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Abstract: Accelerating glacier shrinkage is one of the most consequential of global warming. Yet,
projections for the region remain ambiguous because of the tremendous spatial heterogeneity, es-
pecially in the Qilian Mountains, where glacier melt runoff is a vital water resource for the arid
downstream area. To better understand glacier changes in this region, this study took regional
representative Qiyi Glacier as an example and applied an enhanced distributed surface mass balance
(SMB) model to glimpse the SMB variation and possible impacts on melt runoff under the RCP 4.5
and RCP 8.5 scenarios. Further, we combined a modified volume-scaling method to update the glacier
geometry gradually to enhance long-term reliability. When forced with observed daily temperature
and precipitation, the reconstructed glacier SMB, from 1957 through 2013, agrees well with the in situ
observations. The result indicates an abrupt change for SMB from positive to negative in 1992 and
subsequent mass accelerated loss after 2000. The increased summer air temperature and the pattern
of large-scale atmospheric circulation shifts might both cause these changes. Using projected climate
forcing from as many as 31 coupled GCMs from the CMIP 5 ensemble, the Qiyi Glacier is projected to
undergo sustained SMB loss throughout the 21st century for both RCPs. By 2100, the Qiyi Glacier will
lose ~25 m water equivalent (w.e.) for RCP 4.5 and ~37 m w.e. for RCP 8.5. Whereas the glacier area
will shrink by 43% for RCP 4.5 and 54% for RCP 8.5 relative to 2013 glacier content, corresponding
to the volume of the Qiyi Glacier will lose by 54% for RCP 4.5 and by 65% for RCP 8.5, accordingly.
Simultaneously, the glacier terminus will experience extreme melts. The terminus elevation of the
Qiyi Glacier will retreat from 4310 m a.s.l. in 2013 to 4810 m a.s.l. (RCP 4.5) and 4838 m a.s.l. (RCP
8.5) by the end of 2100, which will exceed the multi-year average ELA (4749 m) from 1957 to 2013. If
the warming trends keep and glaciers melt like the Qiyi Glacier with this ‘shocking’ rate, it will raise
the possibility of crippling, long-term water shortages for Hexi corridors.

Keywords: Qilian Mountains; climate change; mass balance; projection; Qiyi Glacier

1. Introduction

The glaciers in Tibet Plateau (TP) and adjacent regions are commonly named the “water
towers” of Asia [1,2] as they play a vital role in the regional and global hydrological cycle [3],
specifically in the drought-prone and semi-arid regions of northwest China. The discharge
of meltwater from glaciers holds immense importance in preserving the fragile ecological
balance and promoting sustainable socio-economic progress of the region [4]. According
to previous studies, the glacier melt contributes about 22-40% to the local river runoff of
western China. The contribution is even higher in some areas, e.g., Qilian Mountains [5].
Owing to their small scale and highly variable sensitivity to climate change [6], mountain
glaciers show a worldwide trend of accelerating shrinkage due to the climate warming
trend of the last several decades [1,7,8]. Glacier retreats are significantly worse in the
arid-endorheic basin of the Qilian Mountains, which shows a general retreating trend since
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the Little Ice Age [4], and accelerated reduction since 1956 [9-11]. These changes have
and will continue to profoundly affect the surrounding environment and endanger the
oasis cities and terminal lakes in the most water-scarce region of the Hexi corridor, one of
western China’s most significant ecological barriers and ecologically fragile areas.

Thus, glacier variation in the Qilian Mountains has long been the focus of attention
of the Chinese government and the communities [10]. The Qiyi Glacier is regarded as a
representative glacier in the region [5,12] and has been investigated since 1958, which is rec-
ognized as the first systemically studied glacier in China [13]. Studying this representative
glacier could enable us to understand the glacier-climate interaction and provide a glimpse
into future regional glacier variation and impacts. Unfortunately, until now, there are only
several discretely single years of investigations completed in the 1970s, 1980s, 2000-2003,
and 2011-2013 [12,14], leaving a significant knowledge gap in fully understanding the
status of glacier variation. Moreover, earlier studies were mainly carried out in situ, such
as on the ice formation process, surface mass balance, equilibrium-line altitude (ELA),
area change, ice flow, and so on [9,11,15,16]. Notwithstanding, remote sensing and 3S
methods currently have been adopted to monitor glaciers and their reflection on climate
change [4,17]; however, their results still have significant uncertainties due to lower spatial
resolution and limited time scale, particularly for small glaciers. Therefore, the observed
glacier data are generally incomplete or inconsistent. It is necessary to reconstruct long-term
glacier records to understand the changes over the years, especially the mass balance.

Several studies tried to use the SMB model to reconstruct the mass balance variation of
the Qiyi Glacier (e.g., Wang et al. [12,13,18]). However, these models are commonly based
on the empirical or the simplified degree-day method, which mostly does not take into
account refreezing, insolation, the huge shading effect caused by topography, and geometry
variation (e.g., surface extent and terminus elevation), and therefore, predict more negative
mass change than observed [3,19]. The energy-mass balance model has proven good at
finding the physical relationship between the climate and Qiyi glacier variation during
warm seasons [20,21], but there is not enough data for modeling beyond a mass balance
year up-to-date. In addition, compared to historical glacier mass balance variation, it is of
greater interest to glacier variation in the future as mountain glaciers across the globe have
demonstrated marked sensitivity to recent climatic changes and are predicted to undergo
sustained mass depletion throughout the 21st century [6,8,19,22-24]. Notwithstanding
significant advances in the energy-mass balance modeling of glacier variations, projecting
future glacier changes in data-deficient mountain catchments remains a formidable task,
given the unavailability or sparsity of requisite data for the model. Although recent studies
have tried using the meteorological data and downscaled GCMs output of CMIP5, e.g.,
Liang et al. [25] and Duan et al. [26], the results are not conclusive as they do not take into
account changes in glacier geometry due to ice flow or uncertainties in the climate forcing.

Models that effectively reproduce observations are required for reliable projections
of glacier change in the future. Over the last few decades, the enhanced temperature-
index methods, which consider solar radiation and hillside shading effects, have been
developed and widely used to estimate glacier melt with sufficient accuracy for most
purposes [3,27,28]. Theoretically, the temperature-index model is a simplified energy-mass
balance model [27,29]. In some aspects, its performances are similar to those of the energy-
mass balance model or even better than the energy-mass balance model [22,30], especially
for the glacier projection [31]. Therefore, several more recent studies have applied the
temperature-index approach to project glacier variations under different climate scenarios
using Phase 5 of the Coupled Model Intercomparison Project (CMIP) database [3,23,32,33].
However, these studies adopt only a single or a minimal number of general circulation
model (GCM) outputs. More recent studies have suggested that there are significant differ-
ences in climate projections among GCM models in CMIP5 [3,34], which will propagate
fractional uncertainties of roughly 15% into the projection of SMB [35] or greater (e.g., 50%
of the differences) [19]. Therefore, to accurately project the possible glacier variation, it is
critical to utilize as many GCM models as possible to reflect the future reliability variation.
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This study has applied a distributed enhanced temperature-index model (DETIM) to
the Qiyi Glacier to reconstruct the SMB variation over the last several decades and analyze
the response of glacier SMB to climate change. Then, the DETIM was forced with down-
scaled thirty-one good performance GCMs outputs in CMIP 5 to project the SMB variations
under the representative concentration pathway (RCP) 4.5 and RCP 8.5 climate scenarios.
The area, volume, and terminus elevation of the Qiyi Glacier are also assessed by combining
an updated volume-area (V-A) scaling method with the DETIM to examine possible hyp-
sometry changes in the mountainous areas of northeastern TP. This multi-model analysis
of glacier SMB and extent simulations will significantly advance our understanding of
the relationship between climate and glacier variations over the Qilian Mountains in the
21st century and promote assessing the impact of glacier shrinkage on the regional water
availability in the Hexi Corridor.

