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Abstract

Ice records provide a qualitative rather than a quantitative indication of the trend of climate
change. Using the bulk aerodynamic method and degree day model, this study quantified ice
mass loss attributable to sublimation/evaporation (S/E) and meltwater on the basis of integrated
observations (1960-2006) of glacier-related and atmospheric variables in the northeastern
Tibetan Plateau. During 1961-2005, the average annual mass loss in the ice core was 95.33 +
20.56 mm w.e. (minimum: 78.97 mm w.e. in 1967, maximum: 146.67 mm w.e. in 2001), while
the average ratio of the revised annual ice accumulation was 21.2 £7.7% (minimum: 11.0% in
1992, maximum 44.8% in 2000). A quantitative formula expressing the relationship between
S/E and air temperature at the monthly scale was established, which could be extended to esti-
mation of S/E changes of other glaciers in other regions. The elevation effect on alpine precipi-
tation determined using revised ice accumulation and instrumental data was found remarkable.
This work established a method for quantitative assessment of the temporal variation in ice core
mass loss, and advanced the reconstruction of long-term precipitation at high elevations.
Importantly, the formula established for reconstruction of S/E from temperature time series
data could be used in other regions.

1. Introduction

Annual ice accumulation reflects the trend of precipitation rather than the actual
amount because of ice mass loss caused by various degrees of melting, sublimation/evapor-
ation (S/E) and snowdrifting (Stichler and others, 2001; Kang and others, 2015). Ice loss in
the Arctic, Antarctic and middle/low latitudes has been studied comprehensively using energy
mass balance models driven by reanalysis data (van den Broeke and others, 2009; Lenaerts and
others, 2012; Molg and others, 2012; Reijmer and others, 2012; van Pelt and others, 2012;
Noél and others, 2016). Few studies have conducted similar assessments in relation to the
Tibetan Plateau (TP) owing to scarce observations at high elevation and the generally poor
performance of reanalysis data for this region (You and others, 2014, 2015, 2019); however,
ice core research has been conducted to reconstruct climatic and environmental changes at
atmospheric levels equivalent to the height of the TP (Hou and others, 2002; Kang and others,
2015). In comparison with other proxies, sequences of precipitation events are usually well
recorded in ice cores because the water is retained directly. However, the recorded precipitation
with its embedded isotopic and chemical information can be modified by various post-
depositional processes such as wind scour (Fisher and Koerner, 1994), meltwater percolation
(Taylor and others, 2001) and refreezing (Zhou and others, 2008), erosive and depositional
sublimation (Stichler and others, 2001) and vapor diffusion (Johnsen and others, 2000).
Thus, the influence of postdepositional processes should be considered when interpreting
precipitation sequences recorded in ice cores.

Recent studies found that glacial shrinkage in western China is more pervasive than previ-
ously realized, especially on the TP (Guo and others, 2015; Yao and others, 2012), where even
deficits in the accumulation area are observed in certain regions, for example, Geladiandong,
Namunani and Tanggula in central and southern parts of the TP (Kang and others, 2015;
Zhang and others, 2015). Such findings raise new challenges in relation to ice core studies,
and highlight the urgent need both to assess mass loss in ice cores and to identify its governing
processes.

Use of ice cores to reconstruct past precipitation variation has been adopted widely in stud-
ies in western China (e.g. on the TP, and in the Tien Shan and Altai mountains) because it can
enhance understanding of the long-term spatial patterns and evolution of alpine precipitation
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(Yao and others, 1996; Hou and others, 2002; Kang, 2011).
Additionally, most meteorological observations in northwestern
China are taken at locations on low-elevation plains or in river
valleys, and provide only short-term precipitation data with
uneven distribution (Kang and others, 2010; You and others,
2010). Moreover, horizontal and trace precipitation at high eleva-
tions cannot be collected efficiently using the observational
instruments currently available (Sun and others, 2018).

Therefore, consideration of integrated observations obtained at
glacial drilling sites would provide opportunities for precise quan-
tification of the amount of ice mass loss, and promote under-
standing regarding precipitation in alpine regions (or at high
elevations). It would also support sustainable use of regional
water resources and the development of land-use patterns in
arid northwestern China (Immerzeel and Bierkens, 2012; Cauvy
and others, 2016; Qin and others, 2017).

To quantitatively investigate ice loss and precipitation variations
with consideration of depositional processes, this study assessed the
climatic indictors (1960-2006) of the Laohugou (LHG) ice core
(Cui and others, 2010) in terms of the evolution from snow to
ice, in situ mass balance, and climatological change, and analyzed
the relationships with local meteorological and topographical con-
ditions. In the LHG Glacier No. 12 region, one such integrated
observation network established in 2008 is operated by the Qilian
Shan Station of Glaciology and Eco-environment (Chinese
Academy of Sciences). The network obtains routine observations
of the glacier, and the local atmosphere, hydrology and ecology.
In this study, the primary processes of ice mass loss that comprise
S/E and meltwater loss were quantified using the bulk aerodynamic
method (BAM) and the degree day model (DDM) on the basis of
in situ S/E, mass balance, automatic weather station (AWS) and
interpolated air temperature time series data. The influence of
wind speed was considered in the BAM, but mass loss attributed
to snowdrifting was neglected owing to its minimal impact (ie.
approximately only several millimeters water equivalent) (Gascoin
and others, 2013; Zhou and others, 2013; Mott and others, 2018;
Pramanik and others, 2019). Furthermore, the effect of snow ava-
lanches was also neglected because the study site is in a large rea-
sonably flat area (slope: ~3°). Owing to the urgency of the need to
assess mass loss in ice cores under the background of unprece-
dented glacial shrinkage, we used very scarce integrated observa-
tions to quantify the mass loss of an ice core from the
northeastern TP to gain accurate understanding of the variations
in alpine precipitation at high elevations.

