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Abstract

A large number of glaciers in the Tibetan Plateau (TP) have experienced wastage in
recent decades. And the wastage is different from region to region, even from glacier
to glacier. A better understanding of long-term glacier variations and their linkage with
climate variability requires extending the presently observed records. Here we present
the first tree-ring-based glacier mass balance (MB) reconstruction in the TP, performed
at the Hailuogou Glacier in southeastern TP during 1865-2007. The reconstructed
MB is characterized mainly by ablation over the past 143 yr, and typical melting peri-
ods occurs in 1910s—1920s, 1930s—-1960s, 1970s—1980s, and the last 20 yr. After the
1900s, only a few short periods (i.e., 1920s—1930s, the 1960s and the late 1980s) is
characterized by accumulation. These variations can be validated by the terminus re-
treat velocity of the Hailuogou Glacier and the ice-core accumulation rate in Guliya and
respond well to regional and Northern Hemisphere temperature anomaly. In addition,
the reconstructed MB is significantly and negatively correlated with August-September
all-Indian monsoon precipitation (AIR) (rg71_s008 = —0.342, p <0.0001). These results
suggest that temperature variability is the dominant factor for the long-term MB vari-
ation at the Hailuogou Glacier. Indian summer monsoon precipitation doesn’t affect
the MB variation, yet the significant negative correlation between the MB and the AIR
implies the positive effect of summer heating of the TP on Indian summer monsoon
precipitation.

1 Introduction

Increased glacier melting resulted from climate warming has occurred in many glaciers
worldwide in recent decades (Jansen et al., 2007), which not only led to sea-level rise
in some regions but also affected large-scale hydrological and atmospheric circulation
(Jacob et al., 2012; Yao et al., 2007; Liu et al., 2012), and ultimately threatened hu-
man safety (Bury et al., 2011). The Tibetan Plateau (TP) and surroundings contain
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the largest number of glaciers outside the Polar Regions (Yao et al., 2012), and these
glaciers are largely experiencing wastage (Yao et al., 2012; Fujita and Nuimura, 2011).
Besides, the wastage is different from region to region, even from glacier to glacier
due to spatially heterogeneous response of glacier variation to climate change (Yao
et al., 2012; Fujita and Nuimura, 2011; Scherler et al., 2011). Understanding of such
knowledge in a long-term scale is limited by the length of observed glacier records
and sparse ice-core materials, especially for the southeastern TP, where the observed
glacier record is scarce and short while ice-core materials has not yet been obtained
owing to complex topography. Tree rings from glacial regions could be a good proxy for
long-term glacier variation studying (Brauning et al., 2006; Xu et al., 2012), especially
for the high-resolution reconstruction of mass balance (MB) (Lewis and Smith, 2004;
Watson and Luckman, 2004; Linderholm et al., 2007). MB is the difference of mass in-
put (accumulation) and mass loss (ablation) on a glacier in one year, can provide a way
to evaluate their glaciological response to changing climates directly (Yarnal, 1984).

In this study, we attempt to reconstruct the annual-resolution MB variation at the
Hailuogou Glacier in southeastern TP back to the past two centuries using tree-ring
mean latewood density (MLD) data of Abies fabri collected in the glacier region and to
discuss its relationships with long-term climate change.

2 Materials and methods
2.1 Study area

The study area is located at the Hailuogou Glacier region on the east slope of the
Gongga Mountain (7556 ma.s.l.) in the southeastern margin of the TP (Fig. 1a). The
Hailuogou Glacier with a length of 13.1 km and an area of 25.7 km? (Shi et al., 2005)
extends from 7556 ma.s.l. to 2910 m a.s.l. at the terminus (Zhang et al., 2010), and the
glacier tongue stretches into forest (Fig. 1b). The glacier is representative of monsoonal
maritime glaciers in the southeastern TP, and characterized by both ablation and ac-
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cumulation in summer (Li et al., 2010). Most of the annual precipitation (approximately
80 %) in the region occurs during May—September, and this season has the highest
annual temperatures (Fig. 1c).

