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Abstract

:

Recent observations of rising snow lines and reduced snow-covered areas on glaciers during the October 2020–January 2021 period in the Nepal–China region of Mount Everest in Landsat and Sentinel imagery highlight observations that significant ablation has occurred in recent years on many Himalayan glaciers in the post-monsoon and early winter periods. For the first time, we now have weather stations providing real-time data in the Mount Everest region that may sufficiently transect the post-monsoon snow line elevation region. These sensors have been placed by the Rolex National Geographic Perpetual Planet expedition. Combining in situ weather records and remote sensing data provides a unique opportunity to examine the impact of the warm and dry conditions during the 2020 post-monsoon period through to the 2020/2021 winter on glaciers in the Mount Everest region. The ablation season extended through January 2021. Winter (DJF) ERA5 reanalysis temperature reconstructions for Everest Base Camp (5315 m) for the 1950–February 2021 period indicate that six days in the January 10–15 period in 2021 fell in the top 1% of all winter days since 1950, with January 13, January 14, and January 12, being the first, second, and third warmest winter days in the 72-year period. This has also led to the highest freezing levels in winter for the 1950–2021 period, with the January 12–14 period being the only period in winter with a freezing level above 6000 m.
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1. Introduction


A six-decade-long mass record of glaciers in the Mount Everest region compiled by [1] found increasingly negative balances each decade, with thinning evident at an elevation up to 6000 m. The mass balance loss has been driven by increased summer ablation and rising freezing levels during the summer monsoon [2,3]. The higher freezing line during the summer monsoon identifies that the elevation where frozen precipitation predominates in the area has risen to 5400 m [4].



Mount Everest glaciers are summer accumulation-type glaciers with approximately 75% of annual precipitation occurring during the summer monsoon period [4,5]. The summer monsoon period is also the period with the highest melt rates at lower elevations on the glaciers. October has been considered the end of the melt season in the region, with little precipitation in the post-monsoon and early winter season (October–December), averaging ~3% of the total annual precipitation [4]. Winters (DJF) are characterized as cold and dry, though they do have the most variable precipitation [6]. Ablation was observed in winter on the Mera Glacier at all elevations due to wind erosion and sublimation [5].



The higher snow line at the end of summer monsoon season, combined with warmer post-monsoon and early winter conditions, can drive a snow line to rise from October into the winter on Himalayan glaciers, thus extending the melt season [7,8]. For the first time, we now have weather stations providing real-time data in the Mount Everest region that are high enough to transect the region of post-monsoon snow line elevation. These sensors have been placed by the 2019 National Geographic and Rolex Perpetual Planet expedition. Combining in situ weather records with reanalysis and remote sensing data provides a unique opportunity to examine and contextualize the impact of the exceptional warm and dry conditions during the 2020 post-monsoon period through to the 2020/2021 winter on glaciers in the Mount Everest region, including a warm January event that generated the highest winter temperatures in the last 70 years in the region (Figure 1). A rising snow line elevation on glaciers in the region from October through to mid-winter would indicate significant ablation occurs during the first half of the winter season on glaciers in the Mount Everest region at elevations up to the snow line.




2. Material and Methods


2.1. Weather Condition Observations and Modeling


Local observations of weather conditions at automatic weather stations (AWSs) combined with Landsat 8 and Sentinel-2 images during the October 2020–January 2021 period allow the identification of conditions that led to observable ablation on glaciers.



