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Abstract

:

The widely distributed glaciers over the Qinghai-Tibet Plateau (QTP) represent important freshwater reserves and the meltwater feeds many major rivers of Asia. Glacier change over the QTP has shown high temporal and spatial variability in recent decades, and the driving forces of the variability are not yet clear. This study examines the area and thickness change of glaciers in the Dongkemadi (DKMD) region over central QTP by exploring all available Landsat images from 1976 to 2013 and satellite altimetry data over 2003–2008, and then analyzes the relationships between glacier variation and local and macroscale climate factors based on various remote sensing and re-analysis data. Results show that the variation of glacier area over 1976–2013 is characterized by significant shrinkage at a linear rate of −0.31 ± 0.04 km2·year−1. Glacier retreat slightly accelerated in the 2000s, and the mean glacier surface elevation lowered at a rate of −0.56 m·year−1 over 2003–2008. During the past 38 years, glacier change in the DKMD area was dominated by the variation of mean annual temperature, and was influenced by the state of the North Atlantic Oscillation (NAO). The mechanism linking climate variability over the central QTP and the state of NAO is most likely via changes in the strength of westerlies and Siberian High. We found no evidence supporting the role of summer monsoons (Indian summer monsoon and East Asian monsoon) in driving local climate and glacier changes. In addition, El Niño Southern Oscillation (ENSO) may be associated with the extreme weather (snow storm) in October 1986 and 2000 which might have led to significant glacier expansion in the following years. Further research is needed to better understand the physical mechanisms linking NAO, ENSO and climate variability over the mid-latitude central QTP.
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1. Introduction


A large number of mountain glaciers are present over the Qinghai-Tibet Plateau (QTP), providing an important contribution to water sources for the local environment and feeding many large rivers of Asia, including the Indus, the Yangtze and the Yarlung Tsangpo [1,2,3,4]. In the context of climate change over recent decades, many studies have reported distinct spatial variability of glacier change over the QTP [2,5,6,7,8,9]. Strong glacier thinning and retreat have been widely found over southeastern QTP, while many glaciers in the northwestern plateau have kept an equilibrium state or slightly advanced during recent decades. The contrasting glacier behaviors over the plateau have been suggested to be associated with the variability of precipitation changes over the monsoon-dominated southeast and westerlies-dominated northwest [2]. However, over the mid-latitude central QTP where three major atmospheric circulation systems intersect (westerlies, the Indian monsoon (IM) and the East Asian Summer Monsoon (EASM)) [10], the main driving forces (temperature, precipitation and the seasonality) of recent glacier changes and the related atmospheric circulations remain unclear. The Tanggula Mountains in the mid-latitude central QTP are a pool of temperate glaciers which provide important water sources for the upstream areas of the Yangtze River, the longest river in China.



Investigations of the glacier–climate interaction over the plateau have been limited by inadequate observations on glacier changes. In-situ mass balance records are directly measured at stakes installed over the glacier surface [11], but they are limited to a few small, low-lying and accessible glaciers and may not represent the regional variability of glacier changes. At present, increasing satellite observations allow examination of various glacier parameters (length, area, elevation and velocity) and their changes over large areas and extended time periods. Remote sensing based estimates are indirect, and mostly require some sort of ground control or validation (e.g., [12,13]); they, however, offer a practical approach of obtaining a statistically representative sampling of glacier changes [14,15]. In particular, images acquired from Landsat satellite series, which have the longest observation records of the earth surfaces (from the mid-1970s to present) at a medium-high resolution (30 m–80 m), provide valuable information about the temporal evolution of glaciers. The number of Landsat scenes that can be used for examining glacier changes mainly depends on the availability of cloud-free images acquired at the end of ablation seasons. In addition, recent elevation observations from satellite laser altimetry ICESat (Ice, Cloud, and land Elevation Satellite), which are less sensitive to weather conditions, have shown potentials in estimating glacier mass balances based on surface elevation changes [5,16]. The relatively short period (spanning 2003–2009) and sparse spatial sampling over the mid-latitude regions limit the use of ICESat data for investigating long-term glacier changes in the mountainous central Asia. However, ICESat data provide valuable information about glacier surface elevation which is almost absent for many mountain glaciers and the repeated elevation measurements offer independent measurements of glacier changes. As validation of the remote sensing estimates is generally difficult without ground truth, the use of multi-source observations is a practical way to evaluate the reliability of the remote sensing results.



