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Abstract. A large number of glaciers in the Tibetan Plateau 1 Introduction
(TP) have experienced wastage in recent decades. And thI
wastage is different from region to region, even from glacier
to glacier. A better understanding of long-term glacier vari-
ations and their linkage with climate variability requires ex-

%creased glacier melting as a result of climate warming
has occurred in many glaciers worldwide in recent decades
(Jansen et al., 2007), which not only has led to sea-level rise
hiQ some regions but also has affected large-scale hydrologi-

first tree-ring-based glacier mass balance (MB) reconstru09a| and atmospheric circulation (Jacob et al., 2012; Yao et al.,

tion in the TP, performed at the Hailuogou Glacier in south- 2007; Liu et al., 2012), and ultimately has threatened human

eastern TP during 1868-2007. The reconstructed MB is chaéafety. (Bury et a]., 2011). The Tibetan Plateap (TP) ar]d sur
acterized mainly by ablation over the past 140yr, and typi_roundlngs contain the largest number of glaciers outside the

cal melting periods occurred in 1910s—-1920s, 19305_1960£olar _regi(_)ns (Yaoetal,, 2(.).12)’ and these glaciers are largely
1970s-1980s, and the last 20yr. After the 1900s, only a-XPeriencing wastage (Fujita and Nuimura, 2011; Yao etal.,
few short periods (i.e., 1920s-1930s, the 1960s and the lat 012; Bolch et al,, 2012; Kaab et al,, 2012), which mainly

1980s) were characterized by accumulation. These variationtgppe."".r S a};ithe_ decfre:latse_ of géam%r areas, tretre_at dc.):f glact|er
can be validated by the terminus retreat velocity of Hailu- fermlnl or t'””'”g org auefrs. els' gs,twals a.geclis It eren
ogou Glacier and the ice-core accumulation rate in Guliya romregion to region, €ven from glacierto giacier due to spa-

and respond well to regional and Northern Hemisphere tem_t|aIIy heterogeneous response of glacier variation to climate

perature anomaly. In addition, the reconstructed MB is sig—Ch"‘m(-]’e (Yao etal., 2012; Fujita and Nuimura, 2011; Scherler

nificantly and negatively correlated with August—Septemberet a!., 201.1)'. Under;tandlng of the_ Io_ng.-term response of
all-India monsoon rainfall (AIR)g712008= —0.342, p < glacier variation to climate change is limited by the length

0.0001). These results suggest that temperature variability i?f o_bserved glacier records and sparse ice-core materials, es-
the dominant factor for the long-term MB variation at the pecially for the southeastern TP, where the observed glacier
Hailuogou Glacier. Indian summer monsoon precipitation record is scarce and short while ice-core materials have not

does not affect the MB variation, yet the significant negativeyet been obtained owing to complex topography. Tree rings

correlation between the MB and the AIR implies the posi- from_ glacw_:ll regions C.OUId b? a'good prc?xy for long-term
tive effect of summer heating of the TP on Indian summerglacIer variation studying (Bréuning, 2006; Xu et al., 2012),
monsoon precipitation especially for the high-resolution reconstruction of mass bal-

ance (MB) (Lewis and Smith, 2004; Watson and Luckman,
2004; Linderholm et al., 2007). MB is the difference of mass
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input (accumulation) and mass loss (ablation) on a glacier ir
one year, and can provide a way to evaluate their glaciologim."
cal response to changing climates directly (Yarnal, 1984).

In this study, we attempt to reconstruct the annual-s-
resolution MB variation at the Hailuogou Glacier in south-
eastern TP back to the past two centuries using tree-ringini.
mean latewood density (MLD) data ébies fabricollected
in the glacier region and to discuss its relationships withzon
long-term climate change.

