km; (2) the lesser Himalayas, the lower
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Himalayas, or Mahabharat Range (in India it is also knowncount the rapid thinning of annual layers near a glacier’s flow
as Himachal Himalayas), lying north of the sub-Himalayas, divide (Bolzan, 1985; Reeh, 1988; Davis et al., 2005). The
having an average elevation about 3000 ma.s.l. and a width- 560 yr records of annually averageéd®O (1450-1996)
of 60-80km; (3) the greater Himalayas, the higher Hi- and accumulation rate (1442-1996) are available from the
malayas, or the Great Himalayan Range (in India it isNOAA National Climatic Data Center for Paleoclimatol-
also known as Himadri Himalayas), the longest, highest,ogy (http://www.ncdc.noaa.gov/paleo/paleo.htmrhe ER
and most continuous belt in the Himalayan system, lyingice core was drilled in 2002 with a depth of 108.8 m. This
above the snow line with an average elevation of more tharice core was annually dated to the year 1534 at the depth
6100 ma.s.l. and a width about 25km; and (4) the trans-of 98 m by counting annual layers in terms of seasonal varia-
Himalayas or the Tibetan Himalayas, the most northerlytions ins'80 orsD, soluble ions, and trace elements (Kaspari
ranges of the Himalayas in the southern part of the Ti-etal., 2007). The dating was verified by the beta radioactivity
bet Autonomous Region of China, bounded by the Kailaspeak of 1963 and major volcanic horizons. Dating uncertain-
(southwest), Nganglong Kangri (north), and Nyaingéntan-ties are estimated to he0 yr at 1963 (20 samples per year)
glha (southeast) mountain ranges and by the Brahmaputrand+5 yr at 1534 (4 samples per year). AnnoHO value is
River (south), having an average elevation about 5300 m a.s.hlso calculated by average of individudfO values within
and 225 km wide in the center, narrowing to a 32 km width ata year. For correcting annual ice layer thinning with increas-
the eastern and western ends (Pascoe, 1950; Menon, 1954)ng the depth, Kaspari et al. (2008) developed a flow model
From the west to east, the Himalayas are divided broadlyto construct the ER core annual accumulation rates based on
into three mountainous regions based on general spatial difthe annual-layer thickness data. Details about this core — in-
ferentiation of associated geographic elements: (1) the westeluding sampling processing, laboratory analysis, dating, and
ern Himalayas, extending along the mountain chain fromice flow model for constructing annual accumulation rates —
western Nepal (west of the Kali River) through northwest- can be found elsewhere (Kaspari et al., 2007, 2008).
ern India and northern Pakistan, and then southwest along To reveal precipitation seasonality along the Himalayas,
the mountains in the border region between Pakistan andnonthly precipitation amount data from four Himalayan me-
Afghanistan, having a length about 880km; (2) the cen-teorological stations (Pali, Dingri, Nyalam, and Pulan sta-
tral Himalayas or Nepal Himalayas, lying between the Tistations; Fig. 1a) are used, available from the China Meteo-
River in the east and the Kali River in the west, having arological Data Sharing Service System. In order to com-
length about 800 km, being characteristic of soaring heightgare the Himalayan ice records with the ISM rainfall data,
and highest mountain peaks; and (3) the eastern Himalayashe instrumental summer monsoon rainfall series of four In-
situating between eastern Nepal (east of the Tista River) irdian homogenous rainfall regions north o2l (i.e., NMI:
the west and Mt. Namjagbarwa in the east, having a lengtmorthern mountainous India; NWI: northwestern India; NCI:
about 720 km (Karan, 1966; Adams Carter, 1985). north-central India; NEI: northeastern India) (Fig. 1a) are
The DSP core drilling site is located on the Mt. Shisha- used since these monsoon-impacted regions are directly ad-
pangma ridge, which extends in a northwest-southeast diregacent to the Himalayas. The ISM rainfall data during 1813—
tion, facing relatively low terrains in the south and in the west 2006 are available from the Indian Institute of Tropical Me-
(Fig. 1b). The ER core was retrieved from the East Rongbukteorology athttp://www.tropmet.res.ifiSontakke and Singh,
Col on the northeast ridge of Mt. Qomolangma. The very1996; Sontakke et al., 2008). For comparing with the In-
high west and southeast ridges of Mt. Qomolangma are irdian summer rainfall series over a same period, the DSP
the south of the ER core (Fig. 1b). and ER ice-cores'®0 and accumulation rate records be-
ginning from 1813 are used in this paper. Lastly, in order
to analyze the influence of atmospheric circulation systems
3 Data on the Himalayan ice core records, the monthly reanalysis
data are used, including the NCEP/NCAR reanalysis data
In 1997, three ice cores were recovered from the DSP glaciewith 2.5° x 2.5° resolution beginning from 1948 (Kistler
The third one (core 3), 167.7 m long, was drilled to bedrocket al., 2001), the Global Precipitation Climatology Centre
at the summit of the glacier (Thompson et al., 2000b). In(GPCC) monthly precipitation data set beginning from 1951
this ice core, the cold season dust peaks nearly juxtaposeith 1.0° x 1.0° resolution, and the 20th century reanalysis
with the enriched isotopic values. Based on seasonal oscildata (V2) with 2.0 x 2.¢° resolution beginning from 1871
lations of§180 and dust concentration as well as the beta ra-(Compo et al., 2011). The NCEP/NCAR and the 20th cen-
dioactivity peak of 1963, the core was annually dated back taury reanalysis data are obtained from the NOAA/ESRL PSD
1440 at 144 m, with an uncertainty of 3yr (Thompson et al., (National Oceanic and Atmospheric Administration/Earth
2000b; Davis et al., 2005). Annuat8O value is calculated ~System Research Laboratory, Physical Sciences Division) at
by average of individua$'®O values within a year. Annual http://www.esrl.noaa.gov/psd/data/griddetthe GPCC pre-
accumulation rate record of this core was constructed usingipitation data are available http://gpcc.dwd.de
a two-parameter steady state flow model that takes into ac-
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Previous studies have hypothesized that the DSP core site
receives most precipitation during the ISM season, and as-