2. Material and methods
2.1. Study region

This study was conducted on LHG Glacier No. 12 (39°26.4'N, 96°
32.5'E; RGI 60-13.33006, Fig. 1), which was the first designated
monitoring glacier in China owing to it being an extreme-
continental type glacier and the largest valley glacier in the Qilian
Mountains. The Qilian Shan Station originally operated from 1958
until 1962, but was then recommissioned in 2008. In 2006, a shal-
low ice core was retrieved at the firn basin (elevation: 5040 m a.s.l.),
where the annual air temperature on the glacier surface is —11.8°C,
annual precipitation is ~424 mm w.e., melting is minimal (Sun and
others, 2012; Chen and others, 2018), and ice flow is slow owing to
the relatively flat terrain (Du and others, 2016a).

2.2. Data

2.2.1. Automatic weather station meteorological dataset
One AWS-C (red flag in Fig. 1) was deployed at the drilling site
(39°25'39.5”N, 96°33'21.8”E; 5040 m a.s.l.) on LHG Glacier No.
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12 in 2009. Air temperature, relative humidity, wind speed and
wind direction were measured at two heights (1.5 and 3 m). Air
pressure, incoming shortwave radiation, reflected shortwave radi-
ation, incoming longwave radiation and outgoing longwave radi-
ation were measured at one height (1.5 m). Measurements were
taken synchronously every 10s, and 30-min means of the mea-
surements were recorded. Two similar AWSs operated in the abla-
tion region (yellow flag in Fig. 1, 4550 m a.s.l.) and base camp
(green flag in Fig. 1, 4260m asl) during 2009-2015.
Maintenance of the AWSs was conducted twice monthly during
May-October each year. Because meteorological observations
might contain errors resulting from nonconsecutive measure-
ments, outliers and missing data, several methods were adopted
prior to data analysis to eliminate erroneous data and to fill miss-
ing values (Sun and others, 2017). Erroneous data were manually
checked, validated and corrected or removed. Missing precipita-
tion data over a period of one or two days were filled using the
average precipitation values of neighboring days; if more than
two consecutive days had missing data, the missing values were
replaced with the long-term averages for the same days.

2.2.2. Mass balance

Determination of the annual mass balance using the direct glacio-
logical method relies on repeated measurements taken at stakes
and snow pits on the glacier surface. Glacier ablation can be
obtained by subtraction between the observed mass balance and
mass accumulation (solid precipitation). Near to the drilling
site, three stakes were placed to measure the relative change of
snow surface height, and snow pits were dug to measure the
depth and density of different snow layers to obtain water equiva-
lent values. Those observations were conducted at intervals to cal-
culate the mass balance by combining changes of snow surface
height and water equivalent values from the snow pits. In this
work, the observations were performed at the drilling site at one-
month intervals during May-September in 2011 and 2012.

2.2.3. Reconstruction of monthly air temperature during 1958-
2008

We collected observational temperature data in the LHG glacier
region (1959-1961, 2008-2009) and from six meteorological sta-
tions (Duanhuang, Yumenzhen, Jiuquan, Tuole, Lenghu and
Dachaidan) to reconstruct temperature change at the drilling
site. The observations from 1959-1961 were used for calibration,
while the in situ temperature data acquired during 2008-2009
were used for validation. First, methods such as ordinary
Kriging, inverse distance weighting, spline functions, multiple
regression analysis and regional climate model simulations
adjusted for elevation were trialed to select the optimal approach,
which was ultimately determined as ordinary Kriging. Meanwhile,
both the in situ lapse rate at different elevations and the thermo-
cline coefficient between the land and the glacier were also con-
sidered. Finally, the temperature change at the drilling site was
reconstructed (Du and others, 2011).

2.2.4. LHG ice core

In June 2006, a 20.12 m ice core was retrieved from the firn
basin of LHG Glacier No. 12 (39°25'39.5”"N, 96°33'21.8"E;
5040 m a.s.l.). It was cut into consecutive 3-5 cm samples at a
temperature of —5°C. The oxalate, fluoride and other main ions
were analyzed. Oxygen isotope analysis and S activation grade
analysis were also performed. Using a multiparameter method
based on the seasonal variation characteristics of 8'°0, the main
ions, the f activity in 1963, and the visible dirty layers deposited
during winter and spring seasons, the ice core was dated to the
period of 1960-2006, with average resolution of 11-12 samples
per year (Du and others, 20164).
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Figure 1. In situ observation network on Laohugou Glacier No. 12.