2. Study Area

The Qilian Mountains (36-39 °N, 94-104 °E), located at the northeastern margin of the
TP (Figure 1a), are in the transition zone between China’s northwest desert region and the
alpine TP. The regional climate is controlled by westerly winds and affected by the Asian
summer monsoons [4,9]. As the most representative alpine glacier in Qilian Mountains, the
Qiyi Glacier (39°14' N, 97°45' E; No. 5Y437C18) is one of the cirque-valley glaciers located
on the north slope of the western Qilian Mountains [13] and is the first investigated glacier
in China. Based on the First Chinese Glacier Inventory, it had an area of about 2.895 km?
and a length of 3.8 km in 1956 [14], with the summit, mediate, and terminus altitudes of
approximately 5145, 4720, and 4310 m, respectively [15]. With a gentle surface and without
any debris cover or avalanche, this glacier is an ideal place for glacier modeling.
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Figure 1. The location of the Qiyi glacier in the Qilian Mountain and the adjacent meteorological
stations. (a) The glaciers (dark red) and the adjacent meteorological stations (black dots; Source: ESRI
Basemap DigitalGlobe imagery), (b) the pictures of Qiyi glaciers, and (c) the stakes and AWSs on the
Qiyi glacier.
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As one of the sub-continental mountain glaciers, the Qiyi Glacier is characterized by
little precipitation and low temperature [13]. The annual precipitation is about 374 mm,
and most of the precipitation occurs in the summer season, accounting for about 80% of the
yearly precipitation [12]. The annual mean air temperature is about 5 °C, and temperatures
only exist above zero in the summer. Thus, both ablation and accumulation occur during
the summer season. In this study, we defined the winter season from October to May
and the summer season from June to September. In 2011, two automatic weather stations
(AWS) were built at 4220 m and 4700 m of the Qiyi Glacier, which provide a basic monthly
temperature lapse rate and precipitation gradient for the glacier.

3. Data and Methods
3.1. Data Collection and Organization

The datasets employed in this study comprise fundamental geographic data, in situ
measurements, national meteorological data, and climate projection datasets.

3.1.1. Qiyi Glacier Observations and Geometry

Annual and monthly mass balance data are collected from the previous works con-
ducted during three intervals: 1974-1977, 1983-1988, and 2000-2003, as well as obser-
vations from recent years [5,13,15,18,20]. The spatial mass balance and ELA are pro-
vided by Pu et al. [15], Jiang et al. [20], and Wang et al. [13]. The initial glacier out-
line, area, and terminus in 1957 are obtained from the First Chinese Glacier Inventory
(http:/ /westdc.westgis.ac.cn/ (accessed on 4 July 2022)), based on the topographic maps
and aerial photographs of glaciers taken in 1956 in the Qilian Mountains [14]. Discontinu-
ous area variation is further collected from the published literature [15,36]. The depth of
firn and snow is also gained from the published literature [20,37], and our investigation
was conducted from 2014 to 2018.

3.1.2. Climate Data Collection and Reconstruction

The monthly tempera ture lapse rate and precipitation gradient were computed utiliz-
ing data collected from the two AWSs at 4220 m and 4700 m, as depicted in Figure 1c. How-
ever, due to limited data available from the AWSs, which is only accessible for 2011-2013,
and a significant amount of missing data, four meteorological stations (listed in Table 1)
surrounding the Qiyi Glacier were also incorporated in the analysis. Among them, the
Tuole (TL) station is applied to prolong the climate forcing and drive model to simulate
historical glacier mass balance variation since its monthly correlation with the Qiyi Glacier
is higher than 0.91 for precipitation and 0.98 for air temperature [13,18]. In the study, we
take a simple approach (similar to previous studies, e.g., Wang et al. [13]) to reconstruct
the historical climate data. This method has taken into account the topography effect by
using the observed temperature lapse rate (—0.60 °C per 100 m) and precipitation gradient
(2.7 mm per 100 m) between the TL and Qiyi Glacier terminus [13]. Thus, it could signifi-
cantly reduce the uncertainties. Other meteorological stations will further apply to analyze
the response of glacier SMB to climate change. The Chinese National Meteorological Center
(CNMC; http:/ /data.cma.cn/site/index.html (accessed on 4 July 2022); Table 1) provided
all meteorological station data.

Table 1. The meteorological stations used in this research.

. . Latitude Longitude Altitude Summer Winter Summer Winter
Station Periods

/I°N I°E /m T/°C T/°C P/mm P/mm
Tuole 1957-2013 38.48 98.25 3820 8.34 —8.06 1.74 0.15
Yeniugou 1960-2013 38.25 99.35 4429 7.38 —8.03 2.52 0.24
Qilian 1957-2013 38.11 100.15 3597 11.11 —3.93 2.58 0.26

Wuwei 1953-2013 37.55 102.40 3772 20.67 217 0.70 0.10
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3.1.3. Future Climate Forcing and Downscaling

As reported by the latest studies, the state-of-art CMIP6 models do not necessar-
ily perform better than the previous CMIP5 model in China [38]. Therefore, as many
as 31 GCMs, with a higher performance from the CMIP 5 ensemble and containing
both the RCP 4.5 and RCP 8.5 scenarios, were still used to project future SMB varia-
tion. Table 2 overviews the applied models and basic information about the experiments.
The datasets were directly downloaded from the Earth System Grid Federation (ESGF)
portal (https:/ /esgf-node.llnl.gov/ (accessed on 4 July 2022)). Since the simulations of air
temperature and precipitation show significant biases (Figure 2) due to systematic model
errors or discretization, there are considerable uncertainties. This study applied a statistical
downscaling method to downscale the GCMs data to the Qiyi Glacier.

Table 2. List of the global climate models in CMIP5 used in this research.

Resolution

No. Abbreviation Model Name Organization (Lon. x Lat. No. Levels) Nationality
1 AC1 ACCESS1-0 CSIRO and BoM 192 x 145, .38 Australia
2 AC2 ACCESS1-3 CSIRO and BoM 192 x 145,138 Australia
3 BC1 BCC-CSM1-1 BCC 128 x 64,126 (T42) China
4 BC2 BCC-CSM1-1-m BCC 128 x 64,126 (T42) China
5 BNU BNU-ESM GCESS 128 x 64,126 (T42) China
6 CaE CanESM2 CCCMA 128 x 64, L35 (T63) Canada
7 CCs CCsM4 NCAR 288 x 192,126 USA
8 CE1 CESM1-BGC NSF-DOE-NCAR 288 x 192,126 USA
9 CE2 CESM1-CAM5 NSF-DOE-NCAR 288 x 192,126 USA
10 CE5 CESM1-WACCM NSF-DOE-NCAR 288 x 192,126 USA
11 CM2 CMCC-CM CMCC 480 x 240, L31 (T159) Europe
12 CM3 CMCC-CMS CMCC 480 x 240, L31 (T159) Europe

320 x 160, L62

13 ECE EC-EARTH EC-EARTH (T159) Europe
14 FIO FIO-ESM FIO 128 x 64, China
15 GE1 GISS-E2-H NASA GISS 144 x 90, USA
16 GE2 GISS-E2-H-CC NASA GISS 144 x 90, USA
17 GE3 GISS-E2-R NASA GISS 144 x 90, USA
18 GF2 GFDL-CM3 NOAA GFDL 144 x 90, L24 USA
19 GF3 GFDL-ESM2G NOAA GFDL 144 x 90, L24 USA
20 GF4 GFDL-ESM2M NOAA GFDL 144 x 90, L24 USA
21 Ha5 HadGEM2-AO NIMR/KMA 192 x 145, Korea
22 INC INM-CM4 INM 180 x 120, L21 Russia
23 P2 IPSL-CM5A-MR IPSL 144 x 143,139 France
24 1P3 IPSL-CM5B-LR IPSL 96 x 96, L39 France
25 MI2 MIROC5 MIROC 256 x 128, 140 (T85) Japan
26 MI3 MIROC-ESM MIROC 128 x 64, L80 (T42) Japan
27 MI4 MI%%%’BE/ISM' MIROC 128 x 64, L80 (T42) Japan
28 MP1 MPI-ESM-LR MPI-M 192 x 96, L47 (T63) Germany
29 MR3 MRI-CGCM3 MRI 320 x 160, L48 (T159) Japan
30 NE1 NorESM1-M NCC 144 x 96,126 Norway
31 NE2 NorESM1-ME NCC 144 x 96,126 Norway

We applied a three-step procedure to downscale the daily air temperature and precipi-

tation. First, we obtained the four RCP 4.5 and 8.5 raw data values from the model closest
to the TL station. Then the mean value from the different ensembles (for each model) was
interpolated to the TL station by using the inverse distance weighting (IDW) technique
(four grid points used; Equations (1) and (2)).