Indian Low

cribed the DSPs80 variations at interannual or longer g 15 [ 1000

timescales to air temperature changes at mean condensation ¢ , ; 1 ©

level (Thompson et al., 2000b; Davis et al., 2005). For the & .1 \ J’_MM

ER core, Zhang et al. (2005) found there are no correlations % 00.] ARSI RN AL ' 0
<

between the annual ERR®O record and air temperature data h R ‘ ‘
from more than 30 meteorological stations distributed in the ﬁjs’"\;“w“‘hw 4 o T i
north and south of the Himalayas, which suggests that the
ER 5180 record is not influenced by temperature. Later, Kas-
pari et al. (2007) found the annual BR is inversely corre-
lated with the ISM season precipitation over the nearby re- ]
gion of Mt. Qomolangma, which verifies that the ER ice core 27 [ 3
isotopic composition is controlled by the amount effect. To [
check whether a relationship exists between the Himalayan
ice core records3t80 and accumulation rate) and the ISM
rainfall, we calculated correlation coefficients between the
Himalayan ice core records and the Indian monsoon rain-
falls over the four Indian homogenous regions in north India
(NN”, NW|, NC', and NE|), as ShOWﬂ in Table 1. From Ta- 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000
ble 1, we find a weak but significant positive correlation be- vear
tween the ER accumulation rate and the summer monsooRjg 2. variations of(a) Northern Hemisphere annual temperature
rainfall over the NWI region, whereas there are no corre-agnomaly (Jones et al., 2013p) the Indian Low intensity(c) the
lations between the DSP accumulation rate and the IndiafER annual accumulation ratel) the annual mean ER80, (e)the
summer rainfalls. non-monsoon-season (October to May) NAO index (Luterbacher et
In order to further discern differences between the DSPal., 2002)(f) the DSP annual accumulation rate, ggyithe annuall
and ER ice core records, time series of the two ice coregnean DSPs180 since 1813. The short dash-dotted lines are the
8180 and accumulation rate records are compared, as show@erages of each.ser_ies., and the bold lines are their linear trends.
in Fig. 2. The trend in the DSP accumulation rate is opposite! N€ vertical grey line indicates the boundary year 1938.
to that of the ER and the average accumulation rate at the

DSP site (1.28mi.e.yr) is almost 3 times the rate at the ence in the snow accumulation rate reconstructed from the

ER site _(0.44m .e.yr). In addition, .the_z DSP and ER ac DSP and ER cores suggests that the major precipitation ori-
cumulation rates show step changes: higher values (the aver- . . .

. 1 gins of the two sites may differ, which could account for the
age 1.66 mi.e.yr) before 1880, and lower values (the aver-

age 1,07 mi.e. yrl) with a significantly decreasing trend be- different interpretations of the DSP and ER isotopic records.

ginning from 1880 at the DSP site (Fig. 2f), but lower values 4 5 Regional precipitation patterns and their impacts