2.3. Methods

Ice core mass loss is generally attributable to melting, S/E, snow-
drifting, and avalanches. In this work, melting and S/E were con-
sidered the primary sources of ice mass loss, while the effects of
snowdrifting and avalanches were ignored; the reason for this is
discussed in section 4.1. Both the DDM and the BAM were
used to determine melting and S/E. It should be noted that ice
core mass loss was attributed solely to S/E until 1996 because
slight melting was fully preserved in the snow pit, as analyzed
in section 3.1. After 1996, ice core mass loss consisted of both
S/E and melting, as analyzed in section 3.2.2. Because the only
meteorological variable that could be obtained is temperature,
we constructed a quantitative relationship between temperature
and mass loss (S/E & meltwater loss). First, we established a
temperature-based S/E reconstruction to obtain S/E during the
entire period (see section 3.2.1). Second, the drastic melting
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period with meltwater loss was determined using the Mann-
Kendall test for positive degree days (PDD) and using the
DDM to calculate ablation, from which we subtracted S/E to
quantify the meltwater. Using the meltwater freezing ratio deter-
mined through a designed contrast test, we obtained the melt-
water loss (see section 3.2.2). Further details regarding the
methods are described in the following.

2.3.1. Bulk aerodynamic method

Generally, S/E is calculated from the latent heat flux at the glacial
surface, which can be determined more accurately based on data-
sets of on-glacier meteorological measurements than based on oft-
glacier measurements (Gabbi and others, 2014). The BAM has
been used successfully to calculate the latent heat flux on LHG
Glacier No. 12 (Sun and others, 2012, 2014, 2017; Chen, 2014).
In this study, the BAM was used to calculate the latent heat fluxes
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(following Eqn (1)), and the inputs included wind speed and air
and glacier surface humidity. The most important parameters in
the BAM are the roughness lengths for momentum (Z,,,), and
humidity (Z,), following Sun and others (2012, 2014).

The analytical expression used for the latent flux was as follows
(e.g. Oke, 1987):

_ LKu(q—q,) .
H = P e zam) In (2 2ag) P W

where p is air density at 5040 m a.s.l,, k is the von Karman con-
stant (k=0.4), u and q are wind speed (m s7Y), and specific
humidity (dimensionless), respectively, at height z, g is the sur-
face specific humidity (assumed saturated at the surface), Ls is
the latent heat of sublimation of snow or ice (2.834 MJ Kg_l),
and Z,, and Z,; are the surface roughness lengths (m) for
momentum, and humidity, respectively. The nondimensional sta-
bility functions for momentum (®,,, i.e. 0.9 mm), and moisture
(®,) are expressed as a function of the bulk Richardson number
including the stability correction (Andreas, 1987; Sun and
others, 2012). Roughness is a temporal parameter with a differential
spatiotemporal pattern, resulting in uncertainty of the latent heat
and sensible heat fluxes. Additionally, the change in the height of
the AWS attributable to the ablation also causes error.

2.3.2. Degree day model

The DDM has been applied successfully to estimation of ablation
in relation to many glaciers and ice sheets globally (e.g.
Braithwaite and Zhang, 2000). The ablation of snow/ice (M) is
calculated on the basis of the strength of ablation (DDF) and
the sum of the daily mean temperatures above the ablation
point (PDD) during a certain period:

M = DDF x PDD, (2)

PDD = Y H,T,, 3

n
t=1
where T} is the daily mean air temperature (°C), and H, is a logical
variable (H,=1 for Tt > 0°C and H,=0 for T,<0°C).

In this work, some important parameters including the ablation

time, DDF, PDD and meltwater refreezing ratio (MRR) were deter-
mined following data analysis, as discussed in section 3.2.2.

2.3.3. Mann-Kendall test

In this study, the Mann-Kendall test was used to detect abrupt
changes in the long-term data series. However, if the intersection
was outside the confidence interval, we employed another method
(i.e. the moving t test technique) to analyze the stationarity data.
In this approach, UF is the forward sequence that follows the nor-
mal distribution, indicating the change trend, while UB can be
denoted by reversing the data series based on the same equation.
The approximate time of occurrence of the change point can be
located according to the intersection between UF and UB within
the confidence interval. In this study, testing of the trends was
performed with a significance level of a=0.05. In the resulting
figure, the y-axis represents the UF and UB results obtained
using the Mann-Kendall test (Hamed and Rao, 1998).