4
W; = @)
) 1 1 1 1
z + z + z + z
4
v;i(t) = E W] X U]'(t) (2)
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where d1, d», d3, and dy are the distances in CMIP5 GCM models between the station (v;)
and the four nearest grid cells; v; is the variable value from the grids, and v;(t) is the sum
of the weighted average for a given time . Figure 2a,b compare raw CMIP5 data and TL
station observations.
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Figure 2. (a,b) Comparison of the monthly total precipitation for the raw GCM outputs, downscaled
precipitation, and measurements of TL stations. (c¢,d) Comparison of the monthly mean precipitation
for raw GCM outputs, observation, and the bias-corrected results. In the box-and-whisker plots,
the centerlines represent the ensemble means, box limits indicate the 25th and 75th percentiles, and
whiskers denote minimum and maximum values of the ensemble of 31 ensembles of GCM outputs.
(e,f) Comparison of the mean daily air temperature for observation, raw GCM, and the bias-corrected
GCM results.

Afterward, we downscaled the RCP 4.5 and RCP 8.5 temperature and precipitation
to the TL station by applying a “local-scaling” method [39,40]. The daily precipitation is
downscaled as follows,

Pds(xr t) = Pmad(x t)% 3)
(P mod ) sea

where P,,,;(x,t) refers to the CMIP5 monthly average precipitation (mm) for the grid
incorporating a site x and at time ¢ in monthly ‘sea’; (Pyps)sea and (Pp04)sea are the monthly
means taken over the downscaled period. Here, we chose 1957-2013 as the baseline for
downscaling. The air temperature is downscaled in the same way that precipitation is.
However, the adjustment for temperature is additive [39]; therefore, the downscaled daily
air temperature is given by,

Tds(x/ t) = mod(x/ t) + [(Tobs)seu - (Tmod)seu] (4)

where T),,,4(x,t) refers to the CMIP5 monthly average air temperature (°C) for the grid at
site x and at time ¢ in season ‘sea’; (Tops)sea aNd (Ty04)sea is the monthly mean taken over the



Atmosphere 2023, 14,723

7 of 26

Mean annual temperature

Mean annual temperature

(°C vs.1957-2013)

(°C vs.1957-2013)

reasonable period. We controlled the Pearson correlation coefficient higher than 0.91 for
air temperature and 0.85 for precipitation between the TL station and raw data to obtain
higher accuracy.

Finally, the temperature lapse rate and precipitation gradient accounting topography
are applied to interpolate the downscaled data to the Qiyi Glacier terminus, just as we have
performed during the historical period. Figure 3 depicts the climate forcing employed in
the study.
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Figure 3. De-biased temperature anomaly (a,c) and de-biased precipitation anomaly (b,d) between
1957 and 2100 relative to 1957-2013 (horizontal dotted line). The thick black line represents the
variables’ progress across the observation period. The colored thin lines reflect the evolution of each
GCM simulation in the CMIP5 ensemble (31 in total; see Table 1). The thick red and blue lines are the
means of GCM simulations.

3.1.4. Digital Elevation Models

All calculations and analyses detailed below were performed using the Advanced
Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model
(ASTER GDEM,; 30 m resolution; http://datamirror.csdb.cn/ (accessed on 4 July 2022)).
Since ASTER GDEM is one of the most appropriate data sources for cryospheric appli-
cations and has proven to have the best performance in TP [41], the glacier topographic
attributes (i.e., elevation, slope, curvature, and aspect) were directly derived from this DEM.
The glacier surface condition (e.g., firn, snow, and debris depth), climate forcing (air tem-
perature, precipitation, insolation, etc.) interpolation, as well as the clear-sky potential solar
radiation and shading effects calculation, is also based on this GDEM grid (30 x 30 m).

Additionally, we implemented the Landsat TM/ETM+ images from the United States
Geological Survey (USGS) EarthExplorer (http://glovis.usgs.gov(accessed on 4 July 2022))
to extract glaciers outliers and constrain the modeled glacier area change in recent years.
The Spatial Analyst toolbox of ArcGIS 10.8 was utilized to process all collected data, which
were subsequently projected onto the Universal Transverse Mercator coordinate system
and referenced to the 1984 World Geodetic System.

3.2. Methods
3.2.1. Glacier Mass Balance Model Description

For each grid cell, the daily SMB is calculated by the following equations [42],

B:/ﬂkij+&M 5)
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where B is the glacier surface mass balance in meter water equivalent (m w.e.); f refers
to freezing meltwater infiltration in snow or the firn layer. Previous studies conducted
at the TP have revealed that around 20% of meltwater is maintained at the snow-ice
interface because of the refreezing [43]; hence, f was set to 0.2. Ps (m w.e.) denotes
the accumulation of solid precipitation on the glacier, and ¢ is the modeled period. M
(m w.e.) is the ablation, and a DETIM was applied for the calculation developed by
Hock [27]. DETIM has been widely used in reconstructing and projecting the mountain
glacier ablation process [6,27,28], particularly in high-altitude areas with limited climate
forcing [44]. Moreover, the shading effect is incorporated by implementing an algorithm
to calculate the potential solar radiation [27]. Theoretically, a physical-based addition will
improve mass-balance model performance [45]. The daily melt for Qiyi Glacier is calculated
for either snow- or ice-covered grid cells by:
— (Fm‘f'“snow,ice *I) * FgepxT, T>0°C

M= { 0, T<0°C ©)
where F,;; (mm day’l °C~1) is the melt factor; a;ce and agyey are the radiation factors (mm
day_lw_lm2 °C1) for ice and snow, respectively, and the 45,0y must be smaller or equal to
the a;, since the snow has a higher albedo than exposed ice; F,, is a multiplier variable for
melt resistance under debris, and its value is 1 for all grid cells that are not debris-covered
without any debris. T is the air temperature applied as an indicator for the dominant
energetic melt process, including radiation and turbulent heat fluxes. I is the potential

direct solar radiation calculated every day by using the method provided by Hock [27]
as follows,

Ry \? P
I=1- < Rm) ,qfu(pocosz) . [CosﬁcosZ + sinﬁsianos((psun - Ql’slope)] )

where I (Ip = 1362 W m~2) denotes the solar constant; (R,,/R) is the coefficient of deter-
mination factor of earth’s eccentricity; R is the instantaneous earth-sun distance; Ry, is the
mean earth-sun distance; ¥, (Y, = 0.75) is the observed atmospheric clear-sky transmis-
sivity [27]; Py (P = 1013.25 hPa) is the standard atmospheric pressure; P (hPa) represents
the atmospheric pressure at different latitude; Z refers to the local zenith angle, and
is the slope angle; ¢s,;, means the solar azimuth angle; Pslope is the solar azimuth angle.
Considering the geometry of the Qiyi Glacier, the daily radiation and shading from the
adjacent mountains play an essential role in the glacier melt process (Figures 4 and 5).
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Figure 4. Annual slope corrected clear-sky potential radiation (a) and shading (b) at Qiyi Glacier
surface. The centerlines in the box-and-whisker plots represent the mean, the box bounds refer to the
25th and 75th percentiles, and the whiskers represent minimum and maximum values. The error
bars indicate a 5% percentage deviation.
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Figure 5. Spatial distribution of shading (a,b) and the slope corrected clear-sky potential radiation
(c,d) in winter and summer seasons at the Qiyi glacier surface.

Accumulation is determined using a threshold temperature method and is assumed
to be equal to solid precipitation [46]:

b T < Ts

Po={ 7=tk T<T<T ®)
0 T>T,
P, =P, — P )

where Ps, P, and P; are snowfall, rainfall, and total precipitation, respectively (m w.e.); and
Ts and T are the solid and liquid precipitation threshold temperatures, with the value of
—1.05 °C and 0.64 °C from the recent study conducted at Qilian Mountain [12,15], respectively.

