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The difference in precipitation seasonality between the
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 monsoonal
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.,
2003, 2007). The non-monsoon season precipitation asso-
ciated with the westerlies at Nyalam station accounts for
53 % of its total annual precipitation. This site is nearby the
DSP glacier; thus we speculate that the proportion of non-
monsoon season precipitation at the DSP core is also con-
siderable. As a result, we conjecture that the stable isotopic
record in the DSP core is influenced substantially by winter
westerlies. On the other hand, the proportion of summertimerig. 5. Composite analysis of maisture 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-

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
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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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Fig. 7. Correlation coefficients between the annual mean pSp “ - :Tj’\\\\\\\\:

and mean air temperature during the non-monsoon season (OcCtobeioN BEEEESRg@l - - - . . . - - ~F - - - - -

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
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