2.2 Tree-ring data

Tree-ring samples were collected from the site (29°33’'N, 102°E; 3100ma.s.l.) of old
growth Abies fabri in the Hailuogou Glacier region in August 2008 (Fig. 1a, b). Two
increment cores for each tree were extracted at tree’s breast height. The ring width of
each tree-ring sample was processed, measured and crossdated firstly following stan-
dard dendrochronological procedures (Fritts, 1976; Cook and Kairiukstis, 1990). After
measurement and cross-dating of ring-widths, samples were processed and measured
for densitometric analysis following standard practices (Lenz et al., 1976; Schweingru-
ber et al., 1988). Sugar and resin were extracted from the samples by soaking in 80°C
water for 48 h. After air drying, cutting into sections and measuring wood fiber angles,
cores were cut into laths of 1.0 mm thickness with a twin-blade Dendrocut. X-ray film
was taken and the grey-scale variations were measured by the DENDRO2003 instru-
ment. The optical strength was transformed to tree-ring density. With the X-ray method,
seven data sets were obtained (earlywood and latewood widths, mean earlywood and
latewood densities, maximum and minimum densities, and total tree-ring widths) (Duan
et al., 2010a). Tree-ring density dating based on the first cross-dating of ring-widths,
especially when some cores were broken unavoidably during the process of sugar and
resin extraction and sample sectioning. A total of 22 trees, 42 cores were successfully
crossdated and the mean latewood density (MLD) was used for analysis in this study.
Analyses of the tree-ring width and maximum later wood density (MXD) of the sampling
site were reported in our previous studies (Duan et al., 2010a, b).
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2.3 Climatic data and glacier mass balance data

Climate data from the nearest meteorological station (Luding station) of the study area
were used (Fig. 1c). The available period of the dataset was 1957—2007. The all-Indian
monsoon rainfall (AIR) data were obtained from the Indian institute of tropical meteorol-
ogy (http://www.tropmet.res.in), and the dataset during 1871-2007 was used. Northern
Hemisphere annual temperature anomaly data (HadCRUT4) of the period 1865-2007
were gotten from the Climatic Research Unit (http://www.cru.uea.ac.uk) (Jones et al.,
2012). The MB data at the Hailuogou Glacier were obtained from the record in the
“Glaciers and Their Environments in China-the Present, Past and Future” (Shi, 2000).
The period of the MB dataset was 1960—-1993.

2.4 Methods

Tree-ring MLD chronology was developed using the program ARSTAN, in which a cu-
bic smoothing spline with 50 % frequency-response cutoff at 67 % of the series length
was employed to remove non-climatic, tree-age related growth trends. The autocorre-
lation was removed from each series using an autoregressive model. A biweight robust
mean was applied to each series, resulting in the residual chronology. The subsample
signal strength (SSS) was used to evaluate the most reliable time span of the chronol-
ogy (Wigley et al., 1984). The most reliable period of the chronology established was
based on the value of SSS more than 0.85. Relationship between the MLD and the MB
was examined using Pearson’s correlation analysis over their common period. Past
MB was reconstructed from tree rings using linear regression method. The skill of the
regression model was verified using leave-one-out cross-validation method procedure
(Michaelsen, 1987). The statistics for evaluation of the regression model included Pear-
son’s correlation coefficient (r), sign test (ST), first difference sign test (ST1), reduction
of error (RE) and product mean test (PMT).
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3 Results
3.1 MLD chronology

The MLD residual chronology established in this study covered a period of 1814—-2007.
The threshold of SSS>0.85 corresponded to a minimum sample depth of 18 cores
back to 1865 (Fig. 2a).

3.2 Reconstruction of the mass balance

Correlation analysis displayed that the MLD residual chronology was significantly and
negatively correlated with the MB over the common period 1960-1993 (r = —-0.573,
p <0.001), and the highest correlation occurred in the period 1960-1990 (r = —0.646,
p <0.001). We using the MB as the dependent variable and the MLD residual chronol-
ogy as the independent variable established the linear regression models in peri-
ods 1960-1993 and 1960—1990 respectively. The calibration and verification statistics
showed that both of the two regression models passed most of the statistics (p <0.05
or p<0.001), except for the ST results (p<0.1 in the period 1960-1990; p<0.25 in
the period 1960-1993) (Table 1). The values of r, R? and F were all significant at the
level of p <0.001. Positive RE indicated that the two regression models exhibited good
skill in reconstructing past MB (Fritts, 1976). The PMT values, a measure of the sign
and magnitude of departure from the calibration mean, were also significant at the 0.01
level. The ST1 results were also significant at the level p <0.05. Durbin—Watson (DW)
statistics obtained from the two periods (2.42 and 2.26) denoted no first-order auto-
correlation in the model residuals. These results demonstrated that both of the two re-
gression models had good predictive skill in the reconstruction, and the second model
(i.e., in period 1960—1990) was better. Therefore, the MB was reconstructed back to
1865 using the second model. The reconstruction explained 41.7 % of the recorded MB
variance in period 1960—-1990. A visual comparison between the recorded MB and the
reconstructed MB also suggested the reconstruction tracked well the actual MB values
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(Fig. 2b). The reconstructed series was characterized by general ablation during the
past 143 yr. Typical melting periods occurred in 1910s—1920s, 1930s-1960s, 1970s—
1980s, and the last 20 yr (Fig. 2c).