2 Materials and methods 2N /
JFMAMJ JASOND
96°E 98°E 100°E 102°F Luding

2.1 Study area ) . ) ) )
Fig. 1. (a) Location map showing the tree-ring sites and meteoro-

The study area is located in the Hailuogou Glacier region onjogical station. Letters A, B, and C are locations of the tree-ring
the east slope of Mount Gongga (7556 ma.s.l.) in the South_sampling site in this study, tree-ring-based temperature reconstruc-
eastern margin of the TP (Fig. 1a). The H.ai.IL.Jogou Glaciertions from west Sichuan Plateau (Shao and Fan, 1999) and eastern

- g Tibet (Wang et al., 2010), respective(}a) A picture of the stud
with a length of 13.1km and an area of 25'721((ﬁh_|' 2005) area.(((:) Mogthly mean te?npergture ar%)mo‘;thly total precipita)t/ion
extends from 7556 to 29;0m a.s.l. at the terrr_unus (Zhang,, Luding meteorological station during 1957—2007.
et al., 2010), and the glacier tongue stretches into the forest
(Fig. 1b). The glacier is representative of monsoonal mar-
itime glaciers in the southeastern TP, and characterized by
both ablation and accumulation in summer (Li et al., 2010).for analysis in this study. Analyses of the tree-ring width
Most of the annual precipitation (approximately 80 %) in the and maximum late wood density (MXD) of the sampling site
region occurs during May—September, and this season hagere reported in our previous studies (Duan et al., 2010a, b).

the highest annual temperatures (Fig. 1c¢).

2.3 Climatic data and glacier mass balance data
2.2 Tree-ring data

Climate data from the nearest meteorological station (Luding
Tree-ring samples were collected from the site°@N,  station) of the study area were used (Fig. 1c). The available
102 E; 3100 ma.s.l.) of old growtAbies fabriin the Hailu-  period of the data set was 1957—-2007. The all-India monsoon
ogou Glacier region in August 2008 (Fig. 1a and b). Two rainfall (AIR) data were obtained from the Indian Institute
increment cores for each tree were extracted at the tree'sf Tropical Meteorologylttp://www.tropmet.res.)pand the
breast height. The ring width of each tree-ring sample wasdata set during 1871-2007 was used. Northern Hemisphere
processed, measured and cross-dated firstly following stanannual temperature anomaly data (HadCRUTA4) of the period
dard dendrochronological procedures (Fritts, 1976; Cook and 868—2007 were extracted from the Climatic Research Unit
Kairiukstis, 1990). After measurement and cross-dating of(http://www.cru.uea.ac.)KJones et al., 2012). The MB data
ring widths, samples were processed and measured for dert the Hailuogou Glacier were obtained from the record in
sitometric analysis following standard practices (Lenz et al.,the “Glaciers and Their Environments in China — the Present,
1976; Schweingruber et al., 1988). Sugar and resin were exPast and Future” (Shi, 2000). The period of the MB data set
tracted from the samples by soaking in°8@water for 48h.  was 1960—1993.
After air drying, cutting into sections and measuring wood
fiber angles, cores were cut into laths of 1.0 mm thicknes2.4 Methods
with a twin-blade Dendrocut. X-ray film was taken, and the
grayscale variations were measured by the DENDRO2003ree-ring MLD chronology was developed using the pro-
instrument. The optical strength was transformed to tree-ringgram ARSTAN, in which a cubic smoothing spline with 50 %
density. With the X-ray method, seven data sets were obfrequency-response cutoff at 67 % of the series length was
tained (earlywood and latewood widths, mean earlywood ancemployed to remove non-climatic, tree-age-related growth
latewood densities, maximum and minimum densities, andrends. The autocorrelation was removed from each series
total tree-ring widths) (Duan et al., 2010a). Tree-ring den-using an autoregressive model. A biweight robust mean
sity dating was based on the first cross-dating of ring widths,was applied to each series to build the residual chronology.
especially when some cores were broken unavoidably durThe expressed population signal (EPS) was used to evalu-
ing the process of sugar and resin extraction and sample seate the most reliable time span of the chronology (Wigley
tioning. A total of 22 trees and 42 cores were successfullyet al., 1984). The most reliable period of the chronology
cross-dated, and the mean latewood density (MLD) was useéstablished was based on the value of EPS more than 0.85.
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Relationship between the MLD and the MB was examined 12
using Pearson’s correlation analysis over their common pe- 1
riod. Past MB was reconstructed from tree rings using lin- "1'_ l
ear regression method. The skill of the regression model wasg 1.0+

