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Abstract: In this study, snow samples collected from nine snowpacks from Mt. Yulong are measured
to examine the monthly and annual isotopic variation. The results indicate that the late autumn
and winter snow sampled in 2008/2009 show a similar high–low–high δ18 O variation. In spring,
the high–low–high curve still exists in the lower layers (<1.5 m), while relatively high values are
witnessed in the upper layers (>1.5 m). Isotopic homogenization, smoothing the vertical variation of
δ18 O in snow, is observed in June and July when snow melting occurs. Samples collected in April of
2009, 2012 and 2017 show significant differences, suggesting annual changes of isotope contents in
snow. This study suggests that the isotope contents in the snow profile can reflect meteorological
information. At the monthly scale, we can distinguish the information on snow accumulation and
melting by determining the monthly variation of vertical isotope contents in snow. At the annual
scale, we can analyze the annual difference of corresponding meteorological factors. Collectively,
observing the stable isotopes in snow could provide evidence for climate change, particularly when
climatic data are lacking or are challenging to obtain in cold glacierized regions.
Keywords: isotopes; snowpack; temperate glacier; Yulong Snow Mountain; Tibetan Plateau

1. Introduction
The Tibetan Plateau (TP) is one of the most vulnerable regions in the world [1,2]. It is reported that
climate warming has been dramatic in the TP in the past several decades [3], which has definitely resulted
in significant glacier retreat, snow reduction and environmental change [4,5]. Several prediction studies
indicate that the climate warming in the TP will continue over the next decades [6,7], which threatens the
cryosphere, water resources and the environment [8–10]. Yulong Snow Mountain (Mt. Yulong), located
in the southeast TP, is characterized by a frail and changeable environment. Moreover, Mt. Yulong is
a typical region in which monsoonal temperate glaciers exist. These glaciers are highly sensitive to
climate and environment changes [11–13].
Environmentally stable isotopes have been used extensively as indicators of climatic and
environmental changes in meteorological, hydrological, glaciological and environmental fields in the
past decade [14–23]. It has been reported in cold regions that stable isotopes in precipitation,
snow and ice cores are closely related to meteorological factors and climate change [24–28].
Specifically, stable isotopes in snowpack records reflect the condition of atmospheric deposition and
post-depositional processes and provide important information for ice core dating using isotopes [29–32].
Therefore, it is necessary to study the characteristics of the stable isotope content in snow as well as its
evolution in snowpacks on glaciers.
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The stable isotopes in snow in the Tibetan Plateau have been widely investigated in the
past [29,31–33]. However, the monthly and annual isotopic variations as well as controlling factors for
snow are still inadequate. In the context of climate change, studying the vertical isotopic curves in
snow layers in different years would be of great significance.
In this work, snow samples collected from nine snowpacks from Mt. Yulong are measured to
examine the isotopic variation and corresponding climatic signals. The objectives of this study are
to (1) illustrate the monthly and annual isotopic variation in snowpacks, and (2) distinguish the
relationship between isotopes in snow and meteorological factors. The results are expected to improve
our understanding of the relationship between isotopic records in snow and climate change.
2. Materials and Methods
2.1. Study Area
Yulong Snow Mountain (27◦ 100 –27◦ 400 N and 100◦ 090 –100◦ 200 E, 5596 m a.s.l.), the southernmost
glacial region in China, is located in the southern part of the Hengduan Mountains, China (Figure 1a).
There are 13 glaciers on the mountain, covering an area of 4.48 km2 [13]. The climate in this region is
dominated by monsoon and non-monsoon seasons. During the monsoon, moisture from the Indian
Ocean is transported northward due to southwestern circulation and the southeastern monsoon from
the2019,
Pacific
During
the non-monsoon season, the westerly system plays an essential role [34,35].3 of 13
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2.2. Sampling and Analysis
From 2008 to 2017, snow samples from nine snowpacks were collected from Baishui Glacier No.
1, Mt. Yulong (Figure 1 and Table 1). To examine the monthly variation of isotopic profiles, samples
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Baishui Glacier No. 1 is the largest glacier on the eastern slope of the Yulong Snow Mountain,
with an area of 1.17 km2 , extending from east to west (Figure 1b). Its accumulation period is from
the end of October to April and its ablation period is from May to October [36]. The glacier front is
approximately at 4380 m, while the equilibrium line (ELA) is approximately at 4800 m a.s.l. It receives
a total average annual precipitation of about 2000–3000 mm and has an average annual temperature
of −3.7 ◦ C. Most precipitation (three-quarters of the total) is deposited in the form of snow on the
glacier during the accumulation period, whereas other precipitation falls as rain during the ablation
period [35]. Baishui Glacier No. 1 is a temperate glacier with very high energy fluxes compared with
continental glaciers. An automatic weather station was installed at 4800 m a.s.l. near Baishui Glacier
No. 1 (Figure 1b) by the Yulong Snow Mountain Glacier Environmental Observation and Research
Station, Chinese Academy of Sciences, recording different meteorological data such as air temperature,
atmospheric pressure, wind speed, and relative humidity [31]. Meteorological data at 2400 m a.s.l. are
taken from Lijiang Weather Station, located in Lijiang city, which is located 25 km south of Mt. Yulong.
2.2. Sampling and Analysis
From 2008 to 2017, snow samples from nine snowpacks were collected from Baishui Glacier No. 1,
Mt. Yulong (Figure 1 and Table 1). To examine the monthly variation of isotopic profiles, samples from
seven snowpacks were collected at the ELA of Baishui Glacier No. 1 from November 2008 to July
2009 (identified as S1 to S7). In addition, we collected snow samples from one snowpack drilled in
April 2012 (identified as S8) and one in April 2017 (identified as S9) to observe the annual variation.
Non-particulating suits, polyethylene gloves and masks were worn to ensure that samples were not
contaminated during collection and handling. All the samples were collected at 10 cm increments
with cleaned stainless-steel utensils and placed in Whirl-Pak® bags (B01323WA, Nasco Sampling, LLC,
Madison, USA). These samples were melted at room temperature, transferred to 60 mL high-density
polyethylene (HDPE) bottles and then stored at 5 ◦ C before analysis. Snow samples were measured
in the Key Laboratory of Western China’s Environmental Systems (Ministry of Education), Lanzhou
University, using a laser absorption water isotope spectrometer analyzer (DLT-100, Los Gatos Research).
The 18 O/16 O ratios were expressed in δ notation as differences in parts per thousand relative to the
Vienna Standard Mean Ocean Water (VSMOW). The measuring precision was 0.2% [37]. All the data
are shown in Table S1 in the Supplementary Materials.
Table 1. The statistics of δ18 O of snow samples in different snowpack (Ave—average value,
Max—maximum, Min—minimum. The data for S8 are from Pu et al., 2020a, and other data are
from this study).
Year