The new AWS network on Mount Everest has been detailed fully in [9]. Here, we use winter (December–February of 2019–2020) records of the daily maximum temperature from Everest Base Camp (EBC: 5315 m) and Camp II (6464 m). We also reconstruct daily maximum winter temperatures at these sites for 1950–2018 using the ERA5 reanalysis and the empirical quantile-mapping bias correction employed by [7]. Specifically, we linearly interpolate hourly air temperature with pressure levels to the latitude, longitude, and elevation of the EBC and Camp II AWSs, compute daily maxima, and then bias correct these results to the AWS observations using the empirical quantile-mapping procedure employed by [9]. A continuous 1950–2021 series was produced by appending the observed series (2019–2021) on to these (bias corrected) ERA5 data. The elevation of the zero-degree isotherm (   Z 0   ) could then be computed from the following equation:


   Z 0  = 5315 −    T  E B C    Γ   



(1)




where    T  E B C     is the daily maximum air temperature at the EBC AWS and  Γ  is the lapse rate (°C m−1), which is computed as the difference in the daily maximum temperature at the EBC and Camp II AWSs, divided by the 1149 m of elevation that separates them.




2.2. Remote Sensing Methods


During the 13 October 2020–27 January 2021 period, 6 Landsat 8 and 16 Sentinel-2 images were used to assess snow line elevation on six glaciers and the snow/ice covered area ratios on two glaciers.



We utilized freely accessible, orthorectified, and georeferenced Landsat 8 OLI, and Sentinel-2 scenes to observe the snow lines on selected glaciers that had lower slopes, limited shading, and no icefall in the area of snow line determination. All Landsat satellite images used were level 1 terrain-corrected Landsat products, and Mount Everest is located in path/row 140/41. The images are pan-sharpened Tier 1 images which contain the highest quality level 1 terrain precision (L1TP) data. The geo-registration is consistent and within prescribed tolerances for Landsat 8 OLI/TIRS products with a <12 m root-mean-square error (RMSE) [10]. For Sentinel-2, Mount Everest is in tile 45RVL. Sentinel-2 is a wide swath, high resolution, multispectral imaging instrument which contains 13 spectral bands representing TOA reflectance. Each level 1C product is a 100 km x 100 km tile with a UTM/WGS84 (Universal Transverse Mercator/World Geodetic System 1984) projection and datum. The Sentinel-2 product is a simulated natural color composite image created from three selected bands (11, 8A, 4) with a ground resolution of 20 m. Sentinel-2 data products include a full resolution true color image as a RGB (red, green, blue) composite image created from bands 4, 3, and 2 [11].



The snow line was determined manually by means of the visual separation of bare ice and snow, which is less error-prone than automatic classification and is practical when applied to a limited number of glaciers in a limited number of scenes [12,13,14,15]. The SRTM DEM was utilized for elevation determination. On two glaciers (Hunku Nup and Rolwaling) the snow-covered areas were determined automatically for Sentinel-2 images using a script developed and validated by [16]. This application in Google Earth Engine classifies glacier surfaces over time and extracts information regarding the snow cover ratio and the snow line altitude using Landsat and Sentinel imagery [16]. The snow cover ratio is a separate measure of the same parameter as SLA. In terms of the melt rate, it is a more important measure when considering the different melt rates for snow and ice under melt conditions. The script utilizes the ALOS DEM (Advanced Land Observing Satellite) which has a resolution of approximately 30 m and was generated from a stereo mapping sensor operated from 2006 to 2011. For this application, in the first step, a glacier is classified for snow, ice, debris cover, water, clouds, and shadows. Subsequently, the SLA (snow line altitude) is extracted based on the main patches approach, whereby the SLA is determined as the median altitude of the pixels at the intersection of the largest patches of snow and ice. The snow cover ratio (SCR) is the area classified as snow in proportion to the total area of the glacier.





3. Results


3.1. Glacier Snow Line and SCR Observations


Landsat imagery acquired on 13 October 2020 indicates the snow line on Mount Everest glaciers averaged 5718 m (Figure 2 and Figure 3; Table 1). This is slightly above the observed mean freezing level during precipitation events during the June–September 2020 period of 5554 m [4]. The snow-covered areas on the Hunku Nup Glacier and Rolwaling Glacier were approximately 75% and 66% respectively. At EBC there were eight days with a maximum temperature of at least 1 °C during November and December 2020. By 16 December 2020, the mean snow line had risen to 5889 m on the examined glaciers (Figure 4; Table 1). The snow-covered areas on Hunku Nup Glacier and Rolwaling Glacier had declined to 70% and 55%, respectively, by late December in 2020. On 17 January 2021, the mean snow line had risen to 5929 m (Figure 3 and Figure 4; Table 1), indicating that melt conditions were dominant in this elevation range during this period of the winter season.