3.2.2. Modified V-A Scaling Method

When modeling future variations, the area and ice volume reduction owing to glacier
retreat should not be neglected [3,47]. The mass balance model computes the SMB and
does not consider the dynamic changes in glacier geometry, which affects the size and
elevation of the ablation and accumulation areas and accordingly causes the SMB to be
more negative [19]. Theoretically, the most physically rigorous numerical ice-flow models
could better simulate the variation of glacier geometry. However, precise information on the
glacier surface and bed geometry is required. The Qiyi Glacier is unsuitable for this since
data on its thickness is lacking. Instead, the simple V-A scaling method has been widely
applied and recognized as an essential tool to address the glacier geometry change (i.e., area,
volume, length, and terminus position) based on the modeled SMB [3,4,48,49]. Therefore,
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in this study, an enhanced V-A scaling law considering time lag [3] was coupled to a mass
balance model to estimate the evolution of glacier area, volume, and terminus elevation.

(1) Area and Volume calculation

The volume (V) and area (A) of the Qiyi Glacier at the start year are calculated
as follows,
Vo = ca(Ao)” (10)

where Ag (Ag = 2.89 km?) is the glacier area in 1957, based on the glacier inventory derived
from 1956 data [14]. Table 3 summarizes the general parameters used in recent studies
to calculate glacier volume. Here, we applied the coefficients provided by Liu et al. [4],
produced by the Qilian and Tienshan Mountain observation, and successfully applied them
in TP [11,50]. The volume change (dV) and area change (dA) at each mass balance year
(from 1 October to 30 September) are further computed by:

dV(n+1) =1/p- A(n) - B(n) (11)
dA(n+1) = ;((V(”C“))mfx(n)) (12)

where A(n) (km?) and B(n) (m w.e.) denote the glacier area and SMB in the nth year,
respectively, and p (p = 900 kg m~3) refers to ice density. T4 is a relaxation time-series scale
that can be determined as follows:

Ta(n) = 1.(N) (13)

where L(n) and T, represent glacier length (km) and the response time scale of glacier
length in the nth year, the glacier length in the initial year is determined using the approach
proposed by Marzeion et al. [3]:

Lo =cr - (Ag)T (14)

where g and c; represent scaling coefficients, the constant g = 1.43 and ¢ = 0.58 were
obtained from Liu et al. (2003) [4]. The length changes dL during every mass balance year

are calculated as: 1/

q

dL(n+1) = 1<(V(n+1)> —L(”)> (15)
T, CL

where L(t) is the length of the glacier at the initial mass balance year, and 7y, is a relaxation
time scale and can be determined by:

(16)

Table 3. The parameters of volume-area scaling law applied in recent studies.

References Volume-Area Scaling Laws Comments
Radi¢ and Hock [48] V = 0.0365A1375 Based on earlier studies
Grinsted et al. [49] V = 0.0433A1290 Obtained from minimizing the absolute
' ' volume deviation from glacier inventory
Huss et al. [28] V = 0.0259A1275 Relationship for Central Asia
Liu et al. [4] V = 0.0395A1350 From the observation of Qilian and

Tien Shan
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(2) Terminus elevation change

The retreat and advance of a glacier occur initially at the lowest elevation (termi-
nus), as evidenced by studies of glacier spatial changes from 1999 to 2004 in the Western
Himalayas [51]. Thus, in this study, we adopted an approach similar to that used by
Marzeion et al. [3] and Zhao et al. [52] to predict the glacier terminus evolution, assuming
a linear increase of the terminus elevation Zy;, (m a.s.l.) with reducing glacier length L.
When the glacier retreats, we directly remove grid cells nearby the glacier terminal from
the glacier surface cells, thus obtaining a new glacier terminus elevation and updating the
new glacier boundary for the following year. In contrast, we added grid cells to the glacier
surface grid from the original DEM when the glacier advances. The terminus elevation in
the (1 + 1)st year, zmin(n + 1), was determined by,

L(n+1)
L(n)

where zmax(n + 1) signifies the glacier’s highest elevation in the (1 + 1)st year, which is
determined by identifying the ASTER GDEM highest elevation inside the glacier border
and is assumed constant throughout the model process. L(n + 1) is the (1 + 1)st-year glacier
length, and L(n) is the glacier’s length in the n year.

Zmin(” + 1) = Zmax(” + 1) + : (Zmin(n) - Zmax(”)) (17)

4. Results
4.1. Glacier SMB Model Calibrations and Validation

The modeled glacier-wide SMB is evaluated by the independent, observed monthly
mass balance and annual mass balance data (Figure 6). To ensure that the validation is
independent of the calibration, validation is only performed with the annual mass balances
from 1974-1976, 1984-1988, 2003-2004, and 2007-2010, which do not temporally overlap
with the monthly mass balances used for calibration from 2011 to 2013. In addition, to
better calibrate the model, daily air temperature and precipitation at every grid cell are
further determined by using different monthly lapse rates (AT) and gradient (AP) based on
the two AWSs on the glacier surface (listed in Table 4). Owing to the empirical character
of the DETIM, the site-specific parameters f;, ®;c., and xsuo in Equation (6) are optimized
using a Monte Carlo algorithm. The final parameters used in this study are presented in
Table 5.
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Month

Figure 6. Evaluating modeled SMB against in-suit observations at Qiyi glacier. Linear plots (a,b) refer
to the modeled annual and monthly glacier-wide SMB vs. observations. The frequency of misfits
(c) is modeled vs. measured glacier-wide monthly SMB. Error bars in (a) indicate the 1 § standard
deviation. In (a,b), dashed green lines mean the zero of SMB. In (c), the dashed red line represents
the zero misfit.
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Table 4. The lapse rate of temperature (AT, °C/100 m) and precipitation (AP, mm/d 100 m) of
different months at the Qiyi glacier.

Parameters  January February March  April May June July August September October November December

Temperature 0.53 0.55 0.52 0.67 0.71 0.58 0.63 0.62 0.61 0.49 0.51 0.46
Precipitation 0.39 0.49 0.29 0.43 0.40 0.24 0.23 0.16 0.21 1.25 0.93 1.89

Table 5. The model parameters optimized for all mass-balance series measured in the Qiyi glacier.

Parameters Values Units
Melt factor, f, 2 mm day_1 oc—1
Radiation coefficient for snow, &sw 6 mm day”W*lm2 oc-1
Radiation coefficient for ice, a;c, 1.5 mm day W~ Im? °C~!
Precipitation correction factor, S 25 %

As shown in Figure 6b, the modeled monthly mass balance agrees well with the obser-
vations during 2011-2013 (R? = 0.96, p < 0.001; Misfit = 0.0006 m w.e.). The modeled annual
mass balance variation also correlates with the observed values (Figure 6a). The simulated
mean yearly and monthly mass balance was —0.242 m w.e. Furthermore, —0.072 m w.e.,
which was close to the observed values of —0.252 m w.e. Furthermore, —0.066 m w.e.,
respectively. To assess the SMB model’s performance further, here we applied the coefficient
of determination (R), Nash-Sutcliffe efficiency coefficient (NSE), and Root Mean Square
Error (RMSE). The methods are defined as follows,

2
Y. (01 —0)(si —5)
R= i=1 (18)
\/>”: (0;— 0 % (s —5)?
i=1 i=1
3 (si—0)’
NSE=1- =1 - (19)
igl (0; —0)
i (Si 01>2
NSE=1-5L (20)
Y. (0; —0)°

Il
—_

where s; and o; denote the ith simulation and observation, respectively; s and 6 are the
simulations, and observation means values, respectively;  is the time series length.

The results show that the RMSE between the annual mass balance is 0.087, whereas
the NSE and R are 0.96 and 0.005, respectively. Altogether, the model compares well
with observations and offers possibilities for studying glacier SMB on Qiyi Glacier both
historically and into the future based on the climate projection.

4.2. The Temporal Variation of Reconstructed Mass Balance during 1957-2013

As shown in Figure 7, the annual glacier-wide SMB of Qiyi Glacier exhibited a rela-
tively positive trend from 1957-1991 and a significant negative trend from 1992 to 2013
in the reconstructed mass balance series. Summer mass balance varies roughly twice as
much as winter mass balance across the reconstrued period as compared to the two sea-
sons in the mass balance year, indicating that the ablation processes vary more strongly
during mass balance years than winter mass accumulation. During the positive period, the
glacier-wide mass balance fluctuated between £ 0.50 m w.e. with a linear rate of 0.004 m



Atmosphere 2023, 14,723

13 of 26

Mass balance (m w.e.)

-160 L S ST L L L L L B
1956 1960 1964 1968 1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 2012

w.e. a~! (p <0.01). Moreover, three periods are distinguished in the positive stages of the
reconstructed SMB series.