Snowpack
ID

Sampling
Data

Sampling Altitude
(m a.s.l.)

Depth
(m)

Number of
Samples

Ave
(%)

Max
(%)

Min
(%)

2008
2008
2009
2009
2009
2009
2009
2012
2017

S1
S2
S3
S4
S5
S6
S7
S8
S9

2008-11-9
2008-12-9
2009-1-8
2009-3-19
2009-4-17
2009-6-17
2009-7-3
2012-4-21
2017-4-19

4800
4800
4800
4800
4800
4800
4800
4680
4680

1.7
1.5
1.3
2.6
3.1
2.6
0.6
3.3
3.1

17
15
13
26
31
26
6
33
31

−19.0
−18.7
−19.0
−13.9
−12.6
−11.4
−14.0
−12.4
−8.9

−12.8
−13.8
−12.9
−0.7
−3.6
−6.0
−12.7
−1.4
−2.3

−26.7
−26.6
−27.0
−27.0
−26.5
−13.8
−15.1
−20.2
−26.6

3. Results
3.1. Monthly Isotopic Evolution
The snow depth decreased from S1 to S3, whereas the vertical δ18 O curve was similar (Figure 2).
Every snowpack can be divided into three sections according to δ18 O. The 18 O was relatively enriched
in section I. The δ18 O values decreased with the increase of snow depth in section II, but increased
with the increasing snow depth in section III. Taking S2 as an example, in section I, the area between
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the bottom and 0.7 m of depth had high δ18 O values (average: −16.0%); in section II, the area between
0.7 m and 1.1 m of depth had low values (average: −25.4%); and in section III, the area between 1.1 m
and 1.4 m of depth had relatively high values (average: −17.1%). Moreover, the minimum δ18 O for
the three snowpacks occurred in section II, while the maximum values occurred in section I. We noted
that the layer for the minimum values transformed from 1.0 m on 9 November to 0.8 m on 9 December
and
0.6 m
on REVIEW
8 January.
Waterfurther
2019, 11,to
x FOR
PEER
5 of 13

Figure
Figure2.2. Isotopic
Isotopic profiles
profilesof
of snow
snow sampled
sampled in
in different
differentmonths
monthsin
in 2008
2008 and
and 2009
2009 (S1—November
(S1—November 2008,
2008,
S2—December
2009,
S4—March
2009,2009,
S5—April
2009, 2009,
S6—June
2009, S7—July
2009).
S2—December2008,
2008,S3—January
S3—January
2009,
S4—March
S5—April
S6—June
2009, S7—July

2009).