verified using leave-one-out cross-validation method proce- < - L 40 5

(a)

density index

dure (Michaelsen, 1987). The statistics for evaluation of the ED ] 202
regression model included Pearson’s correlation coefficient 0.8 +——+—+——F—F——1+———1——+———1————+0 £
(V), sign test (ST), first diﬁerence Sign test (ST].), reduction 20001800 1820 1840 1860 1880 1900 1920 1940 1960 1980 2000 2
of error (RE) and product mean test (PMT). 1500 (®) Actual Reconstructed

1 -

.

3 Results 2 _508_:

-1000 4
3.1 MLD chronology -1500

'2000 T T T T T
The MLD residual chronology established in this study cov- BE9T e el R R
ered a period of 1814-2007. The threshold of ER®85 1500 -
corresponded to a minimum sample depth of 20 cores back . ']
to 1868 (Fig. 2a). £ 0 Tﬁwﬂﬂ

. = 500 r

3.2 Reconstruction of the mass balance -1000

-1500

Correlation analysis displayed that the MLD residual .
chronology was significantly and negatively correlated with 1500 +
the MB over the common period 1960-1993< —0.573, 1000 7
p < 0.001), and the highest correlation occurred in the pe- £ 500
riod 1960-1990( = —0.646, p < 0.001). We, using the MB § 01
as the dependent variable and the MLD residual chronology ~ -500
as the independent variable, established the linear regressio  -1000
models in periods 1960-1993 and 1960-1990 respectively. -150+——7———7——7 77—
The calibration and verification statistics showed that both 186018801900 '92%6;;)40 1960 19802000

of the two regression models passed most of the statistics

(p < 0.05 or p < 0.001), except for the ST resultp 0.1 Fig. 2 (a) MLD residual chronology ofAbies fabriand the sam-

in the period 1960—199Q; < 0.25 in the period 1960—1993) ple size. Arrow denotes the year with EB$).85. (b) Comporlson
(Table 1). The values of R andF were all significantatthe ~©f actual and reconstructed MB at the Hailuogou Glacier in the pe-
level of p < 0.001. Positive RE indicated that the two regres- riod 1960-1990(c) Reconstructed MB variability at the Hailuogou

. del hibited d skill i . MB Glacier back to 1868 (black column) and its 95% confidence in-
sion models exhibited good skill in reconstructing past terval (gray shade). Red line represents the 10yr FFT (fast Fourier

(Fritts, 1976). The PMT values, a measure of the sign andransform) smoothing curvéd) Comparison of the reconstructions
magnitude of departure from the calibration mean, were alsgyased on the two regression models (Model 1, period 1960—1993;
significant at the 0.01 level. The ST1 results were also sig-Model 2, 1960—-1990) over the period 1868—2007.