The regional climate systems over the mid-latitude central QTP can be rather complex because of the potential intersection of monsoon systems and the westerlies, which are also tele-connected with large-scale atmospheric circulations. Recent studies suggested that the Arctic amplification may impact on the mid-latitude weather patterns and extremes [17,18] and mid-latitude westerlies may drive climate variation and glacier variability in the monsoon affected areas of High Asia [19]. On large spatial scales, climate change over the QTP may also be tele-connected with hemispheric or global atmospheric circulations including North Atlantic Oscillation (NAO) and El Niño Southern Oscillation (ENSO) [20]. Previous studies suggested that ENSO influences climate over the southern QTP through the link of IM [21,22], while NAO is associated with climate fluctuations over the northern QTP through modulation of westerlies [20,23]. Whether such teleconnections exist over the mid-latitude central QTP and how they affect local climate and glacier variability remain unclear.



With a focus on the Dongkemadi (DKMD) region over central QTP, this study explores the evolution of the glaciers by deploying maximum number of remotely sensed observations from the Landsat imagery and estimating recent glacier surface elevation changes from ICESat data. Thereafter the control of the annual and seasonal climate conditions on glacier changes is analyzed by exploring time series of various local and large-scale climatic variables. In particular, we will discuss the possible relationships between local climate variations and large-scale atmospheric circulations including westerlies, the IM, and ENSO events.




2. Study Area


The studied glaciers are located in the DKMD region in the Tanggula Mountains over central QTP (Figure 1). The study region contains a total of 32 valley or cirque glaciers, including the Da Dongkemadi (DDG) and Xiao Dongkemadi (XDG) glaciers, covering a total area over 80 km2 according to the second China Glacier Inventory (CGI2) [24] (Figure 1). The glaciers, with the minimum elevation over 5000 m a.s.l., have relatively smooth surfaces without evident moraines. The DKMD region lies close to the boundary between the monsoon-affected south and the westerlies-dominated north [25]. For the QTP, the westerlies are split into two paths: one flowing to the east around 40°N and the other following along the southwest path around the southern edges of the plateau [2,26] (Figure 1). The semi-arid continental climate is characterized by a long cold season from October to April and a short warm season from May to September. Meteorological observations at 5600 m recorded on the XDG during 1992–1993 reveal that the annual mean air temperature and annual precipitation are −9.8 °C and 302 mm, respectively [27]. Referring to meteorological data at weather stations and the CN05 gridded dataset (introduced in the dataset section), we estimate that the long-term average precipitation in warm season (May to September) accounts for about 70% of the total annual precipitation (the statistics is based on 1976–2013). According to the thermal conditions and the characteristics of local climate, the DKMD glaciers are typical temperate glaciers [11] and can be categorized into the “summer accumulation” type.




3. Datasets and Methods


3.1. Glacier Area and Elevation Changes


3.1.1. Landsat Images over 1976–2013


We selected suitable Landsat scenes (Landsat MSS/TM/ETM+/OLI) which are available from the United States Geological Survey (USGS) for glacier mapping. Assuming no seasonal snow cover, snow/ice extent identified from the cloud-free Landsat imagery represents the glacierized area. To mitigate the influence of seasonal snow, we consider images acquired at the end of ablation season (late August to early September) as suitable for retrieving glacier outlines. A total of 21 Landsat images sampling 18 years from 1976 to 2013 were used in our glacier mapping (Table 1). All images, except three acquired in 2001, 2003 and 2010 (marked in Table 1), are cloud-free over the glaciers. For these partly cloud-covered scenes, we used additional reference images (marked in Table 1) acquired in the same year to correct the cloud-affected parts. As there are few suitable images in the 1970s and early 1980s, we selected two images (1976 and 1986) whose acquisition dates do not strictly meet the requirement but are of high-quality in other aspects (cloud free and with minimal seasonal snow cover compared to other images acquired in the same year). Landsat ETM images acquired after 2003 (SLC-off) were not employed due to the presence of data gaps. We show false color composites of all used images in the supplementary material to illustrate the mapping conditions (Figure S1).



All images derived from the USGS are already processed to L1T products with standard terrain correction and are ready for further pixel-level analysis. We employed two well-established methods to extract glacier outlines from Landsat MSS and TM data respectively, given the different band specifications. For Landsat TM images, the semi-automated band ratio approach based on Normalized Difference Snow Index (NDSI) was used. NDSI is computed as the normalized difference of the reflectance of green band and short-wave infrared band (SWIR) [28]. An empirical threshold of 0.4 (based on examination of NDSI histogram around the study glaciers and tests on different thresholds) was chosen to segment the NDSI images into glacier area and non-glacier area. The mapping results are not sensitive to changes of the threshold partly because the contrasting bimodal distribution of NDSI value in the areas containing glaciers and non-glaciers. As shown in Figure 2, the absolute percent difference in the total mapped glacier area between our choice of threshold and the thresholds in 0.35–0.45 is mostly within 0.8%. To retrieve glacier area from the MSS image without short-wave bands, we used the ISODATA unsupervised classification method that iteratively clusters pixels class using minimum distance techniques [29]. In this process, the scene was firstly clipped around the glacier region and then was classified into four classes based on all the four bands (Table 1) with up to four iterations. The classification result is shown in Figure S2 in the supporting material. Post-classification processing is important to maintain high-quality results [30]. Thus, we manually modified glacier outlines under partly cloud-covered images by referring to cloud-free reference images (Figure S3), and corrected misclassifications due to shadow and water bodies. Small individual glaciers with area <0.02 km2 were omitted as they might represent seasonal snow patches. We calculated a buffer of 15 m (half of the pixel size) around the glacier outlines, and the differences between the buffered area and glacier polygons vary in the range of 2.9% to 3.2%, which can be seen as a rough assessment of the mapping accuracy. The accuracy matched well with the uncertainty ~3% of semi-automated mapping methods reported in previous studies (e.g., [31,32]).