3. Results
3.1. Reliability and validity of the LHG ice core

The LHG ice core was extracted from a central position in a large
firn basin without steep surrounding mountains on LHG Glacier
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No. 12, where the surface was reasonably flat (slope: ~3°). This
site is highly suitable for storing snow and ice because of the min-
imal ice flow on the decadal timescale and the virtual impossibil-
ity of snow avalanches. Furthermore, the annual temperature is
approximately —12°C, and there are only approximately 20 days
per year (mostly during July and August) when the daily tempera-
ture is >0°C. The cold climate allows meltwater to be well stored
in the snow layer of the past year, although percolation of melt-
water into lower snow layers could occur (Cui and others, 2010,
2014). On LHG Glacier No. 12, glacial winds prevail throughout
the year and mountain-valley winds dominate in spring and sum-
mer (Du and others, 2012). Although snowdrifting can redistrib-
ute some of the surface snow, its contribution to mass change can
be considered negligible because only minor differences (i.e. sev-
eral millimeters water equivalent) have been reported for adjacent
regions (Zhou and others, 2013). The depth of the snow pits dug
at the drilling site in the summers of 2006, 2008, 2009 and 2010
were in the range of ~80-200cm. Snow chemistry analysis
revealed evident seasonal variation in both the stable oxygen iso-
topes and the dust layers of the snow pits (LIGG, 1988; Cui and
others, 2014; Yu and others, 2014; Zhang and others, 2017), indi-
cating that annual information could be extracted.

The contribution of S/E to ice core mass change was substan-
tial. The amount of annual melting at the drilling site, calculated
using the mass balance and the energy balance model, was ~110
mm w.e., that is, greater than the measured value attributable to
refreezing and far less than the annual accumulation. In terms
of homologous consistency between the ice core records and
the in situ measurements, it can be concluded that postdeposi-
tional effects on the LHG ice core would be sufficiently small to
be ignored (Du and others, 20164, 2016b).

Considering the above discussion, it is recognized that the
LHG ice core should be a reasonable indicator of historic clima-
tological and environmental trends. To retrieve actual precipita-
tion, this study considered two principal processes of ice core
mass loss: meltwater loss during short melt times and S/E
throughout an entire year.

3.2. Quantification of mass loss of the LHG ice core

3.2.1. Mass loss caused by sublimation/evaporation (S/E)

The principal cause of mass loss at the drilling site might be S/E,
especially during the cold seasons (Sun and others, 2012). To
reconstruct S/E since 1960, it was necessary to establish a relation-
ship between S/E and air temperature because only air tempera-
ture data were available for the entire study period.

Latent heat flux at both the accumulation zone during 2011-
2012 and the ablation zone during 2009-2015 was calculated
using the BAM; full details of the method are described in Sun
and others (2012, 2014, 2017). The method included an initial
stability correction. Then, connections between monthly mean
S/E and monthly mean temperature, wind speed and water
vapor pressure were investigated comprehensively (Fig. 2).
Although wind speed directly influences latent heat flux, no sig-
nificant relationship between S/E and wind speed was found
(Fig. 2b) owing to the low variability in wind speed (range: 2-4
ms~'). Monthly variation of S/E was similar to that of both
water vapor pressure (Fig. 2c) and temperature (Fig. 2a) because
water vapor is strongly correlated with temperature in different
seasons (Chen and others, 2018). At monthly intervals, S/E was
found correlated positively in the cold seasons (January-April
and October-December) with air temperature below —4.8°C,
whereas S/E was found correlated negatively in the warm seasons
(May-September) with air temperature of above —4.8°C (Fig. 2a).
There are several reasons for such a relationship between S/E and
air temperature. Water vapor pressure on the glacier surface is
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always saturated, which is determined by the glacier surface tem-
perature. As shown in (Fig. 2), during months with air tempera-
ture of below —4.8°C, the rate of increase of water vapor pressure
in the air is slower than that of water vapor pressure on the glacier
surface with increasing air temperature. Consequently, the water
vapor pressure difference becomes larger, enhancing latent heat
and S/E. Thus, S/E will increase following temperature rise in
the cold seasons. During months with air temperature of above
—4.8°C, with increasing air temperature, the surface ice tempera-
ture gradually reaches melting point, resulting in the water vapor
pressure on the glacier surface reaching a saturated state corre-
sponding to the melting point temperature, and it finally stops ris-
ing. Meanwhile, water vapor pressure in the air increases rapidly
with rising temperature, such that the difference in water vapor
between the glacier surface and the air decreases, resulting in
reduced latent heat (Fig. 2).
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Given the distinct connection between S/E and air tempera-
ture, monthly S/E since 1960 was reconstructed using only the
temperature data in the time series. A series of threshold values
from 4-6°C was considered at intervals of 0.2°C, and two linear
regressions were performed between S/E and temperature at
each interval: one for the negative threshold in the cold seasons
and one for the positive threshold in the warm seasons. The
best match with the observations was identified at —4.8°C
(Fig. 2a), with r=0.66 (n =102, p <0.05) and root mean square
error of +2.7 mm w.e.

