13

by He Yuanging, Yao Tandong, Cheng Guodong, and Yang Meixue

Climatic records in a firn core from an Alpine
temperate glacier on Mt. Yulong, southeastern
part of the Tibetan Plateau
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Mt. Yulong is the southernmost glacier-covered area in Asian southwestern monsoon climate. Their total area is 11.81 km
Eurasia, including China. There are 19 sub-tropical The glaciers resemble a group of flying dragons, giving Mt. Yulong

temperate glaciers on the mountain, controlled by the (hite dragon) as its name. - _
Many explorers, tourists, poets and scientists have described

southwestern monsoon climate. In the summer of 1999 yulong from different points of view (Ward, 1924; Wissmann,
a firn core, 10.10 m long, extending down to glacier ice, 1937). However, as they were unable to cross the extremely steep

was recovered in the accumulation area of the |argestmountain slopes and the forested area to the glacier above 4000 m
a.s.l., some reported data were not correct. Most of the literature has

g_Iacier, Baishui No.1. Periodic variations of climatic f5cyssed on the alpine landscape and the snow scenery, and there are
signals above 7.8 m depth were apparent, and net accufew accounts of the existing glaciers. Ren et al (1957) and Luo and

mulation of four years was identified by the annual Yang (1963) first reported the distribution of these glaciers and of

illati f isotopi d ioni iti Th the late Pleistocene glacial landforms. To clarify the scale of glacia-
oscillations of I1sotopic and 1onic compaosiuon. € tionin China during the Quaternary, Xie and Cui (1989) investigated

boundaries of annual accumulation were confirmed bythe distribution of Quaternary glacial landforms and Ice Ages. Pu
higher values of electrical conductivity and pH, and by (1994) produced a glacier inventory of the region. In 1982, a glacio-

. . . _logical research group, composed of personnel from the Lanzhou
dirty refreezing ice layers at the levels of summer sur Institute of Glaciology and Geocryology, Chinese Academy of Sci-

faces. Calculated mean annual net accumulation fromences, and the Geography Department of Lanzhou University, car-
1994/1995 to 1997/1998 was about 900 mm waterried out relatively detailed, but short-term, observations related to

; ; ; ; ot ; existing glaciers, the snow cover and evidence of historic glacier
equivalent. The amplitude of isotopic variations in the variations on Mt. Yulong (Li and Su, 1996). Since 1996, Mt. Yulong

profile decreased with increasing depth, and isSotopic has heen developed into a famous glacier park in China, open to
homogenization occurred below 7.8 m as a result oftourists from different parts of the world, and it provides excellent

meltwater percolation. Variations @80 above 7.8 m conditipns for_glaciological investigations. To meet the requirements
P of glacial tourism, Zhao et al. (1999) and Zheng (2000) summarized

ShO\_’Ved an appr_(_?ximate qorrelation with the winter cli- the features of glacial geomorphology and the course of glaciation
matic trend at Lijiang station, 25 km away. Concentra- during the Pleistocene.
tions of C&* and M92+ were much higher than those of Several advanced methods, such as the analysis of environmen-

T . . . tal records in snow and ice, quantitative analysis of hydrochemical
+ + m - > ’ .
Na" and K', indicating that the air masses for precipi changes, monitoring of recent glacier changes and measurements of

tation were mainly from a continental source, and that mass balance, have not been applied in glaciological studies on Mt.
the core material accumulated during the winter period. Yulong. In particular, there is a dearth of measured climatic data

. P from above 4500 m a.s.l. In order to fill these gaps and to start a new
The close correspondence of @hd N indicated study of contemporary processes at temperate glaciers in China,

their common origin. Very low concentrations 0f480  fieldqwork based on ice core drilling was carried out between June
and NG suggest that pollution caused by human activ- and July 1999. A shallow core, 10.10 m long, through firn to glacier
ities is quite low in the area. The mean annual net aCCU_ice, was recovered in the accumulation area (4950 ma.s.l.) of the
. ) - . largest glacier on Mt. Yulong, Baishui No.1 (Figure 1). Here we
mulation in the core and the estimated ablation indicate tocys on the significance of the climatic signals recorded in the core.
that the average annual precipitation above the glac-
ier’s equilibrium line is 2400—-3150 mm, but this needs

to be confirmed by long-term observation of mass bal-

Climate and glaciers in the study area

ance. There are 15 glaciers, with a total area of 10.88, kan the eastern
slope of Mt. Yulong. The largest one, Baishui No.1, has an area of
Introduction 1.52 kn? and a length of 2.7 km (Figure 1). The broad, flat accumu-

lation area covers about 1.0 knThe altitude of the equilibrium line

is around 4800 m and the glacier ends at about 4100 m. Abundant
Mt. Yulong, located in the Hengduan Mountain Range, north of crevasses in the ablation area reflect the very active glacier motion.
Lijiang,  Yunnan Province, China  (27°10'-27°40'N; Mt. Yulong is located in the subtropical zone influenced by the South