3.1.2. ICESat Elevation Measurements over 2003–2008


Elevation measurements from level-2 ICESat Global Land Surface Altimetry Data product- GLA14 of release 33 [33] were used to estimate glacier surface elevation changes and the processing method was same to [34]. A total number of 14 repeated tracks (from March 2003 to November 2008) covered the glacier area (Figure 1). At each footprint, the elevation difference between ICESat and the SRTM DEM (dh in short thereafter) represents a measurement of the elevation change between the SRTM and the ICESat acquisition date. The processing of ICESat data involves four main steps: filtering of dh, classification of ICESat footprints, identification of on-glacier and off-glacier measurements, and correction of mean dh over glacier surface and linear trend fitting.





3.2. Glacier–Climate Relationship


Long-term changes in local temperature and precipitation were analyzed using the CN05 grid dataset [35]. This gridded dataset, at a resolution of 0.5 × 0.5 degree, was constructed by interpolating climatic records of 2416 meteorological stations in China, with the “anomaly approach” which firstly interpolates climate variables with thin plate smoothing splines and then adds a gridded daily anomaly derived from angular distance weighting method [36]. A Digital elevation model (DEM) was used as a reference in the interpolation, and thus the dataset can represent climate over the mountainous regions. This dataset has been validated with good quality [37,38] and widely applied to analyze long-term climate change in China (e.g., [39]). We extracted monthly temperature and precipitation estimates over 1976–2013 from the grid where the glaciers are located. The estimates of precipitation (temperature) show similar intra-annual and inter-annual pattern to that recorded at the closest meteorological station Tuotuohe (the comparison is shown in Figure S4 in the supporting material). According to the hydrological year, the climate data were aggregated to the seasonal level: cold (winter) season (October to April), and warm (summer) season (May to September).



To examine glacier change with respect to large-scale atmospheric circulations, the following datasets were utilized: ERA (European Reanalysis) data including the monthly geopotential height/wind fields at the 500 hPa levels, the grid 2 m air temperature data from the European Centre for Medium-range Weather Forecasts [40]. The principal component-based Hurrell NAO index, signifying the sea level pressure (SLP) anomalies over the Atlantic sector (20°N–80°N, 90°W–40°E) [41], is used to represent the strength of westerlies in this study. We also examined the indices of two major Asian monsoon systems: the Indian Monsoon index (IMI) which is the normalized anomalies of SLP difference between the Indian sea zone (40°E–80°E, 5°N–15°N) and central Asia (70°E–90°E, 20°N–30°N) [42], and the East Asian Summer Monsoon Index (EASMI) which is defined as an area-averaged dynamical normalized seasonality at 850 hPa within the domain (10°N–40°N, 110°E–140°E) [43]. The North Annular Mode (NAM) index, denoting SLP anomalies in the Northern Hemisphere (NH: 20°N–90°N), is an important index closely associated with large-scale atmospheric circulations such as NAO and westerlies. Whereas SLP anomalies over the north Pacific were examined with the North Pacific Index (NPI), the area-weighted SLP over the region 30°N–65°N, 160°E–140°W [44]. The El Niño and La Niña episodes can be represented by the Southern Oscillation Index (SOI) which is calculated as the normalized anomaly of mean SLP difference between Tahiti and Darwin. The negative (positive) SOI values coincide with warm (cold) ocean water across the eastern tropical Pacific in typical El Niño (La Niña) episodes. Annual, summer and winter NAO and SOI time series were used to evaluate the influences on time scales of yearly, warm season and cold season respectively. The summer monsoons are pronounced in warm seasons, therefore only summer season composites (JJA) were examined; while the NAM and NPI are pronounced in winter seasons, we only examined winter season composites.



