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This study explores the ice volumes of Urumqi Glacier No. 1 from 2013 to 2112 to examine the changes in the runoff of the glacier. Based on the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC), the changes of the glacier were predicted under three hypothetical climate scenarios: SSP1-1.9, SSP2-4.5, and SSP5-8.5 scenarios. The results derived from the Elmer/Ice ice-flow model showed increasing runoff till 2040 in the SSP2-4.5 and SSP5-8.5 scenarios and gradually decreasing runoff in the SSP1-1.9 scenario. The glacier areas and ice volumes of the two branches will keep declining under all the climate scenarios, including fast reductions until 2080 and slow reductions by the end of the ablation period. Moreover, the east branch (EB) will disappear at the end of the 21st century under the SSP2-4.5 and SSP5-8.5 scenarios. With much mass loss of the EB under all the climate scenarios, the runoff will increase in the early 100-year period and decrease until it is being infinitely close to the precipitation, which is similar with that of the west branch (WB). Since 2070, the ice volumes of the WB will contribute more than 50% of the whole glacier volumes under all the climate scenarios. The WB ice volume percentage will reach 100% in 2080 for the disappearance of the EB under the SSP5-8.5 scenario. As the fast retreat of the EB before 2080, the variations of the total runoff will be consistent with that of the EB runoff, and the EB runoff will account for more than 60% of the total runoff before 2070 under all the climate scenarios. Even if the meltwater of Urumqi Glacier No. 1 is stable from the late 21st century (after 2090), it will decline to approximately 15% of that in 2013. It will greatly influence the runoff of Urumqi River, hence human life and biodiversity.
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1 INTRODUCTION
Mountain and polar glaciers are committed to continue melting for decades or centuries under the unequivocal warming of the climate system, and five representative climate scenarios in the Sixth Assessment Report of IPCC are shown in Table 1 (IPCC, 2021). Glaciers in high mountain regions are expected to lose substantial mass by the end of the 21st century (Zemp et al., 2015; Kraaijenbrink et al., 2017; Pörtner et al., 2019), though the accelerating trend of mass loss has appeared during the past two or three decades (Haeberli et al., 2000; Barry, 2006; Li et al., 2011a). As a small glacier will typically respond faster than a larger glacier to climate change (Bahr et al., 1998), studying mass balances of high-mountain glaciers much smaller than the polar ice sheets is of great value. Moreover, the meltwater from glaciers on high mountains is the lifeline for local and downstream residents, which can influence local economy and ecosystems (Ding et al., 2006; Immerzeel et al., 2010; Li et al., 2010; Ren et al., 2017; Gao et al., 2018).
TABLE 1 | The climate scenarios in the Sixth Assessment Report of IPCC.
[image: Table 1]Urumqi Glacier No. 1 is a reference glacier with a long data series, important location, and significant local water supply in the Word Glacier Monitoring Service (WGMS) network (Zemp et al., 2009; Li et al., 2011b). The glacier is located in the Tianshan mountains in the arid and semi-arid regions of Eurasia (Figure 1), which is surrounded by vast deserts and the Gobi (Yue et al., 2021). The acceleration of mass loss occurred in 1985 and 1996, mainly due to the increases in temperature during the melting period, the ice temperature augment, and the decrease in the albedo of glacier surfaces (Li et al., 2011b). Furthermore, the enhanced glacier melting by summer climate warming and annual precipitation augmenting made the annual basin runoff significantly increase in the past 45 years (Ye et al., 2005; Sun et al., 2013). In 1993, Urumqi Glacier No. 1 separated to the EB and WB, but the two branches of the Glacier still experienced the same warming scenario. However, WB was considered to be more sensitive to the recent climate change for its larger slopes and smaller glacier areas (Xu et al., 2011).
[image: Figure 1]FIGURE 1 | Geographic location of Urumqi Glacier No. 1, Tianshan mountain, and the black triangle in the map of Xinjiang indicated the location of the study area. The image of the glacier was obtained by field measurement.