S4 and S5 show larger snow depths relative to S1, S2 and S3 (Figure 2). The following characteristics
are observed with respect to S4: (1) the δ18 O curve below 1.5 m is still similar to that of S1, S2 and S3,
S4 and S5 show larger snow depths relative to S1, S2 and18S3 (Figure 2). The following
whereas the δ18 O value above 1.5 m (section IV) is variable;
(2) the δ O values are generally lower
characteristics are observed with respect to S4: (1) the δ18O curve below 1.5 m is still similar to that of
than −10.0% in the lower section
(sections
I,
II
and
III)
but
higher
than −10.0% in the upper section
S1, S2 and S3, whereas the 18
δ18O value above 1.5 m (section IV) is variable; (2) the δ18O values are
(section IV) (Figure 2). The δ O average of the upper section and lower section for S4 is −6.4% and
generally lower than −10.0‰ in the lower section
(sections I, II and III) but higher than −10.0‰ in the
−18.6%, respectively; (3) the S4 has a low 18
δ18 O of −27.0% at 1.3 m and a peak of −0.7% at 2.6 m
upper section (section IV) (Figure 2). The δ O average of the upper section and lower section for S4
Furthermore, S5 shows a larger snow depth and similar δ1818O curve to that of S3, although the layers in
is −6.4‰ and −18.6‰, respectively; (3) the S4 has a low δ O of −27.0‰ at 1.3 m and a peak of −0.7‰
which the minimum and maximum value occur is different. SP5 had18a minimum of −26.5% at 1.0 m
at 2.6 m Furthermore, S5 shows a larger snow depth and similar δ O curve to that of S3, although
and a δ18 O peak of −3.6% at 1.7 m. The June profile (S6) can be divided into two sections (Figure 2):
the layers in which the minimum and maximum value occur is different. SP5 had a minimum of
the δ18 O values are low in 18
the lower section (average: −12.9%) and relatively high in the upper section
−26.5‰ at 1.0 m and a δ O peak of −3.6‰ at 1.7 m. The June profile (S6) can be divided into two
(average: −7.3%). The δ1818 O values for snow sampled in July (S7) show smaller changes. The δ18 O
sections (Figure 2): the δ O values are low in the lower section (average: −12.9‰) and relatively high
in the upper section (average: −7.3‰). The δ18O values for snow sampled in July (S7) show smaller
changes. The δ18O value ranges from −13.9‰ to −6.0‰ for S6, and from −15.1‰ to −12.7‰ for S7.
Notably, the variation of δ18O below 1.5 m observed from November to April disappears in June and
July.
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value ranges from −13.9% to −6.0% for S6, and from −15.1% to −12.7% for S7. Notably, the variation
of δ18 O below 1.5 m observed from November to April disappears in June and July.
3.2. Annual Isotopic Variation
To examine the annual isotopic variation, we compare the δ18 O curve of snowpacks in April 2009
6 of 13
(S5), 2012 (S8, from Pu et al., 2020a) and 2017 (S9) (Figure 3). Four features are observed: (1) the δ18 O
fluctuation range is similar. The δ18 O values ranged between −26.5% to −3.6% 18in 2009, between
−20.2‰ to −1.4‰ in 2012 and between −26.6‰ to −2.3‰ in 2017; (2) the average δ O was similar in
−20.2% to −1.4% in 2012 and between −26.6% to −2.3% in 2017; (2) the average δ18 O was similar
2009 (−12.6‰) and 2012 (−12.4‰), but higher in 2017 (−8.9‰). The standard deviation was also
in 2009 (−12.6%) and 2012 (−12.4%), but higher in 2017 (−8.9%). The standard deviation was also
relatively higher in 2017; (3) although the snowpacks showed similar vertical isotopic curves in 2009
relatively higher in 2017; (3) although the snowpacks showed
similar vertical isotopic curves in 2009
and 2012, the curve differed markedly in 2017. In 2009, the 18O was relatively depleted from 0.0 m to
and 2012,18 the curve differed markedly in 2017. In 2009, the 18 O was relatively depleted from 0.018m
1.5 m (δ O < −10.0‰) and was enriched from 1.5 m to the snow surface (>−10.0‰). In 2012, the O
to 1.5 m (δ18 O < −10.0%) and was enriched
from 1.5 m to the snow surface (>−10.0%). In 2012,
was18relatively depleted below 2.1 m (δ18O < −10.0‰)
enriched above 2.1m (>−10.0‰). In 2017, the
18 O < and
the
O