Linear regression analysis was performed to estimate trends of glacier area, local temperature and precipitation changes. We examined possible relationships between local climatic variables (temperature and precipitation) and atmospheric circulation indices by calculating their correlation coefficients based on detrended time series data. The detrending was conducted by subtracting the trends estimated with the linear fitting method from the original climatic data and indices (difference detrending method), to mitigate spurious correlations due to potential common trends presented in the original time-series data. Spearman’s rank correlation coefficient (R in short) was used to examine the relationship between glacier area and climate variables. Unless otherwise stated, all p-values for the trends and correlation coefficients were evaluated at alpha = 0.05, and long-term (multi-year) averages refer to statistics over the period of 1976–2013.





4. Results and Discussion


4.1. The Change of Glacier Area and Surface Elevation


The variation of glacier area during the period of 1976–2013 is shown in Figure 3. Overall, the glacier area observed in 1986 is far above the long-term average, which may be associated with mapping uncertainties due to the influence of persistent seasonal cover and will be discussed in details in Section 4.3. The 1986 observation is therefore excluded in the following statistics to reduce uncertainties. Overall, the average glacier area is 83.9 ± 3.6 km2 (n = 17, one standard deviation). The total glacier area significantly decreased at a linear rate of −0.31 ± 0.04 km2·year−1, equivalent to a percentage changing rate of −0.37% ± 0.05% year−1. According to this linear fit, the total glacier area lost during the study period is estimated to be 13.7% ± 1.85% year−1. To explore more information about glacier area changes during the past 38 years, we calculated the mean glacier area in different periods (Period 1: 1988–1995; Period 2: 2000–2004; Period 3: 2007–2013) according to the cluster of samples (shown as multiplication marks in Figure 3a). The statistics outlines the changes of glacier shrinking rate (estimated as the slope of the line between neighboring multiplication marks in Figure 3a): −0.11 km2·year−1 from 1976 to Period 1, −0.36 km2·year−1 from Period 1 to Period 2, and −0.40 km2·year−1 from Period 2 to Period 3. This indicates that glacier shrinkage is particularly obvious since the late 1990s and the shrinkage slightly accelerated in the 2000s. However, there are few observations in some periods such as 1976–1986, which pose uncertainties for evaluating detailed glacier changes in the 1980s and the statistics of linear rates.



The mean glacier surface elevation differences in Figure 4 (modified based on [34]) reveal a significant trend of glacier thinning at a linear rate 0.56 m·year−1 (p < 0.01) over 2003–2008. Drastic lowering of glacier surfaces occurred in 2006. The standard deviations of the mean over-glacier dh, as shown in the error bar in Figure 4, vary in the range of 0.7 m to 1.9 m, which may partly reflect spatial variability in glacier thickness changes and the uncertainties associated with both the ICESat and SRTM data. For the off-glacier area, the elevation difference dh may be attributable to ICESat inter-campaign biases or bedrock uplift [5,45] and the trend is statistically insignificant. The ICESat-based glacier elevation trend, equivalent to a mass balance of −421.2 mm·year−1 water equivalent (w.e.), is in good agreement with the mass balance (−487.2 mm·year−1 w.e.) derived from glacier area changes in the period, which is analyzed in details in [34].




4.2. Long-Term Variation of Temperature and Precipitation


The annual temperature increased at a linear rate of 0.53 °C per decade over 1976–2013 (Figure 3), much higher than the global warming trend of 0.15 °C~0.20 °C per decade that began in the late 1970s [46]. The increase of winter temperature (0.58 °C per decade) is more remarkable than that of summer temperature (0.45 °C per decade). The annual precipitation totals increased at a linear rate about 26 mm per decade. In terms of inter-decadal variations, the time-series climate data reveal significant increasing trends of temperature (0.95 °C per decade) and precipitation (62 mm per decade) during the latter 18 years (1995–2013), compared to the almost flat trends during the former 19 years (1976–1994) (Figure 3). Summer precipitation totals followed a similar variation to that of annual precipitation. Precipitation in winter fluctuated around an average level of 42.5 mm, except the year 1986 and 2000.



The time-series temperature and precipitation data in Figure 5 reveal two extreme climate events in 1986 and 2000. In the two years, winter precipitation reached extremely high amounts and correspondingly the mean temperature dropped to the lowest. We further examined the monthly precipitation time-series and found that the precipitation anomalies in the winter seasons of 1986/2000 mostly occurred in October 1985 and October 1999, respectively. In the two years, the precipitation anomaly in October accounts for over 70% of the seasonal anomaly. In particular, the extremely cold winter in 1986 has been documented as snow storm disaster that occurred in October-November 1985 in the central QTP [47].