In-situ measurements were used to study the changes of Urumqi Glacier No. 1. The mass balance of Urumqi Glacier No. 1 has been measured since 1959 by the glaciological method using ablation stakes and snow pits except during the 1967–1979 period when the observations were interrupted (Wang et al., 2014). Terrestrial laser scanning measurements were used to monitor glacier boundaries, annual elevation changes, and geodetic mass balance in Urumqi Glacier No. 1 from 2015 to 2017 (Xu et al., 2019). The ice thickness of the glacier was detected by the ground penetrating radar (GPR) and the maximum thickness was on the mainstream line, more than 100 m in 2001 (Sun et al., 2003). Moreover, the max ice-flow velocity of Urumqi Glacier No. 1 could reach 0.75 m·m−1 from May to July in 2017, and the velocity variations were influenced by glacier thickness, glacier slopes, terrains of bedrocks, and glacier ice temperatures (Zhou et al., 2009).
How Urumqi Glacier No. 1 will evolve in the future under climate change can affect the amount of the headwaters of the Urumqi River, because the melt water from Urumqi Glacier No. 1 accounts for about 70% of the water that feeds the headwaters (Yang, 1991; Jia et al., 2019). Therefore, the Elmer/Ice ice-flow model was used to simulate the evolution of Urumqi Glacier No. 1 to the end of the 21st century, which could project the changes in runoff at the headwaters of the Urumqi River.
2 DATA AND METHODS
2.1 Data
2.1.1 DEMs of Urumqi Glacier No. 1
The DEMs included the surface DEM and the bedrock DEM of Urumqi Glacier No. 1 in 2012. A radar dataset along the mainstream and seven (six) transverse lines of the EB (WB) was collected to get the ice thickness by using a pulseEKKO PRO GPR system with a high frequency of 100 MHz, and this GPR system was made by Sensors & Software Inc. (Canada). The surface DEM was obtained from real-time kinematic measurements by interpolation, and the bedrock DEM was obtained by subtracting the ice thickness from the surface DEM. The pixel resolutions of DEMs were 10 m, shown in Figure 2.
[image: Figure 2]FIGURE 2 | (A) Surface and (B) bedrock DEMs of Urumqi Glacier No. 1 and the contour intervals both are 50 m.
2.1.2 In-situ Measured Data
The surface ice-flow velocities were acquired by repeated GPS measurement via stakes, with 22 stakes in EB and 19 stakes in WB (Figure 3). To reduce the impact of accident errors, we calculated the averages of ice-flow velocities from 2010 to 2016 as the initial velocities in the simulation (Table 2), and the maximum ice-flow velocity was found along the mainstream lines at the point E2 (EB) and the point F2 (WB). The measurements of the glacier mass balance were also derived from these stakes.
[image: Figure 3]FIGURE 3 | The locations of stakes on the glacier surface.
TABLE 2 | The averages of measured ice-flow velocities from 2010 to 2016 of Urumqi Glacier No. 1.
[image: Table 2]The stakes on the glacier were also taken in the use of measuring the net surface mass balance (SMB) of the glacier (Li and Wang, 2016) from 2006 to 2012 (Figure 4). The net mass balance increased with elevation, and the gradients in Figure 4 varied in different elevations. Moreover, the gradients with the net mass balance larger than 0 were close to 0.
[image: Figure 4]FIGURE 4 | The mass balance measurements of Urumqi Glacier No. 1’s (A) EB and (B) WB from 2006 to 2012, where the line is the fitted value in ablation or accumulation area.
Being sensitive to the air temperature, the equilibrium line altitude (ELA) was an important parameter of the SMB. According to the observations and the researches about the ELA of Urumqi Glacier No. 1, the initial ELA (ELA0) of the EB was selected as 4,075 m (Dong et al., 2012; Li et al., 2013), and the initial ELA of the WB was about 45 m higher than that of the EB (Xu et al., 2011; Xia et al., 2012; Li and Wang, 2016). The SMB gradient is shown in Figure 4 by dividing into ablation area and accumulation area based on the observations.
The borehole ice temperatures were detected from the 50 m deep borehole at 3,850 m on EB during January 2010 to October 2011. The active layer was obvious within the 16 m depth where the ice temperature was −4.39°C in Figure 5.