(the average 0.33 mi.e. y}) with small variation amplitude on the Himalayan ice core stable isotopic record
before 1938, and higher values (the average 0.65mi.&) yr

with a significantly increasing trend beginning from 1938 at 4.2.1  Different precipitation seasonality along the

the ER site (Fig. 2¢). We choose the year 1880 (1938) as a Himalayas

boundary of the DSP (ER) accumulation step change because

the DSP (ER) accumulation rate exhibited a remarkable deTo discern the precipitation difference between the
crease (increase) beginning from 1880 (1938). OtherwiseDSP and ER sites, seasonal distribution of precipita-
the increasing linear trend of the DS is significant at  tion at four weather stations — Pali (24 N, 89°05 E,
99 % confidence level (Fig. 2g), which was interpreted as amd300 ma.s.l.), Dingri (288 N, 87°05 E, 4300ma.s.l.),
indicator of rising temperature (Thompson et al., 2000b; YaoNyalam (2811 N, 8558 E, 3810ma.s.l.), and Pulan
et al., 2006). However, such an increasing trend is not signif{30°17 N, 81°15 E, 4900 ma.s.l.) — along the Himalayas
icant for the ER5180 record (Fig. 2d). Furthermore, the ER (Fig. 1a) is presented in Fig. 3. The precipitation distribution
8180 record even shows a decreasing trend to more negativever the eastern (western) Himalayas is unimodal (bimodal).
8180 beginning from 1938 (Fig. 2d). The remarkable differ- Most precipitation over the eastern Himalayas occurs during

NAO index

T
Accumulation (mi.e.)

5"°0 (%o0)
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Table 1. Pearson correlation coefficients between the Himalayan ice core reédfi@s gnd accumulation rate) and the summer monsoon
rainfall of the four Indian homogenous rainfall regions north of Ri(i.e., NEI: northeastern India; NCI: north-central India; NWI: north-
western India; NMI: northern mountainous India) beginning from 1813.

NEI NCI  NwI NMI ER-accum DSP-accum ER8O DSPsi8o
NEI 1
NCI 0.19 1
NWI —0.17” 0.4 1
NMI 0.01 058 062 1
ER-accum  —0.10 0.02 0.2b 0.00 1
DSP-accum 0.01 0.01 —0.09 0.02 —0.312 1
ER-180 —~0.12 0.03  0.02 0.01 0.01 0.10 1
DSPs$180 -0.06 —-02% -0.02 -0.1% 0.28 —0.3% 0.16 1

Note: two-tailed test of significance is used.
299 9% confidence IeveP, 95 % confidence level, arfd90 % confidence level. ER: East Rongbuk; DSP: Dasuopu.

Nyalam 120

Dingri

precipitation (mm)
IS
8 8
precipitation (mm)
m
3

ol
Jan Feb Mar Apr May Jun Jul Agu Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Agu Sep Oct Nov Dec

251 Pulan Pali

precipitation (mm)
precipitation (mm)
m
3

Jan Feb Mar Apr May Jun Jul Agu Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Agu Sep Oct Nov Dec
Month Month

Fig. 3. Monthly long-term mean of precipitation at four weather sta-

tions along the Himalayas (Nyalam, Pulan, Dingri, and Pali). Sea-
sonal distribution of precipitation is calculated based on the meteo- )
rological data observed from January 1973 to January 2011. 20N o I o e e T ek ‘\w‘o'oE 1056

Fig. 4. Map showing the non-monsoon season precipitation ratio

to annual precipitation (October—May/annual) along the Himalayas.
the ISM season, whereas precipitation over the western HiReanalysis data are from the monthly long-term mean (1981-2010)
malayas takes place during the winter—spring and summeprecipitation data with a 0%5x 0.5° resolution from the Global Pre-
seasons. cipitation Climatology Centre (GPCC). Filled red circles are the

To further verify precipitation seasonality along the Hi- four weather statigns.along the. Himalayas (from the left t_onrig_ht:

malayas, spaal distrbution of the non-monsoon season (0 ia L JEOR S0, T TNl e e
tober to May) preC|p|tat|on ratio to annual precipitation over calculated from the GPCC data. Filled black circles are DSP and
the study area is calcula_te_d b_ased on the monthly Iong-terniwER ice cores sites (left: DSP: right: ER).
mean (1981-2010) precipitation data with a°0x50.5° res-

olution from the GPCC (available &ttp://www.esrl.noaa.

gov/psd/data/gridded/data.gpcc.hymas shown in Fig. 4. to be a boundary of the non-monsoon season precipitation ra-
It is clear that the non-monsoon season precipitation ratigjo because west of it the non-monsoon season precipitation
over the western high Himalayas (40-80 %) is higher thanjs high, whereas east of it the non-monsoon season precip-
that over the southern and northern slopes of the Himalayagation ratio is rather low (Fig. 4). From this point, we can

(=20%), suggesting local capture of moisture from the gjyide the Himalayas into western and eastern Himalayas by
westerlies by the western high Himalayas. Furthermore, thayit. Qomolangma. According to this division, the DSP core

non-monsoon season precipitation ratio seems to graduallys in the western Himalayas, while the ER core is in the east-

decrease from the western Himalayas to Mt. Qomolangmarm Himalayas, although the distance between them is only
due to moisture wastage by sequential condensation of moisghout 125 km.