4.3. Relationship between Glacier Variation and Local Climate Variables


Given the extreme local climate conditions in 1986 and 2000, the statistics on the correlation coefficients between glacier area and climate variables (Table 2) were divided into two groups: group I based on all 18 samples and group II based on the 16 normal cases. In the two groups, the annual mean temperature shows the most significant relationship with glacier area (R > 0.75, p < 0.01). The winter temperature seems to be slightly more dominant than the summer temperature in normal years. The significant area-temperature relationship indicates that the annual temperature impact strongly on overall glacier advance/retreat s in the study area. Based on the 16 normal cases, the linear relationship between the glacier area and the annual temperature indicates an increase of 1 °C in annual temperature can contribute to loss of 5.1 km2 in glacier area at a high confidence level (p < 0.01). The negative area-precipitation relationship is somehow unexpected, as normally precipitation contributes to glacier accumulation, e.g., by providing fresh snow. A possible explanation is that the effect of temperature increasing on melting overpowered the contribution of precipitation and therefore dominates the glacier mass balances. However, compared to the drastic recession of glaciers at a rate of over −1.0 m·year−1 in the southern and southeastern QTP due to rising temperature coupled with decreasing precipitation [48,49], the high level of precipitation in this area may have slowed down the rate of glacier mass loss during the recent decade. Overall, in light of the dependence of glaciers on annual temperature, glaciers over the DKMD region will keep experiencing severe retreat if the warming trend continues.



A close look at the glacier changes in the recent decade further confirms the role of temperature in determining glacier changes. As shown in Figure 4, the mean glacier surface elevation was closely connected with the variation of annual temperature. The glaciers showed noticeable lowering as the annual temperature increased in 2004 and 2006. The strong thinning in 2006 was accompanied by significant increase in annual temperature (0.9 °C) and decrease of summer precipitation by 20%.



In 1986 and 2000, the observed glacier area deviates from the fitted area-temperature relationship based on normal cases. The situation may be caused by several factors. Firstly, the mapping uncertainty due to inclusion of peripheral snow cover can be large in 1986, in particular, as there was plenty snow cover in the winter season which might have sustained through the melting season. The far above-average glacier area in 1986 is probably problematic from the perspective of glaciological process; the observation, however, offers potential lights into glacier accumulation/advance, given it is the only high-quality image available for that period. Although it is difficult to quantify the real glacier advance in 1986 because of lacking observations prior to 1986, the snow storm events in 1986 (specifically in October–November 1985) may contribute to significant glacier advance, whereas the magnitude of increment may not be as large as that indicated in the current observations. The potential impact of such events on glacier mass balance is at least two-fold: (1) contributing to ice accumulation by providing considerable fresh snow; and (2) slowing down snow melting because of reduced solar radiation and temperature due to increase in surface albedo. The second point can be supported by the fact that the mean temperature during October 1985 and April 1986 was rather low (Figure 4). Compared to the 1985 case, the glacier area in 2000 in a similar climate condition did not behave the same as that in 1986. The possible explanations besides mapping uncertainties may lie in three aspects. First, the winter precipitation total in 2000 is not as high as that in 1986. Second, the high temperature in 2000 summer (0.8 °C more than that in 1986) may have significantly accelerated the glacier melting. Third, the glaciers experienced significant shrinkage between 1986 and 2000, which may have resulted in the disappearance of small glaciers. The third point is critical, as small-size glaciers probably play a dominating role in contributing to the observed glacier area changes due to their high sensitivity to climate change and the short response time. However, it is not clear about the response time of multiple glaciers with different lengths, thickness and hypsometry in the study region. Given the glaciers are of semi-maritime type and the variability in glacier area, the mean response time could be within a few years.




4.4. Links between Glacier Variation and Macroscale Atmospheric Circulations


The total glacier area shows significant correlations with NAO, NAM and IMI (Table 2). The variation of glacier area was positively associated with the status of NAO, particularly winter NAO (p < 0.01). The relatively large glacier area (e.g., in 1976, 1989 and 1992) was associated with the strong positive phase of NAO, while the intermediate or negative phase of NAO coincided well with the retreating trend of glaciers after 2000 (Figure 3). The IM also shows a weakening trend since 1990, which probably explains the positive IMI-glacier relationship. When considering the 1986 and 2000 cases, the correlation coefficients between glacier area and NAO and NAM decreased but the relationships remain significant; whereas the correlation with IMI does not reach the significant level (Table 2).