[image: Figure 5]FIGURE 5 | The borehole ice temperatures from a depth of 50 m. The points showed the average ice temperature during January 2010 to October 2011, the shadow showed the fluctuation ranges of annual ice temperature, and the dashed line is the local average air temperature.
The precipitations were observed at the Daxigou meteorological station from 1959 to 2019 (Figure 6), which were used to calculate the future runoff in our simulations.
[image: Figure 6]FIGURE 6 | The annual precipitation data from the Daxigou meteorological station. The solid line denotes the measured annual precipitation from 1959 to 2019. The dashed line is the linear fit of the annual precipitation.
2.2 Methods
2.2.1 Ice Volume
Glacier was the resource and “solid reservoir” that reflected the capacity of water storage. The ice volume changes in the future could be analyzed by the ice thickness, and the ice volume of Urumqi Glacier No. 1 could be computed by multiplying the thickness by the area as follows:
[image: image]
where depthi was the glacier depth every pixel of the ith year from 2012 and S was the pixel resolution.
2.2.2 Glacier Runoff
The glacier runoff consisted of the annual precipitation and the meltwater. The annual precipitation was obtained by multiplying the total precipitation by the glacier area, and the precipitation in the future was assumed to increase according to the curve in Figure 6, while the meltwater was the mass loss of the glacier in a year.
The mass loss of the glacier was a part of the SMB which was the algebraic sum of the accumulation from the solid precipitation and the ablation from glacier melt in the glacier surface at unit time (Qin et al., 2016). The sensitivity of ELA to temperature, α, was 61.7 m/°C, that meant the glacier ELA ascended (descended) 61.7 m when the air temperature increased (decreased) by 1°C (Dong et al., 2012), hence, the ELA in the ith year from 2012 and the meltwater were calculated as below (Ai et al., 2019):
[image: image]
[image: image]
where ΔTi was the temperature change of the ith year relative to 2012, Zsi was ice surface elevation, ELAi was the ELA of the ith year from 2012, and S was the pixel resolution.
Therefore, taking the precipitation into consideration, the glacier runoff could be calculated:
[image: image]
2.2.3 Elmer/Ice Ice-Flow Model
Elmer/Ice is a full-Stokes, finite element, and ice-sheet/ice-flow model, which can be used to simulate the evolution of the mountain glacier and Antarctic ice sheet (Zhao et al., 2014; Zhang et al., 2017).
Ice is incompressible fluid and its flow meets with Stokes equations:
[image: image]
[image: image]
where u is the ice-flow velocity, τ is the deviatoric stress tensor, p is the ice pressure, g is the gravitational acceleration, and ρ is the ice density.
The deviatoric stress τ and the strain rate [image: image] equation satisfy Glen’s law:
[image: image]
where the effective viscosity η is defined as:
[image: image]
where [image: image] is the square of the second invariant of the strain rate, E is the Glen enhancement factor, and n is the Glen exponent. A is a rheological parameter depending on the ice temperature relative to the pressure melting point, T′:
[image: image]
where A0 is the rate factor, Q is the creep activation energy, and R is the gas constant.
There is a basal sliding of the Urumqi Glacier No. 1 and the basal boundary condition can be expressed as follows:
[image: image]
where τb is the basal shear stress, β is the basal friction parameter, and ub is the basal tangential velocity.
The equation of Zs changes with time as follows:
[image: image]
where ux, uy, and uz are the three components of ice-flow velocity in the three directions x, y, and z, respectively.
The parameters of the ice-flow model in this study are shown in Table 3 (Wang et al., 2019).
TABLE 3 | The parameters of the ice-flow model.
[image: Table 3]2.2.4 Simulation Process
There were two phases of the simulation process: the steady-state simulation (diagnostic simulation) constrained by GPS data was performed and mainly obtained two important parameters: the basal friction parameter β and the Glen enhancement factor E; and the transient simulation mainly predicted the evolution of Urumqi Glacier No. 1 using the steady-state simulation result as the initial condition.