ture from the westerlies during its being transported east-
ward. Interestingly, the highest peak Mt. Qomolangma seems

www.the-cryosphere.net/8/289/2014/ The Cryosphere, 8, 2834, 2014
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The difference in precipitation seasonality between the /o
western and eastern Himalayas must have an important im-
pact on the Himalayan ice core stable isotopic records, be-"
cause the stable isotopic composition in summer monsoona,,
precipitation is controlled by the “amount effect”, whereas
the stable isotopic ratio in non-summer-monsoon precipita- ‘" <
tion is dominated by the “temperature effect” (Tian et al., i
2003, 2007). The non-monsoon season precipitation asso
ciated with the westerlies at Nyalam station accounts for s
53 % of its total annual precipitation. This site is nearby the
DSP glacier; thus we speculate that the proportion of non- |- - o
monsoon season precipitation at the DSP core is also con-_ | e A R
siderable. As a result, we conjecture that the stable isotopic * %08 oo e
record in the DSP core is influenced substantially by winter ’
westerlies. On the other hand, the proportion of summertime=ig. 5. Composite analysis of moisture flux (multiplying by wind
precipitation at Dingri station accounts for more than 90 % vector and specific humidity) at 400 hPa level during the winter—
of its annual precipitation. Dingri is nearby the ER glacier; Spring season (February to April) between years with higher and
therefore we suggest that summer monsoonal precipitatiotPer Dasuopu accumulation rate (higher minus lower). The filled
dominates at the ER glacier and the ER stable isotopic recor§l!2ck circle indicates the DSP core drilling site.
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 climato- the winter—spring season precipitation at the DSP site is sig-
logical interpretations of the DSP and ER ice-core stable isonificantly influenced by moisture transport from the west-
topic records. In the following two sections (Sects. 4.2.2 anderlies. Moreover, we calculated the correlation between the
4.2.3), we further investigate how the winter westerlies andDSP accumulation rate and the winter—spring season precip-
the ISM impact the DSP and ER ice-core isotopic records,itation amount derived from the GPCC monthly precipitation
respectively. data beginning from 1951. However, no significantly positive

correlation was found over the western Himalayas (figure not
4.2.2 Influence of winter westerlies on the DSP isotopic  shown), which may be due to the recently increasing contri-

NT7 = > s
Vo x

‘‘‘‘‘‘‘

record bution of the ISM precipitation to the DSP precipitation or
sparse precipitation observations over the high Himalayas.
To attest the control of winter westerlies on the D3SO, we In order to verify the increasing impact of the ISM circu-

first performed a composite analysis of moisture flux duringlation on the DSP accumulation rate at#{§O record begin-

the winter—spring season (February—April) using the monthlyning from 1938, which we suggest in Sect. 4.4, the corre-
NCEP/NCAR reanalysis data (wind vector and specific hu-lations of the DSP accumulation rate vs. summer monsoon
midity). Here, we choose February—April as the winter— season precipitation and the DSE¥0 record vs. the mon-
spring season because the non-monsoon precipitation peaoonal precipitation were also calculated based on the GPCC
occurs during these months (Fig. 3). To define the highemonthly precipitation data beginning from 1951, as shown
and lower DSP accumulation rate years, the DSP accumuin Fig. 6. As we expected, we find a weak but significant
lation rate record was standardized by subtracting the meapositive correlation between the DSP accumulation rate and
and dividing by the standard deviation (SD). A year with a the monsoonal precipitation over the north-central India over
value >1.0SD is defined as a year with higher accumulathe period of 1951-1996 (Fig. 6a). Additionally, we also find
tion rate, while a value <1.0 SD is defined as a year with a significantly negative correlation between the DSBO
lower accumulation rate. Based on this division, there are Yecord and the summer monsoon rainfall along the southern
years with higher DSP accumulation rate (1952, 1953, 1968slope of the Himalayas (Fig. 6b). Concerning the increasing
1970, 1972, 1975, 1976, 1980, and 1981) and 8 years witltontribution of the ISM precipitation to the DSP precipita-
lower DSP accumulation rate (1954, 1956, 1957, 1965, 1979tion during recent decades, this will be discussed in detail in
1982, 1984, and 1994). Figure 5 shows the composite analySect. 4.4.

sis result of the winter—spring season mean moisture flux at It is well known that the midlatitude westerlies are closely
400 hPa level between years with higher and lower DSP acrelated to North Atlantic Oscillation (NAO). NAO is de-
cumulation rate (higher minus lower). It is clear that moisturefined by the difference in pressure between the permanent
transport from the westerlies — originating in the northern At- high-pressure system located over the Azores (Azores High)
lantic Ocean passing through northern Africa, Arabia, Iran,and the permanent low-pressure system located over Ice-
Afghanistan, Pakistan, and the Tibetan Plateau — is strongdand (Icelandic Low). When the NAO index is high, a large
when the DSP accumulation rate is higher, suggesting thapressure difference between the two places induces stronger

The Cryosphere, 8, 289301, 2014 www.the-cryosphere.net/8/289/2014/
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higher snowfall there, and vice versa. We calculated the cor-
relation between the DSP accumulation rate and an NAO in-
dex (Luterbacher et al., 2002) during the non-monsoon sea-
son beginning from 1813 and find a good negative correlation
(r =—0.216,N =184, p =0.003) (Fig. 2e and f), proving
the control of the westerlies on the DSP precipitation.