The relationships between local climate variables and macroscale climate index provide a clue on how atmospheric circulations impact on the glaciers. As shown in Table 3, the variation of local climate variables show close associations with different large-scale atmospheric circulations, the most significant being NAO and SOI. In winter, the mean temperature produces significant negative relationship with NAO and positive relationship with SOI, and the amount of precipitation shows no significant correlation with other climate variables; whereas in summer, the mean temperature and the amount of precipitation both show close connection with NAO (annual NAO and summer NAO, respectively). The negative correlations between the summer/winter temperature and annual/winter NAO suggest that summer/winter temperatures tend to be higher (lower) over the central QTP when the NAO is more negative (positive), whereas in summer when most of the precipitation falls, the more negative (positive) phase of NAO may indicate wetting (drying) climate than normal. Figure 3 shows that since the middle 1990s, NAO has been in a relatively low phase, which couples well with the increasing temperature and precipitation over the DKMD region. This suggests that the negative relationships between NAO and local temperature/precipitation keep on the inter-decal time-scale. Note that there are no significant relationships between the local summer precipitation, IMI and EASMI, suggesting that summer precipitation has no direct links with the monsoon systems.



NAO and SOI are found to be widely related to other climate variables. Winter NAO is closely correlated with NAM (R = −0.95, p < 0.01), and summer NAO is positively correlated with IMI (R = 0.37, p < 0.05). The positive IMI-NAO relationship confirms that the intensity of IM is more impacted by oscillation over the Atlantic, rather than Pacific, over recent decades [50,51]. The status of SOI is closely linked with NPI, especially in winter seasons. The significant inverse EASMI-SOI relationship supports an enhanced link between the intensity of East Asia summer monsoon and oscillation over the Pacific, which agrees with previous research [52].



The relationship between NAO and temperature over the DKMD can be confirmed based on spatially continuous re-analysis data. Figure 6 shows the correlation coefficients between mean NAO and 2 m air temperature in the winter season, summer season and annual. It is clear that NAO has wide connections with temperature variations over the NH, particularly in the winter season. On the time scale of annual mean, NAO is positively connected with temperature in the northern Europe and Russia, and is negatively correlated with air temperature over the lands of the Arab, India, and the central QTP. The connections between NAO and temperature over the European and Russian regions have been confirmed in previous research [53,54]. Over our study region, the NAO-temperature relationship is weak in the summer season but significant in the winter season, which agrees well with the statistics in Table 3. To further investigate how NAO influences local climate over the study region, we examined the difference of geopotential height/wind fields at the 500 hPa levels between low NAO and high NAO phases in winter seasons and summer seasons respectively, as shown in Figure 7. The criterion for selecting the specific high/low NAO years is that NAO is at least one standard deviation above/below the multi-year average. The specific years selected is given in Table 4. When NAO is more negative, the 500 hPa geopotential height in the western and central Europe and northeastern Eurasia is considerably decreased, while it is significantly higher in northern Europe, central Eurasia and southern QTP regions (Figure 7a). The changes of potential height, combined with the pattern of wind vector anomalies, shape two strong cyclonic circulations in Eastern Europe and northeastern Eurasia. In particular, the latter represents a weakened Siberian High (centered on Lake Baikal) and strengthened westerly winds between 30°N and 45°N of Asia. According to [55], strong westerlies can decrease the incursions of colder air from the north to the south. The weakened Siberian High and strengthened westerlies may explain why winter temperatures over central QTP are lower in years with more negative NAO. In summer seasons, when NAO is more negative, the 500 hPa geopotential height considerably increases over the mid-latitude Eurasia (between 30°N and 45°N), which extends from southern Europe to northeastern Eurasia; whereas it decreases over northern Europe, central QTP and northeastern China (Figure 7b). The changes of the geopotential height and the pattern of wind anomalies are characterized by cyclonic circulations over inner QTP which favor local precipitation production. Besides, the stronger southwesterly winds (Figure 7d) along the southern edges of the plateau indicate enhanced moisture advection from the Mediterranean Sea toward the QTP. These factors probably explain why there is more precipitation in years with more negative NAO in the summer season.



In summary, the state of NAO plays an important role in driving the climate variability and glacier changes over the DKMD region in central QTP. The negative (positive) phase of NAO favor warm (cold) winters and high (low) annual temperature through modulating the intensity of the Siberian High and westerlies in the mid-latitude Eastern Asia, resulting in glacier recession (gain). Despite the fact that the low phase of NAO in the summer season contributes to increasing precipitation in the study region, the rise of temperature overpowered the effect of precipitation and governed the glacier changes.




4.5. The Role of SOI in Climate Variability


SOI represents oscillations over the Pacific which have wide influences on climate variability in the NH. We also found a positive relationship between SOI and winter temperature over the study region. Many studies suggested that SOI can impact the QTP region through the link of IM or EASM [20,21,22,56]. However, it is obvious that the summer monsoon systems have no direct impact on the mid-latitude central QTP over recent decades. Furthermore, previous studies have confirmed that the ENSO-IM relationship has weakened since the late 1970s.