For both the warm-wet and the cold-dry seasons, S/E was
reconstructed on the basis of the following regression equations:

S/E = 0.484 x T, + 13.49(T,, < —4.8°C), 4)

S/E = —0.756 x T,y + 5.10(T,, > —4.8°C), 5)
where T, is monthly air temperature. As shown in Figure 3a,
there was no obvious trend of S/E in the warm-wet seasons
prior to 1990, but there was a trend of slight increase after
1990. In the warm-wet seasons, S/E varied from 34.55 mm w.e.
(in 1976) to 44.84 mmw.e. (in 1979); the median and mean
values were 35.04 and 36.84+1.54mmw.e., respectively.
In the cold-dry seasons (Fig. 3b), S/E increased after 1979
(slope =0.16 mm w.e. a’l, p<0.05) from 40.21 mmw.e. (in 1979)
to 57.1 mmw.e. (in 1998); the median and mean values were
47.89 and 49.87 £3.2mmw.e., respectively. In summary, the
highest, lowest, median, and mean values of annual S/E were
95.08 mmw.e. (in 1998), 78.97 mmw.e. (in 1967), 82.93 and
86.71 £3.52 mmw.e., respectively (Fig. 3c). Although S/E
diminished with increasing temperature in the warm seasons, it
appeared to increase with increasing temperature in the
longer cold seasons, especially after 1991 (1961-1990: slope =
0.1mma~', failed to pass the confidence test; 1991-2005:
slope =0.31 mmw.e.a~', p<0.05). Since the 1990s, the increase
in S/E during the cold seasons has been stronger than the decrease
during the warm seasons (1998-2005: slope = —0.035 mmw.e.a™,
failed to pass the confidence test), resulting in overall annual
increase. On the basis of the Mann-Kendall test, we can conclude
that this trend of increase from the 1970s had an abrupt change
point at 1993. Thus, the average annual S/E was 85.2 mm w.e.
before 1992, after which it increased to 90.42 mm w.e. Although
S/E was increasing prior to 1992 (slope=0.106 mma~", p<
0.05), its rate of increase accelerated markedly after 1992
(slope = 0.438 mm w.e.a™", p <0.05).

The increase in annual S/E at the drilling site, which is very
different to the decline observed elsewhere in the Northern


https://doi.org/10.1017/jog.2023.51

1692

Hemisphere before 1993, can be explained as follows. The fore-
most reason is the substantial elevation difference. Typically, the
higher the elevation, the more intense the solar radiation, the
greater the wind speed, and the more dramatic the warming
and the supply of water vapor in glacier/snow regions. Such con-
ditions are conducive to higher S/E, especially in regions with ele-
vation of >3000m a.s.l, as confirmed in a previous study of a
semiarid region (Schulz and Jong, 2004). Furthermore, most
observations of S/E in the Northern Hemisphere are acquired
on plains, and the decreasing trend is weakened or even reversed
with increasing elevation. For example, in Xinjiang Province in
western China, the decrease in pan evaporation has been more
drastic on the plains in comparison with that in alpine regions
(Su and others, 2003). The elevation at the drilling site of this
study is >5000 m a.s.l, that is, much higher than that of the
study site of Su and others (2003). Thus, it is very likely that
the trend of S/E at the drilling site is flat or even increasing.
The second reason is related to land surface type, for example,
snow. The particular characteristics of the snow/ice surface and
climate create a relationship of increasing S/E with temperature
increase when the monthly air temperature is below —4.8°C. At
the high elevation of the drilling site, monthly air temperature
has generally always been below —4.8°C during autumn-spring.
However, during the past 50 years, air temperature has increased,
especially the winter temperature, which has led to increased S/E
in those months in which air temperature is below —4.8°C.
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Figure 4. (a) Variation in positive degree days (PDD) and (b) the results of the Mann-
Kendall test. The statistic is result of Mann-Kendall test, which includes UF and UB.
UF is the forward sequence that follows the normal distribution, indicating the
change trend, while UB can be denoted by reversing the data series based on the
same equation.
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Although S/E in some warm months has diminished with warm-
ing, the months with air temperature below —4.8°C account for a
larger proportion of the year; thus, the increase in winter air tem-
perature has been more dramatic, leading to overall increase in S/
E with global warming.

3.2.2. Mass loss caused by melting

Ice core mass loss attributable to meltwater was obtained by sub-
tracting S/E and the meltwater refreezing from ablation, which
can be calculated using the DDM. Total melting was considered
to comprise meltwater loss and refreezing. Here, certain crucial
points should be considered, for example, the melting condition
(i.e. PDD), melting strength (i.e. DDF) and the MRR.

Ablation period: The PDD was calculated using reconstructed
monthly temperature time series data for 1957-2008 (Fig. 4a) (Du
and others, 2011). The monthly temperature in each year was
assumed normally distributed. The Mann-Kendall test identified
significant increase in PDD in 1997 (Fig. 4b), indicating tempera-
ture fluctuation in a similar range during 1960-1996. Following a
previous study focusing on modern evolution processes from
snow to ice on LHG Glacier No. 12 (Huang and Xie, 1988), it
can be concluded that climatic and environmental information
for approximately two years could be well preserved in the
snow layers at the drilling site. The Mann-Kendall test also
showed that an abrupt change point in cumulative positive tem-
perature occurred in 1996, indicating that significant warming
since 1997 has intensified ablation and caused meltwater loss.
According to instrumental temperature data from such a high-
elevation site, the number of days per year with daily mean air
temperature of >0°C is approximately 20, most of which occur
during July and August, which means that almost all the annual
ablation occurs in July and August. Thus, only data for July and
August in each year during 1997-2005 were considered in the
evaluation of meltwater loss.

