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Previous studies have suggested that the Bayan Har Shan and Lake Donggi Cona areas on the northeastern Tibetan Plateau were not glaciated during the Last Glacial Maximum (LGM; MIS2). However, the La Ji Shan, which is at a lower elevation than the Bayan Har Shan and Lake Donggi Cona areas but has similar annual precipitation, experienced a glacial event during the LGM. To investigate this discrepancy, factors controlling glacier development in the Bayan Har Shan, Lake Donggi Cona, and La Ji Shan were examined. First, a coupled mass balance and ice flow model was used to reconstruct the LGM climatic conditions in the La Ji Shan, and then the factors controlling glacier development were assessed based on the modeled LGM climatic conditions. With LGM precipitation being 70%–80% of present-day values, the modeled LGM temperature decrease was 3.9°C–4.3°C, which is consistent with other reconstructed LGM climatic conditions on the Tibetan Plateau. A comparison of the topography and climate of the La Ji Shan, Bayan Har Shan and Lake Donggi Cona areas indicates that a lower LGM summit height above the LGM equilibrium line altitude (ELA) and LGM annual precipitation at the LGM ELA are the main reason for the lack of LGM glacial expansion in the Bayan Har Shan and Lake Donggi Cona areas.
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1 INTRODUCTION
The topography and abundant precipitation due to the Asian monsoon and westerlies have made the Tibetan Plateau the most prominent glaciated region outside of the polar regions (Shi et al., 2006; Wang et al., 2013). The Tibetan Plateau is sensitive to global climatic changes due to its high altitude, steep terrain and vast area (An et al., 2001; Wang et al., 2006; Heyman et al., 2011; Kirchner et al., 2011), and thus is an ideal region to investigate glacial changes due to climate fluctuations. During the Quaternary, glaciers advanced and retreated periodically due to climate changes, and abundant glacial features (e.g., moraines, trimlines and U-shaped valleys) are preserved on the Tibetan Plateau (Dortch et al., 2013; Murari et al., 2014). The extent, type, and age of a paleo-glacier can be determined from these preserved glacial features (e.g., Owen and Dortch, 2014), along with the nature of the paleo-cryosphere. Moreover, both paleo-temperature and precipitation proxy-data can be derived from glacial features (Shi et al., 2006; Refsnider et al., 2008; Xu et al., 2013; Xu, 2014; Xu et al., 2014; Xu and Glasser, 2015; Xu et al., 2016; Xu et al., 2017a; Xu et al., 2017b; Xu and Yi, 2017; Eaves et al., 2019; Xu et al., 2020a; Xu et al., 2020b; Cui et al., 2020; Doughty et al., 2021).
Previous studies have shown that the Bayan Har Shan (Heyman et al., 2011) and Lake Donggi Cona (Rother et al., 2017) areas, which are located in the interior of the northeastern Tibetan Plateau (Figure 1A), were unglaciated during the Last Glacial Maximum (LGM). However, on the northeastern Tibetan Plateau, based on 10Be exposure ages, glacial advance occurred during the LGM in some regions (e.g., Qilian Shan (Cui, 2017; Owen et al., 2003c) and the Anyemaqen area (Owen et al., 2003a). Rother et al. (2017) suggested that this was because of the drier and lower altitudes of the Bayan Har Shan and Lake Donggi Cona areas, compared with these two regions. However, the La Ji Shan, which is also located in the northeastern Tibetan Plateau, experienced