{I summer [l winter —A—annual @ observed

Year

Figure 7. The simulated and observed annual SMB and the seasonal glacier SMB series of Qiyi glacier,
1957-2014.

Period I (1957-1969), the mass balance dramatically increased with a linear rate of
0.032 m we. a~! (p < 0.05), indicating the response of Qiyi Glacier to the global air
temperature decreasing and precipitation increasing began in the late 1950s. Period II
(1970-1979), although the mass balance was still positive with a rate of 0.027 m w.e.a™!
(p < 0.01), the increase rate began to slow down at this stage. However, the maximum
mass gained during the mid-1970s was captured by both reconstructed and observed
series [13,15], dominated by the relatively cold climate during these years. In Period 1II
(1980-1991), the mass balance remained slightly positive with a rate of 0.008 m w.e. a~!
(p < 0.05), but the increasing rate is substantially lower than in Periods I and II, revealing
the glacier has approximately entered a state of zero equilibrium. From Periods I to I, the
increasing trend of SMB gradually slows down. Meanwhile, the glacier SMB experienced a
strongly positive, relatively higher positive, and slightly positive stage. Furthermore, finally,
the mass balance trend abruptly shifted from positive to strongly negative since 1992.

During the SMB negative trend stage, Period 1V (1992-2013) is characterized by a
strongly negative SMB with a linear rate of —0.0129 m w.e. a~! (p < 0.001), which is near
to the mean rate of global SMB —0.013 m w.e. a~! during last several decades [34,53].
Seasonal mass balance variations indicate that this result is due to the higher summer
ablation, which most likely could not be compensated by the summer and winter mass
accumulation. Most noticeably, the summer SMB during this period is three times higher
than that of 1957-1991. On the contrary, the winter mass balance was nearly similar to the
positive periods from 1957 to 1991. Over the whole modeled period, 1994/1995 was the
year with the most negative SMB of the Qiyi Glacier, which was approximately —1.426 m
w.e. After that year, even though the trend of SMB seems to return to increase again, the
values remained negative and never shifted back to the positive again. Since 2010, the
decreasing trend has gradually accelerated with a high decreasing rate of —0.15 m w.e. a~!
(p < 0.01) and is expected to keep losing at a much higher rate in future scenarios.

4.3. The Mass Balance Distribution and ELA Variation during 1957-2013
4.3.1. Mass Balance Distribution of Qiyi Glacier

The mass balance at each 30 m grid cell is determined using the reconstructed air
temperature and precipitation from 1957 to 2013 and the SMB model. This process makes it
possible to determine the ELA, the accumulation area ratio (AAR), and the mass balance
gradient from the gridded data sets.

As Figure 8 shows, there are noticeable changes in the fluctuation of net mass balance
between the ablation and accumulation area. The most negative mass balance primarily
happens in the terminus of Qiyi Glacier. The SMB model generally reproduces the higher
mass balance gradients in the ablation area and relatively lower mass gradients in the
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accumulation area (Figure 9a). Furthermore, the reduced spread of SMB in modeled results
reveals that the effects of snowdrift and avalanches do not exist in the Qiyi Glacier, which

agrees well with the previous in situ measurements [15]. From Period I to IV, the glacier
SMB gradient is dramatically increased in the ablation area, particularly during Period IV.
By contrast, the gradient of SMB in the accumulation area seems likely to remain constant
throughout the overall modeled period. It further confirms that the melt mainly occurs
at the terminus of the Qiyi Glacier, similar to findings in several earlier studies for other
regions in the TP (e.g., Berthier et al., [51]; Marzeion et al. [3]; Zhao et al. [52]).
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Figure 8. The spatial mean annual mass balance (MB) variation during Period I (1957-1969, a), Period
IT (1970-1979, b), Period III (1980-1991, c), and Period VI (1992-2013, d).
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Figure 9. The altitudinal distribution of SMB and mean area were calculated for Qiyi glacier (a) and
the ELA variation from 1957-2013 (b). The reconstructed ELA provided by Wang et al. [13]. The
dashed blue line indicates the linear rate of ELA, and the sky-blue shading refers to the 1 4 standard

deviation of modeled ELA.
Glacier-wide SMB is an essential and direct indicator of total mass change, making it

helpful for hydrology and sea-level change applications [7,23]. As Figure 8 shows, from
1957 to 2013, the SMB has switched from 0.23 m w.e. (Period I) to —0.26 m w.e. (Period
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IV), while the AAR has decreased from 62.44% in Period I to 45.74% in Period IV. From this
aspect, the glacier has shifted from a relatively stable state to a dramatic recession phase.
Since then, glacier retreat has become the dominant trend on the Qiyi Glacier.

4.3.2. Variations of ELA on Qiyi Glacier

ELA represents the elevational zone on the glacier, where annual ablation equals
annual accumulation when the glacier is in a steady state. Theoretically, the ELA is a
quantity controlled by the climate and glacier aspect. It is undisturbed by the glacier
dynamics, extent, or even hypsometry, instead revealing an essentially unfiltered climate
signal [28,54]. The ELA is a direct and extremely sensitive indicator of the glacier response
to climate change since its position is strictly determined by air temperature, solar radiation,
and solid precipitation distribution [13]. In the Qilian Mountain ranges, glaciers are almost
“summer accumulation” type, and the melt primarily occurs in the lowermost part of
the ablation zone [47,55], e.g., the terminus. As suggested by the previous studies, the
ablation process mainly depends on the summer temperature [12,13]. Therefore there is
reason to believe that ELA evolution is also principally affected by the warm-season air
temperature increasing.

As Figure 9 shows, the modeled ELA agrees well with those derived from glacier
mass balance measurements from three discontinuous periods (1972-1975, 1983-1986, and
2001-2011) and the earlier rebuilt results [55]. Both reconstructed and observed results
implied that the annual variability of ELA is considerable in Qiyi Glacier. During the 1970s
and 1980s, ELA’s value was just 4600 m and 4670 m, respectively [13]. By 2002/2003, it had
risen to about 4970 m with the increased air temperature; by 2005, the ELA had dramatically
retreated to 5131 m [15], which is quite close to its summit altitude of 5145 m. Throughout
the study period, the lowest and highest ELA values differ by ca. 700 m (Figure 9b). The
mean value of ELA in each positive stage (Periods I to III) was 4773, 4807, and 4798 m a.s ],
respectively. While the average ELA has increased to 4908 m in the negative mass balance
(Period IV) and will continue to rise in the coming future under whatever climate scenario
itis.

In general, the modeled time series of the SMB identified that the ELA in the Qiyi
Glacier maintained a significant downward trend with a linear rate of —2.62ma~! (p < 0.01)
from the 1950s to 1991 (Period I to III). During this period, the multi-year average ELA
was ~4750 m. Whereas the trend shifted, there was an apparent rising trend with a linear
rate of 4.68 m a~! (p < 0.001) since 1992 (Period IV). At this stage, the multi-year average
ELA was ~4908 m. Compared to the mean ELA in the former period, the ELA has raised
~158 m. In addition, although our modeled ELA seems quite different from that estimated
by the statistical relationship between the observed ELA and the climate data from a
meteorological station about 50 km north of the glacier (Figure 9b; Wang et al. [13]), both
studies suggested the ELA of the Qiyi Glacier had a rising trend since 1957, and the glacier
ELA had increased by ~230 m in total.

5. Discussions
5.1. Qiyi Glacier SMB Response to Climate Change

The SMB of mountain glaciers is affected by a wide range of associated topographic
conditions and climatic factors, such as height, aspect, and slope [6,55]. Climate forcing
(e.g., temperature and precipitation) may be the most critical factor among these contribut-
ing factors to glacier mass balance change. Mountain glaciers are essentially recognized as
the product of climate change under certain conditions [1,43,55,56]. The fluctuation of air
temperature and precipitation mainly controls the ablation and accumulation of the glacier
and, therefore, causes height changes to the glacier surface [34,47]. Generally, warmer
air temperatures cause the glacier to melt, whereas increased precipitation leads to mass
accumulation. These factors also affect the evolution of glacier geometry.