The Landsat image for 1 January 2021 indicated no appreciable change in the snow line over the last two weeks of December (Figure 5a). On 4–5 January 2021, a minor snow event (1.8 mm water equivalent precipitation at Everest Base Camp) covered the glaciers. A Sentinel-2 image from 7 January 2021 indicated new snow cover on most glacier areas in the 5000–5900 m region (Figure 5b). This snow cover was subsequently ablated during an unusually warm period that extended from 10–15 January 2021 as evidenced by the 17 January 2021 Landsat 8 image (Figure 5c) and 22 January 2021 Sentinel-2 image. Both images indicate the snow line elevation increased by 25–75 m from the 16 December and 1 January positions near Nangpa La on the Bhote Koshi Glacier, near Nup La on the Ngozumpa Glacier, and Rolwaling Glacier. The snow line for the 17–22 January period averaged 5929 m, representing a 210 m rise since 13 October, and a 40 m rise since 16 December (Table 1). The snow-covered areas of Hunku Nup and Rolwaling Glacier had declined to 65% and 53%, respectively, by 22 January 2021 (Figure 6). The rise in snow line elevation and decrease in snow covered area from the 13 October–22 January indicate that the ablation season continued well into the winter season.




3.2. Weather Observations


During the six-day January thaw, the daily maximum temperature reached 3 °C at EBC at 5315 m each day, peaking at 7 °C on 13 January. The average maximum temperature was 5 °C. At the Camp II weather station at 6464 m, temperatures reached above –4 °C each day during this period, with a maximum of 1 °C on the 10th and 13th of January. From 9–22 January the EBC maximum temperature exceeded 0 °C on eight days (Figure 7). The daily maximum freezing line during the six-day melt event given the winter lapse rate of ~0.8 °C/100m is 5940 m [17]. This indicates melting was extremely likely in the vicinity of the snow line (Figure 8), particularly as the high levels of insolation typical in the Western Cwm can drive surface melting when air temperatures are below 0 °C [7]. In winter (DJF), only three days since 1950 have had a freezing level that exceeded 6000 m, and all occurred during the 12–14 January 2021 period. The highest freezing level was 6211 m on 13 January 2021.



Confidence in our ERA5 reconstruction is underpinned by strong agreement between the observed and bias corrected series with (Pearson) correlation coefficients of 0.97 and 0.98 at EBC and Camp II, respectively. We estimate the uncertainty in the reconstructions (± one standard deviation of the errors) as 1.33 °C (EBC) and 1.37 °C (Camp II).



The resulting 1950–2021 winter series indicates that the days in the 10–15 January 2021 period all fell in the top 1% of all winter days since 1950 at EBC, with 13 January (7.1 °C), 14 January (6.3 °C), and 12 January (4.9 °C), being the first, second and third warmest winter days in the 72-year period. We estimate that the highest temperature during 1950–2018 occurred on January 11, 2018 (4.6 °C); however, the reconstructed temperatures are subject to uncertainty. We thus used the (1.33 °C) standard deviation of the error distribution and the assumption of normally distributed errors to estimate the probability that this reconstructed temperature exceeded the warmth recorded in 2019. The results indicate a 3%, 10%, and 41% chance that 11 January 2018 experienced a higher air temperature than the 13th, 14th, and 12th of January, respectively. The temperatures at EBC during January 2021 (particularly on the 13th) do therefore appear exceptional when viewed in a multi-decadal context. We caveat that the reduced observational quality earlier in ERA5 likely translates to greater uncertainty in the earlier part of the reconstruction [18], so the record-breaking nature of the 2021 winter heat should not be overstated.