In order to reveal the variation process of the MB over the past 143 yr, the cumulative
mass balance (CMB) was calculated (i.e., the MB was accumulated from the first year).
The resultant series showed an obvious ablation trend over the past 143 yr, especially
since the 1900s. The persistent ablation since the 1900s was only reversed at three
short intervals (i.e., 1920s—-1930s, 1960s and the late 1980s) (Fig. 3a). In addition,
we found that the reconstructed MB was significantly and negatively correlated with
August-September AIR (ry7g1_200s = —0.342, p <0.0001) (Fig. 3e), but did not show a
significant correlation in other months.

4 Discussion
4.1 Indication of tree-ring growth to glacier mass balance variation

The significant negative correlation between the MLD and the MB suggested that the
mean latewood density of Abies fabri could be a useful indicator of the MB varia-
tion at the Hailuogou Glacier, and implied inverse response of the two parameters
to the climate condition in the study region determined by different processes. How
did the climate condition drive the two different processes? We examined the rela-
tionships between the MLD, the MB and the instrumental climate data (i.e., monthly
mean temperature and monthly total precipitation) from the nearest meteorological sta-
tion (Luding station; Fig. 1a). The results demonstrated that the MLD correlated posi-
tively with May—September temperature (r4g57_5007 = 0.607, p <0.0001) and negatively
with August—-September (rig57_5007 = —0.317, p <0.05) precipitation. The correlation
coefficient between the MLD and May—September precipitation is rygs7_s007 = —0.164
(p = 0.265). Meanwhile, the MB correlated negatively with May-September tempera-
ture (ry957_2007 = —0.574, p<0.001). The correlation coefficient between the MB and
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May—September precipitation is rqg57_o997 = 0.180 (p = 0.33). These results indicated
that high May—September temperatures (especially August—September temperature)
was conducive to photosynthesis, and contributed to latewood cell wall thickening and
production of higher latewood density (Duan et al., 2010a), and vice versa. In contrast,
high summer temperature could accelerate the melting of glacier. Warming-induced
fast retreat of the terminus at the Hailuogou Glacier also has been reported (Li et al.,
2010). Importantly, 80 % of the annual precipitation in the study region also occurred in
warm season (i.e., May—September) (Fig. 1c). Thus, the significant negative correlation
between 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 inhib-
ited tree growth in the region and positively affected the net MB of the glacier. Similarly,
but contrary, during hot summers tree-ring growth in the region was usually enhanced
but glaciers showed stronger melting rates. Such a summer climate driving the two dif-
ferent processes was also reported in other studies in the high-latitude glacial regions
(Lewis and Smith, 2004; Watson and Luckman, 2004; Linderholm et al., 2007).

4.2 Linkage between the glacier variation and climate variability

Climate change is the direct cause of glacier variation (Ren et al., 2004). Some studies
indicated that glacier shrinkage in some regions in the TP resulted from temperature
increase (Ren et al., 2004; Li et al., 2010). However, glacier variation in another re-
gion in the TP was related to the Indian summer monsoon precipitation (Thompson
et al., 2000; Duan et al., 2004). How did the MS variation at the Hailuogou Glacier in
southeastern TP link to long-term climate change? The long-term comparison of the
MB variation at the Hailuogou Glacier with regional and Northern Hemisphere tem-
perature change displayed an obvious inverse trend between the MS variation and
temperature change (Fig. 3a—d). A clear negative phase occurred between the rapid
glacier ablation and the increased Northern Hemisphere temperature over the period
1865—-2007 (Fig. 3a—b). Most of the accumulation/ablation periods also corresponded
to regional low/high temperature intervals (Fig. 3a, c, d). In addition, the 10-yr FFT
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smoothing curve of the August-September AIR (Fig. 3e) also presented a negative
phase with 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 tem-
perature change but not the Indian summer monsoon precipitation. The significant neg-
ative correlation between the MB and the August-September AIR implied that summer
heating of the TP has an positive influence on the Indian summer monsoon precipita-
tion, which can be further confirmed by the significant positive correlation between the
August-September AIR and the instrumental August-September mean temperature
at the Luding station (ryg57_50907 = 0.538, p<0.001). Therefore, we concluded that the
MS variation at the Hailuogou Glacier was mainly controlled by temperature variability,
while the Indian summer monsoon precipitation did not contribute directly to the glacier
accumulation, although it was considered 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.