As a result, stronger (weaker) westerlies over the mid-
low latitudes not only bring higher (lower) precipitation but
also lead to a colder (warmer) temperature environment in
the western Himalayas because of more (less) and colder air
mass invasion. These temperature variations could lead to
8180 variations if the temperature effect was at play as sug-
gested by previous studies (Thompson et al., 2000b; Davis
et al., 2005). Although most researchers have suggested that
the temperature effect at the DSP site is significant (Thomp-
son et al., 2000b; Davis et al., 2005), they have not delimited
a specific region where the temperature is positively corre-
lated with the DSR180 record and only presented a good
correlation between the DSP80 record and the Northern
Hemisphere temperature (Thompson et al., 2000b; Davis et
al., 2005). In order to determine where the temperature is cor-
related with the DSB180 record, we calculated the correla-
tion between the DSF80 record and mean air temperatures
during the non-monsoon season at different pressure levels
deriving from the 20th century reanalysis (V2) data. Surpris-
ingly, there is no correlation between the D8BO record
and air temperature over the regions adjacent to the DSP site.
Nevertheless, we find a good positive correlation region over
the Azores High area and its adjacent regions between the
DSP4180 record and air temperatures in the mid-low tropo-
sphere (from 850 to 300 hPa level). Moreover, the positive
correlation region is stable at different pressure levels. Be-
cause the DSP core elevation is very high (7200 ma.s.l.), we
| only present the correlation coefficients at 400 hPa level as a
5N St demonstration, shown in Fig. 7. The higher (lower) air tem-

60E 65E 70E 75E 80E 85E 90E 95E 100E . . . -
perature over the Azores High region may imply the position
Fig. 6. Correlation coefficients of the DSP accumulation rate vs. Of Azores High shifting northward (southward) in response
summer monsoon season precipitagayand the DSB80 record  t0 the northward (southward) shifting of the westerlies. Thus,
vs. the monsoonal precipitatiqh) over the period of 1951-1996. Such a positive correlation region may indicate a close rela-
Grey shading indicates correlation significance at 95 % confidencdionship between the NAO and the DS¥O record. Accord-
level. The filled black circle indicates the DSP core drilling site. ing to previous studies, there is a good positive correlation
Summer monsoon precipitation data are from the GPCC monthlyhetween the NAO index and the Northern Hemisphere tem-
prec_ipitation data set from 1951—present withP2x01.0° resolution perature (Hurrell, 1996; Gimeno et al., 2003), which may ex-
(available ahittp://gpce.dwd.de plain why there is a good correlation between the B&®
record and the Northern Hemisphere temperature found by
previous studies (Thompson et al., 2000b; Davis et al., 2005).
westerly flow over the mid-high latitudes, leading to storm However, the link between westerlies and temperature does
tracks shifting northward and the mid-high-latitude Europe not prove that DSB*20 should respond to temperature.
undergoing milder winters but more frequent rainfall. When As a result, changes of moisture transport trajectory of
the NAO index is low, storm tracks shift southward, and the winter westerlies associated with the NAO may be more
westerlies enhance over the mid-low latitudes, which resultdmportant than the local air temperature in controlling the
in colder winters but more rainfall in southern Europe, the DSP§'80. When the mid-low-latitude winter westerlies are
Mediterranean, and northern Africa. Hence, stronger weststronger (corresponding to a low NAO index), more va-
erlies over the mid-low latitudes transport more and colderpor originating from ocean (the Atlantic Ocean) will be
air masses eastward into the western Himalayas and bringansported into the western Himalayas, leading to higher
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to May) at 400 hPa level beginning from 1871. The monthly air tem- e e A
perature data with 2:0x 2.0° resolution are from the 20th century | T T K N
reanalysis (V2). Grey shading indicates correlation significance at % 1005 110B: 120
95 % confidence level. The filled black circle indicates the DSP core

drilling site.