Assessing the 1950–2021 reconstruction for episodes of persistent warmth, we identify 14 periods with at least five consecutive days where the maximum temperature exceeded 1 °C at EBC, of these six have occurred from 2014–2021 (1971/72, 1988/89, 1989/90, 1992/93, 2000/01, 2007/08, 2008/09, 2011/12, 2014/2015, 2 in 2016/17, 2 in 2017/2018, and 2021/2021). There have been only five such periods in winter where the maximum temperature averaged at least 3 °C: 2011/12, 2014/15, 2016/17, 2017/18, and 2020/21, with just one exceeding 4 °C, that being 10–15 January 2021 at 5 °C (Table 2). Each of these five periods is sufficient to generate a significant melt up to at least 5700 m (Table 2). The winter of 2018 featured the most days (17) with temperatures above 1 °C at EBC in the ERA5 1950–2021 reconstruction, with 14 days in the winter of 2021 reaching that temperature according to the EBC weather station.





4. Discussion


4.1. Ablation Season Duration


In previous studies, winter ablation was assumed to only be significant near the terminus of glaciers on the southern flank of Mount Everest [19]. Glacier mass balance models typically have not accounted for potential winter ablation over most of the elevation range of a glacier [20,21]. Examination of the mass balance of Changri Nup Glacier led [22] to the conclusion that the winter mass balance is close to zero at all elevations, which is based on the 2010–2015 period. The assumption that the ablation season ends in October and insignificant ablation occurs in winter appears appropriate prior to the last decade. It is acknowledged that sublimation did occur in winter, but that it was secondary to winter accumulation [23,24].



During the four winters surveyed from 2009–2012 at 5505 m on Mera Glacier in the Dudh Koshi Basin, the authors of [5] noted that ablation was significant in the ablation zone ranging from −0.1 to −0.5 m. Wind and sublimation were observed as important ablation processes for Rikha Samba Glacier in Nepal in winter [23]. This indicates that, at least in recent years, we now need to account for winter ablation on Himalayan glaciers when determining an annual mass balance. The authors of [4] identified that ablation is ongoing in winter on the Khumbu Glacier. This is evident for the post-monsoon period of 2017 through late winter of 2018, where the snow line rose from an average of 89 m from a mean of 5836 m on 21 October 2017 to 5925 m on 10 February 2018, indicating ablation up to ~5900 m (Table 1). The snow line rose an average of 211 m from 13 October 2020 to 17 January 2021, with freezing levels indicating ablation to ~6000 m.




4.2. Equilibrium Line and Snow Line Altitude


Mass balance modeling identifies a basin-wide ELA of 5500 m for Dudh Koshi [20]. ELA values of ~5500 m on the Mera Glacier and Naulek Glacier have been reported by [5]. The authors of [19,24] identified a snow line altitude rise from 5289 m in 1962 to 5471 m in 2011 on the south side of Mount Everest. The authors of [25] reported that on West Kangri Nup Glacier, which is a tributary to the Khumbu Glacier, in the 5400–5500 m range, significant accumulation is no longer being retained through the summer monsoon. The work in [26] considered Rolwaling (Trambau) Glacier and observed an ELA at 5770 m to 5830 m during October 2016–2018. The work in [6] noted that from 2008–2016, the ELA on Mera Glacier observed in October ranged from 5335–5680 m, and then rose to above 5700 m each year from 2017–2019. A cumulative rise between 1962 and 2011 of 182 m was reported for the region [24]. The rising SLA trend led to an SLA of ~5600 m on several glaciers in the Dudh Koshi basin near Lobuje, Imja, and Kangri by 2011 [24]. The recent high snow line on Mera Glacier is indicative of the approximate 100-m rise in the summer freezing level since 1980 as indicated by ERA5 for the June, July, August, and September (JJAS) freeze heights [4]. On the Middle Lhonak Glacier, east of the study region, rising snow lines have been reported from October into December [7]. Rising freeze heights likely indicate a higher frequency of liquid precipitation in glacier ablation zones and higher ELA values for glaciers.