100°07'-100°10'E), is the southernmost glacierized area in EurasiaAsia/lndian monsoon, and most precipitation falls between June and
There are 19 temperate glaciers on the mountain, controlled by theSeptember, originating from moisture-rich air masses of the south-
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Figure 1 Distribution of glaciers on Mt. Yulong (right) and the largest glacier, Baishui No.1, with the 1999 drilling sitlén
accumulation area (left).

eastern summer monsoon. Winter is relatively dry, controlled by thethe Laboratory of Ice Core and Cold Region Environment, Chinese
winter monsoon of continental origin. Academy of Sciences, and kept in a cold room aiG2mtil 5180,

The measured data of mean annual temperature and precipitaNa*, C&*, Mg?*, CI, conductivity and pH values were determined
tion at Lijiang meteorological station (2393 ma.s.l.), 25 km from Mt. using a Finngan MAT-252 Spectrometer (precision 0.5%o), Dinex-
Yulong, indicate the climatic trends in the region in the past 50 years100 chromatography (precision 0.1%), 2380 Atomic Absorption

(Figure 2). The mean annual temperature is €2.&ith a positive Spectrophotometer (precision 0.2%), conductivity and pH meters.
mean temperature in every month. According to the upper air data atrhe results are shown in Figures 3 and 4.

Lijiang station, at 5400 m, the mean annual temperature is about -

7.5C and the mean temperature is belo® b every month. The Stable oxygen isotopes

mean annual temperature around the equilibrium line (4800-5000

ma.s.l.) is -3.%C to -4.7C (Wang, 1996). Using the 772 mm multi-  The distribution o®'€0 values in the core (Figure 3) displays peri-
year mean precipitation at Lijiang station and a calculated gradientodic variations. These are the largest between the surface and 3.5 m
of 103.3 mm/100 m of precipitation, Su and Pu (1996) estimated thatdepth. The amplitude of the variations decreases from 3.5 m to 7.8
the precipitation above the equilibrium line ranged between 2383 m, below which thé'80 values have been smoothed and no varia-
mm and 2590 mm. These climatic conditions make Mt. Yulong the tions are apparent. This resembles the general distributidtof
southernmost region for development of glaciers in China. The glac-values in snow and ice in the accumulation areas of temperate glaci-
iers on Mt. Yulong are characterized by large amounts of accumula-ers (Oerter et al., 1985; Delmas et al., 1985; Wagenbach, 1989; He,
tion and ablation, high temperatures, basal sliding and rapid move-1993; He and Theakstone, 1994; Raben and Theakstone, 1997, Mat-

T9e9nés they are typical sub-tropical temperate glaciers (Li and Su,suoka, 1999). Five net accumulation layers could be identified from

13.4 1400

Methods and results 1.2 Precipiaton { 1200
13

On July 2, 1999, a 10.10m long core was drille 1,
4950 m in the accumulation area of the gle 2'*® Lo 2
Baishui No. 1, using a US-made PICO corer. 3, 2
samples, each 0.1 m long, were collected. The 2 |0 &
ples were processed in the field by cutting wi Si2.4 £
clean stainless knife, to obtain a contamination Température 1 400
centre sample. Table tops and tools were moc 12:2
or covered with plastic. Samples then were tr 2| 1 200
ferred to polyethylene bags for further process
Each sample was melted at about®@h a clear 1.8 - : : : : . - : . 0
pIaStiC bag, and the meltwater was pOUred ir 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Year

pre-cleaned high-density polyethylene bottle;
bottle top was sealed with wax to avoid evapor: Figure 2 Mean annual temperature and precipitation at the Lijiang meteorological
or diffusion. Bottled samples were transporter station, 25 km north to the Mt. Yulong, 1951-1998.
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summer surfaces identified by chemical analyses.