a glacial advance during the LGM (Owen et al., 2003b; Murari et al., 2014). The annual precipitation in the La Ji Shan (200–400 mm; Owen et al., 2003b) is similar to that in the Bayan Har Shan (300–500 mm; Heyman et al., 2011) and Lake Donggi Cona (300–350 mm; Rother et al., 2017) areas, although the highest peak in the La Ji Shan (4898 m asl) is lower than that in the Bayan Har Shan (5267 m asl) and Lake Donggi Cona (5029 m asl) areas (Figure 1B). As such, other factors (e.g., relief and temperature) should be considered to determine the reason for the lack of the LGM glacial advance in the Bayan Har Shan and Lake Donggi Cona areas. Shi et al. (2011) proposed that the development of glaciers is dominated by the slope above the equilibrium line altitude (ELA) (SELA), the summer (June, July, and August) average temperature (TJJA) and annual precipitation (Pa) at the ELA, and the summit height above the ELA (SHELA). A higher SHELA leads to a larger glacier size (Shi et al., 2011). A lower TJJA, higher Pa at the ELA, and gentler SHELA are favorable for the development of glaciers (Ramage et al., 2005; Shi et al., 2011; Wang et al., 2015; Cui et al., 2018). As such, the SHELA, SELA, LGM ELA, and TJJA and Pa at the LGM are essential for modeling glacier development during the LGM. In this study, our main objective was to understand the mechanisms responsible for the different glacial evolution during the last glacial period in the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona areas. To do this, based on a coupled mass balance and ice flow model, the LGM climatic conditions were derived from glacial landforms in the La Ji Shan. The estimated LGM paleoclimatic conditions were then used to assess the factors controlling glacier development.
[image: Figure 1]FIGURE 1 | (A) Digital elevation model (DEM) of the Tibetan Plateau. The dashed black line represents the limit of the modern Asian summer monsoon (modified after Chen et al., 2008). (B) The spatial distribution of meteorological stations close to the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona areas. White areas are where samples were collected in the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona areas for 10Be exposure dating. (C) Locations of the three moraine groups in the La Ji Shan (modified after Owen et al., 2003b).
2 STUDY AREA
2.1 La Ji Shan
The La Ji Shan is located in the transitional area between the monsoon region and westerlies on the northeastern Tibetan Plateau (Figure 1A). There are no present-day glaciers in the La Ji Shan, but the La Ji Shan was extensively glaciated during the Quaternary and past glacial features are preserved down to 3900 m asl (Owen et al., 2003b). The climate of the La Ji Shan is controlled by the Asian monsoons (Owen et al., 2003b; Zhang et al., 2011). Climate data sets from the Guide climatological station (Figure 1B), which is located in the southeastern La Ji Shan (∼40 km southeast of the highest peak), suggest that the current average annual temperature and precipitation are 7.6°C and 253.1 mm, respectively (http://data.cma.cn). The precipitation from May to September accounts for 88% of the annual precipitation, based on the monthly mean temperature and precipitation data for the period 1981–2010 (Figure 2).
[image: Figure 2]FIGURE 2 | Monthly averaged temperature and precipitation data for the period 1981–2010 at the Guide meteorological station (36°1.8ʹN, 101°25.8ʹE, and 2237 m asl).