The higher snow line at the end of the summer monsoon, combined with warmer post-monsoon and early winter conditions, has led to a snow line rise from October into mid-winter in the winter of 2017/2018 and 2020/2021 in the Mount Everest region (Table 1). In both cases, the SLA is above 5900 m. The mean snow line on 10 February 2018 is approximately the same as that for 17 January 2021, indicating that the 2021 mid-winter high glacier snow line altitude is not unprecedented.




4.3. Changing Ablation Area


The rising snow line is expanding the ablation zone upward. When combined with an expanded ablation season, this can further increase thinning, particularly in areas above extensive debris cover and immediately below the snow line. The work in [27] indicated that the thinning on Khumbu Glacier was greatest in the area of thin/patchy debris cover where the cover increases melt in the range of 5100–5250 m. The work in [1] found the highest thinning rates of ~1 ma−1 in the 5300–5500 m range for land-terminating debris covered glaciers in the region from 1984–2018. This elevation range is typically above thick debris cover and is in the zone that transitions from thin debris cover to clean ice. They observed thinning of 10–15 m during the 1984–2019 up to 5700 m on the south side of the divide, such as on Khumbu Glacier [1]. For clean glacier ice, the thinning rate for the 2000–2008 period in the 5000–5150 m range is higher (1.5–2 m a−1) [28]. Most of the glacier surface is covered by debris in this area and has a thinning rate of less than 1 m a−1 [28]. This high thinning rate is both because of the lower albedo of ice increasing the amount of solar radiation absorbed versus snow cover and the lack of a sufficiently thick debris cover to be insulating. On all larger Mount Everest glaciers, debris cover is extensive. The region of the glacier where the SLA was observed to rise from October into winter in 2017/2018 and 2020/2021 is above the zone where debris cover is common [27] and is a zone that typically was snow covered and now commonly features bare ice. The work in [29] identified a reversed mean surface-mass-balance gradient on the low-elevation portions of these glaciers, switching to a positive mean gradient of above an average elevation of 5520 ± 50 m. The reverse balance gradient occurs in the transition zone from debris cover to clean ice. We also note that melt rates on Mount Everest are extremely sensitive to albedo (and therefore surface type) due to the extreme insolation, with the results of [7] suggesting a typical ice surface ablating approximately eight times faster than snow. The rising snow line elevation has, in the short term, expanded the zone of bare clean ice between the debris cover and generally snow-covered glacier. The work in [30] identified a sharp increase in thinning below 6000 m during the 2001–2016 period versus the 1975–2000 period, highlighting the impact of rising freezing levels and snow line altitudes. For the Nepal Himalaya region, an average AAR of 0.40 and mean annual balance of −0.33 m/a from 2000–2016 [31] is from a period prior to the frequent winter warm events that should enhance the ablation imbalance reported [31].





5. Conclusions


A prolonged period of warm dry weather extended from the post-monsoon season of 2020 into late January of 2021 in regions of Mount Everest. This led to rising glacier snow lines and reduced snow-covered areas during this interval. From 10–15 January 2021, the warmest period of winter weather since 1950 occurred based on the observations at EBC. This led to additional snow loss on Mount Everest glaciers in the vicinity of the snow line at 5700 to 6100 m, depending on the location. This expanded the area of clean glacier ice exposed at the surface, which has a higher ablation rate than snow covered areas. The combination of high elevation weather records and remote sensing imagery allows identification of an extended ablation season that is becoming a frequent feature in the region and must be considered in mass balance modeling. The rising snowline indicates that ablation is occurring but does not quantify this. Remote observations or otherwise observations in winter will be crucial to validate the significance of the ablation.
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Figure 1. Field area indicating glaciers observed, weather stations, and landmarks labeled on a Landsat true color image from 16 December 2020. 
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Figure 2. Glacier snow line on Mount Everest glaciers on 13 October 2020 as per a Landsat image. NG = Ngozumpa Glacier; NL = Nup La; R = Rongbuk West Glacier; NPL = Nangpa La; G = Gyabrag Glacier and BK = Bhote Koshi Glacier. Yellow dots mark locations of snow line elevation determination. 
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Figure 3. Glacier snow line on Mount Everest glaciers on 17 January 2021 as per a Landsat image. NG = Ngozumpa Glacier; NL = Nup La; R = Rongbuk West Glacier; NPL = Nangpa La; G = Gyabrag Glacier and BK = Bhote Koshi Glacier. Yellow dots mark locations of snow line elevation determination. 
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Figure 4. Transient snow lines on Rolwaling Glacier in Landsat images from 13 October 2020, 16 December 2020, and 17 January 2021. Yellow dots mark locations of snow line elevation determination. 