As shown in Figure 7, the SMB of Qiyi Glacier fluctuated noticeably from 1957 to
2013. A strong relationship exists between the summer mass balance and the annual mass
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balance (R = 0.98, p < 0.01) on the glacier. Consequently, despite significant year-to-year
variability in winter mass balance, summer mass balance strongly regulates long-term SMB
variation. As a typical “summer accumulation type” glacier, the combined effect of air
temperature and precipitation in the warm seasons determined the annual SMB change of
the Qiyi Glacier [37,55]. A similar result was also yielded by Liu et al. [4], who suggested
that climatic conditions in the summer season significantly influence the SMB of glaciers
in the Qilian Mountains. In essence, the large-scale atmosphere circulation mode might
influence the local climate change pattern and further control the regional SMB. Several
studies have pointed out that the Asian summer monsoon strongly influenced the Qiyi
Glacier [9,11]. It is determined that air temperatures are above zero, and almost 80% of
yearly precipitation is concentrated from June to September in the region [13,15]. These
climate conditions and circulation patterns might cause the ablation and accumulation to
both mainly happen in the summer seasons, and the summer SMB accounts for most of the
annual SMB.

To better understand the pattern of glacier SMB response to climate change, the
correlations between the temperature, precipitation, and glacier SMB have been analyzed
based on the statistical analysis of meteorological data. Figure 3 shows that the annual
rainfall increased slightly with a linear rate of 0.68% a~!(p < 0.01), while the air temperature
dramatically rose at 0.035 °C a~! (p < 0.001) from 1957 to 2013. This variation tendency is
consistent with previous studies of the Qilian Mountains from the 1950s to 2010 [9,11] but
significantly higher than the global level of 0.12 °C a~! [34]. Figure 10 further exhibits that
air temperature negatively correlates with the annual SMB variation (R = —0.21), especially
in the summer seasons (R = —0.78), revealing that the summer temperature strongly
influences the glacier mass variation. Conversely, precipitation positively correlates with
the SMB (R = 0.14), especially in winter (R = 0.20). This relationship implied that even in
the monsoon domain Qilian Mountain ranges, the precipitation in winter is by no means
negligible and can influence the mass balance significantly. Nevertheless, for the long-term
SMB variation, the winter precipitation seems to play a limited role in its variation, given
that both the ablation and accumulation occur in the summer season for Qiyi Glacier [13].

Although some studies have found that the precipitation in September influences the
summer mass balance in the accumulation zone of Qiyi Glacier [21], the long-term trend
suggests that summer precipitation has had little impact on the summer SMB (R = 0.01)
from 1957 through 2013. The accumulation gained from the summer precipitation may
not be sufficient to compensate for the glacier melt caused by the increasing summer air
temperatures. In addition, though the temperature and precipitation increased from 1957 to
2013 (Figure 3), the increase rates between them are substantially different, especially during
the summer. Air temperature increased with a linear rate of 0.035 °C a~! yearly (p < 0.001)
and 0.04 °C a~! (p < 0.001) in summer seasons, whereas the precipitation increased with
a rate of 2.45 mm a~! (~0.68% a~!, p < 0.01) and 2.40 mm a~! (~0.65% a~!, p < 0.01) in
summer seasons. According to Oerlemans [47], the impacts of a 1 K warming on the glacier
SMB are equal to a 25% increase in precipitation. Recent studies conducted at the Beida
River Basin further suggested that 1 °C air temperature rise induced mass loss would
be compensated by a 210 mm [12] ~272 mm [15] or 25% increase in precipitation [20].
Obviously, the precipitation increasing rate is lower than the rate of air temperature rising
during the summer seasons of the Qiyi Glacier. This competitive relationship between
temperature and precipitation is the primary reason the SMB has a slightly negative trend
from 1957 to 2013 (—0.008 m w.e. a1, p < 0.001; Figure 7). Subsequently, the increased air
temperature, particularly the summer air temperature rise, has more robust control over
the SMB of the Qiyi Glacier.
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Figure 10. The glacier ablation and accumulation response to local air temperature and precipitation
of TL station during 1957-2013. The relationship between annual mass balance and annual air
temperature (a) and annual precipitation (d); the relationship between annual ablation in summer
and summer annual mean air temperature (b) and summer precipitation (e); the relationship between
accumulation in winter and winter mean annual air temperature (c); and annual precipitation (f). The
solid lines in the figure indicate the linear rate for air temperature and precipitation.

A similar conclusion that summer air temperatures dominate the shrinkage of glaciers
has been reported from the studies of other glaciers in Qilian Mountain by recent remote
sensing [9-11], glacier stimulation [12], and other studies [13,56]. However, as the corre-
lation coefficient between the summer air temperature and mass balance is only —0.78,
other factors are also playing important roles in glaciers’ mass variation, such as radiation,
substantial sublimation [21], the local topography of glaciers [55,57], as well as their com-
bined effect of radiation [20] and topography [12] in Qiyi Glacier. Unfortunately, many of
these factors lack observational data, preventing a quantitative examination of their relative
influence on SMB variations.

In addition, the variation of SMB in Qiyi Glacier shows an evident shift since 1992.
From 1957 to 1991 (Periods I to I1I). the glacier kept a positive trend of SMB (trending from
positive to a slightly positive, then to equilibrium state; Figures 7 and 8), and subsequently,
it shifted to negative and gradually accelerated when entering the 21st century (Period
IV). To determine whether shifting occurs in the region, we use the Mann-Kendall (M-K)
method for the mean of the TL and other stations mentioned in Table 1. The results show
that abrupt air temperature changes happened in 1992. This finding is consistent with the
previous studies on the Beida River Basin by Wang et al. [12] and the Qilian Mountain by
Tian et al. [9]. Considering that the climate regime and the altitude are similar between
the Qiyi Glacier and TL stations [13,15], we believe the mass balance shift also occurred in
1992. A similar climate shift pattern during the early 1990s was also identified in the Xiao
Dongkemadi Glacier in the inner TP [40] and the MZ15 Glacier in the eastern Pamir [58].

Although the combined effects of air temperature and precipitation dominate the
glacier mass variations [12,47,55], they are also closely related to variations in the region’s
large or large-scale atmospheric circulation pattern [58,59]. Figure 11 is a simple composite
of the yearly mean 300 hPa geopotential height and horizontal wind anomalies for positive
and negative SMB periods. During the positive SMB period 1957-1991, the anomalies at the
300 hPa horizontal wind directions are westerly wind [58]. In contrast, the directions are
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reversed during the negative period 1992-2013. The large-scale atmospheric airflow pattern
across the Qilian Mountain may be crucial for SMB variations. Previous studies have
proved that large-scale atmospheric circulation plays an essential role in controlling SMB
change via influencing precipitation and air temperature (e.g., Yao et al. [55]; Molg et al. [60];
Zhu et al. [58]; Yao et al. [5]). Therefore, this contrasting pattern between the two periods
is discernible in the temporal variation of air temperature/precipitation anomalies [58].
Further research is needed to better understand the mechanisms coupling large-scale
circulation and climate variability over the Qilian Mountain area, but this is beyond the
scope of our study.

(a) 300hPa horizotal wind anomaly during 1957-1991
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Figure 11. Composites of the 300 hPa geopotential height and horizontal wind anomalies (June to
September) for the years in when the Qiyi glacier’s mass balance was positive (1957-1991); (a) and
negative (1992-2013); (b) during the ablation season. The Qiyi glacier is marked with a black dot. The
data came from the National Center for Environmental Predictions/National Center for Atmospheric
Research (NCEP/NCAR).
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5.2. Surface Mass Balance Projections

Temperature estimations for RCP 4.5 and RCP 8.5 exhibited remarkable warming in
the area over the 21st century (Figure 3a,c), but precipitation is expected to increase slightly
with large variability among the GCMs (Figure 3b,d). In comparison to 1957-2013, the
multi-model mean temperature by 2100 is anticipated to rise at a pace of 0.025 °C a~!
(p <0.001) for RCP 4.5 and 0.059 °C a~! (p < 0.001) for RCP 8.5 (Figure 3a). Whereas the
precipitation by 2100 is expected to increase at a linear rate of 0.12% a~! (p < 0.05) for RCP
4.5 (Figure 3b) and 0.21% a~! (p < 0.01) for RCP 8.5 (Figure 3d) relative to 1957-2013. By
2081-2100, the temperature increase will exceed 2.5 °C for RCP 4.5 and 5.1 °C for RCP 8.5,
while precipitation is projected to increase by 17.7% for RCP 4.5 and 25.8% for RCP 8.5.