In the steady-state simulation, the stakes with secure GPS records were chosen to calculate to horizontal ice-flow velocities, and the measured velocities were used to constrain the simulation velocities by adjusting two important parameters in the model—β and E. In the model, β was the basal friction parameter and E was the Glen enhancement factor.
Our adjustment of the parameters was in four processes (Figure 7A).
① E was assigned an appropriate value when β took a certain value, and the combination of β and E was used to make simulated velocity match well with the maximum measured velocity at point E2. According to the minimum of the residual sum of squares in Table 4, we chose β = 0.01 and E = 0.003.
② As the parameters we chose indicated that the simulated velocities above 3,950 m were much higher than the measured velocities, we adjusted the β above 3,950 m to be larger than 0.01; thus, the basal friction parameter β above 3,950 m was defined as β2 and the β in other palaces was β1. As the β2 larger than 0.03 made the simulated velocities much lower than the measured velocities, we chose β2 = 0.02 or β2 = 0.03 to do further adjustment.
③ When β2 was 0.02 or 0.03, all the simulated velocities were lower than the measured velocities, so we made E larger than 0.003 and found that the value of 0.05 made the simulated velocities closer to the measured results.
④ In the third process, with β1 = 0.01, β2 = 0.03, and E = 0.05, the simulated velocities below 3,950 m were much higher than the measured velocities, so we adjusted β1 to 0.02 and 0.015. Comparing the results in the fourth process, we chose the best result—β1 = 0.015, β2 = 0.03, and E = 0.05.
[image: Figure 7]FIGURE 7 | Simulated results of the EB and the WB for the sliding states. (A) Measured velocities, full sliding, no sliding, and partial sliding at the glacier base results of the EB, and the black dashed line denotes the elevation of 3,950 m; (B) Measured velocities, partial sliding at the glacier base simulation results of the WB, and the black dashed line denotes the elevation of 4,050 m.
TABLE 4 | Residual sum of squares of the difference between the measured and simulated velocities below 3,950 m.
[image: Table 4]Taking the aforementioned parameters, we got the simulated velocities matching well with the measured velocities in the EB (Figure 7A, Figure 8A). As for the two parameters of the WB, the value of elevation, 4,050 m, was used to differentiate β and E, and the simulated velocities matched well with the measured velocities, too (Figure 7B, Figure 8B).
[image: Figure 8]FIGURE 8 | Error graphs of (A) the EB and (B) the WB using the best estimates of the model parameters. The black points denote ice-flow velocities at the stakes depicted in Figure 3. The dashed line denoted the states when the measured ice-flow velocities were equal to the simulated ice-flow velocities.
In the transient-state simulation, three warming scenarios in IPCC were chosen (SSP1-1.9, SSP2-4.5, and SSP5-8.5) in Table 1. In the three climate scenarios, the air temperature would increase 0.014°C·a−1, 0.027°C·a−1 and 0.044°C·a−1, respectively (Table 5). The ELA of the glacier was also increased per year based on the Eq. 2 and the SMB gradient was shown in Figure 4 based on the observations. Under the three hypothetical climate scenarios, we predicted the evolution of the glacier in 100 years (2013–2112).
TABLE 5 | The increased air temperature per year.
[image: Table 5]The ice temperature of the polythermal glacier changes with the depth of ice, hence the temperature of the glacier was set as the observed date in Figure 5:
[image: image]
where d was the depth, d0 was the depth at the lower boundary of the active layer, and T0 was the average ice temperature at the lower boundary of the active layer, which was changed with the climate scenarios in IPCC. This relationship was assumed to be constant over time in the model.
3 RESULTS
3.1 The Glacier Area
The glacier area would continue to retreat strongly under all the climate scenarios until its disappearance (Figure 9). In the early 100-year period, the two branches began to retreat from the glacier terminus due to lower elevations and higher temperatures. In 2042, glacier melting was similar under all the climate scenarios, with little difference in thickness and area. In 2072, the areas of the glacier varied greatly under the three climate scenarios, and the remaining glacier area under the SSP1-1.9 scenario was three times that in the SSP5-8.5 scenario. Under the SSP5-8.5 scenario, the EB totally disappeared in 2092, while a part of the EB still existed under the other two climate scenarios. Despite the fact that the whole glacier kept retreating, the ice in the upper areas of the WB was thicker than the initial in 2013, where ice accumulated during the 100-year period under all the climate scenarios.