Fig. 8. Composite analysis of summer mean (June to September)
moisture flux (multiplying by wind vector and specific humidity) at
400 hPa level between years with higher and lower ER accumula-
accumulation rate and lower DSP20. Conversely, when tion (higher minus lower). The filled black circle indicates the ER
the mid-low-latitude winter westerlies are weaker (corre- core drilling site.
sponding to a high NAO index), less oceanic moisture and
more continental recycling vapor from northern Africa, the
Mediterranean, and western Asia will be transported into theER accumulate rate years based on the same method as
western Himalayas, resulting in lower accumulation rate andused for the DSP accumulation rate. There are 10 years with
higher DSPs180. higher ER accumulation rate (1956, 1957, 1963, 1964, 1965,
The influence of moisture from winter westerlies on iso- 1969, 1970, 1978, 1981, and 1983) and 8 years with lower
topic composition in precipitation at the DSP site is also ER accumulation rate (1953, 1954, 1955, 1968, 1979, 1985,
supported by the second-order isotopic parameter, deuteriurh987, and 1990). Figure 8 shows the composite analysis re-
excess, defined as d-excessD-85180 (Dansgaard, 1964). sult of the summer monsoon season mean moisture flux at
The moisture from westerlies originating in the Atlantic 400 hPa level between years with higher and lower ER accu-
Ocean is enhanced by the Mediterranean evaporation dumulation rate (higher minus lower). It is clear that the ISM
ing its being transported eastward. The d-excess value in thgnoisture flux from the Arabian Sea, via northern central In-
mixing vapor (Atlantic vapor plus the vapor evaporated from dia, to the central Himalayas is stronger when the ER accu-
the Mediterranean) is generally high due to the isotopic dis-mulation rate is higher, and vice versa, indicating that the pre-
equilibrium between the moisture in the atmosphere and thagipitation at the ER core site is significantly influenced by the
of the Mediterranean Sea water body resulting from strong'SM moisture transport. In addition, the correlation between
temperature contrast between them (Gat and Carmi, 197Ghe ER accumulation rate and summer monsoon season pre-
Rindsberger et al., 1983; Gat et al., 2003). For instance, th€ipitation is also analyzed based on the GPCC monthly pre-
average value of d-excess in the 50 vapor samples collectedipitation data beginning from 1951, as shown in Fig. 9a.
over the Mediterranean Sea during winter of 1995 is as highlt is clear that strongest positive correlation occurs over the
as 21 %o (Gat et al., 2003), which is close to the average valu@orthwestern region of India (i.e., the core region of the In-
of d-excess (20 %o) in winter precipitation at Nyalam station dia Low), which is in agreement with the correlation analysis
nearby the DSP core site (Tian et al., 2005, 2007). Previoudetween the ER accumulation rate and the summer monsoon
investigations suggest that the d-excess values of snow plainfalls over the four northern sub-India regions (Table 1).
samples from the DSP glacier as high as 17.3 %o (Tian et al.This suggests that precipitation at ER core site is controlled
2001). The high d-excess values in precipitation at or nearbypy the large-scale ISM circulation.
the DSP core site suggest that the influence of the westerlies In order to check the influence of the ISM circulation sys-
is significant at the DSP site. tem on precipitation at the ER core site on a longer timescale,
we calculated the Indian Low intensity as the summer (June
4.2.3 Influence of Indian summer monsoon on the ER to September) mean sea level pressure over the core region of
isotopic record the Indian Low (20-30DN, 60—90 E) based on the monthly
20th century reanalysis sea level pressure data beginning
To further verify the dominant ISM control on the B0, from 1871, as shown in Fig. 2b. It is clear that the Indian
we also first performed a composite analysis of moisture fluxLow intensity is completely opposite to the ER accumulation
during the monsoon season using the monthly NCEP/NCARrate: lower Indian Low pressure (in response to stronger ISM
reanalysis data. Similarly, we defined the higher and lowercirculation) corresponds well with higher ER accumulation

The Cryosphere, 8, 289301, 2014 www.the-cryosphere.net/8/289/2014/



H. Pang et al.: Influence of regional precipitation patterns on stable isotopes 297

along the southern slope of the Himalayas (a long, narrow
region) (Fig. 9b). Interestingly, we also find a similar such
long, narrow correlation belt along the southern slope of the
Himalayas between the DSPPO record and the monsoonal
rainfall over the period of 1951-1996 (Fig. 6b). Note that the
narrow-band negative correlation region along the southern
slope of the Himalayas between the ER (DSHP)O record

and the summer precipitation does not overlap with the posi-
tive correlation region in the northwest (north-central) of In-
dia between the ER (DSP) accumulation rate and the summer
precipitation. This suggests that summer monsoon precipi-
tation 180 over the high Himalayas is probably controlled
by precipitation processes associated with deep convective
activities over the southern slope of Himalayas due to its
very steep topographic gradient, where the heavy isotopes in
vapor are washed out strongly by intense precipitation pro-
cesses.