point in the uppermost 2 m of snow, but decreased to below 0°C
between 2.0 m and 8.2 m. There was a slight increase below 8.2 m.
Figure 3  Profiles of 880, C&*, Mg?*, pH and conductivity — These observations indicate a stronger influence of meltwater perco-
values in the 10.10 m core collected in 1999, with the identified net lation in the uppermost 2.0 m and a reduced effect below that depth.
accumulation of five years. 5180 values between the surface and 7.8 m are roughly corre-
lated with the variations of temperature and precipitation at Lijiang
station during the winter months between the balance years of
998/99 and 1994/95 (Figure 5). The within-year variatiorts-%d
alues suggest a warmer period between October and November, a
colder period from December to February and a warmer period
between March and May during the winter season of each balance
ear. Below 7.8 m, however, the climatic records are smoothed as a
&sult of a slowly occurring homogenization process.

the periodic variations of th&80 values in the core, with their
abrupt changes between higher and lower values. These were
depths of 0-2.0 m, 2.0-3.2 m, 3.2-5.0 m, 5.0-6.5 m and 6.5-7.8 m
corresponding to the balance years 1998/99, 1997/98, 1996/97
1995/96 and 1994/95, respectively. The top of each layer can b
regarded as the summer surface of the associated balance year. T
uppermost layer was still influenced by summer melting. The net
accumulation of the previous four years was 1.2 m, 1.8 m, 1.5 m andgnjc analysis
1.3 m; these values correspond well with some peak values of con-
ductivity, pH and ionic concentrations (Figure 3). The locations of Analyses of the main cations (€aMg?*, Na") revealed a pro-
the summer surfaces were confirmed by the dirty melted-refreezingnounced correspondence between cationic concentrations and the
ice layers observed at those depths during structural observations agotopic profile (Figure 3). Peak values of cationic content appear at
the ice core in the field (Figure 4); the ice layers in the snow and firnthe depths of identified summer surfaces and the positions of thick
included an 8.0 cm thick layer at a depth of 2.0 m and an 8.5 cm thickdirty ice layers. The highest concentrations are 8f Gand the low-
layer at 3.2 m. est of Nd. Mg2* variations are similar to that of €a Concentra-

The variations 0680 values within an annual layer represent tions of C&* and Mg+ are much higher than that of Nahis reflects
air temperature trends during precipitation events. The decreasinghe fact that more of the impurities in the core came from a conti-
amplitude between the surface and 7.8 m, and smoothed valuesental source than from a marine one. Because of the positive mean
below 7.8 m, reflect a gradual homogenization process caused bywir temperature in the study area between July and September, most
meltwater percolation. Percolation is hindered by ice layers, which materials in the core are inferred as having been deposited during the
reduce its effect on the climatic signals in the core. Thus, in recentwinter season, between October and May. Winter air masses, forced
years, climatic information has been retained in the melting snow upwards by the blocking mountain, carry more land-surface impuri-
and ice in the accumulation area of the temperate glacier. Accordingies, resulting in the higher concentrations of'Gand Mg™.
to the observations made at about 4800 m on the glacier by Su and  There is a significant relationship betweena®d N& (Figure
Pu (1996) between June and July 1982, strong ablation occurred ir6), indicating their common source. Extremely low concentrations of
the accumulation area. The temperature was close to the meltingsQ,2- and NG reflect the very slight pollution by human activity in
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the study area. S® and NG could not be detected in most of the
core samples. These two anions were found in very low concentra-
tions only at depths of 1.5 m, 4.5 m, 5.0 m, 7.4 m and 8.0 m, sug-
gesting that slight pollution is associated occasionally with some Conservation and homogenization of climatic
large-scale atmospheric events. In general, the glacier-covered arepacords in temperate snow and ice

on Mt. Yulong is well protected and little influenced by human activ-
ities; there is no heavy industry in Lijiang district and there is a full Most chemical records in snow and ice include variations caused by

Discussion

cover of vegetation. the influence of temperature conditions, accumulation amount and
L. other factors such as meltwater percolation after deposition (Bales
pH and conductivity values and Wolff, 1995; Raben and Theakstone, 1997). Accordingly, most

ice core signals cannot coincide precisely with the original natural

Jrocesses in the atmosphere. Knowledge about the processes of

chemical changes from the atmosphere through snow to ice is lim-

ited, and this makes it difficult to interpret climatic information

within ice cores quantitatively. High melting at an alpine temperate

glacier has a great effect on the distribution of climatic records in

snow and ice (He et al., 1999). Even in polar glaciers and ice sheets,

fhe climatic information has been influenced by meltwater to some

degree (Qin, 1995; Thompson et al., 1995; Hou et al., 1996).