was
relatively
depleted
below
2.1
m
(δ
−10.0%) and enriched above 2.1m (>−10.0%).
18O was enriched from 0.0 m to 2.6 m (mostly δ18O > −10.0‰) but depleted above 2.6 m (δ18O <
In 2017, the 18 O was enriched from 0.0 m to 2.6 m (mostly δ18 O > −10.0%) but depleted above 2.6 m
−20.0‰); (4) The layer at which the minimum or maximum values occurred was different in different
(δ18 O < −20.0%); (4) The
layer at which the minimum or maximum values occurred was different in
years. The minimum δ18O occurred at the lower section in 2009 and 2012, but this was found at the
different years. The minimum δ18 O occurred at the
lower section in 2009 and 2012, but this was found
surface in 2017. The layer with the maximum δ18O was
in the middle section in 2009 (1.7 m) and 2017
at the surface in 2017. The layer with the maximum δ18 O was in the middle section in 2009 (1.7 m) and
(1.4 m), but in the upper section (3.2 m) in 2012. In summary, the vertical variations with respect to
2017 (1.4 m), but in the upper section (3.2 m) in 2012. In summary, the vertical variations with respect
isotopes exert annual changes for snow deposited in different years.
to isotopes exert annual changes for snow deposited in different years.
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Figure 3. Isotopic profiles of snow sampled in April 2009 (S5), April 2012 (S8) and April 2017 (S9) (the
(the data for S8 are from Pu et al., 2020a, while the data for S5 and S8 are from this study).
data for S8 are from Pu et al., 2020a, while the data for S5 and S8 are from this study).
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4.1. Monthly Variation of Snow 18O
The snow depth decreased from S1 to S3, suggesting that most snow for S1, S2 and S3 was
The snow
decreased
from
S1 to
S3,deposited
suggesting
that
most snowtofor
S1, S2 and
S3 was
deposited
beforedepth
9 November.
Little
snow
was
from
9 November
8 January,
indicating
deposited
before
9
November.
Little
snow
was
deposited
from
9
November
to
8
January,
indicating
that the three snowpacks shared the same initial precipitation. In addition, the monthly average of air
◦ C)monthly
that the three
shared
the same trend
initialfrom
precipitation.
addition,
average
of
temperature
at snowpacks
4800 m showed
a decreasing
October toIn
January
(<0 the
(Figure 4).
Melting,
air temperature
at in
4800
showed
a decreasing
trend
from could
October
Januaryduring
(<0 °C)this
(Figure
4).
which
could result
the m
change
of isotope
contents
in snow,
be to
negligible
period.
Melting, which
could curve
resultwas
in the
change ofinstead
isotopeofcontents
in snow,
could be
negligible
during this
Therefore,
the isotopic
maintained
changing.
It is reported
that
a high temperature
period. Therefore, the isotopic curve was maintained instead of changing. It is reported that a high
temperature usually correlates to high δ18O values and vice versa [38]. Therefore, the vertical isotopic
variation of S1, S2 and S3 is a reflection of the temperature variation when snow was deposited, which
has also been illustrated in a previous study [31]. Moreover, a downward transformation of the
layer’s minimum value is observed, suggesting post-depositional factors might occur after snow is
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usually correlates to high δ18 O values and vice versa [38]. Therefore, the vertical isotopic variation
of S1, S2 and S3 is a reflection of the temperature variation when snow was deposited, which has
also been illustrated in a previous study [31]. Moreover, a downward transformation of the layer’s
minimum value is observed, suggesting post-depositional factors might occur after snow is deposited.
Overall, the similar initial precipitation and low temperature results show the similarity of the isotopic
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Figure 4. The monthly temperature variation at 4800 m a.s.l in the Mt. Yulong region in 2008/2009.
Figure 4. The monthly temperature variation at 4800 m a.s.l in the Mt. Yulong region in 2008/2009.