nificant at the levelp < 0.05. Durbin—Watson (DW) statis-

tics obtained from the two periods (2.42 and 2.26) denoted

no first-order autocorrelation in the model residuals. Thesga main month of influencing latewood density) in the pe-
results demonstrated that both of the two regression modriod 1991-1993 is relatively higher than the mean value of
els had good predictive skill in the reconstruction, and thethe period 1960-1990 (the September temperature in 1992 is
second model (i.e., in period 1960-1990) was better. Thanore than the mean plus 1.1 SD of the period 1960-1993),
second model showed that better results might be related tahich produced the higher MLD. Consequently, both high
the anomalous climate in the period 1991-1993. Based oMLD and high MB occurred in the period 1991-1993 (es-
the climate data of the nearest meteorology station (Luding)pecially in 1992), which is contrary to the relationship of
we found that the cold-season precipitation (from previousMLD with MB over the period 1960-1990 and resulted in
October to current March) in the period 1991-1993 is rel-the diluting of the result. In order to examine if using the two
atively higher than the mean cold-season precipitation ovemodels could result in a divergence over the reconstruction
the whole period 1961-1993 (the cold-season precipitatiorperiod, we compared the reconstructions (1868—2007) based
in 1991-1992 is more than the mean plus 1.1 standard devien the two models (Fig. 2d). The result shows that there is
ation (SD) of the period 1961-1993). This could be conduc-no divergence over the reconstruction period, and the sec-
tive to the high MB. Meanwhile, the September temperatureond model (period 1960-1990) presents a better ability to

— 1 T T T T T T T
860 1880 1900 1920 1940 1960 1980 2000
(d)

Model 1 1960-93 Model 2 1960-90
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Table 1. Calibration and verification statistics for the regression model.

; 2 2
Period r R Radj

1960-1993 -0.573 32.8% 30.7% 15.6 21+/13— 23+/10- 254 0.24 242
1960-1990 -0.646 41.7% 39.7% 20.7 21+/10- 22+/8- 270 0.34 2.26

F ST ST1 PMT RE DW

r: correlation coefficientr?: explained variance?gdj: explained variance after adjustment for degrees of freedom;

F: F statistic for regression model significance; ST: sign test; ST1: first difference sign test; PMT: product mean test;
RE: reduction of error; DW: Durbin—Watson statistic.

capture the anomalous high and low value of the reconstrucMLD correlated positively with May—September tempera-
tion. Therefore, the MB was reconstructed back to 1868 usture (1957-2007= 0.607, p < 0.0001) and negatively with
ing the second model. The reconstruction explained 41.7 %August—September{gs7_2007= —0.317, p < 0.05) precip-
of the recorded MB variance in period 1960-1990. A visualitation. The correlation coefficient between the MLD and
comparison between the recorded MB and the reconstructeMay—September precipitation iSgs7-2007= —0.164 (p =
MB also suggested the reconstruction tracked well the actuad.265). Meanwhile, the MB correlated negatively with May—
MB values (Fig. 2b). The reconstructed series was characteiSeptember temperature;dsz_2007= —0.574, p < 0.001).
ized by general ablation during the past 140 yr. Typical melt-The correlation coefficient between the MB and May-
ing periods occurred in 1910s-1920s, 1930s—1960s, 1970sSeptember precipitation i81957-2007= 0.180 (p = 0.33).
1980s, and the last 20 yr (Fig. 2c¢). These results indicated that high May—September tempera-
In order to reveal the variation process of the MB over thetures (especially August—September temperature) were con-
past 140yr, the cumulative mass balance (CMB) was calcuducive to photosynthesis, and contributed to latewood cell
lated (i.e., the MB was accumulated from the first year). Thewall thickening and production of higher latewood density
resultant series showed an obvious ablation trend over théDuan et al., 2010a), and vice versa. In contrast, high sum-
past 140yr, especially since the 1900s. The persistent ablaner temperature could accelerate the melting of glacier.
tion since the 1900s was only reversed at three short interWarming-induced fast retreat of the terminus at the Hailu-
vals (i.e., 1920s-1930s, 1960s and the late 1980s) (Fig. 3apgou Glacier also has been reported (Li et al., 2010). Im-
In addition, we found that the reconstructed MB was sig- portantly, 80 % of the annual precipitation in the study re-
nificantly and negatively correlated with August—Septembergion also occurred in warm season (i.e., May—September)
AIR (r1781-2008= —0.342, p < 0.0001) (Fig. 3e), but did (Fig. 1c). Thus, the significant negative correlation between
not show a significant correlation in other months. the MLD and the MB and their inverse response to the same
climate condition could be understood as the following. Cold
summers with abundant precipitation inhibited tree growth in