As Mt. Yulong is located in a mild

-8 subtropical region, the low amount of
solid precipitation at high altitude melts
quickly at the glacier’s surface in sum-
mer. Thus, net accumulated snow and
ice preserved an incomplete record of a
year and the material is deposited
mainly in winter. Most signals in the
core reported here are well correlated
and clearly show climatic variations
during the period of net accumulation in
the last five years. A comparison of cli-
matic records in the firn core and local
climatic data demonstrates that the cli-

70 matic information derived from the core

1 60 is reliable (Figure 5). The gradually

1 50 decreasing amplitude of isotopic varia-

1 10 tions in the 10.10 m core reflects

homogenization of the climatic records
', 30 by meltwater percolation. The homoge-
i1 20 nization process is closely associated
with the duration and strength of melt-

A positive correlation exists between pH values and conductivity in
the core (Figure 3), with some peak values at the depths of identifie
summer surfaces. pH and conductivity values also correlate well
with the main ionic profiles, indicating that, where the ions were

concentrated, the conductivity and alkalinity of the material were
higher. In association with the isotopic profile, pH and conductivity

can be used to identify the annual boundaries of the last five balanc
years.

97/98 95/96 94/95

—
o

Temperature/ 'C
o S

Precipitation/mm

1 10
0 water percolation. In addition, it is also
J-99 S-98 M-98 J-98 S-97 M-97 J-97 S-96 M-96 J-96 S-95 M-95 J-95 0-94 related to the physical structure of the
Winter Months snow and ice (Figure 4). As mentioned
above, many refreezing ice layers, espe-

Figure 5 Isotopic variations above the depth of 7.8m in the core collected in 1999 (top) and ffg!ly dirty and thick ice layers at the
mean temperature and total precipitation at Lijiang meteorological station during winter montf9sitions of identified summer surfaces

of the balance years 1994/1995 to 1998/1999 (bottom). c';ilgltji:)endfc))lf ﬁ‘e’ﬁv\?ﬁg:‘egh‘?mqw:édp%?f'

colation and the negative temperatures

0.6 450 below 2 m have preserved the record of
Na+ —Cl- | recent years’ climatic variations. During
0.5 } 1 400 the summer, when snow and firn tem-
-4 350 peratures rise, melting may occur
0.4 k 1 300 slowly, leading to homogenization. The
percolation of meltwater also causes
- 1 250~ ions to move downwards at different
) 0.3 { 900 & rates, causing their redistribution.
= = Further studies of temporal
S 0.2 { 150'= changes of ions in snow and firn are
(&
1 100 needed. Shallow cores can lead to the
0.1 recovery of climatic records for only a
1 50 short period. However, it should be pos-
0 . : L . . . . ‘ 0 sible to find a high elevation and Iowehr
temperature site at one or more of the
0.0 1.0 20 30 40 50 60 7.0 80 9.0 10.0 1.0 |argg temperate glaciers in the Bomi
Depth /'m region of Tibet (Ding et al, 1995), where

a deep ice core can be obtained and used

Figure 6 The relationship between CGind Na' in the core from the glacier Baishui No.1 to reconstruct the climatic history of a

indicates their common source.

March 2001



17

longer period. This may provide a clear picture of the origin and his- meltwater. The variations of isotopic and ionic composition, pH and
toric evolution of the southwestern monsoon, as well as an estima-conductivity values indicate well the climatic changes during the
tion of atmospheric patterns and climatic features in the southeasterifive annual periods of net accumulation. Despite high melting of

Tibetan plateau. snow, the ice layers prevented the quick smoothing and mixture of

the climatic information, and resulted in an amplitude-reduced pat-
Estimation of precipitation in the glacier’s tern of climatic change during the winter seasons of recent years.
accumulation area The isotopic variations above 7.8 m depth correlate roughly with the