[image: Figure 9]FIGURE 9 | Simulated glacier area and thickness results in different years: the 30th year (2042), the 60th year (2072), the 80th year (2092), and the 100th year (2112) in the SSP1-1.9, the SSP2-4.5, and the SSP5-8.5 scenarios.
Though there was no large difference in areas of the glacier in the three climate scenarios before 2025 (Figure 10C), the areas varied a lot in the three climate scenarios after 2040, and the changes were also obvious in the EB and the WB (Figures 10A,B). In the SSP1-1.9 climate scenario, the area of the glacier decreased slowly, while in the other two climate scenarios, the areas decreased fast after 2040 and then decreased slowly from about 2075 and about 2080, respectively. Reducing half of the glacier area, the glacier took about 68, 58, and 48 years, respectively, in the three climate scenarios, which meant the fastest melting was in the SSP5-8.5 climate scenario.
[image: Figure 10]FIGURE 10 | Simulated area of the glacier as a function of time in the three climate scenarios: (A) the area of the entire glacier; (B) the area of the EB; and (C) the area of the WB.
More ice melted in the EB compared with that in the WB (Figures 10A,B). As for the EB, the glacier area was about 100 × 104 m2 at the beginning and reduced to less than 20 × 104 m2 at the end of the simulation period in all the climate scenarios, whereas the maximum of the area loss was less than 50 × 104 m2 in the WB, in the SSP5-8.5 climate scenario. The difference between the two branches was derived from the difference in the elevations, and the average elevation of the EB was about 124 m lower than that of the WB.
3.2 The Glacier Ice Volume
In Figure 11C, the volumes of the glacier decreased quickly till 2075 and 2080 in the SSP2-4.5 and the SSP5-8.5 climate scenarios, while the volumes of the glacier remained about 1,000 × 104 m3 after 2100 in the SSP1-1.9 climate scenario. In the SSP5-8.5 climate scenario, after 63 years, the ice volume of the glacier became only 7% of that in 2013, while in the SSP1-1.9 climate scenario, 23% of the ice volume still remained. Thus, from 2013 to 2075, the average loss of the ice volume was −93.1 × 103 m2·a−1 in the SSP5-8.5 climate scenario (−87.1 × 104 m3·a−1 in the SSP2-4.5 scenario and −76.9 × 104 m3·a−1 in the SSP1-1.9 scenario).
[image: Figure 11]FIGURE 11 | Simulated ice volume of the glacier as a function of time in the three climate scenarios: (A) the ice volume of the entire glacier; (B) the ice volume of the EB; and (C) the ice volume of the WB.
The melting in the EB was much more severe than that in the WB (Figures 11A,B). At the beginning of the simulation period, the volume of the EB was twice the volume of the WB, but at the end of the simulation period, the volumes of the EB were nearly zero, while the volumes of the WB still retrained about 200 × 104 m3·a−1 to 650 × 104 m3·a−1 in the three climate scenarios.
3.3 The Glacier Meltwater
In the study, the annual glacier meltwater was the mass loss of the glacier in a year.
The glacier meltwater did not decrease during the whole 100-year period (Figure 12A), because the peak meltwater happened in 2035 and 2038 in the SSP2-4.5 and the SSP5-8.5 climate scenarios, respectively. In the SSP1-1.9 climate scenario, the meltwater decreased and kept about 10 × 104 m3 after 2100; in the SSP2-4.5 climate scenario, the peak meltwater in 2035 was about 131.76 × 104 m3; in the SSP5-8.5 climate scenario, the peak meltwater in 2038 was about 155.89 × 104 m3. Even if, the meltwater decreased without peak value in the SSP1-1.9 climate scenario during the 100 years, the values of meltwater became larger than those in the other two climate scenarios after 2070 for the slower reduction in values of the meltwater. The meltwater was approximately 80 × 104 m3 around 2065 in the three climate scenarios, and the value of meltwater was half of the peak meltwater in the SSP5-8.5 climate scenario, besides, the time—2065, was in the middle of time when the EB did not disappear in the SSP1-1.9 climate scenario.