Figure 12a,b show the multi-model projected differences in SMB for RCP 4.5 and RCP
8.5. As temperatures rise, the Qiyi Glacier is predicted to lose glacier mass continuously
throughout the 21st century. The projected mean SMB is —0.27 m w.e. and —0.42 m w.e.
for RCP 4.5 and RCP 8.5 from 2014 to 2100, respectively. Before 2050, the means of SMB
continuously decreases at a rate of —0.042 m w.e. a~! for RCP 4.5 and —0.056 m w.e. a~!
for RCP 8.5, indicating the trend of the two scenarios is relatively small. However, the
differences between the two RCPs of SMB loss become evident toward the end of 2100:
mass loss is relatively stable for RCP 4.5 (—0.015 m w.e. a—1) but is accelerated for RCP 8.5
(—0.089 m w.e. a—!). The annual mean SMB is —0.75 m w.e. throughout 2091-2100 for RCP
8.5 ensembles, which is double that for RCP 4.5 ensembles (—0.35 m w.e.). With the rising
air temperature, glacier melt is projected to be significantly enhanced. During this period,
the mean air temperature increases rapidly with a linear rate of 0.038 °C a~! (p < 0.001) for
RCP 4.5 ensembles and 0.051 °C a~! (p < 0.001) for RCP 8.5 relative to 1957-2013.
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Figure 12. The annual surface mass balance was projected in RCP 4.5 (a) and RCP 8.5 (b) scenarios
during 2014-2100. The thick dashed thick lines refer to the mean value of ensembles.

Despite the precipitation increasing slightly during two RCPs (Figure 2b,d), the tiny
changes in precipitation are insufficient to offset the increased melting. The mean loss
rates of SMB over 2014-2050 are expected to increase ~5 times for RCP 4.5 and ~7 times for
RCP 8.5 relative to 1957-2013 (—0.008 m w.e a~!). Consequently, more glacier mass loss
was released from Qiyi Glacier during this interval for both RCPs than in 1957-2013. In
the coming decades, the air temperature would therefore remain to rise dramatically for
RCP 8.5, resulting in consistent ice melting after 2050, which could not be compensated
by the slight increase in precipitation (Figure 2d). As a result, the SMB loss of Qiyi Glacier
continues to expand at a higher rate for RCP 8.5, particularly after 2081 when the air
temperature increase approaches 5.1 °C. On the contrary, the air temperature rises at
a steady rate of 0.01 °C a~! during the corresponding period for the RCP 4.5 scenario,
causing a slight increase in glacier melting. As discussed above, the ice melting could be
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partly compensated by the solid precipitation; thus, the glacier SMB loss for RCP 4.5 is not
expected to accelerate but rather to remain steady in the second half of this century.

By the end of 2100, the Qiyi Glacier will lose ~25 m w.e. for RCP 4.5 (Figure 13a)
and ~37 m w.e. for RCP 8.5 (Figure 13b), corresponding to the glacier thinning ~27.78 m
for RCP 4.5 and 41.11 m (assuming the glacier density is 0.9 g/cm?). According to our
observation by ground penetrating radar (GPR) in 2015, the average thickness of Qiyi
Glacier is ~39.55 m, and the thickest site is located at 4800 m a.s.l. Thus, we conclude that
the ice below 4800 m will completely melt by the end of 2100.
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Figure 13. The accumulated mass balance (a,b), area (c,d), and volume (e,f) of the Qiyi glacier during
1957-2100 under RCP 4.5 and RCP 8.5 climate scenarios by using multi-model outputs of GCM. The
black balls in (c,d) refer to the observed areas of the Qiyi glacier; the red balls in (c,d) refers to the
areas gained from Landsat EM+. The thick lines in the (a—f) indicate the mean values.

5.3. Glacier Area, Volume, and Terminus Elevation Projections
5.3.1. Area and Volume Evolution

The V-A scaling parameters (Table 4) gained from Radi¢ and Hock [48], Grinsted [49],
and Liu et al. [4] are commonly applied for estimating the glacier area and volume changes
in the TP [61]. However, the differences between calculated results are primarily due to
using different methods in the Qilian Mountains [10,11]. The maximum and minimum
variation for the glacier volume and related changes are calculated using the method of
Radi¢ and Hock [48] and Grinsted [49], while the result found by Liu et al. [4] is among
them. In this study, we compared these three sets of V-A scaling parameters and found
that the parameters from Radi¢ and Hock [48] reproduced the closest area variations of the
Qiyi Glacier to the observed and remote sensing results from 1957 to 2013 (Figure 13c,d)
and therefore, were used to calculate the glacier area changes in both RCPs to the end
of 2100. It should be noted, however, that the glacier area change is not only related to
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the mass balance sensitivity but also influenced by the response time of the glacier to the
climate variation [19]. In the Qilian Mountain, there are generally several decades of time
lag for glacier areas in response to climate change [9,56], which has been considered in
Equation (13).

The ensemble projections for 31 GCMs indicate a significant decrease in the glacier
area of the Qiyi Glacier between 2014 to 2100 (Figure 13b,c). Before 2050, the means of
ensembles exhibit a quick decline in glacier areas but with nearly similar rates for RCP
4.5 (~0.15 km? a—1) and RCP 8.5 (~0.17 km? a—!). As stated above, the SMB loss for both
RCPs accelerates over this period in response to the increasing air temperatures (Figure 12).
As a consequence, the increased mass loss causes a rapid decrease in glacier volume
(Figure 13e,f) and the corresponding decline in glacier area (Figure 13b,d). A relatively
steady mass loss in Qiyi Glacier during 2051-2100 causes a slight reduction in ice volume for
RCP 4.5 (Figure 13e); therefore, the glacier area declines relatively slowly (~0.01km? a—1).
On the contrary, an enhanced mass loss resulted in a rapid reduction in glacier volume
for RCP 8.5 (Figure 13f), which cannot be balanced by increased precipitation due to
higher temperatures (Figure 3c,d). Therefore, the glacier area continues to decline relatively
quickly for RCP 8.5 (~0.015 km? a~!) after 2050. In short, the area of Qiyi Glacier will lose
by ~43% for RCP 4.5 and ~54% for RCP 8.5 by the end of 2100 relative to 2013 content.
Meanwhile, the volume of the Qiyi Glacier will decrease by ~54% for RCP 4.5 and by ~65%
for RCP 8.5 by 2100, accordingly.

The projected area changes of Qiyi Glacier are within the IPCC AR5 projections of
~15% to 85% loss for global glaciers under RCP scenarios by the end of the 21st century [34].
These results are also close to previous studies conducted on the Altai Mountains, which
suggested the glacier area will decrease by 26 4= 10% for RCP 4.5 and 60% =+ 15% for RCP
8.5 by 2100 relative to 2005 [62]. A recent study on glaciers over the TP shows that the
glacier area in Qilian Mountain declined by —0.56% a~! from 2000-2050 by RegCM3 [61].
For Qiyi Glacier, the area retreated with a linear rate of —0.0126 km?a ~! (—0.45% a”?,
p < 0.001) for RCP 4.5 and —0.0145 km? a ~! (—0.52% a~1, p < 0.001) for RCP 8.5 from 2014
to 2100. Considering the uncertainties in climate forcing and glacier scale models [19,35],
the declining rate of the area is reasonable and acceptable.

There are also several estimations of glacier area loss close to our projections. For
example, Xie et al. [63] predicted that the glacier area in China would be reduced by 40-60%
by 2100 under different climate scenarios with the air temperature increase at rates of
0.03 °C a~! (similar to RCP 4.5) and 0.05 °C a~! (similar to RCP 8.5), respectively. Shi
et al. [64] also estimated that the glacier in western China would lose 45% by the end of
2100 when the air temperature rises 2.1-4.0 K (similar to RCP 4.5). However, the decline
of the Qiyi Glacier area seems less than that in other sub-regions of TP, especially in the
Himalayan Mountains. As suggested by previous studies, almost all glaciers will be gone
by 2035 if the globe continues to warm at its current rate [34] or decreases at least 63% (RCP
4.5) —87% (RCP 8.5) by 2050 relative to glacier extent in 2005 [65]. In contrast, our projected
area loss rate is higher than that of 11% (based on a 0.035 °C a™! historical warming trend)
or 18% (the A1B scenario) in Qiangtang No. 1 Glacier, inner TP [66]. In addition to glacier
area shrinkage, several studies reported that glaciers in the western Himalayas and the
Karakoram keep expanding [5,15]. Except for heterogeneities for glacier variation caused
by different sub-region and climate regimes [5,55], this pattern of glacier extent reduction
also reveals that the retreat of Qiyi Glacier is higher than that in the TP interior but lower
than glaciers in the area of Tienshan and Muztagh Ata, as well as the south margin of TP.
Therefore, the extent of area reduction in Qiyi Glacier seems reasonable and acceptable.