4.3 Comparison of the reconstructed MB with other glacial records

In order to further validate our reconstruction and to reveal the spatially heterogeneous
response of glacier variation to climate change in the TP, we compared our reconstruc-
tion with the frontal retreat velocity in the Hailuogou Glacier (Li et al., 2010) and the
ice-core accumulation variations in Guliya (35°17’ N, 81°29’ E) and Dasuopu (28°23'N,
85°43' E) (Thompson et al., 1997, 2000) (Fig. 4). Our MB reconstruction coincided with
the frontal retreat variation of the Hailuogou Glacier generally (Fig. 4b). The strong
ablation period of 1930—-1960 corresponded to a rapid terminus retreat (39.1 myr'1).
An increase of the accumulation in the 1960s and the relatively high accumulation in
the late 1970s induced slowing down of the retreat velocity in 1966—1983 (11.8 m yr'1 )
Similarly, the strong wastage since the 1980s was also consistent with the increased
retreat velocity in 1983-2006 (20.5m yr'1 )- These coherent results can be a validation
of our MB reconstruction. The MB variation (Fig. 4b) was also well in agreement with
the decadal average net balance fluctuation in the Guliya ice core (Fig. 4c) over the
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reconstruction period 1865-2007. However, a whole out of phase occurred between
our MB variation and the Dasuopu ice-core accumulation rate (Fig. 4a). Such consis-
tent and inconsistent results can be attributed to the homogenous and heterogeneous
response of glacier variation to climate change. Thompson et al. (1997) pointed out
that the accumulation rate of ice core in Guliya was similar to the observed in polar ice
cores, suggesting that the accumulation variation in the Guliya Glacier was controlled
mainly by global or large-scale climate change. Differently, the accumulation rate in
the Dasuopu ice core was mainly influenced by Indian summer monsoon precipitation
(Thompson et al., 2000; Duan et al., 2004). Our results indicated that the MB variation
in the Hailuogou Glacier was matched well with regional and NH temperature anomaly,
and was negatively correlated with Indian summer monsoon precipitation (Fig. 3a—e).
This can be the main cause of the MB variation is in line with the ice-core accumulation
in Guliya and is contrary in Dasuopu (Fig. 4a—c).
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Table 1. Calibration and verification statistics for the regression model.
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Period r R* Ry F ST STt PMT RE DW

1960-1993 0.573 328% 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

r: correlation coefficient; R% explained variance; H:dj.

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.
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Fig. 1. (a) Location map showing the tree-ring sites and meteorological station. Letters A, B,
and C are locations of the tree-ring sampling site in this study, tree-ring-based temperature Back
reconstructions from west Sichuan Plateau (Shao et al., 1999) and eastern Tibet (Wang et al.,
2010), respectively. (b) A picture of the study area. (¢) Monthly mean temperature and monthly
total precipitation in the Luding Meteorological station during 1957—-2007.
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in the period 1960-1990. (¢) Reconstructed MB variability at the Hailuogou Glacier back to
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Fig. 3. (a) Cumulative mass balance (CMB) variation (black dotted line) at the Hailuogou Glacier
back to 1865, with a 3-point moving average (red line).

(b) Northern Hemisphere annual temperature anomaly (HadCRUT4) over the period 1865—
2007 (black line), with a 10-FFT (Fast Fourier Transform) filter (red line). (¢) August-September
temperature reconstruction for the eastern Tibetan Plateau (letter C in Fig. 1a) during 1865—
2000 (Wang et al., 2010), with a 10-FFT filter (red line). (d) Reconstructed winter temperature
variability (PC1) in the West Sichuan Plateau (letter B in Fig. 1a) (Shao et al., 1999) during
the period 1865—1994, with a 10-FFT filter (red line). (e) Comparison of the reconstructed MB
(was multiplied by —1) with August-September all-Indian monsoon precipitation over the period
1871-2007. Red line indicates 10 yr FFT filter of the latter.
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Fig. 4. Comparison of the MB reconstructed in this study (b) with the accumulation rate (annual
net balance) recorded in the Dasuopu ice core (Thompson et al., 2000) (a), the mean frontal
retreat velocity of the Hailuogou Glacier (Li et al., 2010) (b) and the decadal average of net
balance reconstructed by the Guliya ice core (Thompson et al., 1997) (c). Red lines denote
10-FFT (Fast Fourier Transform) filter.

3680

Jadeq uoissnosig | Jaded uoissnosig | Jaded uoissnosig

Jaded uoissnosiq

CPD
9, 3663-3680, 2013

Tree-ring inferred
glacier mass balance
variation

J. Duan et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

©)
do


http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/3663/2013/cpd-9-3663-2013-print.pdf
http://www.clim-past-discuss.net/9/3663/2013/cpd-9-3663-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