Relative to high d-excess values in precipitation at the DSP
site, the averaged d-excess value of the ER core over the
period of 1813-2001, 9.3 %0, is much lower. This lower d-
excess in the ER core is probably attributed to the high hu-
midity over the ISM moisture source region. Recently, Pang
et al. (2012) also indicated that the interannual variation of
d-excess in the ER core is primarily controlled by the ISM
moisture transport.

0.1

4.3 Potential mechanisms for regional precipitation
patterns

4.3.1 Unique geographical features associated with
different precipitation seasonality along the
Himalayas

The weather systems responsible for wintertime precipita-
tion in the western Himalayas are the western disturbances
(Gupta et al., 1999). They are westerly upper-tropospheric
synoptic-scale waves, originating as cut-off lows (i.e., a
mer monsoon season precipitati@) and the ERS180 record vs. closed low that has becomg completely displaced (_CUt off)
the monsoonal precipitatiqiv) over the period of 1951-2001. Grey from and moves eastward independent of the basic west-

shading indicates correlation significance at 95 % confidence level€rly current) over the region adjoining the Caspian Sea (Rao,
The filled black circle indicates the ER core drilling site. Summer 2003). These systems intrude into the western Himalayas via

monsoon precipitation data are from the GPCC monthly precipita-the notch (30-3235N, 70-75 E) formed by the Himalayas
tion data set from 1951-present with 1.9 1.0° resolution (avail-  and the Hindu Kush mountains (Lang and Barros, 2004).
able athttp://gpcc.dwd.de Many disturbances are split into two or more secondary sys-
tems by interaction with the mountains in the western Hi-
malayas when they migrate eastward. Snowstorms are gen-
rate, and vice versa (Fig. 2b and c). The negative correlaerally related to the terrain-locked low-pressure disturbances.
tion between them is very significant£ —0.663,N =131, As a result, most moisture may precipitate over the western
p <0.001), which suggests that the influence of the ISM cir- Himalayas because of the orographic capture of snowstorms,
culation on precipitation at the ER site is dominating. leading to more wintertime precipitation over the western Hi-
Finally, we calculated the correlation between the£#0 malayas than over the eastern Himalayas, as shown in Figs. 3
record and summer monsoon season rainfall based on thand 4.
GPCC monthly precipitation data beginning from 1951, as A numerical simulation of a representative snow event
shown in Fig. 9b. We find a significantly negative correlation suggests that significant wintertime precipitation over
between the ER80 record and summer monsoon rainfall the central Himalayas only occurs when the western
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Fig. 9.Correlation coefficients of the ER accumulation rate vs. sum-
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disturbances evolve to a favorable geometry with respect to As a result, with elevation rising in the central Himalayas,
the mountains (Lang and Barros, 2004). The DSP core ighe potential increase in wintertime precipitation associated
located on the Mt. Shishapangma ridge, which extends irwith the westerlies and the decrease in summertime precip-
a northwest—southeast direction. The DSP core faces reldtation related to the ISM probably lead to larger proportion
tively low terrains in the south and west (Fig. 1b), which of wintertime precipitation than the summertime precipita-
provides a broad space for the western disturbances invadintjon at the DSP core site.

and developing. Furthermore, the northwest—southeast ridge

of Mt. Shishapangma is diagonal to the flow of the wester-4.4 Variations of winter westerlies and Indian summer

lies, which is favorable for interacting with the western dis- monsoon during the past two centuries recorded by
turbances. As a consequence, the local favorable orographic  the Himalayan ice core accumulation

conditions may result in significant wintertime precipitation

at the DSP core site. On the other hand, the ER core was rés00d correlation between the ER accumulation rate and the
trieved from the East Rongbuk Col on the northeast ridge ofindian Low intensity over the period of 1813—-2001 indicates
Mt. Qomolangma. The very high west and southeast ridgeshat the high ridges of Mt. Qomolangma are effective topo-
of Mt. Qomolangma (Fig. 1b) may constrain the western dis-graphical barriers between the westerlies’ precipitation and
turbances in the southern slope of Mt. Qomolangma ridgesthe ER core site. Low ER accumulation rate before 1938 cor-
which thus leads to little wintertime precipitation at the ER responds to the weak Indian Low intensity and high ER ac-
core site. In other words, the ER core site is equivalently situ-cumulation rate beginning from 1938 is in response to the In-
ated in the leeward slope (rain shadow region) of the westermlian Low intensifying (Fig. 2b and c). Furthermore, the weak
disturbances. Therefore, the DSP core site is heavily influ{strong) ISM/low (high) ER accumulation rate seems to cor-
enced by the western disturbances whereas the ER core respond to the relatively lower (higher) Northern Hemisphere
not. The much greater accumulation rate at the DSP core siteemperature based on their trends (Fig. 2a, b, and c). This

than that at the ER core site supports our conclusion. suggests that the ISM intensity over the central Himalayas
may weaken in a cold climate and intensify in a warm cli-