5.3.2. Terminus Elevation and ELA Evolution

Glacier terminus elevation is the most widely used parameter to assess the overall
health of glaciers [19,52]. Generally, a positive SMB causes the glacier to expand to lower
terminal elevations, while a negative SMB leads to a retreat to higher terminus elevations.
Therefore, changes in glacier terminus elevation provide negative feedback to the glacier
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SMB [3]. Without the possibility of a response of the glacier terminus to mass balance
anomalies, the glacier could not reach equilibrium with ongoing climate change [19].
If terminus elevation changes are neglected, glaciers will lose substantially more mass
negatively under increasing temperature in the coming centuries [3,19]. In addition, the
changes to the glacier terminus elevation are also one of the critical factors in affecting
the variation of glacier surface area shrinkage and therefore, influencing the volume
variation [11]. However, due to the law of conservation of mass, the terminus elevation
response to SMB is not instantaneous.

Compared to the SMB observation at Qiyi Glacier [13,18,20,55], little research has
been conducted on the terminus elevation fluctuations for this representative glacier. The
terminus elevation of Qiyi glacier’s response to the RCP 4.5 and RCP 8.5 climate scenarios
was further estimated using the modified V-A scaling approach combined with the mass
balance model. Since the terminus elevation position (outlier) of Qiyi Glacier could not
be defined in the past decades, the outlier (4310 m a.s.l) in 2013 obtained by the Landsat
TM/ETM+ images was applied to calculate the future variations. As Figure 14 shows, the
mean ensemble projections of terminus elevation by 31 GCMs are 4335 (2020), 4570 (2040),
4693 (2060), 4767 (2080), and 4810 (2100) m a.s.l in RCP 4.5 climate scenarios. From 2013 to
the end of 2100, the terminus elevation raises ~500 m with an upward rate of 5.68 m a L.
On the contrary, the mean terminus elevation is located at 4350 (2020), 4601 (2040), 4705
(2060), 4705 (2080), and 4838 (2100) m a.s.l in the RCP 8.5 climate scenario. The elevation of
the terminus retreats ~528 m upwards at a mean rate of 6.00 m a~!. From 2013 through
2050, differences in terminus elevation change between the RCP 4.5 and RCP 8.5 seems
relatively small. As mentioned above, the temperature increase rate during this period in
RCP 8.5 (0.051 °C a~!, p < 0.001) is higher than that in RCP 4.5 (0.036 °C a~!,p<0.001),
but the rate of increased precipitation is higher in RCP 4.5 than that in RCP 8.5 during the
same period.
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Figure 14. The terminus elevation and SMB distribution of Qiyi glacier under the RCP 4.5 and RCP
8.5 climate scenarios. The bold blue T refers to the terminus elevation; the bold blue B refers to the
glacier-wide SMB. Dash lines and numbers refer to the elevation band of the Qiyi glacier.

Despite the fact that the precipitation could compensate for parts of the melting effect
caused by temperature rising, the temperature increased at a higher rate of 0.068 °C a~!
(p < 0.001) for RCP 8.5 in the second half-century, whereas the temperature is relatively
stable with a slightly increased rate of 0.014 °C a -1 (p < 0.001) for RCP 4.5 (Figure 3a,c).
Similarly, the precipitation increased with a rate of 0.22 mm a~! for RCP 8.5, while the rate
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for RCP 4.5 was only 0.09 mm a~! (Figure 3b,d). Therefore, the mass loss in RCP 8.5 is
almost twice as much as that in RCP 4.5 from 2014 to 2100 (Figures 13 and 14). As a result,
it leads the terminus elevation to retreat to a higher elevation in RCP 8.5 than in RCP 4.5
for the same periods. After all, the terminus elevation of Qiyi Glacier will at least go up to
4810 m a.s.], which was higher than our calculated multi-year average ELA (4804 m a.s.l.)
and the previous estimated mean annual ELA (4749 m. a.s.l.) from 1957 through 2013 [13].

6. Conclusions

The purpose of this study is to provide a comprehensive picture of the Qiyi Glacier
to get a glimpse of the glacier variation in the Qilian Mountain, the response of glaciers
to the ongoing climate change and its possible evolution in the SMB and its associated
ELA, area, volume, and terminus elevation under future RCP 4.5 and RCP 8.5 climate
scenarios. Therefore, an enhanced distributed temperature-index mass balance model
and the latest time-related V-A scaling method were coupled to achieve this goal. The
benefit of the methods employed here is effectively reducing the mass balance estimation
inaccuracy caused by the glacier area variation (e.g., terminus retreat, shading effect, and
solar radiation) and substantially improving the accuracy of glacier variation projection.

Our results show that the modeled annual SMB (—0.242 m w.e.) agrees well with the
observed SMB (—0.252 m w.e.) from 1957 to 2013, especially during the 2011-2013 period;
the monthly calculated SMB has a higher correlation with the observation. Consequently,
the method adopted in the study should better reproduce the SMB variation and could
be applied for the overall period simulation. From 1957 to 1991, the SMB variation of
Qiyi Glacier experienced from a slightly positive (1957-1969) to a significant positive
period (1970-1979), equilibrium stages (1980-1991), and finally, it abruptly shifted into
the negative stages in 1992 which gradually accelerated since 2000. During the observed
period, the glacier-wide mass balance switched from 0.23 m w.e. before 1992 to —0.26 m
w.e. after that year. Meanwhile, the AAR decreased from 62.44% to 45.74%. The period
ELA also raised from 4773 m (1957-1969) to 4832 m (1992-2013). This pattern of SMB
variation and related ELA changes is primarily affected by the combined effect of air
temperature and precipitation, especially the increasing air temperature in summer seasons
that dominates its overall variation during 1957-2013. Moreover, the abrupt change of
annual air temperature in 1992, related to a large-scale atmospheric circulation pattern shift,
might have caused the mass to switch from a positive state to a negative stage and finally
continuous loss with increasing air temperature when coming into the 21st century.

In the future, the ensemble projections for 31 GCMs indicate a continuous mass loss
throughout the 21st century for RCP 4.5 and RCP 8.5. Before 2050, the mass loss trend for
the two scenarios is relatively small. In contrast, the distinct temperature regimes for the
two RCPs cause the disparities in SMB loss between them to become apparent toward the
end of this century. By 2100, the Qiyi Glacier will lose ~25 m w.e. for RCP 4.5 and ~37 m
w.e. for RCP 8.5. Correspondingly, the glacier will thin ~27.78 m for RCP 4.5 and ~ 41.11m
for RCP 8.5. Meanwhile, the area of Qiyi Glacier projected by the multi-GCMs ensemble
indicates a substantial decline from 2013 to 2100. It is similar to the decreasing pattern
of SMB loss for both RCPs during the same period. The glacier area will lose ~43% for
RCP 4.5 and ~54% for RCP 8.5 relative to 2013 glacier content in 2100. In comparison, the
glacier volume will decrease by up to half (54%) for RCP 4.5 and 65% for RCP 8.5 by 2100,
correspondingly. Simultaneously, the glacier terminus will experience extreme melt. The
terminus elevation of Qiyi Glacier will go up from 4310 m a.s.1. in 2013 to 4810 m a.s.l. (RCP
4.5) and 4838 m a.s.l. (RCP 4.5) by the end of 2100. This terminus height will far exceed
our estimated multi-year average ELA (4804 m a.s.].) and the observed mean annual ELA
(4749 m. a.s.l.) from 1957 to 2013.

These results alert us that the Qiyi Glacier is unstable in both RCPs. If the warming
trend continues and glaciers continue to melt at this ‘shocking’ pace in coming years,
urgent mitigation measures are required to adapt to ensure long-term water security in the
Hexi Corridor.
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