Figure 4. Transient snow lines on Rolwaling Glacier in Landsat images from 13 October 2020, 16 December 2020, and 17 January 2021. Yellow dots mark locations of snow line elevation determination.



[image: Remotesensing 13 02692 g004]







[image: Remotesensing 13 02692 g005 550] 





Figure 5. Nanpa La, Cho Oyu, and Nup La regions: (A) 1 January 2021 Landsat image. A-J are specific locations for comparison between the three images. Point C is near Nangpa La (NPL); point J is near Nup La (NL); points A and B are locations on Bhote Koshi Glacier. Points D-I are locations on or adjacent to Ngozumpa Glacier. (B) 7 January 2021 Sentinel-2 image after snowfall on 4–5 January. (C) 17 January 2021 Landsat image after the period of record January warmth ablated the snow that fell on 4–5 January and further raised the snow line in some areas from 1 January. 
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Figure 6. Snow covered area on Hunku Nup Glacier and Rolwaling Glacier in Sentinel-2 imagery from 14 October 2020 to 22 January 2021. 
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Figure 7. Daily maximum temperature at Everest Base Camp and Camp 2 for the winter seasons of (A) 2019/2020 and (B) 2020/2021. 
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Figure 8. Mean daily maximum winter season freezing level from 1950–2021 (black line) based on bias-corrected ERA-5 temperatures (1950–2018) and observations (2019–2020) for Everest Base Camp and Camp II daily temperatures and daily lapse rate. Bold grey line is the 10-year moving average and the dashed red line is the linear trend. 
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Table 1. Snow line elevation (meters above sea level) on selected glaciers from Landsat image observations indicating the increase both from October 2017 to February 2018 and from October 2020 to January 2021.
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	Glacier
	10/21/17
	2/10/18
	Increase 2017/2018
	10/13/20
	12/16/20
	1/1/21
	1/17/21
	Increase 2020/21





	Barun
	6050
	6100
	50 m
	5900
	6050
	6050
	6100
	200 m



	Bhote Koshi
	5725
	5900
	175
	5650
	5850
	5850
	5925
	275



	Hunku Nup
	5625
	5700
	75
	5600
	5700
	5700
	5700
	100



	Ngozumpa
	5750
	5900
	150
	5700
	5900
	5900
	5950
	250



	Rongbuk
	5875
	5925
	50
	5675
	5850
	5850
	5900
	225



	Rongbuk, W.
	6050
	6100
	50
	5900
	6075
	6100
	6100
	200



	Rolwaling
	5775
	5850
	75
	5600
	5800
	5800
	5825
	225



	Average
	5836
	5925
	89
	5718
	5889
	5893
	5929
	211










[image: Table] 





Table 2. The timing of mean temperature and mean freezing level of the only five periods in winter with an average temperature above 3 °C since 1951 at Everest Base Camp.
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	Start
	End
	Temperature
	0 °C Isotherm (m)





	12/1/2011
	12/7/2011
	3.9
	5840



	12/1/2014
	12/7/2014
	3.4
	5715



	12/16/2016
	12/23/2016
	3.1
	5718



	1/8/2018
	1/12/2018
	3.5
	5702



	1/10/2021
	1/15/2021
	5.0
	5940
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