4 Discussion the region and positively affected the net MB of the glacier.
Similarly, but contrary, during hot summers tree-ring growth
4.1 Indication of tree-ring growth to glacier mass in the region was usually enhanced, but glaciers showed
balance variation stronger melting rates. Such a summer climate driving the

two different processes was also reported in other studies in

The significant negative correlation between the MLD andpjgh_jatitude glacial regions (Lewis and Smith, 2004; Watson
the MB suggested that the mean latewood densitjlties 514 Luckman. 2004- Linderholm et al. 2007).

fabri could be a useful indicator of the MB variation at the

Hailuogou Glacier, and implied inverse response of the two4.2 Linkage between the glacier variation and climate
parameters to the climate condition in the study region de- variability

termined by different processes. Importantly, among the six

available tree-ring parameters (i.e., tree-ring width, early-Climate change is the direct cause of glacier variation (Ren
wood width, latewood width, mean earlywood density, max- et al., 2004). Some studies indicated that glacier shrinkage in
imum latewood density and mean latewood density), MLD some regions in the TP resulted from temperature increase
shows the highest correlation with the MB (Fig. 4). The mini- (Ren et al., 2004; Li et al., 2010). However, glacier variation
mum density was not used here because most of the measurig another region in the TP was related to the Indian sum-
ment values of this parameter are zero. How did the climatemer monsoon precipitation (Thompson et al., 2000; Duan
condition drive the two different processes? We examined theet al., 2004). How did the MS variation at the Hailuogou
relationships between the MLD, the MB and the instrumen-Glacier in southeastern TP link to long-term climate change?
tal climate data (i.e., monthly mean temperature and monthlyThe long-term comparison of the MB variation at the Hailuo-
total precipitation) from the nearest meteorological stationgou Glacier with regional and Northern Hemisphere temper-
(Luding station; Fig. 1a). The results demonstrated that theature change displayed an obvious inverse trend between the
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MS variation and temperature change (Fig. 3a—d). A clear 2000+ A .
negative phase occurred between the rapid glacier ablatior 0—_»771——5\1“—&‘4‘1@ o e R
and the increased Northern Hemisphere temperature over thi_-2000 \\J‘ _

period 1868-2007 (Fig. 3a and b). Most of the accumula- E-4000+ \

tion/ablation periods also corresponded to regional low/high g—eooo-_ ‘—\\’\”*&P
temperature intervals (Fig. 3a, c, d). In addition, the 10 yr fast <800 \w-/\,.;- .
Fourier transform (FFT) smoothing curve of the August— 109001 \‘\
September AIR (Fig. 3e) also presented a negative phase witt “'2°° ol — T — -
the MB and a positive phase with the regional temperature
change. These results suggested that the MB variation at the
Hailuogou Glacier was a result of temperature change but

not the Indian summer monsoon precipitation. The signifi- %WLA\M%M

o

T
o

=
. —
: =} o
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0.) Arewouy dwa g
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cant negative correlation between the MB and the August— W
September AIR implied that summer heating of the TP has a
positive influence on the Indian summer monsoon precipita-  ¢0 ,
tion, which can be further confirmed by the significant posi- 5 851 (©

tive correlation between the August-September AIR and thez 4, ]
instrumental August—-September mean temperature at Lud-£ ;5] W\
ing station (1957-2007= 0.538, p < 0.001). Therefore, we ol \

concluded that the MB variation at the Hailuogou Glacier = . 1 L4
was mainly controlled by temperature variability, while the sol@ M r
V

T
o

——
—F
—J
q

Temperatu

Indian summer monsoon precipitation did not contribute di- I
rectly to the glacier accumulation, although it was considered i
as an important climate system influencing the large-scale
precipitation in the TP. The precipitation at the Hailuogou
Glacier region might mainly result from the local or other
climate systems.