4.3.2 Altitudinal differences in westerly vs. mate. The overall increase trend of the ER accumulation rate
monsoon moisture sources during the past 200 yr may reflect the ISM circulation inten-

sifying from the Little Ice Age (LIA) cold climate to the to-

Previous studies have shown that most annual precipitatioy,y s’ global warming climate. Global circulation models also
at low altitudes of the central Himalayas falls during th_e ISM predict an increase of the summer monsoon precipitation in
season (Shrestha, 2000; Lang and Barros, 2004), while Langjigh Asia as a consequence of global warming (Meehl and
and Barros (2004) found that high elevations (> 3000 m a's'l'Mashington 1993 Hu et al., 2000).
in the central Himalayas can receive up to 40 % of their an- | comparison with the contribution of ISM precipitation
nual precipitation during winter. The result seems to imply 15 precipitation at the DSP site, the contribution of winter
that wintertime precipitation associated with the western disosterlies may be more important. Although there exists a
turbances in the central Himalayas increases with rising ele+qg m elevation difference between the DSP and ER sites
vation. The local advantageous topographic conditions mayye gitference in summer monsoon precipitation between the
cause considerable wintertime precipitation to fall at the DSPy,,4 sites may be small, as the convective system associ-
core site (7200ma.s.l.). However, the local unfavorable oro-yeq with the ISM precipitation can reach a high elevation.
g_raphm conditions may result in little Wlntert|me precipita- \ve therefore suppose the summer precipitation amount at
tion at the ER core site (6518 ma.s.l.), as mentioned above.io psp site equals that at the ER site. In addition, we as-
According to investigation on altitudinal distribution of the ¢, e the non-monsoon precipitation ratio to annual precip-
ISM rainfall in the central Himalayas, Dhar and Rakhechajaiion at the ER site is 20 % based on the result in Fig. 4.

(1981) indicated that the zones of maximum rainfall 0CCUr gageq on the above assumptions, we can calculate the con-
near the foothills at an elevation of 2000 to 2400 ma.s.I.. Bejnytion of the westerlies to precipitation at the DSP site us-

yond the elevation, summer monsoon rainfall decreases CONng the ER accumulation rate data. For instance, the aver-
tinuously as elevation increases until the Great Himalayandge DSP accumulation rate is 1.66 mi.e-yand the aver-
Range is reached. The result suggests that the ISM precipLﬁ-lge ER accumulation rate is 0.34 mi.e:¥over the period
tation above the elevation of 2400 ma.s.l. decreases signifigs 1813-1879; correspondingly, the proportion of precipita-

cantly with rising elevation in the central Himalayas. Never- i, associated with the westerlies at the DSP site is about
theless, the 700 m elevation difference between the DSP an§4 %. Similarly, the proportion is 78% over the period of

ER ice core sites may cause little difference in summer MoN-1gan_1937. and 48 % over the period of 1938-1996. It is
soon precipitation between the two sites because the convegjgie\yorthy that the proportion of the westerlies’ precipita-
tive activity associated with the ISM precipitation can reachjon at the DSP site during the period 1938—1996 is compa-
a high elevation. rable with the non-monsoon precipitation ratio to annual pre-
cipitation (53 %) at Nyalam weather station, suggesting that
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our estimation of the contribution of the westerlies to DSP and colder vapor into the western Himalayas and lead to
precipitation is likely reliable. The very high DSP accumula- higher DSP accumulation rate and lows#f0O value, and
tion rate/proportion of the westerlies’ precipitation over the vice versa. However, the ER core site receives more precipi-
period of 1813-1879 indicates that the westerlies’ intensitytation from the ISM due to moisture from the westerlies be-
over the central Himalayas is strong under the condition ofing shielded by the high ridges of Mt. Qomolangma, which
the latter part of the LIA cold climate (Fig. 2a and f). The causes the ER'O record to show a significant amount ef-
relatively low DSP accumulation rate and evident decreasdect. As a result, the past different interpretations of the sta-
of the proportion of the westerlies’ precipitation over the pe- ble isotopic records from the DSP and ER core sites may not
riod of 1938-1996 suggest that the westerlies’ intensity overbe incompatible, which can be explained by the contrasting
the central Himalayas is weak under the condition of the to-precipitation seasonality at the two sites. Nevertheless, the
day’s global warming climate (Fig. 2a and f). The general conclusions of the paper are only representative of the two
decrease trend of the proportion of the westerlies’ precipita-specific Himalayan ice core locations, which are not applica-
tion at the DSP site over the past two centuries may reflect théle to other low-latitude ice cores.

gradual decrease of the westerlies’ intensity over the central

Himalayas, which may correspond to gradually northward
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