The SOI, however, might be relevant to the abnormal snow storm events in the central plateau. Although none of the climatic indices in this study has been identified to be responsible for the anomalous snow storms in October of 1985 and 1999, the super ENSO events (associated with strong negative phased of SOI) that occurred in 1983 and 1998 might have played a role. Previous research suggests that SOI affects snow depth over central QTP with a lag time of one or two years [57]. Regarding the cases on 1985 and 1999, the specific process is however not certain. If such tele-connection exists, the ENSO events may contribute to glacier mass gain in the central plateau by bringing high precipitation. The physical mechanism linking SOI and climate variation over central QTP is yet unclear, and this requires further research.



The relationship between local climate variables and NAO, SOI, however, may have varied in a long time frame [20], and the relationships between local climate and NAO, SOI are not always linear. Fluctuations in these atmospheric circulations may not fully explain the variability of glacier changes, and there may be other climate forcings affecting the variation of glaciers over the QTP. Further research is needed to investigate which and how regional atmospheric circulations affect the climate variability and glacier changes in different regions of the QTP.





5. Summary and Conclusions


The increasing availability of remote sensing data enables detailed investigation of regional glacier changes and the response to climate change. This study presents areal and thickness changes of glaciers in the DKMD region in central QTP based on sequential Landsat images and ICESat elevation data, and explores the causal explanation of the changes from the perspective of local and macroscale climate background. The results show that the examined glaciers experienced notable shrinkage over recent decades, with the total area decreasing at a linear rate of 0.37% ± 0.05% year−1 during the period of 1976–2013. Glacier shrinkage has been particularly distinct since the late 1990s and slightly accelerated in the 2000s. During 2003 and 2008, the mean glacier elevations lowered at a linear rate of 0.56 m·year−1. Interpretation of the glacier area and elevation changes with regard to climate change reveals the dominant role of increasing temperature, particularly in the winter season and since the middle 1990s. The precipitation variations are characterized by a significant rising trend since the 1990s. The high level of precipitation in the 21st century might have alleviated glacier recession compared to the warm-dry southern QTP regions. In particular, the cold and snowy winters of 1986 and 2000 due to severe snow storm events over central QTP, may have a significant contribution to glacier advance or restrained retreat in the following years due to combined effect of increased fresh snow and surface albedo, and reduced temperature. However, the current glacier area observation for 1986 is prone to large uncertainties associated with persistent seasonal snow cover, and more evidence is required to quantify the impact of extremely snow events on the glacier mass balances.



With respect to macroscale atmospheric circulations, our analysis suggests that the glacier variation over the DKMD region during 1976–2013 were impacted by oscillation in the North Atlantic Ocean. The state of NAO drives local climate variability through modulating the strength of Siberian High and westerlies over the mid-latitude Eurasia. The negative (positive) phase of NAO is associated with a weaker (stronger) Siberian Anticyclone and stronger (weaker) westerlies, resulting in warm (cold) winters and high (low) annual and glacier recession (advance). The Super ENSO events in 1983/1998 seem to be associated with the two snow storm events occurring in 1985/1999, but the mechanism is unclear. There is no strong evidence supporting the principal role of the monsoon systems (IM and EASM) in driving climate variabilities and glacier changes over the study region. Further research is needed to investigate the physical processes linking climate variability and large-scale atmospheric circulations, and the causes and impacts of extreme climate events over the plateau.
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Figure 1. The study glaciers in the Dongkemadi (DKMD) region and the ICESat tracks (blue dots) shown on the false color composite of Landsat TM images (Bands 5, 4, and 2, for R, G, and B, respectively) (a); and the location of the study area in relation to three important atmospheric circulations in Asia (b). Glacier outlines in (a) are retrieved from the background TM images acquired on 30 August 2000. 
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Figure 2. Glacier area sensitivity to the NDSI (Normalized Difference Snow Index) threshold for different years of analysis. Scenes with part cloud contamination as indicated in Table 1 are not included in this evaluation. 
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Figure 3. The variation of glacier area (a) in relation to annual mean temperature (b); annual total precipitation (c); North Atlantic Oscillation (NAO) (d); winter Southern Oscillation Index (SOI) (e); and Indian Monsoon Index (IMI) (f), during 1976–2013. The statistics is based on hydrological year (October to September). The linear trend in (a) is based on all observations excluding 1986, and the multiplication mark denotes average glacier area in different periods grouped by different colored dots, with the error bar showing the standard deviation of the mean value. For annual mean temperature and precipitation, linear trends are respectively shown for the two periods of 1976–1991 and 1992–2013. 
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Figure 4. Variation of mean annual temperature, mean elevation differences between ICESat and SRTM over the glacier and off-glacier areas between 2003 and 2008 (modified based on [34]). 
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Figure 5. The variation in mean temperature (T) and total precipitation (P) in the winter season in relation to glacier area changes. 
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Figure 6. Correlation coefficients between NAO and 2 m air temperature on time scales of: cold season (a); warm season (b); and annual (c), based on ERA reanalysis data (1976–2013). The black cross filling denotes significance at a confidence level of 95%, and the red dots represent the location of the study region. 
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Figure 7. Composite differences in the mean 500 hPa geopotential height (the upper row) and wind speed field (the lower row) in the: cold season (a,c); and warm season (b,d) between the group of years with low NAO and high NAO. Refer to Table 4 for specific years selected. The black cross filling in (a,b) denotes significance at a confidence level of 95%, and the ret dots represent the location of the study region. 
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Table 1. List of Landsat images used in this study. Images marked with • are partly cloud covered and images marked with * were used for reference. The TM/ETM+/OLI and MSS images have a resolution of ~30 m and ~80 m, respectively.
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Sensor