B
| L
- =

4.3 Comparison of the reconstructed MB with other
glacial records

Z-Scores

In order to further validate our reconstruction and to re-
veal the spatially heterogeneous response of glacier varia- -3 — — T — .
tion to climate change in the TP, we compared our recon- %60 1880 1900 1920 ' 1940 19601980 2000

struction with the frontal retreat velocity in the Hailuogou

Glacier (Li et al., 2010) and the ice-core accumulation varia-Fig. 3. (2) Cumulative mass balance (CMB) variation (black dot-
tions in Guliya (3517 N, 81°29 E) and Dasuopu (223 N, ted !ine) at the Hailquou Glacier back to.1868, with a 3-point
8°43 E) (Thompson et al., 1997, 2000) (Fig. 5). Our MB re- moving average (red line}b) Northern Hemls_zphere annual tem-
construction coincided with the frontal retreat variation of Perature anomaly (HadCRUTA) over the period 1868-2007 (black

. . . line), with a 10yr FFT (fast Fourier transform) filter (red line).
the Hailuogou Glacier generally (Fig. Sb). The strong ab_— (c) August—September temperature reconstruction for the eastern

lation period of 1930-1960 .CorreSponded to a rapid t?rm"Tibetan Plateau (letter C in Fig. 1a) during 1868—-2000 (Wang et al.,
nus retreat (31.9myr). An increase of the accumulation 2010), with a 10yr FFT filter (red line)d) Reconstructed winter

in the 1960s and the relatively high accumulation in the latetemperature variability (PC1) in the West Sichuan Plateau (letter B
1970s induced slowing down of the retreat velocity in 1966—in Fig. 1a) (Shao eand Fan, 1999) during the period 1868—1994,
1983 (11.8 myrl). Similarly, the strong wastage since the with a 10yr FFT filter (red line)(e) Comparison of the recon-
1980s was also consistent with the increased retreat velosstructed MB (was multiplied by-1) with August-September all-
ity in 1983—-2006 (20.5 myrl). These coherent results can !ndia monsoon precipitation over the period 1871-2007. Red line
be a validation of our MB reconstruction. The MB variation indicates 10yr FFT filter of the latter.

(Fig. 5b) was also well in agreement with the decadal aver-

age net balance fluctuation in the Guliya ice core (Fig. 5c)

over the reconstruction period 1868—2007. However, a negehange. Thompson et al. (1997) pointed out that the accumu-
ative phase occurred between our MB variation and the Dafation rate of ice core in Guliya was similar to that observed
suopu ice-core accumulation rate (Fig. 5a). Such consisterin polar ice cores, suggesting that the accumulation varia-
and inconsistent results can be attributed to the homogenouson in the Guliya Glacier was controlled mainly by global
and heterogeneous response of glacier variation to climater large-scale climate change. Differently, the accumulation

24 ‘ | o34, |0
1 <0.0001 i
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Fig. 4. Comparisons of the residual chronologies of the six tree-ring parameters with the mass balance data over the period 1960-1993.
TRW: tree-ring width; EW: earlywood width; LW: latewood width; MED: mean earlywood density; MXD: maximum latewood density;
MLD: mean latewood density.

rate in the Dasuopu ice core was mainly influenced by In-
dian summer monsoon precipitation (Thompson et al., 2000;
Duan et al., 2004). Our results indicated that the MB varia-
tion in the Hailuogou Glacier matched well with regional and
Northern Hemisphere temperature anomaly, and was nega-
tively correlated with Indian summer monsoon precipitation
(Fig. 3a—e). This could be the main cause of the MB variation
and is in line with the ice-core accumulation in Guliya and is
contrary in Dasuopu (Fig. 5a—c).
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