There are three moraine groups (t1, t2, and t3) in the three studied valleys (V1, V2, and V3, from east to west) along the northern margin of the La Ji Shan (Figure 1C). Past glacial features are preserved down to 3900 m asl (Owen et al., 2003b). Although the weathering characteristics of t1, t2, and t3 are similar, the relative ages of t1, t2, and t3 could be identified on the basis of their morphostratigraphy (Owen et al., 2003b). t1 and t3 are the oldest and youngest moraine groups, respectively, and t2 is of intermediate age. The 10Be exposure ages of 15 samples were obtained for t1, t2, and t3, and there were large ranges of exposure ages for t1 and t2 (the 10Be exposure ages in the La Ji Shan were recalculated based on the CRONUS-Earth web-based calculator version 3; http://hess.ess.washington.edu/math/; Balco et al., 2008; Table 1) (Owen et al., 2003b). As such, Owen et al. (2003b) could only suggest that three glacial advances in the La Ji Shan occurred during the LGM and/or Late Glacial, or the early Holocene. Based on Student’s t-test, Murari et al. (2014) suggested that the ages of t2 and t1 correspond to the Older Dryas (17.1 ± 4.5 ka) and the Heinrich 2 event (23.1 ± 5.9 ka), respectively, and the two 10Be exposure ages for t3 are erroneous due to geological factors. However, Dortch et al. (2022) argued that most previous approaches were not optimized for analysis of terrestrial cosmogenic nuclide (TCN) datasets owing to them being mean- or median-based, a failure to adequately propagate measurement or production rate uncertainties, and a lake of geological context. To address these limitations, the Probabilistic Cosmogenic Age Analysis Tool (P-CAAT) was introduced to detect outliers and analyze landform ages for each group of 10Be ages [sample number (n) ≥ 3] (Dortch et al., 2022). The bandwidth value was determined by the largest Chi-squared value from three patterns (MEAN, MADD and STD/IQR) and appropriate sample sizes for each pattern suggested by the P-CAAT. The highest peak age of the Gaussian curves was the most likely value for ages younger than 21 ka, whereas the oldest peak age that contains ≥3 10Be exposure ages was used for group ages older than 21 ka (Dortch et al., 2013). As such, the ages of t1 and t2 were 21.8 ± 1.9 and 10.9 ± 1.6 ka (Figure 3), respectively, corresponding to the LGM and the 10.3 event. Therefore, it was inferred that t1 was deposited during the LGM, and then the glacial extent of t1 was reconstructed to derive the LGM climatic conditions.
TABLE 1 | Recalculated10Be exposure ages (Owen et al., 2003b) for the La Ji Shan.
[image: Table 1][image: Figure 3]FIGURE 3 | Gaussian separation curves for all 10Be exposure ages for moraines (A) t1 and (B) t2.
2.2 Bayan Har Shan and Lake Donggi Cona areas
The highest peaks of the Bayan Har Shan and Lake Donggi Conas areas are 5267 and 5029 m asl, respectively (Figure 1B) and there are no glaciers in these areas today. The climate is dominated by the East and South Asian monsoons (Zhang et al., 2011). The annual precipitation at the mountain summits in the Lake Donggi Cona area is 450–500 mm (Rother et al., 2017), and the annual precipitation in the Bayan Har Shan is 300–500 mm (Heyman et al., 2011). Based on the 10Be exposure ages, Rother et al. (2017) suggested that four glacial advances occurred in the Lake Donggi Cona area during ≥MIS6, late MIS6/MIS5, late MIS5/early MIS4, and late MIS4/early MIS3. The youngest moraine in the Bayan Har Shan was deposited prior to MIS3, and two older glaciations in the Bayan Har Shan have minimum ages of 100–60 and 165–95 ka, based on 10Be exposure ages (Heyman et al., 2011). The Bayan Har Shan and Lake Donggi Cona areas remained ice free during the LGM.
3 METHODS
In this study, we used a coupled mass balance and ice flow model to reconstruct the LGM paleoclimatic conditions in the La Ji Shan. Then on the basis of the modeled LGM climate, the mechanisms responsible for the differences in glacier development in the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona areas were examined.
3.1 Coupled mass balance and ice flow model
The coupled mass balance and ice flow model is designed to simulate glacier dynamics and thermodynamic processes by running on a digital elevation model (DEM) of the bedrock (Plummer and Phillips, 2003; Refsnider et al., 2008). Detailed information regarding the model was described in Xu et al. (2013, 2016, 2020b). In this paper, the model input data sets and parameters are briefly described.