	
Acquisition Date (YYYY/MM/DD)

	
Path/Row

	
Used Bands






	
Landsat 2/MSS

	
1976/11/11

	
148/37

	
4, 5, 6, 7




	
Landsat 5/TM

	
1986/07/30

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
1988/07/28

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
1989/09/17

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
1990/08/19

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
1991/09/14

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
1992/08/31

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
1994/08/21

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
1995/08/17

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
2000/08/30

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
2001/07/23 •

	
138/37

	
2, 4, 5




	
Landsat 7/ETM+

	
2001/10/12 *

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
2003/08/07 •

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
2003/10/17*

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
2004/09/10

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
2007/08/02

	
137/37

	
2, 4, 5




	
Landsat 5/TM

	
2009/08/30

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
2010/09/02 •

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
2010/10/20 *

	
138/37

	
2, 4, 5




	
Landsat 5/TM

	
2011/08/29

	
137/37

	
2, 4, 5




	
Landsat 8/OLI

	
2013/08/02

	
137/37

	
3, 5, 6
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Table 2. Correlation between glacier area and climate variables. Group I is statistics based on all area samples and group II is based on those excluding two extreme climate years. Results in bold are significant at the 0.01 level and those in italics at 0.05.
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Climate Parameters and Season

	
Group I: All Cases (n = 18)

	
Group II: Normal Cases (Excluding 1986, 2000)




	
Correlation Coefficient

	
p-Value

	
Correlation Coefficient

	
p-Value






	
Temperature

	

	

	

	




	
 -Annual

	
−0.78

	
0.00

	
−0.85

	
0.00




	
 -Summer

	
−0.75

	
0.00

	
−0.72

	
0.00




	
 -Winter

	
−0.71

	
0.00

	
−0.76

	
0.00




	
Precipitation

	

	

	

	




	
 -Annual

	
−0.65

	
0.00

	
−0.64

	
0.01




	
 -Summer

	
−0.61

	
0.01

	
−0.53

	
0.04




	
 -Winter

	
−0.34

	
0.17

	
−0.57

	
0.02




	
North Atlantic Oscillation




	
 -Annual

	
0.67

	
0.00

	
0.65

	
0.01




	
 -Summer

	
0.49

	
0.04

	
0.48

	
0.06




	
 -Winter

	
0.57

	
0.01

	
0.74

	
0.00




	
Southern Oscillation Index




	
 -Annual

	
−0.45

	
0.06

	
−0.38

	
0.15




	
 -Summer

	
−0.34

	
0.17

	
−0.32

	
0.24




	
 -Winter

	
−0.09

	
0.71

	
−0.11

	
0.68




	
North Annular Mode

	
−0.47

	
0.05

	
−0.69

	
0.00




	
North Pacific Index

	
−0.20

	
0.43

	
−0.05

	
0.86




	
Indian Monsoon Index

	
0.44

	
0.07

	
0.59

	
0.02




	
East Asian Summer Monsoon Index

	
0.20

	
0.44

	
0.17

	
0.54
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Table 3. Correlation matrix of relationships between climate variables after de-trending the original time series data. The statistics is based on 36-year samples over 1976–2013 (excluding abnormal years of 1986 and 2000). Numbers in bold denote significance at the 0.01 level and those in italics at 0.05. The full form of some climate variables: North Annual Mode (NAM), North Pacific Index (NPI), Indian Monsoon Index (IMI), and East Asian Summer Monsoon Index (EASMI).
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Table 4. Selected groups of low NAO and high NAO years in the warm and cold season for the construction of composite charts.
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Season

	
Low NAO Years

	
High NAO Years






	
Cold season

	
1996, 2001, 2006, 2010, 2013

	
1989, 1990, 1992, 1993, 2000, 2012




	
Warm season

	
1987, 1993, 2007, 2008, 2009, 2011, 2012

	
1983, 1989, 1994, 1996, 2013
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