[image: Figure 12]FIGURE 12 | Simulated meltwater of the glacier as a function of time in the three climate scenarios: (A) the meltwater of the entire glacier; (B) the meltwater of the EB; and (C) the meltwater of the WB.
The peak meltwater of the EB and the WB occurred in different time (Figures 12B,C). In the SSP1-1.9 climate scenario, there was no peak meltwater in Figure 12B, while the peak meltwater in Figure 12C was in 2025. In the SSP2-4.5 climate scenario, the peak meltwater of the EB was in 2036, and the peak meltwater of the WB was in 2027. In the SSP5-8.5 climate scenario, the peak meltwater of the EB was in 2044, and the peak meltwater of the WB was in 2033.
4 DISCUSSIONS
4.1 The Glacier Runoff in the Future
Accounting for about 70% of the replenishment to Urumqi River headwaters, the runoff of Urumqi Glacier No. 1 is significant to the Urumqi River. The glacier runoff included the precipitation in the glacier area and the glacier meltwater, which is shown in Figure 13.
[image: Figure 13]FIGURE 13 | Simulated glacier runoff in the three climate scenarios that compared with measured runoff.
70% of the measured runoff from 1959 to 2019 is shown in Figure 13, with an upward trend. Although the precipitation from 1959 to 2019 also showed an increasing trend, the trend line slope of the precipitation was much smaller than that of 70% of the measured runoff, which implicated that the glacier meltwater kept increasing faster than the precipitation from 1959 to 2019. Compared with the sum of annual precipitation and annual simulated glacier meltwater from 2012 to 2019, the 70% of the measured runoff matched the upward trend of the sum. Hence, the simulation results from 2012 to 2019 were consistent with the measured data well.
From 2020 to 2070, the glacier runoff was mainly from the glacier meltwater, and the changes in the runoff were similar to those of the glacier meltwater. In the SSP1-1.9 climate scenario, the runoff decreased gently with no peak runoff. In the SSP2-4.5 climate scenario, the peak runoff occurred in 2040, and the year was 5 years later than the peak-meltwater year (2035). In the SSP5-8.5 climate scenario, the peak runoff was in 2039, this year was only 1 year later than the peak-meltwater year (2038) in this climate scenario.
After 2070, the runoff was mainly influenced by the precipitation except the runoff in the SSP1-1.9 scenario. As the annual glacier meltwater after 2070 in the SSP2-4.5 and SSP5-8.5 scenarios was less than 10 × 104 m3, and the precipitation was more than 80 × 104 m3 from 2070, the runoff would increase with the increment in the precipitation. However, the glacier meltwater decreased to 10 × 104 m3 from 2100 in the SSP1-1.9 scenario, so from 2070 to 2100, the runoff in this climate scenario was mainly from the glacier meltwater.
With the combination of the projected precipitation and the simulated glacier meltwater from 2013, the meltwater percentages of the whole glacier runoff are displayed in Figure 14. It occurred in 2056 (SSP1-1.9), 2060 (SSP2-4.5), and 2062 (SSP5-8.5) when the amount of meltwater was the same as precipitation, and then precipitation played a dominant role. Based on the simulated results, the contribution of glacier meltwater to the total glacier runoff gradually decreased.
[image: Figure 14]FIGURE 14 | The meltwater percentage to the entire glacier runoff. The dashed line denotes that the meltwater accounted for half of the entire glacier runoff.
4.2 The Disappearance of the East Branch
According to the percentages of the EB, the EB nearly disappeared at the end of the simulated period in all the climate scenarios. The area percentages, ice volume percentages, and meltwater percentages of the EB to the whole glacier were not affected by the climate scenario in the first 5 decades. With different ice temperatures set in the climate scenarios under climate change, the percentages of the EB reduced fastest in the SSP5-8.5 climate scenario, and the percentages of the WB gradually increased.