Ablation strength: Values of DDF at the drilling site were cal-
culated at monthly intervals from May-September during 2011-
2012. The values fluctuated greatly but were relatively stable in
July and August with ranges of 4.73-5.5 and 2.5-3.6 mm °C™"
d™', respectively (Fig. 5). Thus, the amount of melting during
2011-2012 was estimated using the mean DDF values of 5.12
mm °C~" d™ in July and 3.05mm°C™"d™" in August.

Meltwater refreezing ratio: In China, the MRR of glaciers is
usually taken as 10%, which is a value based on limited observa-
tions conducted in both the Tien Shan Mountains and the Qilian
Mountains (Xie and Liu, 2010). However, the MRR of different
glaciers and in different seasons is expected to vary widely.
Thus, trials were undertaken in this study to determine an accur-
ate MRR for the drilling site. We tuned the MRR from 0 to 100%
at intervals of 1% until the revised ice accumulation with the
tuned MRR best matched the instrumental precipitation on the
annual scale. Precipitation observations from 11 meteorological
stations surrounding the study site (Table 1) were collected to
determine the best correlation with the revised ice accumulation.
As shown in Figure 6a, the precipitation observed at Tuole dis-
played the best correlation with the revised ice accumulation,
and further detailed analyses (as illustrated in Fig. 6b) indicated
that an MRR value of 26% was optimal for the studied site.

Because temperature rise displayed no obvious shift during
1961-1996, ablation intensity and information preservation in
the layers of the snow pits did not alter markedly. It can be con-
cluded that meltwater was completely preserved in the snow pit
because the total ablation amount was less than the maximum
water storage of the snow pit during this period. The annual melt-
water loss during 1997-2005 showed a substantial difference of
34.2 mmw.e., that is, ranging from 57.4 mm w.e. (in 2000) to
232mmw.e. (in 2003); the median and mean values were
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Figure 5. Variation in monthly degree day factor (DDF) during 2011-2012 at the dril-
ling site.

54.51 and 43.11 +3.75 mm w.e., respectively. The meltwater loss
increased during 1999-2000, then decreased until 2003 and
then increased again in the following two years (Fig. 7¢).

3.3. Precipitation signals from revised annual ice accumulation

Adding S/E and meltwater loss together, the mass loss of the LHG
ice core in the northeastern TP was quantified as the revised
annual ice accumulation (Fig. 7d). It increased significantly
until the 1980s (slope =16.7, p < 0.05), following which it began
to decrease. The relative difference was 558.75 mm w.e. between
the largest annual ice accumulation in 1992 (768.59 mm w.e.)
and the smallest in 1961 (209.83 mm w.e.). The median and
mean values were 631.93 and 490.73 £+ 125.57 mm w.e., respect-
ively, that is, greater than their original values. The revised
range and variance were both broadly unchanged, as were the
trend, periodicity and time of the abrupt change. This indicated
that the variation of alpine precipitation was well recorded in
the mass loss of the LHG ice core.

During 1961-1996, the revised annual ice accumulation was
well correlated with the observations recorded at the Tuole and
Lenghu meteorological stations (r=0.32, p<0.05), where ice
mass loss occurs only via S/E. Correlation with precipitation at
Tuole station was stronger (r = 0.475), but it failed to pass the con-
fidence test when meltwater loss was taken into account during
1997-2005. Over the entire period, the most significant relation-
ship between the revised annual accumulation and ambient pre-
cipitation was detected for Tuole station (Figs 7d and e). The
elevation effect on increasing precipitation was notable as a trait
of alpine precipitation. It should be noted that qualification of

Table 1. Location and elevation of 11 meteorological stations near the study
site

Site name Longitude (°E) Latitude (°N) Elevation (m a.s.l.)
Mazongshan (MZS) 97.02 41.48 1770.4
Dunhuang (DH) 94.68 40.2 1138.7
Anxi (AX) 95.92 405 1170.8
Yumenzhen (YMZ) 97.04 40.3 1526
Subei (SB) 94.52 39.31 2137.2
Jiugquan (JQ) 98.29 39.46 1477.2
Tuole (TL) 98.42 38.8 3367
Dachaidan (DCD) 95.37 37.85 3174
Delingha (DLH) 97.37 37.37 2982
Lenghu (LH) 93.2 38.45 2770
Hongliuhe (HLH) 94.4 41.32 1573.8
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mass loss promotes understanding of alpine precipitation, espe-
cially in high-elevation regions.

4. Discussion

During 1961-2005, the average annual mass loss in the ice core
was 95.33 +£20.56 mm w.e. (minimum: 78.97 mm w.e. in 1967,
maximum: 146.67 mm w.e. in 2001), while the average ratio of
the revised annual ice accumulation was 21.2 +7.7% (minimum:
11.0% in 1992, maximum 44.8% in 2000). Thus, over the entire
study period, the average annual S/E was 86.71 +3.52 mm w.e.
(minimum: 78.97 mm w.e. in 1992, maximum: 95.08 mm w.e.
in 1961), while the average ratio of the revised annual ice accumu-
lation was 19.32+6.17% (minimum: 11% in 1974, maximum:
44.79% in 2000). Meanwhile, since 1997, the average annual melt-
water loss was 43.11 £ 3.75 mm w.e. (minimum: 23.2 mm w.e. in
2003, maximum: 57.4 mm w.e. in 2000), while the average ratio of
the revised annual ice accumulation was 9.21 + 3.9% (minimum:
4.25% in 2003, maximum: 17.61% in 2000).