differences of winter temperature and precipitation in the most
By using multiple sources, the four years of net accumulation recent five years.
between 1994/95 and 1997/98 have been identified in the Mt. As a result of slow and gradual meltwater percolation between
Yulong core, with respective thicknesses of 1.2 m, 1.8 m, 1.5 m andthe ice layers in summer, the amplitude of isotopic oscillations
1.3 m. These are equal to the water equivalent of 819 mm, 945 mmshows a reduced trend from the surface to a depth of 7.8 m, and
1134 mm and 756 mm, respectively. With an average density ofsmoothing below this depth. This indicates a homogenization
0.63g/cnd, the mean net accumulation of the four years is 913.5 mm process of climatic signals at the alpine temperate glacier. However,
water equivalent. According to the definition of glacier mass bal- because the dense ice layers hinder percolation, the climatic records
ance, a glacier’s balance year refers to an interval between the datemaintained in the accumulated snow and firn for most recent years.
of two minimum thicknesses of the glacier (Paterson, 1981). The The concentrations of €aand Mg+ are much higher than that
date is the end of an ablation period, that is the end of summer in @f Na*, indicating that the materials in the core came mainly from a
glacier's balance year, which generally occurs at the beginning ofcontinental source and were carried by the winter monsoon. The Cl-
October. The annual firn thickness recovered in the core representand N& contents of the core were significantly correlated, reflecting
only a residual part of a year's total precipitation (net income in the their common origin. Very low concentrations of fi@nd SQ%
accumulation area). If the incomes from avalanche and wind-blownindicate that the pollution in the study area is quite slight. The rela-
snow are not considered, the annual precipitation at a high-meltingtionship between pH values, conductivity and ionic concentrations
temperate glacier equals the total accumulation: indicates that the stratigraphic positions at which ions are concen-
P=A+M+E (1) trated are more alkaline and of higher conductivity.

where P is the total precipitation for the glacier’'s balance year, A is The net accumulation in the core and the estimated snowmelt
the net accumulation for that year, M is the amount of melting, andamount in the glacier's accumulation area indicate that the mean
E is the total evaporation. annual precipitation above the equilibrium line is within the range

Between May and September, when the summer monsoon i2400-3150 mm, but this needs to be confirmed by long-term mass
dominant, there is little evaporation as the glacier's accumulation balance measurements.
area is frequently enveloped in cloud and fog. Here, therefore, the
evaporation caused by solar radiation is ignored. A significant part of
the annual accumulation of snow is removed by the strong summeACkﬂOWledgementS
melting. Here, we use the net accumulation recovered from the 10.10

m core to estimate an approximate precipitation range in the accU—rna work reported here was supported by the Innovation Fund

mulatiqn area. . . (210019) of the Cold and Arid Regions Environmental and Engi-
It is very difficult to estimate the snowmelt amount without the neering Institute, Cryospheric Changes and Their Impact on

mass balance data. As observed between 26 June and 11 July, 1982.¢5,rces and Environment in China (KZCX-2-301), Chinese
by Su and Wapg (1996), the mean daily ablation in th Iowgr part ofAcademy of Sciences, the Chinese Natural Science Foundation
the accumulation area and the area below the equilibrium line (4600(40071023) the Special Fund for Cryospheric Studies (No.3), and
m) was about 37 mm and 45 mm water equivalent, respectively, withie president's Selected Fund for Returned Overseas Researchers,
a gradient of 4 mm/100 m between them. Thus, itis inferred that theqom the Chinese Academy of Sciences. We received full support
ablation in _the middle part of the accumulation area was 25-30 MMgom the staff at the Laboratory of Ice Core and Cold Region Envi-
water equivalent. Su and Wang (1996) noted that, during theygnment of the Chinese Academy of Sciences and support from the
warmest three months in summer (June, July and August), the dayToyrism Company of Mt. Yulong during the field season in 1999.
time temperature in the accumulation area varied both positively andp, \v H. Theakstone in Manchester University gave useful com-
negatively; melting was higher in clear weather and lower in cloudy ments about the paper. Zhang Yongliang and Liu Jingshou partic-
weather. Most night-time temperatures during the ablation perlod,ipated in the fieldwork. Sun Weizhen, Sheng Wenkun, Li Fengxia

between May and September, were negative, and little snowmelty,q Wang Xiaoxiang determined @0, cationic, anionic, pH and
occurred in the two colder months. When temperatures were negagonductivity values in the laboratory.

tive, some meltwater re-froze in the snow or firn; this cannot be

regarded as a net loss. Accordingly, it is estimated that the average

daily ablation ranged between 10 mm and 15 mm, and the total neRferences

ablation for the five months from May to September was 1500-2250

mm water equivalent. The sum of this ablation range and the 900gaes, R. C., and E W. Wolff, 1995, Interpreting natural climate signals in ice
mm mean annual net accumulation recovered from the core indicates cores: EOS, American Geophysical Union, v.76, n0.47, pp. 482—483.
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. He, Y., 1993, Chemical and physical studies of accumulated snow and firn at
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