The input data sets are the DEM of the bedrock and monthly averaged temperature and precipitation data for different altitudes in the La Ji Shan. A DEM for the study area with 30 × 30 m spatial resolution was downloaded from the Geospatial Data Cloud (http://www.gscloud.cn) and trimmed to the watersheds of the model domain (Figure 1C). Given that the La Ji Shan is not presently glaciated, the model can be run directly on the present-day DEM. For the mass balance model, altitudinal gradients of monthly averaged temperature and precipitation were obtained from the global climate dataset created by Fick and Hijmans (2017) (Table 2). The mass balance model simulates the glacier mass balance in the model domain with these altitudinal gradients of monthly averaged temperature and precipitation. Clearly, this is the present-day climate pattern in the study area. To reconstruct the paleoclimate conditions that produced the glacial extent of t1, the difference in the mean monthly air temperature from the present-day conditions (ΔT) and fractional value of the present-day precipitation (Fp) were adjusted to match the positions of t1 (i.e., stepwise changes in ΔT of .1°C and Fp of .1).
TABLE 2 | Regression equations for the monthly mean climate data at the elevation used to simulate the glacier mass balance over the entire model domain.
[image: Table 2]The main model parameters used in this study are the degree-day factor (DDF), snowfall threshold (Ts), ice deformation (A) and sliding (B) coefficients, and ice deformation versus sliding factor (f). Given that there are no glaciers in the La Ji Shan, we cannot directly obtain a precise value for DDF. Based on an analysis of the spatial distribution of DDF values on the Tibetan Plateau and surrounding areas, Zhang et al. (2006) suggested that the DDF value on the northeastern Tibetan Plateau is 6–9 mm d−1°C−1, with an average of 7.2 mm d−1°C−1. Observations of Qiyi Glacier, which is located in the Qilian Shan on the northeastern Tibetan Plateau (∼440 km northwest of the La Ji Shan), suggest the DDF value of Qiyi Glacier is 7.2 mm d−1°C−1 (Kayastha et al., 2003; Wang et al., 2011). Therefore, a DDF value of 7.2 mm d−1°C−1 was used to simulate the glacier mass balance in the model. A Ts value of 1°C was used to determine the monthly proportion of precipitation that falls as snow (Anderson et al., 2006). When the monthly mean temperature of a DEM cell is below Ts, the monthly mean precipitation of the DEM cell is equal to the monthly accumulation of the glacier in the DEM cell, which allows glacier growth to be estimated. With the steady-state glacier simulation used in this study, changes in glacial extent are controlled by the net mass balance gradient, and changes in ice deformation and sliding only affect the glacier shape (Paterson, 1994; Kessler et al., 2006). As such, we did not attempt to vary the A and B values in this steady-state glacier simulation, because this would only cause minor changes in the model results. Based on previous studies, the A, B, and f values used in this study are 1.0 × 10−7 a−1 kPa−3, 1.5 × 10−3 m a−1 kPa−2, and .5, respectively (Plummer and Phillips, 2003; Refsnider et al., 2008). The DDF value is the main model parameter that controls the uncertainties on the model results owing to its larger variations compared with Ts, on the Tibetan Plateau (Xu et al., 2020b). To test the effects of the DDF values on our model results, different DDF values (6–9 mm d−1°C−1) were used to test the model sensitivity to changes in DDF.
3.2 Glacier development
The peak height and SELA values of the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona areas were derived from a 30 × 30 m DEM downloaded from the Geospatial Data Cloud (http://www.gscloud.cn; Figure 1A). The SELA values for the La Ji Shan were the sum of those of V1, V2, and V3. The peak heights of V1, V2, V3, the Lake Donggi Cona area, and the Bayan Har Shan are 4868, 4876 , 4898, 5029, and 5276 m asl, respectively (Table 3). Furthermore, the estimation of SELA, the TJJA and Pa at the ELA, and SHELA were all based on the ELA. Given that the Bayan Har Shan and Lake Donggi Cona areas were not glaciated during the LGM, it is necessary to estimate the LGM theoretical ELA (ELAt). The LGM ELAt of the Bayan Har Shan and Lake Donggi Cona areas were obtained using the ELAt method developed by Wang et al. (2015). To apply this method, the altitudinal gradients of TJJA and Pa need to be known. Monthly averaged temperature and precipitation data were derived from the global climate dataset created by Fick and Hijmans (2017). Assuming the changes in TJJA and Pa during the LGM were the same at each of our study sites, the LGM TJJA and Pa at the LGM ELAt can be determined from the present-day TJJA and Pa at the LGM ELAt minus the changes in the LGM TJJA and Pa. Finally, the LGM ELAt of the Bayan Har Shan and Lake Donggi Cona areas were determined. The changes in the LGM TJJA and Pa were derived from the results of the coupled mass balance and ice flow model and other paleo climatic data (discussed below). In addition, the LGM ELA in the La Ji Shan was also estimated using this method to compare with the results of the coupled mass balance and ice flow model.