4.1. Comparison of S/E on different glaciers

The mass loss of the LHG ice core in the northeastern TP was less
than that of a valley glacier (33%) in South America and the Cerro
Tapado ice core (50.86%) obtained in the Chilean Andes (Ginot
and others, 2006). Most importantly, ice cores drilled on Mt.
Naimona’nyi (6050 m a.sl) in 2006, Mt Nyaingentanglha
(5850 m a.sl.) in 2002, and Mt. Geladaindong (5750 m a.s.l.) in
2005 revealed the absence of certain critical reference chemical
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peaks (e.g. Tritium), suggesting that mass loss causes shrinkage of
the top accumulation zone of glaciers in central and southern
parts of the TP (Kang and others, 2015; Zhang and others, 2015).
Owing to the ever-present and increasingly severe mass loss of
glaciers, it is necessary to investigate the spatial pattern of S/E and
its potential drivers. However, comparison of S/E determined for
different locations can be somewhat problematic because of dif-
ferent experimental methodologies, observation times and site
elevations. The S/E of many glaciers in different parts of the TP
are listed in Table 2. It can be seen that S/E at the drilling site
on LHG Glacier No. 12 (86.7 mm w.e.) is similar to that obtained
for the Qiyi Glacier and Urumiqi Glacier No. 1; however, it is
smaller than that of most glaciers in western, northern, southern
and central parts of the TP. There are two exceptions to this pat-
ten: Parlung Glacier No. 94 in the southern TP and Xiao
Dongkemadi Glacier in the central TP, where S/E is smaller
than that determined for LHG Glacier No. 12. The pattern of
S/E of the listed glaciers might reflect the effects of dramatic
solar dimming over the southern TP and wind stilling in the nor-
thern TP (Zhang and others, 2009; Yang and others, 2014).

Table 2. Comparison of sublimation/evaporation (S/E) on different glaciers

Wentao Du and others

In contrast, the Antarctic continent with its cold, dry climate
and relatively high temperatures in summer effectively promotes
water vapor diffusion from the snow/ice surface to the air such
that the latent heat of sublimation/evaporation is the leading
energy expenditure (Bintanja and van den Broeke, 1995). The
combined processes of surface and blowing snow sublimation
are estimated to remove 29 mm w.e.a~' over Antarctica, disposing
of approximately 17-20% of the annual precipitation (Déry
and Yau, 2002). In the Arctic, especially the Greenland Ice
Sheet, total sublimation ranges from —0.62+0.25x10'* to
—-12+0.65%x 10" kga™!, indicating 12 or 23% precipitation
loss, respectively (Box and Steffen, 2001). Mass loss from sublim-
ation (32 mm w.e.a ') at the Greenland Summit (center of dry
snow zone: 72°35'N, 38°28'W; 3203 m a.s.l.) is thought to remove
approximately 10% of the mass gain from annual precipitation
(Cullen and others, 2014). It is important that mass loss by
sublimation is not neglected, irrespective of elevation or latitude
of the glacier (Potocki and others, 2022).

4.2. Causes of S/E at different regional scales

Pan evaporation at most locations in the Northern Hemisphere
has been decreasing over the past several decades (Peterson and
others, 1995), and a similar trend has been observed throughout
most of China except in the northeast (Liu and others, 2004). The
observed decrease in evaporation, which contradicts theoretical
analysis that suggests it should increase with the effects of global
warming, is known as the pan evaporation paradox (Roderick
and Farquhar, 2002). However, the observed decreases are con-
sistent with widespread decreases in solar irradiance, wind
speed and diurnal temperature range. In China, the greatest
decline has occurred in the northwest, while the lowest decline
has been in the southwest, with descending rates of decline mov-
ing from the northwest to the south and to the east. This spatial
pattern of pan evaporation is anticorrelated with the distribution
of summer precipitation, implying that atmospheric humidity
plays a critical role in pan evaporation. Air temperature is another
important climatic driver because prediction performance can be
improved substantially in northwestern China and on the TP
through consideration of air temperature in multiple regression
models between meteorological parameters and evaporation;
however, improvement at the national level has not been realized
(Liu and others, 2004). It has been observed that pan evaporation
has increased greatly at the stations of Dunhuang and
Mazongshan in Gansu Province, which are two nearby stations
in the same administrative region as the study site. This is attrib-
uted to air temperature increase rather than to wind, that is, ther-
mal factors dominate evaporation (Wang and others, 2010). Some
studies have concluded that the diurnal temperature range has
stronger correlation than other individual meteorological factors

Glacier Location Accumulation/ablation area  Period Mannitude (mm w.e.) Reference

Laohugou Glacier No. 12 Qilian Mountains, Northern TP Accumulation area 1960-2005 86.7 This study