As for the area percentages (Figure 15A), the contribution of the EB hardly changed until 2062 but rapidly decreased after that, especially in the SSP5-8.5 scenario. The area percentages of the EB did not change under all the climate scenarios before 2062, and it was over 60% of the whole glacier areas. After 2062, the area percentages of the EB rapidly decreased until its disappearance, and it was only about 30 years from 60% to zero under the SSP5-8.5 scenario.
[image: Figure 15]FIGURE 15 | The (A) area, (B) ice volume, and (C) meltwater percentage of the EB (WB) to the entire glacier in the three climate scenarios.
With the glacier rapidly retreated, the EB ice volume percentages to the whole glacier of Urumqi Glacier No. 1 continued to decrease (Figure 15B). The ice volume percentages under all the climate scenarios from 2013 to 2052 maintained similar. Subsequently, the EB ice percentages showed the significant differences after 2052. In the SSP5-8.5 scenario, the EB disappeared first and the EB ice volume percentage was zero. However, under the SSP1-1.9 scenario, the EB ice volume percentage was still 35%. It took about only 15 years for the ice volume percentages to decrease from 60% to 20% in the SSP5-8.5 scenario, while it took 25 and 50 years under the climate scenarios of SSP2-4.5 and SSP1-1.9, respectively.
The EB meltwater percentages almost did not change under all the climate scenarios (Figure 15C), remaining at about 70%–65% before 2072. With the glacier rapidly retreating, the WB meltwater gradually became the main part of the total meltwater, and the meltwater percentages were over 90% in 2090 and in 2080 under the climate scenarios of SSP2-4.5 and SSP5-8.5.
With the climate warming, the accumulation area quickly reduced with the increasing ELA. The EB was under full melting from the glacier terminus to the head area when its accumulation area reduced to zero, while the WB still remained a little accumulation area at the end of the 100-year period. Therefore, only the EB almost disappeared at the end of the 100-year period.
Outside the Elmer/Ice three-dimensional model which was used to Urumqi Glacier No. 1, previous one-dimensional and two-dimensional simulation works also projected that the glacier would retreat and disappear in the future and the EB would disappear earlier than the WB (Li, 2010; Duan et al., 2012; Gao et al., 2018). Compared with the previous simulation works, though changes of the EB were similar in different models, the important values of the glacier in the Elmer/Ice three-dimensional model, especially the ice volume and runoff, were much more accurate than the values in the one-dimensional or two-dimensional models.
5 CONCLUSION
This study used the Elmer/Ice ice-flow model to simulate the evolution of Urumqi Glacier No. 1, which combined the glacier geometry, measured ice-flow velocity, mass balance, and borehole ice temperature, based on the climate scenarios of SSP1-1.9, SSP2-4.5, and SSP5-8.5 in the Sixth Assessment Report of IPCC.
The ice volume of Urumqi Glacier No. 1 will be less than 10% at the end of the ablation, which is all the contribution from the glacier of the WB. Under all the climate scenarios, the ice volume curve recedes linearly before 2080; the glacier area retreats rapidly in the early 100-year period and slowly by the late ablation; the glacier runoff peaks are most likely to occur in 2040 under the climate scenarios of SSP2-4.5 and SSP5-8.5 and then decrease rapidly until they infinitely close to the precipitation curve.
The ice volume and area of the EB decrease more rapidly than that of the WB under the unequivocal warming of the climate system, while the peak runoff time of the WB is much earlier. The ice volume, area, and runoff of the EB contributed more to the entire glacier in the early 100-year period, while WB contributed more by the late ablation.
Urumqi Glacier No. 1 is a typical continental glacier and is also important headwaters of the Urumqi River. The glaciers with similar properties to Urumqi Glacier No. 1 might gradually disappear under all the climate scenarios in IPCC, which is an inevitable trend of glacier evolution under the climate change and impacts the changes in runoff at the headwaters of the river that originated in the mountains and local economy and ecosystems.
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