TABLE 3 | Factors controlling glacier development in the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona.
[image: Table 3]4 RESULTS
4.1 Paleoclimate reconstruction corresponding to t1 in the La Ji Shan
The modeled LGM temperatures were ∼2.9°C–6.0°C, ∼3.0°C–7.0°C, and ∼2.7°C–6.3°C lower than those of the present day in V1, V2, and V3, respectively, with Fp = .1–2 (Figure 4A). The ΔT values of V1, V2, and V3 are consistent with each other. All ΔT–Fp combinations shown in Figure 4A match the position of t1 and reproduce similar glacial extents (∼33 km2, ∼29 km2, and ∼24 km2 in V1, V2, and V3, respectively; Figures 5B, D) in each valley. The net mass balance was largest at the peak and smallest at the lowest elevations in the three valleys (Figures 5A, C). With present-day precipitation (Fp = 1.0), the temperature drops during the LGM were 3.9°C, 4.0°C, and 3.7°C in V1, V2, and V3, respectively (Figure 4A). The modeled ELAs in V1, V2, and V3 under this climate condition were 4215, 4198, and 4247 m asl, respectively. With a more realistic Fp value of .7, the LGM temperature decreases in V1, V2, and V3 were 4.2°C, 4.3°C, and 4.1°C, respectively. The modeled ELAs in V1, V2, and V3 were 4185 m asl, 4196 m asl, and 4197 m asl, respectively.
[image: Figure 4]FIGURE 4 | Plots of the ΔT–Fp combinations that (A) yield the glacial extent of t1 and (B) show a sensitivity test for t1 in V2.
[image: Figure 5]FIGURE 5 | Simulated glacier mass balances and extents for the LGM with Fp of (A,B) .9 and (C,D) .7.
4.2 Factors controlling glacier development in the La Ji Shan, Bayan Har Shan, and Lake Donggi Cona areas
Based on the method of Wang et al. (2015) and climate data sets, the LGM ELAt for the La Ji Shan, Bayan Har Shan and Lake Donggi Cona areas were 4192–4318, 4729–4807, and 4668–4727 m asl at Fp = .7–.8, respectively (Table 3). The LGM TJJA at the LGM ELAt of the La Ji Shan was higher than that of the Bayan Har Shan and Lake Donggi Cona areas, and the LGM TJJA at the LGM ELAt of the Lake Donggi Cona area was the lowest (Table 3). The LGM Pa at the LGM ELAt of the Bayan Har Shan and Lake Donggi Cona areas were lower than that of the La Ji Shan (Table 3). The LGM SHELA values of La Ji Shan was higher than that of Lake Donggi Cona area and Bayan Har Shan (Table 3). The LGM SELA values of the Bayan Har Shan are the gentlest, followed by those of the Lake Donggi Cona and La Ji Shan areas (Figure 6).
[image: Figure 6]FIGURE 6 | Cumulative percentages of the LGM SELA in the study area for different LGM climatic conditions.