Shiyi Glacier Whole glacier 2011.12 100 Fang and others (2015)
Bayi Glacier Accumulation area 2016-2017 115.1 Guo and others (2018)
Qiyi Glacier Ablation area 2010.7-2010.10 36 Jiang and others (2010)
Urumgi Glacier No. 1 Tien Shan Accumulation area 1987-1988 81 Ohno and others (1992)
Qiangtang Glacier No. 1 Central TP Accumulation area 2013-2016 175.5 Li and others (2018)
Zhadang Glacier Central TP Ablation area 2010.12 105 Zhang and others (2016)
Xiao Dongkemadi Glacier Central TP Whole glacier 1992 70 Fujita and Ageta (2000)
Palongzangbu Glacier No. 4  Southern TP Ablation area 2010.12 123 Zhu and others (2015)
Parlung Glacier No. 94 Southern TP Accumulation area 2005.10 60 Yang and others (2013)
Muztage Ata Glacier No. 15  Western TP Whole glacier 1980-2012 317 Zhu and others (2018)
Guliya ice cap Western TP Whole glacier 2015-2016 123 Li and others (2019)

https://doi.org/10.1017/jog.2023.51 Published online by Cambridge University Press


https://doi.org/10.1017/jog.2023.51

Journal of Glaciology

with pan evaporation in China because the diurnal temperature
range is a remarkable reflection of multiple other factors (Liu
and others, 2010).

The variation of S/E or that of the latent heat of snow/ice
depends on the amount of turbulence at the surface, which is
associated with the energy budget (i.e. sunshine duration and
air temperature), water vapor transport (i.e. saturation deficit of
water vapor and wind speed) and its mediums. Thus, in compari-
son with other meteorological variables, the gradient of specific
humidity, temperature between the air and the snow/ice and
wind speed are the most important factors of the climatic forcing
behind S/E changes (Sun and others, 2014; Guo and others,
2018). As described earlier, S/E decreases with increasing air tem-
perature during the melting seasons owing to the constraints
imposed on its surface temperature by melting, while S/E is
much higher during the cold seasons. Thus, annual S/E has
increased since the 1960s because the temperature gradient has
increased dramatically.

5. Conclusions

This study analyzed a new ice core spanning 1960-2006, obtained
from LHG Glacier No. 12 in the western Qilian Mountains of the
northeastern TP, using integrated glacier and meteorological
observations to assess its climatic reliability and validity. The con-
tributions of primary mass loss from S/E and meltwater loss were
quantified using the BAM and the DDM, while minor contribu-
tions from both snowdrifting and avalanches were neglected.
Analysis revealed that historical variations of precipitation were
well recorded in the LHG ice core. During 1961-2005, the average
annual mass loss in the ice core was 95.33 + 20.56 mm w.e. (min-
imum: 78.97 mm w.e. in 1967, maximum: 146.67 mm w.e. in
2001), while the average ratio of the revised annual ice accumula-
tion was 21.2 + 7.7% (minimum: 11.0% in 1992, maximum 44.8%
in 2000). Thus, over the entire study period, the average annual S/
E was 86.71 +3.52 mm w.e. (minimum: 78.97 mm w.e. in 1992,
maximum: 95.08 mm w.e. in 1961), while the average ratio of
the revised annual ice accumulation was 19.32 +6.17% (min-
imum: 11% in 1974, maximum: 44.79% in 2000). Meanwhile,
since 1997, the average meltwater loss was 43.11 +3.75 mm w.e.
(minimum: 23.2 mm w.e. in 2003, maximum: 57.4 mm w.e. in
2000), while the average ratio of the revised annual ice accumula-
tion was 9.21 £3.9% (minimum: 4.25% in 2003, maximum:
17.61% in 2000). Using the calculated mass loss, the revised
mean, maximum and minimum values of annual accumulation
were increased by 95.33, 84.6 and 83.8 mm w.e., respectively, in
comparison with the original ice accumulation data. However,
both the range and the variance of annual mass loss were effect-
ively unchanged. Additionally, a quantitative formula expressing
the relationship between S/E and air temperature at the annual
scale was established, providing an improved method for assess-
ment of S/E in the northeastern TP using time series temperature
data. The annual variation in revised ice accumulation correlated
best with precipitation recorded at Tuole station. The elevation
effect on precipitation was remarkable, highlighting the trait of
alpine precipitation throughout the entire period. This explorative
research developed a method for quantitative assessment of the
time-varying mass loss of ice cores, and advanced the reconstruc-
tion of long-term precipitation at high elevations. However, cer-
tain limitations of this study could be addressed in future work.
Most importantly, the dataset of in situ observations should be
extended temporally and spatially. Additionally, reanalysis data
and satellite data might represent better choices for long-term
and spatial reconstruction through data assimilation or bias cor-
rection based on in situ measurements (Guo and others, 2022;
Srivastava and Azam, 2022). Multisource meteorological data
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could provide opportunities for improving regional or long-term
S/E simulations using physical methods such as the BAM and the
Energy Balance Model, while sufficient in situ measurements
would benefit calibration and support simplification of model
parameters.
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