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Moreover, the average air temperature as lower than 0 °C from October to April and higher than 0
°C from May to September. This indicates that snow melting might have occurred after May. With
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increased distinctly from March to July and decreased gradually from July to September (Figure 4).
The maximum value occurred in July and the minimum value occurred in January. Moreover,
the average air temperature as lower than 0 ◦ C from October to April and higher than 0 ◦ C from May
to September. This indicates that snow melting might have occurred after May. With the increase of
temperature, snow melting became increasingly intense. When the temperature increased and melting
occurred, meltwater generated by the surface snow layer flowed downward. During this process,
an isotopic exchange occurred between solid and liquid water, resulting in the enrichment of heavy
isotopes and isotopic homogenization in snow layers [32,39–42].
4.2. Annual Variation of Snow 18 O
Distinct annual variations of isotope contents in snow profiles have been observed in this study.
The depletion of heavy isotopes in the lower section in 2009 (S5) and 2012 (S8) was not observed in the
snow sampled in 2017 (S9). Instead, the δ18 O values between 0.0 m and 2.6 m in 2017 were found to be
as high as those of the upper section (above 1.5 m) in 2009 and 2012. Moreover, heavy isotopes were
depleted from 2.6 m to the snow surface in 2017. This might result from the following possible factors:
(1) the snow melting occurring before the sampling smoothed the δ18 O curve and led to the enrichment
of the heavy isotopes in the lower section of 2017 snow; (2) the lower section of snow sampled in
2009, 2012 and 2017 had an entirely different source of water vapor, causing a significant difference
of isotope contents; (3) snow below 1.5 m in 2009 and 2012 was deposited in the autumn with low
δ18 O values, whereas snow below 1.5 m in 2017 was deposited in the spring with high δ18 O values.
Here, we analyze the temperature data at 4800 m in 2009, suggesting that snow melting should not be
the controlling factor because the monthly average of air temperature at 4800 m is lower than 0 ◦ C in
April (Figure 4), and most of the daily temperatures are also lower than 0 ◦ C. Snow would therefore
not be subject to intense melting in April. This has also been illustrated by previous studies [36].
Additionally, previous studies report that the air temperature at 4800 m and 2400 m in the Mt. Yulong
region shows a consistent changing trend [43,44]. The monthly average temperature in April in Lijiang
city (2400 m a.s.l.) was 15.6 ◦ C in 2009, 14.5 ◦ C in 2012 and 14.2 ◦ C in 2017 (Figure 4), indicating no
distinct increase of the April temperature from 2009 to 2017. Therefore, snow melting should not be
the main factor resulting in the annual difference. NCEP/NCAR (National Centers for Environmental
Prediction/National Center for Atmospheric Research) reanalysis data were used to analyze the water
vapor source over the study area. Figure 5 shows that the westerlies mainly controlled the study area
during the non-monsoon period in 2008/2009, 2011/2012 and 2016/2017, suggesting that the source of
water vapor was similar in the three years.
Given all that, the annual isotopic variation should result from the fact that snow below 1.5 m in
2009, 2012 and 2017 was deposited in different periods. Pu et al. [31] reported that snow is depleted in
heavy isotopes during the post-monsoon period as the vapor that evaporates from the local surface
water is still depleted in heavy isotopes due to the recharge of monsoon rainwater. However, the δ18 O
values of surface water are relatively high during the pre-monsoon period, leading to vapor from the
local recycling processes being enriched in 18 O during the pre-monsoon period [19]. This indicates
that snow in the lower snowpack section was deposited in the autumn (post-monsoon period) in 2009
and 2012, but mainly deposited in spring (pre-monsoon period) in 2017.