5 DISCUSSION
5.1 Model sensitivity and uncertainties
Previous studies have indicated that DDF and Ts values have the greatest effect on the paleoclimate reconstructions from the coupled mass balance and ice flow model (Xu et al., 2014; 2017a; b, 2020b). An experiment was conducted to test the model sensitivity to changes in DDF based on simulations of t1 in V2. With DDF values of 6 and 9 mm d−1°C−1, the difference in the modeled ΔT values was <.3°C (Figure 4B). Xu et al. (2014, 2017a, b, 2020b) suggested that changes in DDF of ± .5 mm d−1°C−1 and ± 1°C in Ts had approximately the same influence on paleoclimate estimates from the coupled mass balance and ice flow model. As such, we adopted this approach, in that variations of ± 1°C in Ts should yield changes of <.1 °C on the model results. In addition to the model parameters, inaccuracies in the details of the ice motion physics and model input data sets are potential sources of uncertainties. Errors in the details of the ice motion physics have only a minor effect on our modeled paleoclimate estimates due to the assumption of a steady-state paleoglacier (Paterson, 1994; Kessler et al., 2006). The model input data sets (i.e., altitudinal gradients of temperature and precipitation) were derived from a small number of meteorological stations. In addition, the effects of second-order climate factors (e.g., cloudiness, relative humidity, and wind speed) were not taken into account in our model. Although we did not evaluate the inaccuracies caused by the model input data sets, Plummer (2002) suggested that uncertainties in the model input data sets produce errors for ΔT and Fp of ± .5°C and ± .3, respectively. Therefore, we are confident that the errors on our model results do not exceed these values, because Plummer (2002) used a similar model to reconstruct paleoclimate conditions to that used in this study. In addition, with Fp = .7–.8, the LGM ELAs (4185–4239 m asl) derived from the coupled mass balance and ice flow model agree well with the LGM ELAt (4192–4318 m asl, Table 3) in the La Ji Shan. Moreover, using an accumulation area ratio (AAR) of .5–.8, Owen et al. (2003b) suggested that the LGM and Late Glacial ELA were at 4300–4400 m asl, which is consistent with our results. As such, we consider that our estimated results are reliable.
5.2 LGM paleoclimate in the La Ji Shan
δD values of the Antarctic Dome C ice core (EPICA Community Members, 2004) (Figure 7A) and δ18O values of the Guliya ice core (Thompson et al., 1997) (Figure 7B) and the LR04 (Lisiecki and Raymo, 2005) (Figure 7C) show that the LGM temperature was lower than the present-day (Figures 7A, B). δ18O values for the Asian monsoon region suggest that the LGM precipitation was lower than the present-day (Cheng et al., 2016) (Figure 7D). On the Tibetan Plateau, the LGM was colder and drier than the present-day, based on periglacial features, ice core data, and pollen assemblages (Shi et al., 1997; Shi et al., 2001). On the northeastern Tibetan Plateau, Jiang et al. (2011) suggested that the LGM precipitation was 70%–80% of present day values based on PMIP simulations. Considering the LGM precipitation being 70%–80% of present day (Fp = .7–.8), our model results suggest that the LGM temperature was 3.9°C–4.3°C lower than the present-day (Figure 4A). On the Tibetan Plateau, the LGM temperature decreases were 3.3°C–4.4°C in the Payuwang Valley on the northern slopes of the western Nyaiqentanggulha Shan (Xu and Glasser, 2015), 2.9°C–4.6°C in four valleys on the southern slopes of the western Nyaiqentanggulha Shan (Xu et al., 2017b), and 3.1°C–4.3°C in Quemuqu Valley on the southern slopes of the western Nyaiqentanggulha Shan (Xu et al., 2020b), based on a similar glacier–climate model. On the basis of altitudinal vegetation belt shifts, Herzschuh et al. (2006) suggested that the LGM temperature was about 4°C–7°C lower than present day on the northeastern Tibetan Plateau. These estimates of LGM temperature decreases are consistent with our modeled LGM paleoclimate, and thus our model results represent the LGM climatic conditions in the study area.
[image: Figure 7]FIGURE 7 | (A) δD record of the Antarctic Dome C ice core (EPICA Community Members, 2004). (B) δ18O record of the Guliya ice core (modified after Thompson et al., 1997). (C) The LR04 benthic δ18O record (Lisiecki and Raymo, 2005). (D) Speleothem δ18O record from Hulu Cave (Cheng et al., 2016).
5.3 Why was there no expansion in the interior of the northeastern Tibetan Plateau during the LGM?
Figure 6 shows that the LGM SELA of the Bayan Har Shan and Lake Donggi Cona areas are gentler than those of the La Ji Shan, which suggests that the former are more favorable for glacier development. If other factors (e.g., temperature, precipitation, and relief) in these regions are the same, then a glacial advance during the LGM, which have been identified in the La Ji Shan, should also have occurred in the Bayan Har Shan and Lake Donggi Cona areas. However, this is not the case. The differences in the LGM SELA values of these regions are not the reason that there was no glacial advance during the LGM in the Bayan Har Shan and Lake Donggi Cona areas. Moreover, the LGM TJJA and Pa values at the LGM ELAt in the Bayan Har Shan and Lake Donggi Cona areas are lower than those of the La Ji Shan (Table 3). Although lower LGM TJJA values at the LGM ELAt in the Bayan Har Shan and Lake Donggi Cona areas were more favorable for glacier development than those of the La Ji Shan and the La Ji Shan experienced a LGM glacial advance, the Bayan Har Shan and Lake Donggi Cona areas were unglaciated during the LGM. The lower LGM Pa values at the LGM ELAt in the Bayan Har Shan and Lake Donggi Cona areas than those of La Ji Shan were not favorable for glacier development. As such, drier climatic conditions at the LGM ELAt were responsible for no LGM glacial advance in the Bayan Har Shan and Lake Donggi Cona areas. In addition, the LGM SHELA values in the Bayan Har Shan and Lake Donggi Cona areas are smaller than those of the La Ji Shan (Table 3), which suggests that the extents of the LGM glacial advances in the Bayan Har Shan and Lake Donggi Cona areas were smaller than that in the La Ji Shan. A larger LGM SHELA value reflects a larger accumulation area for glacier formation. In fact, only the La Ji Shan was glaciated during the LGM. The LGM glacier size in the La Ji Shan was larger than those in the Bayan Har Shan and Lake Donggi Cona areas (i.e., where there was no glaciation during the LGM) because of its larger LGM SHELA value. On the Tibetan Plateau, although the LGM temperature was colder than the present–day, the Fp of the LGM was only .7–.8 (discussed above), which was not favorable for glacier development in regions with low SHELA values. Therefore, the low LGM SHELA and LGM Pa values at the LGM ELAt are the main reasons why there was no LGM glacial advance in the Bayan Har Shan and Lake Donggi Cona areas.
6 CONCLUSION
On the basis of published chronological data from the La Ji Shan and P-CAAT, two glacial events occurred at 21.8 ± 1.9 ka and 10.9 ± 1.6 ka (Figure 3), corresponding to the LGM and the 10.3 ka event, respectively. Using a coupled mass balance and ice flow model, the glacial extent constrained by t1 was simulated along with the different ΔT–Fp combinations that can sustain such a glacial advance during the LGM. Based on PMIP simulations, the LGM precipitation was tentatively constrained to be 70%–80% of present-day values. Under these precipitation amounts, the modeled LGM temperature changes were –−4.3°C to −3.9°C. The modeled results are consistent with generally accepted LGM climatic conditions on the Tibetan Plateau. Using our modeled LGM climatic conditions, factors controlling glacier development in the study area were assessed. The LGM SELA values of the La Ji Shan are the steepest and its LGM TJJA values at the LGM ELAt were the highest, which is not favorable for glacier development, but its high LGM SHELA and LGM Pa values at the LGM ELAt caused a glacial advance during the LGM. Based on this, we infer that the lower LGM SHELA and LGM Pa values at the LGM ELAt in the Bayan Har Shan and Lake Donggi Cona areas limited the development of glaciers during the LGM.
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