4), indicating no distinct increase of the April temperature from 2009 to 2017. Therefore, snow melting
should not be the main factor resulting in the annual difference. NCEP/NCAR (National Centers for
Environmental Prediction/National Center for Atmospheric Research) reanalysis data were used to
analyze the water vapor source over the study area. Figure 5 shows that the westerlies mainly
controlled the study area during the non-monsoon period in 2008/2009, 2011/2012 and 2016/2017,
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suggesting that the source of water vapor was similar in the three years.

Figure 5. The figures of integrated vapor flux from the ground to 300 hpa from NCEP/NCAR reanalysis
Figure 5. The figures of integrated vapor flux from the ground to 300 hpa from NCEP/NCAR
data over the study area during the non-monsoon period of 2008/2009, 2011/2012 and 2016/2017.
reanalysis data over the study area during the non-monsoon period of 2008/2009, 2011/2012 and
2016/2017.
4.3. Climate
Change and Isotopes in Snow

This study suggests that the isotope contents in snow are influenced by air temperature, snow
accumulation and water vapor sources. Accordingly, the isotopes in the snowpack profile can reflect
meteorological information. At the monthly scale, we can distinguish the information on snow
accumulation and melting by determining the monthly variation of vertical isotope contents in snow.
At the yearly scale, we can analyze the annual difference of corresponding meteorological factors.
Figure 6 shows that the annual average temperature of Lijiang (2400 m a.s.l.) exhibited an increasing
trend during 1951–2018, while precipitation showed no significant changing trend. The increasing trend
of temperature has been particularly evident since 1990. Previous studies report that the air temperature
on Baishui Glacier No.1 and Lijiang shows a consistent changing trend [43,44]. Wang et al. [13] indicated
that the increasing temperature in the Mt. Yulong region has resulted in the acceleration of glacier
melting and a lack of precipitation (snow) input for the glacier surface, which can be reflected by the
isotopes in snow. On the one hand, the increasing temperature would influence the vertical curve
of isotopes in snow; on the other hand, the increasing temperature would result in an increasingly
early ablation of snow and the glacier, leading to isotopic homogenization in snow layers. Therefore,
observing the monthly variation of snow isotopes could provide evidence for climate change.
The water vapor source is significant for the cryosphere. According to the analysis in this study,
the isotope contents in snow can evidence the variation of changes in water vapor. It has been illustrated
that the western and southern boundaries are the main water vapor influx boundaries, as for the
Tibetan Plateau [45]. Surprisingly, the water vapor contribution rate of the western channel to the
Tibetan Plateau has been increasing, whereas the southern channel’s water vapor contribution has
been decreasing in the past years [45]. Mt. Yulong region, which is mainly controlled by the westerlies
during the non-monsoon period and by the South Asian monsoon during the monsoon period, is in
the southeast margin of the Tibetan Plateau. The changes of water vapor on long-term time scales will
certainly result in the change of snow accumulation on glaciers on Mt. Yulong. The isotope contents in
snow at the end of the accumulation period, therefore, could provide information on climate change
when climatic data are lacking or difficult to obtain, particularly in cold, glacierized regions.
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which can be reflected by the isotopes in snow. On the one hand, the increasing temperature would
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5. Conclusions
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isotopeThe
contents
in snow
can evidence
the variation
changes ininwater
vapor.The
It has
been illustrated
thatin
monthly
variation
of the isotopic
curve of
is observed
this study.
snowpacks
sampled
18
the
western
and
southern
boundaries
are
the
main
water
vapor
influx
boundaries,
as
for
the
Tibetan
the late autumn and winter show similar snow depths and δ O curves, exhibiting high–low–high
Plateau
[45].from
Surprisingly,
thetowater
vaporsurface.
contribution
of the
western
channel to the Tibetan
Plateau
variation
the bottom
the snow
In therate
spring
snow,
the high–low–high
curve still
exists
has
been
increasing,
whereas
the
southern
channel’s
water
vapor
contribution
has
been
decreasing
in
the
below 1.5 m, but relatively high values are generally witnessed from 1.5 m to the surface. Isotopic
18
past
years [45]. Mt. occurs
Yulongin
region,
which
is mainly
controlled
by thevariation
westerliesofduring
thesnow.
non-monsoon
homogenization
June and
July,
smoothing
the vertical
δ O in
Moreover,
period
and byvariations
the South with
Asianrespect
monsoon
during the
monsoon
is for
in the
southeast
margin
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exert
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changes
snow
deposited
in different
years. Although the δ18 O values show similar vertical isotopic curves in the snow of 2009 and 2012,
this differed markedly in 2017. The isotopic depletion in the upper section of snow sampled in 2009
was not found in 2017. In 2017, the δ18 O value was enriched from 0.0 m to 2.6 m (mostly >−10.0%)
but was depleted above 2.6 m (<−20.0%).
Our study suggests that the isotope contents in snow are influenced by meteorological factors.
Accordingly, the isotopes in the snow profile can reflect meteorological information. We can distinguish
the information on snow accumulation and ablation by determining the monthly variation of vertical
isotope contents in snow and examine the annual difference of corresponding meteorological factors
by determining the annual difference of vertical isotopic curves in snow layers. In summary, the stable
isotopes in snow could provide evidence for climate change, particularly when climatic data are lacking
or difficult to obtain in cold, glacierized regions.
Supplementary Materials: The supplementary materials showing the isotopic data to this article are available
online at http://www.mdpi.com/2073-4441/12/12/3402/s1, Table S1: The δ18 O value of snow samples in
different snowpacks.
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